
Lecture Notes in Civil Engineering

Erol Tutumluer
Soheil Nazarian
Imad Al-Qadi
Issam I. A. Qamhia   Editors

Advances in 
Transportation 
Geotechnics IV
Proceedings of the 4th International 
Conference on Transportation 
Geotechnics Volume 2



Lecture Notes in Civil Engineering

Volume 165

Series Editors

Marco di Prisco, Politecnico di Milano, Milano, Italy

Sheng-Hong Chen, School of Water Resources and Hydropower Engineering,
Wuhan University, Wuhan, China

Ioannis Vayas, Institute of Steel Structures, National Technical University of
Athens, Athens, Greece

Sanjay Kumar Shukla, School of Engineering, Edith Cowan University, Joondalup,
WA, Australia

Anuj Sharma, Iowa State University, Ames, IA, USA

Nagesh Kumar, Department of Civil Engineering, Indian Institute of Science
Bangalore, Bengaluru, Karnataka, India

Chien Ming Wang, School of Civil Engineering, The University of Queensland,
Brisbane, QLD, Australia



Lecture Notes in Civil Engineering (LNCE) publishes the latest developments in
Civil Engineering - quickly, informally and in top quality. Though original research
reported in proceedings and post-proceedings represents the core of LNCE, edited
volumes of exceptionally high quality and interest may also be considered for publi-
cation. Volumes published in LNCE embrace all aspects and subfields of, as well as
new challenges in, Civil Engineering. Topics in the series include:

• Construction and Structural Mechanics
• Building Materials
• Concrete, Steel and Timber Structures
• Geotechnical Engineering
• Earthquake Engineering
• Coastal Engineering
• Ocean and Offshore Engineering; Ships and Floating Structures
• Hydraulics, Hydrology and Water Resources Engineering
• Environmental Engineering and Sustainability
• Structural Health and Monitoring
• Surveying and Geographical Information Systems
• Indoor Environments
• Transportation and Traffic
• Risk Analysis
• Safety and Security

To submit a proposal or request further information, please contact the appropriate
Springer Editor:

– Pierpaolo Riva at pierpaolo.riva@springer.com (Europe and Americas);
– Swati Meherishi at swati.meherishi@springer.com (Asia - except China, and

Australia, New Zealand);
– Wayne Hu at wayne.hu@springer.com (China).

All books in the series now indexed by Scopus and EI Compendex database!

More information about this series at http://www.springer.com/series/15087

pierpaolo.riva@springer.com
swati.meherishi@springer.com
wayne.hu@springer.com
http://www.springer.com/series/15087


Erol Tutumluer · Soheil Nazarian · Imad Al-Qadi ·
Issam I. A. Qamhia
Editors

Advances in Transportation
Geotechnics IV
Proceedings of the 4th International
Conference on Transportation Geotechnics
Volume 2



Editors
Erol Tutumluer
Department of Civil and Environmental
Engineering
University of Illinois at Urbana-Champaign
Urbana, IL, USA

Imad Al-Qadi
Department of Civil and Environmental
Engineering
University of Illinois at Urbana-Champaign
Urbana, IL, USA

Soheil Nazarian
Department of Civil Engineering
The University of Texas at El Paso
El Paso, TX, USA

Issam I. A. Qamhia
Department of Civil and Environmental
Engineering
University of Illinois at Urbana-Champaign
Urbana, IL, USA

ISSN 2366-2557 ISSN 2366-2565 (electronic)
Lecture Notes in Civil Engineering
ISBN 978-3-030-77233-8 ISBN 978-3-030-77234-5 (eBook)
https://doi.org/10.1007/978-3-030-77234-5

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Switzerland AG 2022
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-030-77234-5


Contents

Rail Track Substructures, Including Transition Zones, and
Transportation Geodynamics

Substructure Sensing in a Rail Bridge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Helsin Wang, Chih-Hsin Hu, Hsin-Chu Tsai, and Chung-Yue Wang

Mathematical Modeling of the Short-Term Performance
of Railway Track Under Train-Induced Loading . . . . . . . . . . . . . . . . . . . . . 15
Piyush Punetha and Sanjay Nimbalkar

A Deep Investigation into the Mechanisms and Factors Producing
Mud Pumping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Stephen Wilk and Dingqing Li

A Multi-model Approach to Analyse Railway Track-Ground
Dynamics and Soil Nonlinearity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
C. Charoenwong, D. P. Connolly, K. Dong, P. Alves Costa,
P. J. Soares, and P. K. Woodward

Performance of Jointed S&C Bearers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
A. S. Khan, E. Ferro, L. Le Pen, and W. Powrie

Asphalt/Ballast Trackbeds for Improved Clearance Beneath
Historical Bridges for Electrification Works . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Taufan Abadi and Louis Le Pen

Settlement of Ballasted Track with Large Sleeper Spacing . . . . . . . . . . . . . 77
Yoshitsugu Momoya, Kazuki Ito, and Shuhei Kikkawa

Dynamic Response of Subgrade in a Bridge Transition Along
the Qinshen High-Speed Rail . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
Tengfei Wang, Qiang Luo, Liang Zhang, and Jun Yao

An Alternative Approach to Track Settlement Prediction . . . . . . . . . . . . . . 99
G. Ognibene, L. Le Pen, J. Harkness, A. Zervos, and W. Powrie

v



vi Contents

Evaluation of Ballast Particle Degradation Under Micro-Deval
Testing Using Photogrammetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
André Paixão, Carlos Afonso, Bruno Delgado, and Eduardo Fortunato

Importance of Bending Stiffness of Different Track Forms . . . . . . . . . . . . 125
Toshan Rampat, Louis Le Pen, William Powrie, and John Harkness

Track Geomechanics for Future Railways: Use of Artificial
Inclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
Buddhima Indraratna, Trung Ngo, Yujie Qi, and Cholachat Rujikiatkamjorn

Studying Railway Vibration Projects with a Focus
on Environmental Aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
Agnes van Uitert, Saeed Hosseinzadeh, Peter Schouten, and Otto Heeres

Receptance Test Performed on a Laboratory Ballasted Track
Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
Ana Ramos, Alexandre Castanheira-Pinto, Ahmet Esen,
António Gomes Correia, Pedro Alves Costa, Rui Calçada,
Peter Woodward, and Omar Laghrouche

Investigation Into the Mechanical Behavior of Track-Bed
Materials with Different Grain Size Distributions of Coarse Grains . . . . 181
Shuai Qi, Yu-Jun Cui, and Ren-Peng Chen

Stress–Strain Analysis of Heavy Haul Rail Track with Steel Slag
Ballast by Laboratory Tests and Numerical Simulations . . . . . . . . . . . . . . . 195
Bruno Guimarães Delgado,António Viana da Fonseca, andEduardo Fortunato

Railroad Ballast Movements Pattern Recognition by Using
“SmartRock” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
Kun Zeng and Hai Huang

Effect of Degraded Subgrade Stiffness on Rail Geometry and Train
Vibration in High-Speed Railways . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
Hongguang Jiang, Shun Liu, Yixin Li, Haoran Chi, Jizhe Zhang,
Ming Liang, and Zhanyong Yao

Can One Exclude Track and Rolling Stock Stiffness
for the Assessment of Dynamic Impact Forces Due to Variations
in Track Profile? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
Erdem Balcı and Niyazi Özgür Bezgin

The Influence of Local Irregularities on the Vehicle–Track
Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245
Aditi Kumawat, Ullrich Martin, Sebastian Bahamon, and Sebastian Rapp

Repeatability of Minimum and Maximum Density Testing
on Clean and Fouled Ballast . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
M. W. Jones, E. K. Akey, C. L. Ho, and A. J. Rubin



Contents vii

Measuring Railroad Ballast Modulus of Elasticity Using Light
Weight Deflectometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
Emily Katherine Akey, Mariel W. Jones, Carlton L. Ho, and Aaron J. Rubin

The Effect of Elastic Pads and Mats on the Stress–Strain State
of Railway Subgrade . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279
Andrei Petriaev, Anastasia Konon, and Vladimir Egorov

Ballast Fouling Identification Through Statistical Pattern
Recognition Techniques on Ballast Particle Movement . . . . . . . . . . . . . . . . 287
Saharnaz Nazari, Hai Huang, and Tong Qiu

Study of the Track Dynamics for Optimizing the Railway
Superstructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299
J. C. Silva Filho, A. M. Skwarok, and R. L. Witiuk

Update and Case Studies of Geotrack™: A Software for Railway
Track and Subgrade Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315
Yin Gao, Patti Schreiber, Stephen Wilk, Amanda Hanson, Taifeng Li,
and Dingqing Li

Railway Subgrade Characterization Through Repeated Loading
Triaxial Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327
Gino Calderon Vizcarra, Luiz Muniz, Thatyane Gonçalves,
and Sanjay Nimbalkar

Investigation into Ground Vibration Responses of High-Speed
Rail Slab Tracks Considering Train-Track-Soil Interactions . . . . . . . . . . . 337
Ting Li, Qian Su, and Sakdirat Kaewunruen

Analysis of Contact Stress at Ballast Bed-Soil Subgrade Interface
Under Cyclic Loading Based on Coupled DEM-FEM . . . . . . . . . . . . . . . . . 349
Junhua Xiao, De Zhang, and Xiao Zhang

Mud Pumping in Ballastless Slab Track of High-Speed Railway
and Its Remediation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
Zhangbo Wan, Shuhao Li, Xuecheng Bian, and Yunmin Chen

Geotechnical and Geophysical Railway Embankment Auscultation . . . . . 373
Amine Dhemaied, Robin Heraibi, Marine Dangeard, and Ludovic Bodet

Evaluation on the Performance ofAsphalt Concrete for theRailway
Substructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381
Liangwei Lou, Degou Cai, Jie Zhou, Xianhua Chen, and Yuefeng Shi

Interface Test Study on Asphalt Concrete Full-Section Waterproof
Sealing Structure of High-Speed Railway . . . . . . . . . . . . . . . . . . . . . . . . . . . . 395
Yang-Sheng Ye, De-Gou Cai, Hong-Ye Yan, Jian-Ping Yao,
Liang-Wei Lou, Feng Chen, Yue-Feng Shi, Tai-Feng Li, and Song Lv



viii Contents

The Settlement Characteristics of Ballast Bed Based on Variable
Boundary Ballast Box . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 407
Liang Gao, Hao Yin, Yang Xu, Shunwei Shi, Hang Cai, and Xiangning Wang

Ballasted Track Maintenance Modelling Using DEM . . . . . . . . . . . . . . . . . 423
Jean-Francois Ferellec, Eric Chapteuil, Nicolas Docquier,
and Olivier Lantsoght

Dynamic Behavior Modeling of Full-Scale High-Speed Ballasted
Track Using Discrete Element Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 435
Zhongyi Liu, Bin Feng, Wei Li, Erol Tutumluer, Xuecheng Bian,
and Youssef M. A. Hashash

Steel Slag Aggregate Characteristics Evaluation as Railway Ballast . . . . 449
Guoqing Jing, Peyman Aela, Qiang Zhou, and Wenli Jia

A Study on the Evolution of Ballast Particle Surface Damage . . . . . . . . . . 461
Akash Gupta, Madhusudhan B. N. Murthy, Antonis Zervos,
and John Harkness

Investigations into the Critical Speeds in Ballasted and Ballastless
Track . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473
Jing Hu, Ying Wu, Xuecheng Bian, and Yunmin Chen

Measuring the Contact Stiffness at the Grain Scale of Fresh
and Used Granite Ballast . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 483
Geoff Watson, Jacapo Piazza, B. N. Madhusudhan, and Louis Le Pen

Geosynthetics in Transportation Applications

Numerical Study of Deformation Behavior of Geosynthetic
Reinforced Soil Bridge Abutments Subjected to Longitudinal
Shaking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 499
Yewei Zheng, Patrick J. Fox, and John S. McCartney

Coupled Analysis on Frost-Heaving Depression Effect
of Geosynthetics Drainage Material for Road Pavement . . . . . . . . . . . . . . . 509
Tomohisa Yasuoka, Tatsuya Ishikawa, Bin Luo, Yuwei Wu,
Kimio Maruyama, and Chigusa Ueno

Tension Behavior of Bituminous Mixture Samples Reinforced
by Fiberglass Geogrids in Different Directions . . . . . . . . . . . . . . . . . . . . . . . 521
Reuber Freire, Hervé Di Benedetto, Cédric Sauzéat, Simon Pouget,
and Didier Lesueur

Application of Wicking Geotextile for Pavement Infrastructure
on Expansive Soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 533
Nripojyoti Biswas, Md. Ashrafuzzaman Khan, Aritra Banerjee,
Anand J. Puppala, and Sayantan Chakraborty



Contents ix

Performance Evaluation of Reinforced Expansive Soil Subgrade
with Polypropylene Fiber and Geogrid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 545
Nitin Tiwari and Neelima Satyam

Effects of Geogrid Encasement on Behavior of Stone
Column-Improved Soft Clay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 559
Meixiang Gu, Jie Cui, Yang Wu, Jie Yuan, and Yadong Li

Finite Element Analyses of Geocell Reinforced Tracks Over Clayey
Subgrade . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 575
Lalima Banerjee, Sowmiya Chawla, and Sujit Kumar Dash

The Use of Draintube Drainage Geocomposites Under Railway
Infrastructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 585
Stephan Fourmont and Mathilde Riot

Rapid Pavement Roughness Measurement of Geogrid-Stabilized
Roads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 599
Prajwol Tamrakar, Mark H. Wayne, Garrett Fountain,
Aaron Schlessinger, and Coady Cameron

Behavior of Asphalt Overlays with Geogrids and Geocomposite
Interlayer Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 611
V. Vinay Kumar, Sireesh Saride, and Jorge G. Zornberg

Study of the Strained State of Bored Foundations for Weak Soils
by Strengthening the Grillage with Geosynthetic Materials . . . . . . . . . . . . 621
Sergey Kudryavtcev, Tatiana Valtceva, Semyon Bugunov,
Zhanna Kotenko, and Natalya Sokolova

BearingCapacity Test with Small Soil BoxModel onReinforcement
of Base Course Using Geotextile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 633
Kenichi Sato, Takuro Fujikawa, Chikashi Koga, Takumi Kitamura,
Yuichiro Wakabayashi, Junichi Hironaka, and Yusaku Isobe

The Use of Microporous Membranes to Address Mud
Pumping—UK Experience . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 645
Phil Sharpe and Andrew Leech

ASIRI+: FrenchNationalResearchProgramonSoilReinforcement
with Rigid Inclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 659
L. Briançon, L. Thorel, and B. Simon

Effect of Natural Reinforcement Aperture Shape on Bearing
Capacity of Reinforced Soil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 667
Sunil K. Ahirwar and J. N. Mandal

Correlation of Geosynthetic Index Properties to Cyclic Plate Load
Test Performance in Flexible Airfield Pavements . . . . . . . . . . . . . . . . . . . . . 677
W. Jeremy Robinson and Jeb S. Tingle



x Contents

Behavior of Geogrid-Reinforced Railway Ballast Under Train
Traffic Loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 689
Qiusheng Gu, Kaihui Shi, Xuecheng Bian, and Sindy He

Near Geogrid Stiffness Quantification in Airport Pavement Base
Layers Using Bender Element Field Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . 703
Mingu Kang, Issam I. A. Qamhia, Erol Tutumluer, Murphy Flynn,
Navneet Garg, and Wilfredo Villafane

Experimental Investigation of the Stabilization Performance
of Geogrids for Unpaved Roads with Low Bearing Capacity
Subgrade . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 717
Süleyman Gökova, Mehmet Saltan, Serdal Terzi, Erol Tutumluer,
Volkan Emre Uz, and Mustafa Karaşahin
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Substructure Sensing in a Rail Bridge

Helsin Wang , Chih-Hsin Hu, Hsin-Chu Tsai, and Chung-Yue Wang

Abstract Lacking substructure information usually challenges bridge agencies
when evaluating the flood or earthquake resistance of bridges in disaster-prone areas.
Appropriate substructure inspection techniques are essential for bridge engineers to
develop repair strategies efficiently and reasonably allocate maintenance funds. In
this article, the electrical resistivity tomography techniquewas introduced to the foun-
dation inspection of a rail bridge in Taiwan. Different survey layouts were chosen
to inspect the pile bent substructures. Initially, the investigation line parallel to the
traffic direction indicated an unexpected substructure pattern. Such a shallow low-
resistivity anomaly crossing over more than ten pile bents severely interfered with
the foundation depth inspection. Using two alternative investigation lines perpendic-
ular to the previous survey direction successfully separated this low-resistivity zone
into two single parts. One deeper low-resistivity contour located right below bridge
positionwas identified as the foundation depths. Another shallow vertical-shape low-
resistivity zone was identified as abandoned temporal sheet piles. This investigation
case also reveals that two survey lines in different directions are suggested to separate
the target substructure from unexpected embedded anomalies effectively.

Keywords Electrical resistivity tomography · Depth inspection · Pile bent · Rail
bridge

1 Introduction

The as-built condition of foundations can affect the performance of existing bridges
supported by these elements. Substructure information is crucial for bridge engineers
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to maintain bridges. For example, lacking foundation dimension could impede rating
the flood- or earthquake-resistant capacity of old bridges. Furthermore, materials
deterioration, scour variation or cracking could also undermine the stability of a
bridge.

The Taiwan Bridge Management System (TBMS), the most complete bridge
database in Taiwan, archives the fundamental data for more than 28,000 vehicular
bridges, viaducts, culverts and partial pedestrian bridges, with spans more than 6 m.
This web-based bridge management and information system also provide a biennial
official appraisal platform for the maintenance and management of bridge agencies
in Taiwan.

The freeway, expressway, highway and railway bridges held by the central govern-
ments, which have sufficient budget, enough manpower and proficient experience,
can sustain a better service level. However, the local governments managing a
significant proportion about 60% of highway and pedestrian bridges usually face
several quality uncertainty issues related to design, construction and data inventory,
especially ageing bridges with almost 30 years on average.

The Federal Highway Administration (FHWA) defines the term “unknown foun-
dation” associated with the existing bridges over waterways that cannot be evaluated
for hydraulic vulnerability related to scour [3]. When coding the fundamental inven-
tory of bridges, more than 50% of local bridges is classified to the “UNKNOWN”
substructure category in the TBMS [11]. Consequently, lacking substructure infor-
mation becomes the most severe challenge for bridge agencies when evaluating
their flood or earthquake resistance in disaster-prone areas. Developing appropriate
substructure inspection is essential for the governments in order to have more effi-
cient repair strategies and more reasonable allocation of maintenance funds. It is
of real importance to inspect unknown bridge foundations with proper inspection
techniques.

Several non-destructive testing (NDT)methods have beendeveloped to investigate
the substructure conditions in bridges [2, 5, 7, 9, 14]. In 2013, a multidisciplinary
task force was launched to build up appropriate methodology and practical tech-
niques on unknown foundation assessment financially supported by the FHWA [3,
8]. A complete field NDT process was suggested on the Foundation Characteriza-
tion Programme funded by the FHWA [1]. However, knowing complete substruc-
ture conditions is time-consuming and costly work if using all multiple inspection
methods. Recently, an efficient and economical inspection strategy is, in practice,
developed to non-destructively extract bridge substructure information in Taiwan
[10–13]. These investigation cases indicate that the electrical resistivity tomography
method can provide overall spatial distribution images of subsurface and point out
possible embedded anomalies around the target bridge site in advance, especially for
damaged river-crossing bridges [10, 11].
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2 Description of Electrical Resistivity Tomography

The electrical resistivity tomographymethod is commonly used to identify geological
layers, faults, groundwater pollutants, caves, mining, burial layers or landslide slip
planes [4, 9]. The measured resistivity images provide useful information to identify
the geological strata, rock/soil classification, groundwater table or anomalies, such
as embedded pipelines, substructures or voids, in the geological formation [6]. On-
site electrical resistivity is highly associated with the composition of the minerals,
the size of the geomaterial particles, the configuration of the minerals and the water
content in geological formations and the salinity in tidal reach rivers.

The principle of the conventional electrical resistivity tomography is to arrange the
measurement points along a straight line through the target bridge site. Selecting one
pair of current electrodes (current poles) in the ground surface creates an ideal electric
field and forms one two-dimensional (2D) underground image profile, as shown in
Fig. 1. Another pair of electrodes (potential poles) measure the potential difference
of the electrical field. When anomalies, such as pipelines, substructures or cavities,
exist underground, the electrical field will be distorted around these positions, and
the locations and size of the anomaly could be identified in the 2D apparent resistivity
image.

Figure 2 indicates a typical resistivity image around one single river-crossing
bridge pier. The inspection resistivity values vary from 500 to less than 1 � × m.
The relatively high-resistivity values for sediments composed of gravel and rock are
more than 150 � × m, corresponding to the pink, red, orange or yellow zones. The
reinforced bar content foundation usually forms an extremely low-resistivity zone,
corresponding to the light blue and grey shades. The foundation type and pier depth
are, respectively, identified as a shallow foundation and 6.5 m below the ground
surface in this 2D resistivity image profile. The post-borehole exploration findings

Fig. 1 Schematic representation for electrical resistivity tomography inspection
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Fig. 2 Electrical resistivity tomography image on an unknown bridge pier inspection

confirmed the actual depth as 6.3 m, almost as the same as the investigation outcome
(see Fig. 3).

In practice, the deployment of electrical resistivity tomography is highly asso-
ciated with subsurface characterization and surface environment. Several setting
parameters should be considered in the inspection process. The inspection depth
and resolution of electrical resistivity tomography are dependent on both electrode
spacing and layout length. The smaller the electrode spacing is arranged, the higher
the image resolution and the shallower the inspection depth are. Accordingly, the
larger the electrode spacing is used, the lower the image resolution and the deeper
the inspection depth are. Both inspection depth and site geological characteristics
determine the possible electrode spacing. A trial and error process is, in practice,
suggested to determine the optimal layout deployment. A reliable inspection depth,
in practice, is around 5–6 times of the electrode spacing. The optimal layout length is
suggested to vary from 1.5 to 2 times of the foundation depth if possible [11, 13]. Two
inspection modes, like a dipole–dipole array and a pole–dipole array, are suggested

Fig. 3 Borehole sampling
on an unknown bridge pier
inspection

6.3 m
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to obtain better cross-check image results [13]. Besides, if an extended workspace
is available during the field testing, two different inspection directions are suggested
to improve the inspection accuracy and effectively separate unexpected embedded
anomalies from existing bridge substructures [10, 13].

3 Investigation of Substructure Depths

The electrical resistivity tomography technique inspected part of a 1.6-km-long twin-
track railway bridge located at the Western Main Line of the rail transportation
network in Taiwan (Fig. 4). Each 9.5-m-span deck is supported with two T-type-
reinforced concrete (RC) girders and four RC piers. In order to avoid buckling of the
slender RC pier and provide sufficient earthquake resistance of the rail bridge, extra
horizontal RC rectangular beams were settled on the middle position of the bridge
piers by linking every five spans. In addition, each pier is composed of two pile bents
with two different diameters, including 1.2 m at the exposure portion and 2.0 m at the
embedded part (Fig. 5). In the original design chart, the embedded depths of the pile
bents are nominated as 25 m, and the exposure heights of the pile bents are various
from 5 to 8 m, as shown in Fig. 5.

The electrical resistivity tomographywas initially laid along the southbound track-
side and kept a distance of 0.5 m away from the bridge piers (Fig. 6). The inves-
tigation length of 213 m in total ranged from Pier P46 to Pier P67 by using an
electrode spacing of 3 m. It was expected that a longer investigation line could detect
a deeper substructure and identify the bottom depths of these pile bents. However,
the inspection results, shown in Figs. 7 and 8, present apparent resistivity images
completely different from the expectation. The resultant images of two inspection
modes, i.e., dipole–dipole array and pole–dipole array, indicated that vertical-shape
low-resistivity closed zones, i.e. grey shades, regularly occurred at the pier posi-
tions, which usually represent reinforced steel re-bars in the bridge foundations.

Fig. 4 Rail bridge panorama images: a view from the northwest; b view from the southwest
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Fig. 5 Typical substructure profile of the bridge pier

N

Fig. 6 Inspection line of electrical resistivity tomography along the rail bridge
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5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105110115120125130135140145150155160165170175180185190195200205210

Distance (m)

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

D
ep

th
 (m

)

ohm-m

P46        P47         P48            P49        P50       P51          P52          P53 P54        P55         P56         P57       P58           P59          P60          P61 P62        P63         P64             P65        P66           P67

0 1 4 6 10 14 20 28 40 56 80 112

N

Rail Bridge

Fig. 8 Inspection results of electrical resistivity tomography: pole–dipole array

The electrical resistivity tomography can identify the pile bent locations. Still, the
bottoms of the low-resistivity zones stop at depths around 8 ~ 12 m, much shorter
than the nominal depths of 25 m, for both inspection modes. At the positions of 8
~ 12 m deep, somehow an unexpected continuous low-resistivity zone was horizon-
tally extended over ten pile bents, which were supposed to be separated from each
other. The resulting images revealed that a layered anomaly, other than piles, with
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low-resistivity values, obviously interfered with the electric field in the ground and
blocked the inspection depth.

Another two survey lines, 200 m in length each, were then settled beside the
locations of Piers P53 and P54 and chosen their alignments perpendicular to the
previous survey direction, as shown in Fig. 9. The new investigation lines crossed
over farmland, two RC drainage ditches, one small agriculture paved road and the
rail bridge site. Using a larger electrode spacing of 5 m could improve the reliable
inspection depth up to 30 m. The inspection results across Piers P53 and P54 are
demonstrated in Figs. 10 and 11, respectively. Such modified survey deployment

S

Fig. 9 Inspection line of electrical resistivity tomography along pile bents
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Fig. 10 Inspection results of electrical resistivity tomography across Pier P53
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Fig. 11 Inspection results of electrical resistivity tomography across Pier P54

successfully separated the original continuous low-resistivity zone into two indi-
vidual parts. For the zones existing right below the rail bridge site, the flat bottoms
of the low-resistivity zones (grey shades) were significantly identified as 26± 2.5 m,
which corresponded to the nominal depths, i.e. 25 m, of the pile bents. On the east
side of the bridge, another vertical-shape low-resistivity closed-contour zone (grey
shade) was identified as an unexpected anomaly, and its depth was located at the
relatively shallow location, around 12 ~ 16 m. Besides, the remaining near-surface
low-resistivity zones were located below the drainage ditches, which consisted of
conductive-reinforced steel bars.

On the east side of the rail bridge, the unexpected vertical-shape low-resistivity
anomalies cannot be appropriately interpreted based on the objects existing on the
ground surface. Therefore, tracing back to the report of the rail bridge construc-
tion plan, the unexpected anomalies were located between the construction materials
depot and the rail bridge construction site. The measured depth of the unexpected
anomaly was around 12 m. Fortunately, this depth value met the geometrical dimen-
sion of the sheet piles, which are commonly used for the railway station excavation
and relevant engineering projects. It is believed that the sheet piles could be used
to temporarily mitigate the lateral displacement due to the heavy surcharge loading
in the depot site for storing construction materials during the construction period.
After finishing the rail bridge construction, parts of the temporal sheet piles, at
least, were abandoned directly and remained under the ground surface on the rail
bridge site. This cause could be the best possibility to explain the unexpected vertical-
shape low-resistivity closed-contour zone found in the measured electrical resistivity
images.
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4 Conclusions

The electrical resistivity tomography technique was used to inspect the foundation
depths of a rail bridge in western Taiwan. Different survey layouts were chosen
to investigate the substructure conditions. Initially, an investigation line parallel
to the traffic direction indicated an unexpected substructure pattern, a continuous
horizontal-shape low-resistivity zone across over ten independent pile bents, by using
two different inspection modes. Such an unreasonable horizontal low-resistivity
zone located on shallow positions severely interfered with the inspection depths
of the pile bents. Therefore, two alternative investigation lines perpendicular to the
previous survey direction were chosen, and this new approach successfully sepa-
rated this shallow low-resistivity zone into two single parts. Amongst, one deeper
low-resistivity contour zone located right below the bridge pier site was identified as
the foundation depths. The inspection depths are consistent with the nominal depth of
25m. Another vertical-shape low-resistivity zone, as an unexpected anomaly, existed
at the relatively shallow positions. According to the bridge construction information,
the unexpected anomalies could be interpreted as the abandoned temporal sheet piles
located between the rail bridge and a temporary depot site for stocking construction
materials. Besides, this depth investigation case also suggests that using two inspec-
tion lines in different directions is a better approach, in practice, to separate target
bridge substructures from other unexpected embedded anomalies effectively.
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Mathematical Modeling
of the Short-Term Performance
of Railway Track Under Train-Induced
Loading

Piyush Punetha and Sanjay Nimbalkar

Abstract The accurate prediction of the track deformation under train-induced
repetitive loading is inevitable to assess the efficiency of a railway track. This paper
presents an analytical technique to calculate the transient deformations in a railway
track subjected to train-induced loading. Themethod considers the track substructure
as multilayered media in which the behavior of an individual track layer is simulated
using a mass-spring-dashpot model. Unlike existing approaches to model the track
substructure as an equivalent single or double layer, the proposed analytical approach
considers all the three layers of the ballasted track (i.e., ballast, capping or subballast
and subgrade). The accuracy of the proposed technique is investigated by comparing
the predicted values of track displacement with the published data available in the
literature. The predicted results are found to be in good agreement with past studies.
A parametric study on the substructure behavior revealed that the elastic modulus of
track layers significantly influences the track response.

Keywords Mathematical model · Recoverable deformation · Railway track

1 Introduction

With an increase in demand for higher speed, the stress and deformations in the
ballasted tracks have increased substantially [1]. To maintain an adequate level of
passenger safety and comfort necessary for high-speed rail operations, the frequency
of maintenance activities has increased manifolds. These maintenance operations
are usually expensive due to poor understanding of the track behavior, inadequate
planning, lack of time for the analysis of track inspection data or unavailability of
an adequate database [2]. Thus, an accurate evaluation of the track substructure
response is essential to plan the maintenance cycles and optimize track performance.
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The development of a reliable technique for the prediction of track response would
lead to significant cost savings in the operation of the railways at elevated train speed.

The field studies, laboratory investigations, numerical and analytical simulations
can be used to understand the behavior of a railway track. The field and reduced
scale laboratory investigations with proper instrumentation are reliable approaches
to understand the track response. They also provide valuable data that can be used
for validating the numerical or analytical models. However, these investigations are
usually time consuming and expensive. The numerical and analytical techniques
are promising alternatives to analyze the track response. Consequently, several
researchers have utilized numerical simulations to evaluate the response of the
railway tracks subjected to train-induced repeated loads [3–12]. However, the numer-
ical simulation of the railway tracks generally requires enormous computational time
and resources.

The analytical techniques are relatively faster than the numerical simulations.
Therefore, several researchers have developed analyticalmethodologies in an attempt
to simulate the response of the railway track [13–16]. The track substructure in these
methods is modeled using equivalent spring or dashpots, as a half-space (either
homogenous or layered) or a combination of these two [17, 18]. Choudhury et al.
[19] simulated the response of the railway track using a two degree of freedom
mass-spring-dashpot model.

In this paper, a methodology is developed to calculate the transient (recoverable)
response of the track substructure layers subjected to train-induced repeated loads.
The present approach employs a mass-spring-dashpot model to capture the track
behavior. The method includes the ballast, capping (also known as subballast) and
subgrade layers and also considers the continuity of these layers in the longitu-
dinal direction (i.e., the direction of train movement). The validity of the proposed
technique is examined by comparing the model predictions with the published data
available in the literature. Subsequently, a parametric investigation is carried out to
study the effect of individual layer properties on the track behavior.

2 Development of Mathematical Model to Predict
the Track Response

Figure 1 represents the schematic diagram of a ballasted railway track structure.
It consists of two components: superstructure and substructure. The superstruc-
ture comprises the rails, ties (sleepers), rail pads and fasteners. The substructure
is the geotechnical component which comprises ballast, capping (or subballast) and
subgrade layers. To evaluate the transient response, the track substructure is modeled
as a three degree of freedom (3DoF) system. Figure 2 shows the 3DoF mass-spring-
dashpot model of the track substructure. Each substructure layer is composed of
lumped masses that are supported by viscoelastic elements such as springs and
dashpots.
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Fig. 1 Structure of a ballasted railway track

Fig. 2 Mass-spring-dashpot
model of the track
substructure
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The equation of motion for the track below the nth tie point is derived by imposing
the dynamic equilibrium condition:

MŸn + CẎn + KYn = Fn + Cs(Ẏn+1 + Ẏn−1
) + Ks(Yn+1 + Yn−1) (1)

whereM, C, Cs, K and Ks are the mass, damping and stiffness matrices; Ÿn, Ẏn, Yn

and Fn are the acceleration, velocity, displacement and force vectors at the nth tie,
respectively. TheNewmark’s implicit scheme is used to solve Eq. (1) and evaluate the
transient response of the substructure layers in terms of displacement, acceleration
and velocity-time histories. The mass, stiffness and damping matrices in Eq. (1) are
defined as follows:

M =
⎡

⎣
ms 0 0
0 mc 0
0 0 mb

⎤

⎦ (2)

C =
⎡

⎣
cs + cc + 2cs,s −cc 0

−cc cc + cb + 2cc,s −cb
0 −cb cb + 2cb,s

⎤

⎦; Cs =
⎡

⎣
cs,s 0 0
0 cc,s 0
0 0 cb,s

⎤

⎦ (3)

K =
⎡

⎣
ks + kc + 2ks,s −kc 0

−kc kc + kb + 2kc,s −kb
0 −kb kb + 2kb,s

⎤

⎦; Ks =
⎡

⎣
ks,s 0 0
0 kc,s 0
0 0 kb,s

⎤

⎦ (4)

where ms, mc and mb are the vibrating mass of subgrade, capping and ballast, respec-
tively; cs, cc and cb are the damping coefficients of subgrade, capping and ballast,
respectively; ks, kc and kb are the stiffness of subgrade, capping and ballast, respec-
tively; ks,s, kc,s and kb,s are the shear stiffness of subgrade, capping and ballast, respec-
tively; cs,s, cc,s and cb,s are the shear damping coefficients of subgrade, capping and
ballast, respectively. The mass and stiffness of the track layers are evaluated by using
a pyramidal load distribution model incorporating the overlapping effect along both
longitudinal and transverse directions [20, 21]. The damping coefficients for each
layer are evaluated using the principle of vibrations as follows [22]:

ci =
√

Eiρi

(1+ νi)(1− νi)
(5)

where i = b, c and s for ballast, capping and subgrade, respectively; ρ i and ν i are the
density andPoisson’s ratio of the ith substructure layer, respectively. The acceleration,
velocity, displacement and force vectors are defined as follows:

Ÿn =
⎧
⎨

⎩

ÿs,n(t)
ÿc,n(t)
ÿb,n(t)

⎫
⎬

⎭
; Ẏn =

⎧
⎨

⎩

ẏs,n(t)
ẏc,n(t)
ẏb,n(t)

⎫
⎬

⎭
; Yn =

⎧
⎨

⎩

ys,n(t)
yc,n(t)
yb,n(t)
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⎬

⎭
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where the subscripts s, c and b represent the subgrade, capping and ballast, respec-
tively; ÿ, ẏ and y are the acceleration, velocity and displacement of the track layers,
respectively; f is the external load acting on the substructure layer. The external load
acting on the capping and subgrade layers at a tie point are taken as zero; whereas,
the external load acting on the ballast layer is equal to the rail-seat load. The rail-seat
load [Q(t)] is evaluated following the approach given in Doyle [23].

The dynamic effects of the rail–wheel interaction are also incorporated in the
analysis using an impact factor (IF) [24], which is a multiplier to the static axle (or
wheel) load (Qa) [1].

IF = 1+ α1

(
V

Dw

)α2

(7)

where V and Dw are the train speed and wheel diameter, respectively; α1 and α2 are
the empirical coefficients.

3 Verification of the Proposed Model

The validity of the proposed technique is examined by comparing the predicted
results with the field investigation results reported by Takemiya and Bian [25] and
Priest et al. [26]. Takemiya and Bian [25] presented the dynamic response of a
high-speed ballasted rail track section located along the West Coast line in Sweden.
The track at the test section comprised of 60 kg/m rails supported by rail pad, ties,
ballast and subgrade layers. The track response was expressed in terms of the vertical
displacement and acceleration generated during the passage of a Swedish X-2000
high-speed train.

Figure 3 compares the Fourier amplitude spectrum of the transient vertical ground
displacement calculated using the present approach with the data recorded in the
field investigations [25]. The values of the parameters used for the simulation are
provided in Table 1. The thicknesses of the top (ballast), middle (capping) and bottom
(subgrade) layers are taken as 1, 13.5 and 36 m, respectively. It is apparent that the
response predicted using the proposed method is nearly identical to that observed in
the field investigations. It can also be observed that the response is distributed over a
frequency range of 0.1–9 Hz. The peaks are observed in the frequency range between
0.1 and 3 Hz (due to the combined effect of train geometry and speed) and at 3.2,
3.66, 4.12, 4.73, 5 and 6.7 Hz (associated with bogie positions).

Priest et al. [26] carried out extensive field investigations in a heavy haul track in
South Africa. The track section comprised 60 kg/m rails supported by ties, ballast
(0.3m thick) and formation layers. They employed geophones tomonitor the velocity
and the corresponding displacement of individual track layers. Figure 4 compares
the variation of transient displacement with time during the passage of 20-ton axle
load wagons, calculated using the present approach with the data recorded in the field
investigations. Table 1 provides the values of the parameters employed in simulations.



20 P. Punetha and S. Nimbalkar

Fig. 3 Comparison of Fourier amplitudes of vertical ground displacement evaluated using the
present approach with field data reported by Takemiya and Bian [25]

Themodel predictions slightly underestimate themagnitude of vertical displacement;
however, the trend is similar to the field data.

Thus, the present approach can accurately evaluate the transient or short-term
response of the track substructure layers. This method can be employed to optimize
track performance, improve the efficiency and, consequently, reduce the operating
cost of the railways. This approach may be of great interest to the practicing railway
engineers owing to the simplicity and less computational power requirements.

4 Parametric Study

The proposed model is used to investigate the influence of elastic modulus on the
transient response of track substructure layers. The elastic modulus of ballast (Eb),
capping (Ec) and subgrade (Es) is varied in the range of 138–551 MPa, 69–276 MPa
and 14–276 MPa, respectively. A similar range of values has also been used by
[27–29] in their parametric investigations. The track response is evaluated in terms
of average recoverable vertical strain, which is the ratio of vertical deformation to
the initial thickness of the substructure layer. The predictions are carried out for the
Thalys high-speed train traveling at a speed of 150 km/h.

Figure 5 shows the variation of average recoverable strain in the ballast, capping
and subgrade layers with elastic moduli Eb, Ec and Es. The values of parameters
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Table 1 Parameters for evaluating track response

Parameter Symbol Unit Takemiya and
Bian [25]

Priest et al. [26] Parametric study

Wheel
diameter

Dw m 1.016 0.954 1.016

Axle load Qa kN 118–180 196 250

Empirical
coefficient

α1 – 0.0065 0.0065 0.0058

α2 – 1 1 0.89

Ballast

Elastic
modulus

Eb MPa 19 100 276 (138–551a)

Poisson’s
ratio

υb – 0.49 0.3 0.3

Density ρb kg/m3 1500 1800 1760

Capping

Elastic
modulus

Ec MPa 20 220 138 (69–276a)

Poisson’s
ratio

υc – 0.5 0.3 0.35

Density ρc kg/m3 1430 2175 1920

Subgrade

Elastic
modulus

Es MPa 44 27,000 14 (14–276a)

Poisson’s
ratio

υs – 0.5 0.25 0.35

Density ρs kg/m3 1475 2300 1920

aValues indicate the range used for the parametric study

used in the prediction are given in Table 1. The horizontal dashed line in the figure
represents the strainwhen the parameters are assigned the nominal values. The down-
ward (blue) and upward (red) arrows indicate a reduction and increment in strain,
respectively. The results indicate that the average recoverable strain in the ballast and
capping layers decreases by 77.9% and 7.9%, respectively, with a rise in Eb from 138
to 551MPa. The subgrade layer showed a marginal effect. This reduction in resilient
response is attributed to the increase in stiffness of the ballast layer (consequently,
an increment in load distribution area) with a rise in the elastic modulus.

The recoverable strain in the ballast layer increases by 17% with a rise in Ec

from 69 to 276 MPa; whereas, the strain in the capping layer decreases by 73% with
an increase in Ec from 69 to 276 MPa. The capping modulus has an insignificant
influence on the subgrade strain. The average recoverable strain in the subgrade layer
decreases by 73% with a rise in Es from 14 to 276 MPa. However, the recoverable
strain in the ballast and capping layers increases by 69% and 70%, respectively, with
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Fig. 4 Comparison of transient displacement evaluated using the present approach with field data
reported by Priest et al. [26]

a rise in Es from 14 to 276 MPa. This indicates that the presence of a stiff subgrade
may increase the deformation in the granular (ballast and capping) layers.

Therefore, it is clear that the elastic modulus of the substructure layers plays a
significant role in the transient response of the railway track. The present approach
can be used to evaluate the track response for different train, track and substructure
properties. Such analyses may provide the value of parameters that are required to
achieve optimum track performance.

5 Conclusions

An analytical method is developed to predict the transient response of substructure
layers in ballasted railway tracks. The approach evaluates the recoverable response
using a three degree of freedom mass-spring-dashpot model. The validity of the
technique is examined by comparing the predicted results with the field investiga-
tion results reported in the literature. A close agreement between the observed and
predicted results demonstrates the accuracy of the proposed approach in evaluating
the track substructure response. The parametric study on the track behavior shows
that the elastic modulus of track layers significantly influences their response. The
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Fig. 5 Influence of elastic modulus on the average transient vertical strain in the track substructure
layers

presence of stiff subgrade may increase the deformation in the granular substruc-
ture layers (ballast and capping). The present approach can be adopted by railway
engineers to improve track performance.
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A Deep Investigation
into the Mechanisms and Factors
Producing Mud Pumping

Stephen Wilk and Dingqing Li

Abstract Mud pumping is a common issue facing all railroads in which wet fines
within the ballast pumpup around the ties and onto the surface of the track during train
loading. This often corresponds to poor drainage, loss in track geometry, reduced
ballast strength and stiffness, and in the worst case leading to ballast failure. Despite
the prevalence of this problem, the mechanisms behind mud pumping and the factors
influencing it are not fully understood, although past investigations have determined
that fines and water in ballast, as well as repeated dynamic wheel loads, need to act
together to producemud pumping. An improved understanding is to how it will allow
for better prediction ofmud pumping and the negative effects associatedwith it, along
with improved maintenance planning and techniques. Transportation Technology
Center, Inc. (TTCI) has further reviewed and investigated mud pumping situations
from both its “rainy section” test zone at the Facility for Accelerated Service Testing
(FAST) near Pueblo, Colorado, and multiple revenue service locations in attempt
to understand the underlying mechanisms behind mud pumping. The rainy section
at FAST and some revenue service sites suggested that some (and possibly most)
mud pumping situations are purely surficial, originating from the wet regions just
around the ties. However, other mud pumping situations have shown a seasonal or
perched water table below the bottom of the ties that appears to cause moisture and
fines to pump up to the surface from the subgrade or lower ballast layer. TTCI plans
to continue to investigate different mud pumping situations with the end goals of
developing ballastmaintenance guidelines and improving track substructure-induced
track geometry degradation forecasting models.
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1 Introduction

Ballast degradation is a common ballast issue faced by all railroads. Especially when
wet, degraded ballast with fines can cause track geometry degradation, requiring
increased maintenance. Improved identification of problematic or future degraded
ballast locations can improve maintenance planning efficiency and reduce the need
for reactive maintenance.

In an ideal track, the ballast layer should provide mechanical support to limit
dynamic track movement in all three directions, prevent track geometry degradation,
and also allow the drainage of excess water [1]. Excess moisture drains downward
toward the sub-ballast and subgrade, which should have a 20:1–40:1 slope that causes
excess moisture to run out of the track section. Drainage ditches along the track can
then carry that excessmoisture out of the right-of-way. The drainage in the ballast and
sub-ballast is defined as internal drainage while the ditches are defined as external
drainage.

Over time, both the internal and external drainage can become inhibited. For
example, the ballast particles will mechanically break down from continual train
loading producing fines that contaminate the ballast. In addition, fines can contam-
inate the ballast through surface infiltration or pump up from the subgrade. When
enough fines contaminate the track section, the fines retain moisture and inhibit
drainage of excess water. These are situations in which the internal drainage has been
blocked.Another different example of blocked internal drainage iswhen the subgrade
settles or heaves under the track creating pockets in which water can collect. Blocked
external drainage is also a possibility in which ditches are blocked by brush or trash
or are not large enough to handle excess water that then floods the track section.
Reducing blocked internal and external drainage is important because they are the
primary cause of ballast degradation andmud pumping, which is defined aswhenwet
fines pump up onto the surface of the track. This mud pumping, and ballast degra-
dation, is generally attributed to reduction in track performance, including but not
limited to track geometry degradation, inhibited drainage, large track displacements,
accelerated tie degradation, and increased rail wear and defects.

Multiple factors affect the performance of degraded ballast, includingfine amount,
fine type, fine distribution, moisture level, moisture source, and moisture distribution
in the track section, along with many other variables such as climate and traffic [1,
2]. Fine levels above 20% by mass generally lead to increased maintenance activity
and at 40% fines, and the majority of ballast voids are filled with fine particles. The
type of fines present in the ballast will be dependent on location. They are primarily
from ballast degradation, but may also result from surface infiltration, or may pump
up from the subgrade when subsurface water is present. Smaller, more plastic fine
particles are generally considered a greater issue than larger, but they are not the
focus of this paper.

To investigate the influence of these variables, TTCI developed a “rainy section”
test bed at FAST in 2017. This paper summarizes the previous two years of work
(Phase I), explains the mechanism of mud pumping observed, discusses how the
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findings from Phase I testing will guide the future testing at the rainy section, and
compares the rainy section against other revenue service sites.

2 Rainy Section

The rainy section is a 20-foot-long section of track in Section 36 of FAST that
contains upward of 40% fines by mass—primarily sand- and silt-size particles from
natural ballast degradation (see Fig. 1)—and has an irrigation and drainage system
that allows the replication of rainfall and control of drainage in the track. Figure 2
shows a photograph of the wetting process. This mimics a severe degraded ballast

Fig. 1 Gradation curve of rainy section ballast material

Fig. 2 Photograph of irrigation system in the rainy section



28 S. Wilk and D. Li

condition in which the majority of ballast voids are filled by ballast degradation
material and the fines are evenly distributed among the ballast section. The irrigation
system replicates rainfall as the water source on the ballast. As a note, different
fine level, fine type, moisture source, and fine distribution may significantly affect
the results. Additional details of the rainy section setup can be found in previous
publications [2–5].

3 Phase I Testing

Thefirst phase of testing at the rainy section primarily involves quantifying howmois-
ture affects track performance and the mechanism leading to surface mud pumping.
A previous paper goes into more detail of the measurements and results [2].

To determine performance, multiple measurements were taken. Unloaded top-
of-rail (TOR) elevations were collected after each night of FAST train operations
(~2 MGT) to determine the elevation profile and unloaded settlement rates. Addi-
tional measurements were performed to determine track modulus at various stages
of testing. Moisture sensors were installed at various locations in the rainy section
to monitor moisture levels. Single-tie push (STP) tests were also conducted to deter-
mine the lateral tie resistance (resistance to lateral movement) under a variety of
conditions. This quantified track settlement, track modulus, drainage, and lateral tie
strength.

Multiple tests were conducted on the rainy section during Phase I, but they can
be categorized into three main conditions: dry and no mud pumping (referred to as
fine-degraded condition); wet and mud pumped (active mud pumping); and dry and
mud pumped (no active mud pumping after dried). After surfacing, the fines were
typically evenly distributed in the ballast section. During wetting (e.g., 10 mm/h of
rain for 1 h) and train passage, the fines underneath the ties became saturated and
had a state similar to a slurry consistency. As wetting (another hour at 10 mm/h)
and train passage continue, the tie pressure would pump the mud slurry up around
the ties and onto the track surface. This condition is commonly referred to as mud
pumping. After being allowed to dry, the mud slurry remained at the surface but had
dried out representing the dry and mud pumped condition.

Figure 3 shows how each of these three conditions, along with the clean ballast
condition as a baseline, affects track performance at the rainy section. The results
are presented conceptually (clean ballast represents the baseline condition of low
settlement rate andhigh trackmodulus anddrainage capacity) because of the variation
between tests and dependence on specificmeasurements. However, Fig. 3 should give
a general idea on the effect of moisture and fine distribution on performance. The
specific results are presented in Table 1. The results also may vary for different
situations.
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Fig. 3 Conceptual performance of four ballast conditions

Table 1 Rainy section performance metrics in a variety of conditions

Condition Settlement rate
[in/MGT]

Track modulus
[lbs./in./in.]

Drainage time
[Days]

Lateral tie
resistance [kips]

Clean 0.03 4200 – 2.6

Degraded (dry) 0.03 3500 1 10+

Mud pumped
(dry)

0.03 3000 5 6.0

Mud pumped
(wet)

0.09 1500 5 2.9

The rainy section results show the following:

• Clean Ballast: This baseline condition typically shows small track settlement,
track modulus value of about 4200 lbs./in./in. Excess water can drain within
minutes and adequate lateral tie strength that is typical of previous measurements
at FAST.

• Dry Degraded Ballast: This condition showed no visual signs of fines on the
surface (typically a few inches of ballast cover), has similar settlement rates to
clean ballast when dry, a slightly lower track modulus (3500 lbs./in./in.), inhibited
drainage that took about a day to drain out excess water, and very high lateral
resistance when dry due to strong shoulders.

• Dry Mud Pumped Ballast: This condition had visual signs of mud at the surface,
similar settlement rates as the dry degraded ballast condition, a lower track
modulus (3000 lbs./in./in.), and greater inhibited drainage that took about five
days to drain out excess water. The lateral tie resistance likely had lower tie/ballast
interface resistance, but the shoulder appeared to be still strong.

• Wet Mud Pumped Ballast: This condition had standing water and visual signs of
mud at the surface, settlement rate much greater than the other conditions (~3×
greater), a low track modulus (1500 lbs./in./in.), and inhibited drainage that took
about five days to drain out excess water. The lateral tie resistance was similar to
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clean ballast, but this value is likely dependent on the shoulder. If the shoulder is
inadequate, the lateral tie resistance may be very low.

In summary, a few general remarks can be made from the results as follows:

• Increased settlement rate and decreased track stiffness are typically associated
with wet ballast conditions. This means dry degraded ballast may not be a
performance issue until heavy rainfall.

• Inhibited drainage is associated with fines in the track section and becomes more
severe when the slurry surrounds the tie and forms a barrier. This means that mud
pumping and surface fines keep the track in a more susceptible state for longer
periods of time after wetting.

• From the first two points, it is logical that the performance of degraded ballast will
be dependent on climate conditions (periods of moisture yearly and seasonally)
and traffic (how many trains pass during times of moisture).

4 Mud Pumping Mechanism

A main objective of the ballast degradation research is to improve identification
of potential problem regions and quantify the benefits of various maintenance and
remediation action. In order to get to that stage, a thorough understanding of mud
pumping and its causes is needed.

4.1 Rainy Section Specific

The observed process for mud pumping at the rainy section (see Fig. 4) is as follows
and shown in Fig. 5. From the (a) dry initial condition, (b) rainfall (blue color) begins
to wet the surface and upper ballast layer and ponds underneath the ties. After the
rainfall has increased the moisture levels underneath the ties to a high enough level
and train passage causes the ties to pump up and down, (c) the fines and water form
a mud slurry (rust color) that is very soft and mobile. Continual train passage causes
the tie to pump which pushes the mud slurry outward away from the tie, while
sucking surrounding fines to the voids generated. This likely causes the slurry to
move downward and outward, but the easiest escape path is upward around the tie.
Eventually, the slurry coats the tie and track surface (d). The final cross section is
shown in Fig. 6.

Multiple tests were run to determine the depth of the wet region (slurry). This
involved moisture sensors, trenches, and PANDA® geoendoscopes (devices that can
view downward into the ballast) [6]. All three methods agreed that the wet region in
the rainy section is the top several inches below the bottom of the tie. This suggests
that the moisture issue is primarily surficial and does not extend deep into the ballast
section.
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Fig. 4 Photograph of mud pumping with standing water

Fig. 5 Step-by-step of mud pumping in rainy section (blue—rain, light brown—degraded ballast
with fines, rust—slurry, brown—tie yellow—time pumping due to train operations)
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Fig. 6 Cross section of rainy section with surficial mud pumping

4.2 Other Mud Pumping Locations

One of the objectives of this research is to help prepare a field guide that allows
railroad workers to properly identify root causes and perform maintenance in mud
pumping situations. Therefore, TTCI has revisited past research [7] and made exca-
vations at other mud pumping locations at FAST and revenue service locations to
determine if other mud pumping situations resemble the rainy section and if any
broad generalizations can be made.

From these investigations, the observation of mud pumping with just the slurry
around the tie appears to be a common signature of surface issues. These locations
often display higher levels of displacement, slurry a few inches below the tie, and
likely have similar mechanisms as the rainy section. Example photographs are shown
in Fig. 7. Figure 7a shows the surface of an active mud pumping track, and Fig. 7b
shows the excavated cross section of the same track and the outline of the wet slurry
with the moist, but not wet, degraded ballast underneath.

Therefore, the signature observations of surface mud pumping with slurry around
the tie, ballast particles pushed away from the tie, and blocked internal drainage likely
indicate a surficial issue in which the water source is rainfall. In these situations,
maintenance should likely focus on improving drainage from the surface to below
the tie. The details of this maintenance will be the subject of future research.

4.3 Subgrade Pumping

As opposed to the surface mud pumping discussed in the previous two Sects. 4.1
and 4.2, different surface mud pumping situations have also been widely observed.
In these situations, the external drainage (i.e., ditches) appears to be blocked, and
the track typically has a high-water table or is flooded. The surface mud pumping
appears to be produced from the subgrade pumping up during train passage. This
results in surface mud that appears more evenly distributed and is not localized
around the ties. If the subgrade has settled or heaved under the track and trapped
water, similar situations may be possible as well. Figure 8a, b shows examples of
subgrade pumping.
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Fig. 7 Photographs of a surface mud pumping with a mechanism similar to the rainy section and
b an excavation of the location

For these situations, the primary remediation focus should be unblocking or
expanding ditches or setting up barrier layers between the subgrade and ballast.
Previous studies conducted by TTCI have shown that these barrier methods to be
helpful in reducing fines in the ballast section [8].
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Fig. 8 Two examples of subgrade pumping with poor external drainage

4.4 General

From the previous three sections, it has been determined that there are three require-
ments for mud pumping: (1) degraded ballast, (2) water source, and (3) tie pumping
due to repeated wheel loads. These are expanded below:

• Degraded Ballast: Fines are an obvious precursor for mud pumping, but the influ-
ence of fine level and fine type is likely significant. There should be a fine level
threshold that is required for the slurry to form and different fine types will likely
affect how the slurry acts. Distribution of fines in the track section will also play
a role.

• Water Source: The source of water plays a significant role in mud pumping.
At the rainy section and many FAST and revenue service sites (Sect. 4.2), the
water source comes from rainfall that accumulates at the surface because the low
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permeability of the degraded ballast inhibits drainage. This is known as blocked
internal drainage. However, there have been other documented cases (Sect. 4.3)
in which the water source is from a high-water table (subsurface water), often
from blocked drainage ditches. This is known as blocked external drainage. This
likely causes fines from the lower ballast section to pump upward to the surface.
This suggests a deeper ballast layer problem and would require different remedial
solutions.

• Tie Pumping: The tie moving up and down from train passage will not only help
produce the slurry, but also push it upward around the ties to the surface. This
indicates that the severity of mud pumping could be dependent on the amount of
tie pumping.

5 Conclusion and Future Work

The main new finding from Phase I testing is that when ballast degradation is the fine
type and rainfall is the water source, the moisture and slurry formation is a surficial
issue. TTCI has reviewed other similar mud pumping locations that developed at
FAST and previous revenue service investigations [5]; the observations agreed with
the rainy section behavior. However, more investigations would be needed before
any broad generalizations can be made and are the subject of future research.

This has implications onmaintenance and remediation, because the results suggest
maintenance should focus on ensuring the upper ballast layer which is drained (see
Fig. 5). Phase II of the rainy sectionwill test the effectiveness of potentialmaintenance
methods by comparing settlement rates, drainage times, and visual observations.
Initial options for testing are listed below:

• Crib Trenching: This maintenance method would be simplest and just requires
localizedwork to remove thefines in the shoulder of the cribs of themuddy section.
This will allow the drainage of any existing excess water and would hopefully
allow additional drainage, until ultimately it is clogged by new slurry formation.

• Shoulder Cleaning: This will involve removing all the shoulder fine material and
replacing with clean ballast.

• Track Lift: This maintenance method would lift the track 1 or 2 in. and could
provide temporary separation between the fines and bottom of tie.

• Undercutting: This will involve removing all the fine material 6–8 in. below the
bottom of the tie and replacing with clean material.

Revenue service investigations will also be important to verify that rainy section
results are applicable tomost revenue service conditions. These investigations should
also allow the categorization of different mud pumping situations so these various
situations can be identified and appropriate maintenance methods that address the
root cause of the problem can be applied.
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Additionally, all the work described will help to enhance detection methods,
ground penetrating radar, for example, to better focus on important variables that
correlate to track geometry degradation.
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AMulti-model Approach to Analyse
Railway Track-Ground Dynamics
and Soil Nonlinearity
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and P. K. Woodward

Abstract An increase in train speed generates amplified track deflection. With
higher speed, larger strains are induced within the track and subgrade structures. This
results in nonlinear behaviour of material properties, particularly the soil stiffness. In
railway engineering, it is challenging to deal with these high levels of amplification
because the deep wave propagation within the track and underlying soil structures is
complicated. Therefore, this paper investigates the influential variables that cause a
significant impact on the dynamic amplification of the railway. Fourmodelling strate-
gies used to generate findings into the problems of railway track dynamics and track-
soil nonlinearity. The four types ofmodel are analytical, combined analytical–numer-
ical, 2.5D finite element and 3D finite element. These four models are used to analyse
the cases of homogenous half-space soils, homogenous soils above bedrock, layered
soils, low-stiffness soil layers and track-soil nonlinearity. The analysis results provide
a better understanding of wave propagation characteristics within the subgrade struc-
tures. This can be useful for consideration of the design or improvement of railway
track structures and earthworks.
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1 Introduction

In recent decades, attempts have been made to increase the operational speed of
trains for reducing journey times, increasing capacity on the network and supporting
the economy. Higher speeds induce increased dynamic track-ground amplification
and track displacements. These displacements can result in high strains within the
track and subgrade structure, thus causing the stiffness of the material to behave in
a nonlinear fashion. The propagation of energy occurs when the moving speed of
a non-oscillating load reaches or goes higher than the wave propagate velocity of
any layer in the supporting track-ground system [1]. This minimum threshold of this
moving speed is defined as the “critical velocity” [2–5].

Since high levels of dynamic track amplification can lead to increased safety risks,
accelerated track geometry degradation and the generation of high ground-borne
vibration in the free-field [6–9], it is undesirable on railway lines. Therefore, an
assessment of track dynamics is important, particularly for the design of high-speed
lines where the dynamic stiffness of the system must be taken into account.

Existing railway standards consider the railway track behaviour as a combination
of static and dynamic response using a basic function of the static response and speed
[10]. If the types of train, track and soil are varied, the propagation of waves will
become more complex. This approach thus is not able to accurately assess for those
complexities.

To investigate dynamic behaviour due to moving loads, several models have
been proposed in the literature. [11, 12] used analytical approaches to model the
problem assuming a moving load on an elastodynamic medium. Apart from analyt-
ical methods, [13, 14] applied semi-analytical approaches to the railway problem
which simulated the track using analytical expressions and modelled the 3D soil
using Green’s functions in terms of wavenumber–frequency domain. With semi-
analytical models, a better understanding of the relationship between moving speed
and amplification of dynamic displacement can be achieved with a relatively low
computational demanding. However, they are still unable to copewith the complexity
of the track.

Therefore, [6, 15, 16] used 2.5D approaches which assumed the track as an
invariant structure in the direction of moving load and thus considering the problem
in 2D before recovering to the 3D response. However, these 2.5D models cannot
simulate ballast tracks which contain the sleeper spacing. [17, 18] applied periodic
3D models which discretised the track into various single 3D slides to overcome
this problem. When dealing with the complexities of track properties and geometry,
fully 3D models are useful despite a very high computational cost. With fully 3D
models, the problem can be simplified and generally analysed in both frequency and
time domains. Moreover, solving the problem in the time domain is attractive since
more complex nonlinear track properties and wheel–rail interaction are allowed for
the modelling [19, 20].

In this presented paper, railway track dynamics and track-soil nonlinearity are
analysed using amulti-model approach which consists of analytical, semi-analytical,
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2.5D numerical and 3D numerical. The remainder of this paper is organised as
follows. In Sect. 2, the modelling approaches, which include the detail of four
methodologies, are described. Section 3 shows the modelling analysis regarding soil
layering and track-soil nonlinearity. Finally, the conclusions are drawn in Sect. 4.

2 Modelling Approaches

It is challenging to obtain a high-accuracy result and a low computational time
from using only a single modelling approach to analyse the full range of railway
track dynamic problems, particularly critical velocity issues. These issues are too
complex to analyse using solely simplified approaches and consume a lot of time for
using a single fully 3Dmodel. Therefore, this paper considers the four most common
methodologies of modelling for a study of railway track dynamics and links them to
propose new findings into the problems of railway track dynamics and nonlinearity.
The methodologies used in this paper are discussed in detail as follows.

Approach 1 (Analytical): As described in [21], the dispersion relationships between
the track and ground are analytically computed. With this methodology, the critical
velocity can be identified without creating dynamic amplification curves. The track
and soil dispersion characteristics are analytically calculated in the wavenumber
domain assuming the track structure to be 2D, infinite and invariant in the direction
of train moving. For an example model of concrete slab track supported by two
layers of soil, the dispersion relations in terms of phase velocity and wavenumber
are illustrated in Fig. 1. The system of equations for slab track and the apparent phase
velocity are described as given in Eqs. 2 and 4 in [21]. In both sub-figures, the critical
velocity occurs at the point of intersection between the track dispersion line and the
soil dispersion line.

Fig. 1 Dispersion curves: a wavenumber, b phase velocity
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Approach 2 (Semi-analytical): The second methodology is a combination of analyt-
ical andnumerical approacheswhich is called a semi-analytical approach.Asoutlined
in [22], the model consists of two main components. The track is modelled using an
analytical approach, whereas the soil is modelled using the thin-layermethod (TLM).
This method allows the soil to be discretised in the vertical direction, but infinite
and homogeneous along the horizontal direction. The quadratic three-node elements
are used to increase the accuracy of propagation simulation within each soil thin
layer. The soil stiffness is computed using the Green’s function in the wavenumber–
frequency domain and adopted within the track model to calculate the response of
track-ground interface.

Approach 3 (2.5D numerical): The next methodology is a 2.5D numerical approach
which both track and soil structures are defined as the 2D geometry using eight-
node quadratic finite elements and solved in the frequency domain [16, 23]. To
prevent reflection at boundaries, a perfectly matched layer (PML) [24] is used as an
absorbing function at boundaries as shown in Fig. 2.With this approach, the structure
is considered in 2D and the 3D response can be captured using Fourier transforms
with respect to the spatial coordinate along the track.

Approach 4 (3D numerical): The last methodology is a fully 3D numerical approach
which individual components of track and ground structures are simulated using
ABAQUSwith 20-node quadratic brick elements. The equations ofmotion are solved
formoving loads in the time domain using implicit integration [25, 26]. The approach
is able to provide high accuracy for the modelling of stress and strain fields.

Fig. 2 Simplified view of
2.5D track-ground mesh
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3 Modelling Analysis

When the train moves at high speeds, it induces deep wave propagation within the
ground. The dynamic stiffness behaviours of the supporting subgrade, thus, become
more influential. As shown in Table 1, parameters regarding track properties for
both ballasted and slab tracks are considered in the modelling analysis. A wider
range of track stratum is also included. Poisson’s ratio and density of soil are 0.35
and 2000 kg/m3, respectively. In this analysis, the four alternative types of model
are used to explore homogenous half-space soils, homogenous soils above bedrock,
layered soils, low-stiffness soil layers and track-soil nonlinearity, as described below.

3.1 Homogenous Half-Space Soils and Homogenous Soil
Above Bedrock

Assuming a half-space is homogenous with infinite depth and uniformmaterial prop-
erties. Since the properties, including stiffness and mass, are uniform, the phase
velocity of P-SV waves is independent of excitation frequency, and thus, the critical
velocity and the Rayleigh wave velocity are equal. To illustrate, a case of moving
train load on a ballasted track (ballasted track properties in Table 1) supported by
a homogenous half-space soil with 45 MPa stiffness is studied. The responses of
a supporting homogenous half-space with two different speeds (50 and 100% of
the critical velocity) are shown in Fig. 3. Based on the result of modelling, the low
moving speed produces 2.5 mm while the high moving speed produces 3.9 mm

Table 1 Material properties
of the ballasted and slab
tracks

Component Property Ballasted track Slab track

Rail Bending
stiffness (Nm2)

1.29 × 107 1.29 × 107

Mass (kg/m) 120 120

Rail pad Stiffness (N/m) 5 × 108 5 × 108

Damping
(Ns/m)

2.5 × 105 2.5 × 105

Sleeper Mass of sleeper
(kg/m)

490 –

Ballast/slab Height of
ballast/slab (m)

0.35 0.35

Young’s
modulus (MPa)

130 30,000

Half-track width
(m)

1.25 1.25

Density (kg/m3) 1700 2500
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Fig. 3 Homogenous half-space soil contours: a low speed, b critical speed

of maximum rail displacement. It can be seen that the train load at higher moving
speeds creates larger displacements. In addition to the amplitude of displacement,
Fig. 3 also shows that the faster moving load generates a conical-type shape while
the slower moving load generates a uniform response [27]. At speeds greater than
the Rayleigh wave speed, this wave front angle is defined by: sin−1(VRayleigh/V train).
Another point is the generation of corresponding stress fields at 1 m depth from the
surface, as illustrated in Fig. 4. It is apparent that the load at higher moving speed
results in asymmetric growth and larger magnitude of the stress fields, particularly
in the horizontal direction [28].

Typically, the stiffness increases with the depth of soil stratum. However, if a
layer with a significantly higher stiffness than the supporting soils, for example, a
rock layer, is found near the surface, the propagation at lower frequencies will be
obstructed.An illustration of this case is shown in Fig. 5which is amodel of slab track
overlying homogenous soils supported by stiff bedrock. Both homogenous saturated
and unsaturated soils (40 MPa stiffness) are considered. Two different depths (5 and
15 m) of bedrock from the surface are also compared. As shown by the dashed lines,

Fig. 4 Corresponding soil stresses fields: a low speed, b critical speed
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Fig. 5 Effect of bedrock depth on dispersion

the bedrock prevents the propagation of low-frequency waves. The graph also shows
that significant dispersion occurs in the frequency ranges between 5 and 10 Hz for
the case of 5 m depth and 1–3 Hz for the case of 15 m depth. Therefore, if the critical
velocity lies within these frequency ranges, a slight change of track stiffness can lead
to a big change in the critical velocity. On the other hand, if the critical velocity occurs
at higher than these frequency ranges, changing the track stiffness will not affect the
critical speed as seen by a constant relationship of phase velocity and frequency.

3.2 Layered Soils and Low Stiffness Soil Layers

To consider layered soils with infinite depth and varying stiffness, six cases of slab
track resting on two-layered soils are analysed. The stiffness of the bottom soil layer
is kept constant at 150 MPa, while the upper soil layer is changed with three values
of stiffness (30, 75 and 100 MPa). For each stiffness, two different depths which
include 12 m (thick) and 2 m (thin) are applied to the upper soil layer. Figure 6
illustrates the layered ground contours for the case of slab track resting on the top
layer of soil with thick depth and 30 MPa stiffness. Two different speeds are applied
as for the homogenous case. The resulting rail deflections are similar to the previous
case, but it appears that there are trailing oscillations behind the faster train load.
Figure 7 shows the analysis of track-ground dispersion for all six cases. For the case
of the deep top layer, the critical velocity and the P-SV wave velocity of the upper
layer are similar because the intersection point occurs within the range of a constant
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Fig. 6 Layered soil contours: a low speed, b critical speed

Fig. 7 Layered soil dispersion: a thick top layer-12 m, b thin top layer-2 m

relationship between phase velocity and frequency. Therefore, changing the track
properties has a small influence on the critical speed. On the contrary, the critical
velocity for the thin-layer case occurs between the P-SV wave velocity of the upper
and lower soil layers. The critical velocity will deflect towards the wave speed in the
bottom soil layer as the depth of the upper soil layer reduces.

Even though the soil stratum increases in stiffness with depth, low-stiffness
soil layers can appear in the middle within the soil stratum resulting from natural
processes [29] or engineering processes [22]. To illustrate, an example case of a soil
layer with 100MPa stiffness and 6 m depth overlying a softer soil layer with 50MPa
stiffness and infinite depth is created, and the result of the analysis is shown in Fig. 8.
It can be seen that two peaks are generated and located at similar moving speeds
to the shear wave velocities of these two soil layers. By definition, the first peak is
defined as the critical velocity while the second peak is a train moving speed which
produces the largest track amplification.
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Fig. 8 Maximum vertical rail displacement curve

3.3 Track-Soil Nonlinearity

Elastodynamic waves propagate into the deeper soil layers as the train moving speed
increases. This energy generates large strain levels and results in reduced soil stiffness
in a nonlinear fashion which causes increased track displacements [30].

As an example, a case of a moving load on a homogenous soil with 45 MPa
stiffness is considered. With regard to the curves of linear and nonlinear dynamic
displacement shown in Fig. 9a, it can be seen that dynamic amplification increases,
whereas the critical velocity reduces to approximately 85% of the linear case. This

Fig. 9 Effect of nonlinearity: a maximum displacement versus velocity, b strain versus depth



46 C. Charoenwong et al.

Fig. 10 p-q stress paths: a low speed (10 m/s), b critical speed (80 m/s)

can make a significant influence on high-speed train lines which often limit their
operating train speeds to 70% of the critical velocity. Due to nonlinearity, operating
trains at 70% of the critical velocity from the linear calculation can lead to the
maximum possible track displacements or create a condition where displacements
are extremely sensitive to small increases in speed. Therefore, avoiding designs close
to this limit may reduce the risk of nonlinearity effects, particularly if the operating
speed is expected to increase in the future.Moreover, the strain and depth relationship
using the linear equivalent technique is presented in Fig. 9b. Two different speeds
which include 10 m/s (low speed) and 80 m/s (critical speed) are considered. As a
result, the strains due to the higher speed are obviously larger than the lower one,
but the peak points of strain are located at similar depths. Finally, the p-q stress
paths at 1 m depth below the track centre line are created for both low speed and
critical speed, as shown in Fig. 10. In comparison, no sign of dynamic amplification
occurs at the low speed, whereas the stress state turns into a turbulent shape and the
magnitudes considerably increase at the critical speed.

4 Conclusions

This paper considers multiple types of models to analyse the railway track dynamics
problems which involve soil layering and track-soil nonlinearity. The four models
are analytical, semi-analytical, 2.5D numerical and 3D numerical.

The analysis shows that the relationship between track dispersion and soil disper-
sion has a strong influence on the critical speed. With a very thin top layer of soil, an
improvement in the track structure can be taken into account for increasing the crit-
ical speed. Also, the depth of bedrock is considered as an important parameter since
it can cause the critical velocity to become sensitive to small changes. In the case
of low-stiffness soil layers, it is found that the soil wave dispersion, which affects
the critical velocity, can become increasingly complex. Lastly, the investigation of
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track-soil nonlinearity with linear and nonlinear methods is investigated. The results
show that the difference in output from these two methods can cause a considerable
impact on the critical speed.
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Performance of Jointed S&C Bearers

A. S. Khan , E. Ferro , L. Le Pen , and W. Powrie

Abstract Long bearers are used at switches and crossings (S&C) to maintain the
gauge and prevent relative lateral movement between the rails for all possible routes
a train may take. Traditionally, these bearers are formed of continuous timber or
pre-tensioned steel reinforced concrete beam, up to 6 m or more in length. However,
restrictions on the availability and cost of access time for track works have led to
the development of new jointed bearers. These allow modules of S&C to be pre-
constructed and loaded onto road/rail vehicles for joining on site, reducing the track
access time required and saving money. Jointed bearers have elements that are not
much longer than plain line ties (<3.0 m). However, joining the bearer elements
presents challenges. Two types of solution are currently available: (1) flexible joints—
which allow some relative rotation and vertical movement between the connected
ends of the bearer parts; (2) rigid joints, which may give a bending stiffness close
to that of a continuous beam. The type of joint has implications for crossing perfor-
mance, and the existence of alternative designs suggests that a universal solution has
not been identified. This paper presents results from a laboratory study carried out to
evaluate the effect of joint type on performance. In testing, repeated loading repre-
sentative of >1 million cycles of a 20 tonne (20,000 kg) axle load was applied to the
railseats of bearers supported on a ballast bed. Settlements and resilient movements
at locations along the bearers were measured and analysed. The results show that the
type or absence of a joint significantly affects the settlement and resilient deflections
along the bearer length.
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1 Background

Railway switches and crossings (S&C) make the rail network flexible by allowing
tracks to cross and converge/diverge. UK railways have an S&C density of just over
5 units per 10 km of mainline track [1]. Traditionally, a relatively large proportion
(24% of the total maintenance budget) is spent on S&C, which accounts for only 5%
of the total trackmileage [2]. In the financial year 2017/2018, network rail (NR) spent
£195 M on S&C renewals and refurbishments out of a total track renewal cost of
£764 M [3]. Similarly, disproportionate maintenance and renewal costs are incurred
in Europe, e.g. 13% of total track maintenance cost in Sweden is spent on S&C
less than 5% of track mileage [4] and 25% in Switzerland [5]. Amtrak, the primary
passenger service operator in the USA, has a similar level of S&C complexity with
approximately the same density per unit length of track as network rail in the UK
[6].

An S&C is conventionally divided into three main segments (Fig. 1): the switch
panel, the closure panel and the crossing panel. The switch panel allows vehicles to
traverse from the stock rail via the switch blade to the closure panel. The closure
panel leads to the crossing panel where the tracks fully diverge.

S&C have a number of complicating features compared with plain line. The
variation in geometry leads to non-symmetric loading [8], while discontinuities in the
rails changes in lengths/masses of the bearers, and other variations along the running
length give rise to different responses to loading. Significant impact forces occur at
the transfer from the stock rail to switch blade owing to the change in height [9] and
over the gap between the wing rail and the crossing nose [10]. Other complicating
factors include variations in track system stiffness, differential settlement and mass
distribution of the rails, irregularities in wheel-rail contact, and dipped rail joints
between the switch and closure rails.

Bearers at S&Chave the sameprimary roles as plain line ties,which are tomaintain
gauge and transfer loads from trains onto the ballast and substructure. However, at

Fig. 1 Schematic of a typical S&C and its components [7]
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S&C, bearers may need to maintain gauge over multiple lines and link two or more
tracks together. Thus, S&C bearers support multiple rails. Loads on a pair of rails
at one end of a continuous or rigid jointed bearer supporting two adjacent lines can
cause the bearer to rotate downward under the loaded track, lifting the unloaded track
at the far end [11, 12]. Owing to the combination of factors described, S&C are more
prone to differential settlement and require more frequent maintenance and renewal.

Track maintenance or renewal is carried out in time slots known as possessions,
duringwhich the track beingmaintained and possibly adjacent track(s) are blocked to
traffic. Railway operators have introduced modular S&C as a way to reduce posses-
sion durations. Traditionally, S&C are assembled in a manufacturing yard for quality
and tolerance checks, then disassembled, transported to site, and re-assembled again
at the site for installation. Modular S&C reduces the steps, and therefore, the instal-
lation time needed for S&C renewal by enabling pre-assembled segments to be
transported and then joined together on site. However, a mechanical joint between
the long bearer sections is required.

The type and location of the joints along the bearers may significantly affect the
mechanical behaviour of S&C both in the short term, when accumulated ballast
settlement is small but its rate potentially large, and in the long term, when the
track geometry has changed due to permanent deformation of the ballast bed after
repeated train loading. Several types of bearer joints have been designed by bearer
manufacturers and are currently in use with different solutions adopted in different
countries. These joints fall into two main types: (1) forming a near-rigid connection
and (2) allowing relative vertical movement and rotation between the bearer parts.
Figure 2 shows one type of flexible joint and one type of rigid joint in current use.
In the UK, the national railway manager, network rail, uses joints formed of a metal
shroud bolted to the ends of the bearer sections to be joined (Fig. 2b). This type of

Fig. 2 Schematic representation of a flexible bearer joint (Progress Rail) and b rigid bearer joint
(Network Rail [13])
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joint is intended to provide a more rigid connection, so that a modular bearer behaves
as closely as possible to its continuous counterpart.

The flexible joint shown in Fig. 2a consists of a pinned–pinned connection that
allows relative rotation and vertical movement between the connected bearer parts.
The particular type of joint shown is not intended for use in modular construction,
and this type of flexible joint is intended to be used for joining adjacent tracks (i.e.
the joint is not to be placed between the main route running rails). However, other
types of flexible joints are available, and their placement may not be so restricted.
The rigid joint shown in Fig. 2b has been specifically developed for modular S&C
construction and may be placed in almost any location along a bearer length (e.g.
between running rails and between main tracks).

The fact that joints with very different mechanical behaviours are used on railway
networks suggests that there is not yet a consensus on the mechanical characteristics
needed for optimal performance, although there is some recognition amongmanufac-
turers that the location of the joint is significant in the restrictions that some suppliers
place on this. Nevertheless, there remains a lack of understanding of the effect of
joint type on S&C performance at both a bearer element and system level. Jointed
bearers of either kind could potentially give rise to undesirable relative track move-
ments, if the characteristics of the joints are not carefully selected or their behaviour
understood. Maintenance procedures also need to account for actual jointed bearer
characteristics and behaviour. A recent derailment at an S&C in the UK [13], where
the presence of jointed bearers may or may not have been coincidental, has prompted
a detailed evaluation of the performance of the type of rigid joints used in the UK
(Fig. 2b).

In contrast to a rigidly jointed or continuous bearer, flexibly jointed bearers are
expected to reduce lifting of the adjacent line during train passage. They may also
reduce the impact loading on the ballast, and the maximum positive bending moment
within bearers [14].

This study compares the performance of two different bearer joints (Fig. 2) and a
continuous bearer, by means of full-scale laboratory tests. In the tests in this paper,
the joint was placed between the running rails of the through route and loading
applied only to the through route to give a comparison of behaviour for this particular
circumstance. The work contributes to an improved understanding of the interaction
between long bearers and the underlying ballast, and the influence of joint type or
lack of a joint, in both the short and the long term. Future work will evaluate relative
performance of joint types that are located outside of the running rails and possibly
also consider other loading arrangements.
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Fig. 3 Dimensions of bearers (m): a rigid jointed, b pinned jointed, c continuous

2 Materials and Methods

2.1 Bearers and Ballast

Ballast was sourced from Mountsorrel quarry (UK). Its particle size distribution
lies within the range specified by the relevant British Standard (CAT. A, BS EN
13450:2002). It has a grain specific gravity (Gs) of 2.66, an average grain size (D50)
of 41 mm, a coefficient of uniformity (Cu = D60/D10) of 1.4, and a coefficient of
gradation (Cg = D30

2/(D30D60)) of 1.0.
The bearers were formed of pre-tensioned steel reinforced concrete. Three

different types of bearer were tested: a modular bearer with near-rigid connection
(Fig. 3a), a pinned jointedmodular bearer (Fig. 3b), and a continuous bearer (Fig. 3c).
The joint and bearer configurations tested are summarised in Table 1.

2.2 Test Preparation

The tests were carried out in the Southampton Railway Testing Facility (SRTF), a
laboratory representation of a single bearer bay of track in plane strain conditions. A
schematic of the test arrangement is shown in Fig. 4 and as a photograph in Fig. 5.

Figure 4 shows how the load has been applied equally to the rails on one side of
the bearer using a spreader beam for one possible route referred to as the mainline
route, rails for the diverging route are absent from the laboratory assembly.
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Table 1 Summary of the tests carried out

Test no Joint type Joint description Bearer cross-section (m)

1 N/A Joint absent/continuous bearer 3.8 × 0.27 × 0.21

2 Rigid Metal shrouded 8 bolt joint with rubber
layer between the joining ends of the
bearer segments and between the metal
joint and concrete bearer (Fig. 2b)

3.8 × 0.27 × 0.21

3 Flexible Pinned–pinned ‘dog bone’ joint offering
relative rotation and vertical movement
between the joining sides of the bearer
segments (Fig. 2a)

3.8 × 0.28 × 0.205

Fig. 4 Schematic of test set-up

Figure 6 shows an extract from an S&C layout plan indicating the placement of
the rigid type of joint used in the UK. The shaded bearer has dimensions and a joint
position similar to those tested in the laboratory. However, there are some slight
differences in dimensions between the laboratory bearers, owing to variations in the
sizes provided by different suppliers (Fig. 3). For the flexible joint, a special bearer
section was made specifically for this testing comparison because the joint was in a
non-standard location.

The SRTF was originally used for testing plain line railway ties [15, 16] and was
modified to accommodate long S&C bearers. For the tests reported in this paper, a
medium soft subgrade was simulated by the placement of a 19 mm under-ballast
mat (UBM Sylomer® D 1519, supplied by Getzner) overlain by two, 3 mm thick
neoprene rubber layers. A 300 mm depth of ballast, the bearer, and the crib ballast
was placed on top of the neoprene layers. The neoprene rubber layers protected the
ballast mat, which was re-used.

The tests were prepared following established standard procedures described in
detail in [17] and summarised below:

1. Ballast was manually placed, newly for each test, to a depth of 300 mm, then
carefully levelled and compacted using a plate vibrator.

2. The bearer was placed on the levelled ballast surface.
3. At one end of the testing rig, the ballast was placed to form a shoulder of

horizontal extent 375 mm then a 1:1 slope.
4. The other end of the test box was closed at a distance of 1.9 m from the other

bearer end, to simulate the support at the middle of a wide ballast trackbed.
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Fig. 5 Photo of test set-up

Fig. 6 Plan view of S&C part where two lines merge/diverge (test bearer shaded)
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5. Crib ballast was placed by pouring from buckets to the top level of the bearers
sides.

In each test, 1 million cycles of a sinusoidal load ranging between 5 and 98.1 kN
were applied to the rails on the (left) side of the bearer, nearer the shoulder, at a
frequency of 4 Hz. 98.1 kN is equivalent to a 20 tonne axle load, assuming that load
spreading by the rails results in the transfer of 50% of the load to the bearers on
either side. 1 million cycles represent 20 million cumulative tonnes. The selection of
a 20 tonne axle load is somewhat arbitrary; some freight vehicles are heavier, while
passenger vehicles can be lighter. The application at 4 Hz is pseudo static in that
accelerations over the amplitude of movements present are much less than gravity.
The selection of 4 Hz is a practical decision to allow a large number of load cycles to
be applied in a relatively brief time period and is not intended to correspond to any
particular train speed. The field loading at S&C is more complex with significant
dynamic effects.

The loading set-up (Fig. 4) represents an S&C with the through line much more
heavily trafficked than the diverging line. This commonly occurs, for example, at
S&C where the diverging route exists only for trains to temporarily divert onto an
alternate route while maintenance is carried out.

Given the necessary simplifications to the testing arrangements comparedwith the
greater variability of field conditions, these tests should be viewed as supplementing
knowledge by taking advantage of the greater ability to provide controlled conditions
in a laboratory set-up to gain insights into relative performance.

2.3 Instrumentation

Linear variable displacement transducers (LVDTs) were positioned along the bearer
to monitor the vertical movements (Fig. 4). Data were sampled at 100 Hz. The
measurements were used to calculate the bearer permanent settlement (taken as the
deflection at the minimum load) and also the resilient movement as the difference
between the deflections at the maximum and minimum load, within each cycle. The
settlement measurements were zeroed after the first 10 loading cycles, to minimize
variability from laboratory bedding in of the ballast under initial loading from the
comparison.

3 Results and Discussion

Figures 7, 8, and 9 show the permanent settlement along the bearers for the continuous
(no joint), rigid jointed, and flexible jointed bearers, respectively, at logarithmic
increments of load cycles.
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Fig. 7 Permanent settlement along the continuous bearer at different numbers of load cycles

Fig. 8 Settlement along the near-rigid jointed bearer at different numbers of load cycles

In the short term, an initially high rate of settlement reduces as the ballast densifies.
Uneven settlement becomes apparent along the length of each bearer. The degree
of unevenness depends on the type of joint. The flexible jointed bearer undergoes
significantly more settlement over its shorter section, towards the unconfined ballast
shoulder. At the opposite bearer end, the variation in settlement is less, with all the
bearers settling almost the same small amount and a small amount of uplift at the
extreme (inner) end of the continuous bearer. In the longer term, the settlements
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Fig. 9 Settlement along the pinned jointed bearer at different numbers of load cycles

Fig. 10 Resilient deflection along the continuous bearer at different numbers of load cycles

continue to develop at reducing rates, with the trends in variations along the bearer
length, and differences between the bearers becoming more pronounced.

The discontinuity introduced by the flexible joint leads to a larger difference
between the rail levels. However, in absolute terms, the difference in permanent
settlement is less than 8 mm, and because this is a test on an isolated bearer, it is not
necessarily what would happen in the field.
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Figures 10, 11, and 12 show the resilient deflections at the same numbers of cycles
as Figs. 7, 8, and 9 for permanent settlement.

In the short term, the continuous bearer showed the greatest resilient deflections,
concentrated in the region between the loaded rails. The rigid jointed bearer deflected
less than the continuous bearer, but there is a similar trend in distribution of resilient
deflections along its length. Resilient deflectionswere smallest for the flexible jointed

Fig. 11 Resilient deflection along the rigid jointed bearer at different numbers of load cycles

Fig. 12 Resilient deflections along the flexible jointed bearer at varying load cycles
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bearer, which tended to deflect more closest to the ballast shoulder. There was a small
amount of uplift at the far (inner) end of all bearers.

In the longer term as the ballast compacts and/or spreads laterally, the bearer
resilient shape changed depending on joint type or absence thereof. For the contin-
uous and rigid bearers, the location of maximum resilient movement migrated from
the railseat in the short term to the bearer end (nearest the unconfined ballast
shoulder). Both bearers exhibited this tendency (Figs. 9 and 10), although the rigid
jointed bearer was only just doing so at 106 cycles, whereas it was apparent at 105

cycles for the continuous bearer. This is considered to be a result of outward move-
ment of the ballast shoulder and possible voiding in that particular location. For the
flexible jointed bearer, the resilient shape remained broadly similar to that in the
short term.

4 Summary

The tests have shown that the distribution and evolution (with number of load cycles)
of permanent settlement and resilient movement along the length of a bearer were
significantly influenced by the type or absence of joints placed between the rails.

– The modular bearer with the flexible joint showed significantly greater perma-
nent settlement and rotation over its shorter part, closer to the ballast shoulder,
uncoupling the behaviour of the bearer parts.

– A small resilient uplift of the unloaded end of the bearers occurred in all cases.
– For the rigid jointed and continuous bearers, the distribution of the resilient deflec-

tions changed significantly with the number of loading cycles, with the deflec-
tions of the end closer to the shoulder increasing. This was attributed to the
outward movement of the ballast shoulder and possibly the formation of a small
gap between the bearer and the ballast at the shoulder end.

– For the flexible jointed bearer, changes in resilient deflections with increasing
number of load cycleswereminimal, as the relative verticalmovement and rotation
between the bearer parts allowed the bearer base to remain conformal to the ballast.

The tests have shown modular bearer behaviour is affected by the type of joint. A
flexible joint, which uncouples the behaviour of the two bearer parts, provides a very
consistent resilient response over time. However, the flexibly jointed parts undergo
greater relative permanent rotation and vertical settlement. This is perhaps why the
manufacturer recommends at least a pair of rails on each jointed bearer part.

The tests represent a likely worst case on an isolated bearer, with aminimal ballast
confinement from the shoulder end. In the field, behaviour will be more complex.
At locations where tracks are in cuttings and/or the ballast shoulder is confined with
additional measures, the differential settlement would be reduced. Further testing is
currently in progress at the University of Southampton to investigate the effect of
joint location along the bearer and a fuller range of conditions. The results of these
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tests may be used with numerical modelling of full S&C to better understand the
system properties taking account of the rails and vehicle dynamic loading.
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Asphalt/Ballast Trackbeds for Improved
Clearance Beneath Historical Bridges
for Electrification Works

Taufan Abadi and Louis Le Pen

Abstract Electrification of existing railway lines offers the potential to operate
more sustainably with zero carbon emissions at the point of use by eliminating the
need for diesel multiple units, diesel locomotives and/or dual electric/diesel vehi-
cles. However, many existing lines are not suitable for placing overhead electrical
lines continuously along the route because of low clearance beneath historical over-
bridges. These can be replaced, but unless the bridge is already life expired this
is not usually economically viable. An alternative approach is to lower the track
under the structure. However, this may have structural implications. To mitigate
these, the engineered trackbed thickness could be reduced so that less material is dug
out during the lowering works. This research investigates the potential for reducing
the trackbed thickness by using an asphalt layer with an overlying low thickness
ballast layer. A series of tests were carried out using the Southampton Railway
Testing Facility (SRTF), a laboratory representation of a single sleeper bay of track.
Different thicknesses of ballast and asphalt with varied ballast gradationswere placed
into the apparatus for evaluation. Tests were carried out by applying a cyclic load
representing a 20-tonne axle load at 4 Hz for up to 3 million cycles (60 million
cumulative tonnes). It was found possible to reduce the trackbed thickness; however,
there remained minimum required thicknesses for both the asphalt and ballast layers
needed to prevent stress localization, which manifested as damage to the asphalt
surface and non-even resilient response along the sleeper length with cycles.
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1 Introduction/Background

Approximately 25% of the cost of electrification schemes is for civil engineering-
related works, of which the bulk is for bridge reconstruction [1]. Changes to railway
systems, which would allow the volume of bridge reconstruction to be reduced,
have the potential to generate significant cost savings and ultimately benefit the fare-
paying public. A potential method to reduce bridge reconstruction for electrification
is to modify and lower the track form creating the space for electric lines to pass
beneath existing bridges.

On ballasted track, it is already possible to change the sleeper type to reduce the
trackbed height requirement. However, this alone does not provide sufficient gains
in clearance. A further height reduction is only possible by adjusting the engineered
trackbed thickness.

Asphalt has conventionally been used for highways with its application to rail-
ways growing steadily in the USA [2]. Various studies have shown that asphalt
track systems offer benefits in modern railway construction, where asphalt is able to
provide high-quality and longer-lasting track support [3]. The asphalt layer can be
inserted as a sealant layer between subgrade and ballast to block water penetration
and acts as a flexible layer able to improve load distribution and reduce stress onto
the subgrade [4, 5]. Asphalt is also expected to reduce track irregularities [6–8].

There may be various arrangements for an asphalted track system [3, 9, 10]. The
most common is probably to introduce an asphalt layer onto a suitable formation
and lay standard grades of ballast directly on top to a thickness suitable for tamping
(e.g. >150 mm). This arrangement combines the benefits of conventional ballasted
track (the ability to maintain with mechanized tampers and to realign the geometry)
with the potential benefits of a more uniform and durable support. In the longer
term, asphalt/ballast systems may lead to reductions in the frequency and cost of
maintenance, although the evidence base for this requires more work.

This research investigates, through laboratory experiments, the potential for
reducing the trackbed thickness by using an asphalt layerwith an overlying low thick-
ness of ballast. In the asphalt/ballast trackbed, the asphalt is expected to strengthen
and stiffen the trackbed support andwithstand the trainload transferred from a thinner
ballast layer. However, the gradation of ballast to be used requires alteration so that a
suitable number of grain diameters are present to distribute the stresses evenly onto
the asphalt. In this localized and specialist type of application, the ballast thickness
is potentially too small for mechanized tampers to be used. However, the cost saving
in avoiding bridge reconstruction would potentially justify local manual packing
operations to maintain geometry when needed.
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2 Methods

The Southampton Railway Testing Facility (SRTF) was used for testing. The SRTF
is a laboratory representation of a single sleeper bay of track. It has previously been
used to investigate the influence of different sleeper and ballast arrangements on
their long-term performance [11–13]. In this research, the SRTF was modified by
inserting a steel frame containing a pre-prepared asphalt layer within the walls of the
apparatus. The asphalt frame or “tray” also contained fixings to confine the ballast
at either end of the sleeper using steel plates to model a condition under a bridge
where the bridge piers/abutments would constrain the trackbed. The SRTF side walls
were narrowed above the asphalt tray by the placement of wooden spacers on top
of the trays steel sides. This provided for a representation of the intended in field
sleeper spacing of 500 mm, and this is narrower than most track. Figure 1 shows
the installation of asphalt into the tray frame, and Figs. 2 and 3 show the general
arrangement of the SRTF for these tests.

A combination of ballast, sleeper and asphalt trackbeds of four different ballast
thicknesses and two different gradations was tested. Cyclic tests were carried out
using a 10-tonne cyclic load (approximately equivalent to a 20-tonne axle load
allowing for 50% transfer to a supporting sleeper) at a frequency of 4 Hz for 3million
loading cycles. This is approximately equivalent to a cumulative load of 60 million
tonnes or an interval between maintenance interventions (tamping) on conventional
ballasted track. The test bedwas set to awidth of 500mmallowing for a locally closer
spacing compared with a more usual 600–700 mm on plain line. The closer spacing
for this testing was intended to reproduce a locally closer spacing of sleepers passing
beneath a bridge to help distribute the load more evenly at this sensitive location.

Fig. 1 Asphalt tray being loaded with asphalt and compacted
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Fig. 2 Photograph of the SRTF laboratory tests

Fig. 3 Cross section through test

Common procedures were followed for each test:

(1) The steel tray was prepared off site with a 15 mm thick ballast mat, 50 mm
of type 1 fill and a 100 mm thickness of asphalt giving a height of 165 mm
(Fig. 1), and this is just lower than the internal maximum height of the tray
which was 180 mm.

(2) The tray was inserted into the test apparatus, the end panels were bolted into
position, and wooden spacers placed against the rig internal sides on top of the
steel sides of the asphalt tray so that the internal width of the test arrangement
was the same as the asphalt width (500 mm).

(3) Pressure-sensitive paper was placed onto the sleeper soffit and the asphalt
surface directly below each rail seat and the sleeper centre (Fig. 3).

(4) A chosen type and height of ballast was placed compacted and levelled with a
total of 22 passes of a 400 mm × 320 mm, 26 kg plate vibrator giving a 5 kN
compaction force, and the surface levelled at the same time.

(5) Sleeper, crib ballast, loading beamand linear variable displacement transducers
(LVDTs) were placed. Each test was started no longer than 24 h after test
preparation had been completion.
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(6) A vertical cyclic compression force with a minimum of 5 kN and a maximum
of 98 kN was then applied to 3 million cycles at 4 Hz.

The sleeper vertical displacement was monitored by an array of LVDTs. The
sensors were positioned at the sleeper ends, on the internal sides of the rail seats and
in the middle of the sleeper. Data were recorded at 100 Hz.

3 Material

The EG47 mono-block concrete sleeper was selected for use in these tests owing
to its relatively small height dimension. The base of this sleeper type has dimen-
sions of 2580 mm length × 290 mm width × 140 mm depth. The sleeper mass is
approximately 260 kg.

An under sleeper pad (USP) of type Sylomer SLB 3007G was attached onto
sleeper soffit for every test. This type of USP has a thickness of 7 mm and static
bending modulus, Cstat, of 0.36 N/mm3 [14].

Ballast used in the tests was red granite sourced from Cloburn quarry, Lanark,
South Lanarkshire, Scotland,ML11 8SR [15]. The ballast was supplied in 14–20mm
(stone blowing aggregate) and 8–11 mm gradings.

The ballast density and specific gravity were measured. The results are presented
in Table 1. The minimum and maximum density was measured within a 300 mm-
sided cubic box. Loose specimens were prepared by placing ballast gently into the
box without allowing grains to fall from any height. Dense specimens were placed
in three layers, with each layer vibrated after placement by mounting the box onto
the base of a heavy-duty sieve shaker. After vibration of the last layer, further ballast
grains were added manually to obtain a level surface.

The particle size distribution (PSD) of each ballast grading used was measured
and is shown in Fig. 4 with selected key values of grain sizes also shown in Table 1.

The asphalt bedwas prepared by project partnersNetworkRail (NR) andAECOM
(Fig. 1). The tray was loaded first with a 15 mm thick ballast mat at the base and
then 50 mm of type 1 fill before being overlain with 100 mm of asphalt.

The under ballast mat (UBM) was a Sylomer SR110 with a thickness of 15 mm
[14]. It has cstat value of 0.11 N/mm2 from tests to DIN ISO 1827 [16]. Theoretical
calculations were used to select the ballast mat with the intention that it would behave
as a relatively soft subgrade and oblige the asphalt layer to operate in a relatively
onerous condition.

Table 1 Ballast properties

Ballast grading
(mm)

Density (kg/m3) Specific gravity
(Gs)

Grain size (mm)

Loose Dense D90 D50 D10

14–20 1397 1507 2.62 21.1 16.6 14.2

8–11 1329 1454 11.5 9.9 7.8
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Fig. 4 PSD of ballast gradings used for the tests

The type 1 fill provided thermal isolation to prevent heat from the asphalt place-
ment from damaging the ballast mat. Type 1 fill is a specification used by the UK
highways agency (BS EN 13285 in combination with the specification for highway
works: SHW, series 800). The key characteristics of this type of fill are that it is a
granular predominantly sandy material.

4 Instrumentation (LVDTs and Pressure Paper)

Vertical LVDTs tomeasure ballast permanent settlement and resilient behaviourwere
placed on either side of the sleeper, near the rail seats and in the middle (Fig. 5).

To determine the average settlement, each LVDT reading was weighted in
proportion to the area of sleeper closest to it (Fig. 5).

To investigate the contact at sleeper/ballast and ballast/asphalt surface inter-
face, pressure paper was used. Pressure paper is a thin film consisting of micro-
encapsulated colour forming and colour developing materials [17, 18]. The pressure
paper turns red with the intensity of the colour proportional to the magnitude of the

Fig. 5 LVDT locations on the sleeper and shading/hatching to show the area weighting
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Table 2 Test conditions

Components Thickness (mm)

Test 1 Test 2 Test 3 Test 4

Asphalt
below the
ballast
(constant)

100 (not counting type 1 and ballast mat which would be the subgrade in the
field)

Aggregate
(variable)

50 (stone blower) 100 (stone blower) 150 (stone blower) 75 (8–11 mm)

Component
above ballast
layer

350 (USP, EG47 sleeper and 60 kg/m rails)

Thickness of
trackbed and
sleeper/rails

500 550 600 525

pressure [11–13, 19]. Pressure paper with sensitivities in the ranges 2.5–10 MPa and
10–50 MPa was used. Sheets of the pressure paper measuring 200 mm × 250 mm
were placed at key locations on the asphalt surface and at the sleeper soffit (Fig. 3).
At the end of the test, the paper was carefully recovered and provided a cumulative
record of the contact area over the whole loading history.

5 Parametric Study

Four tests are shown in Table 2. The overall thickness of the trackbed was varied by
changing the thickness of the ballast layer while maintaining the overall thickness of
other components, giving a study range of rail top to bottom of trackbed thickness
of between 500 and 600 mm. Tests 1 to 3 investigate the performance of increasing
ballast thicknesses from 50 to 150 mm using a stone blower aggregate in 14–20 mm
grain size range. Test 4 used a finer gradation (8/11 aggregate) from the same parent
rock to investigate whether a finer graduation would improve relative performance
and also allow further reductions in trackbed thickness.

6 Test Results and Discussion

6.1 Settlement and Resilient Deflection

Figure 6 shows the results of permanent settlement (area-weighted method) against
the number of loading cycles on a log scale with the results zeroed after ten loading
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Fig. 6 Permanent settlement found using the area-weighted LVDT measurements

cycles to allow for bedding in. Each test showed a similar trend of vertical permanent
settlement evolution with cycles.

Figure 7 shows the resilient range of movement per cycle on the primary y-axes.
In most of the tests, the range was within 1.0–1.5 mm. The resilient deflection range
is likely to be dominated by contributions of movement from the USP and UBM.
However, the largest resilient deflection occurred for test 1 and was greater than

Fig. 7 Deflection range and spring stiffness found using the area-weighted LVDT measurements
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2 mm. This occurred as a result of an unstable ballast layer which was too thin
(50 mm), for the ballast grain size (D50 = 17 mm).

The secondary y-axes of Fig. 7 indicates approximately the equivalent spring
stiffness for the major grid lines calculated/inferred from the deflection of the sleeper
and the known load—these values have been placed as an approximate guide although
the increments are not linear. Towards 3 million loading cycles, the spring stiffness
per sleeper end (or per rail) of all the tests was between 20 and 40 kN/mm (i.e. rail
load of 50 kN divided by deflection). This is a relatively soft support as was the
intention from using the USP and UBM.

The support from the ballast is greatest below the rail seats for sleepers on freshly
laid or just tamped ballast and is often idealized as a w- or m-shaped distribution
(e.g. [20]). However, the pressure distribution may change with traffic loading. After
many cycles of loading, gaps can develop below the sleeper ends, creating a condition
known as centre binding. Centre-bound sleepers are supported mainly by the ballast
below the sleeper centre and tend to bend about their middle. This can lead to sleeper
failure. To investigate the tendency towards centre binding, the deflection data were
compared for measurements at the sleeper ends and at the middle (Figs. 8 and 9).

Figures 8 and 9 show that although there were some differences present early
on and the development of increased sleeper corner deflection, the sleepers retained
a generally consistent deflection range throughout the test. The general uniformity
of sleeper deflection and lack of any tendency to centre bind may be due to the
inclusion of the USPs which have been found to mitigate against centre binding in
other research [11].

Fig. 8 Average deflection at sleeper corners
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Fig. 9 Average deflection at sleeper middle

6.2 Contact Area

The percentage of contact area at sleeper/ballast and ballast/asphalt surface inter-
faces was calculated using an image thresholding technique (Adobe Photoshop CS6
software). The results are summarized in Table 3.

Tests 1 to 3 used the same ballast gradation, and their contact areas onto the asphalt
follow in order of ballast thickness (more contact for thinner layers). This may be
interpreted as thinner layers being less stable over the loading history resulting in
increased cumulative contact areas as ballast grains move about.

Test 4 used a finer gradation, and this showed a relatively high contact area at
>2.5 MPa but a relatively low result for >10 MPa. This may be interpreted as more
individual contacts from the greater number of finer grains, but each of these contacts
was of a lower stress owing to greater stress distribution through the greater number
of grains.

Table 3 Percentage of contact area at sleeper/ballast and ballast/asphalt surface interfaces

Test Percentage (%) contact area at interface of

Sleeper/ballast, measured by pressure
paper range of

Ballast/asphalt, measured by pressure
paper range of

>2.5 MPa >10 MPa >2.5 MPa >10 MPa

1 16.1 8.3 56.4 44.6

2 17.6 8.5 20.9 14.7

3 13.0 7.0 15.8 3.5

4 12.9 5.4 53.3 10.0
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Fig. 10 Asphalt surface after testing with a no damage and b damage from a too thin and too large
grain-sized ballast (test 1)

At the sleeper/ballast interface, the contact areas recordedwere relatively close for
each of the tests at between 12.9 and 17.6% for the higher threshold and 5.4–8.5% for
the lower threshold. Near the sleeper soffit, the stresses have not had the opportunity
to dissipate with depth. The small variation that is present could be a consequence
of differences in ballast gradation and localization of stresses (so that the paper was
not necessarily representative of the whole sleeper/ballast contact area).

6.3 Asphalt Surface Condition

At the end of each test, the asphalt surface was visually evaluated.Most of the asphalt
used showed no obvious signs of damage. The exception to this was test 1, which
had the thinnest ballast layer (50 mm).

Figure 10a shows a smooth asphalt surface, although there has been generation
of dust locally from the red granite ballast which has fixed to the asphalt surface
discolouring it. Figure 10b shows pitting damage on the asphalt surface below test 1.
This illustrates the damage caused by stress localization resulting from using a too
thin ballast layer with a too great grain size.

7 Conclusion

Research has demonstrated the feasibility of using an asphalted shallow depth
track form to support electrification on the railway network and avoid the need for
bridge reconstruction. These results also provide insights that may be more widely
applicable.

In the testing, it was found that a reduced trackbed thickness can perform well;
however, there are minimum required thicknesses for the ballast layer needed to
prevent stress localization, which manifested as damage to the asphalt surface and
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non-even resilient response along the sleeper length with cycles. The minimum
thickness of a ballast layer is also influenced by its grain size. Finer gradations are
required for thinner ballast layers. Further research is required to determine optimum
configurations over a wider range of test conditions.
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Settlement of Ballasted Track with Large
Sleeper Spacing

Yoshitsugu Momoya, Kazuki Ito, and Shuhei Kikkawa

Abstract Maintenance of low annual tonnage ballasted tracks for local railway
lines is an important consideration in Japan. To improve safety, deteriorated wooden
sleepers are replaced with concrete sleepers. However, the cost of concrete sleepers
is higher. To reduce the cost of the replacement, it is effective to increase the sleeper
spacing and reduce the number of sleepers. In this scenario, the applied load on each
sleeper will increase. In this study, the applied load on each sleeper was calculated
by FEM analysis and verified by measuring the rail seat load at the site. The full-
scale cyclic loading tests on single sleeper ballasted track models were carried out
to investigate the settlement of sleeper. In the tests, the effects of roadbed stiffness
and fine contents of ballast material on the settlement of sleeper were investigated.
From the tests conducted, the threshold sleeper spacing that would not considerably
increase the settlement was determined.

Keywords Ballasted track · FEM analysis · Full-scale test

1 Introduction

In recent years, sustainable operation of local railway lines became an important
management issue for railway operators in Japan. In many local lines, operating
expenses including maintenance costs are larger than income obtained by passenger
fare. However, keeping safety for train operation is the most important subject for
railway operators.
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To ensure safe operations of trains, railway operators are replacing old wooden
sleepers with concrete sleepers. In the case of local lines in Japan, to minimize the
maintenance cost, some railway operators are replacing one sleeper out of three
wooden sleepers with concrete sleepers. In those kinds of ballasted tracks, two old
wooden sleepers have remained between concrete sleepers. Generally, the spacing of
the sleepers is approximately between 600 and 700 mm. When the wooden sleepers
are replaced with concrete sleepers with one sleeper out of three sleepers, the spacing
between the replaced concrete sleepers becomes approximately 2000 mm. In the
future, the remaining wooden sleepers will deteriorate and the replacement of these
sleepers will become necessary. To cope with that, to reduce the cost of sleeper
replacement, the ballasted track design to replace two wooden sleepers with one
concrete sleeper was investigated in this study. In this situation, when remained
two wooden sleepers are replaced with one concrete sleeper, finally, the distance of
concrete sleepers becomes approximately 1000 mm (Fig. 1).

When the sleeper spacing or distance increases in the ballasted track, the applied
trainload on each sleeper will increase. In this study, the applied load on each sleeper
was calculated by FEM analysis and verified by measuring the rail seat load at the
site. FEM is one of the valid and generally used methods to obtain the deformation
of ballasted track [1–3]. Then the full-scale cyclic loading tests on single sleeper
ballasted track models were carried out to investigate the settlement of sleeper. Full-
scale testing is an effective method for the evaluation of ballasted track deformation

(a) Wooden sleepers

(b) One concrete sleeper out of three sleepers

(c) Concrete sleepers with large distance

Fig. 1 Replacement of wooden sleepers to concretes sleepers with large distance



Settlement of Ballasted Track with Large Sleeper Spacing 79

Rails

Sleeper spacing

Sleepers
Center

Ballast

Subgrade

Unit: mm

Wheel loads

Fig. 2 FEM analysis model

characteristics [4, 5]. In the tests, the effect of the roadbed stiffness and the fine
contents of ballast material on the settlement of sleeper was investigated. From the
series of tests, the envelope line of the sleeper distance that the settlement becomes
rapidly increase was obtained.

2 Sleeper Load Obtained by FEM Analysis

To obtain the load applied to the sleeper with different spacing, linear elastic FEM
analysis was carried out. The spacing of the sleepers in the FEM models was set
to 600, 800, 1000, and 1200 mm. Rails were JIS 50 kgN rail, the thickness of the
ballast layer was 200 mm. The applied wheel load on the rail was 80 kN each on both
rails, which are the standard wheel load used in Japanese railway design. Figure 2
shows the analysis model and Table 1 lists the physical properties of the components.
Figure 3 shows the analysis results. The load distribution ratio was obtained by rail
seat load divided by wheel load when the sleeper is just under the wheel position.
The load distribution ratio increased linearly with the increase of sleeper spacing.

3 Measurement of Sleeper Load at the Site

To measure the sleeper load (rail seat load) at the site, loading tests were carried out
by using RFWD (Railway Falling Weight Deflectometer) [6] at the site. Figure 4
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Table 1 Physical property of the components

Component Type Young’s modulus (MN/m2)
Spring coefficient (MN/m)

Poisson’s ratio Note

Rail Solid 210,000 MN/m2 0.3

Rail pad Spring 110 MN/m –

Concrete sleeper Solid 35,000 MN/m2 0.2

Ballast Solid 100 MN/m2 0.3

Subgrade Solid 30.5 MN/m2 0.3 0–3 m

Ground Solid 60.9 MN/m2 0.3 3–10 m

Fig. 3 Relationship between
sleeper spacing and load
distribution ratio

Data recording 
system

Heavy
weight

Load cell, Displacement transducer

Loading units

Fig. 4 RFWD (Railway Falling Weight Deflectometer)
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shows the configuration of RFWD. RFWD is equipped with two loading units and a
maximum load of 20 kN is applied by each unit simultaneously.

RFWD tests were carried out in two sections where the sleeper spacing was 740
and 1041 mm. Before the RFWD test, the ballasted track was tamped to correct track
irregularity to eliminate the effect of floating sleeper. Rail seat load was measured
by the sensor pads installed between rail and sleeper as shown in Fig. 5. The sensor
pads are the track pad installed with piezoelectric load sensor.

Figure 6 shows obtained load distribution ratio by measured rail seat load. The
calculated load distribution ratio by FEM is also indicated in the figure. In the test
section with sleeper spacing of 1041 mm, the load distribution ratio became larger
than in the test section with 740 mm. The measured value at the site corresponded
well with the value obtained by FEM analysis.

Sensor pad

Steel plate
Rail

Rail fastener

Fig. 5 Sensor pad to measure the rail seat load

(a) Sleeper spacing: 740mm (b) Sleeper spacing: 1041mm
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Fig. 6 Measured load distribution ratio
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4 Full-Scale Cyclic Loading Test

4.1 Test Condition

Based on the FEM analysis and field measurement, to evaluate the effect of load
distribution ratio on the sleeper, full-scale cyclic loading tests were carried out by
using full-scale cyclic loading apparatus in RTRI. The test model was a single sleeper
ballasted track model. Figure 7 shows the plane view of the ballasted track model.
The wooden sleeper model and concretes sleeper model were simultaneously loaded
by two hydraulic actuators. Figure 8 shows the cross-section of track and subgrade.

Fig. 7 Plane view of the
ballasted track model

Unit: mm
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Fig. 8 Cross-section of ballasted track and subgrade model
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Table 2 Loading condition

Loading step Load distribution ratio Min load (kN) Max load (kN) Total amplitude (kN)

Pre-loading 0.4 5 69 64

Step 1 0.4 5 69 64

Step 2 0.6 5 101 96

Step 3 0.8 5 133 128

Step 4 1.0 5 165 160

Full-scale tests were carried out with the stiff subgrade with K30 of 140 MN/m3 and
soft subgrade with K30 of 50 MN/m3. On the soft subgrade, cyclic loading tests with
a ballasted track containing fine contents were also carried out.

Table 2 presents the loading sequence. The applied cyclic load was increased
stepwise assuming the increase of load distribution ratio by the increase of sleeper
spacing. Before each loading step, tamping for the ballasted track was carried out to
initialize the condition of the ballast layer. For each step, 300 thousand times cyclic
loading was carried out.

4.2 Test Results

Figure 9 shows the test result of the case with a concrete sleeper ballasted track
on the stiff subgrade. Vertical displacement of sleeper became large as applied load
increased. The increment of settlement clearly became large at Step 4. Figure 10
shows the test result of the case with a concrete sleeper ballasted track on the soft
subgrade. Displacement of the sleeper became significantly larger than the case

 Step 1 (69kN)
 Step 2 (101kN)
 Step 3 (133kN)
 Step 4 (165kN)
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Fig. 9 Sleeper displacement with stiff subgrade and concrete sleeper
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Fig. 10 Sleeper displacement with soft subgrade and concrete sleeper

with the stiff subgrade. Particularly, in Step 4 with a total amplitude of 160 kN, the
settlement of the sleeper became significantly larger than Step 3.

Figure 11 shows the relationship between sleeper displacement and applied load
on the sleeper. In the case with stiff subgrade, in the load up to 160 kN, displacement
of the sleeper became larger approximately linearly with the increase of applied
load. On the other hand, in the case with soft subgrade, displacement of the sleeper
became non-linearly larger by the increase of applied load. In both subgrades, the
displacement of the sleeper became larger in the case with a wooden sleeper than in
the case with a concrete sleeper.
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Step 4Concrete sleeper, so� subgrade
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Concrete sleeper, s�ff subgrade
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Fig. 11 Relationship between sleeper displacement and applied load
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Fig. 12 Effect of fine contents in ballast on sleeper displacement

Figure 12 shows the increment of displacement of the sleeper after the initial
deformation in the case with the soft subgrade. In the case with fine content (small
particle under 0.075 mm) of 4%, displacement of the sleeper became significantly
large under 165 kN loading. In the case with fine content of 12%, the displacement
of the sleeper was already very large under 69 and 96 kN, the displacement became
catastrophically large under 128 kN loading. The test result showed that a large ratio
of fine contents significantly increases the displacement of sleepers under repeated
loading.

Here, 1 × 10−4 mm displacement per cycle means 10 mm displacement by
100 thousand cycles. In the case with an axle load of 160 kN, 100 thousand cycles
correspond to an annual tonnage of 1.6 million tons per year. That is to say 20 mm
displacement with 3.2 million tons per year. In the local railway lines in Japan, 3–
4 million tons are general annual tonnage. For the local railway line as such, around
1 × 10−4 mm displacement per cycle seems to be an appropriate threshold value.

Based on the FEM analysis and field measurement, with the sleeper spacing of
1041 mm, the load distribution ratio was approximately 0.6 and the sleeper load
is around 100 kN under axle load of 160 kN. Under this condition, the sleeper
displacement becomes smaller than 1 × 10−4 mm with new ballast and ballast with
fine contents of 4%. Therefore, it is considered that the sleeper spacing of 1041 mm
is practically acceptable.
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5 Conclusion

In this paper, the settlement of sleepers in ballasted tracks with large sleeper spac-
ings was discussed based on FEM analysis, field measurement, and full-scale cyclic
loading tests. The results indicated that a sleeper spacing of 1041 mm is practically
acceptable for local railway lines with low annual tonnage.
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Dynamic Response of Subgrade
in a Bridge Transition Along the Qinshen
High-Speed Rail

Tengfei Wang , Qiang Luo, Liang Zhang, and Jun Yao

Abstract Transition zones spanning between the bridge and open track require
special attention for the safe operation of high-speed trains. To evaluate the service-
ability of transportation substructure, an extensive dynamic monitoring programwas
undertaken on railway bridge transition of the Qinhuangdao–Shenyang Passenger-
dedicated Line (Qinshen PDL) to assess the dynamic properties of subgrade under
train moving loads. Accelerations, displacements, and dynamic stresses of the
subgrade in response to trains’ passage were measured through geotechnical instru-
mentation. Following this, the field measurements were statistically analyzed and
interpreted. The attenuation of dynamic stress along the depth below the ballasted
track was presented and fitted by an empirical formula. The dynamic amplification
coefficient of soil stress was obtained using the induced soil stress at train speed of
5 km/h as a reference value. Dynamic stress, displacement, and acceleration were
examinedwith respect to their spatial distributions. Themeasurements of track levels
were also adopted for revealing the mechanism. Given that design codes of rail
track substructures gradually evolve from empirical design to mechanical–empirical
design, an in-depth and comprehensive understanding of the dynamic response of
subgrade soil under moving train loads can provide a reference for infrastructure
serviceability assessment.
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1 Introduction

Transition zones are generally used for reducing the abrupt changes in substructure
stiffness that frequently occurs between a railway track underlain by earth structure
and the track over support having a high stiffness, such as tunnel, bridge, and culvert.
A significant difference in support stiffness results in increased dynamic wheel loads
and accelerated rate of track geometry degradation. The dynamic issues associated
with transition zones are generally recognized and have received detailed investiga-
tions. An extensive monitoring program was undertaken to reveal the fundamental
causes of poor performance of a railway transition zone [1]. For the design of a
transition zone, it is necessary to investigate the local geotechnical conditions, iden-
tify where movements are likely to arise, and understand the conceptual basis on
which substructure in transition zone will operate. A comprehensive field test [2]
has been conducted on a heavy-haul railway line to explore the dynamic response of
subgrade in a transition zone. The findings indicate that two bogies from adjacent
wagons should be treated as one loading unit for design. Palese et al. [3] tried to
interpret the variation of dynamic stress collected from pressure transducers placed
in transition subgrade based on track geometry measurements, which improves our
understanding regarding the role of substructure quality on track geometry degrada-
tion. Bian et al. [4] reviewed the recent research advances in geodynamics of high-
speed rail subgrade, including dynamic stress distribution within soil and dynamic
amplification with increasing train speed. Field observations were carried out by Li
et al. [5] to collect the embankment vibrations under passages of heavy-haul train,
suggesting that different suspension modes would contribute to a higher vibration
level for locomotive than a wagon.

More attention has recently been paid to the slab track dynamic in transition zones
throughfield testingor numericalmodeling, e.g., [6–11]. In contrast, in-depth insights
into the behavior of transition subgrade under passage of trains are minimal. Been
added to the China railway network in 2003, the Qinhuangdao–Shenyang Passenger-
dedicated Line (i.e., Qinshen PDL) is the first newly built high-speed rail (top speed
of 250 km/h) in China. Given the insufficient investigations on subgrade dynamics
at bridge approach, field monitoring was conducted at a bridge transition of Shahe
Grand Bridge (Fig. 1) within a trial section (specially designed for localized higher
speed, 350 km/h), in order to assess the dynamic response of subgrade under trial
train operation.

2 Monitoring Program

The instrumentation site for monitoring program was chosen on a bridge-subgrade
transition, and a detailed description is provided in Fig. 2. The inverted trapezoid tran-
sition (slope gradient= 1:2) comprises geogrid-reinforced soil (0.3m in thickness for
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Fig. 1 Overview of the bridge-subgrade transition zone (DK 43+578)

Fig. 2 Schematic of the studied railway earthworks at bridge approach of Shahe Grand Bridge

each layer, 25 kN/m for geosynthetics) of 16 m in length and 5.5 m in height, consis-
tent with Chinese design code for high-speed railway (TB 10001-2016). The open
track, away from the bridge approach, is on a 5.5 m high earth structure (subgrade
and embankment) underlain by inclined rock foundation. The subgrade surface was
constructed using well-graded gravels, while the subgrade bottom primarily consists
of Class-A fill. The granular layer thickness in ballasted track was 35 cm.

As specified in Fig. 3, measurements of dynamic stress, acceleration, and vertical
displacement were made during trial train operations, using earth pressure cells
(range: 100 kPa; accuracy: ±0.1% F.S.; vibrating wire), accelerometers (range: 2 g;
accuracy: 0.02 g), and displacement transducers (range: ±2 mm; linearity: ±0.2%
F.S.). Earth pressure cells were mounted beneath both the left and right rails; all
the displacement transducers and accelerometers were located beneath the left rail.
Please also note that earth pressure cells have been placed at three depths during
earth structure construction, while all the accelerometers and displacement trans-
ducers were mounted on the surface of subgrade. The subgrade dynamic responses
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Fig. 3 Instrument configuration for field monitoring. Displacement transducer and accelerometer
were all mounted beneath the left rail; all the pressure cells were mounted beneath left and right
rails, except for four marked “R” that were only below right rail

to train operation were collected over one week, incorporating 29 passages. Table 1
summarizes the train’s geometric and mass specifications, revealing that 12 bogies
and 24 axles were considered. The total combined wagon length is 158.4 m.

Before field testing commenced, a geotechnical site investigation was performed
to evaluate the quality of field compaction within the transition zone. The filed unit
weight for the soil after compaction was determined by the sand cone method.
Porosity and K30 value (i.e., modulus of subgrade reaction = reaction pressure
sustained by the soil sample under a rigid plate of 300 mm in diameter per unit
settlement measured at 1.25 mm settlement) have been used for the site assessment.
Statistical results in Table 2 demonstrate that the upper 95% confidence interval
for porosity is 17.37% (<20%) and the lower 95% confidence interval for K30 is
168.2 MPa/m, satisfying the standard requirements (150 MPa/m).

Table 1 Geometric and mass characteristics of the high-speed train

No. of
wagons

No. of axles Inter-bogie
spacing (m)

Inter-axle
spacing (m)

Total axle
spacing
(m)*

Average
weight per
axle (kg)

Locomotive 4 4 18 2.5 152 13,090

Wagon 2 4 18 2.5

Note It denotes the spacing between the foremost and end axles



Dynamic Response of Subgrade in a Bridge Transition Along … 91

Table 2 Summary statistics for field compaction evaluation

Sample size Max Min Mean Std. Dev C.V

γ (kN/m3) 62 22.89 21.10 22.25 0.402 0.018

M.C. (%) 62 9.40 3.60 6.48 1.535 0.237

γd (kN/m3) 62 21.23 20.48 20.91 0.133 0.006

n (%) 62 18.80 16.00 17.26 0.496 0.029

K30(MPa/m) 14 210.0 148.8 174.9 14.26 0.081

Note Std. Dev. = standard deviation, C.V. = coefficient of variation, γ = unit weight, M.C. =
moisture content, γd = dry unit weight, n = porosity, K30 = modulus of subgrade reaction

3 Data Processing and Analysis

Track geometry data was collected and evaluated at eleven fixed points, with a longi-
tudinal distance of −9.6, −4.8, 0.0, 4.8, 9.6, 14.4, 19.2, 24.0, 28.8, 33.6, and 38.4 m
from the bridge abutment (negative value denotes a position on the bridge). Figure 4
reports the effect of length interval on the assessment of track geometry, and its
determination, where track level difference serves as an indirect assessment of the
differential settlement of substructure experienced in transition zones. It appears that
maximum difference occurs for a point at 19.2 m of longitudinal direction, for both
predefined lengths. The overall track level difference first increases then decreases
with the distance from the abutment.

The raw data was processed to extract the peak dynamic stresses, peak vertical
displacements, and peak accelerations to provide desired values for correlation and
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Fig. 5 Measured dynamic
soil stress attenuation along
with the depth
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further analyses. As shown in Fig. 5, the dynamic soil stress dissipates rapidly with
the depth, e.g., 50% off as depth increases to 0.6 m from surface, which can be
normalized by an attenuation coefficient to explore the general attenuation law. The
train-induced dynamic stress of subgrade is not intense due to the axle loads applied.

The train-induced dynamic stress at the top of subgrade is used as a reference
value. Then, the attenuation coefficient (η) is defined as a ratio of dynamic stress at a
certain depth to the reference value. Figure 6 demonstrates the variation of attenuation
coefficient with depth for the measured ballasted track. At a depth of 2.5 m below
subgrade surface, corresponding to the bottom of subgrade, the dynamic stress is
observed to dissipate 80% off, compared with the reference value. Based on dynamic
soil stress profile, an empirical formula is proposed to characterize the attenuation
law of dynamic stress with depth as follows:

η = 1 − z

a + b · z (1)

where η denotes the normalized attenuation coefficient; z refers to the depth beneath
the top of subgrade; a and b represent fit coefficients. In this case, the envelope can
be fitted by Eq. (1) with a = 0.64 and b = 1.01.

Besides the dynamic stress attenuation lawwith depth, the dynamic stress intensity
on the top of subgrade is also a major factor for the design of railway subgrade. For
most scenarios, the dynamic stress distribution on ballasted track is less uniform than
that in slab track [4]. The field monitoring and model tests suggest that the dynamic
surface stress ranges 50–100 kPa for the ballasted track, while just 13–20 kPa for
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Fig. 6 Attenuation
coefficient of dynamic stress
(η) in soil
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ballastless track. An empirical formula is proposed to identify themaximumdynamic
stress at the top of subgrade with granular layer thickness of 35 cm,σdl, as follows
[4]:

σdl = 0.26 × P × (1 + αv) (2)

where P denotes the static axle load of vehicle (kN); (1 + αv) represents an impact
coefficient associated with train speed, and α = 0.003 (km/h)−1 for target speed of
300 ~ 350 km/h, and (1 + αv) ≤ 1.9 when the speed is larger than 300 km/h.

In this study, we primarily investigated the mean values of induced soil stress,
displacement, and acceleration. Figure 7 reveals the changes in average dynamic soil
stress with different train speeds. An average of the dynamic stress is 24.74, 16.77,
and 5.87 kPa for the depth of 0, 0.6, and 2.5 m. By introducing the reference value at
train speed of 5 km/h toEq. (2), the calculation produces thatα = −0.00011 at the top
of subgrade,α = 0.00067 at 0.6m in depth, andα = 0.00057 at 2.5m in depth.What
interests us most is that the dynamic soil stress at the surface even decreases under
high-speed conditions, indicating that there was no statistically clear link between
the mean values and the train speeds. Also, the stress fluctuation is predictably less
significant as the depth increases.

The dynamic soil stress is plotted against longitudinal distance in Fig. 8 for a
train traveling at a velocity of 250 km/h. It suggests that the dynamic stress is the
lowest adjacent to the bridge abutment and gradually rises with an increase in the
longitudinal direction. Unlike other common trends reported in the literature, the
relatively low structure stiffness is deemed responsible for such a dynamic stress
response under train operation in this study.
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Fig. 8 Plots of measured
dynamic stress versus
distance from the bridge
abutment at a train speed of
250 km/h. Colored area
marks error bar

0 10 20
0

10

20

30

D
yn

am
ic

 s
tr

es
s 

(k
Pa

)

Distance from the abutment (m)

0 m

0.6 m

Velocity: 250 km/h

The average vertical displacements (both upward and downward displacements
were considered) were obtained and plotted against various train speeds for three
locations, as shown in Fig. 9. From the data for the displacement transducers at
different depths, two major observations can be made. First, the effect of train speed
on the mean vertical displacement is not significant for soil located at the abutment.
In contrast, displacement amplitudes at 9.4 and 14.8 m in the longitudinal direction
fluctuate considerably with velocities. Second, the surface soil near the abutment
produces the smallest vertical displacement. In general, the train speed has a great
influence on the maximum values as reported by other researchers, while this effect
is statistically minimal for mean values.

As illustrated in Fig. 10, soil at the top of subgrade varied in a similar manner with
distance from abutment under two velocities, including three distinct segments (0 ~
9.4 m; 9.4 ~ 12.4 m; 12.4 ~ 17.8 m). In general, the average vertical displacement
yields approximately 0.35 mm (peak) at 9.4 m longitudinally and reaches 0.1 mm
(minimum) at the abutment. It is likely that the data collected at 9.4 m is abnormal



Dynamic Response of Subgrade in a Bridge Transition Along … 95

160 180 200 220 240
0.0

0.1

0.2

0.3

0.4

0.5

M
ea

n 
dy

na
m

ic
 d

is
p.

 (m
m

)

Train speed (km/h)

  0 m
  9.4 m
  14.8 m

Fig. 9 Mean vertical displacement at subgrade surface varying with train speed. 0, 9.4, and 14.8 m
refer to the distance from bridge abutment; colored area marks error bar

Fig. 10 Mean vertical
displacement at subgrade
surface varying with distance
from abutment under two
train speeds. Colored area
marks error bar
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due to sensor issues. The rest data points showed a general increasing trend with
distance.

High variability can be observed in the measured mean acceleration on the top
of subgrade as shown in Fig. 11. Similar to the results of vertical displacement,
acceleration at 9.4 m longitudinally yields the largest value, while the least at the
abutment.Apositive correlation between themean acceleration and train speed canbe
obtained for different locations along the railway lines. Under a high traveling speed
(e.g., > 230 km/h), accelerations collected from different locations trend toward a
constant, approximately 5m/s2.

The variation of acceleration of subgrade surface with longitudinal distance was
demonstrated in Fig. 12. Most locations produced similar values at a certain speed,
except for the surface acceleration at 12.4 m longitudinally. It can be inferred from
Fig. 2 that an abrupt change occurs because of the discontinuous transition struc-
ture, which should be carefully dealt with during routine maintenance. Nevertheless,
the dynamic stress (<100 kPa), vertical displacement (<1 mm), and acceleration
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Fig. 11 Plots of train-induced acceleration at subgrade surface against train speed for different
distances away from the abutment. Colored area marks error bar
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(<10 m/s2) yield satisfactory values, indicating that the standard design for earth
structure at bridge approach is reasonable.

The implication of statistical analyses on the train-induced dynamic stress, vertical
displacement, and acceleration for simulating dynamic behavior of subgrade in a
transition zone is summarized as follows. In numerical modeling, probability-based
random events (e.g., dynamic stress) are applied to subgrade to assess its dynamic
response. The performance of constructed transition zones should be assessed against
the specification requirements, providing reference for other scenarios involving
transition zone design. Nevertheless, it requires extensive investigations to achieve
this goal in future.
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4 Conclusions

Field monitoring was carried out at a bridge transition of high-speed rail to explore
the dynamic response of track substructure. Analysis and interpretation of the
instrumentation data reveal the following:

1. The collected data from measurements suggests the dynamic response of
subgrade did not exceed expectations, with upper 99% confidence intervals of
40.54 kPa, 0.13 mm, 13.55 m/s2 for dynamic soil stress, peak vertical displace-
ment, acceleration at the top of subgrade, respectively. In general, the current
design of transition zone proves to be rational.

2. The dynamic soil stress dissipates rapidly in depth, and the dynamic attenuation
coefficient (η) has a value of approximately 0.2 at a depth of 2.5 m (i.e., the
bottom of subgrade).

3. In this case, the profound effect of train speed on accelerations was evidenced,
while train speed has limited influence on the mean values of dynamics stress
and displacement.

4. The variation patterns of dynamic stress, displacement, and acceleration in the
longitudinal direction are similar under different train speeds.
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An Alternative Approach to Track
Settlement Prediction

G. Ognibene , L. Le Pen , J. Harkness , A. Zervos , and W. Powrie

Abstract Many empirical equations have been formulated in an attempt to model
the settlement of ballasted railway track at an individual sleeper. Some equations have
been used with vehicle track interaction models (VTI) to predict the development
of differential settlement along the track iteratively and hence maintenance require-
ments, over potentially millions of cycles of load. For settlement equations to be
suitable in such simulations, they require as an input a VTI model output that varies
along the track, such as the force on the sleeper or the current resilient deflection
range. For computational economy, these VTI simulations are usually run in large
steps with the settlement predicted forward over many cycles. There is, however,
no one generally applicable settlement equation, and it remains unclear whether the
loss of accuracy that ensues from stepping the VTI analyses is acceptable. A realistic
settlement equation needs to incorporate both stress- and load history-dependent
behaviour. This paper proposes a new settlement model that allows for stress history
and has the potential to be applied at every cycle within an iterative VTI simula-
tion. The ballast layer is modelled by combining a nonlinear visco-elastic element
to simulate the resilient response with a plastic-hardening element for permanent
settlement. This leads to the calculation of permanent settlement without recourse
to an explicit empirical equation. The parameters used in the model are determined
using data from cyclic laboratory tests on a single sleeper. The effect of different
loading histories on the model is considered.
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1 Ballast Settlement

Ballast settlementmay occur as a result of a number ofmechanisms, viz. densification
or compaction, lateral spreading, ballast degradation, ballast foundation interpene-
tration, and fouling [1–3]. Ballast foundation interpenetration and fouling may be
considered as secondary, as they depend on external factors and are more easily
preventable by good design and operation.

Ballast settlement due to repeated loading is commonly characterized by
two (Fig. 1) or possibly three phases [1, 4]. In each phase, different mechanisms
of settlement dominate. When a railway track is new or freshly tamped, the initially
relatively loose ballast settles rapidly under train passage as grains rearrange and
reorient to form a denser and more compact structure. This process is characterized
by a reduction in void ratio. Some authors suggest that during this stage, ballast
degradation (i.e. particle breakage and abrasion) also occurs. However, such degra-
dation is likely to be significant only for weak rock materials [3] or when the ballast
is subjected to abnormally high impact forces (e.g. below a hanging sleeper).

Once the ballast has achieved a denser, stable state, further settlement is prob-
ably largely a result of lateral spreading. Some authors have proposed a third stage
of settlement [5], dominated by ballast grain degradation, but it is not clear how
significant this is for strong, high-quality ballasts under normal loading conditions.

The relative importance of the various mechanisms of settlement and their associ-
ated stages depends on the characteristics of the individual grains, the bulk properties
of the granular assembly, the stress state, and the loading conditions at a particular
site [6]. The evolution of settlement with an increasing number of load cycles varies
with the amplitude and possibly frequency of the applied loads [7].

A clear distinction between the two primary phases of settlement is difficult to
identify in practical tests. Some authors [1, 8] have suggested that the cross-over
between the two primary phases could be identified as the second inflection point
on a graph of settlement against the logarithm of the number of cycles of a uniform
load, as shown in Fig. 2.

Fig. 1 Two main settlement stages of railway ballast: densification and lateral spreading
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Fig. 2 Ballast permanent settlement after ten cycles against the logarithm of the number of load
cycles: data for the two tests considered in this study [8]

However, most equations that have been proposed to predict settlement do not
reproduce such inflection points. Many are log-linear (e.g. [9, 10]) or exponential
(e.g. [7, 11]) relationships between accumulated settlement, SN , and the number of
loading cycles, N , for a uniform load. They are essentially curve fits and are only
even approximately correct for the conditions under which they have been derived.

Some equations are more complex with terms that dominate in either the short or
longer term, for example, Eqs. (1) [7] and (2) [12]:

SN = α
[
1 − exp(−βN )

] + γ N (1)

SN = S∞

⎡

⎣1 − 1

1 + α log
(
1 + N

N0

)

⎤

⎦ (2)

These equations, or variations thereof, show greater potential for matching
observed settlement curves and their inflexion points. However, most existing settle-
ment equations, including those with multiple terms, are not suited for predicting
track geometry deterioration in iterative VTI simulations because their only input is
the number of loading cycles, which would lead to a uniform settlement along the
length of the track.

There are some equations whose input variables include the stress [13, 14] or
the current deflection range [4], which can be applied in iterative VTI simulations.
However, these equations have yet to be validated. This paper proposes a new settle-
ment model, which takes as an input the stress at a given location and can be applied
implicitly within a VTI simulation.
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Table 1 Ballast materials
used in the settlement tests

Test 1 Test 2

Rock Granite Gabbro

Gs
[
Mg/m3

]
2.66 2.96

D50 [mm] 41 38

Cu = D60/D10 1.40 1.60

Cc =
D2
30/(D30D60)

1.0 0.9

F [kN] 5–98 5–157

Quarry Mountsorrel (U.K.) Saif Bin Darwish
(U.A.E.)

2 Southampton Railway Testing Facility

Results from tests in the Southampton Railway Testing Facility (SRTF) are used for
calibration of the model. The SRTF consists of a sleeper placed on top of a 300 mm
layer of ballast underlain by a 12 mm neoprene rubber mat, which replicates the
support provided by the soil (for full details, see [15]). A vertical load is applied
by a hydraulic actuator, via a steel beam, to two short sections of rail installed on
the sleeper. The load is applied as a sinusoidal force, which oscillates between a
minimum value of Fmin and a maximum of Fmax at a frequency of 3 Hz.

Results from two tests (summarized in Table 1) are considered in this paper,
selected because they show the influence of a change in load. Results from measure-
ment locations along the sleeper were combined to give the average permanent
settlement with the number of load cycles shown in Fig. 2.

3 Proposed Settlement Model

3.1 Overview

The model comprises three massesmr,ms, andmb, representing the rail, sleeper, and
ballast, respectively (Fig. 3). The railpad, which connects the rail with the sleeper, is
characterized by a linear Kelvin–Voigt unit having stiffness krp and damping crp. The
ballast layer is simulated using a bespoke cyclic visco-elastic-plastic unit, described
later. The rubber mats, which represent the support provided by the foundation layer,
are characterized by a linear Kelvin–Voigt model having stiffness kf and damping
cf. A harmonic force, F(t), is applied on the top of the rail to simulate cyclic wheel
loads. An implicit nonlinear Newmark algorithm is used to solve the resulting system
of nonlinear equations.



An Alternative Approach to Track Settlement Prediction 103

Fig. 3 Single sleeper system
model

The bespoke unit representing the ballast layer (Fig. 3) comprises a linear Kelvin–
Voigt unit in series with a plastic-hardening unit. The Kelvin–Voigt unit consists of a
spring of stiffness kb in parallel with a dashpot of damping cb. The plastic-hardening
unit consists of a slider in parallel with two hardening springs, with the frictional
element defined by a threshold force Fy and the springs by stiffnesses Hd and Hs.
These units reproduce both the resilient and plastic deformation of the ballast. The
governing equations of the model are given in Sect. 3.2. In Sect. 3.3, the user-defined
functions that quantify behaviour are explained, and possible physical descriptions
and justifications are given.

3.2 Governing Differential Equation

The total deformation �u is given by the sum of the resilient (elastic) deformation
�ue and irreversible (plastic) deformation �up:

�u = �ue + �up (3)

Plastic deformation will develop only when the slider is activated, that is, when
the force applied to the ballast layer Fb exceeds the threshold force Fy, and only
during loading (i.e. not during unloading), defined as u̇b > 0:

Fb − Fy =
{
Fb − Fy for Fb > Fy and u̇b > 0
0 for Fb ≤ Fy or u̇b ≤ 0

(4)
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Thus, if the total force Fb applied to the ballast layer is less than the yield force
Fy, the unit is equivalent to Kelvin–Voigt and gives visco-elastic behaviour. The total
force Fb is given by the sum of the force acting on the spring (characterized by kb)
and the dashpot (cb):

Fb = kb�ue + cb�u̇e (5)

Because in this case the total deformation �u corresponds to the resilient defor-
mation �ue, the differential equation governing the force–deformation relationship
of the model is

�u̇ + kb
cb

�u = Fb

cb
(6)

If the total force Fb applied to the ballast layer is greater than the yield force Fy,
the slider will cause some irreversible deformation, �up, within the ballast layer,
proportional to the excess applied force

(
Fb − Fy

)
and the hardening parameter H :

�up = Fb − Fy

H
(7)

where the total hardening spring stiffness H is given by

H =
(

1

Hd
+ 1

Hs

)−1

(8)

Because the Kelvin–Voigt and the hardening plastic units are in series, both expe-
rience the total force Fb being applied to the ballast layer, which is equal to the sum
of the forces passing through each of the constituent in-parallel elements:

Fb = kb�ue + cb�u̇e = H�up + Fy (9)

The governing equation is obtained by differentiating Eq. (3) and substituting
�u̇e and �u̇p. The elastic deformation rate �u̇e is obtained by combining Eqs. (3),
(7), and (9) and �u̇p from differentiating Eq. (7):

�u̇e = Fb

cb
− kb

cb

(
�u − Fb − Fy

H

)
�u̇p = Ḟb

H
(10)

The governing differential equation then becomes

�u̇ + kb
cb

�u =
(
1 + kb

H

)
Fb

cb
+ Ḟb

H
− kb

H

Fy

cb
(11)
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In a time stepping analysis, the force applied to the ballast layer, FN ,k+1
b , at a time

step k + 1 and at a load cycle, N , can be computed using the backward Euler method
as

FN ,k+1
b = αFN ,k

b + α�t

{
HN�u̇N ,k+1 + kb

cb
HN�u∗N ,k+1 + kb

cb
FN
y

}
(12)

In Eq. (12), the accumulated settlement developed up to the previous load cycle,
SN−1, is subtracted from the total deformation, �uN ,k+1, to obtain the in-cycle
deformation, �u∗N ,k+1:

�u∗N ,k+1 = �uN ,k+1 − SN−1 (13)

where α is defined as

α = cb
cb + �t

(
kb + HN

) (14)

The plastic strain accumulated within the ballast layer from the beginning of load
step N , up to time step k + 1, is given by

�uN ,k+1
p = �uN ,k

p +
(
FN ,k+1
b − FN ,k

b

HN

)

with�uN ,1
p = 0 (15)

The accumulated plastic settlement after N loading cycle is

SN = S0 + �SN = S0 +
N∑

i=1

�ui,kmax
p (16)

where S0 is the settlement after ten cycles measured in the laboratory (see Sect. 4.2),
and�SN is the net accumulated plastic settlement computed as the sum of the plastic
deformation developed at the end of load cycle i , �ui,kmax

p .

3.3 Functions

To assign functions and/or coefficients to Fy, Hd, and Hs and ultimately to calculate
�up, several assumptions are made on the basis of the laboratory test results (Fig. 2)
and the wider literature. These are

• The plastic deformation of the ballast layer,�up, is governed by the force applied
to the ballast layer, F . A threshold value of this force, Fy, delineates the change
from elastic to plastic behaviour of the ballast layer.
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• The yield force, Fy, is always less than the maximum force applied to the ballast
layer, Fmax: the laboratory tests have shown that permanent settlement always
develops, even though it may be almost imperceptible per cycle.

• The two hardening parameters, Hd and Hs, control the components of settlement
due to densification, �upd, and lateral spreading, �ups, respectively. The first
causes most of the settlement during the initial stage, while the latter governs the
longer-term (second stage) behaviour.

• The hardening parameters, Hd and Hs, increase exponentially with accumulated
plastic settlement SN .

At the end of each load cycle N , the plastic parameters FN
y , HN

d , and HN
s are

updated depending on the maximum ballast force during that loading cycle, FN
b,max,

and the accumulated settlement up to that cycle, SN . The plastic unit is defined by
a total of seven parameters (Fy0, αy,S0, H 0

d , H
0
s , αd, αs), which are determined for

each laboratory test to reflect the different ballast mechanical and physical properties,
loading conditions, etc., and will now be described in detail.

Evolution of the hardening springs

The hardening springs Hd and Hs represent the plastic deformation fromdensification
and lateral spreading, respectively. They have been defined such that initially (for
low values of SN ), the combined hardening spring H , defined by Eq. (8), will be
equal to Hd and then (for higher values of SN ) to Hs. Both hardening parameters
grow exponentially (but at different rates) with the accumulated plastic settlement:

HN
d = H 0

d · exp(αd · r x); HN
s = H 0

s · exp(αs · r x) (17)

where r represents the growth rate, and x defines the time variable. r and x depend
on the accumulated plastic settlement SN and are defined as

r = log

(
SN
S0

)
x = �SN (18)

Evolution of the threshold force

The equation defining the evolution of the threshold force FN
y with respect to the

accumulated plastic settlement SN at the end of each load cycle N is a reformulation
of the Chicago density relaxation law [16] and shares similarities with settlement
Eq. (2):

FN
y = Fy0 + (

FN
b,max − Fy0

)
⎡

⎣1 − 1

1 + αy · log
(

SN
S0

)

⎤

⎦ (19)

where FN
b,max is the maximum force applied to the ballast during the N th load cycle.

Fy0 is the initial yield force (at the first load cycle), and ay is a parameter governing
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Table 2 Parameters used in the modelling

Parameter Value Unit Source

A B

Rail mass, mr 60 60 [kg/m] UIC60 (or E 60)

Railpad stiffness, krp 230 230 [MN/m] Pandrol [20]

Railpad damping, crp 75 75 [kNs/m] Pandrol [20]

(Half) sleeper mass, ms 160 160 [kg] Mono-block G44

Ballast stiffness, kb 210 210 [MN/m] Based on literature [17–19]

Ballast damping, cb 0.12 2 [MNs/m] Based on literature [17–19]

(Half) ballast mass, mb 300 300 [kg] Based on literature [17–19]

Foundation stiffness, kf 750 750 [MN/m] Assumed

Foundation damping, cf 0.15 2 [MNs/m] Assumed

the growth rate of the yield force Fy. The model architecture could be adapted to
accommodate a different stress threshold function, should this be required.

4 Calibration of the Model

4.1 Resilient Deformation Calibration

The values adopted for the various model parameters, with alternatives denoted A
and B having different levels of material damping, are shown in Table 2. Figure 4a, b
compares the average force–deflection relationships measured on the sleeper during
Test 1 with those calculated using the model with parameter value sets A and B in
Table 2.

The measured sleeper deflection exhibits stronger damping than calculated using
the parameter set A, which shows almost perfect elasto-plastic behaviour. The energy
losses in the measured data are explained partly by the presence of the rubber mat
beneath the tested ballast and partly by the ability of ballast stones to dissipate energy
though inter-grain friction. Increasing the damping assigned to both the ballast and
the foundation layer (cb and cf), using the B values of Table 2, results in a better fit
to the data (Fig. 4b), although the values used are not consistent with those reported
in the literature (e.g. [17–19]).

4.2 Plastic Deformation Calibration

The five plastic parameters of the model (αy, Hd0, Hs0, αd, αs) were obtained on the
basis of giving an adjudged best-fit with the experimental settlement curves (shown
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Fig. 4 Comparison of force–deflection at the sleeper measured in the laboratory and calculated
using the model, with (a) low (values A) and (b) high material (values B) damping

in Fig. 2). Fy0 and S0 represent the yield force and the settlement after ten load
cycles, respectively (the first ten load cycles are neglected to eliminate the initial
variability in the laboratory data, which occurs as a result of the sleeper bedding
in). The initial yield force, Fy0, was determined so as to match the measured force–
deflection relationship in the tenth loading cycle (Fig. 2). The settlement at the tenth
cycle, S0, was obtained from the settlement laboratory data. The resulting calculated
settlements are shown in Fig. 5.

Fig. 5 Comparison between measured and calculated plastic settlement, SN , as a function of the
logarithm of the number of loading cycles, N
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5 Application of the Model

Acommonapproach used by practitioners to simulate cumulative plastic deformation
of ballast (e.g. [21]) involves shifting the settlement curve when the load changes to
a new one intended to represent the plastic deformation rate associated with the new
loading. A similar approach has been adopted here, updating the plastic parameters
(S0, αy, Hd0, Hs0, αd, αs) at the end of each load cycle according to the peak stress
currently applied to the ballast (Fmax). In this paper, only the values of Fmax used
in the laboratory tests (98 and 157 kN) have been considered, together with the
corresponding model parameters (Table 3).

5.1 Application 1—Change in Load Condition

Figure 6a shows, on a semi-logarithmic scale, the calculated ballast settlements for
a change in the applied load to the rail, F , from 98 to 157 kN after 100,000 cycles
using the model parameters for Test 1 (Table 3) at the lower load and for Test 2 at
the higher load. No other account was taken of the change in ballast type. As might
be expected, the settlement curve changes from its initial trajectory following Test 1
to that of Test 2.

5.2 Application 2—Comparison Between Different Loading
Histories

Figure 6b compares calculated settlement curves for two different hypothetical
loading histories. Three loading steps (a, b, and c) have been applied in two scenarios
labelled x and y. In the first simulation (x), the maximum forces applied during steps
a, b, and c were 98, 157, and 98 kN, while in the second simulation (y), the maximum
applied loads were 157, 98, and 157 kN.

The model suggests that the highest stresses dominate the development of plastic
settlement. For example, in Fig. 6b, it can be seen that even if the lower stress loading
forms the majority of the stress history (scenario x), an increase to a higher stress
results in a rapid adjustment in ballast settlement towards that calculated if the higher
load had been applied from the outset (as observed by [22]). Conversely, when the

Table 3 Ballast materials used for the settlement tests

Fy0 [kN] ay [–] Hd0 [GN/m] ad [–] Hs0 [GN/m] as [–]

Test 1 70.0 12.0 0.6 2.8 0.7 × 103 0.40

Test 2 80.0 20.0 1.4 1.0 0.2 × 103 0.16
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Fig. 6 Application of the model to calculate ballast settlement versus the logarithm of the number
of load cycles for the load histories indicated in parts (a) and (b)

stress level was reduced (scenario y step b or scenario x step c), the settlement rate
reduces almost to zero (as noted by [23]).

6 Conclusion

Anovel conceptualmodel for calculating railway ballast settlement during trafficking
has been proposed, which uses a combination of a nonlinear visco-elastic and plastic-
hardening elements to capture both the resilient and plastic response. The model has
been tested in single sleeper loading but has the potential to be integrated into a VTI
model for calculation of along track differential settlement.

The settlement has been subdivided into two components, attributable to (i) densi-
fication and (ii) lateral spreading of the ballast. The first causes most of the settlement
during an initial stage, with the second becoming predominant after the ballast has
reached a stable volumetric state. The model was able to reproduce accurately the
ballast settlements measured in two full-scale laboratory tests with different ballasts
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and axle loads, up to 3 million cycles. Different loading conditions can be accounted
for by adjusting the parameters. Model calculations show that a high stress loading
regime is disproportionately damaging in terms of the settlement caused. In future
work, the proposed settlement model will be integrated into a full VTI analysis.
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Evaluation of Ballast Particle
Degradation Under Micro-Deval Testing
Using Photogrammetry

André Paixão , Carlos Afonso, Bruno Delgado ,
and Eduardo Fortunato

Abstract Railway ballast plays an important role in the economic efficiency and
sustainability of the rail transport. In this context, the morphology of its particles,
in what regards the shape, angularity and surface texture, is critical and affects the
mechanical performance of this aggregate material. Minimummechanical resistance
requirements ensure that the material undergoes limited degradation and preserves
optimal morphological parameters throughout its field use. Many current technical
specifications require the characterization of the morphology of ballast particles
which is performed according to well-established and extensively validated empir-
ical and manual testing approaches that were developed in the past. However, some
of these approaches are subjective, prone to human error, reductive of the three-
dimensional aspects of the particles and do not take advantage of more recent knowl-
edge and currently available automated methods and image analysis approaches to
fully characterize these aggregates. In this work, the authors present the application
of a photogrammetry method for 3D reconstruction of ballast particles, as an alter-
native to other significantly expensive approaches. Ballast samples were submitted
to micro-Deval abrasion testing, and the evolution of the morphology of a set of
particles was analyzed at different stages of that test. Recent and automated image
analysis techniques were applied to evaluate changes in the particle morphology.
This work demonstrates that close-range photogrammetry for the 3D scanning of
ballast particles is a cost-efficient approach to study these aggregates.

Keywords Railway ballast · Particle morphology · Abrasion · Photogrammetry
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1 Introduction

The ballast layer is one of the most important elements of conventional railway
tracks. Its functions include the transmission and dissipation of the cyclic loads
resulting from the passage of trains to the underlying layers, maintaining the position
of the track and providing proper drainage. Throughout its life cycle, the ballast layer
densifies, and its particles degrade,mainly as a result of those successive impact loads.
Consequently, the position of the rails may become inadequate and track defects are
generated, thus reducing the performance of this infrastructure and eventually leading
to the need to performmaintenance interventions to reestablish proper rail geometry.
This deformation behavior of the ballast layer, as well as its stability, largely depends
on the particle morphology [1]. It is consensual to consider three subscales in the
analysis of particle characteristics: shape, angularity and texture. A rough analysis
of particle morphology can lead to inconclusive or even erroneous results.

The mechanical and geometric properties usually require that ballast particles
are defined in specific regulations, considering well-established characterization
procedures [2, 3]. However, some of these procedures are based on empirical anal-
ysis approaches, are highly operator dependent and therefore subject to human
error, such as manual measurement of the dimensions that are traditionally used
to morphologically classify particles [4, 5].

Recent advances in the analysis of digital images, supported by advanced tech-
nicalmeans, havemademeasurementsmore reliable and allowed for in-depth knowl-
edge of various aspects, including [1]: particle size distribution; volume and surface
area; shape (sphericity (�); shape factor (F)); angularity (angularity index); texture
(texture index). Various methods and equipment are currently available for particle
morphology scanning and analysis, but most are very expensive and difficult to use.
In addition to two-dimensional particle morphology characterization methods based
on automatic image processing techniques such as the aggregate image measure-
ment system (AIMS) [6] or the University of Illinois Aggregate Image Analyzer
(UIAIA) [7, 8], studies have been performed using three-dimensional particle digi-
tization methods that, for example, either use mechanical probes or stylets [9], or
take advantage of LASER technology [9–12], or resort to X-ray computed tomog-
raphy [13, 14]. The method used in this study—previously validated and described
by the authors [15]—also allows the three-dimensional digitization of ballast parti-
cles but uses photogrammetry, in a low cost and easy implementation process, when
compared to the other methods mentioned above.

In Europe and in other countries, researchers have studied the evolution of particle
morphology using the micro-Deval test—EN 1097-1 [16]—simulating an acceler-
ated process of aggregate degradation [7, 17, 18]. Synthetically, this test consists
of evaluating the generation of fines from an aggregate by the rolling action of a
certain amount of this material within a metallic drum of predefined dimensions and
to which a rotation speed of 100 revolutions/min is applied until it reaches 14,000
revolutions. Herein, to be able to compare the results with those of previous studies,
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the authors considered appropriate to also use this test procedure to simulate rail
ballast degradation.

2 Material and Sample Preparation

The specimens tested in this work were prepared according to the procedure estab-
lished in the European Standards EN 1097-1 for the micro-Deval test [16], using
a sample of granite aggregate that met the regulation requirements in Portugal for
railway ballast application [2, 19]. Thus, three specimens of 10 kg ± 100 g were
prepared, each consistingof two fractions of about 5 kg retained in sieves 31.5mmand
40.0 mm, respectively, totaling 30 kg. From this material, 30 particles were selected
(10 from each specimen)with the concern to obtain a heterogeneous representation of
the particle shapes. The mass evolution of these particles was monitored throughout
the work in the various stages of the micro-Deval test using a high precision balance
(0.0001 g).

3 Three-Dimensional Scanning and Reconstruction
of Particles

3.1 Image Capturing—Photographic Session

As mentioned above, the photogrammetry digitization process used in this work was
based on that previously validated and presented by Paixão et al. [15]: Each particle
is placed on a pedestal, painted with matte paint to prevent reflections, which is
attached to a turntable (Fig. 1); images are captured around the particle sequentially
in 10° increments up to 360°. This process is repeated for each of the three camera
positions in height as depicted in Fig. 1. Thus, 3× 36 = 108 images are captured to
obtain overall coverage of each particle. The following equipment was used: Canon
EOS 80D, 24.2 Megapixel camera, with 22.3 mm× 14.9 mm CMOS image sensor;
Canon EF 50 mm f/1.8 STM lens; polarizing filter; iPhone 6 with Canon Camera
Connect application for camera remote control; articulated lamps with diffused light;
tripod; rotating tray with 10° marking and built-in pedestal; white paper background.

3.2 Digital Reconstruction of 3D Particle Models

The procedure proposed by Paixão et al. [15] for the digital reconstruction of the
particles uses two distinct programs: In the first, VisualSFM [20–22], a dense point
cloud is generated from the 108 images of each particle; later, in the second program,
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Fig. 1 Setup of the photography session and workflow of the photogrammetry approach

theMeshLab [23], that cloud is cleaned (when necessary), appropriate scale is applied
and a 3D triangular mesh is generated, as described in greater detail by Afonso [24].
Figure 2 presents examples of the steps of the application of this procedure in the
generation of the point cloud of one of the studied particles.

Compared to other three-dimensional scanning methods, this is relatively fast and
significantly less expensive. Still, the average time taken for the digitization, the
three-dimensional reconstruction and the model analysis of each particle was about
1 h [24]. It should be noted that due to the phasing implemented in the micro-Deval
test, a total of 3 × 30 digital models were constructed (averaging around 270,000
vertices and 540,000 faces), using a total of 9720 captured images. To elucidate on
the detail of the scans achieved with this method using the described equipment, on
average, the density of the obtained cloud points was above 80 points/mm2 of surface
area and the density of the meshes was above 30 vertices/mm2. Another important
aspect was the possibility of estimating the specific density value, γ , of each particle,
since its real weight and digital volumewere known. The average value of the specific

Fig. 2 Point cloud generation: a position of the 108 image captures; b point cloud; c densified
point cloud with color information [24]
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density of the analyzed particles thus obtained was 2.74 g/cm3. Using the density
determination test for that selected particle set using the submerged basket method
as laid down in the European Standard EN 1097-6 [25], a value of 2.73 g/cm3 was
obtained, which corresponds to a difference of only 0.4% from the previous value.

4 Micro-Deval Abrasion Testing

As mentioned above, the accelerated simulation of ballast particle degradation was
performed using the micro-Deval test. However, two changes were made to the
procedure of Annex A of the European Standard EN 1097-1 [16] as regards rail
ballast testing. As in previous studies [18], the first change was the non-addition of
water to the specimen during the test, i.e., by performing the dry test in the light
of Annex B of the same standard. This change aimed to simulate the real situation
as faithfully as possible and to be able to compare the results with future numerical
modeling work using the discrete element method. The second difference was that
the tests were interrupted at an intermediate stage (after 2000 revolutions out of a
total of 14,000 revolutions) to weigh and digitize the selected particles. Thus, this
change resulted in three moments of photogrammetry digitization of the particles:
(i) in their initial state, before the test; (ii) at an intermediate stage of the test, after
2000 revolutions; (iii) and upon completion of the test. At the end of the tests, the
specimen fractions were weighed to determine the dry ballast micro-Deval value:
MDS,RB. To distinguish the particles in the various stages of the procedure, given the
high wear conferred by the test, they were painted with spray.

After the completion of the micro-Deval tests, the photogrammetry sessions, and
the particle reconstruction, for all phases, it was possible to evaluate the evolution
of their morphology by analyzing and comparing the three-dimensional models that
were constructed. In this task, the GOM Inspect software was used, which allows
comparing three-dimensionalmeshes and contains some features for automatic align-
ment and distance calculation between meshes that facilitate their handling (Fig. 3a),
making it a particularly useful tool for comparison of the generated meshes and,
consequently, for the analysis of particle wear during the test. Comparisons were
made for each particle between the initial situation (0 revolutions) and after 2000
revolutions (0 vs. 2000); between this state and the final situation after 14,000
revolutions (2000 vs. 14,000); and between the initial and the final (0 vs. 14,000).
Figure 3b depicts an example of the inspection performed by the program, mapping
the distances between the starting particle and the final particle (Fig. 3c).
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Fig. 3 Alignment of the 3Dmodels (a); particle inspection (b); evaluation ofmorphology evolution
(c) [24]

5 Results and Discussion

5.1 Results of the Micro-Deval Abrasion Tests

The dry micro-Deval value, MDS,RB, obtained in the three specimens was 3. To give
a reference of the influence of the presence of water, a fourth test was also performed
following the normal procedure of the European Standard [16] to determine the value
of wet micro-Deval for ballast, MDE,RB, i.e., by adding (2 ± 0.05) l of water to the
specimen during the test. In the latter, a higher value of MDE,RB = 7 was obtained,
which was expected and was close to that obtained by Jerónimo [9], concerning
Portuguese granite ballast material similar to the one studied in this work.

Regarding the results of the three dry tests, the cumulative mass of particles
smaller than 1.6 mm is shown in Fig. 4a, where a higher rate of production of smaller
material can be observed in the first phase (0.0497 g/rev.) than in the next phase
(0.0183 g/rev.), which is in agreement with the results obtained by other authors [17]
and is a characteristic result of this test procedure [18, 26]: Initially, the particles
have protruding vertices and edges and some roughness that are first removed at the
beginning of the test. The particles that were analyzed showed analogous degradation
behaviour. By way of example, Fig. 4b shows the percentage of lost mass of 10
screened particles from one of the tests performed.

Figure 5 shows examples of digital model comparisons, regarding one of the
particles, where a color map is superimposed on the mesh corresponding to the wear
suffered by that particle in each stage (the color scale corresponds to the distance
between two meshes relative to different phases of the test). Figure 6 shows the real
aspect of this particle in the respective phases, identifying the areas that suffered
significant wear.



Evaluation of Ballast Particle Degradation Under Micro-Deval … 119

)b)a

0.0%

0.5%

1.0%

1.5%

2.0%

2.5%

3.0%

3.5%

0

20
00

40
00

60
00

80
00

10
00

0

12
00

0

14
00

0

Pa
ss

ed
 in

 se
iv

e 
1.

6m
m

 

Revolutions

1º ensaio

2º ensaio

3º ensaio

test 1

test 2

test 3
0.0

1.0

2.0

3.0

4.0

5.0

6.0

0

20
00

40
00

60
00

80
00

10
00

0

12
00

0

14
00

0

R
el

at
iv

e 
m

as
s l

os
s (

%
)  

Revolutions

Fig. 4 Production material passing sieve 1.6 mm (% by mass) by each specimen (a) and relative
mass loss of 10 particles from the 1st test (b) (each color represents one particle)

Fig. 5 Differences between meshes of particle 1 (0 vs. 2000; 2000 vs. 14,000 and 0 vs. 14,000)
[24]

5.2 Evolution in Particle Morphology

Traditionally, particle morphology is evaluated using several classification criteria
proposed by different authors that were mostly presented over the last century. In
this work, due to the large number of manual measurements that would have to be
performed on the 30 particles, for each of the three phases, and in order to eliminate
the typical errors introduced in these types of measurements [5], a digital measuring
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Fig. 6 Aspects of particle 1 after 2000 (left) and 14,000 (right) revolutions [24]

tool developed in a MATLAB environment was used, which guarantees automated
measurement, without user intervention, of various parameters. Among other param-
eters, this tool determines themaximum (L), intermediate (I ) and smallest (S) dimen-
sions [27], volume (V ), surface area (A), sphericity parameter (�—as defined by
Wadell [28], considering the volume and surface area of the digital particle model)
and the flattening ratios p = S/I , elongation q = I/L , equidimensionality S/L and
the form F = p/q. Figure 7 presents the example of the analysis of particle 1 using
this tool. To classify the particles according to their morphology, the proposal of
Blott and Pye [4] was considered, showing in Fig. 8 the evolution of the morphology
of all selected particles in a modified Zingg diagram.

From the analysis of Fig. 8, it can be seen that most particles did not signifi-
cantly change their morphological classification, and, in general, the same level of
particle classification heterogeneity was maintained, i.e. from moderately elongate
andmoderately flat to non-elongated and not flat and from very non-equant to equant,
with form factors between 0.49 and 1.78. However, six particles (20%) were iden-
tified that showed a relatively longer paths with respect to the migration of ratios p
and q and that changed their classification throughout the micro-Deval test. Visually,
this evolution would be difficult to identify, and the possible manual measurement
of the dimensions L , I , and S could lead to quite different classifications, since these
are traditionally determined using a caliper. Thus, using an automatic digital particle
measurement tool, it was possible to determine those dimensions and other param-
eters more precisely and without operator intervention, avoiding the introduction of
human error in the measurements.

Regarding the sphericity (�) of the particles, this parameter varied within the
following ranges: [0.64; 0.85] at initial assessment; [66; 0.87] after 2000 revolu-
tions; [0.69; 0.89] after 14,000 revolutions. Thus, after completing the test, the range
amplitude decreased but the respective range values increased. This increase was due
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Fig. 7 Analysis of particle 1 (initial configuration above and final configuration below)

to wear inside the drum which led to particle shapes increasingly close to the shape
of a sphere (hence sphericity values closer to the unit value). This type of evolution
is characteristic of the effect of erosion of rolling aggregates.

It was also found that the evolution of the flatness ratio was higher than the
evolution of the elongation ratio. The range of variation of the flatness ratio was
[−0.15; 0.13], and the elongation ratio range was [−0.08; 0.05]. These variations
were obtained by calculating the difference between the final and initial ratio values.

6 Conclusions

The presented work was developed in the scope of a M.Sc. dissertation [24] which
aimed to study the morphological evolution suffered by rail ballast particles when
subjected to accelerated wear. The followedmethodology was based on micro-Deval
tests on specimens of a granite aggregate, using the dry procedure, and performing
photogrammetry scans for three-dimensional reconstructions [15] of a set of 30
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selected particles at three stages: (i) before the start of the test; (ii) after 2000 revo-
lutions of the micro-Deval equipment drum, with interruption of the test; (iii) and at
the end of the test. The following main conclusions were drawn:

• From the morphology analysis, it was found that for the thirty analyzed particles,
only six (20%) changed their classification, as established by Blott and Pye [4].
The use of an automatic digital particle measurement tool allowed to perform
measurements more precisely and without operator intervention, avoiding the
introduction of human errors.

• The analysis of the sphericity parameter (also automatically determined and using
the actual tridimensional shape of the particles) revealed a growing tendency
toward the unit value—a behavior that was expected as the particle’s angularities
were smoothed and rounded, approximating to the shape of a sphere.
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• Regarding the evolutionof theflatness and elongation ratios, no evident correlation
with the evolution of the sphericity was identified.

It should be noted that close-range photogrammetry has several advantages
compared to other methods for digital reconstructing of particle models, such as
ease of handling and adaptation to the objects to be scanned; significant lower cost;
digital models can retain the colour of scanned points; does not require changing
particle positions during the image capture process; and is relatively fast (roughly
1 h for digitally reproducing a particle, including photograph session, preprocessing,
and mesh generation). However, it also has some disadvantages, such as: It may
require careful preprocessing of the point cloud (i.e. locally, where the particle rests
on the vertical support), it strongly depends on the lighting conditions and some
knowledge of photography concepts is required for best results.

Concerning the other scales of morphological evaluation of ballast particles,
namely on a smaller scale (texture and angularity), it was not possible to address them
in the present work. However, in the future, it is intended to take advantage of the
digital particle library to perform more advanced three-dimensional analyzes using,
for example, Fourier series, Spherical Harmonics or Proper Orthogonal Decompo-
sition (POD), as explored by Deiros et al. [18] and Ouhbi [29], which would deepen
the morphological characterization approach presented in this work.
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Importance of Bending Stiffness
of Different Track Forms

Toshan Rampat , Louis Le Pen , William Powrie , and John Harkness

Abstract The most common form of railway track construction is still discrete
sleepers onballast.However, other types of track, sometimes referred to as ballastless,
hybrid and/or slab track, may in some circumstances be more cost effective over
their life cycle despite their higher initial cost. Current trackbed design methods
for different types of superstructure generally specify a trackbed/subgrade support
stiffness in terms of an “EV2” value, i.e. the stiffness evaluated from the second
load step in a plate bearing test. Specifying the same EV2 value regardless of the
track system superstructure creates over-conservative designs that fail to make use
of the higher longitudinal bending stiffness of ladder or slab track systems compared
with ballasted track. This paper reports the results of computer analyses carried out
to understand better the influence of the longitudinal bending stiffness of the track
systemsuperstructure on trackbed response.Three-dimensionalmodels of three types
of railway track superstructure system (conventional sleepers, ladder and slab track)
were set up in finite element simulations. The models were validated against closed-
form solutions for a beam on an elastic foundation. Parametric studies were then
undertaken to understand how changes in support stiffness influenced peak trackbed
deflections and stresses, for the different track superstructures. The results show
that, with increasing bending stiffness of the track superstructure, peak deflections
are decreased, and the longitudinal extent of the deflection bowl is increased. There
are also significant reductions in stresses being transferred into the trackbed. Slab
and ladder tracks are also shown to be better at spanning regions of poor/reduced
support.
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1 Introduction/Background/Problem Statement

The primary function of a railway track system is to transmit wheel loads to the
subgrade in a way that does not damage the track or the formation. Themost common
type of railway track is the conventionally ballasted system, in which sleepers or
ties placed at intervals beneath the rails are supported on a ballast layer, typically
300 mm thick, overlying a prepared subgrade. However, there are alternative designs
of railway track systems; for example, ladder and slab track incorporate longitu-
dinal beams beneath the rails, giving the track system superstructure much greater
longitudinal bending stiffness than conventionally ballasted track.

Ladder track consists of two longitudinal beams supporting the rails, with trans-
verse connections at suitable intervals. Research into track systems with longitudinal
rail support in Japan, Russia and France in the mid-twentieth century [1] led to the
construction and testing of ladder tracks. Potential hoped for advantages included
lowering the life cycle cost and reducing maintenance requirements. However, to
date, ladder tracks have not gained widespread adoption.

In Japan, excessive maintenance requirements for traditional ballasted track on
embankments on the Tokaido line (opened in 1964) led to the development of slab
track [2]. Slab tracks have subsequently been used in various forms [3]. Early appli-
cations amounted to little more than casting the sleeper to rail baseplate mounting
onto a wet-poured concrete slab. However, over time different proprietorial systems
have been developed and gained acceptance for use on various types of railway
line, including at high speed. Slab track systems may be classified by their means
of construction; precast, cast in situ/slip formed or combinations thereof. Precast
systems are formed by joining slab elements together on site; cast in situ and slip
formed types have the potential to provide a more continuous beam support. One
system currently in common use is Rheda 2000 [4]; this is cast on site with the
potential to provide continuous, unjointed beam support [5]. It was developed on the
basis of experience with highway pavements [6, 7].

The means of joining slab elements together will have a major influence on the
way in which a slab system will perform. The current European (EU) specifica-
tion/standard for slab track [8], which appears to have been partly developed with
existing systems in mind, requires the slab to be supported on the top of a frost
protection layer having Ev2 = 120 N/mm2 (measured at the surface), where Ev2 is
the modulus of elasticity evaluated from the second load step in a plate bearing test
[7–9]. The substructure should also have a sufficient bearing stiffness, Ev2 ≥ 60MPa
measured at the upper surface for newly constructed track and Ev2 ≥ 45 MPa for
existing track [7]. These are relatively onerous requirements that are unlikely to be
met by the natural soils present. Such specifications will usually therefore require
the in situ soils to be improved and/or replaced with high-quality granular fill. The
requirement for the high support stiffness is in part explained because the steel rein-
forcement within the slab is placed along the neutral axis, hence does not provide
tensile resistance in bending, making the slab prone to cracking. A high Ev2 value
means that large settlements are unlikely [10], but leads to a conservative design in
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which the benefits of a potentially stiffer track form are not realized. If slab track
systems were reinforced above and below the neutral axes, it might be possible to
use them at sites with lower and/or more variable support stiffnesses.

A further consideration for slab or ladder systems on lower stiffness ground
support is the presence of joints.Many slab/ladder track systems are formed of panels
that require jointed connections between them. These connections may give rise to a
locally reduced bending stiffness. Discontinuous slab track systems may have dowel
bars or plates to minimize any discontinuity of displacement and possibly rotation
between adjacent panels [11]. Previous experimental and numerical investigations
have shown that dowel connections attract significant local stresses [12], with the
interface strength between the joint and the slab influencing damage at this location
[13].

To gain an improved understanding of the role of the bending stiffness of the
track superstructure on the maximum deflections and stresses transferred into the
substructure, finite element computer simulations have been carried out on ideal-
ized representations of three different types of track: conventional discrete sleeper
supported ballasted track, ladder track and continuous slab track. The geometry
of each track type has been created to represent generic types rather than specific
systems.The three track-typemodelswere subjected to loads associatedwith a typical
rail bogie for different substructure support conditions, intended to reproduce stiff,
soft and variable supports. For the initial evaluation, track superstructure systems
with continuous (unjointed) bending stiffness were considered.

2 Methods

2.1 General Principles

The superstructurewasmodelled using proprietary software [14], with a combination
of general-purpose brick, wedge and tetrahedral elements (C3D8I, C3D6 and C3D4)
and a mesh seed size of ~ 80 mm. The support stiffness was represented using
elastic foundation elements [14] characterized by a foundation modulus, with the
foundation pressure acting directly on the surface of the structure it supports. The
equivalent spring stiffness is the product of the elastic foundation modulus and the
area to which it is applied. The foundation modulus may also be converted to a track
modulus, which is a common way of defining the support to a railway track system
[15]. For convenience, these definitions are given in Table 1.

In the units column of Table 1, the length term L sometimes appears twice. In all
cases, the first occurrence relates to the downward deflection and the second, where
present, to the length of track or area of trackbed. A further complicating feature
with the use of a foundation modulus or indeed any of the types of support stiffness
specified in Table 1 is that they do not directly convert to Ev2. An Ev2 value is an
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Table 1 Track stiffness definitions

Parameter Units Conversion from foundation modulus

Foundation modulus F L−1 L−2 N/A

Spring stiffness F L−1 Multiply by area (e.g. area per sleeper spacing or per metre
of track)

Track modulus F L−1 L−1 Multiply by effective width of foundation (e.g. by length of
sleeper)

estimate of Young’s modulus over the depth of soil influenced by the bearing plate—
in effect, a lumped average material and geometric response to a specified load.
In this paper, values of foundation modulus have been selected based on measured
ballasted track performance (e.g. [16, 17]) rather than specific subgrade responses
to plate bearing tests.

2.2 Support Stiffnesses and Allowance for Rail Pad

Railway tracks run over a range of different subgrade soils and earthwork types.
Three cases of support stiffness were investigated as shown in Fig. 1. The hard
support is defined as having an equivalent track modulus of 60 N/mm/mm and the
soft of 10 N/mm/mm selected on the basis of the literature [18]. Cases (a) and (b)
have a uniform support stiffness; case (c) represents a variation of hard and soft
regions along the track in 10 m lengths. The intention is to evaluate performance
over a range of plausible subgrade supports that do not necessarily meet the slab
track requirements for Ev2 values (for which a direct conversion is not in any case
possible).

The equivalent track moduli, shown in Fig. 2, were applied for the three super-
structure geometries using the principles of conversion defined in Table 1. This is a
conservative assumption in terms of the calculated deflection for the ladder and slab
tracks as it takes no benefit from the increased substructure contact areas. The ratio
of contact areas is shown in Table 2.

The track moduli proposed represent the effective support seen by the rail. To
assign a suitable value to the foundation below the sleeper, ladder or slab support
requires an allowance to be made for the compliance of the rail pad. This can be

Fig. 1 Track modulus (N/mm/mm) evaluated along 26 m track lengths applied to the rail
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Fig. 2 Track types. a conventional ballasted track, b ladder track, c slab track

achieved by considering them as springs in series, with a total stiffness given by
1/ktotal = 1/ktrackbed + 1/krailpad.

2.3 Loading and Boundary Conditions

Two vertical loads, each of 75 kN, were applied at a distance of 2.75 m apart,
corresponding to an approximate axle spacing on a single bogie, on each rail near
the centre of each model (i.e. four loads in total). Loads were applied over individual
sleepers to ensure symmetrical deflection. A 26 m length of track was modelled. The
rails were fixed in all directions at both ends. Taking advantage of symmetry, half of
the geometry across the track was modelled using appropriate boundary restraints.

2.4 Geometry

The dimensions, properties and assumptions used in modelling each of the generic
track forms shown in Fig. 2 are summarized in Table 2.

The sleeper spacing, sleeper depth, slab depth and overall dimensionswere chosen
to be representative of a range of systems currently available, but some of the shapes
were simplified for ease of modelling. The height of the full slab was reduced so
that, together with the rail mounting plate, the overall track form height matched
that of the sleeper and ladder tracks. Also, the spacing of sleepers was set to a
likely minimum to maximize the area in contact with the elastic foundation. (The
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Table 2 Model parts dimensions and properties

Track form Sleeper Ladder Slab Reference/justification

Spacing (mm) of
rail supports

550 550 550 Minimum
recommended spacing
on Network Rail

Major dimensions
of support structure
(mm)
(W × L × H:
sleeper) (W × L ×
H: ladder cross-ties
+ W × L × H: per
ladder beam),
(L × H: continuous
slab)

300 × 2500 ×
200

300 × 2500 ×
200
250 × 300 ×
200

2800 × 140 B30 sleeper [16], slab
[4]
W: along the track/rail
major axes, L: across
the track, H: vertical
height. Ladder
dimensions in two
parts for the cross-ties
and the additional
beam parts per rail
along the track length
(see Fig. 2)

Rail support
structure at given
spacing

N/A N/A 300 × 1000 ×
60

Support per rail, per
spacing (see Fig. 2)

Elastic modulus of
concrete (N/mm2)

30,000

Elastic modulus of
rail steel (N/mm2)

205,000 [19]

Equivalent rail
dimensions (mm)

150 × 134.5 Vignole 60 kg/m rail
converted to a
rectangular section of
equivalent I

Elastic modulus of
pads (N/mm2)

16 Equivalent to a spring
support of 60 kN/mm
for pad specified (see
next row)

Rail pad
dimensions (mm)

150 × 300 × 12 Equivalent to the rail
width and sleeper
width

Poisson’s ratio (all) 0.3 [17]

Bending stiffness,
EI (Nmm2)

6.2 × 1012 1.2 × 1013 1.7 × 1013 Weighted average by
volume, not including
rails

Contact area ratio 1 1.2 2.05 Relative to
sleeper/ballasted track

minimum recommended centre-to-centre distance between two sleepers on network
rail is 550 mm.) The track modulus was distributed between the rail pads and the
trackbed. These simplifications retain the general characteristics of each track form,
but facilitate comparison on an equitable basis.
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Table 3 Simulations carried out

Name Track type Track modulus
(N/mm/mm) (case)

Trackbed modulus
(allowing for rail pad
(N/mm/mm)

Foundation modulus
(allowing for rail pad)
(N/mm/mm2)

C10 Conv 10 (a) 11 0.0161

C60 Conv 60 (b) 133 0.196

L10 Ladder 10 (a) 11 0.0135

L60 Ladder 60 (b) 133 0.163

S10 Slab 10 (a) 11 0.00786

S60 Slab 60 (b) 133 0.095

C6010 Conv 60 and 10 (c) Combinations of above Combinations of above

L6010 Ladder 60 and 10 (c)

S6010 Slab 60 and 10 (c)

2.5 Simulations Carried Out

Table 3 summarizes the simulations carried out, and the values of trackbed modulus
converted to foundation modulus are applied making allowance for a rail pad with a
spring stiffness of 60 kN/mm.

2.6 Loading

Loading was applied in a ramped pseudo-static manner at the central portion of each
track length by means of two pressures applied over conveniently located vertically
facing rail elements. The application of the wheel loads as pressures for these simpli-
fied simulations avoids stress localization and obviates the need for a computationally
expensive finer mesh.

2.7 Calculation Outputs

In each simulation, stresses and deflections are presented along a suitable calculation
path as follows:

• Longitudinal paths: Two paths were placed: One directly below the rails (above
the pads) and the other one below the track support (above the trackbed).

• Transverse paths: under each sleeper or cross-tie, or 550 mm apart for the slab
track.

As an example, the calculation paths for the ladder track are shown in Fig. 3.
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Fig. 3 Calculation paths for output data (not to scale)

Comparative performancewas then evaluated considering the stress and deflection
profiles.

3 Validation

The models were compared with results from a closed-form beam on an elastic
foundation (BOEF) solution [18] using the trackmoduli indicated in Table 3. Figure 4
compares the BOEF analyses deflections with those calculated below the rails in the
numerical simulations, for the three track types and different support stiffnesses.

For the conventional (sleeper) track system, the calculated deflected profiles are
in close agreement (Fig. 4a). The increased bending stiffness of the ladder and slab
track reduces the maximum deflections and increases the extent of the deflection
bowl (Fig. 4b, c). Minor discrepancies arise as a result of the more complex material
modelling and boundary conditions in the FEM analyses.

4 Results and Discussion

4.1 Deflections

The calculated deflections below the track structure are shown in Fig. 5. The “W”
shape of the deflected profile is more pronounced for conventional track, where the
sleepers are relatively free to rotate. Deflections for the ladder and slab track forms
are very close to each other.

Figure 6 shows the transverse deflections of each track form.Asmight be expected,
the range in deflection is reduced as the stiffness of the track form is increased, and
it is reduced with increasing foundation stiffness.
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Fig. 4 Comparison of FEM and BOEF analysis results: a conventional ballasted, b ladder and
c slab track

Figure 7 shows the longitudinal profile of peak stress transmitted to the foundation
(the top surface of the trackbed) for the three track forms and different support
conditions.

Stresses were determined along the paths indicated in Fig. 3 and were calculated
as the products of the calculated deflections and the specified foundation moduli.
Because the slab and ladder tracks have much greater trackbed (foundation) contact
areas than the conventionally ballasted track system (see Table 2), the reduction in
peak stress for these systems is very significant. Peak stresses are approximately 1/3
and 1/2 of those for conventional track for the slab and ladder systems, respectively,
for the stiffest support case. Peak stresses tend to increase with increasing founda-
tion stiffness. If the support stiffness is non-uniform, the slab track distributes the
loads more evenly, giving more uniform distribution of foundation pressure with
significantly lower peaks. In these simulations, the effective track modulus was kept
constant between the simulations; this will give conservative results in terms of
deflection but may exaggerate the reductions in stress achieved.
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Fig. 5 Deflections at the base of the track, for a trackbed modulus of a 10 N/mm/mm and
b 60 N/mm/mm. Note the vastly different vertical scales

Fig. 6 Transverse deflection (across the track) at the top of the trackbed, for a foundation stiffness
of a 10 N/mm/mm, b 60 N/mm/mm. Stress transfer onto the trackbed

5 Summary

In total, nine simulations were carried on three different types of railway tracks using
3D finite element analysis. The aim was to assess the importance of longitudinal
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Fig. 7 Peak stresses transmitted to the trackbed surface for different track types and a uniform soft
(10 N/mm/mm), b uniform hard (60 N/mm/mm) and (c) non-uniform support conditions



136 T. Rampat et al.

bending stiffness on stresses and deflections, for different track support conditions.
It was found that slab tracks distribute pressuresmore uniformly.Where the support is
non-uniform, slab tracks show better load distribution and more uniform foundation
stresses. The deflection profiles of all the track forms were similar in shape, with
differences mainly in the magnitude of the deflection in both the longitudinal and
transverse directions. In quantitative terms, the results show that for the cases analyses
the peak trackbed stresses can be reduced by as much as factors of 3 and 2 for the
slab and ladder systems, respectively, compared with conventional track for a given
track modulus. The ladder and slab tracks also gave a more uniform distribution of
stress, when spanning over a locally softer support.
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Track Geomechanics for Future
Railways: Use of Artificial Inclusions

Buddhima Indraratna , Trung Ngo , Yujie Qi ,
and Cholachat Rujikiatkamjorn

Abstract Given that current ballasted tracks cannot support faster and heavier
Australian heavy freight trains, the need to develop innovative and sustainable
ballasted tracks for transport infrastructure is crucial. This paper reviews and
discusses the use of artificial inclusions such as recycled rubber mats, end-of-life
tyres, and geogrids to stabilize ballasted rail tracks overlying soft formation soil. It
also presents a novel solution for increasing the stability and resiliency of track struc-
ture by energy-absorbing recycled rubber tyres. This study confirms that a capping
layer confined by tyreswill actively reduce ballast breakagewithin the track substruc-
ture. Numerical simulations employing discrete element method (DEM) are also
carried out to study the micro-mechanical aspects of ballast aggregates and the inter-
action between the particles and inclusions. This study shows that waste rubber prod-
ucts and geosynthetics will eliminate the need for a capping layer in certain terrain
and help to decrease the thickness of the ballast layer. The outcomes of this study
will lead to a better understanding of the performance of ballast tracks reinforced
with artificial inclusions and also help to improve the design and cost-effectiveness
of ballasted tracks, with a view to enhancing passenger comfort and safety.
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1 Introduction

Australian railways offer an efficient mode of transportation for freight and passen-
gers across all the States. However, the dynamic impact loads induced by heavy haul
trains cause breakage, lateral spreading, and settlements of ballast which leads to
rail-tie misalignment and decreased load bearing capacity, all of which compromises
safety and entails frequent track maintenance [1, 2]. For these reasons, conventional
ballasted rail tracks should be enhanced so they can deal with the increased demand
for heavier freight trains.

Artificial inclusions such as geo-composites (e.g. geogrids) and energy absorbing
inclusions (rubber mats) produced from recycled tires are becoming more popular
worldwide because they eliminate the hard interfaces between ballast aggregates and
concrete sleepers. This increases contacts of surface area of the ballast and reduces
ballast stresses [3–8]. Moreover, some of these artificial inclusions can be obtained
through recycledmaterials such as waste tyre, which in a way reduces the stockpiling
of waste materials and the cost of using natural aggregates.

However, since the number of studies that analyse how well synthetic inclusions
actually improved performance of tracks is still limited, this paper reviews current
researchdone at theUniversity ofWollongongAustralia (UOW)using large-scale test
facilities and computational modelling to evaluate the ability of artificial inclusions
(i.e. under-ballastmats, tyre cells, granularwastemixtures, and geogrids) to eliminate
ballast degradation and associated deformation.

2 Large-Scale Laboratory Testing

2.1 Use of Under-Ballast Mat for Improved Performance
of Ballast

The track process simulation testing apparatus (TPSTA) was used to study the effect
that under-sleeper pads (USPs) have on the load deformation of ballast. The testing
chamber of this TPSTA is based on the unit cell of a standard gauge track (800 mm×
600 mm× 600 mm). It has four moveable walls connected by hydraulic jacks placed
on ball bearings and hinges (Fig. 1a), so the walls can be fixed or moved laterally.
The cyclic loading frequency can be applied up to 30 Hz, and the axial load can
simulate a train up to 40-tonne axle load. There are pressure plates and settlement
pegs (Fig. 1b, c) in the TPSTA placed on top of the ballast layer to measure the stress
and ballast deformation during testing. A concrete sleeper with rail is placed on top
of the test specimen to simulate the field condition. Around the concrete sleeper is
filled with shoulder ballast. Further details of the instrumentation and the placement
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Dynamic actuator

Hydralic jack & Load cell Movable walls Pressure plate

Ballast aggregates painted in 
different colors

Settlement peg Sleeper

(a) (b)

(d)(c)

Recycled rubber mats

Fig. 1 TPSTA: a 3D view; b Ballast aggregates and pressure plate; c Settlement pegs; and
d Recycled rubber mat

of track substructure layers, including a plan view and cross section of the TPSTA,
can be found elsewhere [9, 10].

The ballast is ordinary igneous rock aggregates collected from a quarry inWollon-
gong and crushed to comply with Australian standard AS:2758.7: (2015). The
capping layer (sub-ballast) is a mixture of sand and gravel, and the soft subgrade
is a mixture of sandy-clay soil. There is a 10 mm-thick under-ballast mat (UBM)
made from recycled rubber tyres to be placed beneath the ballast layer (Fig. 1d) to
investigate its performance under cyclic loading. The stiffness of the tested UBM
at 5–05 Hz was measured in laboratory, the average Cstat from the three samples is
0.20 N/mm3, and the Cdyn ranged from 0.46 to 0.59 N/mm3 for the UBMmade from
recycled shredded tyre waste. Tests took place under 25 and 35-tonne axle loads
(assumed 40% per sleeper) at varied frequencies (f = 15–25 Hz), during which the
vertical and lateral displacement of the ballast assemblies were monitored at given
time intervals [4]. The thickness of ballast, capping, and subgrade layers typically
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Fig. 2 Measured laboratory test data: a axial strain, ε1 versus load cycles (N); and b lateral strain,
ε3 v.s N (modified after Navaratnarajah et al. [4]-with permission from ASCE)

used for the tests was 300, 150, and 150 mm, respectively. The ballast aggregates
were sieved after each test to determine the amount of breakage. The wall could be
moved outward during the tests, and the associated displacements (i.e. strains) were
measured by potentiometers.

Figure 2 shows the accumulated vertical and lateral deformations and the corre-
sponding strain of ballast (with/withoutUBM).Under a given axle load and frequency
f , the UBM reduced the vertical and lateral strain in the ballast by up to 21 and 12%,
respectively. Moreover, the overall ballast degradation (breakage) had decreased by
35%, and there was an almost 19% reduction in vertical stress at the base of the
ballast–concrete interface.

2.2 Use of Scrap Rubber Tyres for Capping Confinement

Scrap tyres have been trialled at the UOW to confine the capping (sub-ballast) layer
because they provide additional cellular confinement to the infilled aggregates and
also increase the strength and stiffness of the railway track. Indraratna et al. [11]
proposed using rubber tyres as a base for the capping layer where one side wall was
cut and the tyres were infilled with aggregates. A geotextile was placed between tyres
and the subgrade as a separator. Previous studies revealed that from an engineering
perspective, a tyre cell has three main effects: (i) extra confinement provided by the
tyre will increase the stiffness; (ii) it provides more uniform stress distribution onto
the subgrade; (iii) the tyres will also increase the damping of the track and its ability
to attenuate dynamic forces. The TPSTA used to carry out cyclic tests of recycled
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Ballast

Tyre cell

Subgrade

(a) (b)

(c) (d)

Fig. 3 a Recycled tyres before installing the strain gauges, b tyres filled with capping aggregate,
c TPSTA test set-up, d schematic showing the placement of tyre in capping

tyres and confined capping layer is presented in Fig. 3. The cyclic loading frequency
was 15 Hz, and the maximum vertical pressure was 385 kPa to simulate the track
field condition of a heavy haul with 40-tonne axle load running at 115 km/h. The
cyclic loading test continued until 500,000 cycles were achieved.

Measured test results show that having a tyre in the capping layer vastly improved
lateral confinement of infills, thus mitigating the lateral spreading and degradation
of ballast, while improving the damping properties of the system (Fig. 4a). It also
reduced the track modulus (Fig. 4b), which may be of some benefit for sections of
track over rigid foundations such as transition zones and concrete bridge decks where
vertical stiffness should be reduced to avoid abrupt changes in stiffness along railway
embankments.

Finite element modelling (FEM) was carried out to study the beneficial effect that
recycled tyres have on track embankments, as shown in Fig. 5. Details of the FEM
model, including the loading and boundary conditions and the model parameters,
can be found in Indraratna et al. [11]. The simulations showed that with waste tyres,
the stress imparted onto the subgrade was almost 12% less than where there are no
tyres (Fig. 6). In summary, they showed that a capping layer stabilized with rubber
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Fig. 4 a Measured lateral displacement; b measured resilient modulus (modified after Indraratna
et al. [11])

Fig. 5 a Track geometry with recycled rubber tyre, b FEM mesh for recycled rubber tyres, and
c Simulated track section with tyres (modified after Indraratna et al. [11])

tyres reduces the stress transferred onto the ballast and subgrade layers, mitigates
ballast breakage and particle displacements, and enhances damping of the system.
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Location of the deviator stress

(b)(a)

Fig. 6 Role of recycled rubber tyres on: a distribution of subgrade stress, and b distribution of
stresses against depth (modified after Indraratna et al. [11])

2.3 A Synthetic Energy-Absorbing Layer for Railway
Sub-ballast

It has been reported that recycled rubber crumbs (RC) have higher energy-absorbing
property compared to natural aggregates [7, 12–17]. To extend the usage of mining
waste such as steel furnace slag (SFS) and coal wash (CW) in dynamic loading
project (i.e. rail tracks), Indraratna et al. [15] have introduced RC into the blends
of SFS and CW to develop a synthetic energy-absorbing layer (SEAL) for railway
sub-ballast. The rubber crumbs obtained through shredding of waste tyres having
sizes (0–2.3, 0.3–3, and 1–7 mm) were utilized. The optimal waste mixture to be
used as sub-ballast has been optimized as SFS:CW = 7:3 with 10% RC mixing by
weight (i.e. SEAL10), and through a series of comprehensive laboratory tests, the
advantages of adding 10% RC into the mixture of SFS and CW have been identified
as (i) reducing the swelling potential of SFS and the particle breakage of CW, and
(ii) increase the ductility and energy-absorbing properties of the waste mixtures [12–
18]. Qi et al. [17] also proposed an energy-absorbing concept and concluded that
installing the SEAL10 to the rail track will help to reduce the ballast degradation
and minimize the track deformation as more energy input will be absorbed in the
SEAL rather than go to other layers. To verify this, large-scale cubical triaxial tests
using the TPSTA at the University of Wollongong have been carried out to examine
the deformation behaviour and ballast degradation of the track specimen with and
without SEAL10.

Figure 7a illustrates the schematic of the large-scale test specimen, where the
SEAL (150 mm thick) is placed between a layer of 200 mm-thick ballast and a layer
of 100 mm-thick structural fill, and a concrete sleeper with rail is installed on top
of the test specimen. Around the concrete sleeper is filled with the shoulder ballast
(in red). Figure 7b-c shows the procedure for preparing the test specimen. To check
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Fig. 7 a Schematic showing the track specimen incorporating SEAL, b installing the SEAL,
c compacted ballast on top of SEAL, and d install the shoulder ballast and the concrete sleeper

the ballast breakage, the ballast directly under the sleeper was coloured in white and
re-sieved after each test. The cyclic loading test was conducted with frequency f =
15 Hz, and the vertical stress under the sleeper is 230 kPa to simulate a train with a
25-tonne axle load running at 115 km/h. The effective confining pressure was 15 kPa
to simulate the field condition. Each test was completed when 500,000 cycles were
achieved.

The vertical and lateral deformation varying with the loading cycles of the track
specimen incorporatedwith SEAL10 are shown inFig. 8. To compare its performance
with that of a traditional track, the test results from previous studies [4, 9] with
traditional trackmaterials under the same loading conditions are also shown in Fig. 8.
Note that the settlement and the lateral deformation (dilation) accumulate rapidly
before 50,000 cycles due to the initial densification and particle rearrangement, and
then, the accumulation rate gradually decreases to the end of the test. Comparing to
the test results with traditional materials, the test specimen with SEAL10 shows a
promising performance with less settlement and lateral deformation.
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Fig. 8 Settlement and
lateral deformation of the
large-scale cubical triaxial
test with and without SEAL
(modified after Qi and
Indraratna [20])

The ballast breakage is evaluated using the ballast breakage index (BBI) initially
proposed by Indraratna et al. [19] by comparing the particle size distribution curve
of ballast before and after each test:

BBI = A/(A + B) (1)

where A denotes the area enclosed by the particle size distribution curves of ballast
before and after the test, and B denotes the area enclosed by the initial particle size
distribution curve and the arbitrary boundary of maximum breakage. The detailed
definition of BBI is shown in Fig. 9a. Figure 9b shows the BBI of the test specimen
with and without SEAL10, where the BBI of the track specimen with traditional
track materials is around 0.6, while the one with SEAL10 is 0.31, indicating that the
inclusion of SEAL10 can significantly reduce the ballast degradation. This further
verifies the energy-absorbing concept proposed by Qi et al. [17].
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Fig. 9 a Definition of the ballast breakage index (BBI, modified after Indraratna et al. [19]) and
bBBI of the large-scale cubical triaxial testwith andwithout SEAL (modified afterQi and Indraratna
[20])

3 Discrete Element Modelling for Ballast

While the discrete element method (DEM) developed by Cundall and Strack [21]
has been widely used to study the mechanical behaviour of granular aggregates, it
has also been used to simulate ballast grains as it can capture the discrete nature
which contains arbitrarily shaped discrete particles [22–28]. The DEM approach can
simulate ballast particles of various sizes and shapes by bonding many spheres to
represent the actual shape and angularity of ballast (Fig. 10a). A biaxial geogrid
with a 40 mm × 40 mm aperture was modelled by connecting a number of small
spheres, and similarly, the geogrids tested in the laboratory (Fig. 10b). The DEM for
a large-scale direct shear test of geogrid-reinforced fresh and fouled ballast is shown
in Figs.10c-d. Micro-mechanical parameters used to simulate ballast, geogrid, and
coal-fouling material to obtain these parameters can be found in Ngo et al. [24].
DEM simulations for large-scale direct shear box tests were implemented for fresh
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(a) (c)

(b) (d)

Junctions

Ribs

Fig. 10 Simulated large-scale direct shear test for geogrid-reinforced ballast (Ngo et al. [24])

ballast and 40%-VCI-fouled ballast (with/without geogrid). The VCI stands for void
contaminant index, and it has been introduced earlier by Tenakoon et al. [29].

Figure 11 shows a comparison of the predicted shear stress–strain with those
measured in the laboratory (with/without geogrid). Note that this simulation agrees
quite well with the laboratory data from Indraratna et al. [30]. The strain softening
and volumetric dilatancy of ballast shown in all the simulations indicate that the
higher σ n the greater the shear strength and the smaller the dilation. This can be
explained by the interlocking effects that occur between the ballast particles and
geogrid [31].

4 Selected Case Studies for Research Impact

4.1 New Ballast Gradation for Australian Rail Tracks

Other than adopting a subtle modification of British Standards, the standards and
specifications for ballast in Australia have not changed for many decades. Ground
conditions in Australia are completely different from other parts of the world which
is why there is no international ballast design which considers the rate and extent of
particle breakage. Particle breakage caused by the passage of trains has been consid-
ered in the development of new ballast gradations AS:2758.7 [32], which is why the
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Fig. 11 Comparisons between DEM and laboratory test results: a fresh ballast, and b 40% VCI-
fouled fouled ballast (Ngo et al. [24])

60-Graded gradation has been adopted by Sydney Trains (previously, RailCorp) for
the design of new tracks. This new gradation has enhanced the capability for track
upgrades, while allowing greater loads to be carried at increased speeds by utilizing
existing infrastructure with minimum maintenance costs.

4.2 The Use of Geosynthetics with Recycled Ballast

The use of degraded ballast (i.e. recycled ballast from the spoil tips of Sydney Trains)
strengthened with artificial plastic grids increased the internal stability by reducing
themovement of aggregates. By using this technique tomove from theory to practice,
the novel track built at Bulli (north of Wollongong) via a joint collaboration between
RailCorp and the University of Wollongong (UOW) has resulted in a resilient track
that will bear greater train loads with less settlement; this track has been tested
and monitored over a period of two years. This method has proved to be an excellent
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solution for the need to quarry fresh ballast,while proactively contributing to reducing
environmental degradation and saving theAustralian rail industrymillions of dollars.

4.3 New Design Software

Practicing engineers still prefer to develop simplified software that will provide
solutions that are accurate enough for ballasted track design rather than sophisti-
cated numerical modelling. The salient research outcomes that have evolved at the
Centre for Geomechanics and Railway Engineering (CGRE), UOW, over the past
two decades have resulted in a software: SupplementaryMethods of Analysis for Rail
Track (SMART) based onMATLAB subroutines, as themain user interface shown in
Fig. 12. The SMART is unique andmore comprehensive for preliminary track design
and analysis because it is expected to revolutionize the current state-of-the-art of track
design.

Fig. 12 Snapshot of SMART design software developed at UOW
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5 Conclusions

This paper reviews recent studies carried out at the University of Wollongong
Australia to examine the ability of artificial inclusions to minimize ballast defor-
mation and associated breakage induced by heavy haul freight trains. The following
conclusions can be drawn:

• The laboratory tests showed that the inclusion of under-ballast mats (UBMs)
reduced the permanent deformation of ballast and decreased particle breakage
by up to 50% because their energy-absorbing properties reduced the dynamic
amplification of train loads.

• An approach of confining the capping layer with recycled rubber tyres for
increased stability and resiliency of track substructure was tested using large-
scale TPSTA tests under cyclic loading conditions. FEM simulations on the use
of tyres to provide additional confinement to ballasted tracks were also imple-
mented. The laboratory and FEM results proved the role of recycled rubber tyre
by reducing the stress transmitted to the subgrade that could effectively decrease
the required ballast thickness.

• The performance of the track specimen incorporated with a proposed synthetic
energy-absorbing layer (SEAL10) was investigated through a large-scale cubical
triaxial test. The test results showed that the inclusion of SEAL10 reduces the
vertical and lateral deformation of the track, as well as reducing the ballast
degradation by almost 50% compared to test specimen with traditional materials.

• Laboratory tests and DEM simulations on ballast reinforced by geogrids proved
that the geogrid reinforcement plays a substantial role in increasing the shear
strength and controlling the permanent deformations of the ballast. This is
attributed to the aggregate-geogrid interlock mechanism, which contributes to
improved stability of the granular assembly leading to amore uniform distribution
of the internal loads.

• There is no doubt that rubber tyres improved the geogrid–ballast interaction and
increased the confinement of the capping layer, and moreover, the use of rubber
products, particularly on harder subgrades, resulted in improved resilient tracks
with enhanced longevity and stabilitywith significant implications for the ongoing
cost of track maintenance.
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Studying Railway Vibration Projects
with a Focus on Environmental Aspects

Agnes van Uitert, Saeed Hosseinzadeh, Peter Schouten, and Otto Heeres

Abstract As the railway authorities increasingly demand more and faster railway
transport, the existing railway networks are likely to be modified or rebuilt. For this
purpose, an environmental impact assessment is needed. Processing the relevant data
along railway tracks is among themost challenging tasks in ongoing railway vibration
projects. This data includes the types and structural characteristics of buildings along
the track, various ground conditions and vibration characteristics of the railway line.
All GIS-related information concerning the buildings located along the track is being
processed. Moreover, the superstructure and ground conditions are characterized
along the railway track. Thus, cooperation of geotechnical-, railway-, environmental-
and GIS experts is required. In parallel, measurement campaigns are performed
to assess the vibration strength generated by passenger or freight trains along and
perpendicular to railway tracks. After having processed all GIS-related information
as well as measurement data, one should address issues with annoyance due to
vibrations. For this purpose, through analytical and empirical methods, along with
numerical approaches, maximum vibration levels at buildings along railway track
are determined and identified. Subsequently, the vibration levels are assessed against
the threshold levels. An abatement measure is to be performed, if need be. In this
paper, a methodology is introduced where the whole aforesaid process is elaborated.
For this purpose, a case study of a project in the Netherlands involving data along
the railway track is presented and discussed. This methodology can be employed
for similar railway vibration projects worldwide taking environmental aspects into
account.
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1 Introduction

Studying railway-induced ground-borne vibrations, due to economic and environ-
mental concerns, has gained enormous attention over the past few decades. Examples
of adverse consequences of railway-induced vibrations are contained in (e.g. [1, 2]).
The generated ground-borne vibrations may also result in ground-borne noise in the
buildings located in the vicinity of the railway tracks. The theoretical background of
ground-borne vibration and noise is provided in [3].

In the last few decades, several researchers have studied ground-borne vibra-
tions and noise, generated by railway traffic, namely using numerical methods
(e.g. [4–7]), analytical and theoretical approaches (e.g. [8, 9]), experimental and
empirical methods (e.g. [10, 11]) or a combination of numerical and experimental
approaches (e.g. [12]). These studies include railway vibration generated in under-
ground railway tunnel or a surface railway track (e.g. [13, 14]) and in different
geotechnical conditions (e.g. [15]).

Several standards and regulations have been developed for buildings so as to define
target values for vibration and noise generated by railway traffic. Examples of these
standards and guidelines include, but are not limited to, FTA-VA-90-1003-06 in the
USA [16], DIN 4150-2 and DIN 4150-3 [17, 18] in Germany, BS 6472-1 [19] in the
UK, SS 460 4861 [20] in Sweden, NS 8176 [21] in Norway, SBR vibration directive
B by the Building Research Foundation (in Dutch: SBR-B; [22]) and Dutch policy
rules of track vibration (in Dutch: Bts, [23]) in the Netherlands.

Predicting railway vibrations is an inherently complex task involving numerous
uncertainties, especially when performing such analysis over a large area of train
trajectory (e.g. a railway track of tens of kilometres in length). Processing data sets
along the railway track is among the most challenging tasks in existing projects. This
data includes the types and structural characteristics of buildings along the railway
track, various ground conditions and vibration characteristics of the railway track. A
cooperation of geotechnical-, railway-, environmental- andGIS experts is required so
as to address the possible adverse effects with respect to railway-induced vibrations.
In the present paper, the authors aim to present a methodology taking environmental
aspects into account for assessing railway vibration projects worldwide involving
the relevant data along kilometres of railway track.

2 Data Compilation and Analysis

Assessing vibration-related problems along a railway track of tens of kilometres
includes collection and analysis of all related information. Table 1 gives a summary of
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Table 1 Required data for railway vibration assessment studies

Input information Processing (Possible) Outputs

Site investigations Archival research
Interpretation of soil and rock
types and characteristics
Interpretation of
geohydrological data

Geotechnical profiles and
parameters as well as
groundwater table along track

Measurement campaigns Existing tracks:
Measuring velocity and
acceleration signals from trains
New Tracks:
Performing further
investigations (e.g. falling
weight test for measuring shear
wave speed,
seismic CPTs, etc.)

Vibration strength along
different locations/receivers

GIS-data processing Information related to
buildings/dwellings along track
Cadaster information related to
the impact area of project

Structural characteristics of
buildings and dwellings along
track
Foundation characteristics
Distance from
buildings/dwellings to track

Environmental aspects Land use information Determination of availability of
areas for applying abatement
measures

Railway line
characterization

Investigation of superstructure
along railway track

Type of superstructure
including rails and sleepers
along track
Presence of railway level
crossing and turn out and track
circuit

Railway traffic information Investigation of train
characteristics, train speeds and
frequency

Number, type and speed of
trains
Geometry and configuration of
trains

Underground utilities
information

Information related to depth and
position of underground utilities

Type and level of cable and
pipelines
Presence of underground
objects

Structural properties of
buildings positioned along
railway track

Function of the buildings (e.g. a
dwelling), types of floors and
foundations, floor areas, years
of construction, rigidity of
construction

Categorization of buildings
based on different aspects
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required data for railway vibration assessment studies. The required data mentioned
in Table 1 is separately elaborated in the next subsections.

2.1 Site Investigation

As for site investigation, archival research is carried out in the first place. For instance,
in the Netherlands, DINOloket [24] can be used to retrieve site investigation data
conducted in the project area. However, depending on the uncertainty involved, addi-
tional geotechnical laboratory testing as well as CPT or SPT and boreholes along and
within the location of railway tracks are to be carried out. This should be accompanied
by monitoring of groundwater levels.

Additional site investigation is needed allowing both to determine the stratig-
raphy as well as the dynamic characteristics of ground layers at the considered track
location.

2.2 Measurement Campaigns

The in situ vibration measurements are to be performed along and perpendicular to
railway track within the area of train trajectory. This helps practitioners determine
the ground-borne vibration levels as well as damping characteristics of ground layers
along railway track. For this purpose, several measurement points are chosen based
on the location of considered buildings in a project as well as different distances to the
centre of the railway track. The number of measurement points is highly dependent
on the number of profiles considered in a project. The duration of measurements
along the existing lines is usually a couple of days in order to acquire an insight
into the damping characteristics of the ground along the railway track for different
types of trains as well as to establish the variation in excitation due to different train
configurations.

For conventional railway traffic, the measured data is divided into freight and
passenger trains and different vibration strength depending on speed and types of
trains. The latter may affect the magnitude of source vibration strength and the
dominant vibration frequency. After having collected the needed measurement data,
a filtering process is performed to provide the input data in terms of the characteristic
sets of induced vibrations and damping characteristics for an analytical/empirical
model.
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2.3 GIS-Data Processing

In order to pinpoint all the spatial information related to buildings positioned along
railway track, cadastral information is needed. This information includes, among
others, number of inhabitants per dwelling, distance to the railway track, construction
year, building function (e.g. housing, office, etc.) and building size. Based on archive
data, the types of buildings including floor type (e.g. wood or concrete), foundation
type (e.g. shallow foundation or founded on piles) and number and area of floors are
determined and coupled to the GIS-model.

2.4 Environmental Aspects

While commencing a vibration project with data acquisition, one also needs to collect
environmental land use-related data including, but not limited to, presence of green
areas, position of trees along railway track of project area, building with sensitive
function in the vicinity of the railway track, etc.

Along with predicting vibration levels at buildings positioned along railway track,
one also needs to assess annoyancedue to vibrations.Moreover, an additional analysis
may be required to assess the risk of damage to structures (including dwellings) due to
vibration as well as the chances of exceeding the allowable values of low-frequency
ground-borne noise in the buildings. The first requires an insight into the ground
conditions where layers sensitive to vibratory compaction are present. Both of them
require an insight into structural properties of the buildings.

2.5 Railway Line Characterization

Railway line is to be characterized depending on the types of superstructure. This
includes types of track, i.e. ballastless or ballasted tracks, type of rails and sleepers,
type of fasteners, presence of dampers, track layout and configurations, level crossing,
track circuit (i.e. a device showing if a train is present on the track), etc. In effect, all
unevenness in the track–train interaction system would affect vibration levels. It has
been observed in Arcadis projects that a defect in railway track circuit would lead to
significant changes in measured ground-borne vibration levels.

2.6 Railway Traffic Information

In order to assess the vibration strength, the number of trains as well as types of
trains (e.g. freight or passenger trains) need to be evaluated. This will define the train
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speed and dominant frequency generated at different locations. For a measurement
assessment, the train geometry and configuration are also needed.

2.7 Underground Utilities Information

In case of a track on embankment, the presence of any fixed underground object may
locally affect the vibration strength. Therefore, it is of importance to pinpoint all
the underground utilities before defining the measurement campaign. Underground
utilities include cables, pipelines, etc. It has been observed in Arcadis projects that
a pipeline present at the site location in the vicinity of railway track would lead to
significant changes in measured ground-borne vibration levels.

3 Approaches

3.1 Prediction Model

After collection and analysis of the above-mentioned data, the vibration prediction
model through analytical/empirical approach can be built up so as to predict vibration
levels considering the relevant frequency ranges as well as different distances from
the track. A data analysis is conducted to process data sets including GIS-related
data coupled to the above-mentioned model over the entire length of the project
which is incorporated in the prediction model. Field measurement data is used to
calibrate the prediction model. The model is employed for predicting vibration levels
at each location along the track considered in a project both for reference and future
situations.

In some projects, numerical analyses are used in the first place to predict vibration
levels. Examples of such cases are design of new tracks, when the track is constructed
in a tunnel or underpass or an underground station as well as complex geometries
and soil–structure interactions in different directions along the track (e.g. presence
of railway structures). Other examples include the locations where the allowable
vibration levels exceed threshold values according to national standards and where
an “abatement measure assessment” must be carried out. In spite of advantages
of numerical modelling, they can be quite time consuming compared to analytical
models.

In the common practice, a combination of analytical and empirical methods along
with numerical approaches is used. Examples of numerical techniques employed
for this purpose are displacement-based FEM (e.g. [25]), infinite elements, finite
elements in which an analytical solution is incorporated and finite differencemethod.
The focus of this paper is not on numerical analysis.
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3.2 Assessment Against National Directive

After having predicted the ground-borne vibrations, a comparison is made between
the obtained results and the allowable threshold values defined by the standards and
regulation at the considered location. In the Netherlands, the threshold vibration
levels for each single property positioned along the railway track are determined
based on national regulations (Bts). This is carried out based on the determination
of the maximum vibration level (Vmax) recorded at the location of a property and
the average vibration level (V per) based on measurements during a certain period
of time through the passage of trains. Vibration assessment according to Bts [23] is
shown in Fig. 1. Once the allowable levels of Vmax or V per as defined in Bts [23]
are exceeded, an abatement measure assessment has to be performed. The allowable
vibration levels are shown in Table 2.

The assessment is performed for existing tracks in case of planned modifications
of alignment of the tracks or train operations. For this situation, an increase of 30%
in the maximum vibration level is accepted provided that the upper threshold value
is not exceeded, as such an increase is considered not to be noticeable for human
beings.

Y

BTS requirements met and
no abatement measures required

N

NN

Y Y Y

Abatement measures required to reduce 
vibration to an acceptable level of 

Y

N

N

Y

, ≤ 1,

,

, ≤ 1.3 × , , ≤ 2 , ≤ 3.2

, ≤ 3 , ≥ ,
1.3 × , or , ≤ 2

Abatement measures required to reduce 
vibration to an acceptable level of 1.3 × , or , ≤ 2

Abatement measures required to reduce 
vibration to an acceptable level of 

N

Fig. 1 Vibration assessment according to Bts [23] in which Vmax,f and Vper,f denote vibration
levels for future situation; whereas, Vmax,r and Vper,r imply vibration levels for reference or current
situation

Table 2 Allowable vibration levels according to Bts [23]

Building/dwelling
function (−)

Day and evening period (07:00–23:00) Night period (23:00–07:00)

Vmax Vper Vmax Vper

A1 A2 A3 A1 A2 A3

Dwellings and
health centres

0.2 0.8 0.1 0.2 0.4 0.1

Offices and
educational centres

0.3 1.2 0.15 0.3 1.2 0.15
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Fig. 2 Map of the
Netherlands with
approximate project location.
Inset: the section considered
in this study (adapted from
Google Earth)

4 Case Study and Discussions

In this paper, a project in the Netherlands is discussed as an illustration of the above-
mentioned aspects which need to be considered in the assessment of railway-induced
vibration and noise. In this paper, the focus is given to vibration only.

4.1 Project Description

The project comprises an approximately 40-km-long existing railway track. At two
locations, additional tracks are planned aswell as twoviaducts, someunderpasses and
a tunnel construction in order to increase the number of passenger and freight trains.
In this project, more than 25 reference locations were chosen in whichmeasurements
were performed. At each location, 2–3 geophones were employed. In addition, video
cameras and microphones were employed throughout the measurement period in
order to identify the type of the trains as well as disturbances. A section of approxi-
mately 200 m is considered in this paper. The approximate location of the project is
shown in Fig. 2.

At this location, railway traffic includes both passenger (both local and intercity
trains) and freight trains. The speed of trains (both for reference and future situations)
iswithin a range of 80 km/h to 140 km/h. That is, for freight trains, the speed increases
from 80 km/h to 100 km/hwhile no speed changes to the passenger trains are applied.

4.2 Ground Conditions and Measurements

Ground conditions consist mostly of loosely to medium sand with intermediate thin
soft layers such as clay or peat. The in situ vibration measurements were performed
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Fig. 3 Schematic layout of measurement points along the railway track. Inset: a geophone placed
perpendicular to the railway track at the project location

for the considered location to determine the ground-borne vibration levels along the
railway track as well as to determine the damping characteristics of the soil layers.

For this purpose, several measurement points were chosen based on different
distances from the centre line of the railway track as shown schematically in Fig. 3.

Dominant frequencywas determined based on themeasurements performed at the
site location. The representative frequency is in a range between 16 Hz and 31.5 Hz.

Damping factors (α and n, based on Barkan’s equation [26], Eq. 1) for passenger
and freight trainswere determinedbasedon themeasurement data. Equation1 implies
the relationship between the effect of damping factors on vibration strength against
the distance from the source of vibration:

CGround =
(r0
r

)n
e−α(r−r0) (1)

where CGround is a factor considered for geometric transformation in the ground
(considering both spatial and physical damping), α is the material damping factor
ranging from 0.01 to 0.05 for both passenger and freight trains for different frequen-
cies, n is the geometrical factor for attenuation ranging from 0.1 to 0.2 for both
passenger and freight trains for different frequencies, r is the distance between the
vibration source and receiver, and r0 is the reference distance from the source (i.e.
5 m).

4.3 Abatement Measures

For selecting a suitable measure, a cost–benefit analysis was performed for those
locations where threshold values are expected to be exceeded based on analyses.
Application of abatement measures at the location of receivers (e.g. a building)
requires permission from the owners and may also be quite costly, especially in case
the structural or functional characteristics of the building are subsequently subject
to adjustments; which is why these measures are usually not preferred. As at the
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relevant locations more than four tracks will be present in the future situation, it
was also not be economically feasible to propose measures on the track at these
locations. Therefore, measures in the propagation path, namely stiff barriers, were
studied. For this purpose, the effectiveness of stiff wave barriers using diaphragm
wall and jet grouting techniques were studied through numerical modelling. The
characteristics of both methods are summarized in Table 3. These measures with
similar thickness and depth of the walls, however costly and intrusive they seem, are
common in Dutch practice and have been applied to several projects. This is due to
the favourable ground conditions and limited working space.

In practice, different criteria such as effectiveness, suitability, practical applica-
tion, maintenance, robustness and costs of the abatement measure are considered
in an abatement measure assessment. For this location, a sensitivity analysis was
performed through numerical modelling with respect to the effectiveness of the
measures. However, the measurements were first used to validate the reference simu-
lations performed by dynamic FEM analysis [25] in the time domain. An example of
the loading plan used in FEM analysis is shown in Fig. 4. This is determined based
on the geometry, type and speed of the passing trains.

Table 3 Characteristics of both diaphragm wall and jet grouting techniques

Technique (−) Diaphragm wall Jet grouting wall

Construction method Bentonite stabilized excavation of
approx. 1-m-wide trenches that are
filled with concrete

Injected cylindrical column of
approx. 1.5 m diameter

Young’s modulus (GPa) Up to 30 GPa From 2 GPa to almost 5 GPa
depending on soil structure

0.0
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Fig. 4 Example of a loading plan employed for numerical modelling for a train speed of 80 km/h
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Fig. 5 Comparison between
the numerical analyses
performed for the considered
location (without measure)
and the freight train vibration
measurement data with
dominant frequencies
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Viscous boundary conditions were used at the boundaries of the model so that
the model absorbs the seismic waves avoiding wave reflections. Undrained condi-
tion is considered in cohesive soils, and fully drained conditions are assumed only
for non-cohesive layers. Dynamic geotechnical parameters were obtained via site
investigations (see Table 1).

Figure 5 shows a comparison between the results of numerical modelling (with a
train speed of approximately 80 km/h corresponding to the upper bound dominant
frequency) and in situ vibration measurements of the freight trains. Two dominant
frequencies (i.e. 16 Hz and 31.5 Hz) were employed in this comparison. As seen in
Fig. 5, the numerical analysis for this location underestimates the vibration level at
short distances from the track. This can be possibly attributed to the simplification
in FEM analysis with respect to the ground behaviour during dynamic loading,
material damping characteristics and interaction between the vibration source and
the railway track system. That being said, a good agreement is observed between the
measurement data and FEM analysis results between the average distances of 20 m
and 30 m from the track.

The location of the considered dwellings in which the measurements were
conducted is about 20–25 m away from the track. This implies that the FEM analysis
results correspond to the measurements for the considered location.

The model was further used to calculate the effectiveness of the measure, which
is determined as the ratio between the calculated vibration level with the application
of stiff wave barrier and the reference situation (where no stiff barrier is modelled).
The following are the key points from these analyses:

• A reduction of 6–7 dB is achievable by applying a 15 deep and 0.5-m-wide
diaphragm concrete wall at 6 m distance from the railway track. By considering
an 18-m-deep jet grouting barrier with an average thickness of 1.0 m, the same
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effectiveness as that of a diaphragm concrete wall could be achieved at the same
location.

• Jet grouting differs from diaphragm wall in terms of the stiffness of the barrier
material as well as its installation process. This implies that the contrast between
the stiffness of the jet grout barrier and the surrounding soil is less compared to
that of a diaphragm concrete wall barrier in the same strata. This, in the authors’
view, has significant impact on the effectiveness of the measure.

• From the results at this location, it was concluded that increasing the width of
the stiff wave barrier for both jet grouting and diaphragm wall techniques has a
minor impact on the effectiveness of the measure. However, it was observed that
a decrease in the depth of barrier leads to a significant change in the performance
of barrier.

• It was observed that not only the dimensions of the barrier and its stiffness affect
the effectiveness of the barrier, but also the position of the wave barrier relative
to the tracks and the receptor buildings. It was observed that, at this location, the
closer the position of the wall to the track, the greater the effectiveness will be.
It was also observed that a good effectiveness is realized with the barrier close to
the receiver.

5 Conclusions and Recommendations

In this paper, a methodology for assessing environmental impact of railway vibration
on thousands of buildings along tens of kilometres of railway track was put forward
as shown in Fig. 6. This includes the prediction of vibration level at each individual
building along the railway track in the project area as well as an abatement measure

Fig. 6 Methodology for assessing environmental impact by railway vibrations—a reference
building is the location in which measurements on foundation and floor levels are carried out
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assessment based on a cost–benefit analysis. This can also be applied to other projects
worldwide.

From a practical perspective, a few aspects are recommended to be considered as
follows:

(1) The effect of changes in groundwater table on ground-borne vibration
measurements.

(2) The effect of railway structures including railway turn outs (points) and level
crossings on ground-borne vibration levels.

(3) The effect of thickness of embankment on ground-borne vibration levels
especially in far distances from railway track.

Further study will contribute to a better understanding of railway vibration impact
as support to railway authorities and practitioners in planning of future railway
projects.
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Receptance Test Performed
on a Laboratory Ballasted Track Section
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Peter Woodward, and Omar Laghrouche

Abstract A receptance test was performed in a ballasted track section with three
sleepers after cyclic loading tests. This physical model is installed in the laboratory
ofHeriot-Watt University. The ballasted track is resting on a compacted substructure
that is characterized by a frost protection layer (FPL), subgrade and geosynthetic-
reinforced soils (GRS). A geogrid TX190L was placed between the ballast and FPL.
The ballasted track is characterized by BS113A continuous rails, elastic pads and
threeG44 sleepers (spaced 0.65m) embedded on the ballast layer. The receptance test
is a helpful tool in the identification of the resonant frequencies that characterize the
dynamic behavior of the track, and the results can be used in a calibration process of a
numericalmodel. The response of the trackwas evaluated through the accelerometers
placed on the head and web of the two rails and on the sleepers. The experimental
tests were performed over the three sleepers, and the obtained results were compared
taking into account the coherence function. Furthermore, the identification of the
main resonant frequencies (full-track resonant frequency, anti-resonant frequency of
the sleepers and rail resonant frequency) was also analyzed considering the accuracy
of the obtained results in terms of coherence (only values higher than 0.9 were
considered).
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1 Introduction

The receptance tests allow identifying the resonant frequencies of a railway structure.
As expected, the response of the ballasted track is influenced by the stiffness of the
structure [1]. Indeed, the ballast and the subgrade properties have an important role
in the performance of the ballasted track and also have a significant influence on the
dynamic response of the track when solicited by an impulse [2].

The behavior of the railway track varies according to the characteristics of
the applied load. Indeed, the response of the structure can be divided into three
main groups: low frequency (0–40 Hz), medium frequency (40–400 Hz) and high
frequency (400 Hz until 1500 Hz) [3]. Considering this range, many studies state
that the low frequencies are dependent on the mechanical properties of the substruc-
ture (mainly the foundation), while the ranges of the medium and high frequencies
are related to the properties of the materials of the track such as the rails, rail pads,
sleepers and ballast layer.

The receptance tests allow minimizing the uncertainty associated with the prop-
erties of the elements of the railway’s track (since the dynamic response of the track
depends on these properties). Indeed, the receptance test has been widely used in
the numerical calibration. For example, this method was used to explain the rail
roughness growth [4], the railway rolling noise emission from wheel and track [5],
to obtain the track parameters in the scope of the environmental impact of ground-
borne vibration from railway traffic [6, 7] and also used as a tool in the study of
possible mitigation measures such as the use of a stiff wave barrier in the soil [8].
Furthermore, the hammer test was also used to evaluate and monitor the dynamic
properties of the rail pads [9, 10] and more recently the dynamic properties of the rail
ballast [11]. Moreover, the hammer test was also performed to study the propagating
wave types in railway tracks at high frequencies [12]. More lately, the receptance test
was used as a tool to calibrate and describe the dynamic behavior of the train-track
system [13]. Thus, from the receptance curves, the numerical model can be calibrated
by an inversion procedure in order to obtain a reasonable fit between the computed
and measured receptance values [14].

This work aims to explore the resonant frequencies of a ballasted track section
placed at the laboratory ofHeriot-Watt University and understand the influence of the
cyclic tests performed previously, which can cause asymmetries since the railway
structure is submitted to more than 3 million load cycles (increasing its degrada-
tion).This physical model is a special structure because it is a “finite” structure with
the development of only 2.2 m (three sleepers spaced 0.65 m). This was the main
challenge of this work since the regular/traditional receptance tests are performed
on a ballasted track with infinite extent. The tests were performed in a partnership
between an extensive team.
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2 Receptance Test

In this case study, the receptance test was performed in a ballasted track section (L =
2.2 m) at the laboratory of Heriot-Watt University, following the similar procedures
described in [15].

In order to obtain the dynamic behavior of the track, an impulse load was applied
by an instrumentedhammer to the rails and sleepers. Theheadof the hammer is instru-
mented with force transducer and the track (rail and/or sleeper) with accelerometers.
The range of the excited frequencies is defined according to the characteristics of the
hammer. From the performance of the receptance test on this ballasted track, three
main resonant frequencies are expected to identify:

• A: full-track resonant frequency;
• B: anti-resonant frequency of the sleepers;
• C: rail resonant frequency.

In this case, it is not probable to identify the pin-pin resonant frequency because it
occurs, generally, for higher frequencies (between 400 and 1200 Hz). This frequency
depends on the support spacing, and on the bending, and shear properties of the rail.

In order to understand the shape of the vibration modes identified previously, a
schematic representation is depicted in Fig. 1.

The full-track resonant occurs for frequencies within 40–140 Hz. The vibration
mode shape is characterized by a vertical vibration of the rail and sleepers over the
supports. This resonant frequency is highly influenced by the properties of the ballast
and foundation soil.

The anti-resonant occurs between a pair of resonant frequencies. An anti-resonant
frequency is observed in discretely supported tracks (as in this case) with two elastic
layers and occurs in frequencies between 80 and 300 Hz.

a) b)

c) d)

Fig. 1 Resonant frequencies: a full-track resonant frequency; b anti-resonant frequency of the
sleepers; c rail resonant frequency; d pin-pin resonant frequency (adapted from [3])
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The vertical vibration of the rail over the supports is highly dependent on the rail
pads properties (stiffness and damping) and rail properties. This resonant occurs in
frequencies between 250 and 1500 Hz.

3 Laboratory Testing

3.1 Ballasted Track—Description

The traditional ballasted track is composed of the superstructure and substructure.
The superstructure includes the rails, rail pads, fastening system and sleepers. The
substructure is composed of the ballast, sub-ballast and subgrade.

The substructure of the tested ballasted track is composed of frost protection layer
(FPL), subgrade and geosynthetic-reinforced soils (GRS). Between the ballast and
FPL (in order to reduce the penetration of ballast to the substructure), a geogrid
TX190L was placed.

The ballast consists of micro-granite with a moisture content of 0.5%. This mate-
rial was placed considering four layers of 100 mm until reaching the 400 mm
measured to under the sleeper. The bulk density after compaction was equal to 16
kN/m3 [15].

In these experimental tests, G44 sleepers (embedded on the ballast layer) were
placed at 0.650 m spacing and lower elastic pads from a slab track tests (used during
the static and cyclic)were used as rail pads [15]. The static stiffness of the lower elastic
pad was approximately 22.5 kN/mm, and the dynamic stiffness was approximately
40 kN/mm. The Pandrol fastening system was used to lock the rails to the sleepers.
Regarding the rails, three segments (Fig. 2) of BS113A (56E1) were adopted during
the cyclic tests. However, before the receptance tests, the segment rails were replaced
by the continuous rails since the bending stiffness of the rail influences the results of
the test. A perspective of the experimental ballasted track is depicted in Fig. 3.

Fig. 2 Example of segments
of rails (three) in a ballastless
track used in the cyclic tests
[15]
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a)

b) c)

Fig. 3 a, b Experimental ballasted track; c Perspective of the experimental structure

3.2 Setup of the Receptance Test

The analysis of the dynamic response is usually performed in the frequency domain
using a transfer function (receptance) that relates the frequency content response
with the frequency content impulse. The receptance represents the inverse of the
dynamic flexibility of the track:

receptance(m/N ) = displacement/force (1)

To apply this transfer function, it is necessary to determine the dynamic displace-
ment of the track. During the performance of the receptance test, the track is excited
by an impulse through the use of the instrumented hammer—model 086D50—and
the response of the track is evaluated through the accelerometers placed on the rails
and sleeper. In this case, the impulse was applied to three points (Fig. 4): (1) head of
the right rail; (2) head of the left rail; (3) middle of the sleeper.

The large-sledge impulse hammer from PCB Piezotronics has a mass equal to
5.5 kg, a measurement range ± 5000 lbf pk (±22,240 N pk) and a sensitivity equal
to (±15%) 1 mV/lbf (0.23 mV/N).
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a) b)

Sleeper 1

Sleeper 2

Sleeper 3

Fig. 4 Setup of the receptance test: a representation; b general perspective of the structure and
setup

The response was evaluated on the rails and on the sleepers considering the posi-
tion of the accelerometers. The setup of the experimental test, depicted in Fig. 4, is
characterized by the instrumentation of four points on the rails and two points on
the sleeper. The accelerometers are fixed on the rail and on the sleeper by magnets,
angle brackets and metal plates. In this work, two accelerometers of 5G (Acc2 and
Acc3) and two accelerometers of 50G (Acc13 and Acc14) were used to measure the
displacements of the rails. The 5G accelerometers were placed on the head of the
rails and 50G on the web of the rail profile. Furthermore, two 5G accelerometers
were placed on the edge of the sleeper (Acc0 and Acc1), as depicted in Fig. 4.

The signal of the hammer and of the accelerometers is acquired and conditioned
through a system composed of the modulus NI CDAQ-9172 that is equipped by
plates IEPE and controlled by a portable computer.

Throughout the receptance test, the accelerometers (Acc0, Acc1, Acc2, Acc3,
Acc13 and Acc14) were moved from one sleeper to another, keeping the same setup.
In the analysis of the results of the sleepers placed at the extreme positions (sleeper
1 and 3), some difficulties were found on the interpretation of the tests because of
the results of the coherence function.

After acquiring the signals of the accelerometers and the instrumented hammer,
the transfer function between the impulse and the displacements of the observation
points is determined considering a certain number of events (in this receptance test,
the number of events is between 50 and 100). The number of events corresponds to
the number of impulses applied by the hammer. The obtained signals consist of a set
of impulses applied, as depicted in Fig. 5. The separation of the several impulses in
isolated events was performed through an algorithm that allows identifying each one
of the peaks and events. The analysis of the results was performed for each event.
After this procedure, the final receptance curve consists of the average of the whole
set of events treated previously.

Thus, a significant number of events allows evaluating the coherence of the
acquired signals. The experimental receptance function is determined by the
following expression:
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Fig. 5 Temporal register of the force applied by the hammer on the head of the rail

Hexp(ω) = xmi (ω)

ω2xmm (ω)
(2)

where xim(ω) and xmm(ω) are the mean acceleration of a certain observation point
and the mean of the impact force, respectively (in the frequency domain). These
values are obtained by the following expressions:

xmi (ω) = 1

N

N∑

k=1

xki (ω) (3)

xmm (ω) = 1

N

N∑

k=1

xkm(ω) (4)

where N corresponds to the number of events.
From the number N of events of the receptance tests, the coherence between

the excitation and the response is determined in order to evaluate the quality of the
acquired signals.

3.3 Experimental Results and Analysis

The experimental tests show good results on the middle sleeper (no. 2). However, as
mentioned previously, in the sleepers placed on the extreme positions (no. 1 and 3),
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the coherence results are very poor and it may not be possible to use the receptance
results in a calibration process, as depicted in Fig. 6.

This fact can be justified by the rigid boundaries and also asymmetries of the
structure due to the cyclic tests performed as described in [15]. Indeed, during the
cyclic tests, segment rails were used, which means that it is not possible to justify
the poor coherence results with the possible bending of the rail since the continuous
rails were only placed after the cyclic tests.

In Fig. 7, an example of the experimental hammer impulse is presented in the
time and frequency domain. This particular impulse was applied to the head of the
rail to obtain the receptance function.

Thus, a significant number of events allowevaluating the coherence of the acquired
signals. The coherence function—γ(ω)—varies between 0 and 1. The coherence
equal to one means a good coherence of the results (signal with high quality). This
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value is hard to obtain due to some noise of the signal. Experience shows that values
of less than 0.9 of coherence should be ignored. The coherence function is determined
by the following expression:

γ 2(ω) = Smmi (ω)S
m
mi (ω)

Smmm(ω)S
m
ii (ω)

(5)

where Sii corresponds to the power spectrum. The dash represents the conjugate of
the variable.

Figures 8 and 9 presented the coherence and receptance results for the sleeper no.
2 considering the application of the impulse on the head of the rail and middle of the
sleeper, respectively. The results include the response of the accelerometers 5G and
50G placed on the rail.

Analyzing the results of both impulses, the coherence results show that it is only
possible to use the results for frequencies below 400 Hz. Above this value, the
coherence is very low. Furthermore, the receptance results allow identifying verywell
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the full-track resonant frequency (around 50–100 Hz) and the rail resonant frequency
(around 300 Hz). The anti-resonant rail is probably occurring around 200 Hz. The
pin-pin frequency was not identified since it occurs for higher frequencies.

In order to evaluate the influence of the performance of cyclic tests before the
receptance tests, the symmetry of the structure was analyzed comparing the recep-
tance results of both rails and sleepers from both sides. Considering the impulse
applied in the middle sleeper, the receptance results were compared. In Figs. 10a, b,
the response of the sleepers and the rails is compared, respectively. Due to a fault on
the accelerometer 3, the 50G accelerometers were used instead of 5G.

The results depicted in Fig. 10 show that the dynamic behavior of the integral
structure may not be performed in symmetric conditions since the experimental
curves are not overlapping.

4 Conclusions

A receptance test campaign was carried out in a ballasted track section installed in
the laboratory of theHeriot-Watt University. This physical model has several advan-
tages when compared to the real-field ballasted track (linear structure) since the tests
are performed in a controlled environment, which means that it is easier to charac-
terize/parameterize the materials. Indeed, there is control over the used materials,
its quality, compaction conditions, etc. However, the geometry of the laboratory
physical model, and consequently the boundary conditions, can have an influence
on some test results as has been pointed out for the receptance tests. Additionally,
in this receptance tests setup, this track section was previously submitted to more
than 3 million loading cycles which can lead to the degradation of the structure.
These constraints inherent to the laboratory ballasted track section influenced the
receptance test results and analysis, which are summarized as follows:
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• the test results show that there is not a total overlap of the experimental curves
from tests in symmetric conditions, which means that the dynamic behavior of the
integral structure may not be totally symmetric, probably due to the compaction
conditions of the substructure and the differential settlements induced by the cyclic
loadings;

• only the receptance tests on the middle sleeper show results above the coherence
limit (0.9) until 300–400 Hz.

Further research is necessary to investigate the influence of boundary conditions
in the receptance curves and also the heterogeneity of the structure under testing.
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Investigation Into the Mechanical
Behavior of Track-Bed Materials
with Different Grain Size Distributions
of Coarse Grains

Shuai Qi, Yu-Jun Cui, and Ren-Peng Chen

Abstract In French ancient railway substructure, the interpenetration of ballast and
subgrade soils formed a new layer, namely interlayer. Along the depth, a decreasing
trend of ballast content was identified in field investigation. In this study, the effect of
Cu of coarse grains on the mechanical behaviors of interlayer soils was investigated
by carrying out monotonic triaxial tests. Five volumetric contents of coarse grains f v
(5, 10, 20, 35, and 45%) and threeCu values were considered. Also, X-rayµCT scans
were performed on representative samples to visualize the grain distributions. Results
show that: (a) at each Cu value, from the variation trend of qmax with f v, a charac-
teristic volumetric content of coarse grains f v-cha was identified, defining two soil
fabrics (namely fine-fine contact structure and grain-grain contact structure). When
Cu decreased, f v-cha increased since fewer grain contacts were developed at smaller
Cu; (b) in the case of grain-grain contact structure, the decrease of Cu increased the
maximum deviator stress qmax, friction angle, Poisson’s ratio and dilatancy angle,
sincemore large grainswere involved at smallerCu; (c) in the case of fine-fine contact
structure, the Cu decreasing led to decreases in qmax, friction angle, Poisson’s ratio
and dilatancy angle due to smaller quantity of coarse grains; (d) for two soil fabrics,
the variations of Young’s modulus and cohesion with Cu shared the same pattern:
the smaller the Cu, the larger Young’s modulus and the cohesion.
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1 Introduction

In France, conventional railway lines constitute 94% of the total railway network.
Unlike the new lines, the conventional ones were built by directly putting ballast on
the subgrade without setting a separation layer. Under the effect of train circulations,
the ballast and the subgrade soils interpenetrated into each other, creating a new layer,
namely interlayer. Field investigation showed that the ballast content decreased with
depth. This decreasing trend roughly defined two soil fabrics: a ballast grain skeleton
for the upper part and a fines matrix with ballast drowned in it for the lower part.
The dry density of the interlayer was pretty high (2.4 Mg/m3), defining a favorable
mechanical behavior. Thus, during the renewable program for conventional lines, the
interlayer was kept in the railway substructure.

As the grain size distribution (characterized by the coefficient of uniformityCu) of
the ballast contained in the interlayer can vary fromone site to another, themechanical
behaviors of the interlayer can change accordingly. The effect ofCu was investigated
in this study by performing monotonic triaxial tests on a microballast/fines mixture
with five volumetric contents of coarse grains (5, 10, 20, 35, and 45%). Three Cu

values (2.72, 2.01, and 1.12) of coarse grains were considered. In addition, X-ray
micro-computed tomography (µCT) scanswere carriedout on representative samples
to visualize the distributions of coarse grains. Based on the testing results, the effect
of Cu on mechanical behaviors was analyzed.

2 Materials and Methods

Considering the difficulty of obtaining enough interlayer soils from the field, the
constitutive fine soils and coarse grains were fabricated in the laboratory. For the
preparation of the fine soils, a method proposed by Lamas-Lopez [8] was used,
in which nine different commercial sands and clays were mixed at a global water
content of 4%. Their mass proportions were determined according to the grain size
distribution of the fines at “Sénissiat site” (Fig. 1a). After mixing, the grain size
distribution of the fabricated fines was measured (see Fig. 1a), which agreed well
with the in situ one. The liquid limit and the plasticity index of this fine material were
identified as 32.0 and 20.0%, respectively. According to the standard of American
Society for Testing and Materials D2487-11 [1], this fines material was lean clay
(CL).

The maximum grain size of the field ballast can reach 63mm, which was too large
to be tested in the triaxial cell with 100 mm diameter adopted in this study. To elim-
inate the sample size effect, the ratio between sample diameter and maximum grain
size was controlled to be 5, following the suggestion proposed by Nitchiporovitch
[10] and Pedro [11]. This ratio was also widely adopted by many researchers [2–4,
15–17]. Indeed, as recommended by Vallerga et al. [13] and Chen et al. [5, 6], the
ratio of 3 to 4 times is large enough for the triaxial tests. Thereby, the selected ratio
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Cu values

of 5 can be considered to be reasonably sufficient to reflect the real behavior of the
studied soils. In Wang et al. [16], a microballast material was designed (termed as
S1 in this study), with its grain size distribution (Fig. 1b) determined based on that
of the field ballast at “Sénissiat site” (Fig. 1b) by using the parallel gradation method
[9]. To fabricate S1, three commercial grains were mixed with a mixing machine.
The mass proportions of these three coarse grains were determined according to the
grain size distribution of S1.

To study the effect ofCu, by reducing the proportion of smaller grains as compared
to S1, another two microballast materials were designed and fabricated, which were
termed as S2 and S3. The designed grain size distributions of S1, S2, and S3 are
put together in Fig. 1b, their Cu values being 2.72, 2.01, and 1.12, respectively. As
can be observed, when Cu decreased, the curve became steeper and the grain size
range became narrower, defining a more uniform pattern. The fabricated grain size
distributions of S1, S2, and S3 were also measured and plotted in Fig. 1b, which
showed good agreements with the designed ones.

In order to quantify the coarse grains in a sample, a parameter, namely volumetric
content of coarse grains f v was adopted, defined as the ratio of the volume of the
coarse grains V c to the total sample volume V total. The total sample volume can be
calculated by the sample dimension (100 mm diameter and 200 mm height). For a
certain f v value, the volume of the coarse grains can be determined easily. Then,
the dry mass of the coarse grains can be obtained with the dry unit mass of the
coarse grains (ρs-c = 2.68 Mg/m3). For the fine soils, its volume V f was obtained by
subtracting the coarse grain volume V c from the total volume V total. Note that all the
pores are assumed to be included in the fines volume. The fines soils in all samples
were kept at the optimum state defined by the optimumwater content wopt-f = 13.7%
and the maximum dry density ρmax-f = 1.82 Mg/m3. With these two parameters, the
dry mass of the fines and the water can be calculated accordingly.

In this study, five f v values (5, 10, 20, 35, and 45%) and three Cu values (2.72,
2.01, 1.12) were considered. Note that the case of Cu = 2.72 has been studied by
Wang et al. [16] and the relevant testing results were taken for comparison. For the
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sample preparation, water was firstly sprayed to the fines to achieve the optimum
water content of 13.7%. Then the wetted fines were stored in a hermetic container
for 24 h for moisture homogenization. Afterward, these fines soils were mixed with
the dry coarse grains. Finally, the mixture was compacted into a mold in three layers
to obtain a sample with dimensions of 100 mm diameter and 200 mm height.

Monotonic triaxial tests were carried out with drainage valves open. No saturation
procedure was applied, and the water contents in all samples were kept constant.
Three confining pressures of 30, 60, and 120 kPa were considered, and a shearing
rate of 0.5 mm/min was used. The test ended after the deviator stress reached a peak
value or when an axial strain of 15% was attained.

X-ray µCT scans were performed on samples with Cu = 1.12 and four f v values
(5, 20, 35, and 45%). For each sample, the middle part (100mm height) was scanned.
The X-ray source’s parameters were 170 kV and 10 µA. The voxel size that can be
detected was 58.4 µm.

3 Results and Discussions

3.1 Changes of Shear Behavior with Volumetric Content
of Coarse Grains

To illustrate the effect of f v on shear behavior, the results of the samples with Cu =
1.12 under σ 3 = 120 kPa were used, as shown in Fig. 2. For the maximum deviator
stress qmax (Fig. 2a), it increased slightly when f v increased from 5 to 20%. By
contrast, when f v was larger than 35%, increasing f v led to a significantly increase
of qmax. When it came to the volumetric strain εv (Fig. 2b), the increase of f v favored
the dilatancy behavior. For Cu = 1.12 under σ 3 = 30 and 60 kPa, and for Cu = 2.72
and 2.01 under σ 3 = 30, 60 and 120 kPa, similar phenomena were observed.
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Fig. 2 Shear behavior of soils with Cu = 1.12 and different f v values under σ 3 = 120 kPa



Investigation Into the Mechanical Behavior … 185

The maximum deviator stress qmax of all three Cu values is plotted against f v in
Fig. 4. At each Cu, qmax increased with the increase of f v and a bilinear increasing
trend of qmax was observed, with the slope at f v ≥ 35% distinctly larger than that
at f v ≤ 20%. At the intersection points of the two fitting lines passing through f v
≥ 35% and f v ≤ 20%, a characteristic volumetric content of coarse grains f v-cha
was identified. It can be suspected that the soil fabric at f v ≤ f v-cha was dominated
by a fine-fine contact structure, while a grain-grain contact structure dominated the
soil fabric at f v > f v-cha. To verify this point, three-dimensional (3D) views of the
coarse grain distributions were built based on the two-dimensional (2D) µCT slices.
Figure 5 shows the results of Cu = 1.12. As can be observed, when f v = 5 and
20% (smaller than f v-cha), the coarse grains floated in the fines matrix, while when
f v = 35 and 45% (larger than f v-cha), the coarse grains were in contact with each
other. Similar observations were made by Wang et al. [16] for the case of Cu =
2.72. To further clarify this aspect, the coarse grain contacts were quantitatively
characterized with the average coordination number Nc of the 2D slice. For a given
grain, its coordination number Nci was defined as the total number of its neighboring
grains [7]. For example, the coordination number Nci of the gray grain in Fig. 3a is
4 (Fig. 3b). The coordination number Nc of a certain 2D slice was determined by
averaging the coordination numbers of all grains [7]:

Nc =
∑

Nci

Q
(1)

where Nci is the coordination number for a certain inclusion grain; Q is the quantity
of the inclusion grains in a slice.

Twenty slices were selected for each sample. Figure 6 shows the coordination
number of three Cu values against f v. For a certain sample, the coordination number

Fig. 3 Illustration of the definition of coordination number Nci for a given grain (f v = 35%, Cu =
2.72) (afterWang et al. [15]): a processed slice showing only inclusions; b definition of coordination
number for a given grain
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varied in a narrow range. In addition, for both cases ofCu = 2.72 and 1.12,Nc did not
change significantly with the increase of f v from 5 to 20% (smaller than f v-cha) but
increased drastically after f v = 35% (larger than f v-cha). For the case of Cu = 2.01,
the Nc increasing was expected to follow the same pattern. This increasing trend of
Nc suggests that the coarse grains were rarely in contact when f v ≤ 20%, while the
grain contacts were well developed when f v ≥ 35%.

3.2 Effect of Cu on Characteristic Volumetric Content
of Coarse Grains

As can be observed from Fig. 4, the decrease of Cu gave rise to an increase in
f v-cha: The f v-cha values for Cu = 2.72, 2.01, and 1.12 were 27.0, 28.8, and 30.5%,
respectively. This suggests that to form a grain-grain contact structure at smaller Cu,
more coarse grains were needed. This can be explained as follows: The Nc values
of smaller Cu were smaller (Fig. 6) (due to smaller grain quantity in this case),
suggesting that the grain contacts developed at smaller Cu were fewer. To some
extent, f v-cha can be considered as a value where a certain number of coarse grain
contacts were developed. Thus, to form a grain skeleton, more grains were needed,
resulting in a larger f v-cha.

3.3 Effect of Cu on Shear Behavior in the Case
of Grain-Grain Contact Structure

The shear behavior of the soils with f v = 35% under σ 3 = 120 kPa is shown in Fig. 7.
It was observed that the decrease of Cu increased the qmax (Fig. 7a) and made the
volume change more dilative (Fig. 7b). Similar phenomena were observed for f v =
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Fig. 7 Shear behavior of soils at f v = 35% and three Cu values under σ 3 = 120 kPa
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35% under σ 3 = 30 and 60 kPa, and for f v = 45% under σ 3 = 30, 60 and 120 kPa,
which can be explained as follows: With the maximum grain size set as the same
value (namely 20 mm as shown in Fig. 1b), a smaller Cu corresponded to more large
grains. During shearing, the rearrangement of large grains was harder. As a result, a
larger qmax was obtained. As for the volumetric change, themore pronounced dilative
behavior at smallerCu can also be attributed to the involvement of more large grains,
which favored the dilatancy. This mechanism can be termed as “large or small” of
coarse grains in terms of grain size.

3.4 Effect of Cu on Shear Behavior in the Case of Fine-Fine
Contact Structure

From the stress–strain behavior of the soils at f v = 5 and 10% under σ 3 = 120 kPa
(Fig. 9a), it can be observed that the smaller the Cu, the smaller the qmax. A similar
phenomenon was observed for f v = 5 and 10% under σ 3 = 60 kPa. However, qmax

of three Cu values was similar under σ 3 = 30 kPa (Fig. 8a). This is possibly because
qmax reflected the friction at failure, which was dominated by two factors, namely the
soil property mainly related to the quantity of coarse grains involved in the friction
process (e.g., in the shear band zone) and the confining pressure corresponding to
the normal stress in the friction process. It seemed that σ 3 = 30 kPa was too small
to reveal this Cu effect. The decrease of qmax with Cu decreasing observed at σ 3 =
60 and 120 kPa can be attributed to smaller quantity of coarse grains at smaller Cu,
which caused less coarse grains to present along the shear band, resulting in a smaller
qmax. This mechanism can be termed as “more or less” of coarse grains in terms of
grain quantity.

As for volumetric strain εv (see Fig. 8b and Fig. 9b for the cases of f v = 5 and 10%
under σ 3 = 30 and 120 kPa), the increasingCu made the dilatancy more pronounced.
A similar phenomenon was observed under σ 3 = 60 kPa, which can be explained by
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the increase of grain quantity, increasing the amount of the grain-grain contacts and
thus producing a larger dilatancy.

For f v = 20%, the results of the soils sheared under σ 3 = 60 kPa are taken as an
example and shown in Fig. 10. The qmax and εv were almost the same for the three
Cu values. This phenomenon was also observed under σ 3 = 30 and 120 kPa. This
independence feature with respect to Cu can be explained as follows: In this case,
the grain-grain contact skeleton was not well developed with only parts of the coarse
grains in contact with each other. Thus, both the mechanisms of “large or small” and
“more or less” took part in the shear process, the effects of which were opposite,
leading to a shear behavior independent of Cu value.
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Fig. 10 Shear behavior of soils at f v = 20% and three Cu values under σ 3 = 60 kPa
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Fig. 11 Young’s modulus
versus f v for different Cu
and σ 3 values
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3.5 Effect of Cu on Young’s Modulus

For the sake of simplicity, in this study, Young’s modulus E0 was defined as the
ratio of deviator stress q to axial strain ε1 when ε1 = 1%. Figure 11 presents the
variations of E0 with Cu at different f v values. It can be observed that the Cu effect
became more pronounced when f v increased. At each f v value, E0 increased withCu

decreasing. This phenomenon can be explained as follows: The resilientmoduluswas
determined by the resilient strain under a certain stress level, which mainly occurred
at the contacts between grains. When Cu decreased, the grain quantity decreased due
to the involvement of less small grains. As a result, less grain contacts were created,
implying less grain interactions. Thus, a larger Mr was obtained.

3.6 Effect of Cu on Poisson’s Ratio and Dilatancy Angle

Poisson’s ratio v and the dilatancy angle ψ were calculated based on the volumetric
strain–axial strain relationship. More details for the calculation of these two param-
eters can be found in Wang et al. [16]. In Fig. 12a, Poisson’s ratio of all Cu values is
plotted against f v. For f v = 5 and 10%, Poisson’s ratio of smaller Cu was smaller,
suggesting that the lateral strain decreased with less coarse grains dispersed in the
fines matrix. For the grain-grain contact structure (f v = 35 and 45%), Poisson’s ratio
increased when Cu decreased. Note that for f v = 20% the soil fabric of which was
identified as fine-fine contact structure, the variation trend of Poisson’s ratio with
decreasing Cu was the same as the one at grain-grain contact structure. This can
be attributed to the fact that at f v = 20% parts of the coarse grains were in contact
with each other. This increasing trend of Poisson’s ratio with decreasing Cu can be
explained by the involvement of more large grains, which enlarged the lateral strain
at a given axial strain, giving rise to a larger Poisson’s ratio.

Figure 12b presents the dilatancy angle of all Cu values against f v. At grain-
grain contact structure, the dilatancy angle increased when Cu decreased, whereas
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Fig. 12 a Poisson’s ratio and b dilatancy angle versus f v for different Cu and σ 3 values

an opposite trend was observed at fine-fine contact structure: The Cu decreasing led
to a decrease in dilatancy angle.

3.7 Effect of Cu on Cohesion and Friction Angle

The cohesion and the friction angle were determined based on the failure line in the
p–q plane. More details about the calculation process can be found in Wang et al.
[16]. The variation of cohesion with Cu at different f v values is plotted in Fig. 13a.
Generally, for all f v values, when Cu increased, the cohesion decreased. This can be
explained as follows: The quantity of coarse grains increased with the increase of
Cu, creating more grain-grain contacts and correspondingly decreasing the quantity
of fine-fine contacts. As a result, a smaller cohesion was obtained.

For friction angle, as shown in Fig. 13b, an increasing trend of friction angle with
decreasing Cu was observed for grain-grain contact structure (f v = 35 and 45%) and
for the case of f v = 20%, which can be explained by the fact that the rearrangement
of coarse grains in the case of smaller Cu was more difficult since more large grains
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were involved. As for the fine-fine contact structure, the friction angle of smaller Cu

was smaller. This was because fewer coarse grains were presented along the shear
band in this case.

4 Conclusions

This study investigated the effect of Cu of coarse grains on the mechanical behaviors
of a microballast/fines mixture representing interlayer soils, by performing mono-
tonic triaxial tests and X-ray micro-computed tomography (µCT) scans. Five volu-
metric contents of coarse grains (5, 10, 20, 35, and 45%) and three Cu values (2.72,
2.01, and 1.12) were considered.

For each Cu, peak deviator stress qmax increased with the volumetric content of
coarse grains f v increasing. Based on the increasing pattern of qmax, a characteristic
volumetric content of coarse grains f v-cha was identified, with which two soil fabrics
can be defined, namely fine-fine contact structure and grain-grain contact structure.
The f v-cha of smaller Cu was larger, because in this case the formation of the grain-
grain contact structure needed more coarse grains.

In the case of grain-grain contact structure, the overall soil behaviors were domi-
nated by the amount of large coarse grains. When Cu decreased, the peak deviator
stress increased and so did the friction angle. This could be explained by the involve-
ment of more large grains, the rearrangement of which was more difficult during
shearing. The Cu decreasing increased Poisson’s ratio and dilatancy angle. This was
also owing to the involvement of more large grains, enlarging the lateral strain at a
given axial strain and favoring the dilatancy.

In the case of fine-fine contact structure, the soil behaviors were controlled by the
amount of total coarse grains. Smaller qmax and smaller friction angle were observed
for smaller Cu corresponding to smaller amount of total grains, since the coarse
grains presented along the shear band were fewer in this case. The decrease of Cu

led to decreases in Poisson’s ratio and dilatancy angle, which can be attributed to
fewer grain contacts at smaller Cu.

The two soil fabrics shared the same varying trend in terms of Young’s modulus:
Young’smodulus increasedwhenCu decreased. This can be explained by the involve-
ment of more large grains. In addition, when Cu increased, the cohesion decreased
at both two soil fabrics, since the cohesion was expected to result from the fine-fine
contacts and the increase of the grain quantity decreased such contacts.
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Stress–Strain Analysis of Heavy Haul
Rail Track with Steel Slag Ballast
by Laboratory Tests and Numerical
Simulations

Bruno Guimarães Delgado , António Viana da Fonseca ,
and Eduardo Fortunato

Abstract The resilient response of the ballast layer is a key aspect for stress–strain
behavior of rail track lines. This paper presents part of an extensive research that has
been evaluating the possibility of using, with operational benefits, Inert Steel Aggre-
gates for Construction (ISAC) as heavy haul railroad ballast material. Stress–strain
analyses were performed by finite element method (FEM) whose pseudo-elastic
parameters for nonlinear constitutive lawswere obtained from resilient modulus tests
by Method B from European Standard EN 13,286-7 (CEN: Unbound and hydrauli-
cally bound mixtures—Part 7: cyclic load triaxial test for unbound mixtures. EN
13,286–7, Brussels (2004) [CEN (European Committee for Standardization) (2004)
Unbound and hydraulically bound mixtures—Part 7: cyclic load triaxial test for
unboundmixtures. EN 13286-7, Brussels]) for ‘higher stress levels’ carried out under
scaled down ballast specimens in a ratio of 1:2.5 from ballast standard AREMA N.
24 (AREMA, Manual for railway engineering, vol I–IV. Lanham (2015) [AREMA
(American Railway Engineering Maintenance-of-way Association) (2015) Manual
for railway engineering, vol I–IV. Lanham, USA]). The numerical simulations were
carried out at two loading levels (32.5 and 40 t/axle) increased by dynamic impact
coefficient of 1.4. The results showed that the structure with ISAC ballast has
lower levels of vertical displacements and moments on the rails and was able to
concentrate more stress in the ballast layer decreasing slightly the stress level on
the top of platform in comparison with what was observed for the structure with a
well-known-granite ballast, commonly used in rail track lines around the world.
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1 Introduction

The circular economy concept has driven the use of industrial by-products in several
construction industry applications. Some researchers indicate that steel slags can be
used, for example, in bound and unbound granular layers for transport substructures,
provided that steel slag is previously stabilized to ensure its chemical and environ-
mental stability [3, 4]. Regarding the possibility of using steel slag as railway ballast
material, there are interesting studies available, but most focus is on evaluating this
material just from environmental point of view, its electrical resistance or mechan-
ical properties based on index parameters expressed in ballast specifications. This
has included correlations with Los Angeles and micro-Deval tests results, or even
based on particle crushing strength test results [5, 6]. However, few studies have been
carried out to evaluate this material under loading and boundary conditions compat-
ible with the application in question, especially regarding the high cyclic loading
provided by passage of heavy haul trains.

In Portugal, for example, the aggregate from electrical arc furnace steel slag, after
processing by steel companies, is classified as an inert aggregate, in terms of expan-
sibility and environmental issues, having given rise to the trade denomination ‘Inert
Steel Aggregate for Construction (ISAC)’ [4]. In themedium term, it is estimated that
in Portugal, approximately 400 × 103 tonnes per year of steel slag will be produced
[4], which, if used as ballast material, will allow to the construction of approximately
250 km of railway tracks per year.

Nowadays, a target for the main heavy haul freight rail companies in the world is
to increase the freight capacity from about 25–32.5 to 40 tonnes per axle, sometimes
under extreme weather conditions, such as in Brazilian Amazon region [7]. In Brazil,
four heavy haul railway lines account for 82% of the total demand for freight railway
transport. The ballast layer of these railway tracks uses natural crushed rocks, mainly
granite, basalt and gneiss, with particle size distribution (PSD) curve framed in the
standard gradation AREMA N. 24 [2].

Recent laboratory studies have shown that under axle loads of 40 tonnes, the ISAC
ballast presented superior performance compared to traditional granite aggregate
ballast with regard to long-term plastic behavior [7] due to, possibly, the highest
angularity and crushing strength of its particles [8].

Thus, an extensive study has been carried out at Laboratory of Geotechnics
(LabGEO) of the Faculty of Engineering of the University of Porto (FEUP) in part-
nership with the National Laboratory for Civil Engineering (LNEC) to evaluate the
possibility to apply ISACas railway ballastmaterial in terms of stress–strain behavior
under heavy cyclic loading conditions. Therefore, resilientmodulus testswere carried
out to obtain pseudo-elastic parameters aiming to simulate the railway track response
from nonlinear elastic constitutive laws using a numerical solution.
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2 Laboratory Tests

2.1 Overview

In order to maintain the specimen representativeness in triaxial tests, several
researchers have recommended that the ratio between the maximum particle size
and the diameter of specimen needs to be about 1/6. This ratio is also specified by
American Standard ASTM D5311 [9] for soils. However, some results shown that a
ratio of 1/5 has lead to good results [10]. Moreover, Bishop and Green [11] recom-
mend that the ratio between height (H) and diameter of sample (D) should approach
two, being this recommendation adopted almost universally in geotechnical labo-
ratories. These restrictions imply the need of ‘extra-large’ (and expensive) triaxial
apparatus for ballast laboratory studies [12, 13].

With the purpose to perform triaxial tests with granular materials at lower costs,
Lowe [14] proposed to carry out tests with the material on scaled down specimens
by parallel gradation technique, where a smaller PSD curve, but composed of the
same material, can be used in triaxial cells (large but not ‘extra-large’) if the scaled
PSD curve is parallel to the full-scale PSD curve of the material.

The scale reduction techniques of triaxial specimens to evaluate the geomaterials
mechanical behavior are not consensual among the researchers. However, regarding
deformability parameters, Sevi and Ge [15] conducted studies that pointed to the
possibility of carrying out triaxial tests with scaled down specimens by parallel
gradation technique, when the characteristics of constituting particles are similar
(e.g., size, shape, surface roughness, particle crushing strength, resistance to attri-
tion). This would ensure that the material at the same compaction level (relative
density) would attain similar physical indices on full or reduced scale.

Rosa [16] correlated resilient modulus values obtained from full-scale ballast
against values obtained from scaled down ballast. Ballast materials with similar
particlesmorphologywere used, both full and reduced scale, for different genesis and
PSD curves, and a good correlation between modulus values were found, concluding
favorably to the use of resilient ballast parameters from scaled down specimens for
stress–strain analysis, since the modulus values either full-scale or scaled down had
the same order ofmagnitude and also because the stress distribution is not so sensitive
to small resilient modulus values variations.

For the studies in this paper, scaled down ballast specimens were used, obtained
by parallel gradation technique in a ratio of 1:2.5 from the full-scale ballast standard
AREMA N. 24 (Fig. 1a). This scaling down ratio was established as the minimum
necessary to meet the 1/5 restriction between the maximum particle size and the
diameter of specimen, as specimens of 150 mm diameter and 300 mm height were
used. These specimens were molded by vacuum (usual procedure for non-cohesive
granular materials) whichwas only possible due to completely dry ballast specimens.
After molding, the specimens were instrumented with three axial linear variable
differential transducers (LVDTs), at 120° from each other, fixed along the entire
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Fig. 1 a Particle size distribution of scaled ballast from AREMA N. 24 limits; and b example of
scaled ballast specimen with LVDTs

height of the specimens; for this, a screw system was fixed at triaxial cell base and
at top-cap of specimens tested (Fig. 1b).

The tests to determine the resilient modulus were carried out according to the
method B (constant confining pressure) by European Standard EN 13,286-7 [1],
applying the ‘higher stress level’ protocol. Figure 2 shows the stress paths, in the
p′ − q plane, applied during triaxial tests to define the resilient modulus values of
the studied materials, in which 100 cycles per path are applied (resilient modulus
test). More details about the triaxial apparatus can be seen in Delgado et al. [7]. The
tests strictly follow the standard procedure, after specimen conditioning with 20,000
cycles of deviatoric stress application with 340 kPa and a constant confining pressure
of 70 kPa.

Fig. 2 Cyclic stress paths
for resilient modulus test in
the high stress level (HSL)
with constant confining
pressure (method B by EN
13,286-7 [1])
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2.2 Resilient Parameters

Figure 3 shows the resilient modulus values obtained by laboratory triaxial tests.
The results are presented both against confining pressure and cyclic deviatoric stress
(qcyc). For all applied stress paths, it can be seen that the ISACpresented higher values
of resilient modulus than the granite aggregate. It is important to note that in both
materials, as expected for non-cohesive granular materials, the values of resilient
modulus were more sensitive to variation of the confining pressure than to variation
of the deviatoric stress, at least for the low-to-moderate stress ratios (qcyc/p′).

It should be noted that all resilient modulus tests were considered satisfactory,
since the accumulated permanent deformation during the tests was less than 0.2%.

The stiffness parameters obtainedby regression analyses for themodels of resilient
behavior that take into account the variation of the resilient modulus (RM) against
the confining pressure and against the cyclic deviatoric stress, as well as the model
that takes into account the variation of the RM against the first invariant of stresses
(θ ), are shown in Table 1, for the resilient modulus tests performed. For triaxial tests
under axisymmetric stress conditions, we have:

θ = σ1 + 2.σ3 = qcyc + 3.σ3 (1)

Fig. 3 Variation of resilient modulus for the ballast materials against: a confining pressure and
b cyclic deviatoric stress
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Table 1 Resilient parameters
of nonlinear elastic ballast
models

Material Model

RM = K1σ
K2
3 RM = K1q

K2
cyc RM = K ′

1θ
K ′
2

ISAC K1=2632.2
K2=0.7653
(R2 = 0.9685)

K1=954.3
K2=0.6331
(R2 = 0.7385)

K ′
1=1692.4

K ′
2 = 0.7986

(R2 = 0.9531)

Granite K1=2212.5
K2=0.7994
(R2 = 0.9546)

K1=773.9
K2=0.6665
(R2 = 0.7392)

K ′
1=1368.1

K ′
2=0.8269

(R2 = 0.9466)

Note q = σ1 − σ3, being σ1 the major principal stress (vertical
cyclic loading) and σ3 is the minor principal stress (usually the
constant confining pressure in the triaxial cell)

3 Numerical Simulations

3.1 Finite Element Analyses

Four scenarios were simulated: (i) Scenario 1–32.5 t/axle loading with ISAC ballast;
(ii) Scenario 2–32.5 t/axle loading with granite aggregate ballast; (iii) Scenario 3–
40 t/axle loading with ISAC ballast; and (iv) Scenario 4–40 t/axle loading with
granite aggregate ballast. The SysTrain (version 1.63) software was used, which was
developed at the Military Institute of Engineering (IME) from Brazil. The software
models both superstructure (rails, sleepers and fastening system) and substructure
(ballast, sub-ballast and subgrade) by finite element method (FEM) and presents as
major attractions for users: (i) a 3D graphical interface based on theMS-Windows®
platform; (ii) parametric modeling from a predefined rail track geometry; (iii) consti-
tutive models and some materials with parameters already pre-registered, with the
possibility, however, of alteration or inclusion of new models and/or materials; and
(iv) a relatively fast and reliable stress–strain analysis in elastic regime (under static
loading).

Silva Filho [17] provides a detailed description of the discretization, parameter-
ization, numerical integration and convergence methods adopted by SysTrain. He
was a member of the software development team and reports also that the software
has undergone several calibration processes, both by field instrumentation and by
comparison with another numerical model (ANSYS® v.15), ensuring analyzes with
a good reliability level.

The software is three-dimensional and allows several possibilities regarding the
number of sleepers, number of substructure layers, types and position of loading
(on the symmetry axis of sleepers or on the gap between them), substructure layers
geometry, etc. About the constitutive models for the rail track components, both
superstructure and substructure, the software has nine predefined models.

The boundary conditions define a lower rigid boundary and null displacements in
the normal direction to the model’s vertical boundary planes.



Stress–Strain Analysis of Heavy Haul Rail Track … 201

Fig. 4 Scheme of two consecutive gondola wagons (GDT/GDU—not to scale) [18]

The most severe condition for stress–strain analysis of heavy haul rail tracks is
given by the bogies between adjacent wagons [18]. Thus, the loading for simulations
was defined as being imposed by two bogies between couplings of two consecutive
gondola wagons (GDT type for 32.5 t/axle loading and GDU type for 40 t/axle
loading) (Fig. 4), applied to a structure with nineteen sleepers (same spacing). More
details about these wagons can be seen in Santos et al. [19].

Figure 5 shows a cross section of the rail track structure, with dimensions of the
components and layers used to the numerical simulations. Figure 6a shows the load
distribution applied by GDU wagons used to simulate 40 t/axle loading (the loads

Fig. 5 Cross section with simulated rail track structure (not to scale)

Fig. 6 3D rail track structure used to FEM simulations with GDU wagons: a geometric and load
distribution model (red arrows represent the wheels loading the model; the blue arrows represent
only geometric positions of the extreme wheels of wagons) and b finite element mesh
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corresponding to the two extreme axles, blue vectors, were not considered in the
simulations). Figure 6b shows the three-dimensional finite element mesh employed
in the analysis for this loading level, which is transversely symmetrical with respect
to a vertical axis located midway between rails.

Considering that the SysTrain software only simulates static loading under the
structure and assuming a dynamic coefficient of 1.4, estimated by empirical equations
[2], the 32.5 t/axle loading was converted into a GDTwagonwith a total gross weight
of 182 tonnes. Similarly, the 40 t/axle loading was increased with the same impact
factor, resulting in a total gross weight of 224 tonnes per GDU wagon.

The parameters used to the simulations are presented in Table 2. For the ballast,
the parameters were obtained by linear regression taking into account the variation
of the resilient modulus against the confining pressure, due to the good fit of this
model for studied materials. For the sub-ballast, the parameters were obtained from
Delgado [18]. The other parameters were obtained from the software library.

In addition, four additional simulations were carried out, considering the same
load levels, materials and boundary conditions, but with a unit load applied to the
vertical centerline of a central sleeper under a structure with nine sleepers. This
loading framework is the critical condition for sleeper–ballast contact stress.

3.2 Results

Figure 7 shows the 3D deformed meshes with the node vertical displacements for
the four simulated scenarios.

For all carried out simulations, the negative result values indicate compressive
stresses and downward displacements and the positive result values indicate tensile
stresses and upward displacements.

As expected, themaximumdisplacements occur in the regions immediately below
the load application points. For both studied materials, both for the 32.5 t/axle
(scenarios 1 and 2) and the 40 t/axle (scenarios 3 and 4), the maximum displacements
on the rail top level were similar for both materials under the same loading level.

For axle load of 32.5 tonnes, the maximum displacements obtained were below
the tolerance limit recommended by AREMA [2], which is 6.35 mm, but slightly
lower for ISAC (5.87 mm) in comparison to the granite aggregate ballast (6.05 mm),
implying that the rail track structure with ISAC ballast is stiffer for this loading level.

However, for 40 t/axle loading themaximumdisplacements obtainedwere already
above the tolerance limit [2]. Nevertheless, the values were again slightly lower for
the ISAC (7.41 mm) in comparison to the granite aggregate (7.64 mm), showing
again the higher stiffness of the rail track structure with ISAC ballast also for this
loading level, as can be compared in Fig. 8 for the four simulated scenarios.

The maximum vertical stress values in the ballast layer for both studied materials
were reached, as expected, at the base of sleepers. Figure 9 shows sleeper–ballast
interface contact stress for all additional simulated scenarios, in a semi-cross section
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Table 2 Material parameters adopted in FEM analysis

Rail track
component

Parameter Value

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Rails Density (kg/m3) 7850 7850 7850 7850

Elastic modulus
(Pa)

210 × 109 210 × 109 210 × 109 210 × 109

Poisson’s ratio 0.30 0.30 0.30 0.30

Sleepers Density (kg/m3) 2400 2400 2400 2400

Elastic modulus
(Pa)

32 × 109 32 × 109 32 × 109 32 × 109

Poisson’s ratio 0.25 0.25 0.25 0.25

Fastenings Spring stf. Kx
(N/m)

7 × 106 7 × 106 7 × 106 7 × 106

Spring stf. Ky
(N/m)

7 × 106 7 × 106 7 × 106 7 × 106

Spring stf. Kz T
(N/m)

70 × 106 70 × 106 70 × 106 70 × 106

Spring stf. Kz C
(N/m)

70 × 106 70 × 106 70 × 106 70 × 106

Ballast Bulk density
(kg/m3)

1800 1550 1800 1550

Coefficient K ′
1 67,378.12 35,357.64 67,378.12 35,357.64

Coefficient K ′
2 0.7653 0.7994 0.7653 0.7994

σ3 minimum
(Pa)

20.7 × 103 20.7 × 103 20.7 × 103 20.7 × 103

σ3 maximum
(Pa)

137.9 × 103 137.9 × 103 137.9 × 103 137.9 × 103

Poisson’s ratio 0.20 0.20 0.20 0.20

Sub-ballast Bulk density
(kg/m3)

1730 1730 1730 1730

Coefficient K ′
1 131.22 × 106 131.22 × 106 131.22 × 106 131.22 × 106

Coefficient K ′
2 − 0.232 − 0.232 − 0.232 − 0.232

σd minimum
(Pa)

1 × 103 1 × 103 1 × 103 1 × 103

σd maximum
(Pa)

206 × 103 206 × 103 206 × 103 206 × 103

Poisson’s ratio 0.40 0.40 0.40 0.40

Subgrade Bulk density
(kg/m3)

1800 1800 1800 1800

Coefficient K ′
1 100 × 106 100 × 106 100 × 106 100 × 106

(continued)
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Table 2 (continued)

Rail track
component

Parameter Value

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Poisson’s ratio 0.40 0.40 0.40 0.40

Notes stf. Stiffness, T Tensile, C Compression
Units expressed in the International System of Units (SI) except Spring St.
For ballast layer, the coefficient K ′

1 was obtained from experimental parameter K1 (RM test).

Considering the ‘Granular Resilient 1’ model from the software, this coefficient is given by: K ′
1 =

K1.10α(1−K2) and K ′
2 = K2, being for K1 given in MPa: α = 6.

Fig. 7 Total vertical displacements of the rail track structure: a Scenario 1 (ISAC—32.5 t/axle),
b Scenario 2 (Granite—32.5 t/axle), c Scenario 3 (ISAC—40 t/axle) and d Scenario 4 (Granite—40
t/axle)

Fig. 8 Vertical elastic displacements of rail track on the rail top level

(Y-axis) of a sleeper, for both GDT (32.5 t/axle) and GDU (40 t/axle) wagons, from
the centerline of the loaded sleeper (critical condition).

It was observed that in the rail track structure with ISAC ballast, the contact stress
with the sleeper was higher than to the granite aggregate ballast structure, mainly
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Fig. 9 Sleeper–ballast contact stress: a Scenario 1 (ISAC—32.5 t/axle), b Scenario 2 (Granite—
32.5 t/axle), c Scenario 3 (ISAC—40 t/axle) and d Scenario 4 (Granite—40 t/axle)

at sleeper extremity. In the sleeper centerline, both materials showed very similar
contact stress and not much higher when loading increased from 32.5 to 40 t/axle.
The maximum stress values in the sleeper–ballast contact for all simulated scenarios
were observed at the sleeper extremity, being 159 kPa for ISAC and 133 kPa for
granitic aggregate, considering axle load of 32.5 tonnes; and 288 kPa for ISAC and
174 kPa for granite aggregate when 40 t/axle loading was applied. For all simulated
scenarios, the maximum stress values at the sleeper–ballast contact are well below
the most restrictive limit recommended by AREMA [2], which is 448 kPa.

Table 3 summarizes the vertical compression stress levels obtained in each layer
of the rail track for all simulated scenarios

Regarding the vertical stress level transferred to the sub-ballast, it was found that
for 32.5 t/axle loading the maximum value obtained for the rail track structure with
ISACballast (scenario 1)was slightly higher than for the structurewith granite aggre-
gate ballast (scenario 2). However, probably due to the higher stiffness mobilized in

Table 3 Maximum vertical tress levels on top of substructure layers

Top of layer Maximum vertical stress (kPa)

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Ballast 159 133 288 174

Sub-ballast 121 117 133 139

Subgrade 70 73 110 120
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the structure with ISAC ballast when the axle load level has increased to 40 tonnes,
the maximum value obtained for the rail track structure with ISAC ballast (scenario
3) was slightly lower than the obtained for the structure with granite aggregate ballast
(scenario 4). Nevertheless, the materials showed very close vertical stress transferred
to the sub-ballast, and both materials were able to transfer to this layer stress values
below the 172 kPa limit suggested by AREMA [2] as limit stress in platform.

On top of the subgrade, the maximum vertical stresses obtained were also very
close considering the different materials. However, for 40 t/axle loading relatively
high stress values were observed. Thus, for this loading level some rail track design
approaches, such as sleepers spacing reduction or sub-ballast thickness increasing,
can be useful to control the induced subgrade stress, improving the rail track
performance.

About the maximum bending moment on the rail top level, for axle load of
32.5 tonnes the obtained value for the ISACballast structurewas 46.05 kNm, slightly
lower than for the granite aggregate ballast structure whose was 46.74 kN m. Both
values are below the maximum allowable for the rails considered in the analyses
(TR-68), which is 67.98 kN m. Considering the axle load of 40 tonnes, the value
obtained for the ISAC ballast structure was 58.66 kN m, still lower than those veri-
fied when simulating the granite ballast structure (59.46 kN m), both again below
allowable value.

4 Conclusions

Although the performance of both materials is similar, when considering 40 t/axle
loading the rail track structure with ISAC ballast performs better than the granite
aggregate ballast according as its higher stiffness can decrease the rail track platform
stress.

The fact that none of the rail track structures met the maximum vertical displace-
ment criterion for axle load of 40 tonnes [2] does not make the application of this
load level permanently unfeasible, as this limit of 6.35 mm, which was not defined
from rail tracks with operations under this loading level, can be reviewed. Thus,
further studies are needed to assess of long-term effects on both rail track and vehicle
components. In addition, both materials met the other design criteria for this loading
level.
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Railroad Ballast Movements Pattern
Recognition by Using “SmartRock”

Kun Zeng and Hai Huang

Abstract Ballast is an important part of railroad infrastructure. It is used as a support
base for bearing the track load and facilitating drainage of water from the track. Unfa-
vorable ballast performances (e.g., ballast fouling, loss of lateral confinement) can
contribute to damage and deterioration of rail structures such as the rail, tie and
fastening components. Therefore, accurate and timely monitoring of ballast condi-
tion is critical for rail safety operation and effective maintenance. This paper presents
a series of ballast box tests to investigate the ballast particle movement pattern inside
railway ballast under different ballast, loading, moisture and shoulder confinement
conditions. Eight wireless devices, SmartRocks, were embedded in different loca-
tions in the ballast box to monitor individual ballast particle movements. The results
indicate that (1) loadmagnitude and frequency have apparent effect on ballast particle
movements. (2) The difference of particle movements in fouled ballast under dry
versus wet condition is more dramatic than the difference in clean ballast. (3) Lack of
shoulder confinement would cause failure of interaction between the shoulder ballast
with tie and surrounded particles, which could generate more space for ballast parti-
cles away from the shoulder translation and rolling above other particles. (4) This
study also demonstrates that SmartRock is capable of recording the particle transla-
tional accelerations and particle angular rotations information under different ballast
and load conditions.

Keywords Ballast box test · Ballast fouling · Lateral shoulder confinement ·
SmartRock
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1 Introduction

Rail ballast, as it is known, is an important part of railway infrastructure. Unfa-
vorable ballast performances can contribute to damage and deterioration of above
structures such as the rail and tie [1–4]. There are several factors can be taken into
consideration on the effect of the ballast failure (e.g., loadmagnitude, load frequency,
moisture content and shoulder stability). To sustain proper and long-time usage of
railway, it is crucial to maintain ballast to be relatively clean. Both laboratory and
numerical studies have been conducted to study ballast performance under fouled
ballast condition [5, 6]. Fouling of ballast makes the granular mass effectively less
angular and decreases its shear strength [7]. In addition, lateral loads are transferred
from the rails through the fastenings to the sleepers, then into the ballast. Railway
track is conventionally considered to have a sufficient resistance to lateral loading [8].
However, in-service failure of the ballast is not awell-understoodorwell-documented
phenomenon. In field conditions, ballast behavior, e.g., ballast lateral movement and
ballast migration, is commonly hard to monitor as traditional measuring devices,
such as accelerometer, LVDT, strain gage, force cell, have not been successfully
used [9, 10]. Zhai et al. [11] inserted accelerometers into the ballast layer to measure
ballast particle movement. All these instruments are not a realistic ballast particle
shape, and therefore do not reflect themovement a normal ballast particle would have
experienced, and being able to accurately measure real ballast particle movement is
important for studying ballast failuremechanism. This paper aims to study the ballast
particle movements under different load and ballast conditions. A series of labora-
tory ballast box tests was conducted for this purpose in a controlled environment.
A wireless device—“SmartRock”—was installed in the ballast box to record indi-
vidual ballast particle movements under cyclic axle loading conditions. Conclusions
are reached on the effect of different load conditions and ballast conditions.

2 Test Preparation

2.1 Experimental Setup

A ballast box with a dimension of 3.96 m (long) × 3.36 m (wide) × 1.22 m (high)
manufactured by Altoona Pipe and Steel as well as an advanced loading system was
used as the main equipment in the laboratory study stage, as shown in Fig. 1.

Clean angular limestone aggregates and fouled were used in this study as clean
ballast condition. The gradation of the ballast, as shown in Fig. 2, conforms
to the No.4A gradation requirements of the American Railway Engineering and
Maintenance-of-WayAssociation (AREMA). Fouled ballast was prepared bymixing
of the finer particles with No.4A limestone. As the result of sieve analysis, the fouling
index of the fouled ballast we used in our test is 20.05% which falls into the fouled
ballast category.
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Fig. 1 Photo of advance
ballast box

Fig. 2 Gradation properties
of clean ballast, fouled
ballast and subgrade

2.2 Instrumentation—“SmartRock”

A proprietary wireless device—“SmartRock”, as shown in Fig. 3—was utilized to
monitor ballast particle movement under rail train loading. It can sense, record and
transmit its movement, including rotation, translation and orientation in 9 degrees of
freedom, respectively, in real time. The SmartRock is capable of sending raw data to a
base station for visualization and analysis via the Bluetooth. 3D printing technology
was employed to form the shell of the SmartRock to make it into a real ballast shape.
The development of the SmartRock was explained in detail in Liu et al. [10].
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Fig. 3 Photos of
SmartRock: a angular
SmartRock and b cubic
SmartRock

(a)      (b)

2.3 Laboratory Test Setup

A full-scale railway track structure consisted of a ballast layer (36 cm thick) and a
subgrade layer (30 cm thick). Detailed plan can be found in [12] (Fig. 4).

The magnitude and frequency of the load are within the range of a typical train
wheel load [13–15]. The following testingmatrix, Table 1, including different loading
and environmental combinations has been applied:

3 Result and Discussion

Particle motions of the embedded SmartRocks can reflect motions of the surrounding
ballast particles during cyclic loading under different ballast or load conditions as
shown in testing matrix. Figure 5 shows the recorded transitional accelerations of the
twoSmartRocks under different load frequency (f =0.2, 1 and 2Hz) in both clean and
fouled ballast testing conditions. It is shown that acceleration of the SmartRocks was
apparently increased by comparing the 0.2 Hz accelerations with 1 Hz accelerations.
And there is a little bit increase in magnitude as well as increase in fluctuations by
comparing the recorded accelerations under 2 Hz with 1 Hz load frequency.

For different load magnitude, 35.5 Kips as the passenger load and 65.5 Kips as
the freight load have been used in the test. Figure 6 shows the recorded transitional
accelerations of the two SmartRocks under passenger load and freight load. It is
shown that movements of the SmartRocks under passenger load were apparently
smaller than the corresponding value of the SmartRocks under freight load. It appar-
ently shows that load magnitude has a significant influence on the ballast particle
individual movement. In addition, by comparing Fig. 6a versus Fig. 6b, movements
of the SmartRocks were with fewer fluctuations in fouled ballast condition than in
clean ballast condition due to finer particles and less void ratio in fouled ballast.

Several tests have been done under different moisture contents in the clean ballast
versus fouled ballast, and angular rotation data has a very interest result. Figure 7
shows the recorded accumulated rotations of the SmartRocks 5 cm beneath the rail
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(a)

(b)

Fig. 4 Geometry of track structure and location of SmartRocks in ballast box: a top view and b side
view of test setup (all unit in cm)

Table 1 Test matrix for ballast box test

Test group Action item
#

Ballast
condition

Moisture
condition

Shoulder
confinement

Load Load
frequency
(Hz)

I 1 Clean Dry Y Passenger 1

2 Clean Dry Y Freight 0.2, 1, 2

3 Clean 0.9% Y Freight 1

4 Clean 0.9% N Freight 1

II 1 Fouled Dry Y Passenger 1

2 Fouled Dry Y Freight 0.2, 1, 2

3 Fouled 10.1% Y Freight 1

4 Fouled 10.1% N Freight 1
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Fig. 5 Particle translational acceleration 5 cm below top of ballast under 0.2, 1 and 2 Hz three
different loading frequencies: a beneath middle of tie: clean ballast and b beneath middle of tie:
fouled ballast

seat and middle of Tie 2 in both clean and fouled ballast under dry versus wet
conditions. A comparison between Fig. 7a versus Fig. 7b and Fig. 7c versus Fig. 7d
shows that for clean ballast, there is no significant difference in the particle rotations
of the SmartRocks under dry and wet conditions, but the rotation direction is more
fluctuated. For the fouled ballast, the SmartRock experienced higher accumulated
rotation in the wet condition than in the dry condition. In addition, the rotation
direction is more constant than in the clean ballast test. This is because the intrusion
of fine particles in fouled ballast reduces the drainage capacity of the ballast and
water was held inside the ballast would serve as a lubricant causing a reduction in
internal friction, which makes the ballast particles easier to rotate.

Another test is study on the effect of shoulder confinement. Figure 8 shows the
result of a comparison of the SmartRock accumulated rotations under with shoulder
confinement condition versus without shoulder confinement condition. Due to the
lack of confinement from the shoulder, ballast particles should be more likely to slide
and roll over each other. In the shoulder removal, the accumulated rotations are little
bit larger than with the shoulder confinement in both clean and fouled ballasts.



Railroad Ballast Movements Pattern Recognition … 215

Fig. 6 Particle translational acceleration 5 cm below top of ballast under passenger load and freight
load: a beneath middle of tie: clean ballast and b beneath middle of tie: fouled ballast

4 Conclusion

This paper presents a series of ballast box tests to investigate ballast particle move-
ment pattern inside railway ballast under different load frequency, load magnitude,
moisture conditions and shoulder confinement. A wireless device—“SmartRock”—
was installed in different locations in the ballast box to monitor ballast particle
movements under different conditions. Two different ballast conditions have been
considered: clean and fouled ballasts. In this study, although unreproducible initial
conditions, e.g., ballast particle shape, particle arrangement, etc., could cause the
marginal differences in magnitude, it is interesting to note that the results obtained
using SmartRock instrumentation showing some trends could be used as a benchmark
to evaluate ballast conditions.

Based on the results of the ballast box tests, conclusions specific to the test
conditions (e.g., load frequency, loading, moisture content) can be summarized as
follows:

• SmartRocks installed in the ballast box are capable of recording the particle trans-
lational accelerations and particle angular rotations information of ballast particles
under different ballast and load conditions. SmartRock can serve as a potential
monitoring tool to monitor the ballast behavior and performance in field.
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(a)

(b)

(c)

(d)

Fig. 7 Particle angular rotations of top SmartRock under dry versus wet conditions beneath Tie
2: a rail seat of tie: clean ballast; b rail seat of tie: fouled ballast; c middle of tie: clean ballast;
d middle of tie: fouled ballast
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(a)

(b)

Fig. 8 Particle angular rotations of top SmartRock beneath rail seat of Tie 2 with/without shoulder
confinement under a clean ballast and b fouled ballast

• Particle translational movement and rotation were different under different
frequency. From the results, higher frequency could cause more dramatically
particle movements. But influence on the increase in magnitude still needs to be
study in future.

• Load magnitude has an apparently effect on ballast particle movements. The peak
magnitude of translational accelerations under freight load is higher than that
under passenger load. And the difference is much bigger in clean ballast than
fouled ballast due to finer particles and less void ratio in fouled ballast.

• The different of movement of particles between dry condition and wet condi-
tion behaves quite different in clean ballast and fouled ballast. The intrusion of
fine particles in fouled ballast affects the hydraulic conductivity by reducing the
drainage capacity of the ballast. Water held inside the ballast would serve as
a lubricant causing the reduction internal friction of the ballast particles. So in
fouled ballast, the result shows particle movements are more dramatic as water
content increases.

• Lack of shoulder would cause different effects on the movements of ballast parti-
cles in different location. When shoulder was removed, due to the lack of confine-
ment from the shoulder, ballast particles should be more likely to slide and roll
over each other. Thus, the ballast particles at the middle and the rail seat of the
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Tie 2 show more dramatic rotational movements in without shoulder than in with
shoulder confinement condition.
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Effect of Degraded Subgrade Stiffness
on Rail Geometry and Train Vibration
in High-Speed Railways

Hongguang Jiang, Shun Liu, Yixin Li, Haoran Chi, Jizhe Zhang,
Ming Liang, and Zhanyong Yao

Abstract The degradation of railway subgrade stiffness will cause the acceleration
of track degradation and deteriorate ride comfort and safety. It is hard to foresee these
problems because both track substructure and subgrade are not visible to inspect.
To study the influence of subgrade stiffness degradation on high-speed train and
track system, 3D FEM analyses of the Fuxing trains and ballastless tracks were
conducted to simulate different degradation conditions of roadbed stiffness. Firstly,
the numericalmodelwas verified by the fieldmeasurement of vibration velocity at the
concrete base in the Beijing–Tianjin high-speed railway. Then, the influences of the
degradation of roadbed stiffness on the rail displacements and train dynamics were
analyzed. It is found that since the ballastless track had quite high rigidity, the uneven
degradation of roadbed stiffness did not result in obvious additional increase of rail
displacement.However, the uneven degradation of roadbed stiffness resulted in larger
vibrations of train wheels. Particularly, the wheel accelerations were more sensitive
to the uneven degradation of roadbed modulus amplitudes than the wavelengths.

Keywords High-speed train · Ballastless track · Roadbed degradation · Uneven
modulus · Rail displacement · Train acceleration

1 Introduction

High-speed railway has attracted much attention in many countries due to its advan-
tages of high speed and comfort. Smooth tracks are necessary to reduce the dynamics
of wheel-rail system. Since substructure defects, such as settlement and degraded
stiffness, are easily mapped to the rail surface and are known to cause rail irreg-
ularities, ballastless tracks with better integrity and high rigidity are widely used
by many countries. Strict standards have been specified to limit uneven subgrade
settlement and control the rail irregularities. However, it has been measured in the
field that uneven roadbed stiffness with modulus reduction up to 80% has occurred
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in high-speed railways. The effects of decreased and non-homogeneous substructure
stiffness should also be evaluated in ballastless tracks in high-speed railways.

The influence of uneven subgrade settlement on track geometry and vehicle
dynamics is a focus of research for ballastless railways. Guo et al. investigated the
influences of subgrade uneven settlement on the rail geometry and dynamic responses
caused by moving train and predicted the development of long-term track settlement
of ballastless track in high-speed railways [1, 2]. Jiang et al. pointed that the settlement
mapping characteristics from the subgrade surface to the rail were largely dependent
on the track equivalent flexibility, and proposed a unified formula to describe the
geometrymapping relationship [3]. Besides the track degradation caused by subgrade
uneven settlement, the initial uneven distribution of subgrade stiffness is mainly due
to the variability of filling materials and compaction variability during construc-
tion. Subgrade with high degree of compaction and low moisture content has larger
modulus [4]. Through field sample testing in high-speed railways, moisture contents
and fine contents of roadbed were found severely exceeding the specification limits
[5]. With the rising moisture content caused by rainfall and cyclic loadings caused
by moving train, subgrade soil would soften and fine particles might migrate into
the aggregate, which accelerated the degradation of subgrade stiffness. Higher fine
contents resulted in lower subgrade resilient modulus and showed early tendency
of collapse [6]. Based on the triaxial tests, Chen obtained the soil resilient modulus
under different conditions of moisture contents, which reduced by 72.6%with higher
moisture content as opposed to that at the optimummoisture content [7]. Wang et al.
pointed that the migration of fine particles greatly reduced the resilient modulus up
to 60% [8]. Cui et al. found that after cyclic loading, a considerable amount of fine
particles migrated into the roadbed or ballast layer. The fine particles in roadbed
increased with the loading cycles. With the decrease of volumetric content of coarse
grains, the friction angle and resilient modulus also decreased [9].More fine particles
were deposited in the interface with the development of interlayer and severe mud
pumping existed in low compactness and saturated state [10, 11]. In order to investi-
gate the effects of mud pumping on the vibration responses of high-speed railways,
Li et al. assumed that the concrete base lost support from the underlying subgrade
within the mud pumping area, which is similar to the simulations of subgrade uneven
settlement [12]. However, for most situations of mud pumping, weakened subgrade
support with reduced soil modulus still existed for the track structure.

For traditional railways, the track substructure condition is generally evaluated
by static track stiffness. But the field measurement of static stiffness consumes large
amount of times and resources. Dynamic track stiffness determined by track loading
vehicle (TLV) and rolling stiffness measurement vehicle (RSMV) was reported
capable of measuring track stiffness for a train speed of up to 60 km/h [13]. Kaynia
et al. pointed that measurement of track stiffness was a useful tool for detection
of anomalies and possibly defects in the track substructure system, and a solution
that could allow processing of the vehicle vibration data for the purpose of iden-
tifying track defects [14]. This paper presents an attempt to explore the effect of
degraded subgrade stiffness on rail geometry and train vibrations in high-speed rail-
ways. A 3D FEM including the Fuxing trains and ballastless tracks was conducted to
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simulate different degradation conditions of roadbed stiffness. The influences of the
degradation of roadbed stiffness on the rail displacements and train dynamics were
analyzed.

2 Numerical Model

2.1 Three-Dimensional Finite Element Model (3D FEM)
of Ballastless Track

The new Fuxing-type high-speed train with axle load of 170 kN was used in the
numerical model, and the dimensions and the parameters of the train are presented
in Fig. 1 and Table 1. The car body, bogie frame and the wheelset are simulated
as rigid element, and the primary and secondary suspensions were simulated as
spring-damping elements.

According to the construction specification of Chinese high-speed railway, a 3D
FEM of CRTSII slab ballastless track subgrade system was built using ABAQUS
software, as shown in Fig. 2. This model was 189 m long, 89.7 m wide and 23.5 m
deep, comprising two UIC60 rails, a 2.6 m wide × 0.2 m thick track slab, a 2.6 m
wide× 0.05 m thick cement asphalt mortar (CAM) layer, a 2.6 mwide× 0.3 m thick
concrete base, a 0.4 m thick roadbed, a 2.4 m thick embankment and a 20 m thick
foundation. Table 2 presents the parameters of linear elastic elements used to simulate
the railway infrastructure components. The rails were modeled as two continuous
Euler beams, and the fasteners were modeled as spring elements with stiffness of
28.5kN/mm. Interfaces among the track slab, CAM layer, concrete base and the
roadbed were allowed relative movement. Hard contact was applied to simulate the
interface interactions in the ABAQUS software. The tangential contact behaviors
contained the relative slip between the surfaces and the frictional shear stress. The
surfaces would not show slippage (i.e., the tangential displacement is zero) before
the shear stress reached its Coulomb critical value. The foundation bottom was fixed
in all directions, and only vertical movements were allowed in other boundaries of
the foundation. The waves caused by train movements could be absorbed bymultiple
damping boundaries verified by Liu and Quek [15].

2.2 Validation of FE Model with Field Measurements

Song carried out field measurements of vibrations at concrete base on the Beijing–
Tianjin Intercity Passenger Line during its trial operation [16]. The distances between
the wheelsets and the axle load were the same to the Fuxing-type high-speed train.
Since this railway was built according to the high-speed railway construction speci-
fication, it had the same track structure type and parameters to the numerical model.



222 H. Jiang et al.

F
ig
.1

C
on
fig

ur
at
io
n
of

Fu
xi
ng

bu
lle
tt
ra
in

in
C
hi
na



Effect of Degraded Subgrade Stiffness on Rail Geometry … 223

Table 1 Parameters of the Fuxing-type high-speed train

Components Value Units

Car body mass 5.2 × 104 kg

Bogie frame mass 3.2 × 103 kg

Wheelset mass 1.2 × 103 kg

Primary suspension vertical stiffness 1.04 × 106 N/m

Primary suspension vertical damping coefficient 5 × 104 N s/m

Secondary suspension vertical stiffness 4 × 105 N/m

Secondary suspension vertical damping coefficient 6 × 104 N s/m

Distance between bogie centers 17.64 m

Bogie wheelbase 2.52 m

Speed 100 m/s

189m

89.7m

Foundation

Car body

Rail

Road bed

Subgrade

20m

(a) 3D finite element model 

Track slab

0.
3

2.
7

0.
2

Concrete base

CAM layer
RailFastener

Roadbed

189

Degradation  area

Foundation 20

44.85

 (b) Cross and Longitudinal section of CRTS II ballastless track (unit: m)

Fig. 2 3D finite element model of CRTSII slab ballastless railway system
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Table 2 Parameters used in the 3D numerical model

Density (g/cm3) Elastic modulus
(MPa)

Poisson’s ratio Damping

Alpha Beta

Rail 7.83 210,000 0.3 – –

Track slab 2.7 35,000 0.167 0.24 0.00021

CAM layer 1.8 315 0.3 0.61 0.00051

Concrete base 2.7 24,000 0.167 0.24 0.00021

Roadbed 2.3 240 0.25 1.52 0.00128

Embankment 1.92 120 0.3 1.52 0.00128

Foundation 1.82 100 0.35 1.52 0.00128

Fig. 3 Comparisons of velocity between field measurement and numerical simulation

Figure 3 compares the calculation results with the field results in terms of the concrete
base’s velocity responses at train speed of 144 km/h. It can be seen that the posi-
tive peaks in the velocity–time curves corresponded to the positions of train bogie.
Both the curve pattern and peak values obtained from the numerical simulation were
close to those of field measurements. Therefore, it is reliable to describe the dynamic
responses of the ballastless track structure with the proposed 3D FE model.

2.3 Description of Roadbed Degradation

To investigate the influence of roadbed degradation on the dynamic responses of
the high-speed train–ballastless track structure, even and uneven degradations of
roadbed stiffness were set in the FE model. For the even degradation of roadbed
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Fig. 4 Uneven degradation
of roadbed stiffness

stiffness, the values of elastic modulus E were chosen as 240, 192, 120 and 48 MPa,
representing the uniform reductions by 0, 20, 50 and 80%, respectively. For the
uneven degradation of roadbed stiffness, cosine curves in terms of amplitude and
wavelength were applied in the FE model as illustrated in Fig. 4.

The cosine roadbed stiffness profiles were obtained as follows:

E(x) =

⎧
⎪⎨

⎪⎩

E0, x ≤ x0
E0 − EA

[
cos 2π(x−x0)

L

]
, x0 < x < L + x0

E0, x ≥ x0 + L

(1)

whereE(x) is the elasticmodulus of roadbed along the longitudinal direction; E0 is the
initial elastic modulus before roadbed degradation, equal to 240 MPa; EA and λ are
the amplitude and wavelength of stiffness degradation areas at the roadbed; EA was
chosen as 48, 120 and 192MPa, which represented the maximummodulus reduction
(MR) ratios were 20, 50 and 80% from the initial elastic modulus; λ was chosen as
20, 40 and 100 m; and x0 is the starting position where the roadbed stiffness begins
to degrade. The assignment of elastic modulus in the roadbed degradation areas
was implemented using the reprogrammed subroutine USDFLD in the ABAQUS
software.

3 Results and Discussion

3.1 Mapped Geometry of Ballastless Track Structure

Railway roadbed supplies enough stiffness to support the superstructure. When the
roadbed softens, additional displacement would occur caused by self-weight of
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Fig. 5 Additional rail
displacement caused by
degradation of roadbed
stiffness under self-weight of
the superstructure
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Fig. 6 Additional rail
displacement caused by
degradation of roadbed
stiffness under train loads

the superstructure and train loads. Figure 5 presents the additional rail displace-
ment under self-weight of the superstructure caused by the uneven degradation of
roadbed stiffness, where the initial rail displacement before roadbed degradation
was balanced. For the uneven wavelength λ = 20 m, the maximum rail displacement
increased by 0.013, 0.044 and 0.126 mm corresponding to the roadbed modulus
reductions (MRs) of 20, 50 and 80%. The additional rail displacement almost
displayed the same shape to the pattern of uneven stiffness as shown in Fig. 4,
and it increased with the reduction of the roadbed stiffness. The increase of uneven
wavelength also resulted in a little growth of the maximum rail displacement. It
indicates that although the ballastless track had very high rigidity, the degradation of
roadbed stiffness could map to the rail surface under self-weight of the superstruc-
ture, resulting in track irregularities. Therefore, it is possible to evaluate the roadbed
stiffness based on the rail geometry.

Figure 6 presents the additional rail displacement when the train passed by the
stiffness degradation areas of railway roadbed. For the high-speed railway without
roadbed degradation, themaximum rail displacement was 1.913mm. The increments
of rail displacement caused by moving train loads were 0.012, 0.042 and 0.13 mm
when the roadbed modulus reduced by 20, 50 and 80% with the wavelength of
20 m. These values were quite similar to the additional rail displacements caused by
self-weight of the superstructure. It indicates that although the roadbed softened by
80%, train loads did not result in obvious additional increase of rail displacement
at the degraded areas. The increments of rail displacement were mainly contributed
from the geometry mapping under self-weight of the superstructure. Compared to
the uneven stiffness degradation, the additional rail displacement was larger at the
situations of uniform stiffness degradation.
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3.2 Dynamic Responses of High-Speed Train

Figure 7 shows the accelerations of train wheels and car bodies under the uneven
degradation of roadbed stiffness. It can be seen from Fig. 7a that the wheel accel-
erations were quite sensitive to the modulus reduction. Although the increments of
rail displacement were only 0.012, 0.042 and 0.13 mm with the roadbed modulus
reduction of 20, 50 and 80% at wavelength λ = 20 m, the wheel accelerations
increased to 5.92, 29.8 and 204.7 mm/s2, respectively. However, the influence of

Fig. 7 Train acceleration
caused by uneven stiffness
degradation
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wavelength on the wheel accelerations was quite minor, which were at low levels
with the wavelengths increased from 20 to 40 m and 100 m. Due to the effects of
bogie-wheel and car body–bogie suspensions, the car body accelerations reduced
sharply as shown in Fig. 7b. The development of car body accelerations was similar
to that of train wheels caused by uneven degradation of roadbed stiffness. Larger
decrease in roadbed modulus resulted in higher accelerations of car body. The allow-
able accelerations were 30 m/s2 for train wheel in Spain and 1 m/s2 for car body
in China. The maximum accelerations of train wheel and car body were 204.7 and
6.5 mm/s2 caused by the roadbed degradation, which were within the limits for train
comfortable running.

4 Conclusions

A 3D finite element model was established to analyze the influence of roadbed
degradation on the rail displacements and vehicle dynamics. The numerical model
was validated by the comparison with the field measurement in the Beijing–Tianjin
high-speed railway. Accordingly, the following conclusions can be drawn:

(1) The uneven degradation of roadbed stiffness is mapped to the rail geometry
and resulted in rail irregularities under the self-weight of the ballastless track.
Compared to the wavelength of uneven modulus, the reductions in modulus
amplitudes played more important role in the rail displacement.

(2) For the degraded roadbed area in ballastless railways, train loads did not
result in obvious additional increase of rail displacement, which were mainly
contributed from the geometry mapping under self-weight of the superstruc-
ture.

(3) The uneven degradation of roadbed stiffness resulted in large vibration of high-
speed trains. For the conditions modeled, the wheel accelerations were more
sensitive to the uneven degradation of roadbed modulus amplitudes than the
wavelength. Due to the effects of bogie-wheel and car body–bogie suspensions,
the car body accelerations reduced sharply.

(4) For the given conditions of uneven degradation of roadbed stiffness, the
maximum accelerations of train wheel and car body satisfied the allowable
limits for riding comfort. It is possible to evaluate the roadbed stiffness-based
train wheels’ dynamics. More situations will be calculated in the following
research.
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Can One Exclude Track and Rolling
Stock Stiffness for the Assessment
of Dynamic Impact Forces Due
to Variations in Track Profile?

Erdem Balcı and Niyazi Özgür Bezgin

Abstract The geometric quality of a railway track is an important indicator of
track performance and ride quality. European Norms (EN) recommends intervals of
geometric values for the plan and profile geometries of railways, and AREMA has
recommendations for geometric maintenance. Nevertheless, these recommendations
frequently exclude an explicit understanding for the track stiffness and the primary
and secondary stiffness values of the rolling stock. However, the authors suggest that
track and rolling stock stiffness values affect the dynamic impact forces that develop
on railway tracks. Therefore, it is the authors’ opinion that the recommendations for
the limits of variability of the track vertical profile must include recommendations
for the track and rolling stock stiffness. An analytical method introduced by the
authors can explicitly assess the effect of track and rolling stock stiffness on the
dynamic impact forces that develop due to variations in track profile, track and
rolling stiffness and wheel roughness. This paper will evaluate the AREMA and EN
recommendations for the track profile variations. The paper will then introduce the
developed method and the analytical equations developed by the method and use
these equations with the track profile variation intervals recommended in the EN
to show the necessity of specifying track and rolling stock stiffness value intervals
along with the recommendations for interventions due to profile variations to reduce
train speeds or correct the track profile.
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1 Introduction

The significance of the evaluation of tracks’ geometric quality came into prominence
in the twentieth century. Development of track recording vehicles allowed European
infrastructure companies to measure track geometry and thus develop their own eval-
uation standards (EN). EN13,848-5 [1] is EuropeanStandard for railway applications
and track and track geometric quality. In Part 5 of the Standard, geometric quality
levels for plain line are examined in detail and wavelength intervals are recom-
mended for the assessment of limit cases. Implementation of these given recom-
mendations is necessary for 31 European countries according to CEN/CENELEC
Internal Regulations. There is a variety of studies that recommend track quality levels
[2, 3]. Track geometric quality recommendations presented by European Standard
take three previous studies into account as much as possible [3–5]. Even though
their suggestions differ from the others, they also do not take track and rolling stock
stiffness into consideration. According to the standard, depth and amplitude of the
isolated defects for a specific train speed determine track’s geometric quality.

Variations in the track profile cause dynamic impact forces in railways. However,
irregularity type of the profile (i.e., “ascend” or the “descend”) is not the only param-
eter that determines the amount of dynamic forces transferred to the track. Previous
studies show that track and rolling stock stiffness are also important in the assess-
ment of dynamic impact loads [6–8]. An analytical method introduced by Bezgin [9]
takes track roughness, track stiffness and rolling stock stiffness into consideration to
estimate dynamic impact forces that develop due to variations in track profile, track
and rolling stock stiffness and wheel roughness. One can easily use this method to
understand the effects of track and rolling stock stiffness on the dynamic impact
forces for a given track profile and train speed conditions [9, 10].

In this work, dynamic impact factors are calculated for EN’s recommended values
for limit cases. It is shown that when all parameters held constant for a given track
profile, variation in the track stiffness causes different dynamic loadings [9]. Firstly,
track quality levels and recommendations of EN and AREMA are explained. Later,
the Bezgin method and sets of equations developed by the method are introduced.
Finally, dynamic impact factors are estimated according to the limits specified in
EN. It is found that both track and rolling stock stiffness play a crucial role in
occurrence of dynamic forces. Therefore, both should be taken into consideration
for track geometry recommendations to avoid excessive values of dynamic impact
forces.

2 Evaluation of Track Quality in EN and AREMAManual

In order to bring a harmonized track quality standards that can be applied in Europe,
European Standard defines three quality levels:
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• Alert Limit (AL): Limit that if exceeded, it is necessary to analyze track geometry
and carry out a regularly planned maintenance.

• Intervention Limit (IL): Limit that if exceeded, corrective maintenance must
be carried out to prevent immediate action limit to be reached before the next
inspection.

• Immediate Action Limit (IAL): Limit that if exceeded, immediate action (such
as closing the line or reducing the speed) must be taken to lower the derailment
risk to an acceptable level.

There are recommendations of values for track gauge, longitudinal level, align-
ment and twist to determine these limits. However, only recommendations for longi-
tudinal level will be examined in this work. Longitudinal-level differences for these
limits are addressed for three wavelengths. Wavelengths (λ) show the length of the
track that track irregularity continues. This value is equal to twice of the transition
length (L). These wavelengths are:

• D1: 3 m < λ ≤ 25 m
• D2: 25 m < λ ≤ 70 m
• D3: 70 m < λ ≤ 200 m

The last wavelength is related to passenger comfort rather than safety. Thus,
longitudinal-level differences in limit cases are specified for D1 andD2wavelengths.
Table 1 shows the isolated defect recommendations for AL, IL and IAL and for mean
to peak values. Themean stands for the calculation over a length that is equal or higher
than twice of the wavelength in D1 or D2. Since it is close to zero in practice, zero
to peak values are used. One can notice that the effects of track and rolling stock
stiffness are not explicitly considered within these recommendations.

In AREMAManual [11], track geometry is described by various parameters and
elements. These can be found by the projection of track geometry onto different
planes (i.e., horizontal or longitudinal planes). Thus, track geometry is described in
four different ways: horizontal track geometry, longitudinal track geometry, track
geometry in transverse vertical plane and track geometry in the track plane. Irreg-
ularity measurements may be performed by a track geometry measuring vehicle
(TGMV). An example of the output of a TGMV is shown in Table 2. TGMV gives

Table 1 Longitudinal alignment differences for limit cases specified in European Standard

Speed (km/h) AL (mm) IL (mm) IAL (mm)

Wavelength Wavelength Wavelength

D1 D2 D1 D2 D1 D2

v ≤ 80 18 – 21 – 28 –

80 < v ≤ 120 16 – 19 – 26 –

120 < v ≤ 160 15 – 17 – 23 –

160 < v ≤ 230 12 20 14 23 20 33

230 < v ≤ 300 10 18 12 20 16 28
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Table 2 Priority defect report sample (AREMA)

Defect name From
post/feet

To
post/feet

Length
(feet)

Maximum
value

Threshold Speed Track
type

LPROFILE 47 + 678 47 + 685 7 3/4′′ 58′′ 60 T

RPROFILE 47 + 678 47 + 685 7 3/4′′ 58′′ 60 T

a strip chart as an output, showing overall track geometry in one picture. “From
post” shows where the signal value exceeds the threshold, and “to post” is where
signal value falls below the threshold. Length is the difference between these two,
and maximum value is the largest measured signal value. Aim of the chart is to
find the listings of priority defects where threshold is exceeded. A threshold value
must be predetermined for the evaluation of the results of the strip chart. Points
where geometric defects exceed their threshold are evaluated as priority defects or
exceptions. Thresholds are set by considering railroad’s standards.

Besides, there are special priority defects that do not fit into description of basic
priority defects, such as maximum allowable speed defect. This type of defect can
be found only in curves. Maximum speed in the curve is usually set by the railroad’s
standards using the following formula.

V =
√
(E +U )

0.0007D
(1)

V Maximum allowable speed (mph)
E Actual curve superelevation (inches)
U Allowable unbalanced superelevation (inches)
D Curve degree.

AREMA suggests corrective action in points where threshold is exceeded. This
threshold is usually based on the operational speed. The formula used in the curves
is a combination of allowable speed, superelevation and curve parameters.

However, track stiffness is one of the main indicators of the track quality and
rolling stock stiffness is an effective parameter on dynamic forces generated by
train. In order to investigate their effects, dynamic impact forces must be calculated
for different stiffness values within the limits that is specified in EN. One can use
the Bezgin method to assess dynamic impact forces in a track with track profile
irregularities.

3 Bezgin and Extended Bezgin Equations Used
for the Estimations of Dynamic Impact Forces

Extended Bezgin equations are formed by the implementation of Bezginmethod, and
they can be used to estimate dynamic impact forces generated by train’s passage over
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track irregularities [9, 10, 12]. These equations consider the effects of primary and
secondary spring stiffness values of the rolling stock in addition to the track stiffness.
The method is based on the principle of energy conversation, kinematics and a new
concept of impact reduction factor. A previous study [12] shows the development of
Bezgin equations to obtain KB,a and KB,d which are the dynamic impact factors for
ascending and descending track profiles, respectively.

While Bezgin equations take track stiffness (k), train speed (v), variation in track
profile (h) and transition length (L) into consideration, extended Bezgin equations
consider the bogie stiffness (kb), wheel spring stiffness (kw), Hertzian contact stiff-
ness (kh) and damping quality of the train (s) in addition. A system stiffness is used
as a combination of these stiffness values. One can find the details of the application
of this method to yield the extended Bezgin equations elsewhere [10]. However, four
of the equations developed by the method are shown in Eqs. 2, 3, 4, 5 and 6 that
estimate dynamic impact force factors for ascending track profile variation (KB,a and
K′

B,a), descending track profile variation (KB,d and K′
B,d) and the secondary impact

(Kj) that occurs due to an ascending track profile, respectively.

KB,a = 2

√[
h

2a
(1 − f ) + 1

]
− 1 (2)

KB,d = 1 +
√
2h

a
(1 − f ) (3)

K ′
B,a = 2

√[
h

2a′ (1 − f − s) + 1

]
− 1 (4)

K ′
B,d = 1 +

√
2h

a ′ (1 − f − s) (5)

KJ = av
g

where av = 2h
(
V/

L

)2
(6)

One can benefit from the presented Bezgin and extended Bezgin equations to
estimate the dynamic impact forces occurring over a rough length of track where the
track profile changes. While a wheel of the train passes over the irregularity in D1 or
D2 wavelength, it is first exposed to a descending and then ascending track profile as
shown in Fig. 1. Throughout the first half of the wavelength, KB,d and K ′

B,d dynamic
impact factors can be used for estimations. Since the second half of the wavelength
is an ascending profile, wheel accelerates beyond the transition length and reaches a
certain speed. When the track irregularity ends, vertical acceleration diminishes and
the wheel leaps onto and drops on the track, causing an additional dynamic impact
factor (KJ ). Therefore, effects of the ascending wheel acceleration must be added to
the existing dynamic impact factors in the ascending profile. Total dynamic impact
forces in the ascending profile can be estimated by KB,a + K J or K

′
B,a + K J .
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Fig. 1 Dynamic impact
factors due to descending
and ascending track profiles
[11, 13]

4 Dynamic Impact Forces Due to Longitudinal-Level
Differences in EN Quality Limits

EN Standard has recommendations for five intervals of train speeds:

• v ≤ 80 km/h
• 80 km/h < v ≤ 120 km/h
• 120 km/h < v ≤ 160 km/h
• 160 km/h < v ≤ 230 km/h
• 230 km/h < v ≤ 300 km/h

In order to calculate dynamic impact force factors, this paper considers train speed
values of 50, 100, 150, 200 and 250 km/h. Each of these five values represents the
value intervals specified in the EN. There are two wavelengths (D1 and D2) and
two track irregularity types (ascending and descending profile). EN determines the
longitudinal alignment difference in the alert, intervention and immediate action
limits for a certain speed and a certain wavelength. Dynamic impact force factors are
calculated for each train speed, wavelength and longitudinal alignment difference
but with the inclusion of track and rolling stock stiffness.

Calculations are done by using ALLTRACK v1 [14], a program that calculates
dynamic impact factors for given track characteristics by the implementation of
Bezgin and extended Bezgin equations. Dynamic impact force factors are calculated
for track stiffness of 20, 40, 60, 80 and 100 kN/mm. Bogie stiffness of 5 kN/mm,
wheel spring stiffness of 10 kN/mm, Hertzian contact stiffness of 200,000 kN/mm,
damping factor of 0.01 and wheel force of 125 kN are used. Rough track length
values are chosen closer to the minimum limits. For instance, D1 wavelength covers
the irregularities between 3 and 25 m. In calculations, D1 wavelength is picked as
5 m and thus transition length is obtained as 2.5 m. For D2, wavelength of 30 m and,
thus, transition length of 15 m are used. Dynamic impact factors that are obtained
via Bezgin and Extended Bezgin Equations are calculated. However, only dynamic
impact factors of Bezgin equations are shown in the graphs. In order to help readers
to compare the graphs of different limit cases, same dynamic impact factor scale is
used in all figures (Fig. 2).
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Fig. 2 Flowchart of the determination of dynamic impact factors for limit cases

4.1 Dynamic Impact Force Factors in Ascending Profile

Calculations are done for recommended longitudinal-level differences at alert limit
(AL), intervention limit (IL) and immediate action limit (IAL), respectively.Variation
of the dynamic impact factors with the track stiffness for AL is shown in Fig. 3.

KB,a factor does not take rolling stock stiffness value into consideration and
relates to the track stiffness values. This factor reaches very high values because
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Fig. 3 Dynamic impact force factors due to ascending profile in AL [13]

train’s suspension abilities are not considered. It can be seen from the figure that
dynamic impact factors increase with the increasing track stiffness. Especially in
higher speeds, dynamic loading in k = 120 kN/mm is remarkably higher than the
loading in k = 20 kN/mm. Additional dynamic impact due to wheel’s vertical accel-
eration is also an effective parameter to be considered. Its value is related to transition
length and train’s speed. While KB,a is almost equal for train speeds v = 200 km/h
and v = 250 km/h, total dynamic load is different because of the KJ . This gap
between dynamic loadings due to Kj gains importance especially in higher speeds
and longitudinal differences and lower transition lengths.

K ′
B,a factor includes train’s suspension abilities and is affected much less by the

increase in the track stiffness. From k = 20 kN/mm to k = 120 kN/mm, maximum
increase in K ′

B,a is %1.6 for given train speeds and wavelengths. Since equivalent
system stiffness, which is a combination of track stiffness, wheel spring stiffness,
bogie spring stiffness and Hertz contact stiffness, is used in the determination of
K ′

B,a, the relative effect of track stiffness becomes much less. In other words, rolling
stock stiffness and damping quality of a train are very important to reduce the effects
of track stiffness on dynamic impact forces.

Figure 4 illustrates the change of impact factors with the increasing track stiffness
in IL, and it is similar to the change in AL. In IL, KB,a + Kj factor reaches nearly
7 times of the static wheel force, while it reaches nearly 6 times in AL. Because
longitudinal profile variations are higher for this limit. One can see that there is
more difference between the estimated factors with different train speeds.While total
dynamic impact load is 4 for track stiffness of k = 20 kN/mm, it is near to 7 when
k = 120 kN/mm. This shows the potential difference in the dynamic loads for given
EN recommendations.
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Fig. 4 Dynamic impact factors due to ascending profile in IL [13]

Distinction between D1 and D2 wavelengths is significant. Since D1 has a shorter
length of track irregularity than D2, it is seen that dynamic impact force factors
estimated for D1 and v = 50 km/h are higher than the factors estimated for D2 and
v = 250 km/h.

In Fig. 5, dynamic factors are calculated for IAL, representing poor track condi-
tions. When track quality decreases, track stiffness’ importance on impact factors
increases. Due to Kj, train speed is more effective on loading in IAL. Inequality

Fig. 5 Dynamic impact factors due to ascending profile in IAL [13]
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between different track stiffnesses is more obvious for this case. While transferred
forces into the track are 5 times of train’s static wheel force for k = 20 kN/mm, it is
9 times for k = 120 kN/mm. One must note that AL is the first of these three limits,
and thus the estimated dynamic impact force factors for this limit are the least. IAL is
the worst-case scenario limit for the railway track, and the estimated dynamic impact
force factors can be much higher than those estimated for AL and IL.

4.2 Dynamic Impact Forces in Descending Track Profile

For descending track profile, dynamic impact forces occur due to wheel’s descent
from “h”, depending on its speed. Secondary impact will not occur in this case.
Variation of the dynamic impact forces due to descending profile with the track
stiffness for AL is shown in Fig. 6.KB,d curves are plotted for D1 andD2wavelengths
and for AL, IL and IAL, respectively.

Change of KB,d factors with track stiffness is similar to the change in KB,a + Kj

factors.When train speed is high, dynamic loads in high track stiffness become twice
of the loads in the low track stiffness. For IL, KB,d factor is the same for v = 150, 200
and 250 km/h. For this specific case, track stiffness is the key in the determination
of occurred dynamic loads. Loads in k = 120 kN/mm can be more than twice of
the loads in k = 20 kN/mm for IL and IAL. Transferred dynamic load to the track
depends heavily on the track stiffness. Therefore, given recommendation according
to wavelengths and specific train speeds is not sufficient solely.KB,d dynamic impact
factors for IL and IAL are shown in Figs. 7 and 8, respectively.

Fig. 6 Dynamic impact factors due to descending profile in AL [13]
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Fig. 7 Dynamic impact factors due to descending profile in IL [13]

Fig. 8 Dynamic impact factors due to descending profile in IAL [13]

K ′
B,d dynamic impact factor, on the other hand, is affected less by the variation

of track stiffness. From k = 20 kN/mm to k = 120 kN/mm, maximum increases in
the K ′

B,d are %2.8, %3 and %3.3 for AL, IL and IAL, respectively.
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5 Conclusions

This study investigated the importance of track and rolling stock stiffness in the
assessment of dynamic impact loads. EN’s intervals of geometric value recommenda-
tions and AREMA’s method to determine a track’s quality exclude the understanding
of track’s and rolling stock’s stiffness. However, change in the stiffness values affects
the dynamic impact forces occurred in a track. Possible change of track stiffness in
frost-prone regions requires a thorough assessment of the effects of the variations in
track stiffness on dynamic impact forces that occur due to variations in track profile.

The Bezgin method is an analytical method, which correlates dynamic impact
forces to the track and rolling stock stiffness. Through the resulting equations that
come with the implementation of this method, variation in the dynamic loads is
shown for changing track stiffness. It is found that dynamic loads are affected by
track stiffness to varying degrees. Especially when the primary wheel suspensions
are damaged or malfunctioning, dynamic impact force factors can reach excessive
values. It is also shown that stiffer tracks lead to higher dynamic impact forces. The
study is repeated for AL, IL and IAL cases specified in EN. From AL to IAL, the
track condition worsens and dynamic forces transferred to the track get higher.When
train applies higher wheel forces, deterioration of the track accelerates and track’s
condition becomes worse.

When equivalent system stiffness is used in the equations, effect of the track
stiffness was negligible. Instead, stiffness of the rolling stock elements took part
covering the effect of the variation in track stiffness over dynamic loading. However,
one must be cautious about the possibility of the absence or malfunctioning of the
rolling stock stiffness elements.

In IAL, dynamic impact factor of a train without suspension can be anywhere
between 4 and 9, depending on the track stiffness. EN’s recommendations with the
exclusion of track and rolling stock stiffness can lead to excessive dynamic impact
forces and, thus, poor track performance, rapid deterioration of the track elements
and shorter service life. AREMA’s method for the inspection of the track is based on
TGMV’s priority defect chart which is evaluated by a predetermined threshold. Since
all maintenance tasks must be done according to output of the proposed method, it
is very important to determine the threshold carefully. However, determination of
the threshold is usually based on the railroad’s standard and it is mostly done by
considering operational speed.

In conclusion, both track and rolling stock stiffnesses are very important param-
eters that require consideration in the assessment of track geometric threshold
values.
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The Influence of Local Irregularities
on the Vehicle–Track Interaction

Aditi Kumawat, Ullrich Martin, Sebastian Bahamon, and Sebastian Rapp

Abstract Local track irregularities such as mud spots generally cause a sudden
variation in track stiffness, which leads to the track geometry degradation in a short
period. The interaction of the moving train with such track defects induces additional
dynamic stresses in the track system that may prove harmful for the structural health
of the track structure. In this paper, an analytical approach is proposed to simulate
the vertical track acceleration caused by a local track irregularity when subjected to
a uniformly moving load. The railway track is modeled as an infinitely long contin-
uous Euler–Bernoulli beam lying over a Pasternak-type viscoelastic foundation track
model. At any given location along the rail beam, the stiffness and thickness of the
considered foundation model, respectively, denote the track substructural stiffness
and track geometry. To simulate the effects of local irregularities, a pre-defined
variation of the stiffness and thickness is considered in a particular section of the
foundation model. The time-domain deflection/acceleration responses are obtained
for the railway track subjected to a uniformlymoving (a) point load and (b) two-mass
oscillator system. The results show that the local irregularities may cause significant
damage to track structure, which may lead to poor ride comfort or in some cases,
even derailment.

Keywords Local track irregularity · Railway track · Analytical model

1 Introduction

The interaction of the moving train with the vertical imperfections (wheel flats
and railhead corrugations), rail discontinuities (crossings, switches, turnouts), or
local irregularities (mud spots) results in unstable vibrations [1, 2]. These vibrations
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are detrimental for the long-term performance of the track structure, and to ensure
passenger safety, continuous track monitoring is essential.

Track stiffness and vertical track geometry are the two crucial parameters that
are often implemented for the quality assessment of in-service railway tracks. The
track stiffness is defined as the ratio of the train load to the rail deflection. The track
geometry data includes the longitudinal profile, alignment, track gauge, cross-level,
and twist. Both the track stiffness and geometry may vary along the length of the
track at the transition zones, switches, and crossings [3]. However, local irregularities
such as mud spots cause a sudden variation in track stiffness and geometry, which
leads to track degradation in a short period. The interaction of the moving train with
such track defects induces additional dynamic stresses in the track system that may
prove harmful for the structural health of the track.

Track recording vehicles are often used for continuous measurement of stiffness
and vertical profile along the length of the railway track [4, 5]. Additionally, acceler-
ation sensors mounted on in-service trains are also employed to recognize the track
irregularities along the railway tracks. However, continuous monitoring of railway
tracks is costly, disrupts the regular operations, and has not been implemented yet
for a vast length of railway networks across the world. Therefore, prior knowledge
of the typical acceleration signals due to various track defects under the dynamic
train loads is essential to detect the track failures as early as possible [6].

Several studies have simulated the acceleration/displacement response of the rail
beam under moving train loads using various analytical and numerical methods [7–
9]. However, most of these methods analyze the track assuming a constant track
stiffness. Only a few theoretical studies are available in the literature which consider
the variation of track stiffness along the track length [10]. Moreover, none of those
studies take into account track geometry degradation.

The present study is performed in three parts (see Fig. 1). In this first part of this
research, an analytical approach is proposed to simulate the vertical track deflec-
tion/acceleration caused by a local track irregularity. In the second part, the track
acceleration data is collected via (1) an experimental study performed on a 1:87

Fig. 1 Activity diagram showing the steps of the study



The Influence of Local Irregularities on the Vehicle–Track Interaction 247

track–vehicle scale model and (2) field measurements. In the third part, the relia-
bility of the proposed approach will be assessed by comparison with the collected
data. In this paper, however, we only present the first part of this study. A subsequent
article (under preparation) will focus on the second and third parts based on results
of ongoing research.

The railway track is modeled as an infinitely long continuous Euler–Bernoulli
beam lying over a Pasternak-type viscoelastic foundation track model. At any given
location along the rail beam, the stiffness and thickness of the considered foundation
model denote the track substructural stiffness and track geometry, respectively. For
simulating the effects of local irregularities, a pre-definedvariation of the stiffness and
thickness is considered in a particular section of the foundation model. An analytical
approach is employed to analyze the response of a vehicle moving over the local
irregularity. The results comprise the time-domain deflection/acceleration response
of the rail beam and vehicle system for various train velocities.

2 Analysis

Figure 2 represents the railway track model used to analyze the behavior of railway
track system under motion-induced dynamic loading. The rail beam is idealized as
an infinite Euler–Bernoulli beam with x denoting the space coordinate along the
length of the rail beam. The track structure beneath the rail beam is idealized via
a viscoelastic Pasternak layer. The viscoelastic component of this layer comprises
viscous dampers superimposed with a spring layer. The viscoelastic layer accounts
for the stiffness K (x) and damping c(x) associated with various track components
(rail pads, sleepers, ballast, and subgrade). Further, the Pasternak layer (of thickness
HP(x)) takes into account the shear behavior of the substructure components (ballast

Rail beam ( )

Pasternak shear layer 

( (x))
Viscoelastic layer 

( , c) 

Fig. 2 Definition sketch of the considered railway track model
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and subgrade) via the shear parameter GP(x). In addition to this, the Pasternak shear
elements introduce the interaction between the viscoelastic spring elements.

Thus, the considered trackmodel idealizes the railway track system in a simplistic
manner through its stiffness, damping, and shear parameters. Ideally, a proper model
of the railway track should account for the sleepers, rail pads, and rail fasteners.
Further, the model for ballast and subgrade should account for effects such as inter-
particle friction, particle angularity, and nonlinear deformation behavior. However,
the primary goal of this study is to propose a computationally inexpensive analytical
model that, at the cost of certain simplifications, can still yield reasonable results for
the reference of practicing engineers.

Under these idealizations, the equation of motion of the rail beam is given by [9]

E I
∂4w

∂x4
− GP(x)HP(x)

∂2w

∂x2
+ K (x)w + c(x)

∂w

∂t
+ ρ

∂2w

∂t2
= F(x, t) (1)

wherew(x, t) is the transverse deflection of the rail beam (considered positive down-
ward), E is Young’s modulus of rail beam material, I is the moment of inertia of the
rail beam cross section about the axis of bending, ρ is the mass per unit length of the
beam, and F(x, t) is the load applied per unit length of the beam. In this case,F(x, t)
is given by

F(x, t) = P(t)δ(x − vt) (2)

where δ represents Dirac’s delta function and P(t) is the time-varying vertical load
moving over the rail beam with uniform velocity v. Further, as mentioned in the
introduction, the effect of local irregularity (mud spot) is simulated via the variation
of stiffness K (x) and height HP(x) of the Pasternak layer along x . However, it is
assumed that the shear parameter GP(x) and damping values c(x) remain constant
along the length of the railway track. Considering that, and usingEq. (2). Equation (1)
can be rewritten as:

E I
∂4w

∂x4
− GPHP(x)

∂2w

∂x2
+ K (x)w + c

∂w

∂t
+ ρ

∂2w

∂t2
= P(t)δ(x − vt) (3)

Denoting ι = √−1 and f
∧

(ω) as the Fourier transform of an arbitrary function
f (x) of the space coordinate x , we have

f
∧

(ω) =
∞∫

−∞
f (t)e−ιωtdt (4)

and
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f (t) = 1

2π

∞∫

−∞
f
∧

(ω)eιωtdω (5)

Further, on taking the Fourier transform of Eq. (3) using Eq. (4) we can write

E I
∂4w

∧

∂x4
− GPHP(x)

∂2w
∧

∂x2
+ K (x)w

∧ + ιcωw
∧ − ρω2w

∧ = P
( x

v

)
e−ιω( x

v ) (6)

where w
∧

(x, ω) denotes the Fourier transform of w(x, t). On simplifying the above
equation, we can obtain the solution for w

∧

(x, ω) as:

w
∧

(x, ω) =
(

P(x/v)v3

E Iω4 + GPHP(x)ω2v2 + v4K (x) − ρω2v4 + ιcωv4

)

e−iω( x
v ) (7)

To obtain the rail beam deflection w(x, t) in time domain, one needs to evaluate
the inverse Fourier transform of w

∧

(x, ω) using Eq. (5) as:

w(x, t) = 1

2π

∞∫

−∞

(
P(x/v)v3e−iω( x

v )eιωt

E Iω4 + GPHP(x)ω2v2 + v4K (x) − ρω2v4 + ιcωv4

)

dω

(8)

Furthermore, to determine the rail beam deflection below the moving load P(t)
we can substitute x = vt in the above equation:

w0(t) = 1

2π

∞∫

−∞

(
P(t)v3

E Iω4 + GPHP(vt)ω2v2 + v4K (vt) − ρω2v4 + ιcωv4

)

dω

(9)

where w0(t) represents the rail beam deflection at the location x = vt , i.e., w0(t) =
w(vt, t).

3 Results and Discussion

In this section, the response of the railway track system to the local irregularity
is evaluated using the above formulation presented. The parameters used for the
calculations are listed in Table 1. The variations of the track stiffness from a constant
stiffness K_0 (see Table 1) and that of the Pasternak layer thickness H_P (see Table
1) assumed to simulate the local irregularity are shown in Fig. 3a, b, respectively.
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Table 1 Railway track and
oscillator parameters [2, 8, 9]

Parameters Symbol Values

Rail beam

Mass per unit beam length ρ 60 kg/m

Modulus of elasticity E 210 GPa

Central area moment of inertia I 3055 cm4

Shear layer

Shear modulus GP 43.3 MPa

Height HP 0.5 m

Viscoelastic layer

Stiffness per unit beam length K0 40 MPa

Damping ratio ζ 0.05

Point load

Load magnitude P0 100 kN

Oscillator

Mass m0 880 kg

m1 745 kg

Stiffness k1 0.735 MN/m

Coefficient of viscous damping c1 9.36 kN-s/m

Figure 4 shows the deflection response w0(t) of the rail beam subjected to a
uniformly moving load P(t) = P0 (see Fig. 2 and Table 1), at the location x = vt ,
wherev denotes velocity. Itmaybe noted that the positive value of deflection indicates
the downward deflection (i.e., settlement). The deflection is obtained at four different
velocities. Itmay be observed fromFig. 4 that initially, at all the considered velocities,
the rail beamdeflections are constant. Those constant values are equal tow0(t) = wv ,
obtained by inserting the constant stiffness K0 and thickness HP in Eq. (9), at the
given velocity. However, as the load approaches the local irregularity, the deflection
values gradually increase, and respective maximum values are attained at x = 15 m.
As the load moves beyond the local irregularity, those deflections decrease and again
reach the constant value wv . The increase in deflections (by up to 360%) at the
location of local irregularity shows that the stiffness and track geometry degradation
may adversely affect the track performance.

Further, it may also be observed from Fig. 4 that as the velocity increases, the
maximum deflection at x = vt also increases. To better understand the effect of
velocity on the rail beamdeflection, Fig. 5 presents themaximumdeflectionsw0(t)max

observed for the velocities ranging from 0 to 500 m/s. It may be seen that w0(t)max

increases with velocity, with the maximum amplification occurring at v = 447 m/s.
This velocity is referred to as the critical velocity of the track. The maximum train
velocities for ballasted tracks are much lesser than the observed critical velocity.
However, the critical velocity value depends on the overall track stiffness and high
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Fig. 3 Variation of track parameters along the railway track. a Stiffness. b Thickness (the dotted
vertical lines specify the location of local irregularity)

Fig. 4 Deflection response of the rail beam subjected to a uniformly moving load, at the location
x = vt , for v = 30, 100, 200, and 400 m/s
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Fig. 5 Maximum rail beam deflections observed for the velocities ranging from 0 to 500 m/s

amplifications in deflections may be observed for a soft subgrade even at velocities
of magnitudes comparable with the train velocities [8].

In this section,we analyze the effect of the considered local irregularity onvehicle–
track interaction. Figure 6 shows a two-mass oscillator moving uniformly (with
velocity v) over the Pasternak viscoelastic model (with varying thickness H(x) and
stiffness K (x)). The oscillator system comprises masses m0 and m1 connected via
a spring (with stiffness k1) and dashpot (with viscous damping coefficient c1). The
parameters defining the oscillator system are listed in Table 1. It is assumed that the
moving oscillator system is in constant contact with the rail beam, and therefore, the
absolute displacement of mass m0 is equal to that of the rail beam, i.e., w0(t). w1(t)
represents the absolute displacement of mass m1. The force exerted by the moving
oscillator system on the rail beam P(t) (see Eq. (9)) is derived in using an approach
given in the study [9].

Fig. 6 Railway track model with two-mass oscillator
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Figure 7 shows the deflection response of the masses m0 (or of the rail beam) and
m1 at the location x = vt for three different velocities, v = 30, 100, and 200 m/s. It
is assumed that both masses are at rest at location x = 0 and time t = 0.

It may be observed that the deflections w0(t) and w1(t) oscillate about a constant
value. This value is equal to the deflection observed at the contact point when a point

Fig. 7 Deflection responses of the massesm0 (w0(t)) andm1 (w0(t)), at x = vt , for three different
velocities, a v = 30 m/s, b v = 100 m/s, and c v = 200 m/s (the dotted vertical lines specify the
location of local irregularity)
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load of magnitude (m0 + m1)g, where g is acceleration due to gravity, traverses the
track model. The oscillatory vibrations of the deflection w0(t) have a much higher
frequency than those for the deflection w1(t). Also, the frequency of vibration for
both w0(t) and w1(t) decreases with the increase in velocity. Further, the effect of
oscillator damping is evident in Fig. 7 where at all the considered velocities, as the
oscillator moves away from initial location, the magnitude of deflections w0(t) and
w1(t) decays with every cycle of vibration. The rate of vibration decay, however,
decreases with the increase in velocity.

Further, in Fig. 7, as the oscillator approaches the local irregularity section (x =
5–25m), an increase (by up to 250%) inw0(t) can be clearly observed at all velocities.
In addition to this, a significant increase (by up to 290%) in w1(t) may be observed
for the velocity v = 30 m/s. However, the effect of the local irregularity is negligible
on w1(t) at higher velocities (v = 100 and 200 m/s). The low value of deflection
observed at higher velocities may be attributed to the local irregularity’s length along
the rail track. It has been found that for an irregularity of longer length, significant
changes in deflections may be observed even at higher velocities. Lastly, as the
oscillator moves beyond the local irregularity, the deflection values dampen to the
constant value. Thus, it may be concluded that, the local irregularities may cause a
significant damage to track structure which may lead to poor ride comfort or, in some
cases, derailment.

Figure 8 shows the acceleration responses of the masses m0 and m1 along the
length of the railway track. The comparison of these responses with the field accel-
eration data will be able to test the reliability of the presented approach. However,
the data acquisition is still in process, and the subsequent article will focus on the
comparison study.

4 Summary and Conclusions

In this paper, an attempt was made to simulate the effect of local irregularities in the
railway track. The railway track is idealized via a Pasternak viscoelastic foundation
model. A pre-defined stiffness and geometry variation are incorporated in a partic-
ular section of this foundation model to simulate the local irregularity. Further, an
analytical approach is used to analyze the rail beam deflection/acceleration responses
under dynamic train loading for the cases of uniformly moving (a) point load and
(b) two-mass oscillator system.

For both considered loading types, a significant increase in the rail beam deflec-
tions is observed (by up to 360 and 250%, respectively) as the load approaches the
simulated local irregularity position. The maximum amplification in the rail beam
deflection is observed at the so-called critical velocity value. Lastly, it is found that
the oscillator damping brings the rail beam response closer to that observed for the
case of constant moving load idealization.
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Fig. 8 Acceleration responses of the masses m0 (ẅ0(t)) and m1 (ẅ1(t)), at x = vt , for three
different velocities, a v = 30 m/s, b v = 100 m/s, and c v = 200 m/s (the dotted vertical lines
specify the location of local irregularity)
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Repeatability of Minimum
and Maximum Density Testing on Clean
and Fouled Ballast

M. W. Jones, E. K. Akey, C. L. Ho, and A. J. Rubin

Abstract Ballast material is a critical part of the safety of railways, such as padding
tracks to prevent dynamic vibrations from causing trains to derail. The effectiveness
of this material is closely tied to the percentage of fouling that is intermixed with the
material. Generally, ballast is placed as compact as practical, but overtime, fouling
of the ballast changes the composition of the placed material. Relative density could
provide insight into the relative compactness and strength of the material. Unfortu-
nately, the results of minimum or maximum density tests are not well documented in
the existing literature. Although ASTMD4254 and D4253 do provide guidelines for
minimum and maximum density testing of large particle diameters, there is minimal
discussion in the literature regarding the anticipated error when testing with ballast
and fouling. Tests to attempt to characterize this behavior, minimum and maximum
density tests were run using Connecticut Granite ballast with granite stone dust used
as a fouling material. The samples contained fouling at intervals of 0, 15, 30, 45,
and 60% by mass and were placed in a 12-inch interior diameter cylinder mold in
accordance with the ASTM standards. For each fouling condition, two operators
each conducted 10 minimum density and 5 maximum density tests for a total of 100
minimum density tests and 50 maximum density tests. The effect of fouling, density,
and operator, on the repeatability of the tests on ballast, is discussed.

Keywords Ballast · Minimum density testing · Maximum density testing · ASTM
standards
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1 Introduction

ASTM standards D4254 and D4253 outline proper methods for performing
maximum and minimum density tests on soils; however, research on the applica-
bility of said standards to large particle soils such as railroad ballast is limited.
Ballast material, the padding used on tracks to prevent dynamic vibrations from
passing trains, is majorly composed of coarse gravel. Because the ASTM standards,
particularly the minimum density, require approximations from the human eye, the
error arising from this process may increase when dealing with the coarser soil. To
test this effect, samples of AREMA #4 ballast mixtures containing 0, 15, 30, 45, and
60% fouling by mass were tested using each of the standards. 100 minimum density
tests and 50 maximum density tests are used to discuss the effects of fouling, density,
and operator on the repeatability and accuracy of these tests on the ballast material.

2 Background

Relatively speaking, the volume of research on the ASTM minimum and maximum
density standards is very small for ballast-sized particles. Previous studies that do
exist have been focused primarily on the methods when sands/silt mixtures are
considered. The extent of the repeatability on larger particlematerials does not extend
far beyond the ASTM publication itself [1]. The ASTM publication specifies that all
minimum density tests should be as follows for samples with particles over ¾ -in in
diameter [2]:

9.2.3.1 Fill the mold to overflowing but no more than 1 in (25 mm) above the top. For solids
where themaximum particle size passes the ¾-in. (19.0-mm) sieve, use the steel straightedge
(and the fingerswhen needed) to level the surface of the soil with the top of themold. For soils
with a large maximum particle size, use the fingers in such a way that any slight projections
of the larger particles above the top of the mold shall approximately balance the larger voids
in the surface below the top of the mold.

The latter allows for a large degree of human error and variation from test to test.
Acceptable range and standard deviationwere assessed byASTMwhen the standards
were published in 2016, but only on USCS classification SP soil types, nothing as
coarse as the ballast materials (with particles up to 60mm) tested in this project. They
found that in both single- and multi-laboratory results, the average value tests were
the same, but standard deviation was significantly lower for the single-operator tests.
The average value found when triplicate tests were conducted also varied slightly
from the single-test results. The precision and accuracy are still untested for coarser
samples.

The ASTM standard for maximum density testing using a vibrating table cites the
procedure as such [3]:

11.1.4 Attach the mold to the vibrating table.
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11.1.5 Firmly attach the guide sleeve to the mold and lower the appropriate surcharge weight
onto the surcharge base plate.

11.1.7 Vibrate the mold assembly and specimen for 8 ± ¼min at 60 ± 2 Hz or for 12+/− ¼
min at 50 +/− 2 Hz. Remove the surcharge weight and guide sleeve from the mold. Check
that the surcharge base place is firmly and uniformly in contact with the surface of the soil.

The surchargeweight is determined to give a surcharge stress of 2.00± 0.20 lb/in2

on the sample. The mass of the sample should be no less than Mr = 0.0024 ∗ Vm

where Vm is the volume of the mold.
Examinations of the maximum density standards are slightly more common. A

group of researchers in Italy published a paper in 1992 comparing the results of
the ASTM standard and the pluviation technique to calculate the maximum dry
density of soils ranging up to Dmax = 9.5 mm[3/8′′] [4]. Their project shows some
variation in the maximum standard but does conclude that the pluviation technique is
more desirable. Furthermore, the pluviation technique is likely impractical for large
particles, such as ballast. Similarly, a project done by researchers at Johns Hopkins
University used both the maximum and the minimum techniques to determine the
effects of non-plastic fines on the void ratios of sands. This examination was done
on a much smaller scale (~800 g sample size), to minimize the amount of particle
breakage during the tests of non-plastic fines on the void ratios of sands [5].

3 Methods

3.1 Minimum Density

The fouling material used in this experiment was defined as anything passing a 3/8′′
sieve. The fouling, therefore, can be smoothed from the surface of the sample using
a straightedge, but the ballast requires a human eye to estimate the projections above
and below. This somewhat complicates the ASTM minimum density standard.

Samples of granite ballast fromConnecticutwere used to construct anAREMA#4
gradation/fouling mixtures for the minimum and maximum density tests. A grain-
size curve for each mixture is shown in Fig. 1. The minimum tests were run ten
times by two different operators at fouling percentages of 0, 15, 30, 45, and 60% by
mass. Each mix was prepared by measuring out dry ballast and fouling separately
according to a target mass, thoroughly mixed, and then placed into the testing mold.
Each specimen was prepared in a 12′′ × 12′′ cylinder mold to constrain movement
along the horizontal axis. For each test, the ballast/fouling mixture was placed in an
8′′ tube that was centered in the mold. Once full, the tube was removed, and ballast
allowed to pour out into a minimum density configuration. The excess mixture was
then removed in conjunction with the ASTM standard outlined above, and density
values are calculated.
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Fig. 1 Grain-size curve displaying percentage passing for AREMA #4 ballast mixture (X) and
fouling materials (O)

3.2 Maximum Density

Maximum density tests were run on the same AREMA #4 Connecticut Granite
ballast at fouling percentages of 0, 15, 30, 45, and 60% by mass. Five trials by two
different operators were run to compare the human influence on data. Samples were
placed in the cylinder mold and bolted to a shaker table. A surcharge weight of
200 kg, approximately 10 times the sample mass, was secured to the sample on top
of a plate. Figure 2 shows a picture of the setup including the filled cylinder and
surcharge load.

Samples were then run in general accordance to the ASTM standard outlined
in the background section. From the completed samples, depth measurements were
taken to analyze the skew of the plate, and density was computed for each sample.

4 Results

4.1 Minimum Density Analysis

Data from the minimum density tests, shown in Fig. 3, demonstrates an unevenness
between the two operators’ results across each fouling percentage. While certain
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Fig. 2 Maximum density
setup with cylinder,
surcharge weights, and
shaker table

Fig. 3 Data from minimum density tests. Operator 1 shown in ‘X’ and Operator 2 in ‘O’, ten tests
conducted by each operator
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values, like those at 0 and 30% fouling show nearly indistinguishable values, others
are distinct.

The data from the two operators was taken, and using a paired two-tailed t-test,
the sample means were compared. At the 5% significance level, the 0 and 30%
fouling tests showed equivalent means for the two operators, but the other three
fouling percentages failed to satisfy this test. This indicates that there is a statistically
significant difference in results from the operator on the dry density value for certain
mixtures.

Under the Section ‘Precision and Bias’, of ASTM standard D4254—16, it spec-
ifies that for any replicate test of three or more trials performed by the same oper-
ator using the same equipment and material in the same time period should differ
by no more than the single-operator d2s limit defined as sd ∗ 1.96

√
2. For replica

tests performed by multiple operators, the values should differ by no more than the
multiple operator d2s limit, defined similarly but using themultiple operator standard
deviation. Corresponding values for the minimum tests are shown in Table 1.

A similar limit is set for single tests performed bymultiple laboratories.While the
ASTM uses 12 different laboratory tests to determine the standard deviation of the
single-laboratory tests, the two operators collected in this project are not enough to
make an accurate prediction of the acceptable range for single tests. But, a comparison
of the mean over 20 tests and the first dry density test by each operator shows an
average error over the five fouling levels of 2.14%with the range from 0.03 to 3.00%.
Within each fouling dataset, there are no trends, such as later tests approaching the
sample mean, to suggest that the operator is getting better with each iteration.

4.2 Maximum Density Analysis

Similar to the minimum density tests, the maximum density standard also specifies
that for any replicate test of three or more trials performed by the same operator
using the same equipment and material in the same time period should differ by no
more than the single-operator d2s limit defined as sd ∗ 1.96

√
2.

The empirical maximum data, shown in Fig. 4, at the 5% significance level shows
the same mean for both Operator 1 and Operator 2 data at all fouling levels. Unlike
the minimum data, the values at each fouling increment show similar accuracy and
only slight variations in precision.

Data in Table 2 shows the summary of the acceptable ranges for the maximum
ballast tests. Single tests, using the first run from each operator, show an average
margin of error of 1.9%, ranging from 0.55 to 5.09% maximum fluctuation from the
sample mean on the first test. Once again, within each fouling dataset there are no
trends such as tests 8, 9, 10 approaching the sample mean to suggest that the operator
is getting better with each iteration.
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Fig. 4 Data from maximum density tests. Operator 1 shown ‘X’ and Operator 2 in ‘O’, five tests
conducted by each operator

5 Discussion

In order to conclude on the effectiveness of the ASTMminimum andmaximum stan-
dards with respect to density testing, the influence of fouling, density, and operator
on the variability of the data needs to be discussed.

For the minimum tests, 100 data points were collected, the most to date on such
a material, at 0, 15, 30, 45, and 60% fouling by mass. Among the data collected by
the two operators, only two sets, at 0 and 30, were found to be statistically similar.
This shows variation between the two operators, and those tests performed by the
different laboratories may not necessarily be concluded to have the same mean. In
the summary of triplicate tests from theminimum density ASTM record, both single-
operator andmulti-laboratory results on SP soil types showed the same average value
to 4 significant figures.

When examining the range of the minimum density data for a single operator, the
‘Acceptable Range of Two Results’ from the ASTM standard was set at 1.4 lbf/ft2 for
an average density value of 98.17 lbf/ft2. Across all fouling percentages for single
operators, the ballast data shows a range of nearly twice that. See Table 1. However,
the acceptable range for the multi-laboratory results from the ballast is well under
that listed in the ASTM standard for the same test (6.9 lbf/ft2). Therefore, we see that
there is a change in accuracy and a general increase in precision when the standard
is applied to larger grains.

Within theminimum density tests, the amount of fouling and themean dry density
have no visible effect on the accuracy of the data. The maximum density data shows
very little trend as well but does show clear peak variability (high standard deviation)
with the peak average density value at 45% fouling.
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For the maximum density data, only 50 data points were collected, so no firm
conclusions can be drawn due to the smaller sample size. However, using the same
methodology as for the minimum tests, it is shown that the acceptable range of two
results is larger for ballast material for both single- and multi-laboratory tests. In the
case of Operator 2 results, the range for 0 and 45% fouling is four times that found for
SP soils in the ASTM standard. Unlike the ASTM standard, which suggests greater
variability in minimum tests when compared to maximum tests, the data for ballast
shows a greater variability in maximum than minimum tests.

The data from the maximum density two operators is statistically similar for all
fouling points. Therefore, any maximum density tests run by different laboratories
are likely to achieve the same mean.

6 Conclusion

Tests to attempt to characterize this behavior, minimum and maximum density tests
were run using Connecticut Granite with granite stone dust used as a fouling material
and compared to ASTM standards D4254 and D4253 completed for SP soil types. A
total of 100 data points from minimum density tests concluded that multi-laboratory
results will find an average value within 2% of each other and have a higher precision
between operators than the SP types. Single tests by each operator show an average
error range from the five fouling levels of 2.14% from the population mean with
the range from 0.03 to 3.00%. For maximum density testing, sample size was not
large enough to conclude, but trends show that ballast data is both less accurate and
less precise then on SP soil types. Average values for each fouling level were within
2% of the mean value for each operator, even though the corresponding acceptable
range is significantly larger than the one in the ASTM standard. Single tests show an
average margin of error of 1.9%, ranging from 5.09 to 0.55% maximum fluctuation
from the sample mean on the first test.

Although the results showed a greater variability than those deemed acceptable by
the ASTM standard, it is worth considering if the variability from the minimum and
maximum density test would be suitable for ballast applications. In future, it would
be worthwhile to consider what level of accuracy would be required for testing on
ballast. If the current ASTM methodology is not capable of achieving those results,
an improved methodology should be developed for large diameter particles.

In future, more maximum density tests will help solidify the tentative conclusion
about the variability of the tests. Additionally, using more operators would provide
more insight into the variability of the samples. TheASTM standard uses 12 different
operators in their single-test analysis and8 in their triplicate-test analysis.Completing
the range of fouling percentages from 0 to 100 would help illustrate the comparison
of the density tests for coarser grains (lower fouling) to finer grains (higher fouling).

Additionally, data on the elastic modulus of the AREMA#4mixtures was taken at
the same time as the described data. For further description, see “Measuring Railroad
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Ballast Modulus of Elasticity Using Light Weight Deflectometer” by E. Akey et al.
(Paper ID #266).
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Measuring Railroad Ballast Modulus
of Elasticity Using Light Weight
Deflectometer

Emily Katherine Akey, Mariel W. Jones, Carlton L. Ho, and Aaron J. Rubin

Abstract Light weight deflectometers (LWDs) are used to rapidly determine the
modulus of elasticity and spring constant of granular materials and pavements. The
LWD can be operated by one person making it incredibly efficient to collect this
important data. It is primarily used in the field to determine the properties of soils or
paving materials, but also has the potential to be used on railroad ballast. However,
to date, there have been minimal studies using LWDs on railroad ballast. The goal
of this current study was to investigate the repeatability of LWD testing on prepared
cylindrical ballast specimens. To use the LWD on ballast, we conducted minimum
and maximum density tests in accordance with ASTM D4254 on 12-inch interior
diameter by 12-inch interior height cylinder specimens at different percentages of
fouling ranging from 0 to 60% bymass. Then, the LWDmeasurements were taken on
the top of the specimen using a 12-inch-diameter plate. In total, 100 measurements
were made on minimum density mixtures and 50 maximum density mixtures. The
effect of density and fouling on test repeatability and procedural best practices for
LWD testing on cylindrical ballast specimens are discussed.

Keywords Railroad · Ballast · Light weight deflectometer · Geotechnical
properties

1 Introduction

Railroad ballast is an essential component of many railway structures. Ballast is
uniformly graded crushed stone that rests under railway ties to facilitate water
drainage and support the load of trains [1]. Over time, this ballast breaks down
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into small fragments called fouling which fills in the void space between ballast
aggregate. When all of the void space of the ballast is filled with fouled materials,
this interferes with the function of the ballast, contributing to problems such as train
derailment [1].

Inspecting ballast beds is primarily done visuallywithoutmachinery or instrumen-
tation, which allows ballast to become highly fouled before it can be seen. The mate-
rial properties of fouled ballast are important for engineering evaluation of the struc-
ture–ballast–soil system. However, measuring the engineering properties of ballast
is often time consuming and may require the rail service to be temporarily halted
to collect in situ measurements. The LWD is a fast and convenient non-penetrating
method to collect structural properties of geotechnical materials, but its effectiveness
on larger particles such as ballast is not well documented in the literature. This study
focuses on the effectiveness of LWD measurements to collect modulus of elasticity
data on different percentages of dry fouled ballast. The data collected was analyzed
to determine the repeatability of using an LWD on fouled ballast at both maximum
and minimum dry densities.

This study was conducted at Smith College with funding from the Summer
Undergraduate Research Fellowship (SURF) program.

2 Background

Estimating the elastic modulus of railroad ballast can be challenging both in the field
or laboratory. Traditionally, in the laboratory, the primary method for calculating
the modulus of elasticity for ballast is performing a triaxial test, which can take
several days to complete and requires large molds and high capacity systems to
accommodate the ballast. In this study, the possibility of using an LWD to collect
modulus of elasticity data was considered. In contrast to triaxial testing, the LWD
is quick and portable, allowing the same data to be collected in minutes rather than
days. However, the effectiveness of the LWD on larger particles such as railroad
ballast has not been well documented in the literature.

The main components of an LWD include a falling mass, load cell, and deflection
plate [2]. The LWD was first invented in 1980s in Germany by the Federal Highway
Research Institute and HMP as an in situ test to determine soil elasticity [3]. The
typical loading plate diameter is eight inches. However, most LWD devices have
detachable plates to allow other plate sizes, such as the twelve inches plate used in
this study.

The entire LWD is, by name, lightweight and able to be used by one or two
people, allowing for wide uses in the geotechnical/transportation engineering fields.
The LWD is primarily used to test pavements and soils in the field. One of the reasons
the LWD has not been used for rougher materials in previous studies is because the
plate must be level and in full contact with the sample [4]. LWD measurements are
typically conducted on compacted specimens because the LWD creates an impact on
the sample during testing. If the impact causes additional settlement during testing,
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the sample’s properties have changed and thus the test may be inaccurate. The manu-
facturer suggests that for each LWD test, the mass is released without recording data
as a settling drop to seat the plate onto the surface of the sample.

3 Methods

The procedure for using an LWD begins with raising the mass to a preset height and
clicking it into place. Once the deflection plate of the LWD is resting flat against the
sample, the mass is released and allowed to free-fall guided by a central rod onto the
load cell attached to the deflection plate. Once the mass has rebounded, it must be
caught and relocked into the handle at the top. The deflection of the plate is measured
and can be used in conjunction with the force from the falling mass to estimate the
spring constant (the spring constant is provided as an output by the proprietary LWD
software). The modulus of elasticity within the cylinder can then be calculated from
the spring constant of the sample as shown in Eq. 1 [5]:

E =
(
1− 2v2

1− v

)
4H

πD2
k (1)

where v = Poisson’s ratio (assumed v = 0.3 in this study), H = height of the mold,
D = the diameter of the plate or mold, and k = spring constant as calculated by the
LWD device [5].

To understand the repeatability of using anLWDondifferent percentages of fouled
ballast, we used a 12-inch interior diameter by 12-inch interior height cylinder with
dry ballast specimens prepared to different percentages of fouling ranging from 0
to 60% by mass. The tests were conducted at approximately 0% water content. We
conducted these tests at both minimum dry density and at maximum dry density.
For each minimum density fouling percentage, we performed 20 trials, and for each
maximumdensity foulingpercentage,weperformed ten trials.Both theminimumand
maximum trials were split between two operators. We did not notice a significant
difference between samples made by different operators. Each trial consisted of
loading the cylinder with the correct mix of fouling and ballast and operating the
LWD with a 12-inch plate to find modulus of elasticity. These data will be used to
determine the best practices for using a LWD on ballast.

To create each sample, we air-dried the ballast and fouling to near 0% water
content (confirmed with oven measurements). We then mixed together fouling and
ballast to either 0%, 15%, 30%, 45%, or 60% fouling. The material used was
Connecticut Granite ballast prepared to AREMA #4 gradation specifications and the
same Connecticut Granite stone dust for fouling. Minimum and maximum density
samples were prepared in accordance with ASTM D4254 and ASTM D4253 [6]
(Figs. 1, 2 and 3).

Typically, while using an LWD, it is suggested by the manufacturer to place the
instrument on the sample and do a few “seating drops” as to establish good contact
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Fig. 1 Minimum density
samples are prepared by
removing a soil filled tube,
thus releasing the sample
into the mold at an
approximate minimum
density

Fig. 2 Minimum density 60% fouling and 40% railroad ballast cylinder samples. On the left is the
sample after being placed into the cylinder mold, and the right is after the excess is removed to the
approximate correct volume

between the plate and the test material. However, with the minimum density trials,
this was not possible as we did not want to change the density of the sample with the
pressure from the LWD drop. During testing, it was observed that the drop weight
did result in compaction of the specimen. This compaction was quantified for future
analysis.
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Fig. 3 Minimum density
60% fouling and 40%
railroad ballast cylinder
sample with LWD placed on
top

4 Results

It is generally understood that the modulus of elasticity of ballast changes according
to fouling percentage and water saturation percentage. This study was interested
in the functionality of the LWD at different fouling percentages that might occur.
Figures 4 and 5 display the modulus of elasticity measurements for the different
fouling mixes at approximately maximum and minimum density. These plots show
that there is no significant difference between the operators of different trials.

Table 1 shows the summary of average elastic modulus data taken from both
relative minimum and maximum densities. As this study is one of the first to look
at minimum and maximum densities of ballast, it is not certain whether the densi-
ties used are exactly minimums or maximums. However, the samples are prepared
in accordance with the ASTM standards for minimum and maximum density soil
samples. In addition, the corresponding standard deviation is also calculated. This
table also shows that, as expected, the maximum modulus values are higher than
the minimum modulus values. For the most part, the modulus of elasticity decreases
as fouling percent increases for the minimum density trials. This trend is not clear
for the maximum density trials. It was observed that the standard deviation values
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Fig. 4 Modulus of elasticity of ballast samples at different fouling percentages for all minimum
density trials conducted contrasting operators

Fig. 5 Modulus of elasticity of ballast samples at different fouling percentages for all maximum
density trials conducted contrasting operators

decrease as the fouling percent increases. This is expected because when the fouling
percentage increases, the contact between the ballast/fouling mixture and the LWD
plate also increases and therefore decreases the variability of contact pressure on the
plate caused by different formations the particles (ballast and fouling) can form.
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Table 1 Summary of average
values for minimum and
maximum densities for all
trials performed on each
fouling percentage along with
standard deviation and
acceptable range between two
results

Fouling percent Average E value
(ksi)

Standard deviation
(ksi)

Minimum density, all trials (20)

0 0.857 0.234

15 0.796 0.211

30 0.696 0.160

45 0.575 0.072

60 0.515 0.065

Maximum density, all trials (10)

0 2.161 0.457

15 1.942 0.363

30 1.895 0.280

45 2.131 0.433

60 1.960 0.237

5 Discussion

To determine the repeatability of using an LWD on railroad ballast, LWD tests were
performed on different mixes of ballast and fouling at both minimum and maximum
dry densities. The minimum density data shows a clear trend of decreasing modulus
with increasing fouling. The maximum density data does not appear to show a clear
trend.

For example, to see if the average modulus values from five trials would be
significantly similar to the average modulus value for all 20 trials.

Above in Fig. 6, the minimum density trials have been split into five tiers: highest,
middle highest, middle lowest, and lowest. These correspond to the values within
each fouling range. Figure 6 illustrates that the spread of the minimum density data
becomes smaller as we increase fouling. If the highest and lowest five values were
removed, the data would be more consistent and less variable. While there is still a
small range of data for the middle values, the overall trend of modulus still decreases
as fouling increases. We can also see that the highest five values have a much larger
spread. It was observed that in this dataset, that when large deviations from the mean
occurred, the deviations tended to be overestimations.

Figure 7 is similar to Fig. 6, except with maximum density trials. The five highest,
five from the middle of the data, and the five lowest average values are shown on
this plot. The maximum data is trickier to understand. The modulus data is relatively
consistent and does not have a clear negative or positive trend as fouling increases.
Based on the data collected, assuming dry conditions, it does not appear that the
modulus of elasticity is sensitive to the percentage of fouling present (up to 60%
fouled).

In the results outlined above, it is clear that our data is fairly repeatable, but
errors of ±25% are typical. Although this potential error is relatively large, it can
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Fig. 6 Modulus of elasticity for minimum density trials separated by averages from five highest,
five highest middle, five lowest middle, and five lowest values split by fouling percentage

Fig. 7 Modulus of elasticity for maximum density trials separated by averages from five highest,
five middle, and five lowest values split by fouling percentage

be observed that this is due to outlier data points that, individually, deviate from the
mean much more than the majority of test values for a particular fouling percent.
In the present study, 10–20 tests appear to produce a relatively reliable mean, but it
is difficult with the current sample size to estimate how few trials could have been
conducted while still maintaining a statistically significant mean. In future studies,
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this should be further investigated so that the process of estimating elastic modulus
from LWD measurements can be streamlined.

In the minimum density trials, standard deviation decreases as fouling percent
increases, leading us to believe that LWD data becomes more repeatable as fouling
increases. The maximum data seems to be consistent as fouling increases, and the
repeatability does not change as fouling increases.

Overall, using anLWDon railroad ballast to estimatemodulus of elasticity appears
to be feasible, but to fully quantify repeatability, more test data on dry samples as
well as test data on saturated samples will need to be collected.

6 Conclusions

In this paper, LWD testing on railroad ballast mixed with fouling was discussed.
An array of testing samples at both minimum and maximum densities and at various
fouling percentages was completed in order to get an idea about how the LWDdevice
would react with the material and to estimate whether it is feasible to use in further
testing. One of the benefits of the LWD is that it can be used in the field and also on
molded samples.

It is important to bemindful of the differences in support between amolded ballast
sample and ballast found in real conditions under railway tracks. The laboratory
conditions used in this study confined the ballast from lateral movement and also
vertically confined the sample from the bottom. These constrictions differ from the
conditions found in reality, where ballast has minimal confinement, and the support
from the bottom is less stiff than in the cast iron cylinder. Due to the containment
differences between the laboratory conditions used in this study and in situ railroad
ballast, it is anticipated that there likely are systemic differences in measured moduli
between the LWD, other laboratory measured moduli such as triaxial testing, and
field conditions. These differences should be researched and characterized further.

The next steps for future research on using LWD devices with railroad ballast
and fouling are on saturated samples. Adding water changes strength characteristics
and is an important aspect in rail bed maintenance. Knowing the effects of water
on railroad ballast strength would be incredibly useful, as precipitation and bad
weather are the main causes of derailment. A start to that problem is characterizing
the material properties of the ballast.
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The Effect of Elastic Pads and Mats
on the Stress–Strain State of Railway
Subgrade

Andrei Petriaev , Anastasia Konon , and Vladimir Egorov

Abstract High substructure stiffness leads to an increase in rail pressure on the
sleeper. As a result, the track settlement is accelerated, and the dynamic component
of the wheel load increases as well. Reducing the vibrational dynamic effect on the
subgrade and ballast is the most effective reserve for improving railway track relia-
bility. Field studieswere conducted to evaluate the effect of using elastic geosynthetic
materials on top of the subgrade on the strain state. These materials help reduce and
level stiffness of subballast and subgrade. To assess the values of the track elastic
deformations, Getzner Werkstoffe mats, Colbond Enkadrain pads and porous rubber
pads were placed on top of the subgrade. The influence of axle loads on the elastic
deformations of rail has been investigated, and a comparison with typical control
track sections has been made. The effects of using the elastic geosynthetic materials
on rail elastic strains were obtained under varied axial and linearly increasing loads.

Keywords Stiffness · Settlement · Under sleeper pads

1 Introduction

In terms of high-speed operation and regarding the trend to the increase in mainte-
nance periods, additional measures are needed for railway track stability. This task
is solved by increasing the stiffness of under-rail bed and reducing the detrimental
impact of a rolling stock on the environment.

When reconstructing railway lines for the high-speed operation, techniques for
ballast strengthening are widely used [1]. They are, for example: geogrid reinforce-
ment and stabilization [2–7], elastomer polyurethane ballast coatings [8, 9], random
fibre reinforcement of ballast [10], bitumen injection into ballast to improve stiffness
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[11] and rubber crumbs adding into ballast to reduce particle wear [12]. The use
of under-sleeper pads [13] and asphaltic layer [14] can also improve railway track
performance. These techniques make it possible to ensure the operational reliability
of the subgrade active zone. On the other hand, a stiff track base leads to high-level
stresses and increases vibration and noise.

One of the most effective reserves for track reliability improving is the reduction
of vibrational dynamic effects on the substructure [15, 16]. In such cases, the optimal
solution is to place a resilient (elastic) layer under the ballast to reduce vibrations
and noise from rolling stock and allows changing the stiffness of the under-rail bed.
The high stiffness of the base leads to an increase in rail stress on the sleeper, to
an accelerated track settlement, the appearance of unequal elasticity (i.e. transition
zones close to bridges and culverts [17]) and an increase in the dynamic component
of the wheel load.

An effective solution to both reduces the vibrational dynamic effect on the sleepers
and substructure and significantly decreases the level of noise, and vibration from
passing trains is to lay an elastic layer in the form of pads in subballast. The elastic
layer is a geosynthetic material that reduces and levels stiffness of subballast and
subgrade.

World’s operating experience and the results of experimental application on
domestic railways show that the installation of an elastic material in the ballast
can reduce the level of vibration by 50% and reduce sound pressure by 10 dB. To
reduce the level of noise and vibration, the elastic subballast pads can be used in the
following cases:

• on reinforced concrete bridges and trestles with the ballasted track;
• on railway tracks in the city area operated with freight trains at a speed of at least

80 kmph and passenger trains at a speed of at least 140 kmph;
• in tunnels to reduce the level of secondary noise and reduce the vibrational

dynamic effects on the structural elements of the tunnel lining;
• on track sections, situated close to residential and administrative buildings or

industrial facilities, which are sensitive to vibrational dynamic effects.

Ensuring optimal vibration and noise isolation is achieved due to the elastic inter-
layer between the superstructure and the subbase, made by laying elastic pads/mats
under the ballast.

2 Materials and Methods

To assess the influence of geosynthetics on the strain state of the subgrade, it is
necessary to measure the magnitude of the resulting elastic deformations during the
passage of a moving load. To assess the values of the track elastic deformations,
field tests were carried out with laying Getzner Werkstoffe mats, Colbond Enkadrain
pads and porous rubber pads on top of the subgrade. Three test sections and a control
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Fig. 1 Test site cross section

section were made, each 20m long. Test sections were situated consequently without
any spacing. Cross section of the site is shown in Fig. 1.

Rail elastic deformation was measured with deflectometer. Materials’ properties
are given in Table 1.

The experimental sections have superstructure with reinforced concrete sleepers
and continuously welded rails laid on a stabilized subgrade. The sections are located
on a straight line. It is a continuous welded track with 65 kg/m rails, and the gauge
is from 1519 to 1522 mm. The subgrade is constructed from medium sand.

Locomotives were chosen as test moving units in our studies. Locomotives types
and properties are given in Table 2.

The results obtained during the test on each section are compared among each
other and with the data of the control section.

Table 1 Test materials’ properties

Material type Size, mm Thickness,
mm

Material Static
stiffness,
N/m m3

Other properties

Sylomer D 619
mats by Getzner
(geosynthetic A)

4000 ×
1500

25 Composite:
polyurethane
and geogrid

0.03 Cstat =
0.06 N/mm3

Enkadrain pads by
Colbond
(geosynthetic B)

Roll cut to
4000 ×
1500

2 × 12 Composite:
core—PA,
geotextile—PP

– Ultimate tensile
strength
(lengthwise and
broadwise)
5 kN/m

Geosynthetics test
production
(geosynthetic C)

1200 ×
500

25 Rubber 0.06

Table 2 Test locomotive
operation characteristics

Locomotive type Axle load, kN Speed range at
test, kmph

Function

CHS-6 201 70–140 Passenger

CHS-2T 205.9 70–140 Passenger

VL10 225.6 40–70 Freight
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3 Results and Discussion

The data presented in Fig. 2 indicate a different effect of the moving load on the
deformability of subgrade.

The elastic settlement from the impact of the CHS-2T locomotive is 80–85%
relative to the VL-10 locomotive and the CHS-6 locomotive is 75–82%, respectively.
The elastic settlement during the passage of the CHS-2T locomotive and the CHS-6
locomotive, in the section with the geosynthetic A subballast pads, is 83–88% and
79–85%, respectively. As a rule, the ratio of elastic settlement increases slightly with
the increasing speed of the rolling stock. In our opinion, this fact occurs due to the
redistribution of the load along the sleepers when subgrade stiffness changes.

Subballast pads can significantly reduce the subgrade stiffness and thereby
decrease the actual stresses on the subgrade top due to the stress redistribution to
more sleepers. The results of this test are shown in Fig. 3.

Data analysis indicates a change of rail elastic deflection in the under-rail section
depending on types of subballast pads laid on the subgrade top. The greatest elastic
settlement is recorded for geosynthetic A pads, the smallest one is for 2 layers of
geosynthetic B pads, and the intermediate position is for porous rubber pads. The
increase in the rail elastic settlement compared with the control section is 1.92, 1.12
and 1.72 times, respectively.

Figure 4 shows the approximation results of elastic settlement in the under-rail
section versus train speed for the passage of passenger locomotive CHS-2T.

Graph analysis indicates the direct proportion of elastic settlement on the speed of
trains. The presented dependences differ in settlement absolute values and different
growth rates with train speed increasing. The growth rate of rail elastic settlement is
0.071 mm/10 kmph in terms of an increase in the train’s speed in the control section.
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Fig. 3 Vertical rail deflection in the under-rail section during the passage of the VL10 locomotive
at a speed of 60 kmph
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Fig. 4 Dependence of the rail vertical settlement on CHS-2T passenger locomotive speed

Placement of 2 layers of geosynthetic B pads at a depth of 0.4 m under the sleeper
does not lead to a significant change in elastic strain growth.

Use of geosynthetic A subballast pads at the subgrade top gives an elastic settle-
ment increase of 0.064 mm for every 10 kmph, which is 11% less compared to the
control section of the track. The lowest strain growth rate in the under-rail section
in terms of train speed increasing is observed in the section with the geosynthetic C
subballast pad. In this case, the rate of elastic strain growth is 0.057 mm/10 kmph,
which is 25% less compared to the control section of the track.

The use of two-layered geosynthetic B pads does not affect the sensitivity of the
subgrade top area. It does not give positive results in the change in elastic deforma-
tions with speed increasing, while the use of a geosynthetic C subballast pad reduces
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the elastic strain growth by 25% compared to the control section. The use of geosyn-
thetic A subballast pad in the track structure reduces the intensity of elastic strain by
11%.

From the performed studies, it can be concluded that the use of subballast pads
in the subgrade top reduces the effect of train speed on the growth of track elastic
settlement. The obtained dependence of the rail elastic settlement under the axial
and linear loads is shown in Figs. 5 and 6. In the studied range of acting loads, both
dependencies are described by the linear Eq. (1).

δ = δi + K ∗ (Pi−Pl) (1)

where δi are initial elastic deformations arising in the cross section of the embankment
during the passage of rolling stock with a load of Pi, mm;
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K is the coefficient of elastic strain increase with load rise, mm/kN;
Pi is the linear or axial load at which the value of elastic deformations, kN, is

determined; and
Pl is the initial value of the load interval at which the dependence δ = f (P), kN,

is determined.
For this dependence, the coefficient K is indicative. Its value varies significantly

depending on the type of under ballast pad. Laying the geosynthetic A ballast mat at
the subgrade top gives an increase in elastic strain from the linear load of 0.14mm for
every 10 kN. In the control section, the same value reaches 0.25 mm per every 10 kN
increase in linear load. Thus, the laying of a ballast mat leads to a 78% increase in the
influence of linear load on the elastic deflection of the rail compared to the control
section of the track. A similar dependence is observed for axle load (see Fig. 6).

For the geosynthetic A subballast mat, the rate of elastic strain growth from the
axial load is 0.23 mm for every 10 kN, while in the control section the same value
reaches 0.13 mm for every 10 kN. The presented data show that the laying of a
subballast mat leads to a 77% increase in the effect of the increase in axial load on
the elastic strain of the rail compared to the same value in the control section.

4 Conclusions

The conducted field studies allowed to evaluate the effect of the elastic geosynthetic
materials placed on top of the subgrade on the measured strain state. The influence
of axle loads on the rail elastic deformations has been investigated, and a comparison
between sections with and without the elastic geosynthetic materials was performed.
The effects on the rail elastic strains were evaluated and obtained under axial loads
that were varied linearly.
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Ballast Fouling Identification Through
Statistical Pattern Recognition
Techniques on Ballast Particle Movement

Saharnaz Nazari, Hai Huang, and Tong Qiu

Abstract Ballast fouling is one of themost commonundesirable conditions in tracks
that adversely impact ballast performance. Poor performing ballast can cause rough
track geometry and accelerate the deterioration rate of other track components such
as rail, tie, and fasteners. Real-time monitoring of ballast condition can assist in
providing responsive maintenance planning and safe train operation. Several studies
have been done till date with the aim of providing an automatic and continuous
monitoring of ballast. SmartRock is a wireless sensor that has proven capable of
serving as a continuous monitoring system for ballast condition. This sensor closely
resembles the ballast particle, and while embedded in the ballast layer, it can provide
information regarding ballast particle movement under the load of passing trains in
real time. In this study, a field experiment was conducted on a clean and a mud spot
section with the same traffic and weather conditions. Four SmartRocks were placed
in each of these sections, and data recorded was analyzed using statistical pattern
recognition technique. Linear discriminant analysis (LDA) is the algorithm deployed
in this study to predict fouling of ballast through SmartRock data. The results of this
study are encouraging toward the use of the SmartRock system together with LDA
algorithm as a monitoring tool on the state of track ballast.

Keywords Ballast fouling · Railway · SmartRock · Statistical analysis · Pattern
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1 Introduction

The ballast plays a key role in track stability and maintaining track geometry. Ballast
can get fouled over time mainly due to particle abrasion, breakage, and intrusion of
subsoil into its top layer [1]. Fouling compromises ballast’s performance in providing
proper support for track superstructure and undermines track safety. Therefore,main-
tenance of ballast is of paramount importance to railroad operations. With traditional
methods of ballast inspection being both labor intensive and time consuming, focus
of recent studies has been on incorporation of cameras, sensors, and information
technologies into a system that delivers continuous information regarding the state
of ballast in a real-time manner. While some technologies such as light detection and
ranging (LIDAR) and ground penetrating radar (GPR) are useful inspection tools
as they allow mapping of the track substructure and aid detection of inadequate or
degraded ballast, they do not have a proven capability of automatic and continuous
monitoring of the track system [2–5]. The SmartRock system is an innovative sensor
that can capture the behavior of ballast particles under train loadunder different condi-
tions [6]. This paper focuses on the use of SmartRock sensors to collate data from
the track ballast, process the same through statistical pattern recognition techniques,
and apply algorithms to detect a change in the ballast condition.

The SmartRock is a wireless, battery-operated sensor designed to resemble a
ballast particle in terms of shape, weight, size, and strength. The design of the main
body or the shell of SmartRock was incorporated using discrete element method
(DEM), while its manufacture was carried out through 3D printing. This shell houses
the internal measurement unit (IMU) which is the heart of the SmartRock system.
Figure 1a shows SmartRock shell, and Fig. 1b shows SmartRock IMU.

This IMU consists of a triaxial gyroscope, a triaxial accelerometer, and a triaxial
magnetometer that record rotation, translation, and orientation, respectively. Previous
studies by Liu et al. [6, 7] have proven that SmartRock is capable of realistically

Fig. 1 SmartRock components; a 3D-printed shell and b IMU inside the shell
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capturing the movement of individual ballast particles. The SmartRock works in
conjunction with several other components that make the SmartRock system a poten-
tial real-time and continuous monitoring instrument of the state of the ballast. The
working of this system will become clearer in the succeeding sections of this paper.

Incorporating these emerging technologies as a structure, health monitoring
system generates massive amounts of data. Managing this data and extracting the
required knowledge regarding the health condition of the structure is a challenge.
Statistical pattern recognition (SPR) is a technique that is increasingly being put to
use in damage detection in the field of structural health monitoring (SHM) [8, 9].
In this approach, as large amounts of data are collected through sensors placed in
the considered structures, SPR helps distinguish, locate, as well as evaluate damage
occurrence using advanced machine learning algorithm [10]. SPR is concerned with
discovering regularities in the incoming data through the use of computer algorithms
and then evaluating the structure’s condition by applying these algorithms to the
future data.

The objective of this paper is to demonstrate an algorithm, developed on SPR
techniques, that can aid identification of fouling in the ballast layer with real-time
data collected from SmartRock. In the following sections, the field tests conducted
to collect the data are first briefly described, followed by a presentation of algorithm
development. The developed algorithm is applied to analyze the field data, and the
results are discussed at the end.

2 Field Work

The field work for this study was undertaken in Bellwood, Pennsylvania. A class
4 ballasted track with wooden ties which runs freight as well as passenger trains
was selected. Freight and passenger trains’ speed was around 40 km/h and 115 km/h,
respectively. The two sections, one clean and onemud spot, chosen for the studywere
in proximity on the same track and hence identical on traffic load, time of passing
of trains, and environmental factors. Figure 2a shows the clean spot with the ballast
in good condition, while Fig. 2b shows the mud spot section where waterlogging is
the result of intrusion of subsoil into the ballast.

Data was collected using identical processes and instrumentation in the sections.
The instrumentation comprised a battery-powered wireless system consisting of
SmartRocks, a data acquisition box (DAQ), a remote monitoring device, a Wi-Fi
hotspot, a solar panel, a battery, and a power inverter. The DAQ box functions as
a trackside host to communicate with the SmartRocks [6]. The remote monitoring
device empowers the SmartRocks to start collecting and transmitting data. Next,
the hosts pass the SmartRock data to a cloud-based computing center using Wi-Fi.
Figure 3 shows a comparison between SmartRocks and ballast particles in the field.

Four SmartRocks were installed on each of the two sections. Two SmartRocks
were placed in the crib 10 cmbelow the ballast surfacewith one under the rail seat and
the second besides the end of the tie. The third SmartRockwas embedded underneath
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Fig. 2 Comparison of two sections: a clean section and b mud spot section

Fig. 3 SmartRocks and
ballast particles

the tie. For monitoring the tie movement, another SmartRock was stripped of its
outer shell and its internal unit was fixed to the surface of the tie itself. The reason
for choosing this placement for SmartRock sensors was that the ballast placed under
the outer section of the tie, under the rail seat and tie end, is experiencing higher
load and vibration due to train passage [11]. The SmartRock underneath the tie
encountered technical problems. This SmartRock was not sending any signal to the
data acquisition system resulting in no data being collected from this spot. Figure 4
illustrates the instrumentation plan in this study, and Fig. 5 shows the actual image
from the site.
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Fig. 4 Instrumentation plan for each section

Fig. 5 Field instrumentation installation

3 Statistical Pattern Recognition

SPR has been investigated in SHM studies with the aim of developing an efficient
algorithm to analyze the data generated by monitoring systems for damage detec-
tion [9]. For the first time, Farrar et al. [8] defined SHM problems in the context
of SPR techniques. During this process, the system’s responses are recorded over
numerous time intervals. Then, the condition of the system is evaluated by analyzing
the recorded data. Damage identification with pattern recognition entails four stages
[8]:

1. Operational evaluation
2. Data acquisition, fusion, and cleansing
3. Feature selection and information condensation
4. Statistical model development for feature discrimination.
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The primary focus of this study is applying Steps 3 and 4 on SmartRock data
for detection of fouling in ballast. Defining the damage-sensitive feature is arguably
one of the most crucial steps for damage detection. In time series data, a review of
relevant literature suggests indicators such as coefficient of the autoregressive model
(AR) as one of the most common features that can be employed to detect damage
[12, 13]. The AR model tries to predict one variable using a linear combination of
past values of the variable. In the AR(n) model, “n” is the order of the regression
which represents the number of previous data points used to model the current data
point. The general p order form of AR is given as:

x(t) =
p∑

j=1

ϕx j x(t − j) + ex (t) (1)

where x(t) represents the data point collected at time t, e is the random error, and ϕ

is the AR coefficient [14].
After defining the damage-sensitive feature, the next step is statisticalmodel devel-

opment to discriminate the features extracted from different structural conditions. In
this study, an algorithm named linear discriminant analysis (LDA) was applied to
the extracted features.

LDA, also known as Fisher’s discriminant, is one of the common group classifi-
cation approaches for structural damage identification [15]. LDA tries achieving the
most separability between various classes in the feature space by determining the
best linear classifier [16]. To that end, we first assume a set of observations (x) with
two classes of data. The mean of each class is −→μ 1 and

−→μ 2. We assume −→w as the
matrix projects the x data into scalar y as:

y = wTx (2)

The mean of these projected features would be equal to �w ·μi . The next step is to
define the ratio of the variance between the classes to the variance within the classes:

F{w} = (μ1 − μ2)
2

S21 + S22
(3)

where Si is the within-class variance of the projected data, which is calculated:

S2i =
∑

(yn − μi )
2 (4)

Based on w, Eq. (3) can be written as:

F{w} = wT SBw

wT Sww
(5)

where SB is the between-class covariance matrix as:
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SB = (μ1 − μ2)(μ1 − μ2)
T (6)

and Sw is the within-class covariance matrix as:

Sw =
∑

(Xn − μ2)(Xn − μ2)
T +

∑
(Xn − μ1)(Xn − μ1)

T (7)

Furthermore, it can be demonstrated that with the maximum separation the proper−→w is proportional to:

�w ∝ S−1
w · (μ1 − μ0) (8)

At the end, the classification methods for data with categorical response variable
attempt to assign an individual observation to one of the defined categories. The
results of these analyses are summarized in the following section.

4 Analysis Result

The data used in this study is the vertical accelerations recorded by the SmartRocks
in the field. Figure 6 compares the vertical acceleration time histories collected from
the SmartRocks installed in crib and on the tie. This visual comparison of raw time
series data gives initial insights into the signal.

A comparison of the data from the two sections shows higher peak vertical acceler-
ation as experienced by the SmartRocks in the mud spot section than the acceleration
observed in the clean section, for both passenger and freight train load.Moreover, the
plots in Fig. 6 illustrate we had higher vertical acceleration at the tie area compared

Fig. 6 Comparison of vertical accelerations recorded from the SmartRocks
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to the vertical acceleration experienced by the SmartRocks in the crib. Pattern recog-
nition technique was employed in this study to develop an algorithm to differentiate
between the data from these two sections.

In the operational evaluation step of pattern recognition technique, it was assumed
that the variation caused by environmental and operational condition change would
be negligible since each data set (the data collected for one train) consisted of data
collected over a short time period. Therefore, the focus of our data analysis is on
extracting features and building statistical models for detecting the damage.

Before extracting a damage-sensitive feature, each data set (coming from one
train) was divided into smaller time windows for statistical analysis. A closer look
at the plotted raw time series in Fig. 6 reveals three patterns in recorded acceleration
from the clean sections, including “the group effect of four closely spaced wheels,
impulse-like peak accelerations caused by dynamic impact from the wheel load, and
small or no accelerations from themiddle of each car” [6]. As a preliminary step, each
group effect was separated for further analysis. In preprocessing the data, since the
weight of each car was different in a train set, each group effect was scaled between
−1 and 1. Further, all the signals were standardized by subtracting the mean from
individual data and dividing by the standard deviation.

In this study, the coefficients of autoregressive (AR) models were selected as
damage-sensitive features to distinguish between data collected from undamaged
and damaged structures. In applying the AR model, the efficient order for AR model
is defined with the partial autocorrelation function (PACF) plot of the data [12]. In
time series data, the PACF describes the partial correlation of a single value with its
own lagged values when removing the effect of the other values between these two
lags. PACF plot of the data (Fig. 7) showed a cutoff after the third lag which means
the third order is the best for the AR model. Therefore, a third-order AR model was
applied on vertical acceleration signals recorded by the SmartRocks from the field.

Prior to applying theAR, the datawas divided into ten-point timewindows, a third-
order autoregressivemodel was then built for each of them, and the coefficients of AR
models were selected as damage-sensitive features. Following this procedure, a set
of AR coefficients were obtained for subsequent damage diagnoses. In conclusion,

Fig. 7 Partial autocorrelation function plot for the first car; a tie end SmartRock and b rail seat
SmartRock
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Table 1 Confusion matrix of
LDA on extracted features:
(1) SmartRock on the tie; (2)
SmartRock at crib tie end; and
(3) SmartRock at crib rail seat

True clean True mud spot

1. IMU on the tie

Predicted clean 492 17

Predicted mud spot 4 84

2. Crib at tie end

Predicted clean 163 124

Predicted mud spot 4 5

3. Crib at rail seat

Predicted clean 107 186

Predicted mud spot 40 40

from each window, we extracted three features—the AR coefficients. Thus, each
time window was encoded by a three-dimensional feature vector and labeled as
either clean or mud spot.

After selecting the damage-sensitive feature, with the purpose of damage detec-
tion, LDAwas applied to the feature vector. In this study, we had two sets of features
obtained from the reference data and the mud spot. After applying the third-order
AR model and labeling the features as clean and mud spot, 70% of the features were
randomly selected as the training data, and the remaining 30% were considered as
the test data. The model was initially fitted on the training data set and then applied
to the test set in order to evaluate the capability of the model in predicting the class
of the coming data. The data utilized as the input of LDA algorithm is from the
SmartRocks placed in the crib ballast in two areas: at the tie end and the rail seat
as well as the IMU attached on the tie. The standardization process was performed
on the AR features prior to applying the LDA algorithm by subtracting the mean
and dividing by the standard deviation of the features [14]. The results of the LDA
classification algorithm are provided in a confusion matrix, Table 1.

In the confusion matrix, each represents the predicted class for the test data set,
while each column represents the actual class of this data. Therefore,with comparison
of the actual class of each data point with the predicted class, the performance of
the classification model can be evaluated by defining the number of false positives,
false negatives, true positives, and true negatives. By constructing this matrix, it is
possible to compare the LDA predictions and the true classes and define the type of
errors in prediction.

The parameter used in this study to evaluate the classification model is specificity
or true-negative rate. This is a statistical parameter that is being widely used to assess
prediction models. It measures the proportion of test data that was labeled as mud
spot and identified correctly asmud spot with the LDA algorithm. It can be calculated
by dividing the proportion of data points which correctly predicted as mud spot by
the total number of data points which are actually mud spot.

Considering the confusion matrixes above, the LDA model resulted in 83.2%
specificity for the IMU mounted on the tie, while for the crib area the algorithm
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could predict the damage with the specificity of 3.9% and 31.7% at the tie end
and rail seat, respectively. These results show that LDA working together with the
SmartRock data was able to detect damage at a good accuracy level. Also, from the
results it can be concluded that SmartRock data recorded from the tie area was more
indicative of damage, and therefore, this place is better for capturing the damage.

5 Conclusion

The primary objective of this study is the development of amechanism for identifying
ballast fouling in real time. A wireless network of SmartRock sensors was used
to collect data from one undamaged and one damaged section of a rail track, and
pattern recognition algorithms designed to recognize the two sectionswere put to test.
The SmartRock is a battery-powered remote sensor that can provide insight into the
structural condition of ballast by capturing the translational and rotational movement
characteristics of ballast particles. TheseSmartRockswere installedwithin the ballast
layer, and data was acquired by monitoring two track sections—one clean and one
mud spot. Algorithms based on statistical pattern recognition techniques were then
employed to analyze the rotational and translational movement of ballast particles
measured through the SmartRock sensors. The analysis approach applied to the data
was LDA, which is a classification algorithm. Applying this approach to the data
collected from three different spots of railroad track section, crib in the rail seat
area, crib at the end of the tie, and the tie movement proved that the tie area is the
suitable place for monitoring fouling damage to the track as the LDA showed high
accuracy in predicting the features extracted from the mud spot section by the IMU.
The results prove that LDA is the statistical approach that together with SmartRock
data can predict the mud spot in ballast conditions.
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Study of the Track Dynamics
for Optimizing the Railway
Superstructure

J. C. Silva Filho , A. M. Skwarok , and R. L. Witiuk

Abstract Brazil is currently experiencing an expansion of the rail freight modal
participation in the national transportation matrix, so that different strategies of
capacity increase have been discussed in the country. One of the main strategies
refers to the increase of axle load of the railway vehicle, in which the study of
the railway pavement becomes essential to verify its capability to resist the new
load as well as to understand the impacts in terms of track stress–strain. Thus, the
present paper used a finite element method (FEM) to calculate the variation of the
track module, rail bending stress and subgrade normal stress in 184 arrangements
of pavement structure simulations. For each track element arrangement, a material
property or a geometry property variation of the studied layer was performed in order
to identify the track behavior. In this study, Systrain was used, a railway pavement
analysis software developed by Silva Filho (Contribuição para o desenvolvimento de
um método de dimensionamento mecanístico-empírico de pavimentos ferroviários
com foco nos solos tropicais. Curso de doutorado em engenharia de defesa, Insti-
tuto Militar de Engenharia, 2018 [1]) Contribuição para o desenvolvimento de um
método de dimensionamento mecanístico-empírico de pavimentos ferroviários com
foco nos solos tropicais. Curso de doutorado em engenharia de defesa, Instituto
Militar de Engenharia). As a result, it was verified that the influence of the ballast
shoulder and ballast geometry on the stress–strain behavior of the track is low. On
the other hand, the foundation layers, especially the subgrade layer, had shown a
great influence on the support conditions of the railway pavement.
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1 Introduction

Brazil is today the ninth largest economy in the world leveraged by commodities
production which represents about 62% of the country’s added value in exports
[2, 3]. In the year of 2018 commodities, exports generated about $150 billion for
the Brazilian trade balance, of which about 22% was soybean exports and almost
14% corresponded to iron ore exports. Both products have the particularity of being
extracted in the Brazilian countryside and must be transported more than a thousand
kilometers on average to the main harbor of Santos, Tubarão, Itaqui and Paranaguá
in the country coast.

To ensure a sustained economic growth as well as maintain its commodities
production competitiveness in the international market, Brazilian railway infras-
tructure capability must increase to guarantee their market advantage. Increasing the
railway operation capacity demands continued investments in infrastructure of the
major’s rail freight exports corridors of iron ore and soybeans productions.

Among the strategies to enhance the railways productive capacity can be empha-
sized the increase of the axle load and the operational train length. This increasing
capacity demand can be observed in the main Brazilian railways, such as Rumo
Logística, Estrada de Ferro Carajás, Malha Regional Sudeste (MRS) and others.

Therefore, it is important to identify the impacts of increasing the loads inten-
sity and their application cycle on the railway pavement, using computational tools
for develop stress–strain analysis in the railway pavement layers. Moreover, it is
also emphasized the importance of studying variations in the types of materials that
compound each layer, in order to optimize its life cycle and interlayer stress.

Thus, the present paper aims to identify the railway pavement behavior for
different layers arrangements of rail, sleepers, ballast, subballast and subgrade. The
geometric variation as well as the material proprieties variation of these layers and
elements was evaluated in terms of track deflection (track module), bending stress
and normal subgrade stress in order to identify the most effectiveness elements in the
pavement performance. Finally, this project issue is to optimize the railway pavement
structure by identifying the main elements variation that impacts track the most and
verify its intensity.

1.1 An Empirical Mechanistic Pavement Design

In order to evaluate the structural behavior of each track component, a finite element
method (FEM)wasused.TheFEMadopted for this analysiswas theSystrain software
developed by Silva Filho [1] to allow the determination and evaluation of stresses
and strain caused by the train transient loading. Moreover, there are several tools
developed to perform this type of analysis, such as the Geotrack [4], Illitrack [5] and
Kentrack [6] softwares, that were not available for this study.
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These analytics methods based on FEM have been widely used for design and
evaluation of railway pavements including for the characterization of railway track
formation as studied by Gräbe et al. [7].

1.2 Railway Formation

This paper evaluates the track structural properties due to the use of different type of
railroad elements formation as rail, sleepers, ballast cushion and subballast cushion.
It will be defined below the different properties and settings of each element and
layer of the railway pavement.

The Rail. Rails can be considered as one of the most important components in the
track structure, having as their function to receive and distribute the wheel loads
over the sleepers, to guide the wheels in a lateral direction, to provide adherence in
rail/wheel traction, distribute accelerating and braking forces and conduct signals
and electrical current. Given this diversity of functions and importance, the rail is
also the costliest element of the track.

The first studies related to rail section optimization were performed by American
Railroad Engineering Association—AREA [8] and Zarembski and Abbot [9]. The
results of these studies do not indicate substantial opportunities for the rail cost—
strength ratio improvement in the perspective of rail section.

According to Sadeghi apud. Doyle [10, 11], the rail has been modeled as a beam
element on an elastic basis from stress–strain criteria due to the axle loads over the
rail, the temperature variation in the environment, the rail/wheel contact stress and
the side shift stress.

The model developed by Silva Filho [1] departs from the same premises and
considers the structural element defined by two nodes and six independent vari-
ables given by the translation and rotation in the three axes. Thus, it is possible to
evaluate the different types of stresses acting on the rail from the stiffness matrix
solution defined according to local coordinates, global coordinates and the variables
of interest mentioned. That model is calculated according to the model defined by
Timoshenko—which considers the shear stress and effects on the rail.

The main types of rail commercially used in Brazil are TR-57, UIC-60 and TR-68
with critical loads enforced from 200 to 400 kN as presented by Rangel et al. [12]. In
this paper, the simulation was performed using UIC-60 and TR-68 whose technical
specifications are presented in Table 1.

The Fastening. The fastening systems correspond to the various elements which
together form the connection that join the rail and the sleeper. According to Delft
[13] exists, a wide variety of fastenings available and even more being added to the
market in view of the variety of new materials, and the sleepers structure evolution.
Despite this diverse scenario of possible fastening systems to be used on the track
structure, in Brazil predominates, the use of Deenik, Fast Clip and E-Clip presented
in Fig. 1.
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Table 1 Rail specifications

Gauge (m) 1.6 Gauge (m) 1.6

Section TR-68 Section UIC-60

H—height (mm) 185.7 H—height (mm) 172

B—width of foot rail (mm) 152.4 B—width of foot rail (mm) 150

C1—width 1 of head rail (mm) 0 C1—width 1 of head rail (mm) 70

C2—width 2 of head rail (mm) 74.6 C2—width 2 of head rail (mm) 74.3

S—thickness of web rail (mm) 17.4 S—thickness of web rail (mm) 16.5

K1—thickness of head rail (mm) 0 K1—thickness of head rail (mm) 51

K2—height of head rail (mm) 0 K2—height of head rail (mm) 37.5

F—height of foot rail (mm) 0 F—height of foot rail (mm) 31.5

D—thickness of foot rail (mm) 0 D—thickness of foot rail (mm) 11.5

A—rail area (mm2) 8617 A—rail area (mm) 7687

Yh—neutral line (mm) 0 Yh—neutral line (mm) 80.69

Ix—moment of inertia (mm4) 3950 Ix—moment of inertia (mm4) 3055

Iy— moment of inertia (mm4) 395 Iy—moment of inertia (mm4) 305.5

T—polar moment of inertia (mm4) 79 T—polar moment of inertia (mm4) 61.1

Wx—module of section (mm3) 391.6 Wx—module of section (mm3) 335.5

Source Silva Filho and AREMA (2018)

Fig. 1 Deenik, Fast Clip and E-Clip fastening, respectively [14, 15]

Fastening is composed mainly by the baseplate and the clip—or elastic fastening
which have different functions, being the steel baseplate responsible for distributing
the stress from thevertical loading, besides anchoring the rail in response to horizontal
forces. Elastic fastening, on the other hand, guarantees durability and deflection in
the connection between the rail and the sleeper, being indispensable for concrete ties.

The Systrain software resorts the fastening model as defined by Silva Filho [1],
being expressed by 3 nodes with 3 degrees of freedom, each node allows the transla-
tion in the x, y and z axes. The structural behavior is defined according to the scheme
shown in Fig. 2, and the stiffness matrix solution derived from the respective model
is given by the Newton–Raphson method.
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Fig. 2 Fastening model used by Silva Filho [1]

Table 2 Fastening premises Rigidity Values

Stiffness of spring Kx (kN/m) 7000

Stiffness of spring Ky (kN/m) 7000

Stiffness of spring Kz (traction) (kN/m) 70,000

Stiffness of spring Kz (compression) (kN/m) 70,000

Source SPADA (2003)

For the simulations performed in this article, the fastening premises were adopted
as shown in Table 2, which consists of steels baseplates for wooden sleepers and
polymeric rail pads for concrete sleepers, with elastic moduli and Poisson’s ratios
constants.

The Sleepers. In ballasted track, the sleeper has the important objective of
distributing the rail stresses evenly on the ballast surface. The sleeper is also respon-
sible for supporting the fastening baseplate and the rail foot, preserving the track
gauge and rail inclination, providing adequate electrical insulation between the rails
and to resist the influence of the weather.

The study on the different types of sleepers is based mainly on Talbot’s [16]
experience about the effective contact surface between the ballast and the sleeper.
For him, despite the durability advantages of the concrete sleeper, thewooden sleeper
presents a better distribution of the stresses in the ballast since it allows the crimping
of the gravel, which maximize the area of contact with the ballast, preserving it.

In the model developed by Silva Filho [1] for Systrain analysis, the sleeper is
approximated to a hexahedral mesh defined by 8 nodes at its vertices. The degrees
of freedom assigned to the model consist in a three-dimensional translation, repre-
senting the x, y and z axes. To solve the deformation matrix of the hexahedral model,
the B-bar method was used as presented by Silva Filho and Bower (2010) [10] in
order to treat the volumetric and the deviation deformations separately.

This research considered concrete and wooden sleepers with constant elasticity
modulus and Poisson’s ratio in the simulation. Regarding the distance between
the sleepers, the adopted values are presented in Table 3 as well as other sleepers
specifications.
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Table 3 Sleepers
specifications

Specifications Values

Spacing (cm) 55–60

Length (m) 2.8

Height (cm) 20

Under width (cm) 30

Upper width (cm) 28

Source Silva Filho [1]

The Ballast Layer. According to Selig and Waters [17], the ballast is considered
a granular material of hard stone and rock origins on which sleepers distribute the
stress from the rail and sleepers loads. Traditionally, this layer is formed by granular
material uniformly graduated, free of dirt and dust, not prone to cementation. The
main issues related to the ballast choice material have economic origin.

In this case, there is a need to evaluate the elements in terms of support capacity,
size, shape, hardness, abrasion and composition aiming to the use of thematerial with
best properties to resist from the stress of the railway operation. Among the main
functions of the ballast, the most important are the vertical, lateral and longitudinal
resistances that retain track in it required position [17].

In addition, the resilience and energy absorption promoted by this layer can be
highlighted, aswell as its capacity to allow the passage of particulatematerial through
its formation, the practicality of maintenance, the immediate drainage to the next
layer and the dissipation of energy and stresses to the subsequent layers.

For the case of study, it will be used the elements according to Table 4 with ballast
thickness set in 30–40 cm, and their resilience module and Poisson’s ratio vary from
200 and 300 MPa, respectively.

The Subballast Layer. This layer is located between the subgrade and ballast. The
subballast applies some similar functions with the ballasted layer, such as reduce the
stress at the subgrade in comparison with the bottom of the ballast and contribute
with the subgrade frost protection [17]. The second subballast function presented
does not have a mayor importance for a tropical region as Brazil; for these regions,

Table 4 Ballast
specifications

Specifications Values

Height (cm) 25–30

Ballast shoulder (m) 25–40

Declivity of the slope (H:V) 1

Under declivity (%) 3

Type of under declivity Right

Covering of sleeper Yes

Source Silva Filho [1]
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the main subballast function is to increase the resistance of the subgrade to erosion
and water penetration [18].

According to Indraratna et al. [19] to evaluate the subballast layer, the leading
aspects to be regarded are related to its drainage and foundation properties. These
drainage criteria are associated with the ballast open surface that permits water to
flowing down through the underlying layers. To ensure the properties of the layers,
AREA standardizes the distribution for the particle size limits of the layers.

However, in Brazil, the most part of soils can be identified as thin sands, silts
or clays, which means that normally these soils do not meet the requirements of
AREA. Even so Gomes [20] had shown in his research that the resilience moduli of
Brazilian fine soils located in the country side nearly always exceed 200MPa, so that
the adequate support strength of the undercarriage is confirmed. In the present study
will be assumed values of stress state and Poisson coefficient to calculate de resilient
modulus as presented in Table 5.

The Subgrade Layer. The subgrade layer is usually understood as the foundation
layer of the track.However, according toSelig andWaters [17], SPADA[21] andSilva
Filho [1], this understanding can be considered simplistic since the track structure
must be assumed as a multilayer system in which each element responds to a part of
the tensions dissipation arising from the train loads. In this perspective, each layer
contributes individually to stress dissipation, acting as part of the track foundation,
and impacts directly throughout its structure.

In the present study will be assumed values of resilient modulus and cohesion
observed in a tropical soil as presented in Table 6.

Table 5 Subballast
specifications

Specifications Values

Specific mass (kg/m3) 1200

Coefficient K1 (MR. Arg) (MPa 1.37) 93.1

Coefficient K2 (MR. Arg) (–) −0.37

Minimum stress of diversion (MPa) 0.021

Maximum stress of diversion (MPa) 0.206

Poisson coefficient (–) 0.4

Source Silva Filho [1]

Table 6 Sleepers
specifications

Specifications Values

Specific mass (kg/m3) 1800

Coefficient K1 (MR. Eln.) (MPa) 80–100

Poisson coefficient (–) 0.4

Source Silva Filho [1]
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2 Case of Study: Railway Superstructure Optimization
Using Finite Element Method Systrain

As described, the track presents the structural behavior of amultilayers systemwhose
each layer properties directly impact on the capability of entire pavement to resist
the cycle load application. In order to evaluate the track behavior due to component
alterations, 184 simulations were performed using Systrain software. Each simula-
tion considered a different elements type arrangement; Table 7 presents the type of
variation for each component.

2.1 The Variation of the Railway Elements

To evaluate the results of tracks performance obtained from the Systrain software,
the rail deflection and the interlayer stress data were exported from the software in
order to develop comparative matrices. These matrices allow to identify the patterns
on stress and deflection variations due to track element changes.

Along this project, the simulations were developed in two phases. The first phase
treated the combination of two variations of each element presented in Table 7,
totalizing 128 simulations. Those simulations results provided an intensity and range
of impact overview caused by the modification of each component singly in terms
of stress and deflection.

The second step comprises a further consequences investigation on track simulated
behavior due to the components whose variation generated the greatest impact on
pavement properties.

Table 7 Rail specifications Track elements Variations Quantity

Rail section UIC-60 and TR-68 2

Sleeper Concrete and wood 2

Spacing between sleepers
(cm)

55 and 60 2

Ballast shoulder (cm) [h.
ballast]

25 and 40 2

Ballast height (cm) [h. b.] 25 and 30 2

Subballast height (cm) [h.
sb.]

20 and 25 2

Subgrade resilient moduli
(MPa)

80 and 100 2

Wx—module of section
(mm3)

391.6
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3 Results

3.1 Phase 1: Overview of Components Impact on Track
Behavior

The results of the general simulations are presented below. The ballast shoulder
augmentation did not present significant improvement in relation to the stress–strain
variables evaluated, performing improvements of less than 0.40% on track deflection
as shown in Table 8.

Regarding the sleepers spacing, it was observed that the variation in the intensity
of the rail bending stress around 2.88–3.18% and a greater impact was observed for
concrete sleepers than wooden sleepers. In addition, it was identified that the bending
stresses will be higher the thicker the ballast and subballast will be. In none of the 169
simulations, the rail type section exceeds the limit of acceptable tension, remaining
less than a half of this value.

In the case of the UIC-60 rail section, a smaller variation in bending stress ratio
was observed due to the spacing of the sleepers from 55 to 60 cm. The variance of
the increasing ending stress for the UIC-60 rail results is 36%, which is lower than
the variance of the TR-68 rail results as can be seen in Tables 9 and 10.

Table 8 Maximum variation rate on track module due to shoulder enlargement—from 25 to 40 cm

h. ballast = 25 h. ballast = 30

Sleepers dist R.M. subgrade h. sb = 20 cm
(%)

h. sb = 20 cm
(%)

h. sb = 20 cm
(%)

h. sb = 20 cm
(%)

55 80 0.36 0.36 0.36 0.36

55 100 0.40 0.40 0.40 0.00

60 80 0.35 0.35 0.35 0.35

60 100 0.39 0.39 0.39 0.39

Considering concrete sleepers and TR-68 rail

Table 9 Variation rate on bending stress due to sleeper spacing—from 55 to 60 cm

TR-68 h. ballast = 25 h. ballast = 30

Sleeper R.M. subgrade h. sb = 20 cm
(%)

h. sb = 20 cm
(%)

h. sb = 20 cm
(%)

h. sb = 20 cm
(%)

Concrete 80 2.97 3.02 3.06 3.11

Concrete 100 2.88 2.93 2.93 2.98

Wood 80 2.94 3.03 3.03 3.09

Wood 100 2.86 2.95 2.95 3.00

Considering TR-68 rail section
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Table 10 Variation rate on bending stress due to sleeper spacing—from 55 to 60 cm

UIC-60 h. ballast = 25 h. ballast = 30

Sleeper R.M. subgrade h. sb = 20 cm h. sb = 20 cm h. sb = 20 cm h. sb = 20 cm

Concrete 80 3.03 0.36 0.36 0.36

100 3.01 0.40 0.40 0.00

Wood 80 3.01 0.35 0.35 0.35

100 2.99 0.39 0.39 0.39

Results for UIC-60 rail section

Comparing the rail bending stress and the trackmodule variation occurred because
of the section variation from UIC-60 to TR-68, it is possible to verify an inverse
relation between these variables in Table 11.

Comparing the rail bending stress and the trackmodule variation occurred because
of the section variation from UIC-60 to TR-68, it is possible to verify an inverse
relation between these variables in Table 11.

In terms of subgrade resilient module alteration, it is possible to identify an impor-
tant impact of this feature on the track module, in view of the variation observed in
Table 12 that exceeds 10%. For all arrangements of track elements, the impact of
subgrade resilient module was almost the same, ranged from 9.86 to 10.75% of vari-
ation as presented in Table 12. In the other hand, the ratio of resilient module impact
in the bending stress ranged from 1.69 to 2.31%.

Therewere not observed an important variationonbending stress and trackmodule
as a result of ballast height augmentation as stated on Table 13. However, the relative
range of variation according to the track arrangement was from 0.40 to 1.04% for
track module and from 0.32 to 0.56% for bending stress.

3.2 Phase 2: Further Evaluation of Some Element
Proprieties

In the phase one of the study, it was verified that exists somemain features that impact
the most in the track performance. These characteristics were the tie spacing and the
resilient module of the underlayers—subgrade and subballast. To better understand
the effect of the ballast resilient module, the ballast height and subballast height, it
was alsomanagedmore simulations of these characteristics. The results are presented
in Figs. 3, 4 and 5.
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4 Conclusion

Having developed the 184 railway pavement simulations in Systrain software and
managed the analysis of track deflection, bending stress and subgrade stress results,
some conclusions as presented below:
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• It was observed that the most effective variation on the track performance is
related to the improvement of the proprieties of the substructure layers, such as
the subballast and the subgrade. However, the variation in the subballast thickness
did not yield significant results in terms of increasing trackmodule, bending stress
decrease on the rail, nor in the tension of the subballast.

• The same geometrical aspects and resilient module properties of the material
were studied for the ballast layer. For this layer, a low variation impact was
identified on both characteristics—resilient module and track deflection—for the
stress parameter points to a low influence of this layer on the pavement’s ability
to withstand the loads imposed on it.

• Among the geometric characteristics studied, the sleeper spacing stands out as
one of the items with the greatest impact on pavement performance for all evalu-
ated parameters. Negligible influence was also identified of shoulder increase for
the parameters of deflection, bending stress and subgrade stress evaluated in the
present paper.

Thus, it is concluded that the most important elements and characteristics
for railway pavement optimization are the properties of the infrastructure layers,
especially the subgrade, and the spacing between the sleepers.
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Update and Case Studies of Geotrack™:
A Software for Railway Track
and Subgrade Analysis

Yin Gao, Patti Schreiber, Stephen Wilk, Amanda Hanson, Taifeng Li,
and Dingqing Li

Abstract Geotrack™ is a software for railroad track and subgrade analysis origi-
nally developed in the 1980s and is owned by Transportation Technology Center, Inc.
(TTCI), a subsidiary of the Association of American Railroads (AAR). Geotrack™
provides validated analytical solutions under vertical wheel loads, with ballast,
subballast, and subgrade layers fully characterized with geotechnical properties.
This paper presents the latest update to this software, including execution on modern
computers, a new user interface, new output visualization, and more importantly
enhanced capabilities in terms of dynamic factor analysis and a permanent defor-
mation prediction. In addition, this paper will present case studies to illustrate how
Geotrack™ can help engineers understand the performance of multi-layer railway
tracks under various loading, track, and subgrade conditions.

Keywords Track analysis · Subgrade analysis · Geotrack™ upgrade

1 Introduction

Railway transport is one of the most important ways to transport freight in the US,
which has the largest rail freight network in the world [1]. To provide safe and effi-
cient railway operations, the design of tracks, as well as track maintenance practices,
needs to be improved and optimized. Railway track models simulating the interac-
tion between track components and vehicle traffic can help to understand the track
structure responses.

Geotrack™ is a pioneered computer model for track analysis. It was originally
developed in the 1980s by the University of Massachusetts and is currently owned
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by Transportation Technology Center, Inc. (TTCI), a subsidiary of the Associa-
tion of American Railroads (AAR). Geotrack™ is a three-dimensional, multi-layer
analytical model for the analysis of conventional railway track structures under
quasi-dynamic vertical wheel loadings. The model can determine track and subgrade
responses under given wheel loads, track, and subgrade conditions. Up to four super-
imposed axles can be analyzed in the model. The trackbed layers are treated as linear
elastic materials. A descriptive schematic is shown in Fig. 1. The detailed algorithm
has been documented in other publications [2–6].

Other than Geotrack™, there are other multi-layer track models that have been
developed for analyzing track component performance (rails, fasteners, sleepers),
stress and deformation of ballast, and subgrade layers [e.g., 7–8]. Finite element
modeling (FEM) has also been used by many to evaluate track performance [e.g., 9].

Table 1 is a summary of the input and output parameters for the Geotrack™
model. This model can be used for a number of track types, such as wood tie track,
concrete tie track, slab track, track with standard gage, wide gage, or narrow gage,
for applications including:

• Analyzing the effects of loads on-track component performance

Fig. 1 Forces and
components in Geotrack™
model
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Table 1 Input and output parameters in Geotrack™

Input Output

• Rail—gage, weight, Young’s modulus,
moment of inertia, and cross-sectional area

• Fastener/pad—vertical stiffness
• Ties—tie spacing, length, height, width,
Young’s modulus, and moment of inertia

• Substructure layers—modulus, Poisson’s
ratio, layer thickness, unit weight, and
coefficient of lateral earth pressure

• Wheel loads—magnitudes and spacings of
up to four-wheel loads

• Rail—deflections and rail seat load at all tie
locations, maximum bending stress

• Ties—deflections and tie-ballast reactions at
ten segments along each tie, bending
moments at tie center and at rail–tie seats

• Substructure layers—vertical deflections,
complete 3D stresses, and strains at any
location

• Track modulus

• Analyzing the effects of rail and tie properties on track behavior and performance
• Analyzing the effects of pad stiffness and ballast stiffness on-track behavior and

performance
• Analyzing the effects of track subgrade conditions on-track behavior and

performance
• Conducting track granular layer thickness design
• Conducting track modulus/stiffness analysis.

The original version of Geotrack™was developed in 1980s using the FORTRAN
programming language. To make Geotrack™ more user-friendly and compatible
with modern computer platforms, an upgrade of the software has been developed.
The latest version uses a user interface that much improves the input function and
the visualization of results, while keeping the same core algorithm of the original
version which was validated.

The original version of Geotrack™was developed in the 1980s using FORTRAN
programming language. Since this time, the program has been updated to improve
the compatibility to modern computer operating systems. To make Geotrack™more
user-friendly and practical to users, an executable for Windows® with expanded
features has been developed in the last several years by TTCI researchers. The latest
version uses a user interface that greatly improves the input function and the visual-
ization of results, while keeping the same validated core algorithms of the original
version. This paperwill present case studies to show the enhancement and capabilities
of this “reborn” Geotrack™.

2 Software Upgrade Objectives

This software upgrade includes several objectives: (1) develop an executable version
of Geotrack™ inmodern computers; (2) enhance the capabilities of Geotrack™with
new functions and better visualization tools; and (3) perform testing and case studies
to verify the new release.
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3 Software Upgrade

The previous section of this paper summarizes the key features of the earlier version
ofGeotrack™.However, the earlier version ofGeotrack™was only executable on the
oldWindows platforms (98, 2000). Through obsolescence ofWindows user interface
libraries and 16-bit emulators, the early version of the software no longer executes
on modern Windows platforms. Beginning in 2016, TTCI has been making efforts
to allow the software to run on modern Windows systems and expand the technical
functionality of Geotrack™ such as.

• Compatible to run on the modern Windows platforms
• A new user interface to the Geotrack™ integration engine

– Allowing a user to intuitively enter inputs for track analysis
– Visualization tools of the outputs

• New technical functions to the integration engine and user interface

– Dynamic speed factor
– Plastic deformation calculations
– Capability of interfacing with TTCI’s vehicle dynamics software

(NUCARS®).

3.1 New User Interface

A new user interface has been introduced as shown in Fig. 2. The input tab contains
all the input parameters (including loads, rails, ties, layer information) for the
Geotrack™ model. Seven subgroups are included within the inputs tab: (1) general;
(2) load; (3) rails; (4) tie; (5) layers; (6) cumulative modulus depths; and (7) addi-
tional depths. Each subgroup can be expanded or collapsed for easier input, using the
small up arrow on each subgroup label. This new user interface uses TTCI’s software
development standards and is more efficient for users to enter inputs since the early
version only displayed one subgroup on screen.

The new interface has features to visualize the three-dimensional subgrade stresses
(Fig. 3a: “soil stress heatmaps”) and plot track responses including the reaction loads
at rail–tie and tie-subgrade interfaces, as well as deflections of rail and tie. The soil
stress heatmaps are generated at each layer interface by extracting the results of
stresses and displacements from the output file. This feature provides a direct view
of the track responses at the layer interfaces. Depending on which slice orientation of
subgrade is being selected, the options for selecting the output data for the plot and
the output heatmap plot will change. Superimposed track responses will be linearly
added from each wheel if multiple wheel loads are selected. As shown in Fig. 3b,
wheel loads were applied at ties #1 and #8 and generated the plots as a result.
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Fig. 2 User interface for model inputs

3.2 New Technical Functionality

To provide more analysis tools, several new functions have been incorporated into
the software, as listed at the beginning of this section. These new functions have
undergone initial testing and have been validated. Additional debugging and testing
will be performed to improve the robustness of each function.

Dynamic Factor

To introduce a dynamic factor of the load, train speed and wheel diameter are
considered in the model. The dynamic factor can be calculated using the following
equations provided in the American Railway Engineering and Maintenance-of-Way
Association (AREMA) manual for railway engineering [10]:

Talbot dynamic factor: φ = 1+ 33S
100D

φ: dynamic factor, S: train speed (mph), D: wheel diameter (in).
Dynamic loading: Pdyn = Pstat × φ

Pdyn: dynamic wheel load (lbs), Pstat: static wheel load (lbs).
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Fig. 3 New visualization tools: a heatmaps of soil stresses; b plots of track responses

Permanent Deformation of Ballast, Subballast, and Subgrade Layers

The model can now calculate permanent or plastic deformation of the substructure
layers. The Li-Selig model [12–14] and Chrismer’s model [15] are used in the algo-
rithms. The software can calculate the plastic deformation of each layer, depending
on thematerial type assigned to the layer. The software allows for each layer type to be
ballast, subballast, subgrade, or a user-defined deformation value to account for other
subgrade materials. Depending on the layer type, the required inputs vary from first
cycle plastic strain and exponent coefficient, layer material, unconfined compressive
strength, or user-selected deformation with maximum layer depth. This deformation
calculation focuses on the plastic strain of the substructure layers and currently does
not directly calculate the ballast breakage. Also, the effect of water content on the
subgrade layer is not considered in the current model. The total permanent defor-
mation is calculated using the maximum stress of each layer and then summed up
across the layer depths.



Update and Case Studies of Geotrack™ … 321

Interface with NUCARS®

Geotrack™ outputs the characteristics of the track system into a format that can
be used as input to the NUCARS® track model (A multi-body vehicle dynamics
model developed by TTCI) for users interested in modeling vehicle responses to
track inputs. The force–displacement at tie-soil interface can be saved to a text file
which can be used as input in NUCARS® trackmodels for the tie-ground connection.
By doing this, one can take full advantages of the track model (Geotrack™) and the
vehicle dynamics model (NUCARS®).

Unit Conversion

Users have the option to change the input and output display units between the US
Customary and International systems of units. This feature will help users to quickly
toggle back and forth between the two-unit systems. The written input and output
files, however, will remain in US Customary units.

4 Case Studies

Two case studies were performed to validate Geotrack™ analyses by comparing
model outputs against actual track measurements.

4.1 Track Modulus Analysis

Track modulus is the vertical stiffness of the rail foundation, meaning “modulus of
rail support.” It is an important measure of the track performance, indicating such
aspects as track deflection. Geotrack™can calculate the trackmodulus by given track
parameters, which helps to optimize track design and describe the track performance.
Table 2 gives the input values of material properties, for example, Geotrack™ track
modulus analysis. Accordingly, the track modulus calculated by the Geotrack™
model is 2837 lb/in/in.

In order to validate the simulated track modulus, track modulus measurements
were taken using a light car—182,725 lb (22,784-lb wheel loads)—and a heavy
car—319,800 lb (39,975-lb wheel loads)—measuring the relative top of rail vertical
deflection when the wheel load was over a tie. A total of eight ties in a tangent wood
tie zone were measured.

Figure 4 shows the trackmodulusmeasurements at the eight ties. The average track
modulus of eight ties was 2507 lb/in/in. which is about 13% less than the calculated
modulus (red horizontal line). However, these ties have accumulatedmore than 1,000
MGT, and exact ballast and subgrade conditions are unknown. Therefore, the model
can provide an acceptable estimate.
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Table 2 Nominal track and
subgrade parameters for
Geotrack™ analysis

Variable Value

Rail properties

E—GPa (ksi) 207 (30,000)

I—m4 (in4) 3.95e−5 (94.9)

Cross section area—m2

(in2)
8.61e−3 (13.4)

Gage—m (in.) 1.435 (56.5)

Rail weight—kg/m
(lb/yd)

67.7 (136.2)

Tie and fastener Wood

Base width—m (in.) 0.229 (9.0)

Base length—m (in.) 2.59 (102)

Cross section area—m2

(in2)
4.06e−2 (63)

E—GPa (ksi) 10 (1500)

I—m4 (in4) 1.07e−4 (257)

Weight—kg (lb) 114 (250)

Spacing—m (in.) 0.50 (19.5)

Fastener
stiffness—kN/mm
(kips/in.)

50 (285)

Granular layers Ballast Subballast

Density— Mg/m3 (pcf) 1.76 (110) 1.92 (120)

Poisson’s ratio 0.3 0.35

Modulus—MPa (ksi) 276 (40) 138 (20)

Ko– (unitless) 1.0 1.0

Thickness—m (in.) 0.3 (12) 0.15 (6)

Subgrade and
bedrock

Subgrade Bedrock

Density—Mg/m3 (pcf) 1.92 (120) 2.24 (140)

Poisson’s ratio 0.35 0.1

Modulus—MPa (ksi) 41 (6) 6890 (1000)

Ko—(unitless) 1.0 1.0

Thickness—m (in.) Infinite (for last layer)

4.2 Earth Pressure at a Bridge Approach

A bridge approach test zone was established on the high tonnage loop (HTL) at TTC.
The test used a lightweight foam concrete (LWFC) structure to replace the in situ
subgrade in order to remediate differential settlement at the bridge approach. The
LWFC transition zone (in red, Fig. 5) was designed and constructed at three steps (32
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Fig. 4 Track modulus from in-track measurement and simulated value

Fig. 5 Profile of LWFC test setup

inches for each step) to transfer the trainload gradually and minimize the differential
settlement from the top surface of the embankment. The dimensions of the LWFC
structure are shown in Fig. 5. As a part of the test program, earth pressure cells were
installed on the top surfaces of the LWFC and subballast at Sections 1 and 2 as shown
in Fig. 5. The pressure data measured in this test was used to compare to the results
from Geotrack™.

The test zone is supported by wood ties with cut spikes. Therefore, typical prop-
erties of a wood tie track system (19.5-inch tie spacing, wood tie dimension, etc.)
were assumed in the modeling. Table 3 shows the material properties of the track
components that were used in the model.

The dynamic earth pressure cells were installed in Sects. 1 and 2. In addition, cars
with different axle loads (88.2, 82.7, 77.2 kips) were used to provide vertical forces
in the test. The depth of each layer is shown in Table 4.

Table 5 shows the comparison of the in-track earth pressure measurements and
the simulated results using Geotrack™. Generally, Geotrack™ can produce similar



324 Y. Gao et al.

Table 3 Material properties
for the model input

Track component Modulus (ksi)

Rail 30,000

Wood 1450

Ballast 40

Subballast 20

LWFC 25

Subgrade 6

Foundation 1000

Table 4 Layer depth of two sections

Layer Section 1 Section 2

Individual layer
depth (in)

Cumulative layer
depth (in)

Individual layer
depth (in)

Cumulative layer
depth (in)

Ballast 14 14 14 14

Subballast 36 50 36 50

LWFC 64 114 32 82

Subgrade 32 146 64 146

Foundation 0 146 0 146

Table 5 Earth pressure comparison of simulated results and in-track measurements

Test section Axle load (kips) Location Geotrack™ (psi) In-track
measurements (psi)

Diff. %

Section 1 77.2 Subballast 16.11 15.56 3.51

LWFC 7.20 11.08 −34.99

82.7 Subballast 17.31 16.37 5.78

LWFC 7.81 11.63 −32.86

88.2 Subballast 18.41 17.33 6.25

LWFC 8.31 12.10 −31.37

Section 2 77.2 Subballast 15.21 17.87 −14.88

LWFC 6.51 7.44 −12.58

82.7 Subballast 16.31 18.09 −9.82

LWFC 6.90 8.01 −13.85

88.2 Subballast 17.41 18.37 −5.20

LWFC 7.40 8.56 −13.48

results for the subballast layer. In addition, the resultsmatchedwell for Section 2. Less
than 15% of the difference between the measured results and Geotrack calculated
results was seen at all locations for different wheel loads. The results at Section 1 on
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the top surface of the LWFC did not correlate well. Some localized factors can cause
the difference, such as unstable pressure cells and uneven surface of LWFC which
were not considered in this model. More investigation will be made to understand
the reason to cause the difference in the results.

5 Conclusions

This paper summarizes the new upgrade in the latest version of Geotrack™. The
legacy software has been updated to run on modern Windows® platforms. A new
user interface that provides convenient input for users and offersmodern visualization
of outputs has been incorporated with the Geotrack™.

Moreover, several new technical functions have been added to the software to
improve the capabilities of track analysis. These functions include dynamic speed
factor of inputwheel loading, plastic deformation calculations for substructure layers,
an interface with TTCI’s vehicle dynamics software (NUCARS®) and automated
conversion of model between US Customary and International systems of units.

Furthermore, this paper presents case studies to compare simulated earth pressure
and track modulus results by Geotrack™ to the actual in-track measurements at
FAST. The results showed that Geotrack™ can predict reasonable track responses
for various track conditions.
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Railway Subgrade Characterization
Through Repeated Loading Triaxial
Testing

Gino Calderon Vizcarra , Luiz Muniz , Thatyane Gonçalves ,
and Sanjay Nimbalkar

Abstract Currently, the improvement of means of transportation is a great chal-
lenge. Brazil has a large ore production, which will continue in the next decades, and
seeks to reduce the transportation times between production and export centers, as
well as reduce the emission of contaminants to the environment. In this sense, rail-
ways are a more efficient and environmentally friendly means of land transportation,
and their proper conservation and operability affect the net gains that Brazil receives
from the export of commodities. The implementation of this program proposed in
the engineering practice would allow taking more precise decisions regarding the
activities of maintenance of railroads, generating significant savings. The first step
of the research is the analysis and interpretation of results of repeated load triaxial
tests carried out in Brazil on railway subgrade soils. An engineering methodology
is presented considering the geotechnical properties of the foundation soil obtained
through field and laboratory tests for performing of geotechnical analysis. To ensure
the railway stability, criteria of bearing capacity, elastic deflection and permanent
deformation for the railway substructure must be met. A prediction model of perma-
nent deformation is used, as well as the influence of moisture on the behavior of
the foundation soil. This study aims to contribute to the finding of a comprehensive
methodology for evaluating the useful service life of the track substructure so that
the most appropriate material can be selected for use as a railroad formation material
in order to limit stresses on the railway subgrade, which in turn cause progressive
loss of geometric profile of the railway, and to maintain a safe operation of the trains.
This will allow significant savings in the periodic maintenance of the substructure,
which are one of the activities to restore the track geometry of railways.
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1 Introduction

Permanent deformation is the accumulated plastic strain under repeated loading. One
of the criteria for railroad subgrade design is to prevent excessive permanent defor-
mation due to repeated loading. A big part of maintenance expenditures is directed to
give a soft alignment to track which is affected by ballast, sub-ballast and subgrade,
it means geotechnical components of track. In many cases, the settlements are not
uniform, and this produces trackmisalignment. In the sameway, the understanding of
plastic strain accumulation mechanism is essential for an appropriate design of track
foundation. A railway subgrade must not present excessive permanent deformation
caused by repetitive loading.

The project goal is to identify the lane 2 capacity to bear loads to 325 kN/axle.
For this, three study stages were performed. The first one was the field visit and DCP
testing, the second one was the geotechnical analysis of railway subgrade, and the
third one was the bearing capacity evaluation for railway sections.

2 Experimental Program

2.1 Materials

Samples were collected in two stages. In the first stage, five disturbed samples were
collected to perform physical characterization. For the execution of repeated loading
triaxial tests, three undisturbed samples measuring 400 × 400 mm were collected
from 10 cm below the ballast bottom. The samples were prepared in the field in
accordancewith theBrazilian StandardNBR9604/2016 and kept in a humid chamber
to preserve its natural water content. Two cylindrical specimens with dimensions
100mm× 200mmwere obtained from each undisturbed sample by carefully cutting
of excessive soil with a sharp knife. In addition, DCP tests were performed at these
locations. Figures 1, 2, 3, 4, 5 and 6 show the samples collecting at the field which
is a tropical soil.

(a) (b)

Fig. 1 404 + 840 section a general view b sample collecting
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(a) (b)

Fig. 2 405 + 890 section a sample collecting b sample preparation

(a) (b)

Fig. 3 407 + 090 section a general view b sample collecting

(a) (b) (c)

Fig. 4 404 + 840 section a 40 cm × 40 cm sample b specimen before the test c after the test
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(a) (b) (c)

Fig. 5 405 + 890 section a 40 cm × 40 cm sample b specimen before the test c after the test

(a) (b) (c)

Fig. 6 407 + 090 section a 40 cm × 40 cm sample b specimen before the test c after the test

2.2 Methods

A set of physical characterization tests was performed on disturbed samples. DCP
tests were performed at three locations, and repeated loading triaxial tests were
carried out on undisturbed samples. The tests list is shown in Table 1.

To obtain the resilient modulus (MR) corresponding to each section, a correlation
equation published by Angelone [1] was applied. After that, stress and strain analysis
considering a 325 kN/axle load using computational software Ferrovia 3.0 [2].

MR(MPa) = 201.0× (DN)−0,44(mm/blow) (1)

where:
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Table 1 Tests list Stage Test Section

1 Particle-size-distribution
Atterberg limits
SUCS classification
HRB classification

404 + 800, 405 + 900,
407 + 100

2 Dynamic cone
penetrometer (DCP)

404 + 840, 405 + 890,
407 + 090

3 Repeated loading triaxial 404 + 840, 405 + 890,
407 + 090

DN—value obtained in DCP test (mm/blow);

MR—resilient modulus.
Cyclic long duration triaxial tests were performed to evaluate the plastic mechan-

ical behavior of a subgrade layer submitted to cyclic stresses equivalent to railroad
traffic. The triaxial apparatus used for the permanent deformation test is composed by
threemain segments: load structure, triaxial cell and pressure gages. Complementary,
LVDTs (Linear Variable Transducers) are used to record the displacements. All the
electronic components are controlled by an on-board computer with an acquisition
system named SICAEO (Fig. 7a).

Confining and deviator stresses between 30 and 150 kPa are applied, as a result
of calculations done in the software Ferrovia 3.0 which would be the in situ stresses
acting in the sampling point. This range covers stresses values that commonly act
in the track subgrade layers. It must perform two tests as a minimum require-
ment for each material with different stresses pairs, with the objective to obtain an
adequate correlation between strain and cycles number. Also, it is recommended to
perform tests on samples with different moisture to study the influence in permanent
deformation of soil due to moisture variations happen along each year.

Fig. 7 a Specimen in
triaxial chamber; b specimen
under wetting by capillarity
[3]

(a) (b)
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Table 2 Triaxial testing conditions

Sample km Water content (%) σ 1 (kPa) σ 3 (kPa) σ d (kPa) σ 1/σ3 N

P25A1 404.840 9.6 100 35 65 2.85 150,000

P25A2 405.890 9.84 110 40 70 2.75 150,000

P25A2 405.890 11.4 110 40 70 2.75 150,000

P25A3 407.090 9.1 100 35 65 2.85 150,000

The cylindrical specimens were tested with 150,000 load cycles at 2 Hz frequency
under natural water content condition without conditioning loading. The testing prin-
cipal stresses are shown in Table 2. After 150,000 load cycles, only the specimen
P25A2 was retired from the chamber and placed above a porous stone in a container
of a small level of water for 48 h (Fig. 7b); the specimen was wetted by capillarity
and increased its weight, which was measured every 12 h until the specimen did not
have more weight increments, according to procedure described by Campos [3]. The
estimation for permanent deformation was based on a daily traffic composition with
a typical convoy with three hundred thirty 4-axle wagons and three 6-axle locomo-
tives. The annual cycle estimated for the fleet is 5.372.070 load cycles. There are
many models to predict permanent deformation as Monismith et al. [4], Tseng and
Lytton [5] and others.

3 Results

Characterization tests indicate that the subgrade layer is essentially composed by
clayey sand (USCS). Results are shown in Table 3. Table 4 shows DCP test results
for each section correlated to CBR and resilient modulus (MR) values which allowed
us to assign layer thickness and resilient values to a typical section (Fig. 8).

Subgrade stresses calculated with software Ferrovia 3.0 [2] were higher than
maximum allowed value, and so it was decided to check permanent deformation
through repeated load testing. Figure 9 shows repeated load triaxial results for this
section. The evolution of accumulated permanent deformation versus the cycles

Table 3 Physical characterization test results

km Depth Gravel
(%)

Sand
(%)

Fines
(%)

LL
(%)

LP
(%)

IP
(%)

USCS HRB

404+ 800 0.00–0.20 33 38 29 21 13 9 SC A-2-4

0.20–1.50 10 56 34 23 14 10 SC A-2-4

405 + 900 0.05–0.20 39 35 25 20 12 9 SC A-2-4

0.20–1.50 11 57 33 22 13 9 SC A-2-4

407 + 100 0.10–0.35 25 46 29 25 15 10 SC A-2-4
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Table 4 DCP test results

km Layer DN (mm/blow) CBR MR (MPa)

404 + 840 L2 0.00–11.00 10.5 17 58

11.00–31.70 19.3 8 42

31.70–86.70 10.0 18 60

405 + 890 L2 0.00–10.20 10.0 18 60

10.20–41.70 20.6 8 40

41.70–75.40 11.7 15 55

407 + 090 L2 0.00–7.40 10.8 17 58

7.40–17.70 27.1 6 35

17.70–25.60 3.9 55 102

Fig. 8 Railway cross section

Fig. 9 Vertical permanent deformation vs. load cycles number
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Fig. 10 Influence of water content on vertical permanent deformation

number for a same soil under three stress states is shown. In this case, it is observed
that the soil reaches a Shakedown state or vertical plastic strain stabilization for
considered stress state. Figure 10 shows the influence of wetting on permanent
deformation where an increment of 1.56% in water content induces an associated
increment of 1.54% in vertical permanent deformation.

4 Conclusions

A novel evaluation methodology for subgrade permanent deformation was described
and evaluated. To obtain reliable results, repeated load testing was performed on
undisturbed samples which allowed us to take into consideration soil structure influ-
ence. In the same way, the influence of water content was an important parameter
for permanent deformation.
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Investigation into Ground Vibration
Responses of High-Speed Rail Slab
Tracks Considering Train-Track-Soil
Interactions

Ting Li, Qian Su, and Sakdirat Kaewunruen

Abstract Slab tracks are widely adopted in high-speed railway networks. Based on
a critical literature review, most previous studies related to ground vibrations have
been carried out with the traditional ballasted track. In order to highlight the ground
vibration responses of high-speed railway with slab tracks induced by the wheel-rail
dynamic interactions under the roughness of rail surface, a novel 3D coupled train-
track-soil model is developed based on the multi-body simulation (MBS) principle,
finite element modeling (FEM) theory, and perfectly matched layers (PML) method
using LS-DYNA. This model has been validated against the field test results. The
maximum displacement of the rail is obtained with various train speeds to investigate
the critical speed of high-speed railway system. The vibration displacements and
velocities of soils are then analyzed under normal and critical speeds. The train-track
interactions are also presented. This study could provide new insight into the ground
vibrations of high-speed railway with slab tracks in practice.

Keywords Ground vibration · Critical speed · Slab track · Train-track-soil
interactions

1 Introduction

High-speed railway has been developed rapidly all over the world [1–3]. The French
TGV has reached a record speed of 574.8 km/h. The Chinese ‘Fuxing’ train is trav-
eling at a speed of 350 km/h in numerous rail networks in China. These high-speed
trains can impart greater dynamic forces to infrastructures and result in an elevated
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vibration level for grounds [4–6]. Therefore, the assessment of ground vibration is
getting increasingly crucial for high-speed railways in practice.

According to previous studies, high-speed trains traveling on soft soils can signif-
icantly increase the vibration level, particularly when the train moves at the so-called
‘critical speed’, at which the train induces a resonance-like phenomenon [7–9]. The
measured soil displacements from the well-known railway site at Ledsgard, Sweden
show that the amplified displacement will be around three times the static value when
the train speed is close to the Rayleigh wave velocity [4, 10]. It is noted that most
previous studies have normally investigated the ground vibration under ballasted
track [7, 11–14]. However, the use of slab track is getting prevailing in high-speed
railways because of its advantages of higher stability, lower deformation, and easier
maintenance compared with ballasted track [3, 6, 15]. The study of ground vibration
responses of high-speed railway with slab track is rather limited.

Additionally, a lot of previous methods just simplified the train loads as moving
quasi-static loads, and the dynamic wheel-rail interaction under the roughness of rail
surface has been ignored [8]. However, the dynamic loads play an important role in
the train-induced ground vibrations and should be taken into consideration when the
ground vibration is investigated [4].

In order to investigate the critical speed of high-speed railway with slab tracks
considering the wheel-rail dynamic interactions under the roughness of rail surface,
a novel 3D-coupled train-track-soil interaction model is developed based on the
multi-body simulation (MBS) principle, finite element modeling (FEM) theory, and
perfectlymatched layers (PML)method using LS-DYNA. The critical speed is inves-
tigated firstly. The dynamic responses under various train speeds are also presented.
This study could bring an insightful and new understanding of the ground vibration
of high-speed railway with slab tracks in practice.

2 Development of the Numerical Model

A 3D coupled train-track-soil interaction model is developed using LS-DYNA to
investigate the ground vibration responses of high-speed railway system with slab
tracks. The high-speed train is simulated based on the MBS principle, and the slab
track is developed based on the FEM theory. Besides, the subgrade and ground are
simulated based on the FEM theory together with the PML method.

2.1 Modeling of the Train and Track

The vehicle in this model is the China Railway High-speed (CRH) 380 Electric
Multiple Unit (EMU) train. The vehicle consists of one car body, two bogies, four
wheelsets, and two stage-suspension systems, as shown in Fig. 1. The car body,
bogies, andwheelsets are simplified as the rigid-bodieswith shell and beamelements.
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Fig. 1 Simulation of the vehicle

These multi-rigid-bodies are connected by the springs and dashpots. As the vertical
vibration is the primary excitation to the infrastructures, the ten vertical degrees of
freedom of the vehicle are considered in this model.

The track in the model is the China Railway Track System (CRTS) II slab track,
which consists of rail, rail pads, concrete slab, cement asphalt (CA) mortar layer, and
concrete base. The rail is simulated as the Euler beam, which is supported by discrete
springs and dashpots to represent the rail pads. The concrete slab, CA mortar, and
concrete base are simulated as solid elements.

The contact between the wheel and rail is simulated based on the Hertz contact
theory. The roughness of Germany high-speed low disturbance irregularity is used
to excite the wheel-rail dynamic interactions [15]. In LS-DYNA, the keywords:
*Rail_Track and *Rail_Train are used to define the parameters of the wheel-rail
contact. The properties of the CRH EMU 380 train and CRTS II slab track are shown
in Table 1 [15–17].

2.2 Modeling of the Soil

The soil is simulated based on a typical cross section of Beijing-Shanghai high-speed
railway in China [18]. The subgrade consists of three layers: Surface layer, bottom
layer, and subgrade body. The ground consists of two layers of clay.

The soils are simulated as solid elements based on the FEM theory. In order to
model the infinite boundary around the soil, the PML method, which is the most
efficient form for absorbing dynamic energies, is used to attenuate the dynamic wave
propagations, as illustrated in Fig. 2.

The material properties of the soils are measured from the section of the Beijing-
Shanghai high-speed railway, as shown in Table 2. In order to describe the damping
effect of the soil, the coefficients of the Rayleigh damping are used. In this model,
α = 0 and β = 0.0002 [19].
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Table 1 Properties of train
and track

Properties Values

CRH380 EMU train

Mass of the car body (kg) 40,000

Mass of the bogie (kg) 3200

Mass of the wheelset (kg) 2400

Inertia of pitch motion of the
car body(kg m2)

5.47 × 105

Inertia of pitch motion of the
bogie(kg m2)

6800

Primary suspension stiffness
(N/m)

1.04 × 106

Secondary suspension
stiffness (N/m)

4 × 105

CRTS II slab track

Mass density of the rail
(kg/m3)

7830

Modulus of elasticity of the
rail (Pa)

2.059 × 1011

Poisson’s ratio of the rail 0.3

Stiffness of the rail pads
(N/m)

5.0 × 107 (dynamic stiffness)

Damping of the rail pads
(N s/m)

7.5 × 104

Mass density of the concrete
slab (kg/m3)

2500

Modulus of elasticity of the
concrete slab (Pa)

3.6 × 1010 (reference static
value, strain-rate dependent)

Poisson’s ratio of the concrete
slab

0.2

Mass density of the CA
mortar (kg/m3)

1900

Modulus of elasticity of the
CA mortar (Pa)

7 × 109 (reference static value,
strain-rate dependent)

Poisson’s ratio of the CA
mortar

0.2

Mass density of the concrete
base (kg/m3)

2400

Modulus of elasticity of the
concrete base (Pa)

2.55 × 1010 (reference static
value, strain-rate dependent)

Poisson’s ratio of the concrete
base

0.2
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Fig. 2 Absorbing boundary
of PML

Table 2 Properties of Soils

Components Depth (m) Density (kg/m3) Modulus of
elasticity (MPa)

Poisson’s ratio cR (km/h)

Surface layer of
subgrade

0.4 2300 200 0.25 616.08

Bottom layer of
subgrade

2.3 1950 150 0.35 567.58

Subgrade body 2 2100 110 0.3 473.24

First layer of
ground

2.4 1900 42 0.3 307.43

Second layer of
ground

13.1 2010 83 0.36 415.00

2.3 Numerical Solution

The dimension of the whole model is set as 120 m× 130 m× 15.5 m. The model has
399,386 elements, including beam elements, shell elements, solid elements, springs,
and dashpots, as shown in Fig. 3. It is noted that the Beijing-Shanghai high-speed

Fig. 3 Numerical model in LS-DYNA
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railway is a double-line railway, indicating the model cannot be developed as a half
model from the center of the railway since the dynamic train load is asymmetric.

The vehicle is set to move at a constant speed over the rail after the dynamic
relaxation. The explicit central difference method is used to integrate the motion
equations of the coupled train-track-soil model by LS-DYNA with a time step of
1.23 × 10–5 s.

3 Results and Discussion

In order to investigate the critical speed of high-speed railway with slab tracks, the
maximum displacement of the rail with train speed is firstly obtained. The displace-
ment of soils, the peak particle velocity of soils, and the wheel-rail contact force are
then investigated at various train speeds.

3.1 Critical Speed

The train speed is varied from 0 to 650 km/h to investigate the critical speed of the
high-speed railway with slab tracks. Although a speed of 650 km/h is much higher
than the normal operational train speed (≤400 km/h), this study aims to obtain the
critical speed of this railway (Fig. 4).

The critical speed of the railway is around 440 km/h. Unlike the amplification
phenomenon in the ballasted track, the increased displacement at critical speed is not
significant in this railway. The displacement is increased by 18.4% from 1.03 mm
(0 km/h) to 1.22 mm (440 km/h). It is likely that the slab track exhibits a global

Fig. 4 Maximum
displacement of rail with
train speed
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higher stiffness than the conventional ballasted track, leading to a smaller amplifica-
tion of resonance-like phenomenon. Also, the critical speed, 440 km/h, is not close
to the Rayleigh wave velocity of soils from Table 1. It is noted that the subgrade is
normally simplified as one layer in previous studies, and the critical speed is there-
fore determined by the Rayleigh wave velocity of the subgrade or the first layer of
ground. However, there are five layers of soils based on the cross section of Beijing-
Shanghai high-speed railway. The trapezoidal subgrade, together with five types of
soil properties, makes the propagation and dispersion of both surface and bodywaves
complex.

3.2 Displacement of Soils

The contours of the displacement of soils at three train speeds (300, 440, and
580 km/h) are shown in Fig. 5. When the train speed is 300 km/h, the contours of
the displacement are concentrated in a small range of soils. The maximum upward
displacement at thismoment is 0.04mm, and the downward displacement is 0.52mm,
as shown in Fig. 5a.

When the train speed is 440 km/h, which is the critical speed of this railway, the
Mach cone phenomenon can be observed. This phenomenon is analogous to a boat
moving through the water, as shown in Fig. 5b. The maximum upward displacement
is 0.21mm, which is higher than the value at 300 km/h. The downward displacement,
0.73 mm, is also higher than that at 300 km/h.

(a) 300 km/h (b) 440 km/h

(c) 580 km/h 

Fig. 5 Contours of the displacement of soils
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Fig. 6 Vector of the velocity of soils at 440 km/h

When the train travels at a speed of 580 km/h, the Mach cone phenomenon can
still be observed. The downward displacement is lower than that at 440 km/h, but
the upward displacement still exhibits a relatively high value (0.28 mm), as shown
in Fig. 5c.

3.3 Peak Particle Velocity

The vector of the velocity of soils at 440 km/h is shown in Fig. 6. The Mach
cone phenomenon is evident. The velocity of the soils tends downward-upward-
downward-upward, which corresponds with the positions of four wheelsets.

The peak particle velocities of soils with lateral distance at three train speeds are
shown in Fig. 7. The peak particle velocity decreases rapidly in the range of subgrade,
and the values are lower than 10 mm/s in the range of ground. Also, train speed has
an evident influence on the peak particle velocity. The vibration velocities of soils
increase with train speed.

3.4 Train-Track Interactions

The time history of the wheel-rail contact force is shown in Fig. 8a. The train speed
exhibits an evident influence on the wheel-rail contact force. The maximum force
increases significantly with train speeds. Also, when the train speed is super high
(580 km/h), the contact force at several moments decreases to 0 kN, indicating the
contact-loss occurs [20, 21].
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Fig. 7 Peak particle
velocities of soils along with
lateral distance
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Fig. 8 Train-track interactions

The dynamic impact factor increases rapidly from 1 to 2.9 when the train speed
is increased from 0 to 650 km/h, as shown in Fig. 8b.

4 Conclusions

Considering most previous studies related to ground vibrations have been carried out
with the traditional ballasted track, a novel 3D coupled train-track-soil interaction
model is developed based on MBS principle, FEM theory, and PML method, to
investigate the ground vibration responses of high-speed railway with slab tracks.
Based on the ground vibration responses, the following conclusions can be drawn:
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(a) The high-speed railway with slab tracks exhibits a critical speed of 440 km/h
in this study, but the amplification effect of displacement of rail is insignificant
at critical speed.

(b) The Mach cone phenomenon is evident in the contours of vibration displace-
ments and velocities of soils at critical speed.

(c) The train-track dynamic interaction forces increase significantly with the train
speed.
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Analysis of Contact Stress at Ballast
Bed-Soil Subgrade Interface Under
Cyclic Loading Based on Coupled
DEM-FEM
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Abstract The discrete element method (DEM) and finite element method (FEM)
coupling algorithm were introduced into the analysis of interface stress between
railway ballast bed and soil subgrade. The point cloud data of irregular shape ballast
sample were obtained by 3D-laser scanning. A new particle shape simplification
method based on local curvature was proposed to simplify the point cloud and retain
the main properties of edges and angularities, which can improve the calculation
efficiency in DEM. Then, interface element was established between the interlayer
boundaries of ballast bed and subgrade, and consequently the DEM and FEM were
dynamically coupled through exchanging the data of forces and velocities between
those two layers within each time step. Thus, the DEM-FEM coupling model of
ballasted track-subgrade was established, and it had been validated with the indoor
model test results measured by tactile sensor. The calculation results were also
compared with those got by the earth pressure cell. The results show that: The distri-
butionof contact stress betweenballast and subgradewas highly discrete. The average
value of interface stress obtained by the tactile sensor and the DEM-FEM coupling
model were close, and they were both about two times larger than that measured
by the earth pressure cell. According to the result of the coupling model, the high-
concentrated interface stress of the subgrade decreased rapidly with the depth. When
it was over 0.1 m below the subgrade interface, the interface stress could decay by
more than 80%.
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1 Introduction

Due to economic and technical limitations in the past, the underlying structure of
ballasted tracks, which occupies a fairly large proportion in the old existing ordinary
railways ofChina, consists of a ballast bedof crushed stone and a subgradebedoffine-
grained soil.When the subgrade soil is contact with gravel ballast directly, significant
stress concentration on the subgrade surface could be induced in these old ballasted
beds without subballast. As a result, some issues of subgrade deterioration emerged,
such as settlement, ballast pockets, and mud pumping, which brought unfavorable
influences on railway operations. With the growing demand of heavy-haul freight
transportation on existing conventional railway lines, the research on the cause and
treatment of ballasted railway subgrade defects has become a hot spot in recent years.

It is generally known that interface stress betweenballasted and subgrade is formed
by the diffusion and transmission of train load through rail, sleeper and ballasted bed.
With the increase in train load, interface stress between ballasted bed and subgrade
soil may exceed the original design strength of the subgrade. Then, the ballast parti-
cles and subgrade soil would intrude into each other, and subgrade surface deforma-
tion and progressive damage would occur, thus causing various subgrade defects [1].
One of the main reasons for above phenomenon is the stress concentration caused
by the angularity of ballast.

At present, the methods of quantifying interface stress between ballast and
subgrade include empirical method based on diffusion angle [2], theoretical anal-
ysis method based on Boussinesq formula combined with Odemark theory [3], and
dynamic finite element method based on elastic–plastic theory [4], etc. However,
none of these methods can reflect the mesoscopic contact behavior of ballast layer.
And through the traditional earth pressure cell, the results are only the uniformly
distributed stress level in a certain area of subgrade surface and local high stress will
be ignored. In order to understand the actual stress conditions of the ballasted railway
subgrade as well as investigate the information mechanism of subgrade deterioration
more accurately, it is necessary to conduct a refined research by novel testing and
simulation methods.

With the development of sensor technology, some researchers have developed new
testing technology to obtain more detailed response information of track structure.
McHenry [5] introduced a new type of tactile sensor (Tekscan) tomeasure the contact
stress between ballast and sleeper in-situ test, and revealed the discrete distribution
of it. Liu [6] measured the contact stress between wooden sleeper and ballast by
hydraulic granular material pressure cell. Aikawa [7] used intelligent sleepers with a
large number of impact force sensors arranged at the bottom of sleepers to measure
the dynamic pressure distribution at the bottom of the sleepers. It can be seen that the
testing methods for the railway subgrade and track structure become more refined
and intelligent.

The discrete element method (DEM) has been widely used in the study of the
mechanical behavior of the interaction between ballast [8]. Indraratna [9] used two-
dimensional bonded disk particles by program PFC2D to simulate the breakable
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irregular ballast gravels, and studied the accumulated deformation caused by particle
breakage of ballast under cyclic load. Based on the real projection profile of ballast
particles, Huang [10] and Tutumluer [11] used the three-dimensional visual recon-
struction method to generate ballast particles, and established a sample database of
considerable number of irregular ballast particle models for DEM simulation. Jan
[12] used polyhedron to make a simulation of the ballast compression with irregular
shape. Aikawa [7] used the block discrete element software 3DEC to establish a
discrete element model of ballast, rail rubber pad, sleeper and subgrade, and they
studied the dynamic response of sleeper and ballast by applying sinusoidal load on
the rail bearing groove. However, the cost of DEM simulation would be so high
if the model is large, which results in difficult in engineering application. There-
fore, researchers began to explore coupling methods to solve engineering problems.
Shao [13] used discrete element model to simulate discontinuous ballast bed and
simulated sleeper, subgrade and foundation by finite element method (FEM), then
use the DEM-FEM coupling method to carry out interactive calculation to study
the long-term cumulative deformation of sleeper and ballast under train load. Xiao
[14] established a DEM-FDM coupling model of sleeper, ballast and subgrade by
PFC/FLAC, and analyzed the distribution and attenuation depth of subgrade surface
stress.

One main reason for the uneven distribution and stress concentration of the inter-
face stress between ballast and subgrade is the irregular shape of ballast particles.
So it is necessary to describe the shape of ballast particles accurately to calculate
the interface stress more correctly. Therefore, in this paper, 3D-laser scanning tech-
nology was used to obtain the sets of point cloud of real ballast particle shape. And
based on local curvature distribution on particle surface, a new simplificationmethod
was proposed to reduce the number of contour points of each particle to no more
than 31, which could retain the morphological features of particles and improved the
efficiency of numerical simulations. A rectangular area under the rail was selected as
the research object for indoor model test, and tactile surface sensor was introduced to
test the contact stress between railway ballast bed and subgrade. Then, a DEM-FEM
coupling algorithm was used to analyze the interface stress.

2 DEM-FEM Coupling Method and Simplification Method
of Ballast Particle Shape

In this paper, the soil foundation bed was considered as a continuum medium, which
was calculated by the finite element method. Nevertheless, the mechanical behavior
of ballast was simulated by the discrete element method. Therefore, the DEM-FEM
coupling method was introduced to calculate the contact stress between ballast and
soil foundation bed. As shown in Fig. 1, the following was a brief introduction to
the coupling method. Firstly, the geometric characteristics of the FEM surface mesh
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Fig. 1 DEM-FEM coupling principle

element were copied as facet interface elements into the DEM. Then, the displace-
ments of the FEM mesh nodes were transferred to the DEM through the interface
elements as the particle boundary condition. At the same time, the interaction forces
between the particles and facet interface elements in the DEM were transferred to
the FEM as the coupling interface forces, so as to calculate the stress at each point
and complete the coupling procedure.

The random irregular shape and non-uniform arrangement of the ballast particles
are the main reasons for the “discrete” distribution of the contact stress between the
ballast bed and subgrade soil. In this paper, 3D-laser scanning was used to obtain the
set of point cloud data of railway ballast particles. The gradation of cleaned ballast
sample was controlled according to the regulation for the first-class gravel ballast
[15], so that the weight ratio of the gravel particles with the size of 0–16 mm, 16–
25 mm, 25–35.5 mm, 35.5–45 mm, 45–45 mm, 56–63 mm can meet the standards,
as shown in Fig. 2.

Tutumluer et al. [16] used 45.9 kg ballast particles to carry out large-scale direct
shear test. Many researchers [17, 18] used the crushed stone ballast with a mass of
about 52–60 kg in the triaxial test for large-scale ballast. Therefore, in order to reduce
the cost of scanning and ensure the typical samples of test, 50 kg ballast particles
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Fig. 3 Partial ballast particles used for scanning and particle scanning process

(584 particles in total) meeting the grading requirements were randomly selected for
scanning to obtain the point cloud data. Figure 3 shows the partial ballast particles
for scanning.

The point cloud data of 3D scanning particles were very huge, which even
contained the grain surface texture information. These costs were extremely high
in the DEM simulation. Thus, to improve the efficiency of DEM calculation, the
main features of particle edges and angularities should be retained, while the redun-
dant information such as grain surface texture and tiny edge features were eliminated.
On the surface of particles, the local curvature at edges and angularities is obviously
larger than that at other locations, so it is an effective method to recognize edges
and angularities from the particle point cloud by using the local curvature. In order
to calculate the local curvature at these points, the surface normal of each point
should be determined first, and then the rate of change in normal direction of their
neighborhood could be used to characterize the local curvature.

Taking any contour point P as an example, the tangent plane at P is named T and
the normal vector is �v0. According to the principle that the sum of the squares of
the distance from adjacent points to T is the smallest, �v0 can be obtained by weight
fitting. The covariance matrix C and its eigenvalues λ corresponding to T can be
written as Eqs. (1) and (2):

C = 1

k

k∑

i=1

(Pi − P)(pi − P)T (1)

C · �v j = λ j · �v j , j ∈ { 0, 1, 2 } (2)

where k is the number of adjacent points of Pi (in this paper, k = 9). P represents the
3D centroid of the nearest neighbor element. λj is the j th eigenvalue of covariance
matrix. �v j is the jth eigenvector. λj measures the change of Pi along �v j direction.
Labeling eigenvalues makes λ0 ≤ λ1 ≤ λ2 so that the plane T (x):(x − p)·�v0 = 0
can be minimized to the sum of the square distances of the adjacent points around
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Fig. 4 The correspondence between the morphology and the curvature distribution

P. Therefore, �v0 is approximately the surface normal at P. In turn, λ0 quantitatively
describes the variation along the surface normal. So, at point P, the local curvature
is defined as Eq. (3):

σk(p) = λ0

λ0 + λ1 + λ2
(3)

Taking one particle for example, the correspondence between their outline shapes
and curvature distributions were shown in Fig. 4. The local curvature distribution
of particle surface can be obtained from the two-dimensional plane expansion with
azimuth and elevation as horizontal and vertical axes, respectively.

The darker the color, the higher the local curvature of the point valued. The dark
continuous strips indicates edges on the surface, corresponding to the area marked
by the red lines on the grain, and the intersection of the edges indicates an angularity,
corresponding to the areamarked by yellow circle. Therefore, it can be concluded that
the local curvature and the distribution of discrete points of particle point cloud can
effectively describe and identify the edge and angularities characteristics of ballast.

When the local curvature distribution of particles is calculated, the region is
divided into n × n rectangles (this paper sets n = 5), and the points with the largest
local curvature in each region are retained. The black marked points in Fig. 5a were
the points reserved after simplification (only 25 dots were finally selected), and the
red marked points in Fig. 5a were 6 axial points corresponding to global morpholog-
ical features for three axis including long axis, middle axis and short axis [19]. The
simplified particles can be obtained by restoring these selected points (31 points) to
the 3D spherical coordinate system, as shown in Fig. 5b. Compared with the initial
reconstructed particle, the simplified particle omitted the surface texture informa-
tion, but retained the global and local morphological features. And the number of the
contour points of the simplified particle was significantly reduced to no more than
31, therefore the calculation efficiency in DEM could be effectively improved.
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Fig. 5 Initial point cloud of particle and simplified particle shape

3 Laboratory Test and DEM-FEM Coupling Model

Considering that themaximumdynamic stress of subgrade generally appears beneath
the rail, a rectangular area of 1.00 m × 0.57 m below the rail was defined in this
experiment to study the contact stress between the ballast and subgrade, as shown in
Fig. 6a. An indoormodel test was carried out and themodel box had inner dimensions
of 100 × 57 × 100 cm (length × width × height). The Vaseline was smeared on
the inner surface of the model box during testing to eliminate the boundary friction
effect. The model box was filled with 60-cm thick compacted soil and 35-cm thick
ballast bed. A Type III sleeper was used in the test, with a length of 55 cm, a height
of 23 cm and a width of 30 cm (see Fig. 6b).

Fig. 6 Diagram of study area and illustration of laboratory model test
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Fig. 7 Tactile sensor

In order to detect the contact stress between ballast and subgrade, the Tekscan
tactile sensor with a thickness of 0.1 mm was adopted. The sensor was placed on the
interface between ballast and subgrade below the center of sleepers, whose active
area was a rectangular area of 24.59× 24.59 cm in length and width. The sensor was
filled with 1,936 pressure-sensitive elements (i.e., 44× 44 matrices) and the unit test
area was 1 cm2, with maximum test range of 3000 kPa, as shown in Fig. 7.

Cyclic loading was applied to the steel plate fixed onto the upper surface of the
sleeper by the actuator of the multichannel electro-hydraulic servo testing system, as
shown in Fig. 8a. The load form was a half-sine pulse shape to simulate the repeated
train load. Considering the on-site train load conditions and the loading capacity of

Fig. 8 The scene of model test and DEM-FEM coupling model
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the electro-hydraulic servo testing system in the laboratory, the loading amplitude
was controlled between 3 and 24 kN, which was divided into 7 levels, 3 kN, 6 kN,
9 kN, 12 kN, 15 kN, 18 kN and 21 kN, respectively, and the load frequency was
1 Hz.

Then, according to the laboratory test, the DEM-FEMmodel was established (see
Fig. 8b) to simulate discrete ballast particles and continuum subgrade soil, which
was implemented by DEM program Yade [20] and FEM program OOFEM [21].
Polyhedral particles were randomly generated in a 1.0 m × 0.57 m cube with walls
composed of facets, which were piled by gravity and compacted by loading plate in
layers. On the basis of the 3D-scanning particles, the irregular shapes of ballast were
simplified by the simplification method in Sect. 2 and generated in DEMmodel. The
sizes of the sleeper and subgrade were the same as those of the indoor model test.
In order to reduce the reflection of stress wave under cyclic loading, the viscoelastic
damping boundary with the grid elements (normal stiffness was 1.2 × 108 N/m and
damping coefficient was 0.6) of 5-cm thick were set around the model.

In order to capture the peak value of interface stress at ballast-soil interface
accurately, the minimum size of the finite element mesh size of the subgrade soil
under the sleeper was 1 cm. The mesh size of that gradually increased outside the
sleeper width range and the maximum mesh size of the interface layer was 4 cm.
The sleeper was simulated with linear elastic material and the material of subgrade
soil adopted Drucker-Prager constitutive model. The mesoscopic parameters of the
discrete element model and material parameters of each part of finite element model
were shown in Tables 1 and 2. The simulations were carried out on the workstation
with the operating system environment of Ubuntu 16.04. The processor of this work-
station is a dual-core Inter Core i7-8700 CPU@3.20 GHz 3.19 GHz, and the internal
memory is 32 GB. A whole loading cycle of this simulation cost 14 h.

Table 1 Mesoscopic parameters of discrete element model of ballast and wall

Mesoscopic
parameters

Density
ρ/(kg m−3)

Normal
volumetric
stiffness
kn/(N m−3)

Shear
stiffness
ks/(N m−3)

Friction
coefficient

Damping
coefficient
c

Time-stepping
�t/(step s−1)

Ballast 2680 1.82 × 1010 1.6 × 1010 0.65 0.3 1 × 10 −6

Surrounding
wall

2680 1.82 × 1010 1.5 × 1010 0.2

Bottom wall 1950 1.2 × 108 4.0 × 107 0.5

Table 2 Material parameters of sleeper and subgrade

Material
parameters

Density
ρ/(kg m−3)

Modulus E/Pa Poisson’s ratio
μ

Friction
coefficient

Damping
coefficient c

Time-stepping
�t/(step s−1)

Sleeper 2500 3.0 × 1010 0.20 0.5 0.03 1 × 10 −6

Subgrade 1950 1.2 × 108 0.33 0.23 0.3
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4 Analysis of Contact Stress Between Ballast and Subgrade

Figure 9a, b showed the contact stress at the interface between ballast and soil
subgrade from the model test result and the coupling model calculation under the
condition of dynamic load amplitude of 21 kN and load frequency of 1 Hz. From
the results, it can be seen that the measured and calculated interface contact stresses
were both in discrete distribution. Themaximumcontact stress in the rectangular area
tested by the tactile sensor in the indoor test was 1476.9 kPa, whereas the maximum
contact stress calculated by the coupling model was 1752 kPa, which also occurred
in the area beneath the sleeper.

At the same time, the traditional test method by earth pressure cell was also used
in this paper to compare the test results of tactile sensor and from the couplingmodel.
The resistance strain type earth pressure cell with a diameter of 10 cm and a thickness
of 2 cm was selected and placed at the interface between the ballasted layer and the
soil subgrade, which was also directly below the sleeper for testing. The test result of
the earth pressure cell was the average stress of the single point force in the test area.
Hence, the interface stress results (as shown in Fig. 10a, b) in the approximate area
(9 × 9 cm) of tactile sensor and the coupling model were selected, and the average
values were compared with the test result of the traditional earth pressure cell, as
shown in Table 3.

The average interface stress results in the test area (9 cm × 9 cm) calculated by
coupling model and measured by tactile sensor were compared with the results of
the earth pressure cell (The results are shown in Table 3). It can be seen that the
average value of the interface stress calculated by the coupling model was close to
that measured by the tactile sensor, which were more than two times larger than that
measured by the earth pressure cell. Therefore, it indicated that the dispersion and
irregular shapes of the ballast particles in the ballast bed would cause greater stress
concentration.

According to the coupling model, the results of several large interface stress (6
points) varying with the depth of subgrade were shown in Fig. 11a. It can be seen that

(a) Results of tactile sensor              (b) Results of DEM-FEM coupling model

Fig. 9 Results of surface stress measured by tactile sensor and calculated by coupling model
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(a) Results of tactile sensor                (b) Results of coupling model

Fig. 10 Results surface stress measured by tactile sensor and calculated by coupling model in the
range of 9 × 9 cm

Table 3 Comparison of test
results of tactile sensor,
coupling model and earth
pressure cell

Test or model calculation Average value of interface stress
(kPa)

Tactile sensor 98.6

Coupling model 116.6

Earth pressure cell 47

(a) Stress varying with subgrade depth        (b) Stress distribution of subgrade at 
0.1m depth
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Fig. 11 The results of stress varying with the subgrade stress

when it was over 0.1 m below the subgrade interface, the interface stress basically
decreased by more than 80%. Figure 11b showed the calculation results of subgrade
bed stress at the depth of 0.1 m, the stress distribution of subgrade became more
uniform than that of interface, and the dispersion of stress distribution of subgrade
was significantly reduced.
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5 Conclusion

In this paper, considering the dispersion of ballast particles and the characteristics
of irregular edges and angularities, the DEM-FEM coupling method was introduced
to calculate the interface stress between ballast particles and subgrade soil. Then,
the indoor model tests of ballast and subgrade were carried out. The new tactile
sensor was used to measure the interface stress between ballast and the subgrade.
The interface stress results obtained by the couplingmodel and the tactile sensorwere
also compared with those measured by the earth pressure cell. The main conclusions
were as follows:

• The local curvature of particles could be effectively used to identify the features of
particle edges and angularities. According to the local curvature, it could not only
simplify the scanned particle point cloud, but could also retain the morphological
features of the particle, which could improve the calculation efficiency in DEM.

• Thedistributionof contact stress betweenballast and subgradewashighlydiscrete,
and there was an obvious stress concentration phenomenon. The average values of
interface stress obtained by the tactile sensor and the DEM-FEM coupling model
were similar, and they were both about two times larger than that measured by
the earth pressure cell.

• According to the result of the coupling model, the high-concentrated interface
stress of subgrade decreased rapidly with depth. When it was over 0.1 m below
the subgrade interface, the interface stress could decay by more than 80%.

Therefore, it is necessary to take certain measures to improve the contact state of
the ballast particles with the subgrade surface, such as laying the subballast between
the ballast and subgrade layers, in order to reduce the contact stresses.
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Mud Pumping in Ballastless Slab Track
of High-Speed Railway and Its
Remediation
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Abstract Mud pumping is an increasing subgrade distress in ballastless slab track
of high-speed railway, which heavily affects the driving comfort and even threatens
the driving safety. However, the existing researches mostly focused on the water-
induced distress in ballasted railway, and little attentionwas paid on themud pumping
in ballastless slab track. In this paper, both in-situ investigation and discussion of
the conventional grouting remediation method were carried out. It can be observed
that mud pumping mainly occurred at the expansion joint located at the ends of
concrete base and then expanded to both sides of the expansion joint from 1–2 m.
The defects in railway structure and the standing water stored in the roadbed layer
were the two main factors contributing to mud pumping. In addition, based on the
traditional chemical glue injection (CGI) remediation method (the shallow grouting
repair method), a modified polyurethane grouting remediation method (the deep
grouting repair method) was put forward to treat mud pumping in ballastless slab
track.

Keywords Mud pumping · Ballastless slab track · High-speed railway · In-situ
investigation · Polyurethane grouting remediation method

Z. Wan · S. Li · X. Bian (B) · Y. Chen
Department of Civil Engineering, MOE Key Laboratory of Soft Soils and Geo-Environmental
Engineering, Zhejiang University, Hangzhou 310058, China
e-mail: bianxc@zju.edu.cn

Z. Wan
e-mail: zhangbowan@zju.edu.cn

S. Li
e-mail: lish@zju.edu.cn

Y. Chen
e-mail: chenyunmin@zju.edu.cn

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
E. Tutumluer et al. (eds.), Advances in Transportation Geotechnics IV,
Lecture Notes in Civil Engineering 165,
https://doi.org/10.1007/978-3-030-77234-5_30

363

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77234-5_30&domain=pdf
mailto:bianxc@zju.edu.cn
mailto:zhangbowan@zju.edu.cn
mailto:lish@zju.edu.cn
mailto:chenyunmin@zju.edu.cn
https://doi.org/10.1007/978-3-030-77234-5_30


364 Z. Wan et al.

1 Introduction

As a major mean of transportation in modern society, high-speed railway character-
ized by high speed and better safety provides fast and convenient services to transport
both passengers and freights. Meanwhile, it also plays an increasingly leading role
in economic development. As of October 1, 2019, the total mileages of high-speed
railway in operation of the world had reached 47,560 km, of which the total mileages
in China were as high as 31,043 km, accounting for 65.27% (latest data from UIC
in 2019). As known to us all, the countries of the world are located in different
regions, and the regional climatic conditions are diverse and complex. High speed,
long mileage, and area-crossing are the main characteristics of ballastless slab track,
therefore, as the main means of transportation connecting two and more cities, it will
inevitably cross rainfall-intensive areas. In addition, the human activities are not so
friendly, therefore, it will cause a large amount of damage to our environment, which
results in continuous deterioration of the natural environment, and finally extreme
precipitation occurs frequently. On the other hand, the drainage system of the railway
was basically set for the surface drainage, and the infiltrated water into the roadbed
and subgrade layer cannot be effectively drained, thereby, it was stored and finally
formed the standing water at the interface, which eroded, softened and split the
subgrade, and finally weakened the stiffness of roadbed and subgrade layer. Under
the coupling action of train loads and precipitation, uneven settlement,mud pumping,
and other subgrade distresses occurred more frequently. With the increasing need of
train speed and axle load, the subgrade will further deteriorate, which threatens the
driving safety of the railway lines.

Among all the subgrade distresses, mud pumping characterized by the upward
migration of subgrade fine particles into ballast or roadbed layer was the most
common one and was difficult to treat. Meanwhile, it has been commonly recognized
in the highway, railway, and airfield pavements context [1–6].Mud pumpingwas first
academically defined in 1948 on the meeting of “Maintenance of concrete pavement
as related to the pumping action of soil,” which was defined as the ejection of water
and subgrade soil through joints, cracks, and along the edges of pavements caused by
downward actuated by the passage of heavy axle loads over the pavement after the
accumulation of free water on or in the subgrade [1, 7]. As to the treatments for mud
pumping, the traditional methods was to set geogrid-reinforced materials between
ballast and subballast layer to prevent the further deterioration of track performance
caused by mud pumping or fouled ballast, and the replacement of muddy ballast
with fresh ballast also was used in serious mud pumping conditions [8]. Recently,
polyurethane grouting method was adapted to treat the relative distresses caused by
mud pumping. However, most of the researches and remediation methods mainly
focused on mud pumping in ballasted railway [9]. The full-scale physical model was
a very important means to study the subgrade distresses in high-speed railway. Based
on the full-scale physical model testing apparatus, Bian and Jiang [10, 11] studied the
dynamic characteristics of track structure after settlement remediation of ballastless
slab track and the effects on the cumulative settlement of the track structure and the
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dynamic stress of the subgrade as the water level of subgrade changes, showing that
the polymer injection worked quite well in subgrade settlement remediation.

Unlike the conventional ballasted railway, ballastless slab track was a new type of
track structure in high-speed railway. Therefore, in this paper, the in-situ investigation
on mud pumping distress in ballastless slab track was conducted, and the two main
affecting factors of mud pumping were put forward. In addition, a discussion of
the traditional grouting remediation method was carried out. Based on the traditional
shallow grouting repair method, amodified polyurethane grouting repair method (the
deep grouting repair method) was put forward to treat mud pumping in ballastless
slab track.

2 Mud Pumping in High-Speed Railway

2.1 Mud Pumping in Ballasted High-Speed Railway

As for ancient ballasted railway, ballast layer was directly laid on the subgrade
layer, and under the action of train loads, an interlayer was naturally formed because
of the inter-penetration of ballast and subgrade soil. In addition, in heavily rainy
days, water infiltrated into the ballast layer and stored at the interlayer and finally
formed the standing water. Under the coupling action of high-frequency dynamic
train loads and the retained standing water, large numbers of fine particles migrated
up into the ballast layer, which led to the formation of fouled ballast, and finally,
mud pumping occurred with the continuous deterioration of subgrade. As is shown
in Fig. 1, mud pumping can be considered as the final distress state of ballast fouling
due to continuous deterioration of subgrade.

Fouled ballast caused hardening of ballast layer, which heavily affected the
dynamic performance of track structure. Therefore, a 60 cm new layer called subbal-
last layer was set between ballast and subgrade layer in ballasted high-speed railway

Fig. 1 Different kinds of subgrade distresses in ballasted railway: a geological section of fouled
ballast [5]; b typical mud pumping [6]
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so as to avoid the development of ballast fouling. Subballast layer effectively alle-
viated subgrade distresses to a certain degree; however, mud pumping still occurred
for the increasing need of train speed and train capacity, meanwhile, the extreme
precipitation also occurred frequently. A strict controlling of fine particles content
in subballast layer and the compaction of subgrade layer will be a better means for
treating mud pumping.

2.2 Mud Pumping in Ballastless High-Speed Railway

Ballastless high-speed railway was first built in Japan but highly developed all over
the world, particularly in China. There are five main types of ballastless track in
China, which are the CRTS-I, CRTS-II, CRTS-III slab track and CRTS-I, CRTS-II
twin-block track (CRTS is short for China Railway Track System). As the economy
in southeast coast area of China was highly developed, therefore, many high-speed
railway lines were built in these areas (see Fig. 2, areas enclosed by yellow dotted
line), most of which are ballastless high-speed railway, as is shown in Fig. 2b).
Meanwhile, the shortest departure interval can reach less than 5 min, showing a
busy railway traffic of ballastless track. In addition, precipitation was also abundant
in those area. According to the precipitation statistics of the China Meteorological
Administration in the past 30 years (1981–2010), it can be revealed that the intensive-
precipitation areasmainly located in southeast coast area of China, and themaximum
annual precipitation could reach as high as 3000 mm (Fig. 2a).

According to the latest investigation on subgrade distresses of the local railway
administration in eastern coast area of China, mud pumping was the main distress
suffered by the ballastless slab track. In April 2017, an in-situ investigation on mud
pumping was conducted on a ballastless CRTS-I slab track of high-speed railway in
eastern coast area of China. It can be found that mud pumping mainly occurred at

Fig. 2 a Annual precipitation of China from 1981 to 2010 (from China National Meteorological
Information Center, 2019); b commercial operation and under construction or the planned high-
speed railways of China in 2015 (from UIC, 2019)
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Fig. 3 Three main forms of mud pumping in ballastless slab track: a the typical mud pumping;
b mud pumping with pumped-out granular particles (in serious conditions); c re-mud pumping

the expansion joint located at the end of concrete base, and gradually expanded to
both sides of the expansion joint from 1 to 2 m. However, in the middle of concrete
base, little and even no mud pumping occurred. After mud pumping occurred, large
numbers of fine particles were pumped out and then accumulated around the expan-
sion joint, as is shown in Fig. 3a, which showed the typical form of mud pumping in
ballast track. In more serious precipitation conditions, part of coarse particles also
can be pumped out, resulting in void areas under the concrete base (Fig. 3b). As the
mixture of soil–water cannot be pumped out in a short time, the re-mud pumping
even occurred frequently (Fig. 3c). The above cases were the three typical forms of
mud pumping in ballastless slab track of high-speed railway.

Based on the existed researches on mud pumping in ballasted railway and the
in-situ investigation on mud pumping in ballastless slab track, it can be observed that
there are twomain affecting factors that lead tomud pumping in ballastless slab track.
One is the structure defects in concrete base. The existed expansion joint can lead to
the free infiltration of rainwater and the higher vibration at the end of concrete base,
which in turn further accelerates the infiltration speed of rainwater and the vibration
of track structure. The other one is the standing water stored in the roadbed layer.
The infiltrated rainwater was retained in the roadbed layer for the lower permeability
of the naturally formed interface. Under the action of high frequency of dynamic
train loads, fine particles and rainwater are mixed and finally pumped out to form
mud pumping.
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3 Remediation of Mud Pumping in Ballastless Slab Track
of High-Speed Railway

For fouled ballast and mud pumping in ballasted railway, ballast stabilization was
used to treat such kinds of subgrade distresses. Gundavaram [9] summarized three
typical forms of polyurethane-based stabilization, namely XiTRACK, elastotrack,
and polyurethane stabilized ballast, as is shown in Fig. 4.

This kind of polyurethane grouting method can also be borrowed to treat mud
pumping in ballastless slab track of high-speed railway. Figure 5 shows the traditional
chemical glue injection (CGI) remediation method in ballastless slab track. Two
components are mixed and then grouted into the surface of roadbed layer to form a
very thin polyurethane layer to prevent the continuous infiltration of rainwater.

However, this kind of remediation method was just the shallow injecting method,
it can effectively improve the supporting condition of roadbed layer, and meanwhile
prevent the deterioration of mud pumping to a certain degree. Unfortunately, there
are still some defects that affected the long-term service performance of the reme-
diation. Firstly, the grouting apparatus was too simple to accurately and completely
mix the two components; secondly, the grouting pipes were randomly and densely
distributed around the expansion joint, and some of the grouting pipes can be easily
forgot to inject; thirdly, the grouting pressure was less than 0.3 MPa so as to avoid

Fig. 4 Three main typical types of polyurethane-based stabilization: a XiTRACK; b Elastotrack-
stabilized ballast; c polyurethane-stabilized ballast [9]
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Fig. 5 Chemical glue injection (GUI) remediation method in ballastless slab track: a the grouting
apparatus; b in-situ chemical grouting; c after remediation

over-uplift of the upper structure; therefore, the diffusion radius of the groutingmate-
rials was very limited. Therefore, the void between coarse particles and void areas
under the concrete base was difficult to be completely filled. Meanwhile, the rain-
water infiltration paths (expansion joint and side cracks) was left unsealed after CGI
remediation, letting the thin polyurethane layer directly expose to rainwater, which
further decreased the long-term performance of the grouting materials.

Having understood the leading formation causes of mud pumping, and based on
the knowledge of polyurethane grouting in highway [12], a modified polyurethane
grouting remediation method was put forward, which was a deep grouting repair
method. As is shown in Fig. 6a, grouting holes are distributed around the expansion
joint wheremud pumping occurred. There are three rounds of chemical grouting. The
first round of grouting can be used to drain the inner standing water, and the second
round is to fill the void areas under the concrete base, and finally, the third round is
left as auxiliary grouting for serious mud pumping conditions. Figure 6b shows the
relative positions of grouting pipes, which can reach to the bottom of roadbed layer
at an angle of 30–60°. During the grouting process, layered grouting and multiple-
times grouting are used to ensure the fully filling of mud pumping areas at a relative
high grouting pressure (the maximum pressure can reach to 3.0 MPa, ten times than
that in CGI method). In addition, the water infiltration paths (the expansion joint and
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Fig. 6 Modified polyurethane grouting remediation method in ballastless slab track: a layouts of
the grouting holes (unit: m); b relative positions of grouting pipes; c vertical track alignment before
and after remediation

side cracks) is sealed with special sealant to prevent the continuous infiltration of
rainwater, after the polyurethane grouting. This kind of deep grouting remediation
was used in the in-situ grouting test, and Fig. 6c shows the vertical track alignment
before and after modified polyurethane remediation, which indicated that this kind
of deep grouting remediation method worked very well.

4 Conclusions

Mud pumping is an increasing subgrade distress both in ballasted and ballast-
less tracks. Compared to conventional ballasted railway, ballastless slab track is
a new type of track structure in high-speed railways. Therefore, based on the in-situ
distresses investigation and discussions on traditional grouting remediation method,
the following conclusions may be made:

1. Mud pumping mainly occurred at the expansion joints located at the end of
concrete base and then gradually expanded to both sides of the expansion joint
from one to two meters.

2. The defects in the railway structure and the standing water stored in the roadbed
layer were the two main factors affecting the formation of mud pumping.
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3. A modified polyurethane grouting remediation method was put forward for
treating mud pumping in ballastless slab track.
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Amine Dhemaied , Robin Heraibi, Marine Dangeard, and Ludovic Bodet

Abstract As part of the understanding of the phenomena affecting tracks geometry
on the Northern Europe high-speed line (LGV-Nord), a study was carried out on
an area with occasional maintenance efforts. The goal is to identify the causes of
structural disorders on railway embankment (RE). To better understand the origins
of these issues, geotechnical characterization and bender elements (BE) tests were
performed in the laboratory on soils collected on the field. Measurements of water
content, density, and Atterberg limits cannot explain the anomalies observed along
the tracks. However, when it comes to mechanical properties and more precisely to
shear wave velocities (VS), we can clearly see strong contrasts between areas where
the phenomena were observed and where it was not. Thus, VS obtained with BE
tests seems to be a good indicator of the quality of soils constituting the RE. At
the site scale, surface-wave methods were identified as a possible tool to estimate
the mechanical properties of the RE. In this context, we dimensioned and designed
specific acquisition setups. To estimate 1D profiles of shear wave velocities, we
performed many tests to show the robustness of this method, when inversions are
constrained by railway a priori. Those tests allowed us to determine the geometry
of the platforms and to characterize the VS of the supporting soil. These results
show a difference between the sections of RE with disorders and those without. The
reliability of these results is also highlighted since they coincide with geotechnical
data.
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1 Introduction

Railway embankments (RE) consist of several layers of thick materials constituting
a base for the railway structure. The quality of the RE base is an important factor in
deciding whether to regenerate this structure. This quality, bearing capacity, mainly
depends on the mechanical properties of the materials constituting these structures
and the soil support. Usually, we use conventional geotechnical and geophysical
techniques: geotechnical soundings, coring, ground penetrating radar (GPR), etc.
Some of these techniques are local, destructive, expensive, and with low yields.
The non-destructive investigation techniques widely used for local diagnosis and
monitoring are for great interest for enhancing the control of railway embankments.
Ground penetrating radar is, for instance, used for the auscultation of the surface
layers [1] but does not assess themechanical properties of RE. This technique, widely
used in lowattenuatingmedium, suffers from its great sensitivity tometal components
and conductive media (e.g., clay) and from three-dimensional (3D) effects due to
local geometry. To characterize the RE, we also use micro-gravimetry to locate
cavities and/or poorly compacted areas [2], but they also do not provide information
about the mechanical properties of soils. In recent years, we have been developing a
methodology based on the exploitation of the dispersion of surface waves.

Following the discovery of a disturbed area on the Northern Europe high-speed
line (LGV-Nord), a geotechnical investigation mission was carried out. In order to
provide some answers to the origins of these issues, geotechnical characterization
and bender elements (BE) tests were performed in the laboratory on soils samples
collected on the field. Seismic methods have also been proposed to estimate in situ
mechanical parameters of near-surface layers (compression and shear moduli) below
railway, with sufficient resolution while maintaining high yields in terms of auscul-
tated linear. Seismic data sets aim to better define the characterization of the structural
and mechanical properties of the layers above the track. The specific railway context,
presence of 3D structures or velocity inversion, or difficulty in identifying the first
arrivals because of the low signal to noise ratio, especially for S-wave studies, can
limit the applicability of classical seismic methods for the characterization of RE.

As an alternative to shear-wave refraction seismic, surface-wave methods are
now classically suggested (e.g., [3–5]). Surface-wave prospecting is less sensitive to
strong 3D character of the structures usually encountered in civil engineering [6].
In addition, recent studies show an increasing interest for the use of surface-wave
methods as a complement for geotechnical issues [7], even in railway context [8, 9].

2 Context

The track geometry on the Northern Europe high-speed line (LGV) showed a signif-
icant deterioration during the passage of the measurement trains. This degradation,
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Fig. 1 Railway embankment corresponding to the LGV standards. Seismic devices used along the
track for surface-wave acquisitions

more pronounced in track 2, is not linked to a fault in the track components but prob-
ably to a degradation of the platform and/or a faulty drainage system. To precisely
identify the origin of this disorder, geological and geotechnical surveys have been
proposed [10]. It showed that the structure of the platform is composed of backfilled
loess mainly originating from the creation of the RE (less than 1 m thick); loess is
characterized by beige silt with more clayey interval sand and Campanian chalk and
whitish with low flint content, containing thin glauconitic intervals. As for the RE, it
lies on the loess (the first cited layer) and presents the typical LGV structure (Fig. 1).

Eight core drilling, reaching 3 and 12 m deep (numbered SC1 to SC8), and
five cone penetrometer tests (numbered PD 1 to PD 5), down to 12 m depth, were
performed along the rail track. These field tests were supplemented by laboratory
measurements of water content, Atterberg limits, methylene blue test, density, grain
size distribution curve, and compressive strength on samples of core drillings. The
results [10] don’t identify any variation in the properties of the layers under ballast.
The sub-ballast and capping layers appear more compact than the underlying loess.
The latter is less compacted than the chalk located between 6 and 7 m deeper. Water
content and density values are the same in loess for the different core drilling samples
for different lateral positions and depths. Geotechnical tests show no significant vari-
ability in the structure of the RE along track 2, between the two tracks. Thus, consid-
ering these geotechnical investigations, we were not able to identify the origin of the
phenomenon.

Bender element measurements were performed to estimate S-wave velocity in
the loess layer [11]. Results illustrated with water content and density measurements
showed that spatial VS variations, and therefore of shear modulus, are linked to the
position of the observed phenomenon along track 2 [10]. For the same water content,
the shear modulus turns out to be a good indicator of the quality of the loess layer.
Such laboratory study cannot be deployed to diagnose large distances. Surface-wave
seismic methods are thus proposed as an alternative to characterized mechanical
properties, and more precisely appreciate shear modulus, along the whole track.
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3 Seismic Acquisition and Results

Seven seismic profiles were implanted on the side path to ensure good geophone
coupling with the medium and overcome specific acquisition conditions on ballast
[10]. For each profile, we performed shots every 24 geophones and on both sides
of the profile, one-half receiver spacing away from the first and last geophones. We
used an aluminum plate vertically hit by a small hammer. To increase signal-to-noise
ratio, we perform several hits at the same position. Profile P1 was carried in the area
where the phenomenon was initially observed, while the profile P2 was centered
on an area which never showed the disorder. Other profiles helped to complete the
survey between these two profiles and slightly south of the maintenance area where
the phenomenon was spotted during the campaign (Fig. 2). For data processing,
surface-wave dispersion imageswere extracted from both direct and reverse shots. To
obtain these images, the wavefield was transformed, after correction for geometrical
spreading, to the frequency-phase velocity (f–c) domain in which maxima should
correspond to Rayleigh wave propagation modes [12]. The dispersion images from
direct and reserve shots were then stacked in order to increase the signal-to-noise
ratio. The stacked dispersion data present a strong “effective character,” with many
propagation modes. On each dispersion image, the distinct propagation modes were
identified with an estimated standard error in phase velocity: fundamental (0), first
(1), and second (2) higher modes.

1D inversion of dispersion data were performed for each profile. We assume
we are in the presence of a 1D tabular medium below each spread. We used the
neighborhood algorithm (NA) implemented for near-surface applications by [13],
which performs a stochastic search of a pre-defined parameter space (namely VP,
VS, density, and thickness of each layer).

Fig. 2 Schematic layout of
the seismic profiles (P1–P7).
The approximate positions of
core drilling (SC#) and
dynamic penetrometer tests
(PD#) are given for
information. Dashed lines
indicate the locations of the
observed phenomenon
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Fig. 3 Profile dispersion image a P1 and b P2. Identification of fundamental (0) first (1) and second
(2) higher modes

We test different strategies of inversion taking into account the geotechnical a
priori information’s and the different higher modes. We used a parameterization
with a stack of three layers overlaying the half-space. The half-space depth, of great
importance since it depends on the poorly knowndepth of investigation of themethod,
was fixed to 9 m (half of the maximum observed wavelength).

For the first parametric study, the integration of the second higher mode (M2)
further disperses themodel and prevents a clear positioning between the zonewithout
and without disorder. So, we have chosen to consider only the fundamental mode
and the first higher mode in the data inversion (Fig. 3).

The second parametric study consisted of testing the influence of adjusting the
degree of freedom offered to the parameters without adding additional data and with
integrating a priori information (structural and geotechnical parameters). The valid
parameters are presented in Fig. 4, and these correspond to a model where number
of layers as well as thicknesses of the sub-layer and the capping layer are those of
standard LGV structure.

The results combining geotechnical and geophysical results for P1 and P2 are
presented in Fig. 5. Red and pink colors indicate, respectively, low and strong differ-
ences between data and forward models (misfit value). Results clearly show that for
P1 (Fig. 5a) and P2 (Fig. 5b) S-wave velocities are not well defined for the two first
layers, at a depth of less than 1 m, and do not suggest strong interface for the chalk.
Between these two layers and the half-space, the “best models” (lower misfit values)
present a third layer of at least 4 m thick with constant VS. The VS in loess. It is
around 185 m/s for P1 and 310 m/s for P2. The resulting contrast is like the BE
measurements.

Fig. 4 Parameterization
with strong a priori
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Fig. 5 VSmodels obtained from surface-wave dispersion inversion, geotechnical characterization,
and bender element results on area where structural disorders are observed (a) and area where they
are not (b)

Cone resistance (Qd) data obtained with dynamic penetrometer tests (PANDA®)
is displayed according to the associated lithology from core drilling (Fig. 5a, b):
ballast layer (pink), sub-ballast and capping layers (gray), loess layer (brown), and
Campanian chalk (light brown). On the cone resistance graphs, the vertical line at
50MPa corresponds to the critical limit under whichmaintenance action is occasion-
ally necessary. The ballast thickness was removed when the method was realized on
the sub-ballast layer. The gray diamond symbols visible on theVSmodels correspond
to the bender element tests results. Locations of the profiles and the cone drilling and
Panda tests are specified in Fig. 2. A comparison of the inversion results with cone
resistance (Qd) data and the associated lithology for each area is presented on Fig. 5.
Qd data reflect the lithology of the RE: the sub-ballast layer which has undergone
high compaction has higher values than the compact loess layer. Qd values are also
higher in the denser chalk. Cone resistance has an increasing trend in the sub-ballast
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layer for the disturbed area and a decreasing trend in the healthy area. Theoreti-
cally, according to SNCF standards, the sub-ballast layer has a compaction objective
higher than the capping layer. This observation on cone resistance test (PD4) could
be consequently of lower VS values on the disturbed area resulting downward shift
of compaction. The thicknesses obtained during the inversions corresponded to the
geotechnical data of coring and cone resistance—around 4 m for profile 1 and close
to 6 m for profile 2. This supports the relevant results of the inversions.

4 Conclusions

Previous studies showed, thanks toBE experiments and to geotechnical tests, and that
VSwas a good indicator of the quality of soils constituting the RE [10]. In the present
study, strong a priori knowledge of the RE structure on this site allowed us to invert
dispersion measurements for 1D VS models along the track. We showed that the
results are more accurate where we simultaneously invert both the fundamental and
first higher modes. Finally, geotechnical information validates the structure obtained
by inversion (number and thickness of layers).

These results are interesting and need to be demonstrated in different contexts
(other LGV and classic lines) before being generalized. In order to be used in an
operational workflow, as a decision support tool, the parameter spaces need to be
displayed in terms of probability with Bayesian formalism [13]. New tests are also
necessary particularly concerning the inclusion of ballast and the inclusion of higher
propagation modes from dispersion data to better describe the first meter of the
embankment.
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Evaluation on the Performance
of Asphalt Concrete for the Railway
Substructure

Liangwei Lou, Degou Cai, Jie Zhou, Xianhua Chen, and Yuefeng Shi

Abstract The dense-graded asphalt concrete has been a potential waterproofing
material for the subgrade in high-speed railway in China. As a viscoelastic mate-
rial, asphalt concrete can improve the bearing capacity and stability of the track
structure. The main purpose of this paper is to evaluate the material performance of
asphalt concrete substructure from different aspects. According to the environmental
conditions and functional requirements, the mix design of asphalt concrete was
completed based on theMarshall designmethod. The laboratory testswere conducted
to evaluate the performance of asphalt concrete substructure, including rutting test,
fatigue test, low-temperature bending test, immersionMarshall test, freeze–thaw split
test, dynamic modulus test, and permeability test. The linear viscoelastic behavior
of asphalt concrete at different temperatures and loading frequencies was then
discussed, and it was observed that the asphalt concrete substructure had good energy
dissipation capacity at the loading frequencies caused by the high-speed train. The
tensile strain at the bottom of asphalt concrete substructure was analyzed by the finite
element model. The results indicated that the service life increased as the thickness
of asphalt concrete substructure increased. Therefore, the proposed asphalt concrete
in this paper is a promising material for the sustainable substructure of high-speed
railway.
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1 Introduction

As the foundation of the railway track structure, the stability and durability of the
subgrade are extremely important for ensuring the safe operation of high-speed rail-
ways. The waterproofing layer set on the surface of subgrade plays an important
role to ensure the long-term service performance of the subgrade. It can prevent the
distresses in the subgrade, such as settlement, mud pumping, and frost heave [1,
2]. The hot mixed asphalt material has been proved to be a potential solution for
the waterproofing layer of the subgrade [3]. The on-site test results showed that the
water content inside the subgrade was very close to the optimumwater content due to
the presence of the asphalt concrete substructure, which ensured sufficient strength
and durability of the entire track and subgrade structure [4]. The asphalt concrete
substructure can also reduce the stress level and deformation of the subgrade and
help to reduce the maintenance cost of the track structure [5, 6]. The asphalt concrete
substructure has also been applied in Chinese high-speed railway, and the long-
term monitoring results indicated that the self-compacted asphalt concrete was a
sustainable waterproofing solution for the subgrade in cold regions [7].

Different kinds of asphalt mixtures have been selected as the material of asphalt
concrete substructure around the world. Lee et al. reported that the crumb rubber-
modified asphalt binder and styrene–butadiene–styrene (SBS)-modified asphalt
binder were recommended to be used in railway substructure in terms of the water
stability performance, resistance to permanent deformation, and anti-fatigue perfor-
mance [8]. The crumb rubber modification for the asphalt concrete substructure
effectively improved the fatigue life of the structure and had much better long-term
performance [9]. The epoxy asphalt-based concrete for the railway substructure was
evaluated by the laboratory tests, and the numerical simulation results demonstrated
that the epoxy asphalt-based concrete had vibration attenuation performance for the
ballastless track structure [10].

The objective of the paper is to evaluate the performance of asphalt concrete
substructure for the high-speed railway. Considering the climate and engineering
conditions in North China, raw materials were selected, and the mix design of
asphalt mixture for the railway substructure was conducted. Then, the performance
in different aspects of the designed asphalt mixture was investigated through a series
of tests, and the technical indicators for the asphalt concrete substructure were also
proposed. A 3D numerical finite element model was established to calculate the
tensile strain at the bottom of asphalt concrete substructure, and the service life was
also determined based on the fatigue function.



Evaluation on the Performance of Asphalt … 383

Fig. 1 The gradation curve
of asphalt concrete
substructure
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2 Materials and Laboratory Tests

2.1 Materials

At present, there is no clear design method and standard for the material composition
design of railway asphalt concrete in China. This paper draws on the current asphalt
pavement construction specification (JTG F40-2004) to design the material compo-
sition of the asphalt concrete substructure. The asphalt mixture consists of modified
asphalt binder and basalt aggregate. Taking into account the climatic conditions in
North China, the asphalt binder was modified by styrene–butadiene–styrene (SBS)
and crumb rubber.

For asphalt concrete substructure in railway, thewaterproofing and impermeability
are its most basic performances. So the asphalt mixture was designed based on the
dense gradation, and the nominal maximum aggregate size was 16 mm, as is shown
in Fig. 1. According to Marshall design procedure, the optimal asphalt content in the
asphalt mixture was 4.94% and the target void ratio was controlled at about 2–4%.

2.2 Laboratory Tests

According to the functional requirements of the asphalt concrete substructure, the
test specimen was prepared by the above-mentioned gradation and asphalt content.
The performance evaluation tests of asphalt concrete substructure mainly included
the permeability test, high-temperature stability test, low-temperature bending test,
fatigue test, dynamic modulus test, and water stability test.
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2.2.1 Permeability Test

Goodwaterproofing performance is the basic function that asphalt concrete substruc-
ture should play. Under surface runoff or rainfall conditions, the asphalt concrete
substructure should be substantially free of water seepage, and the surface water can
be discharged from the surface by lateral or longitudinal drainage. The test specimen
was prepared by the wheel rolling method and tested by the pavement water perme-
ability meter. The water permeability coefficient was calculated by the amount of
water passed in 3 min. The results show that the water permeability coefficient was
0 mL/min, which meant that the test specimen was impervious to water.

2.2.2 High-Temperature Stability Test

The rutting test was used to evaluate the ability of asphalt mixture to resist perma-
nent deformation under high-temperature conditions. The corresponding index is the
dynamic stability, that is, the number of walking times of the standard axle load that
the asphalt mixture bears when the mixture is deformed by 1 mm under high temper-
ature conditions. The test specimen (300 mm × 300 mm × 50 mm) was prepared
by wheel rolling method, and the rutting test was carried out under the conditions of
60 °C and 0.7 MPa. The mean value of dynamic stability for the test specimens was
6403 cycle/mm.

2.2.3 Low-Temperature Bending Test

Under these circumstances, the asphalt concrete substructure should have good low-
temperature crack resistance to avoid the effect of thermal cracks on impermeability.
Therefore, at a temperature of -10° C and a loading rate of 50 mm/min, the prismatic
specimen (250 mm × 30 mm × 35 mm) prepared by wheel rolling method was
subjected to the low-temperature bending test. The specimen was placed on two
supports, and the distance between the two supports was 200 mm. The load was
applied to the mid-span position of the specimen, and the load-deformation data
was recorded during the test. The mean value of flexural strength, failure strain, and
flexural modulus for the test specimens was 12.4 MPa, 3279 με, and 3795 MPa,
respectively.

2.2.4 Four-Point Bending Fatigue Test

The asphalt concrete substructure should have good fatigue performance and long
service life under the long-term repetition of train load. The anti-fatigue properties of
asphalt concrete substructure were evaluated by the four-point bending fatigue test.
The test temperature was 15 °C, the loading frequency was 10 Hz, and the test was
controlled by constant strain. The test specimen was a 380 mm× 50 mm× 63.5 mm
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Fig. 2 Test results of dynamic modulus test

prism. When the stiffness modulus is reduced to 50% of the initial modulus, the
corresponding number of loading cycles is the fatigue life. The fatigue life of the test
sample was 2,610,000 cycles and 1,225,000 cycles under the strain level 400 με and
500 με, respectively.

2.2.5 Dynamic Modulus Test

The dynamic modulus test was conducted to evaluate the modulus characteristics
under dynamic loading. The test specimen prepared by the Superpave gyratory
compactor had a diameter of 100 mm and a height of 150 mm. The test temper-
atures were − 10 °C, 4 °C, 15 °C, 30 °C, 45 °C, and the loading frequencies were
0.1 Hz, 0.2 Hz, 0.5 Hz, 1 Hz, 2 Hz, 5 Hz, 10 Hz, 20 Hz, 25 Hz, respectively. The
results of dynamic modulus test were summarized in Fig. 2.

2.2.6 Water Stability Test

The asphalt concrete substructure should not only maintain good water resistance at
high temperatures but also have excellent resistance to freezing and thawing at low
temperatures. The immersionMarshall test and freeze–thaw split test were conducted
to evaluate the water stability of asphalt concrete substructure. The detailed process
of water stability test is illustrated in Fig. 3. The average residual stability of the
immersionMarshall testwas 92%, and the average tensile strength ratio of the freeze–
thaw split test was 89%.
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(a) Immersion Marshall test (b) Freeze–thaw split test
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saturated

Air

Water 60 , 48 h

Marshall 
stability test

Air
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Water, 60 , 24 h

Water, 25 , 2 hGroup 1

Group 2

Indirect tensile 
test

50 mm/min

Fig. 3 Water stability test

3 Linear Viscoelastic Behavior of Asphalt Concrete
Substructure

Asphalt concrete is a viscoelasticmaterial, and its unique elastic hysteresis and energy
dissipation characteristics are more conducive to the long-term stability of the high-
speed railway track structure under train load compared to rigid cement concrete
materials. In view of this, it is necessary to consider the viscoelastic mechanical
behavior of asphalt concrete from the viscoelastic constitutive relationship of asphalt
concrete. The test results of dynamic modulus test can be further used to analyze the
linear viscoelastic behavior of asphalt concrete.

The 2S2P1D rheological model, consisting of two spring elements, two parabolic
elements, and one dashpot element, has been proved to characterize the linear
viscoelastic behavior of asphalt concrete over a very wide domain of frequencies
and temperatures, as shown in Fig. 4 [11]. The complex modulus E∗(iωτ) of the
2S2P1D model is presented as follows:

E∗(iωτ) = Ee + Eg − Ee

1 + δ(iωτ)−k + (iωτ)−h + (iωβτ)−1
(1)

where ω is the angular frequency in rad/s; i is the complex number defined by i2 =
-1; Ee is the long-term equilibrium modulus and Eg is the instantaneous modulus; τ
is the characteristic time which depends on the temperature; k and h are exponents
defined such that 0 < k < h < 1; δ and β are the model coefficients.

According to the time–temperature superposition principle, the characteristic time
τ can be further expressed as follows:

Fig. 4 2S2P1D model

σ σ

k h η

Parabolic element
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τ(T ) = aT × τ(Tref) (2)

where T is the temperature and T ref is the reference temperature; aT is the shift factor
and can be calculated based on the Williams-Landel-Ferry (WLF) equation:

log(aT ) = −C1(T − Tref)

C2 + T − Tref
(3)

where C1 and C2 are the equation constants.
The model coefficients in the 2S2P1D model at the reference temperature 20 °C

were solved from the results of the dynamicmodulus test, as listed inTable 1. Then the
master curves of dynamic modulus and phase angle were established by the 2S2P1D
model, as shown in Fig. 5. The fitted master curve indicated that the 2S2P1D model
described the viscoelastic behavior of asphalt concrete substructure well.

The dissipated energy W that reflects the energy dissipated in a loading cycle is
defined in Eq. (4). In addition, the damping D in geotechnics definition is shown in
Eqs. (5) and [12].

W = π · sin(ϕ) · ∣∣E∗∣∣ · ε20 (4)

D = sin(ϕ)

2
(5)

Table 1 Coefficients of 2S2P1D model

Ee (MPa) Eg (MPa) k h τ (s) δ β C1 C2

166 31,684 0.19 0.43 0.000578 1.7 7895 11.5 117.9

(a) Dynamic modulus (b) Phase angle

10-5 10-3 10-1 101 103 105 107
102

103

104

105

D
yn

am
ic

 m
od

ul
us

 (M
Pa

)

Reduced frequency (Hz)

 -10 
 4 
 15 
 30 
 45 
Shifted
Master curve

10-5 10-3 10-1 101 103 105 107
0

5

10

15

20

25

30

35

40

Ph
as

e 
an

gl
e 

(°
)

Reduced frequency (Hz)

 -10 
 4 
 15 
 30 
 45 
Shifted
Master curve

Fig. 5 Master curves at the reference temperature 20 °C
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Fig. 6 Dissipated energy
curve and damping curve
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where |E∗| is the dynamic modulus; ϕ is the phase angle; ε0 is the strain level.
The change of dissipated energy and damping with loading frequency at the refer-

ence temperature under the strain level 50 με is shown in Fig. 6. It can be observed
that the dissipated energy and damping increased first and then decreased as the
frequency increased.

For the asphalt concrete substructure, the frequency generated by the train load
is related to the driving speed and vehicle component characteristics. The frequency
can be expressed as:

f = v/ l (6)

where v is the driving speed; l is the disturbing wavelength of CRH380 train, as illus-
trated in Fig. 7. Furthermore, four frequencies corresponding to the four disturbing
wavelengths as in Fig. 7 when the train speed was 350 km/h were marked as blue
lines in Fig. 6. It can be observed that the dissipated energy in these four frequency
ranges is about 10–17 J/(m3 cycle) and the damping is about 17–27%. The damping
value of granular materials was about 1% within the small strain domain [12].
Compared to traditional granular materials, asphalt concrete materials have better
energy dissipation capacity, which helps to reduce the vibration level of the track
structure.

Fig. 7 CRH380 train model l1=25 m
l2=17.5 m

l3 =7.5 ml4=2.5 m
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4 Structural Design

Due to the limited experience of the application of asphalt concrete structures on
railways, the design of the fatigue failure of asphalt concrete substructureswas carried
out by referring to the mechanical experience method in the pavement engineering.

4.1 Finite Element Model

To calculate the tensile strain at the bottom of asphalt concrete substructure, a 3D
finite element model of the track structure was established, as shown in Fig. 8. The
track structure is CRTS III slab ballastless track structure. From bottom to top, it
is subgrade, bottom layer of roadbed, surface layer of roadbed, asphalt concrete
substructure, base plate, self-compacting concrete (SCC), track slab, fasteners, and
rails. The detailed model parameters are listed in Table 2. The high-speed train load

Bottom layer of roadbed

Subgrade

Asphalt concrete
substructure
Graded gravel0.4

2.5

3.1

2.3

0.3
0.2
0.1

6.8

Rail Track slab
SCC

Base plate

Fig. 8 Finite element model (Unit: m)

Table 2 Parameters of finite
element model

Structure Density
(kg/m3)

Modulus (MPa) Poisson’s
ratio

Rail 7800 210,000 0.3

Track slab 2600 36,500 0.18

SCC and base
plate

2400 34,000 0.18

Asphalt
concrete
substructure

2400 Viscoelastic 0.3

Surface layer of
roadbed

2200 160 0.3

Bottom layer of
roadbed

1900 100 0.3

Subgrade 1850 60 0.3
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can be expressed as follows:

F(t) = k1k2(P0 + P1 sinω1t + P2 sinω2t + P3 sinω3t) (7)

where k1 is the superposition coefficient between adjacent rails of the train, generally
1.2–1.7; k2 is the dispersion coefficient of rail and sleeper to train load, generally
0.6–0.9; P0 is the single-sided static wheel load and is considered as 85 kN in this
paper; P1, P2, P3 is the amplitude of the vibration load corresponding to a typical
value of the low, medium, and high-frequency control conditions, and the expression
is as follows:

Pi = M0aiω
2
i (8)

whereM0 is the unsprungmass of the train, ai is a typical vector height corresponding
to the low, medium, and high frequency; ωi is the circular frequency at the irregular
vibration wavelength of low, medium, and high frequency under a certain vehicle
speed and can be calculated as follows:

ωi = 2π
v

Li
(9)

where v is train speed; Li is the typical wavelength corresponding to three cases of
low, medium, and high frequency.

The parameters of CRH380 train were adopted in this paper to simulate the train
load.

• M0 = 750 kg
• L1 = 20 m, a1 = 3.5 mm; L2 = 2 m, a2 = 0.4 mm; L3 = 0.5 m, a3 = 0.08

4.2 Calculation of Service Life

The service life of fatigue failure of asphalt concrete substructure usually needs to
be expressed according to the number of repeated actions of train load. To estimate
the service life of the structure, firstly, the daily number of times of train load should
be determined. In the calculation process, each cabin passing can be equivalent to
four repetitions of the train load.

The material parameters of asphalt concrete are greatly affected by tempera-
ture, and the value of the modulus varies greatly in different seasons. Therefore,
in the design process, the climate of different months in the design area should
be considered, and the average temperature of each month should be obtained so
that the viscoelastic parameters at different temperatures can be obtained according
to the time–temperature equivalence principle. Then the finite element model can
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be used to calculate the bottom tensile strain of asphalt concrete substructure in
different months. According to the Japanese geotechnical specification [13], the
standard calculation formula for fatigue failure of asphalt concrete substructure in
the ballastless track structure is presented as follows:

NA = 18.4 × C × 6.167 × 10−5 × ε−3.291
t E−0.854

A (10)

where NA is the allowable load times of fatigue failure of asphalt concrete layer; εt is
the tensile strain at the bottom of asphalt concrete layer; EA is the modulus of asphalt
concrete layer; C is a function of void ratio Vv and asphalt content Vb.

C = 10M M = 4.84 ×
(

Vb

Vv + Vb
− 0.69

)

(11)

Then, the service life of asphalt concrete substructure can be predicted as given
below:

Service life = 1
12∑

i=1

Npi

NA

(12)

where Npi is the predicted number of load repetitions each month.

5 Results and Discussion

5.1 Technical Requirements

Based on the asphalt concrete mix design, the performance of designed asphalt
mixture was tested through various laboratory tests with Chinese standard; and
combined with the engineering and climatic conditions in North China, the corre-
sponding technical requirements of asphalt concrete substructure were proposed, as
shown in Table 3.

5.2 Analysis of Service Life

In the process of life analysis, the paper selected the monthly mean temperature
of a certain area in North China and calculated the bottom tensile strain of asphalt
concrete substructure in different months through the finite element model, as shown
in Fig. 9a. It was indicated that the bottom tensile strainwas positively correlatedwith
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Table 3 Technical requirements for the asphalt concrete substructure

Test Test method Technical indicator Requirements

Permeability test T 0730 Permeability coefficient ≤ 60 mL/min

High-temperature stability
test

T 0719 Dynamic stability (0.7 MPa,
60 °C)

≥ 2400 cycle/mm

Low-temperature bending
test

T 0715 Flexural strength (− 10 °C,
50 mm/min)

≥ 8 MPa

Flexural strain (− 10 °C,
50 mm/min)

≥ 3000 με

Fatigue test T 0739 Fatigue life (10 Hz, 15 °C,
500 με)

≥ 200,000 cycle

Dynamic modulus test T 0738 Dynamic modulus (10 Hz,
15 °C)

≥ 6000 MPa

Water stability test T 0709 Residual stability ≥ 85%

T 0729 Tensile strength ratio ≥ 80%

(a) Tensile strain (b) Service life
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Fig. 9 Analysis of service life

the monthly mean temperature. The tensile strain of asphalt concrete substructure
with different thickness is also compared in Fig. 9a. As the thickness of asphalt
concrete substructure increased, the tensile strain showed a tendency to decrease.
Moreover, the reduction of tensile strain at high temperatures was much greater than
the reduction at low temperatures.

Referring to the departure frequency of the domestic railway, it was assumed that
the daily train number is 96, and the number of train compartments is uniformly
selected as 16. It can be concluded that the daily total number of train loads was 96
× 16 × 4 = 6144 times. The service life of different thicknesses of asphalt concrete
substructure was shown in Fig. 9b. It can be observed that the greater the thickness of
the asphalt layer, the longer the service life. If it is necessary tomeet the requirements
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of the current 60-year design period of high-speed railway subgrade, the thickness
of the asphalt concrete substructure is recommended to be greater than 10 cm.

6 Conclusions

The paper is aimed to evaluate the performance of asphalt concrete substructure
for the high-speed railway. The performance of asphalt mixtures was evaluated
from the aspect of impermeability, fatigue resistance, water stability, and high- and
low-temperature stability. The 2S2P1D model was adopted to describe the linear
viscoelastic behavior of asphalt concrete substructure. A 3D finite element model
of the track structure was developed to calculate the service life of asphalt concrete
substructure.

The technical requirements for the asphalt concrete substructure were proposed
for the application in North China according to the engineering and climatic condi-
tions. Through the linear viscoelasticity analysis of asphalt concrete substructure, the
asphalt materials showed better energy dissipation capacity compared with granular
material in terms of damping. The results of numerical analysis indicated that the
increase in the thickness of the asphalt concrete substructure helped to extend the
service life. Based on the requirements for the service life of subgrade, the 10-cm-
thick asphalt concrete substructure is suitable for the ballastless track structure in
North China.
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Interface Test Study on Asphalt Concrete
Full-Section Waterproof Sealing
Structure of High-Speed Railway

Yang-Sheng Ye, De-Gou Cai, Hong-Ye Yan, Jian-Ping Yao, Liang-Wei Lou,
Feng Chen, Yue-Feng Shi, Tai-Feng Li, and Song Lv

Abstract High-speed railways have extremely high requirements for smoothness
and safety. The full-section asphalt concrete sealing layer is a new type of water-
proof structure that can be used for high-speed railway subgrades. Therefore, higher
requirements are put forward for the stability of the structural layer interface. In this
paper, the interface relationship between the asphalt concrete layer and the base-
slab of the track structure, the asphalt concrete layer and the surface layer of the
subgrade, and the interface behavior of asphalt concrete layer with different engi-
neering measures are studied through the interface test of the Beijing–Zhangjiakou
high-speed railway. After compared with the interface effect of current high-speed
railway concrete layer and graded gravel layer, the comparison results shown that
the interface effect of asphalt concrete is sufficiently safe, which could provide an
important reference for the application of full-section asphalt concrete in high-speed
railways.

Keywords High-speed railway · Asphalt concrete ·Waterproof sealing layer ·
Interface characteristic

By the end of 2018, the total mileage of China’s high-speed railway has exceeded
28,000 km, and the overall quality is well controlled. However, some diseases such as
mud-pumping, settlement, arching, and frost-heave occurred in some subgrade work
points, which seriously affected the smoothness of the track [1–5]. The occurrence of
these diseases is inseparable from thewater content change in the subgrade itself, and
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therefore, the anti-drainagework of high-speed railway subgrade is vital and essential
[6]. At present, ordinary cement concrete and other materials are commonly used in
the waterproof sealing layer of high-speed railway in China. The longitudinal and
horizontal joints are filled with caulking materials. During long-term operation and
service, it is easy to cause the separation between longitudinal or horizontal joints and
caulking materials, so that rainfall water can penetrate into the subgrade. The using
of full-section asphalt concrete can eliminate the existing longitudinal and transverse
joints and avoids the separation between the sealing layer and the caulking material.

The full-section asphalt concrete sealing layer, as the waterproof and drainage
and bearing structure, both material and mechanical properties of asphalt concrete
layer are obvious different then the concrete layer and the graded gravel layer. The
interlayer interaction relationship is complex, under the effect of train dynamic load,
temperature load, etc, whether it can reach the design requirements of rail infras-
tructure under interface security is the key technical problem for the new ballastless
track structure.

In this paper, full-scale and scaled push-slab tests are carried out through the
foundation test section of Beijing–Zhangjiakou railway, and the characteristics of
upper and lower interface of asphalt concrete layer are studied to evaluate stability
and safety of asphalt concrete layer.

1 Test Scheme

1.1 Overview

The test section of asphalt concrete full-section waterproof sealing layer is located in
the XiaHuaYuan Station of Beijing–Zhangjiakou high-speed railway, near the exit of
DongJiaZhuang tunnel with the mileage from DK143 + 450 to DK143 + 870. The
length of the full-section asphalt concrete sealing layer in the test section is 420 m.
The average temperature of coldest month in the test section is− 9.6 °C, the monthly
maximum precipitation is 243.9 mm, and the maximum freezing depth of the ground
is 1.29 m.

1.2 Full-Scale Push-Slab Test

The full-size base-slab (19.2 m× 3.4 m× 0.3 m) was poured on the asphalt concrete
layer. During the test, the hydraulic jack would be used to apply the horizontal load to
the concrete base-slab, and the displacement was recorded by both the displacement
meter and the total-station robot at the same time. The specific layout is shown in
Fig. 1(mm).
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Fig. 1 Full-scale test layout

Fig. 2 Location of counter force pier and jack

The test equipment is mainly composed of base-slab, asphalt concrete layer,
counter force pier, hydraulic jack, weighing sensor, displacement meter and the
total-station robot, etc. The counter force can be supported with square concrete
pier, which located at the side of asphalt concrete shoulder. There are ten rows of
counter force pier have been set up totally. Jacks are located between the asphalt
concrete and the counter force pier. The location of jacks and counter force piers has
been shown in Fig. 2.

1.3 Scaled Push-Slab Test

In order to explore the bond strength and friction resistance characteristics differ-
ences between two interface cases, the following tests would be studied: Case 1, the
interface of asphalt concrete and concrete base-slab. Case 2, the interface of concrete
base-slab and graded gravel. Three-scale model (2m× 2m× 0.3m) concrete blocks
were poured in graded gravel layer and adjacent asphalt concrete layer, respectively,
as comparison test.
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Fig. 3 Scaled test layout

Fig. 4 Counter force wall and jack site layout diagram

The test equipment ismainly composedof concrete block, asphalt concrete, graded
gravel, counter force pier, hydraulic jack, weighing sensor and displacement meter,
etc. Three concrete blocks of 1 m × 1 m (length × width) × 0.3 m (height) are
poured on asphalt concrete layer and adjacent graded gravel layer, respectively.

The three concrete blocks are weighted with different additional weights, as the
order of no counterweight, 1 and 2 tons of counterweight.

During the test, a hydraulic jack was used to apply transverse horizontal load on
the concrete slab, and the displacement meter recorded the displacement at the same
time, as shown in Fig. 3.

The wire displacement sensor is arranged along the shoulder side of the concrete
block, and two wire displacement sensors are arranged on each side, and the pressure
gauge is arranged next to the jack, as shown in Fig. 4.

1.4 Engineering Measures Interface Characteristics Test
Plan

For the upper interface of asphalt concrete layer, the comparison test was carried out
to explore the performance difference before and after laying composite geotextile.
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For the lower interface of asphalt concrete layer, the performance difference before
and after setting the notch groove, anti-slip nail, and spread emulsified asphalt is
explored. The specific test arrangement is as follows.

1. The comparison test was carried out between the laying and without laying
composite geotextile. Two pieces of 1 m × 1 m × 0.3 m base-slab are laid
directly on the asphalt concrete layer on the site, one is provided with composite
geotextile, one is not provided with composite geotextile, and then the push test
is carried out, in order to find the interface parameters change before and after
laying composite geotextile.

2. A comparison test was conducted with and without a notch groove. The
groove depth, width, and spacing of notch groove were set as 2, 5 and 30 cm,
respectively, in graded gravel layer to conduct push-slab test.

3. Followed with the comparison test of anti-slip nails and without anti-slip nails.
Five anti-skid nails were set on one concrete block located at the graded gravel
layer and the other concrete block without anti-slip nails to conduct push-slab
test.

4. Another comparison test of emulsified asphalt and non-emulsified asphalt was
carried out. The push-slab tests were conducted after the emulsified asphalt was
spread on the graded gravel layer.

5. For the engineering measures of asphalt concrete upper interface, the wire
displacement sensors are arranged on both of the concrete block and the asphalt
concrete layer. For the lower interface, the wire displacement sensors are
arranged in the center of the asphalt concrete layer, and the dynamometer is
arranged next to the jack position.

During the loading process, the attention to paid to observe the change of the
displacement gauge of the base-slab and the asphalt concrete layer, to recognize the
displacement at each layer, and record the reading number of pressure gauge and
wire displacement sensor.

2 Analysis of Push-Slab Test Results

2.1 Analysis of the Full-Scale Push-Slab Test Results

1. In order to explore the engineering effect of laying composite geotextile on
asphalt concrete layer, the composite geotextiles were laid at the structural joints
of the base-slab, and the center of the base-slab (unpaved geotextile)was directly
poured on the asphalt concrete layer for comparison experiments. The relation
between the dynamometer and displacement change in full-scale push-slab test
is shown in Fig. 5.

It can be seen from Fig. 5 that the geotextile arrangement significantly reduces the
interaction between the track base-slab and the asphalt concrete layer, which not only
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the structural joints of the base-slab
the center of the base-slab

Fig. 5 Relationship between loading force and displacement of full-scale test (with or without
geotextile)

reduces the negative effect of the asphalt concrete layer (restricting the stress release
of the base-slab), but also reduces the additional stress of the base-slab expansion
on the asphalt concrete layer, thereby reducing the probability of temperature stress
cracking of the forced asphalt concrete. At the same time, the sliding layer is also
prevented from appearing between the asphalt concrete layer and the graded gravel
layer, which fully ensures the stability of the structure.

2. In order to explore the difference of the cohesive properties of the upper and
lower interfaces of the asphalt concrete layer, a secondary push–pull test was
carried out to record the relationship between the dynamometer and displace-
ment of the asphalt concrete layer at the center of the base-slab. The relationship
between the dynamometer and displacement in the full-scale push-slab test is
shown in Fig. 6.

According to Fig. 6, when a 100 tons lateral load is applied, the base-slab starts
to shift. With the load increases, the displacement of the base-slab under the lateral
force includes two parts, the displacement of the base-slab itself and the displacement
of the asphalt concrete layer.

When the lateral force applied is less than 180 tons, the asphalt concrete layer has
no displacement. At this time, the total displacement is the displacement of the base-
slab. When the lateral force is applied more than 180 tons, the total displacement
of the base-slab includes its own displacement and additional displacement of the
asphalt concrete layer.
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 total displacement
 asphalt concrete layer
 displacement of base plate

Fig. 6 Relationship between displacement and loading force at the center of the base-slab

2.2 Analysis of the Scaled Push-Slab Test Results

By comparing the cohesive strength and friction angle between the interface of the
following three cases: (1) the interface of asphalt concrete layer and the concrete base-
slab, (2) the interface of concrete base-slab and the graded gravel, (3) the interface
of the asphalt concrete layer and the graded gravel. The scale push-slab test could
reflect the interface characteristics among these cases.

The normal pressure is theweight of the concrete block plus additional weight, the
normal stress is the normal pressure per unit area, the tangential pressure is the thrust
load applied by the jack, and the tangential stress is the tangential load on the unit
area of the concrete block. The cohesive strength and friction angle are calculated
according to the formula of direct shear test of soil.

τ f = c + σ tanθ (1)

τ f tangential stress
σ normal stress
c cohesive strength
θ friction angle.

1. The test parameters and results of the scaled push-slab test between asphalt
concrete and base-slab are shown in Fig. 7, Tables 1 and 2.

2. The test parameters and results of scaled push-slab test between graded gravel
and base-slab are shown in Fig. 8, Tables 3 and 4.
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y = 2.9167x + 27.113 
R² = 0.9881

Tangential Stress

Fig. 7 Relationship between tangential stress and normal stress of asphalt concrete and concrete
base-slab (shown cohesion and shear force behaviors)

Table 1 Scaled push-slab test between asphalt concrete and base-slab

No Concrete block weight
(tons)

Counterweight (tons) Lateral Jack pressure
(tons)

Bottom area

1 2.88 – 20 2 m × 2 m

2 2.88 2.90 20 2 m × 2 m

3 2.88 5.80 20 2 m × 2 m

Table 2 Test results of scaled push-slab between asphalt concrete and base-slab

No. Normal
pressure (kN)

Normal
stress (kPa)

Tangential
pressure (kN)

Tangential
stress (kPa)

Cohesive
strength
(kPa)

Friction
angle (°)

1 28.22 7.056 196 49 27 71

2 56.45 14.112 262.64 65.66

3 84.67 21.168 360.64 90.16

3. The test parameters and results of the scaled push-slab test between asphalt
concrete and graded gravel layer are shown in Fig. 9, Tables 5 and 6.

It can be seen from Tables 2, 4, and 6 that the cohesive strength between the
asphalt concrete and the base-slab is 27 kPa for the upper interface of the asphalt
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y = 1.05x + 7.1916
R² = 0.9815

Tangential Stress

Fig. 8 Relationship between tangential stress and normal stress of graded gravel layer and concrete
base-slab (shown cohesion and shear force behaviors)

Table 3 Scaled push-slab test between graded gravel and base-slab

No. Concrete block weight
(tons)

Counterweight (tons) Lateral Jack pressure
(tons)

Bottom area

1 2.88 – 20 2 m × 2 m

2 2.88 2.00 20 2 m × 2 m

3 2.88 4.00 20 2 m × 2 m

Table 4 Test results of scaled push-slab between graded gravel and base-slab

No. Normal
pressure (kN)

Normal
stress (kPa)

Tangential
pressure (kN)

Tangential
stress (kPa)

Cohesive
strength
(kPa)

Friction
angle (°)

1 28.22 6.762 58.80 14.7 7 44

2 47.82 11.662 74.48 18.62

3 67.42 16.562 99.96 24.99

concrete, and the cohesive strength between the graded gravel and the concrete base-
slab is 7 kPa. Therefore, the asphalt concrete and the base-slab have better cohesive
performance than the graded gravel; for the asphalt concrete lower interface, the
cohesive strength between the asphalt concrete and the graded gravel is sticky with
the concrete and the graded gravel. The junction strength is similar, both about 7 kPa.
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y = 0.9x + 7.2814
R² = 0.9643

Shear stress

Fig. 9 Relationship between tangential stress and normal stress of graded gravel layer and asphalt
concrete layer (shown cohesion and shear force behaviors)

Table 5 Scaled push-slab test between asphalt concrete and graded gravel layer

No. Asphalt concrete block
weight (tons)

Counterweight (tons) Lateral Jack pressure
(tons)

Bottom area

1 0.23 – 0.42 1 m × 1 m

2 0.23 0.15 0.50 1 m × 1 m

3 0.23 0.25 0.55 1 m × 1 m

Table 6 Test results of scaled push-slab test between asphalt concrete and graded gravel layer

No. Normal
pressure (kN)

Normal
stress(kPa)

Tangential
pressure (kN)

Tangential
stress (kPa)

Cohesive
strength
(kPa)

Friction
angle (°)

1 2.25 2.25 9.80 9.80 7.3 42

2 7.15 7.15 12.74 12.74

3 12.05 12.05 18.62 18.62

Therefore, the cohesive properties of asphalt concrete and graded gravel are notmuch
different.
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Table 7 Test results of push-slab test for treatment of base-slab and asphalt concrete layer

Interface
characteristics

Normal stress
(kPa)

Lateral stress
(kPa)

Sliding lateral
stress (kPa)

Sliding friction
coefficient

1 None 7.056 13.653 4.86 0.69

2 Geotextile 7.056 3.332 3.316 0.44

Note Working condition 1, concrete block weighs 2.88 tons, jack pressure is 20 tons, bottom area
is 2 m× 2 m, and lateral jack pressure is 4 tons when sliding. Working condition 2, concrete block
weighs 0.72 tons, the jack pressure is 20 tons, the bottom area is 1 m × 1 m, and the jack pressure
during sliding is 0.32 tons

2.3 Analysis of Engineering Interface Characteristics
Experimental Results

In view of the stability problem of the base-slab as a whole between the asphalt
concrete and the graded gravel layer separation, it is necessary to study whether the
engineering measures are taken between the asphalt concrete layer and the graded
gravel layer. The mechanical properties of the structural components of the track
before and after the engineering measures were taken to analyze the necessity. When
the sliding occurs, the interface is de-bonded, and the sliding friction coefficient takes
as the dynamic friction coefficient:

f = σ f

τ f
(2)

σ f Normal stress
τ f Tangential Stress

It can be seen fromTables 7 and 8 that after laying composite geotextile, the lateral
pressure changed at the start-up stage, the interface characteristics of the base, and
the asphalt concrete layer is significantly reduced by 80%.

3 Conclusions and Recommendations

1. In the ballastless track structure system, the interface friction strength between
the asphalt concrete and the base-slab is stronger than the interface strength
between the graded gravel and the base-slab, and the asphalt concrete layer and
the base interface have sufficient stability.

2. After laying composite geotextile, the cohesive force of the concrete between
the base-slab and the asphalt concrete is obviously reduced. Laying composite
geotextile at the expansion joint of the track slab can effectively reduce the
influence of concrete temperature shrinkage on the asphalt concrete and improve
the life of asphalt concrete.
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Table 8 Test results of push-slab test for engineering measures of asphalt concrete layer and
subgrade surface

Interface
characteristics

Normal stress (kPa) Sliding lateral stress
(kPa)

Sliding friction
coefficient

1 None 2.25 1.76 0.78

2 Permeable asphalt
oil

2.25 1.96 0.87

3 Surface layer is
grooved

2.25 1.86 0.83

4 Anti-slip nails 2.25 – 0.00

Note Working condition 1, asphalt concrete block weighs 0.23 tons, lateral jack pressure is 1 ton,
and the bottom area is 1 m × 1 m. Working condition 2, asphalt concrete block weighs 0.23 tons,
lateral jack pressure is 0.3 tons, and the bottom area is 1 m × 1 m. Working condition 3, asphalt
concrete block weighs 0.23 tons, lateral jack pressure is 0.42 tons, and the bottom area is 1 m ×
1 m. Working condition 4, asphalt concrete block weighs 0.23 tons, and the bottom area is 1 m ×
1 m

3. After the permeable asphalt oil is penetrated, the interface characteristics of
the asphalt concrete layer and the surface layer of the subgrade have not been
significantly improved.

4. After the surface layer is grooved, the interface characteristics of the asphalt
concrete layer and the surface layer of the subgrade have not been significantly
improved.

5. After the anti-slip nail, the asphalt concrete layer and the base the surface
characteristics of the subgrade surface are significantly improved.
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The Settlement Characteristics of Ballast
Bed Based on Variable Boundary Ballast
Box
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Abstract The cumulative settlement of ballast bed greatly affects the service perfor-
mance of railway lines. A discrete element method (DEM) model of ballast box
with variable longitudinal force and accurate ballast shape was established in this
study. The parameters of the simulation model were calibrated and validated by the
self-developed experimental equipment of ballast box. Based on the validated DEM
model, the mesoscopic effects of load frequency, load amplitude and longitudinal
force of ballast bed on the settlement characteristics of ballast bed under cyclic
loading were studied. The results show that the cumulative settlement of ballast bed
includes initial settlement stage and stable settlement stage. The influence of longi-
tudinal force on the settlement of ballast bed could not be neglected. The settlement
decreases with the increase in the longitudinal force. When the longitudinal force
increases from 5 to 8 kN, the settlement of ballast bed decreases by 68.2%. Besides,
the settlement of ballast bed increases nonlinearly with the increase in load ampli-
tude and frequency. When they increase from 60 to 80 kN and 32 Hz to 56 Hz, the
settlement increases by 83.2% and 28.2%, respectively.
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1 Introduction

Ballasted track plays an important role in the track structure of all countries in the
world. It is widely used in high speed, heavy load and ordinary railway lines with
its outstanding advantages of good applicability, low cost, and easy maintenance.
As granular materials, ballasts are easy to be broken and moved under the effect
of train load, thus causing the settlement of the ballast bed. When the settlement
reaches a large value, the elasticity and drainage will decrease sharply, which further
leads to the geometric irregularity of railway, increase in maintenance cost, as well
as a deterioration of the level of operational safety. Researchers have done a lot of
work on the settlement of ballast bed, mainly including experimental researches and
numerical simulations.

In terms of experimental researches, most researchers have utilized triaxial appa-
ratus and ballast box to study the settlement characteristics of ballast bed. Based
on triaxial test, Diyaljee et al. [1] analyzed the effect of ballast materials on the
settlement of ballasts, while Hu et al. [2] focused on the effect of ballast gradation
and elasticity. Indraratna et al. [3–5] compared the difference of vertical settlement
and lateral deformation between deteriorated and fresh ballast. To evaluate the settle-
ment mechanism of ballast bed, Hirakawa et al. [6] studied the distribution of contact
force in ballast aggregates and vertical deformation of sleeper under train load. Qian
et al. [7, 8] explored the control measures of settlement, and proposed the reasonable
parameters of geogrid. Other researchers used the ballast box to study the settlement
of ballast bed, which is more accurate to simulate the interaction between sleeper and
ballasts. Selig et al. [9] investigated the settlement characteristics of ballast under
cyclic loading, and pointed out the most vulnerable area in ballast bed. Al-Saoudi
et al. [10] analyzed the cumulative settlement, deformation modulus, as well as the
deterioration state of ballasts, while loading. Lim et al. [11, 12] studied the effect of
ballast gradation and wetting degree on ballasts settlement. In general, the macro-
scopic settlement characteristics are revealed better by experimental tests, such as
the cumulative settlement and deterioration state. However, the mesoscopic settle-
ment characteristics cannot be fully reviewed in experimental tests, like the contact
state of ballasts, which is more important to determine the mechanism of settlement.
Besides, it is difficult to unify the initial state of experimental tests due to the vari-
ation of ballast shape, size, and gradation et al. Therefore, it is not accurate enough
to study the settlement characteristics of ballast bed only by experimental test.

Numerical simulations can effectively compensate for the shortcomings of exper-
imental tests. Fu et al. [13] established a ballast bed model by two-dimensional
DEM, and studied the effect of train load and subgrade deformation on the settle-
ment of ballast bed. Xiao et al. [14] constructed the ballast bed model by three
dimensional DEM, which had a higher simulation accuracy compared with the two-
dimensional DEM, and analyzed the mechanical properties and settlement charac-
teristics of ballast bed under train load. In summary, the researches above simulated
the ballast by ball element, neglecting the shape of ballast, and thus, the calculation
accuracy was seriously affected. Lim et al. [12] used clump to simulate ballast with
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different accuracy, which is composed of multiple balls. Xu et al. [15] established
ballast boxmodel based on the fine simulation of ballast, and investigated the effect of
ballast gradation and shape on the settlement of ballast bed. The diffusion of internal
stress could cause longitudinal deformation of ballast bed [16]. However, since all
the existing researches used fixed boundary in ballast box model, the longitudinal
deformation in ballast bed could not be revealed, correspondingly error in calculation
being created.

To address the research gap in previous studies, a ballast box model with variable
longitudinal force and accurate ballast shape was established by DEM at first in this
study. Secondly, an experimental equipment of ballast box with movable boundary
was innovatively developed, and the simulationmodelwas verified by this equipment.
Finally, the model was adopted to study the effect of longitudinal force in ballast bed,
load amplitude and load frequency on ballast bed settlement. This paper can provide
critical insights for the assessment and maintenance of ballast bed.

2 Discrete Element Modeling

2.1 Modeling Procedure

The shape of ballast has a great influence on the interaction of ballasts and the
settlement characteristics of ballast bed [16]. Therefore, the complex shape of ballast
was accurately captured by laser scanning, as shown in Fig. 1. Sixteen kinds of typical
ballast particle shapes were determined by shape similarity analysis algorithm [17,
18], and the model generation subroutine was compiled to randomly extract them.
Finally, the refined ballast models were simulated as clumps by filling the three
dimensional outline shapes with sphere elements.

The train load is transmitted to the ballast bed through wheels, rails, and sleepers,
causing the stress concentration of ballast bed under the rail groove [17]. Therefore,
the research area of ballast box in this study is shown in Fig. 2.

Fig. 1 Capture of ballast shape: a ballast sample, b capture results
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Fig. 2 Research area of
ballast box

Fig. 3 Ballast box model with movable boundary

On the basis of fine simulation of ballast, the ballast box model with movable
boundary was established by DEM, as presented in Fig. 3, whose gradation met
the requirement of “Code for Design of High Speed Railway” [19]. The ballast
models with different shapes were marked by different colors in this figure. The
interaction between ballasts was calculated by Hertz-Mindlin contact model [20,
21]. The boundary in this model was moved by programming, which could reveal
the longitudinal deformation of ballast bed, avoiding the analysis error of settlement
caused by neglecting the varying of longitudinal force in ballast box with fixed
boundary.

2.2 Load and Boundary Motion

The train load acting on the sleeper was simulated as a cosine function [11, 12], given
by Eq. (1).

F(t) = F0(cos 2π f t − 1) (1)
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where F(t) is the train load, t is the loading time, F0 and f refer to the load amplitude
and frequency, determined by axle load and running speed, respectively.

The model used a movable boundary to simulate the varying longitudinal force in
ballast bed. In addition, the stress-displacement program module was innovatively
developed to control the motion of boundary. The calculation process was as follows.

The velocity of moving boundary (vt ) is assumed to be invariable when the time
step in DEM is short enough, and it can be calculated by Eq. (2).

vt = vt−1 + wa�t (2)

where �t is the time step, vt−1 is the velocity of boundary in the last step, and wa

denotes the acceleration, presented in Eq. (3).

wa = Fh/mb (3)

where mb is the mass of moving steel wall, and Fh is the total force acting on it, as
shown in Eq. (4).

Fh =
n∑

i=1

kbδnb−Fk(x) (4)

where kb is the normal stiffness of ballast, n is the number of ballast particles
contacting with movable boundary, and δnb denotes the corresponding normal
overlap. Fk(x) is the longitudinal force, generated by the movable boundary, and
it will be described later in this paper.

2.3 DEM Model Calibration and Validation

To calibrate the parameters of DEMmodel that we proposed, an experimental equip-
ment of ballast box with movable boundary was innovatively developed, as shown in
Fig. 4. The ballast box was loaded by largeMTS fatigue testing machine. In addition,
the ballasts were sieved to meet the requirement of “Code for Design of High Speed
Railway” [19].

The mechanical parameters of DEMmodel were calibrated by comparing simula-
tion and laboratory test results [15–18].We take the contact stiffness as an example to
analyze the calibration process, as shown in Fig. 5. It is clearly noticed that the simu-
lation results are always in line with test results when the normal contact stiffness is
9.6 × 108 N/m, and the tangential contact stiffness is 6.3 × 108 N/m.

The mechanical parameters of DEM model were finally determined after dozens
of tests, as presented in Table 1.
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Fig. 4 Laboratory test of ballast box: a sketch of ballast box, b experimental equipment of ballast
box

Fig. 5 Comparison of
simulation and test results
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 Normal stiffness 9.6×108 N/m, tangential stiffness 6.3×10 8 N/m
 Normal stiffness 6.0×108 N/m, tangential stiffness 3.0×10 8 N/m

3 Results and Discussion

Based on the ballast box model with movable boundary, the effect of longitudinal
force on the settlement of ballast bed is studied in this section at first. Then, the load
with low frequency and high amplitude is used to analyze the effect of load amplitude
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Table 1 Parameters of DEM model

Model parts Parameters Value

Sleeper Normal contact stiffness (N/m) 1.0 × 109

Tangential contact stiffness (N/m) 1.0 × 109

Particle density (kg/m3) 2.4 × 103

Friction coefficient 5.0 × 10–1

Ballast Normal contact stiffness (N/m) 9.6 × 108

Tangential contact stiffness (N/m) 6.3 × 108

Particle density (kg/m3) 2.7 × 103

Density of ballasts (kg/m3) 1.7 × 103

Friction coefficient 6.0 × 10–1

Boundary Normal and tangential stiffness of box side (N/m) 1.0 × 109

Normal and tangential stiffness of box bottom (N/m) 2.5 × 106

Friction coefficient 2.0 × 10–1

in heavy haul railway. Finally, the effect of load frequency in high speed railway is
analyzed utilizing high frequency and low amplitude load.

3.1 Effect of Longitudinal Force

The longitudinal force of ballast bed is determinedby the ballast compactness, contact
states, etc., and it is linked to the confining pressure of ballast layer. The longitudinal
could reveal the longitudinal stability of ballast bed. Therefore, it is valuable to figure
out the effect of longitudinal force on the settlement of ballast bed, and this study
can help to improve the maintenance and quality prediction of ballast bed.

To get the longitudinal force supplied by movable boundary, the boundary is
moved at 1 × 10−4 m/s. In the simulation test, the longitudinal force and boundary
displacement are recorded, as presented in Fig. 6. It is noticed that the variation of
longitudinal force includes initial stage and stable stage. In initial stage (0–4mm), the
longitudinal force almost increases linearly with the increase in boundary displace-
ment. In stable stage (4–14mm), the longitudinal force keeps constant, due to the fact
that shear failure happens in ballast bed. When the boundary displacement reaches
5 mm, the displacement trend of ballasts is presented in Fig. 7. The colors represent
the displacement trend of ballasts, amongwhich the red, green, and blue colors repre-
sent the fastest, second fastest, and slowest velocity, respectively. It is clearly seen
that the ballasts in a certain distance (“d”) from boundary are seriously affected, and
the distance is determined by the quality of ballast bed. Besides, the ballasts move
along the upper right slope, which is the shear failure surface. It indicates that shear
strength is one of the most important factors affecting the mechanical properties of
ballast bed.
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Fig. 6 Variation of
longitudinal force with
boundary displacement
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Fig. 7 Displacement trend
of ballasts

Based on the above analysis, the longitudinal force of ballast bed applied in
simulation should be realized by programming, as shown in Fig. 8. In simulation test,
the longitudinal force is assigned according to the corresponding curve in Fig. 8. The
longitudinal force varies in every time step based on the displacement of movable
boundary, thus realizing the settlement simulation of ballast bed under different
longitudinal forces.

The ballast bed with different longitudinal forces is affected by train load, whose
amplitude is 40 kN, and frequency is 44 Hz. The variation of settlement is shown
in Fig. 9a. It is clearly noticed that the settlement process can be divided into initial
settlement stage and stable settlement stage, respectively. In initial stage, the largest
settlement is caused by the initial dozens of cyclic loads. The ballast bed becomes
denser with the increase in loading times, leading to the decrease in settlement rate.
When it comes to stable settlement stage, the settlement rate keeps constant. More-
over, the lager the longitudinal force is, the faster the stable settlement stage is
reached.

When the loading times reach 1000, the variation of cumulative settlement with
longitudinal force is presented in Fig. 9b. It is clearly seen that the cumulative settle-
ment decreases with the increase in longitudinal force. When the longitudinal force



The Settlement Characteristics of Ballast Bed … 415

Fig. 8 Longitudinal force
applied in simulation
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Fig. 9 Effect of longitudinal force on cumulative settlement of ballast bed: a settlement process
while loading, b variation of cumulative settlement with longitudinal force

is less than 8 kN, it has a significant effect on the settlement of ballast bed. The settle-
ment decreases by 68.2% when it ranges from 5 to 8 kN. However, the variation of
settlement becomes slightwhen the longitudinal force is greater than 8 kN. The settle-
ment decreases by 28.7%when it ranges from 8 to 15 kN. This is mainly because the
movement of ballast particles is restricted by longitudinal force, thus controlling the
settlement of ballast bed. When the longitudinal force is large enough, the ballasts
are hard to be moved under the effect of train load, so its influence on the settlement
gradually reduces.
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Fig. 10 Effect of longitudinal force on initial settlement of ballast bed: a dynamic displacement
of sleeper while loading, b variation of initial settlement with longitudinal force

The initial settlement of ballast bed is one of the most important parameters in the
prediction of settlement [22]. Therefore, the variation of initial settlement is analyzed
in this section. When the longitudinal force is 5 kN, the dynamic displacement of
sleeper in loading process is shown in Fig. 10a. It is noticed that the initial settlement
is much larger than the settlement caused by later loads. The variation of initial
settlement with longitudinal force is presented in Fig. 10b. As we can see, when the
longitudinal force increases from 5 to 15 kN, the settlement decreases by 33.9%. To
sumup, the longitudinal force has a great influence on the settlement characteristics of
ballast bed. The longitudinal force ismainly determined by the compactness of ballast
bed. Therefore, to maintain the geometry of ballasted track, the high compactness of
ballast bed should be guaranteed.

3.2 Effect of Load Amplitude

The load axle has a great influence on the mechanical properties of ballast bed in
heavy haul railway. Therefore, the effect of load amplitude on the settlement of
ballast bed is necessary to be analyzed. In addition, the load frequency is 20 Hz,
and the longitudinal force is 9 kN in this simulation. As seen from Fig. 11a, the
settlement of ballast bed increases nonlinearly with the increase in load amplitude.
The cumulative settlement of ballast bed when the loading cycle reaches 1000 is
summarized in Fig. 11b. The settlement increases by 14% and 21% when the load
amplitude ranges from 60 to 65 kN and 75 kN to 80 kN, respectively. It indicates
that the maintenance workload of ballast bed increases nonlinearly with axle load in
heavy haul railway.

The variation of initial settlement with load amplitude is shown in Fig. 12. It is
clearly noticed that there is a significant positive correlation between them, which is
similar to the variation of cumulative settlement. Therefore, excessive axle load will
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Fig. 11 Effect of load amplitude on cumulative settlement of ballast bed: a settlement process
while loading, b variation of cumulative settlement with load amplitude

Fig. 12 Variation of initial
settlement with load
amplitude
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cause great damage to the quality of ballast bed, so it should be strictly limited in
heavy haul railway.

3.3 Effect of Load Frequency

The mechanical properties of ballast bed are greatly affected by running speed in
high speed railway. The load amplitude is 40 kN and the longitudinal force is 9 kN
in this simulation. As shown in Fig. 13, the cumulative settlement of ballast bed
increases with load frequency, ranging from 12.2 to 15.6 mm, and increasing by
27.87%. When the load frequency exceeds 40 Hz, there is a significant nonlinear
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Fig. 13 Effect of load frequency on cumulative settlement of ballast bed: a settlement process
while loading, b variation of cumulative settlement with load frequency

increase in settlement, which indicates that the increase in the train speed will cause
damage to ballast bed.

The variation of initial settlement with load frequency is presented in Fig. 14. It
is clearly seen that there is a negative correlation between them, which is contrary to
the variation of cumulative settlement. In order to analyze the cause of this abnormal
variation, the dynamic stress in ballast bed at different depths is analyzed.

The dynamic stress distribution under different load frequencies is presented in
Fig. 15a, b, which are 32 Hz and 56 Hz, respectively. It is seen that the dynamic
stress in ballast bed decreases with depth, but it varies a lot under different load
frequencies. What is interesting is that the transmission depth of stress is deeper
when the load frequency is smaller, as seen in Fig. 15. When the load frequency is
32 Hz, the average stress at 0.28 m from the bottom of sleeper is about 70% of that
at 0.07 m. However, it is only 24% when the load frequency is 56 Hz. This indicates

Fig. 14 Variation of initial
settlement with load
frequency
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Fig. 15 Dynamic stress distribution under different load frequencies: a 32 Hz, b 56 Hz

that it is unlikely for dynamic stress caused by the first load to transmit to deep space
of the ballast bed under the effect of high frequency load, so the initial settlement
decreases with the increase in load frequency.

3.4 Regression Analysis of Settlement

On the basis of above analysis, it is discovered that there is a significant correlation
between cumulative and initial settlement under the effect of longitudinal force, load
frequency, and load amplitude. It is analyzed in this section, as illustrated in Fig. 16.
As we can see, the cumulative settlement of ballast bed is positively proportional to
initial settlement under the effect of longitudinal force and load amplitude. However,
under the effect of high frequency load, the higher frequency will decrease the trans-
mission depth of dynamic stress. Therefore, there is an abnormal negative correlation
between the cumulative settlement and initial settlement.

4 Conclusions

In this study, the influence of longitudinal force, load amplitude, and load frequency
on the settlement characteristics of ballast bed were researched, using a DEMmodel
of ballast box with movable boundary. The main conclusions are as follows:

1. The settlement of the ballast bed under train load includes initial settlement and
stable settlement stages. The settlement caused by the initial dozens of cyclic
loads is the largest. The settlement of ballast bed is linearwith the load repetitions
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Fig. 16 Variation of cumulative settlement with initial settlement: a effect of longitudinal force,
b effect of load amplitude, c effect of load frequency

in the stable settlement stage. More targeted maintenance plans should be made
according to the settlement characteristics of ballast bed.

2. The insufficient longitudinal force will cause a large settlement of ballast bed.
The larger the longitudinal force is, the faster the ballast bed will reach the
stable settlement stage. When the longitudinal force is less than 8 kN, it has the
most significant influence on the settlement of the ballast bed. The settlement
decreases by 68.2% when the longitudinal force ranges from 5 to 8 kN. More
attention should be paid to the longitudinal force of ballast bed in the detection
and maintenance work of ballasted track.

3. The settlement of ballast bed increases nonlinearly with the load amplitude and
frequency. When the load amplitude increases from 60 to 80 kN, the settlement
increases by 83.2%. When the load frequency increases from 32 to 56 Hz, the
settlement increases by 28.2%.

4. The initial settlement of ballast bed is proportional to the cumulative settlement
under the effect of load amplitude and longitudinal force. However, the initial
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settlement is inversely proportional to the cumulative settlement under high
frequency load.
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Abstract The ballast layer is a crucial component of railway tracks and it is hence
essential tomaintain it using adequate processes like tamping and stabilization. These
will ensure that the density of the ballast layer is high enough to avoid shearing and
settlement of the track under traffic.Ballasted tracks settle unevenly under the passage
of trains. These geometrical defects are corrected by tampingwhich consists of lifting
individually the sleepers and compacting the ballast underneath using vibrating tines.
After tamping, the ballast layer is not homogeneous in terms of density along the
track and requires stabilization before being commercially operational. This stabi-
lization is performed either by regular trains at lower speeds for a given period
hindering commercial operations, dynamic stabilization, or crib compaction. All
these processes rely on vibrating the ballast layer using different approaches and
have mainly been based on empirical observations. This paper describes an anal-
ysis of these ballasted track maintenance processes and their optimization using the
discrete element numerical approach. This approach considers a granular material
as an assembly of objects interacting through a specific contact law. In the present
study, the code called LMGC90 has been used. The study includes a comparison of
the processes in terms of ability to compact the ballast layer and lateral mechanical
resistance of the track and their optimization. The final purpose of the project is to
be able to specify optimal functioning parameters for all these processes.
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Keywords Railway · Track · Ballast ·Maintenance ·Modelling · Discrete
element method (DEM)

1 Introduction

Railway engineers struggle more and more maintaining ballasted tracks within their
allowed budgets. Optimizing the maintenance operations became a challenge for
many railway network owners in order to remain competitive in comparison with
road or air transports. The principal maintenance operations are based on empirical
observations and have barely changed for decades. Innovative numerical tools have
emerged in parallel allowing a detailed analysis of their physical mechanisms and
actions on ballast and hence their potential improvement.

The maintenance processes concerned are tamping, dynamic stabilization and
crib compaction. The differential settlement of the track due to traffic is corrected by
tamping which consists of repositioning the sleepers at their right location vertically
and transversally and compacting the ballast underneath to keep them in place. After
tamping the track requires stabilization of the ballast layer which is performed by
letting regular trains roll on the track at lower speed hindering commercial traffic,
by dynamic stabilization or crib compaction. Dynamic stabilization requires special
equipmentwhich simultaneously applies a loadon the rails andvibrates them laterally
and therefore also the sleepers and ballast surrounding them. The energy transmitted
to the ballast is used to rearrange the grains and compact the ballast layer. In the
crib compaction process, the ballast located between the sleepers and the shoulders
is directly compressed using vertical compactors.

Analyzing experimentally these maintenance processes will quickly become
costly in terms of time and budget. This paper describes the use of the numerical
approach called discrete element method coupled with multibody system formalism
to analyze and optimize tamping and, investigate crib compaction as an alternative to
dynamic stabilization. The following sections explain this numerical approach and
its application to reduce ballast fragmentation due to tamping and to compare the
performance of crib compaction with that of dynamic stabilization.

2 Modelling via a MBS-DEM Coupling

On one hand, the Discrete Element Method (DEM) is a well-established approach
to model granular material such as the ballast. It allows accounting for each grain
of the media and its interactions with other particles. On the other hand, Multibody
System (MBS) formalism enables to account for the dynamics ofmechanical systems
composed of several bodies connected by various kinds of joint. In particular, those
methods are particularly adapted to study the dynamics of the maintenance machines
(tamping machine, compacting machine or dynamic stabilizer).
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Since the maintenance processes of the track imply dynamic interactions between
the ballast and the machines, it is proposed to analyze and optimize their efficiency
using a unified MBS-DEMmodelling approach. This section gives a short summary
of the two methods used for this paper. It then explains briefly how they are coupled.
More details can be found in [1].

When considering DEM, the contact laws between the particles and the way
they are handled deserve special attention. Classically, one can distinguish two main
families. First, methods based on the «Molecular Dynamics» approach resort to
regularized contact laws such as a spring-damper law and thus enable interpenetration
between grains [2]. Estimating equivalent stiffness at the contact point is a tricky
task. Furthermore, the equivalent stiffness may be very high, especially for ballast
stones, requiring small time steps to avoid numerical instabilities. In contrast, the
«Contact Dynamics» approaches consider a rigid contact and impose to solve at
each time step the contact problem at the geometrical and dynamic levels for the
whole set of particles. In particular, the method used in this paper is based on the
Non-Smooth Contact Dynamics (NSCD) approach proposed by Moreau and Jean
[3, 4]. This technique allows considering larger time steps but requires solving a
complex contact problem which may be time-consuming. This second approach is
used for the present work.

The NSCDmethod considers the equation of motion at the velocity level in terms
of differential measure allowing for discontinuities of the velocity:

MGdvG = fG(qG, vG, t)dt +HG(qG)dIU

where qG is the vector of generalized coordinates describing the absolute position
and the orientation of grains; vG is the vector of generalized velocities of grains
which is composed of the translation velocities vi and the angular velocities ωi of
each grain i; MG is the mass matrix; fG represents the non-linear dynamic terms
and the force applied on the system; dvG is the differential measure associated with
the velocity (it encompasses the continuous variation of the velocity and possible
velocity jumps); t is the time, dt is the corresponding standard Lebesgue measure;
dIU is the impulse measure associated with the contact reactions (it is composed
of contributions of regular contact forces and possible impacts); HG is a mapping
operator between the global and contact local coordinates.

This set of equations must be completed by contact and impact laws. For the
maintenance process application, Signorini-Coulomb is considered (see Fig. 1). The
Signorini condition imposes a non-penetration condition while the Coulomb law
corresponds to dry friction. In addition, impacts with null restitution are considered.

MBS formalisms are based on the same fundamental equations, i.e. the Newton–
Euler equations. Several approaches exist, in particular for the description of the
kinematics of the multibody chains. In the present work, relative coordinates are
used [5]: the position and orientation of each body is defined with respect to a parent
body (see Fig. 2). The variables of the system correspond to the degrees of freedom
of the joints. In case of MBS presenting a tree-like structure (see Fig. 2a), i.e. there
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0 −
Fig. 1 Illustration of the Signorini-Coulomb law for a contact α between two particles. Left: in the
normal direction, the Signorini condition imposes a complementarity relation between the normal
component V α

n of the relative velocity and the normal reaction dI α
Un . Right: the Coulomb law defines

sliding and adhesion zones for the relation between the tangential reaction dI α
Ut and the tangential

component V α
n of the relative velocity depending on the normal reaction and the friction coefficient

μ

Fig. 2 Defining the kinematics of a multibody system (MBS) using relative coordinates. Left: a
MBS with a tree-like structure: there is one path only between each body and the absolute frame.
Right: a closed-loop MBS presenting a kinematic loop: one of the joints must be replaced by an
algebraic constraint

is only one path from each body to the absolute frame, the equations of motion
result in a system of ordinary differential equations (ODE). Formulated in terms of
differential measure this set of equations can be written as follows:

MM(qM)dvM = fM(qM , vM , t)dt +HM(qG,qM)dIU

where qM is the vector of joint position; vM is the vector of joint velocities; dvM
is the differential measure associated with the multibody joint velocity; MM is the
mass matrix; fM groups the non-linear dynamic terms, the forces/torques applied on
the system and the joint forces/torques; HM is the global–local mapping operator
that links the multibody generalized coordinates to the contact coordinates.
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Many MBS present kinematic loops (see Fig. 2b) which implies adding algebraic
constraints, resulting in a set of differential–algebraic equations (DAE). In that case,
the coordinate partitioning technique [5, 6] is used to reduce the DAE set to an ODE
system presenting the same form as for tee-like MBS (See Ref. 1 for details).

The interaction between the machine and the ballast comes from the contact
between ballast stones and some parts of the machine. Thus the dynamic coupling of
the two-equation sets results from the contribution of the contact problem and leads
to the following system:

[
MG 0
0 MM(qM)

][
dvG
dvM

]
=

[
fG(qG, vG, t)
fM(qM , vM , t)

]
dt +

[
HG(qG,qM)

HM(qG,qM)

]
dIU

This set of equations is discretized using a monolithic and implicit scheme,
following the Moreau time-stepping method [2, 7]. The non-linear force vector
fM(qM , vM , t) is integrated explicitly. For the granular media, non-linearities of
fG(qG, vG, t) come from the angular velocity and require a specific treatment. The
global–local mapping is used so as to formulate the dynamic equation in the local
frame where the contact problem is solved. For this purpose, a Non-Linear Gauss-
Seidl (NLGS) procedure is used. It consists of solving each contact one by one,
assuming the others are solved. The operation is repeated several times until the
algorithm converges to a solution.

Themethod is implementedby coupling two software programs:LMGC901 devel-
oped for the modelling of granular materials and ROBOTRAN2 dedicated to MBS.
On one hand, ROBOTRAN computes the kinematics and the dynamics of the multi-
body chains [8]. It is based on a symbolic approach which enables it to easily give
access to the equations of motion to LMGC90. On the other hand, LMGC90 calcu-
lates the dynamics of the ballast grains. Furthermore, LMGC90 gathers internal data
with information coming from Robotran to perform a collision detection. Then, the
NLGS algorithm of LMGC90 solves a monolithic contact problem accounting for
the dynamics of both systems. The contribution of the contact problem solution is
then accounted for in the dynamics of each system by the corresponding software.

The multibody model of the machine is illustrated in Fig. 3 is composed of 8
rigid bodies. It presents 2 kinematic loops. The mainframe is assumed to follow a
vertical motion controlled by a joint force. Hydraulic actuators are modelled using
two bodies connected by a prismatic joint where the squeezing force is applied. They
are mounted on an eccentric shaft driven by a joint torque. This results in 4 degrees
of freedom for the tamping unit. The ballast and the sleeper are modelled by convex
polyhedra. The friction between the particles and between the particles and sleepers
is set to 0.8, the restitution coefficient at contact to 0 and the rock density 2700 kg/m3.
The interaction of the two subsystems results from the contact of the tamping tool
(arms and tines) with the ballast grains.

1 https://git-xen.lmgc.univ-montp2.fr/lmgc90/lmgc90_user.
2 http://www.robotran.eu.

https://git-xen.lmgc.univ-montp2.fr/lmgc90/lmgc90_user
http://www.robotran.eu
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Fig. 3 Illustration of the strongly coupled MBS-DEM modelling of the tamping operation. Left:
Schematic view of the model of one type of tamping machine modelled in Robotran interacting
with a granular model of the track in LMGC90. The LMGC90 contact solver ensures the dynamic
monolithic coupling between the two subsystems. Right: Screenshot of the 3D model before the
machine enters the ballast

3 Maintenance Operations Modelling

3.1 Reduction of Ballast Fragmentation Due to Tamping

Tamping is a process used to put back into place the sleepers which have settled under
traffic: each sleeper is lifted to its right position and the ballast under it is compacted
in order to maintain it at that position. Tamping can be decomposed into two phases:
insertion of the compacting tines on both sides of the sleeper and then squeezing of
the ballast beneath that sleeper (Fig. 4). Although the tines are vibrating, the insertion
phase can substantially damage the ballast hindering its shearing strength. One of
the objectives of the present study was to reduce that degradation by measuring the

Fig. 4 Configuration of tamping simulations
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Fig. 5 Localization of fractured grains (in red) within the ballast layer

stress sustained by the ballast grains during tamping using the ability of the discrete
element method to monitor the forces acting on each of them.

Figure 5 highlights in red the ballast grains which have sustained a pressure higher
than the granite fragmentation threshold of 12 MPa (internal SNCF source) during
tamping. Fragmentation is localized around the trajectory of the tines and occurs
more significantly at the end of insertion. These results confirmed that tamping is
very aggressive to ballast.

Different solutions have been analyzed to fluidize the ballast and hence
temporarily reduce its shearing strength to facilitate the insertion of the tines but
they have proved insufficient to reduce ballast fragmentation [9]. The present study
explored the optimization of the insertion speed of the tines. The authors observed
that the fragmentation of the ballast grains is higher at the end of the insertion and
tried to decelerate the tines before they reach their final depth. In order not to increase
the total tamping time, which can hinder maintenance operations, it was necessary to
set the initial speed higher: in the end the longer the deceleration phase the higher the
initial speed. Figure 6 (left) explains the tine insertion speed profiles analyzed: the
conventional constant speed mode and additional profiles including a deceleration
with initial speed between 1.7 and 2.5 m/s. Figure 6 (right) shows that even if the
initial speed is higher the number of fractured ballast grains tends to decrease. A
statistical analysis is necessary to confirm this tendency but because of the granular
nature of ballast, deviation from this pattern can still be observed such as the one for
2.3 m/s.
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Fig. 6 Insertion speed profiles (left) and related fractured ballast grains numbers (right)

Fig. 7 Number of fractured ballast grains with (dot lines) and without (continuous lines) MBS

The DEM approach coupled with MBS (ROBOTRAN) has been used to model
the same process. Figure 7 presents a comparison of the numbers of fractured ballast
grains estimated from the stress on the grains at five different times of tamping
simulation usingMBS or not for three initial insertion speeds and taking into account
a 12 MPa fracturing threshold. It shows that the non-MBS approach over-estimates
the number of fractured grains as can be expected in a model where the trajectories of
the tamping tines are fully defined. The resultswithMBSconfirmed that prescribing a
deceleration of the tines at the end of the insertion helps to decrease the fragmentation
of the ballast grains.

3.2 Comparison of Crib Compaction with Dynamic
Stabilization

Even if it corrects its geometry, tamping is not sufficient to restore the track to
full operational conditions: the ballast layer density is not homogeneous anymore
and the contacts with the sleeper are reduced impacting, in the same manner, the
lateral resistance of the track crucial to prevent rail buckling during heat waves.
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This condition after tamping impedes regular traffic and requires that trains travel
at lower speeds completing a given tonnage high enough to stabilize the ballast
layer. This stabilization corresponds to a denser rearrangement of the ballast grains
under the vibrations created by the trains rolling on the track. This rearrangement
can be accelerated by transferring directly mechanical energy to the ballast layer
by vibrating the rails using dedicated equipment. This is the idea behind dynamic
stabilizationwhere the rails are vibrated laterally while a load is applied to them. This
process is now systematically applied after tamping on the French railway network.
However, there are situations where it cannot be applied, such as on steel bridges
because of possible resonance phenomena. Crib compaction is a possible alternative
to dynamic stabilization but is barely used in France. Before being implemented, it
was assessed experimentally and numerically as in the present study by comparison
to dynamic stabilization.

Both dynamic stabilization and crib compactionwere compared numerically using
a four sleeper section (Fig. 8). In dynamic stabilization, the lateral speed of the
sleepers was set to a cyclic signal of 0.2 m/s at 25 Hz limited in amplitude by a
0.75 Hz sinusoidal envelope, repeated twice. Simultaneously a bell-shaped load of
60 kN was applied. In crib compaction, a vertical vibrating load of 50 Hz/45 kN was
applied on the cribs and shoulders of the track for 2 s. These are typical values for
both processes.

While in dynamic stabilization the ballast layer surface was barely modified, in
the crib compaction process the shoulders of the track were heavily settled by the
side compactor (Fig. 9) and in the end the ballast, profile did not comply anymore
with the French standard. Figure 10 shows a comparison of the density along the
track after tamping, dynamic stabilization and crib compaction. The initial layer of
ballast was created by letting ballast grains settle under gravity leading to a homo-
geneous layer in terms of density around 55% (ratio between volume of rocks and
volume of rocks+ voids). After tamping, the layer was heterogeneous and presented
peaks of density under the sleepers. After crib compaction, the layer was denser
and more homogeneous. After dynamic stabilization, the layer was denser but still

Fig. 8 Concepts of dynamic stabilization (left) and crib compaction (right) in simulations
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Fig. 9 Settlement of ballast after crib compaction in simulations

Fig. 10 Density of the ballast layer along the track

heterogeneous. Further simulations of crib compaction without side compactors are
underway and seem promising in terms of compaction.

Figure 11 shows that the two processes worked in opposite ways. Crib compaction
pushed the ballast grains of the cribs under the sleepers while dynamic stabilization
moved them away from under the sleepers to the cribs leading to a settlement of the
track.

Fig. 11 Displacements of ballast grains in dynamic stabilization (left) and crib compaction (right)
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Fig. 12 Evolution of the number of contacts underneath the sleepers (in black) on the sides of the
sleepers (in red) and all (in green) during tamping (top), during crib compaction (bottom left) and
during dynamic stabilization (bottom right)

The performance of each process can be measured by the number of contacts
created between the ballast grains and the sleepers because the more contacts the
better the lateral resistance of the track for similar densities. Figure 12 shows the
evolution of the number of contacts underneath the sleepers and on the sides of the
sleepers during all processes. Tamping obviously decreased the number of contacts
particularly under the sleeper confirming the instability of the layer after this process.
Crib compaction increased the number of contacts under the sleepers while dynamic
stabilization increased the number of contacts on the sides of the sleepers. Previous
internal studies have shown that the bottom of the sleeper contributes at a higher
level to the lateral resistance than the sides of that sleeper which means that a higher
lateral stability can be expected after crib compaction than dynamic stabilization.
Further simulations are underway to clarify this assumption.

4 Conclusions

The discrete element approach is an adequate method to analyze and optimize the
maintenance processes of ballasted railway tracks and is even more efficient when
coupled with the multibody system method.
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The simulation results show that the fragmentation of ballast due to tamping can
be reduced by controlling the insertion speed of the tines. They also confirm that crib
compaction is an efficient alternative to dynamic stabilization in terms of compaction
capability and potentially lateral resistance of the track.

Experimental tamping tests are underway to confirm and measure the effect of
tamping on the degradation of ballast.
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Dynamic Behavior Modeling
of Full-Scale High-Speed Ballasted Track
Using Discrete Element Method

Zhongyi Liu, Bin Feng, Wei Li, Erol Tutumluer, Xuecheng Bian,
and Youssef M. A. Hashash

Abstract Ballast layer dynamic behavior is critically important for railway track
design and maintenance optimization. This paper presents findings on crosstie and
ballast particle dynamic responses obtained from: (i) laboratory tests conducted at
Zhejiang University innovative high-speed rail tester (ZJU-iHSRT) and (ii) discrete
element method (DEM) simulations using algorithms with newly featured parallel
computing capability developed at UIUC. Overall, more than 170,000 ballast parti-
cles and eight crossties were assembled in the DEM model. A proportional integral
derivative (PID) controller was utilized to ensure realistic dynamic loads applied on
crossties at three train speeds: (1) 108 km/h; (2) 252 km/h; (3) 300 km/h. Crosstie
vibration velocities predicted using the DEM model matched closely with measure-
ments from laboratory tests both in trends and in magnitudes. With Fourier transfor-
mation and Butterworth filter techniques implemented on ballast particle vibration
velocities captured in the DEM model, inherent signal noise could be reduced, and
as a result, the predicted ballast particle vibration trends matched closely with labo-
ratory sensor measurements. However, individual ballast particle vibration magni-
tudes predicted by the DEM simulations revealed certain discrepancies with the
measurements since velocity sensors used in the experiment only recorded vibration
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responses of an assembly of ballast particles. Further studies are necessary to reveal
more detailed findings.

Keywords Railway · Crosstie · Ballast · Discrete element modeling · Dynamic
response · Fourier transformation · Signal filtering

1 Introduction

Ballasted track is a common track type used in railway corridors in theUSABallasted
track consists of two parts: (1) superstructure, including rail, fastener and crosstie;
(2) substructure, including ballast, subballast and subgrade. Compared to a ballast-
less slab track, ballasted track can provide better drainage and flexible support to
the track and is generally more economical to construct. Because of the significant
infrastructure investments by freight companies in ballasted track, current U.S. high-
speed railway (HSR) programs often need to share trackagewith freight trains in joint
rail corridors [1, 2]. As investigated in previous studies [3], higher train speed will
routinely amplify crosstie movements and increase deformations of the particulate
natured ballast layer, which presents challenges for constructing a safe, reliable and
sustainableHSR infrastructure. To tackle such challenges inHSR constructionwhere
speed increases are introduced in joint lines, a better understanding of the dynamic
behavior of crosstie and ballast components in a ballasted track system is important
and necessary.

Discrete elementmethod (DEM) is a numericalmodeling approachwidely usedby
researchers to investigate ballasted track deformation behavior due to its suitability to
model individual ballast particle interactions under dynamic train loading scenarios.
Tutumluer et al. developed crosstie-ballast DEMmodels to predict ballast settlement
trends and validated the models with field measurements [4, 5]. Ngo et al. used DEM
to simulate behavior of geogrid stabilized ballast fouled with coal in a shear box [6].
Huang et al. also achieved simulations of fouled ballast in a shear box by adjusting
particle surface friction angles [7]. Hou et al. developed crosstie support condition
models using DEM to study effects of crosstie support condition on ballasted track
dynamic responses under static loading, and subsequently, Bin et al. introduced
dynamic train loading patterns at different speeds into the crosstie support condition
models for further investigating mixed train traffic effects [3, 8]. Previous studies
mainly concentrated onmodeling laboratory shear tests or one crosstie-ballast model
under designed loading, and suchmodels performedwell in analyzing local ballasted
track performance.

Note that there is a lack of research studies in the literature and therefore a gap
in our understanding, when it comes to focusing on large-scale DEM simulations of
ballasted track in relation to full-scale experiments involving multiple crossties and
various dynamic loading scenarios associated with high-speed passenger trains. This
study is intended to partially fill the current gap by constructing a full-scale, realistic
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DEMballasted trackmodelwith eight crossties and over 170,000 ballast particles and
simulating the full-scale laboratory tests conducted at Zhejiang University (ZJU).

2 Full-Scale High-Speed Rail Tester (ZJU-IHSRT)

As shown in Fig. 1, the Zhejiang University innovative high-speed rail tester (ZJU-
iHSRT) is a full-scale experimental facility equipped with eight actuators that can
work in a specific sequential way to simulate train passages up to 360 km/h. The tie

Fig. 1 Full-scale high-speed
railway tester (ZJU-iHSRT):
a longitudinal cross-section
view; b actual image of the
ZJU-iHSRT

(a)

(b)
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spacing is 0.6 m, and rail segments were installed on the crossties to transfer load
from actuators downwards. The eight IIIc-type concrete crossties were placed on top
of the physical model substructure, which consisted of a 0.3 m ballast layer, a 0.7 m
subballast layer, a 2 m embankment and a 0.7 m piled foundation from the top down.
Figure 2b shows the installation locations of vibration velocity meters on the surface
of ballast layer and crossties in the physical model. Especially, records of velocity
sensors V2 (at centerline of No. 5 crosstie surface) and V4 (at centerline between
No. 5 and No. 6 crossties) were selected to verify the DEM model outputs in this
study. The corresponding crosstie and ballast locations monitored in the DEMmodel
are also labeled in Fig. 2a.

The resultant loadings on fasteners were analogous to field loadings as illustrated
in a previous paper [9] based on Takemiya and Bian’s train-track analysis model
[10]. In total, three loading patterns were created to simulate three speeds: 108, 252
and 300 km/h. The speed effect on loading magnitude was not considered in this
study. Therefore, the same loading magnitude, i.e. 80 kN, at each speed was used.
The differences among loading patterns were reflected in different durations between
two adjacent peaks.

Fig. 2 a DEM model geometry and locations for vibration velocity analysis; b top view of the
vibration velocity sensors installed in the full-scale physical model
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3 DEM Simulation

3.1 Model Setup

BLOKS3D, a polyhedral 3D DEM code at the University of Illinois with parallel
computation capability, was used to simulate the full-scale tests conducted at ZJU-
iHSRT and establish a better understanding of the ballasted track dynamic response
behavior. In accordance with the physical model at ZJU-iHSRT, the DEM model as
shown in Fig. 2a placed eight crossties on over 170,000 ballast particles with overall
model dimensions of 5.5 m × 5.4 m × 0.485 m. The ballast shoulder slopes at both
sides were 1:1.75. Shape and angularity properties of ballast particles utilized in
the DEM model were the same as those in the full-scale physical model analyzed
with the Enhanced University of Illinois Aggregate Image Analyzer (E-UIAIA) [11,
12]. Gradation of ballast layer satisfied the requirement of No. 4A gradation of the
American Railway Engineering and Maintenance-of-Way Association (AREMA).
The bottom boundary under the ballast layer was modeled as a rigid plane with a
contact normal stiffness of 20MN/m.Note that particle breakage is not allowed in the
BLOKS3DDEMmodel. However, Qian found that the gradation of limestone ballast
aggregateswas approximately identical to original after three permanent deformation
tests (i.e. up to 30,000 repetitive loading cycles)which suggest negligible degradation
[13]. Considering limited number of loading cycles in this study, it is reasonable to
assume particle breakage was not predominant.

3.2 Loading Patterns with PID Controller

The three loading patterns acting on the fasteners in the physical model were used
as input in the DEM simulation. To ensure reaction force reaching the same target
force as applied in the physical model at ZJU-iHSRT, a validated PID controller was
implemented in DEM simulation [9]. The controller generates force using feedback
error as follows:

f (t) = kpe(t) + ki
t∫
0
e(τ )dτ + kd

de

dt

where f is control force and e is the error between reaction force and target force.
Thus, the control force is a sum of three terms: P-term (which is proportional to error)
represents present value of error; I-term (which is proportional to integral of error)
reflects historical error; and D-term (which is proportional to derivative of error) is
interpreted as prediction of future error. At every time step in the DEM model, the
resultant force acting on crossties is updated with the PID controller as illustrated in
Fig. 3.
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Ʃ I: Ki ∫ e(τ) dτ Plant

Desired 
force e

Controlled 
force
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+

-
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P: Kp e(t)

Ʃ 

+

+
+

Fig. 3 A PID controller block diagram: a contact force feedback loop

4 Results and Discussion

With the large-scale DEM simulation model, dynamic responses such as veloci-
ties, forces and particle centroid coordinates were recorded at small time intervals
of 1.62 × 10−4 seconds in the simulation of train passing. To validate the DEM
model outputs with experimental results, crosstie and ballast layer vertical vibration
velocities at the similar locations were investigated. Figure 2a labels the investigated
crosstie and ballast layer surface locations in the DEMmodel, and the corresponding
sensor V2 and V4 installation locations in the physical model are circled in Fig. 2b.

4.1 Comparisons of Crosstie Vibration Velocities

Figure 4 compares crosstie V2 sensor vibration velocities measured in the full-scale
physical model and DEM model simulation data at three different speeds of 108,
252 and 300 km/h. The positive velocity in the figure indicates the crosstie moving
upward, while the negative value means the crosstie is moving downward.

It is clearly shown in Fig. 4 that crosstie vibration velocities predicted from the
DEM model match well with those measured from the full-scale physical model
in both the vibration trends and magnitudes at the three investigated speeds. The
magnitudes increasing with higher train speeds can be observed as well. The crosstie
vibration velocities from the DEM model fluctuate obviously more than those from
the physical model at the speed of 108 km/h. Such performance could possibly be
explained as ballast particle abrasion, edge chipping and even breakage that may
have happened in the physical model, whereas ballast particle sizes and shapes were
kept unchanged with train loadings in the DEM model. With many train passes, the
ballast particles underneath the tested crosstie would be denser and good shakedown
achieved in the physical model. Better support condition underneath the crosstie in
the physical model would lead to steadier vibrations. Note that at 252 and 300 km/h,
the crosstie vibrates more smoothly than that at a speed of 182 km/h, and this can be
caused by shorter rest period or free vibration time for the crosstie at speeds of 252
and 300 km/h.
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Fig. 4 Crosstie vibration velocity comparison between the experiment and DEMmodel: at speeds
of a 108 km/h, b 252 km/h, c 300 km/h

Based on the study by Boler et al., the loading frequencies related to train config-
urations at the three investigated speeds are all under 30 Hz [14]. Therefore, ballast
vibration frequencies should be in a range from 1 to 30 Hz. To eliminate the effect of
vibrations for frequencies over 30 Hz, a proper signal filtering is required. Filtering
is a common practice for removing some unwanted components of a signal so that
component of interest in a measured signal can be emphasized. As for this study,
Butterworth filter with order of 3 was implemented. The orange lines in Fig. 5c, d
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Fig. 5 Fourier transformation and Butterworth filter illustrations: a time domain, b frequency
domain

display the selected ballast particle (#149091 in the DEM model) filtered vibration
velocities in time and frequency domain, respectively. Black lines illustrate the unfil-
tered original data, the same as those in Fig. 5a, b. Figure 5d demonstrates that the
Butterworth filter indeed decreased the vibrations for frequencies over 30 Hz and the
dissipation rate was smooth from 30 to 100 Hz. After converting the filtered data to
time domain, i.e., orange lines shown in Fig. 5c, noise was cut down dramatically
and the vibration velocities display trends with the train passes more explicitly. Thus,
using a Butterworth filter can efficiently clean noise and expose features of vibration
velocities simulated in the DEM model. In this study, such a technique was applied
to all ballast vibration velocities in the DEM model.

4.2 Comparisons of Ballast Vibration Velocities

The vibration sensor installed in the ballast layer in the ZJU-iHSRT consists of two
parts: (1) the measurement sensor placed on top of the ballast layer, and (2) the
0.2 m long nail-like metal frame inserted into the ballast layer. Thus, not a specific
individual ballast particle was detected by the sensors during dynamic loadings, and
the recorded vibrations by such sensorsmight reflect combined dynamic responses of
all surrounded ballast particles. To accurately compare the ballast layer vibrations at
V4 (see Fig. 2b) between the physicalmodel and theDEMmodel, vibration velocities
of all ballast particles, located within a 0.30 m × 0.30 m × 0.30 m region around
ballast vibration sensor, were monitored throughout the whole simulation. In total,
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426 ballast particles in the DEMmodel were monitored and their vibration velocities
were analyzed.

Figure 6 presents the ballast vibration velocities measured from V4 sensor in the
full-scale physical model, and the original and filtered predictions from the DEM
model at three different speeds: 108, 252 and 300 km/h. Positive value represents
the ballast particles moving upwards, and negative value means the ballast particles

Fig. 6 Ballast vibration velocity comparisons between physical model and DEM model (original
and filtered): at speeds of a 108 km/h, b 252 km/h, and c 300 km/h
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moving downwards. Solid black lines are the vibration velocities collected from V4
sensor. The light orange lines and orange lines in one figure represent original and
filtered vibration velocities of one particle out of the 426 monitored ballast particles,
respectively. Note that the ballast particles selected in Fig. 6a–c are all different.

Overall, a good match can be observed in both trends and magnitudes between
the filtered individual particle vibration velocities from the DEMmodel and the data
collected from the sensor V4. With an increase in train speed, ballast will vibrate at
higher magnitudes and frequencies. It seems difficult to make the same observations
from the original simulation data when the velocities fluctuate more unsteadily than
the filtered ones. Note that the filtered data do not match very accurately for negative
values when compared to positive ones. As mentioned, what reflected by the sensor
installed at V4 were complicated and included vibrations of an assembly of particles,
and such behavior could not be represented by a single particle. Possibly, some
particles had better matches with negative values and somewith the positive ones and
the sensor results are collected as a combined effect of all particle movements. More
detailed research is needed to shed light on such combined effects of all neighboring
particles on the sensor.

4.3 Individual Ballast Particle Behavior in the DEM Model

To further study the combined effects of all particle vibration velocities, individual
particle vibration velocities need to be collected and analyzed. Figure 7 compares
five representative ballast particle filtered vibration velocities in the DEM model.
Figure 7a–d present four different particle filtered vibration velocities at their first
loading cycle (four wheels passing). All four particles vibrated differently from one
another. To be more specific, the first three particles in Fig. 7a–c have the same
vibration trends with the experimental sensor data while the one in Fig. 7d vibrates
with an opposite trend. In addition, among the three particle vibration velocities,
the first one in Fig. 7a mostly consists of large positive values; the second one in
Fig. 7b is dominated by large negative values; and only small vibrations are observed
in Fig. 7c. As for the particle with the opposite trend in Fig. 7d, it displays large
negative vibrations. Differences among all ballast particles within the same loading
cycle can be quite intriguing in which ballast particles located at different places in
the ballast layer undertake different load vibrations; and further, different masses and
shapes may make particles react differently even under the same loading condition.

A typical filtered particle vibration velocity trend in first two loading cycles is
recorded and compared with those measured from the physical model in Fig. 7e.
The vibration velocities measured from the physical model seem identical, while
those of the individual ballast particle perform differently between the two consec-
utive loading cycles. Different vibrations during the second loading cycle may be
caused by a change of particle interlock status, which can change force directions
and magnitudes acting on the ballast particle.
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(a) Same trend; dominated by positive 
vibrations

(b) Same trend; dominated by negative 
vibrations

(c) Same trend; small vibrations (d) Different trend; dominated by
negative vibrations

(e) Particle vibration velocities in two loading cycles

Fig. 7 Typical vibration velocities obtained from five ballast particles, parts (a)–(e)

To summarize, ballast particles around an inserted sensor in the physical model
may vibrate differently in trend, magnitude or both. Therefore, the ballast vibration
velocities recorded by the sensor in the physical model cannot be simply captured by
an individual ballast particle in the DEM model. Some relationships between vibra-
tion velocities of individual particles and thosemeasured by the sensor in the physical
model in trend and magnitude have been exposed after filtering. Such observations
would make it possible to study the combined effects of all neighboring ballast
particles on the overall ballast vibration velocity sensor measurements.
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5 Conclusions

A large-scale ballast layer model with over 170,000 ballast particles and eight
crossties were set up using the University of Illinois polyhedral DEM code,
BLOCK3D, to simulate the full-scale experiment conducted at ZJU-iHRST. Three
train speeds, 108, 205 and 300 km/h, were simulated in the DEM model corre-
sponding to the full-scale physical model tests. Vibration velocities of the same
crosstie captured in the DEM model and measured in the physical model were in
good agreement. To compare ballast layer vibration velocities, 426 ballast particles
from the DEM model were studied in a location where a vibration velocity sensor
was instrumented in the ballast layer physical model to record and monitor vibra-
tion velocities. The vibration velocities of the 426 ballast particles were filtered and
compared with the results measured by the sensor in the physical model. Following
conclusions can be drawn from this study:

• Crosstie vibration velocities captured in the DEM model matched closely with
thosemeasured in the physical model for bothmagnitude and trend. Higher veloc-
ities at higher speeds were captured both in the DEM model and the physical
model.

• Fourier transformation can decompose ballast particle vibrations from time
domain into frequency constitutions and Butterworth filter was proven to be effec-
tive to reduce signal noise. Filtered ballast particle vibration velocities can display
clearer trends andmagnitudes than the original ones. It ismore accurate to compare
filtered ballast vibration velocities from the DEM model with those measured in
the physical model.

• Ballast layer vibration velocity measured by the sensor in the physical model was
not the result of a ballast particle vibration, but instead it was a combined effect of
many neighboring ballast particle vibrations. The vibration velocities measured
by the sensor cannot be predicted by an individual ballast particle in the DEM
model.

• The 426 ballast particles monitored in the DEM model around the same loca-
tion where the sensor was installed in the physical model vibrated differently in
either magnitude, trend or both. An individual ballast particle might also perform
different vibrations due to different and sometimes consecutive loading cycles.
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Steel Slag Aggregate Characteristics
Evaluation as Railway Ballast

Guoqing Jing , Peyman Aela , Qiang Zhou, and Wenli Jia

Abstract The use of recycled materials is a new tendency in the field of railway
engineering. Steel slag aggregates (SSA) are one of the recycled materials derived
from the steel industry. The application of SSA in ballasted railway tracks requires
mechanical examination. In the present paper, the shear behavior of the ballast
layer constructed by SSA and basalt aggregates was considered to assess the use
of SSA as a substitution for basalt. In this regard, a series of large-direct shear tests
were performed on basalt and SSA under various normal stresses. Based on the
results, basalt aggregates have higher shear resistance than SSA for all normal stress.
However, steel slag has sufficient shear strength as well as particle abrasion resis-
tance. Overall, it was proven that the SSA has suitable stability against shear forces
that could be applied on railway ballast.

Keywords Shear resistance · Large-direct shear test · LA abrasion · SSA · Basalt

1 Introduction

In terms of the mitigation of environmental issues, the application of recycled mate-
rials in construction has grown considerably. The use of different types of recycled
materials was reported by Prezzi [1], including tire rubber, fly and bottom ash, blast
furnace slag, steel slag, cement kiln dust, glass, reclaimed asphalt pavement (RAP),
and silica fume. Steel slag aggregates (SSAs) are one of the materials widely used in
civil structures. Chemical properties of SSA were provided by Yildirim [2]. From a
durability and economic perspective, the application of steel slag as fine aggregates in
concrete and asphalt mixtures was a new approach investigated by many researchers
[3–8]. On the other hand, due to the high density, better drainage properties, rough
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texture, and high resistance to changes in temperature, the SSA could also be used
in railway superstructure applications [9].

Steel slag is a by-product of steel making formed during the separation of the
molten steel from impurities in steel-making furnaces by one of the following
methods:

• Basic Oxygen Furnace (BOF), where iron is transformed into steel, with the
injection of oxygen to hot liquid metal, scrap, and fluxes.

• Electric Arc Furnace (EAF), where steel is produced by melting scrap steel, with
melting the cold metal scrap.

In the process of BOF and EAF, 25%–35% and 100% old steel (scrap) is used
for steel-making slag, respectively [10]. Although a massive amount of steel slag
is utilized in the USA and European countries, only 22% of the produced slag is
reused in the industry of China [11], and about 70 million tons of steel slag is
released in China every year [12]. To produce SSA, firstly, the raw material (below
350 mm) enters the vibrating feeder (Fig. 1). Particles with a size of < 100 mm and >
100 mm are transferred to the cone crusher and jaw crusher, respectively. Afterward,
material crushed in the jaw crusher move to the cone crusher for secondary crushing.
Throughout this process, ironmaterial is removed by the iron remover. Subsequently,
the iron remover is screened by the vibrating screen, and the return cone crusher of
more than 10 mm continues the aforementioned procedure, and particles with the
size of lower than 10 mm are accumulated as the final product output [13].

CaO and SiO2 are the main components of SSA for different processes of produc-
tion, such as BOF, EAF, and Ladle slag [14]. As shown in Table 1, SSAs have
approximately the same mechanical behavior as mineral aggregates [12, 15]. The
higher density of particles could be a positive characteristic to enrich track stability.
Asmentioned earlier byGuo et al. [12], the type of treatment, including layer pouring,

Fig. 1 Process of steel slag production [13]
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Table 1 Mechanical properties of steel slags versus mineral aggregates [12]

Properties Steel slag Basalt Granite Greywacke

Particle density 3.1–3.7 2.8–3.1 2.6–2.8 2.7

Comprehensive strength 200 300 120 200

Impact value 17 17 – 20

Resistance to polishing (PSV) 54–57 50 45–55 56

Water absorption 0.2–1.0 < 1.0 0.3–1.2 < 0.5

Resistance to freezing < 1.0 < 1.0 0.8–2.0 < 0.5

rotary cylinder, self-disintegrated by steam, and air-granulated, has a significant
impact on the stability of steel slag production.

SSA iswidely used in asphalt aggregate, cement, agriculture amendment, railroad,
road base, and gabions [9, 16]. So far, SSAs have a high proportion of road construc-
tion by 67% [17]. In the current study, the application of steel slag was considered
as a substitution of mineral aggregates in the ballast layer. The application of SSA
in ballast tracks will contribute to sustainable development, decreasing the accu-
mulation of waste material in the environment. However, less than 1% of SSA was
used as ballast material in 1996–2001 [17]. From the environmental perspective, the
radioactivity of slag does not influence the health condition of humans in case of
using outdoor construction [18]. The hardness and rough surface of SSA are effec-
tive physical characteristics be likely to enrich ballast lateral resistance so that the
angle of internal friction and hardness of SSA on the Mohs scale is in the range of
45–50 and 6–7, respectively [14]. However, the application of SSA as an unbound
layer should fulfill the requirements of EN 13242-2013-05 [19]. On the other hand,
in order to examine the stability of a layer constructed by SSA, volume expansion
of the unbound granular material should be checked based on physical properties of
a given slag according to the following formula:

F ≤ k
(γs − γ0)

γ 2
s

× 100% (1)

where F is the hydratable oxide content of the slag; γ s is the specific gravity of
the slag; γ 0 is the bulk relative density of the slag, and k is a constant associated
with the physical characteristics of the slag. If the hydratable oxide content (F) is
lower than the right-hand term, aggregates will not extend in the case of using as
granular material. It should be noted that the electrical resistance of SSA does not
cause disturbance for the railway track circuit [20]. However, for the safety and
reliability of railway operation, it is not recommended the furnace slag to be used in
poor drainage or heavy rain conditions in case of track circuit problems.

The mechanical behavior of SSA should be assessed in order to apply to railway
ballast tracks. Cyclic and monotonic triaxial tests on SSA with 1/3 of actual ballast
size had higher strength and lower deformation than granite particles, as reported by
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Delgado [21]. In other research, the lateral resistance of the ballast layer is another
factor that should be considered in terms of track buckling. In this regard, different
components influence the lateral resistance, such as sleepers, ballast, and fastening
system [22]. The replacement of stone aggregates with SSA could be an economical
and environmental solution. The field test result conducted by Esmaeili et al. [23]
confirmed 27% growth in lateral resistance of track due to the replacement of lime-
stone with SSA. In addition, the application of SSA could increase the rail support
modulus by 64% in comparison with the limestone ballast track. There was a reduc-
tion in the contact stress between sleeper and slag ballast due to the high durability
of SSA [24].

The shear behavior of the ballast layer is an important parameter that influences
track lateral resistance. So far, several studies have been conducted on the shear
behavior of ballast particles using the large-direct shear test. Large-direct shear tests
carried out on clean and contaminated ballast with and without reinforcement were
presented in Table 2. Due to the various sizes of the shear box, ballast gradation, and
type of material, the shear resistance of ballast aggregates is variable.

So far, there is no experiment to evaluate the shear behavior of steel furnace slag
using the large-direct shear test. Although adding 10% rubber crumb to the mixture
of steel slag-coal wash (SFS-CW) causes an increase in the damping of ballast layer
and consequential reduction in the ballast breakage, there is a reduction in the shear
resistance of the mixture [33]. Therefore, the application of the steel slag without
rubber crumb was preferred in this study in order to improve the shear behavior of
ballast track. In this regard, the comparison between steel slag and basalt aggregates

Table 2 Different authors performed shear box tests

References Test type Box size
(cm3)

Material Maximum
normal
stress (kPa)

Shear
resistance
(kPa)

Friction
angle (˚)

Huang [25] Simulation 30 × 30 ×
20

Granite 200 283 46.6

Dissanayake
[26]

Experiment 40 × 30
(cylindrical)

Biotite
gneiss

92 150 58 - 65

Liu [27] Experiment 30 × 30 ×
20

Granite 200 400 55 - 64

Jing [28] Experiment 30 × 36 ×
24

Basalt 200 230 _

Danesh [29] Experiment 31 × 31 ×
21

Andesite 183 280 55–65

Toloukian
[30]

Experiment 44 × 44 ×
36

Dolomite
limestone

200 280 53

Indraratna
[31]

Simulation 30 × 30 ×
20

_ 75 120 –

Sweta [32] Experiment 45 × 45 ×
30

Granite 70 126 64.7–66.5
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was examined in terms of shear resistance by means of large-direct shear tests. In
addition, the hardness of SSA was measured by the Los Angeles abrasion test in
order to determine the actual physical parameters of SSA in this research. The range
of LAA value for SSA is 15–20, as already proposed by Morata et al. [34].

2 Material Properties

In order to survey the use of SSA as a substitution of common ballast aggregates,
Electric Arc Furnace (EAF) and basalt aggregates were tested (Fig. 2a). According
to China National Standard TBT 2140, both types of material were provided with the
same particle size distribution, as shown in Fig. 2b. In order to evaluate the durability
of SSA, Los Angles Abrasion (LAA) test was conducted based on TB/T 2328.1 and
ASTM C535-96 (Table 3). The results indicate that basalt and steel slag abrasion

Fig. 2 a Sample of basalt and SSA, b particle size distribution, c particle abrasion after LAA test,
d sieving particles
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Table 3 Results of LAA tests on basalt and SSA

China National Standard (20–40) ASTM (31.5–50)

Basalt SSA Basalt SSA

LAA (%) 6.0 29 4.93 24.4

resistance is in good agreement with the results of previous studies [14, 35] and
meets the requirement of the American Railway Engineering and Maintenance of
Way Association (AREMA) [36]. The lower LAA value of basalt could be attributed
to the high strength of basalt material in comparison with SSA.

3 Test Procedure

Direct shear strength tests were performed on the reconstituted basalt and steel slag
aggregates. Figure 3a shows the large shear box equipment comprised of two boxes

Fig. 3 a Compaction of samples, b full compacted sample, c instrumentation of shear test,
d displacement gauge
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with 600mm, 600mm, and 250mm in length, width, and height, respectively. Ballast
samples were prepared in five layers with a thickness of 10 cm along with the height
of the shear box up to the top of the upper box. The bulk density of steel slag and
basalt samples was 1570 kg/m3 and 1420 kg/m3, respectively, which were prepared
by dropping thematerial into the box. Figure 3b shows the placement and compaction
of samples in the lower box. The direct shear test was conducted for three normal
pressures of 50, 100, and 200 kPa, and horizontal loading was applied by a hydraulic
jack with a capacity of 100 kN to the bottom box. Simultaneously, the shear and
vertical force were recorded using two digital indicators with a measurement course
of 100 mm and 30 mm, respectively. Recording continued until the displacement of
the bottom box reached 60 mm. This procedure was repeated three times to get the
average value for each loading condition. It is noteworthy that the rate of applied
force was 1 mm/min.

4 Test Results

4.1 Shear Strength of Fresh Ballast

The shear stress–displacement curve of basalt and SSA samples is presented in Fig. 4,
which are approximately in the range of results reported by former studies [29, 37].
As shown in Fig. 4a, basalt samples had the highest shear strength at all normal
stresses that can be attributed to the fact that basalt aggregates have a higher strength
to bear applied stresses. In addition, with the increase of the normal stress, variation
of strength between basalt and SSA became higher, so that the peak shear stress was
301.9 and 217.6 at 200 kPa normal stress, respectively (Fig. 4b). Since the recorded
shear stress of SSA is in the range of ballast shear resistance reported by Estaire [37],
SSA could be used as the substitution of rock material in ballasted railway tracks.
As shown in Fig. 4c, the values of friction angle slightly decreased with the increase
of normal stress for all samples. Due to the high vertical stress (200 kPa), the peak
friction angle reduced about 19% in the case of using SSA as a substitution of basalt
particles. As already reported by Estaire [37], parabolic curves could be precisely
fitted on the variation of shear resistance and friction angle.

In order to make a comparison between the angle of repose and friction angle,
samples of basalt and steel slag aggregates were selected and measured by a digital
angle level device, as shown in Fig. 5. Although basalt aggregates have a higher
friction angle than SSAs, the angle of repose of basalt is about 1˚ lower than SSA. As
already mentioned by Al-Hashemi [38], the angle of repose could not be considered
as the friction angle due to the different circumstances, such as moisture content,
maximum dry density, and particle size. In the current test, the minor difference
between the angle of repose of two samples could be attributed to the similar physical
characteristic (e.g., static sliding friction coefficient) of SSA and basalt, whereas due
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Fig. 4 a Shear stress–strain curves, b shear resistance of samples, c friction angle of samples

to the higher shear resistance of particles, the higher friction angle was obtained for
basalt aggregates.
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Fig. 5 Repose angle of a basalt and b SSA

Fig. 6 Horizontal–vertical displacement during the shear test

4.2 Vertical–Horizontal Displacement Curves

Figure 6 shows the relation between the horizontal and vertical displacement. In
all tests, the horizontal displacement caused growth in the vertical displacement.
On the other hand, the dilation of the ballast increases with the reduction in the
normal pressure. However, at 200 kPa normal stress, the contraction occurred in
SSA sample up to the displacement of 17 mm. To compare the dilation of basalt and
SSA, at 100 kPa normal stress, the dilatancy is higher for SSAspecimens, inwhich the
measured vertical displacement was about 20 mm, while in the specimen contained
basalt aggregates, the vertical displacement was about 15 mm. It is noteworthy that
the dilation of basalt samples was smaller than that reported by Estaire [37], which
can be attributed to the application of the large size of the shear box (1 m × 1 m ×
1.2 m).
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5 Conclusion

The current study evaluates the mechanical behavior of steel slag aggregates derived
from the steel industry as ballast aggregates. In this regard, a series of LA abrasion
tests and large-direct shear tests were conducted on basalt and steel slag aggregates.
The following results were achieved from this study:

• The physical properties of SSA fulfill the requirements of the Los Angeles
abrasion test in order to be utilized as railway ballast materials.

• The shear resistance of basalt railway aggregates is higher than that of SSAs. The
peak shear stress was 301.9 and 217.6, respectively, at 200 kPa normal stress.

• The increase of normal stress led to an increase and decrease in the values of shear
strength and friction angle, respectively.

• The angle of repose could not be representative of the internal friction angle.
Although the difference between the repose angle of basalt and SSAwas insignif-
icant, the internal friction angle of SSA was 19% lower than that of basalt
aggregates.

• The dilatancy of SSAs was about 33% higher than basalt railway aggregates, and
some reinforcement measures could be taken, such as geogrids, etc.
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A Study on the Evolution of Ballast
Particle Surface Damage
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Abstract The role of railway ballast is to spread traffic loads to the underlying
ground. The contact area between ballast particles is often very small, leading to
high contact stresses and surface abrasion, which is considered to degrade ballast
quality and eventually necessitating ballast replacement. It is desirable to recycle
and reuse as much of this “life-expired” ballast as possible, in whole or in certain
particle sizes, as it would lead to a more sustainable engineering practice. However,
research on the effect that particle surface damage has on the mechanics of ballast is
required to understand the differences in behavior between recycled and fresh ballast,
with a view to improving performance and increasing the length of maintenance
cycles. This paper presents a study of ballast particle surface damage in terms of
surface roughness using variable focus microscopy. Nanometer-scale surface scans
of fresh and recycled ballast particles were acquired at predetermined resolutions
and preselected areas. Methods of evaluating surface roughness for railway ballast
are proposed, which indicate significant differences in roughness between fresh and
recycled ballast. Laboratory testswith aMicro-Deval apparatuswere used to quantify
damage and the corresponding link to surface roughness.
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1 Introduction

Railway ballast undergoes damage and deterioration over a period of time due to
traffic loading. This causes settlement of railway tracks and necessitates periodic
maintenance, usually by tamping, which restores track geometry through reassembly
of the ballast particle layer, creating new contacts between the particles.Maintenance
of ballast to sustain optimum performance is, however, very costly.

The irregular shape of ballast grains provides strength to the aggregate through
particle interlocking. Over a period of time and due to traffic, particle wear results in
rounding of asperities and a reduction in strength of the ballast layer [1]. Eventually,
the ballast needs to be replaced.

Various studies have been carried out in the areas of ballast shape categorization,
quantification of damage in terms of the shape or the mechanical performance of
spent ballast, measurement tools and techniques to quantify damage and effects of
tamping on ballast. As concluded in [2], the mechanical response depends on (a)
ballast shape and surface characteristics: texture, roundness, size, and shape and
(b) particle deterioration. However, more understanding and insights are required to
establish a definite relation between degradation andmaintenance cycles of ballast in
railway tracks [3–5]. This is even more important where high-speed railway lines are
concerned, as there is evidence that particle wear is greater, due to both high-speed
traffic and the accumulated effect of maintenance operations like tamping [6]. In the
same context, it was observed that more angular asperities are relatively weak and
disappear at the initial stage of a Micro-Deval test: either by progressive rounding
or by breakage of the asperities [6].

In this study, we measure the roughness of (a) used ballast, (b) fresh ballast, and
(c) fresh ballast progressively damaged using the Micro-Deval testing apparatus. A
detailed illustration of ballast roughness determination is given. Our aim is to develop
methods to replicate in the lab the damage suffered by ballast particles due to traffic,
so that we can produce (from fresh ballast) equivalents of used ballast (i.e., a scaled
version of used ballast) for systematic experimental testing in the lab, including
triaxial testing to determine mechanical properties and parameters that control them.

2 Methods

2.1 Ballast Material

The ballast materials used in the past were from different origins, ranging from
granite to limestone. In this study, we have selected granite ballast quarried from
Mount Sorrel, East Midlands, England.
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2.2 Ballast Surface Roughness

The surface roughness of ballast can vary with its mineralogical composition. There-
fore, ballasts of the same granite mineralogy were selected for the comparison of
surface roughness (texture) of fresh and used ballast.

Alicona G4 InfiniteFocus [7, 8] equipment was used to extract the topography
data. The equipment inbuilt light and lens system and has auto-brightness ability that
selects appropriate contrast and brightness to extract precise data. We selected 10 ×
lens for this operation which is optimum for our desired resolution of up to 3 μm
lateral and 500 nm vertical resolution.

The roughness of ballast also varies with the scale of observation. In this work,
wavelengths of a few millimeters are considered to correspond to the aspect of shape
generally identified as “particle angularity,” whereas wavelengths of a few microns
are considered to relate to material roughness or texture.

The current study is concerned with the degradation and damage of ballast due to
loading. The damage in such conditions occurs at a range of roughness wavelengths
frommillimeters tomicrons. Fromadiscrete-elementmodeling perspective, a coarse-
scale interlocking of the ballast particles is a function of particle form and angularity,
whereas the inter-particle friction of ballast grains relates more to surface roughness
or texture. Therefore, a full understanding of ballast shape and roughness requires
consideration of the scale of observation or wavelength, as shown in Fig. 1. The
measurement of surface roughness is affected by the local curvature of the scanned
area. To reduce this effect low wavevectors were removed.

The power spectral density (PSD) of a surface is a representation of the roughness
as a function of the spectral frequency (wavevector). PSD is the Fourier transforma-
tion of the autocorrelation function of the signal, which consists of just the power (not
the phase) of the entire range of wavelengths [9]. Surface roughness measurement
from PSD is widely used technique in a number of different disciplines [10–13]. In

Fig. 1 Roughness of ballast at different scales (fractal in nature)
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spatial frequency space, it is represented as a surface C
(
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which equals h2rms which is defined in Eq. 1 where hrms is root-mean-squared heights
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To determine the roughness of ballast, variable focus microscopy was used to
obtain the 3-D profile of the selected area of ballast, utilizing an Alicona Infinite
Focus apparatus. The machine is accurate up to few nanometers lateral resolution
and combines dimensional metrology and a surface roughness measurement in one
system.

2.3 Developing Used Ballast Using Micro-Deval

Micro-Deval is a standard apparatus for aggregate abrasion testing. The machine
provides ameasure of resistance against abrasion, toughness, and durability of aggre-
gates when they are subjected to grinding in the presence of steel balls. In this study,
the apparatus was used to abrade fresh ballast particles with the objective of repli-
cating the surface roughness observed in used ballast recovered from the field after
30 years of service. Therefore, the procedure used in this study was different from
the standard Micro-Deval testing procedure to determine the abrasion resistance and
toughness of the aggregates.

Four random fresh ballast particles were loaded into the Micro-Deval machine
together with some steel balls of diameter 10 mm. The machine was run at a speed of
100 rpm for durations of 5, 30, 60, and 90 min to abrade the particles. Six different
patches were selected at random, and the PSD and roughness were determined at
the end of each phase to investigate the evolution of damage and the corresponding
values of roughness. After the tests were completed, the PSD and roughness were
compared with those of the fresh and used ballast.

3 Results and Discussions

Figure 2 shows the PSD of fresh and used ballast. It can be seen that the roughness
of the used ballast is lower than that of fresh ballast at all spectral frequencies. On a
logarithmic scale, this difference increases with increasing wavenumber. However,
the overall roughness, hrms is largely governed by the lower frequency roughness
because of the much larger C values in this range. It is therefore essential to compare
the full PSD plot to understand the nature of the effects of ballast abrasion.
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Fig. 2 Comparison of roughness: fresh and used ballast

The PSD range for fresh and used ballast abraded for 90 min in the Micro-Deval
(abraded-90) is shown in Fig. 3. The range of PSD for abraded-90 is within the range
of used ballast. The roughness of ballast corresponding to abraded-90 is therefore
equivalent to the roughness of used ballast. The range of abraded-90 is, however,
narrower than that of used ballast. The trend of how the PSD at the same location of
the same particle evolves for increasing periods of abrasion in the Micro -Deval is
shown in Fig. 4.

The values of roughness decrease with test duration over most of the spatial
frequencies. More damage in the micro-scale is observed [i.e., lower values of C at
higher wavenumbers (q)].

A summary of the roughness measurements is shown in the box plot of Fig. 5.
After 90 min of particle abrasion, the values and range of roughness reported are
quite close to those of used ballast. Some locations sustained more damage than
others. This can be explained by the type of curvature at the selected locations. The
locations with coarse-scale convex curvature showed more damage than those with
a concave curvature, as shown in Fig. 6. In the case of ballast, we are concerned with
the asperities or the roughness that are represented by wavevectors corresponding
to about, or less than, the dimensions of a typical contact between the ballast. For
fresh ballast, there is no reason to expect substantial non-uniformity in surface rough-
ness. Evidence from visual observation of fresh ballast particles that have undergone
loading suggests that degradation of their surface is more likely to occur at edges,
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Fig. 3 PSD range for fresh,
used and ballast abraded for
90 min in Micro-Deval

Fig. 4 Evolution of damage
and comparison of roughness
for the same location of the
same particle for increasing
periods of abrasion in the
Micro-Deval

corners, and other convex parts of their surface. Concave parts of the surface are less
likely to degrade at the same rate. A similar phenomenon was observed in [6]. With
increased test duration, the particles become smoother.
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Fig. 5 Roughness of ballast
with Micro-Deval test per

Fig. 6 Random patches selected for roughness measurement. Notice some patches are within
concave surfaces that remain undamaged

Nevertheless, the mechanical behavior of ballast depends not only on particle
roughness but also on particle form and angularity [14]. Apart from roughness, form
and angularity of fresh and used ballast were also compared and the results are shown
in Fig. 7 (form, in terms of particle platyness and elongation, was originally defined
by [15]) and Fig. 8 (angularity). IfL, I, and S the e’s longest, intermediate, and shortest
dimensions of a particle’ best-fit scalene ellipsoid are considered to be coordinates in
three-dimensional space, the overall shape of a particle can be represented as a vector
f linking the origin of the axes to point (L, I, and S) as shown in Fig. 9. Particle form
is then represented by the direction of f and the magnitude of f quantifies particle
size. If we consider the intersection F of f with L + I + S − 1 = 0 ‘deviatoric’
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Fig. 7 Particle form of fresh
and used ballast in terms of
platyness (α) and elongation
(ζ)

Fig. 8 Comparison of
angularity: fresh and used
ballast

plane, normal to the spherical axis L = I = S, the form of each particle is uniquely
defined by the two in-plane coordinates of F in a frame of reference centered at
the intersection P of the spherical axis. The form is then essentially quantified as the
deviation of particle’s shape from that of a sphere. These two independent parameters
of form are called platyness (α) and elongation (ζ) and are expressed by Eqs. 2 and
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Fig. 9 Left: L, I, and S space; right: platyness and elongation space with form description [15]

3. Angularity is defined here as the volumetric difference between the actual shape
and its equivalent scalene ellipsoid normalized by the original shape’s volume.

α = 2(I − S)

L + I + S
(2)

ζ = L − I

L + I + S
(3)

The effect of abrasion on the form of ballast particles was compared for four,
randomly selected, fresh ballast particles before and after 90 min of abrasion in the
Micro-Deval apparatus. The error margin for form determination is about 5% for
repeatability. Therefore, any difference within this range would not be significant
change of form. Although more rigorous statistical tests for larger populations of
particles are in progress, plotting the results reveals no significant change in the
particle form after 90 min in Micro-Deval test (Fig. 10), which provides, for now,
some confidence that particle form is not significantly affected. The average platyness
and elongation are also plotted for the same population before and after abrasion,
further showing that changes in particle form are not significant. Also, no major
breakage was observed. For all of the Micro-Deval tests, about 1% of particle weight
was lost at the end of abrasion test as fine dust. The particle size distribution is
unlikely to be significantly affected by the abrasion, but this could not be verified in
this pilot study due to the relatively small number of particles tested.

4 Conclusion

• A method is proposed to determine the roughness of ballast ranging from a scale
of millimeters to micrometers, i.e., scales relevant to the contact mechanics of
ballast.
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Fig. 10 Particle form of fresh and ‘ballast abraded for 90min inMicro-Deval’ in terms of platyness
(α) and elongation (ζ)

• Evolution of surface damage of ballast was studied and defined in terms of surface
roughness using Micro-Deval apparatus.

• A 90-min Micro-Deval abrasion test reduced the roughness of fresh ballast to
values very close to those of field used ballast.

• Because of the complexity in the shape, i.e., local convexity and concavity of
ballast surfaces, there is uneven damage in ballast after Micro-Deval abrasion.
Producing more evenly abraded particles requires different configurations of
abrasives (i.e., smaller balls, coarse sand, etc.) and times of abrasion, which are
currently being investigated.

• No significant changes in the angularity and shape were observed after theMicro-
Deval operation as we lack major breakage. These findings are consistent with
[6].

5 Future Works

• The data can be directly used for development of a scaled ballast with the same
particle properties as used ballast, for laboratory testing purposes.

• The data can be used to inform the development of a discrete element contact
model capable of capturing the effects of ballast aging.
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Investigations into the Critical Speeds
in Ballasted and Ballastless Track

Jing Hu , Ying Wu, Xuecheng Bian, and Yunmin Chen

Abstract The modern high-speed railway usually consists of track structure,
subgrade and soil layers. The existence of track structure and subgrade can both
improve the critical speed of railway especially when the railway is built on soft soil
layers. However, the role that the track structure played hasn’t been distinguished
from subgrade. Therefore, further research is needed to investigate the difference of
the critical speeds in ballasted and ballastless track. In this paper, two different types
of track structures, ballasted and ballastless track, are built on the same subgrade-soil
model using two-and-half-dimensional (2.5 D) finite element method to calculate the
vibrations induced by the same high-speed trains. The rails, rail pads and ballast layer
in ballasted track and rails, rail pads, slab, CA layer, concrete base in ballastless track
are modelled as Euler–Bernoulli beams resting on the subgrade. The subgrade and
soil layers are modelled by the 2.5D finite elements. The critical speeds in ballasted
track and ballastless track are compared to reveal the consequence of track struc-
ture. It reveals that the critical speed in ballastless track is equal or greater than that
in ballasted track. When the subgrade has enough stiffness, the critical speeds in
both ballasted track and ballastless track can be the same. It can be concluded that
the subgrade is more dominant than track structure in deciding the critical speed of
railway.

Keywords Critical speed · Ballasted track · Ballastless track

1 Introduction

Since the high-speed railways have been developed rapidly all over the world, the
dynamic responses of the railway track and ground along the railway line draw more
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and more attention due to the significant amplification effect of the track-ground
vibration.

According to the researches [1–12], the train-induced vibration of the track and
ground is strongly affected by the relationship between the train speed and the corre-
sponding propagating wave velocity of the underlying media. There exists a speed at
which large amplification of the dynamic response will occur, and it is called ‘crit-
ical speed’. At the critical speed, track structure may face the risk of train derailment
and track structure damage. This phenomenon has been measured as a manifes-
tation of the existence of the critical speed in the experience of the Swedish Rail
Administration (SRA).

Themodern high-speed railway ismainly composed of ballasted track and ballast-
less track. The main difference between these two track structures is that ballastless
track adopts rigid concrete structures to replace the traditional ballast layers used
for ballasted tracks. Recently, the study about critical speeds in ballasted track and
ballastless track has been conducted separately. Sayeed and Shahin [12] built a three-
dimensional (3D) finite element (FE) ballasted railway track model of the X-2000
HST to simulate the dynamic response of railway track foundations under true train
moving loads, with special reference to the critical speed. Jing et al. [13] use a 2.5D
finite element method to investigate the critical speed of ballastless track. Those
researches revealed that the critical speed of track system is higher than the Rayleigh
wave velocity of the underlying soil, attributed to the presence of the track struc-
ture and subgrade. However, the role that the track structure played hasn’t been
distinguished from subgrade.

Thus, this paper uses a same 2.5D subgrade-soil model to couple with ballasted
track structure and ballastless track structure, respectively. The rails, rail pads and
ballast layer in ballasted track and rails, rail pads, slab, CA layer, concrete base in
ballastless track are modelled as Euler–Bernoulli beams resting on the subgrade. The
subgrade and soil layers are modelled by the 2.5D finite elements. The critical speeds
in ballasted track and ballastless track are compared to reveal the consequence of
track structures.

2 Numerical Modelling

For the railway track, the material and geometry of the track structure and supporting
ground can be treated as approximately constant in the longitudinal direction. There-
fore, thewave propagation in this direction can be represented by the superposition of
harmonic waveswith a certain wavenumber. Based on this assumption, the 2D profile
can be used to compute the 3D wave propagation under dynamic loading. This is
referred to as the 2.5Dmethod and has been applied to evaluate the dynamic response
of solid structures due to traffic moving loads [2–4, 7, 9, 13–15]. In this section, the
dynamic response of ballasted track and ballastless track due to train moving loads
is investigated via 2.5D FEM modelling using the commercial software MATLAB.
The detailed derivation can be found in [3].
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China’s high-speed railway is mainly composed of the ballasted track and the
ballastless track. The main difference between the two track structures is that the
ballastless track usually adopts the rigid concrete structure instead of the ballast layer
in the ballasted track, as shown in Fig. 1. Due to the difference of track structure, the
ballastless track has different dynamic characteristics such as transient response from
the ballasted track. In this study, the critical speeds of the ballasted and ballastless
track will be compared to find the function of track structure. To achieve this aim,
these two types of track structures are built on the same subgrade-soil 2.5D finite
element model. In the modelling, for the ballastless track, the rails, track slab, CA
layer and concrete base are each modelled as a single Euler beam. Similarly, the
ballast layer and sleepers in ballasted track are also modelled as a single Euler beam.
As shown in Fig. 2, for both ballasted and ballastless tracks, they are built on the same
subgrade and ground, which are discretized and modelled by 4-node quadrilateral
elements for specific discrete wavenumbers in the transverse-vertical section. Each
node of the element has three degrees of freedom allowing wave propagation in
three-dimensional space to be taken into account faithfully.

The subgrade is divided into the sub-ballast layer and the embankment layer.
The ground foundation consists of a single soil layer. The specific parameters of
each layer are shown in Table 1. The loading represents an eight vehicles CRH2-
type high-speed train with axle load of 140 kN, and its travelling speed was varied
from 36 to 540 km/h (10–150 m/s). In this model, displacement response and stress
response viewpoints are set along with the track centreline, marked in Fig. 2. Their
locations are at the surface of the subgrade (nodeA), themidpoint of the embankment
(node B), the surface of the ground (node C) and 3 m below the ground (node D).

Fig. 1 Differences and links between the ballasted track and the ballastless track
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Fig. 2 Subgrade-soil model

Table 1 Parameters of the
subgrade-soil model

Sub-ballast Embankment Ground soil

Depth (m) 0.4 2.3 30

Density (kg/m3) 2100 1900 1800

Shear wave
velocity (m/s)

220 160 108

Rayleigh wave
velocity (m/s)

202 147 101

Damping ratio 0.05 0.05 0.05

Poisson’s ratio 0.3 0.3 0.33

3 Numerical Analysis

By coupling two different track structures on the same subgrade-soil finite element
model and 2.5D FEM process, the dynamic displacement and stress responses of
each viewpoint are obtained.

Figure 3 shows the maximum displacement under various train speeds at the
surface of the subgrade of ballasted track and ballastless track, respectively. It can be
seen that as the train speed increases, the maximum displacement amplitude of both
two track structures starts to increase slowly from a static value about 1.05mm.When
the train speed keeps increasing and becomes close to the ground soil’sRayleighwave
velocity (363 km/h), the displacement response of both two track structures shows



Investigations into the Critical Speeds … 477

Fig. 3 Vertical displacement responses versus train speeds of ballasted track and ballastless track

sharply increase. After the train running speed exceeds the Rayleigh wave velocity
of the ground soil, the displacement response reaches a peak value of 1.80 mm for
ballasted track and 1.69 mm for ballastless track when train speed at 432 km/h,
respectively. However, as the train speed increases continuously, the displacement
response reduces gradually. Even the subsequent train speed reaches the Rayleigh
wave velocity of the embankment, the displacement response is still in the downward
trend. Thus, it can be concluded that the critical speed are 432 km/h for both the
ballasted and ballastless tracks with the same subgrade-ground. This result means
the track structures have no effect on the critical speed of the model built in Sect. 2.
However, it is worth to note that themaximum displacement response of the ballasted
track is always larger than that of the ballastless track.

Figure 4 is about themaximum dynamic stress response alongwith the train speed
at the same position. It can be seen that the dynamic stress at the subgrade surface of
ballasted track ismuch greater than that of the ballastless track.Although the dynamic
stress responses do not appear at peak value showed in maximum displacement
curves, the dynamic stresses are rapidly rising when the train speed is close to the
Rayleigh wave velocity of the soil. At the critical speed of the displacement response
(432 km/h), the dynamic stress value at the subgrade surface of ballasted track is
41.8 kPa, which is 1.5 times as much as that in quasi-static state. The dynamic stress
value at subgrade surface of ballastless track is 27.1 kPa, which is 1.26 times as much
as that in quasi-static state.

Figure 5 reveals the distribution of dynamic displacement along the depth. The
response values are obtained at the time the maximum value occurs, which also
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Fig. 4 Vertical stress responses versus train speeds of ballasted track and ballastless track

Fig. 5 Vertical displacement response along depth at different train speeds in ballasted track and
ballastless track
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corresponding to the time the wheels just arrive the observe position A. It shows
that the displacement response along the depth of the two-track structures is mainly
determined by the train running speed. The displacement values along the depth of
ballasted track are quite close to that of ballastless track at low speed (216 km/h).
When the train speed increases to the critical speed (432 km/h), the displacement
responses in the subgrade of ballasted track are larger than that of ballastless track at
each depth, however, the difference gradually reduces along the depth and becomes
hard to tell in the ground soil layer. Briefly, the influence of track structure mainly
affects the displacement response in subgrade.

Figure 6 reveals the distribution of corresponding dynamic stress response along
with the depth. In the range of the subgrade, the dynamic stresses generated by same
train speed in ballasted track are greater than that in ballastless track. The stress
difference between two structures at subgrade surface is 10.2 kPa for train speed
432 km/h and 6.5 kPa for train speed 216 km/h; as the depth increases, the stress
difference decreases; when it comes to the ground soil layer, the difference also
becomes hard to tell. However, it is also worth to find that the dynamic stresses at
lower train speed (216 km/h) generated in ballasted track are also larger than that in
ballastless track induced by higher train speed (432 km/h). Thismeans track structure
is more dominant than train speed for dynamic stresses in this model.

Fig. 6 Vertical stress response along depth at different train speeds in ballasted track and ballastless
track



480 J. Hu et al.

4 Conclusions

By coupling the ballasted and ballastless track structures on the same 2.5D FEM
subgrade-soil model, respectively, the functions that the track structure played are
revealed in this paper. The following conclusions are drawn from the current study:

1. The existence of track structure and subgrade can improve the critical speed of
the railway; however, the role that subgrade plays is more dominant because the
ballasted track and ballastless track that were built on the same subgrade-soil
model have the same value of critical speed.

2. For the ballasted track and ballastless track built on the same subgrade-soil
model, the displacement and stress responses in the subgrade range of ballasted
track are larger than those in ballastless track.

3. For the vibration responses in the range of subgrade, the train speed is
the dominant factor; as for the stress responses, the track structure is more
influential.
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Measuring the Contact Stiffness
at the Grain Scale of Fresh and Used
Granite Ballast

Geoff Watson , Jacapo Piazza, B. N. Madhusudhan , and Louis Le Pen

Abstract Faster, heavier andmore frequent use is placing greater demands than ever
before on railways. These increased demands reduce the time available for mainte-
nance without costly line closures. There is a need to improve the understanding
of the performance of key materials used in railway construction to improve their
specification and achieve greater durability. A key material is the source rock for
railway ballast. It is known that different rock sources perform very differently
as ballasts and there is a general consensus that igneous rock types perform the
best. However, there can still be great variability in performance between alternate
igneous rock ballasts and performance may vary with age/use. To better under-
stand ballast behaviour, modern numerical tools such as the discrete element method
(DEM) are able to model particles at the grain scale and can be used to assess how
changes in ballast material and/or changes in performance with age/use may influ-
ence railway performance. However, a lack of understanding of inter-particle ballast
contact mechanics mean that current DEM simulations lack the necessary input data
to provide a high level of confidence in their outputs. To begin to address this, exper-
iments were carried out to understand the normal contact behaviour of fresh and
used granite type ballast grains under cycles of load at magnitudes representative
of in-service use. The grains were tested using a uniaxial loading machine and the
deflections measured using micro-photogrammetry and digital image correlation.
The tests indicate significantly different load–deformation characteristics for fresh
and used granite ballast and present a method for modelling the contact mechanics
modified from Hertzian contact theory. Data also shows that used ballast shows less
plastic deformation on first loading and could therefore be potentially re-used in
track rather than down-cycled as is currently the case in some countries.

Keywords Ballast · Grain · Contact mechanics · Digital image correlation ·
Stiffness · Granite · Railway · Railroad · Trackbed · DEM · Testing · Uniaxial
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1 Introduction

Ballasted track systems remain the most commonly used means of spreading the
train vehicle load to the subgrade, providing lateral support and enabling trackbed
drainage. They have key advantages over other track system forms in that they
have lower upfront costs and the track alignment can be modified relatively easily.
However, increased demands on modern railway infrastructure in many countries
have led to more intensive use, with the effects of both increasing maintenance
requirements and reducing the time available for them. Ideally, improvements to the
specification for the components of ballasted track systems should be found that
improve durability and reduce maintenance needs. One material with the potential
to be specified better is the ballast itself.

Ballast grains are usually graded between 20 and 65 mm. For modern ballast, the
rocks chosen will usually be strong, igneous or metamorphic rocks. The exact source
material varies depending on region. In the UK, the regional geology has meant that
granite is usually used. The preference for crushed igneous rocks rather than sedimen-
tary rocks such as limestone is based on observations of improved performance and
enforced through more onerous qualifying tests (e.g. fracture/abrasion resistance).
However, although empirical observations may support the use of high specification
ballasts, there is the potential for greater insights into the mechanisms for improved
performance if representative models can be created, such models could potentially
differentiate between ballast materials that would otherwise appear similar according
to current specifications. Another issue is that in some countries, the UK included
ballast is down-cycled at renewal based on a potentially outdated expectation that
the material has lost its performance. This expectation is perhaps justified for sedi-
mentary ballasts, but for modern igneous ballasts may be incorrect. To build models
of railway system performance, material properties for soils and ballasts are tradi-
tionally obtained by carrying out tests on representative volumes, e.g. triaxial testing
[1]. As ballasts have relatively large grain sizes, triaxial equipment has to be able to
accommodate large diameter samples of 300 mm or more. Alternatively, specially
prepared tests [2, 3] with larger volumes ofmaterial can be carried out. These tests are
costly, especially if carried out at anything approaching track scale, so there is poten-
tial benefit from using numerical tools such as the discrete element method (DEM)
to simulate results based on inter-grain tests. Railway ballast is, in principle, an ideal
material to simulate using the discrete element method in which individual grains
are modelled within an assembly; this is because there are relatively few particles to
model compared with finer grainedmaterials and the computational cost is therefore,
in relative terms, more manageable. However, although models exist [4–6] and some
inter-grain force deflection data is available for finer materials such as sands [7, 8],
there is a lack of understanding of the ways in which coarse aggregate ballast grains
interact at the grain scale and how responses may change with repeated loading.

This paper presents a uniaxial test method to determine contact mechanical
behaviour between ballast grains. Tests are carried out on a fresh granite ballast
and material recovered from the trackbed—termed ‘used ballast’. The contact test
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results are compared with Hertzian contact theory. Differences in behaviour from
the theory are highlighted, and modifications to theory are suggested which could
be used for assigning contact mechanical properties in numerical models. The data
and analysis reported is a first step towards wider scale testing and modelling that
could provide greater insights into which ballasts perform better and the potential
for re-use of ballast recovered at track renewal.

2 Theoretical Basis for Contact Test Loading

Ballast layers typically support railway sleepers over a 2.5 m by 0.3 m footprint.
The ballast layer typically has a depth of 300 mm. Peak ballast loading occurs on
particles just below the sleeper beneath the rail positions (the railseats). Loads are then
transferred down and outwards through the volume of ballast material attenuating
with depth and horizontal offset. Measurements of the pressure on the underside of
railway sleepers below the railseats have shown that peak vertical stress may be up to
250 kPa [9] for moderate loading which would be higher for heavy freight vehicles.
Inter-particle contact forces are hard to calculate because load transfer through an
irregular medium is nonuniform. However, if some simplifying assumptions are
made about the arrangement and size of particles for a known/estimated vertical
pressure, it is possible to calculate grain contact forces at, or near to, the railseat. The
simplest model of grain packing is that of uniformly sized spherical particles in a
cubic packing arrangement. In this idealized case, the contact force (Fc) induced by
an applied vertical stress (σ c) to a packing of particles of diameter (d) can be directly
calculated using Eq. (1) to give the results shown in Table 1.

Fc = σc • Ap = σc • πd

4

2

(1)

More sophisticated modelling can also be used to estimate contact forces with
perhaps more accurate outcomes. DEM simulations of monotonic failure triaxial
tests on ballast [5] gave distributions of the grain normal contact forces with cell
pressures of 15 and 200 kPa as shown in Fig. 1. For these confinement pressures, the
vertical failure loads were of the order of 100 and 1600 kPa which fully envelopes
the likely maximum vertical stress in the field. Figure 1 is plotted in terms of log of

Table 1 Calculated contact
force for spherical particles of
different diameters under
different vertical stresses

Vertical stress, σ c
(kPa)

Sphere diameter, d
(mm)

Contact force, Fc
(N)

15 50 29

25 7

200 50 393

25 98
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Fig. 1 Histograms of normal contact forces in simulated triaxial tests at cell pressures of 15 and
200 kPa (after [5])

normal force at peak strength versus frequency (number of grains). If themodal value
(around the largest bar) for each test is eyed in, the log of force is approximately 0.697
and 1.76 corresponding to 5 kN–57 kN for the 15 kPa and 200 kPa cell pressure tests,
respectively. However, there is a large range in contact forces through the population
of grains in each test so that the grain contact force ranges from nearly zero to over
1000 N.

Based on consideration of the likely inter-particle contact force, a range for testing
was selected of up to 200 N which is expected to be representative of field situations.

3 Methods

3.1 Materials

Ballast particles of two types were used for testing. Fresh ballast made of crushed
granite was sourced from Cliffe Hill quarry (Leicestershire, UK). Used ballast was
sourced from Network Rail. The used ballast was recovered from a trackbed during
renewal. Normally, recovered trackbed material (at least in the UK), would be down-
cycled and not returned to the railway. However, the recovered trackbed material
contained a proportion of ballast in standard ballast particle sizes. The used material
within ballast grade was separated from the finer materials at a processing centre and
a sample of the used ballast was provided for testing. The used material is expected
to have been in the trackbed for an estimated 30 years. Examination of the used
ballast showed that it contained a mix of rock types which was predominantly (>
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60%) granite but also contained some basalt and limestone grains. A subset of the
granite grains were selected for testing. Young’s modulus and Poisson’s ratio of the
ballast particles were taken as 64 GPa and 0.176, respectively, based on the literature
[10–12].

3.2 Experiment

To test the contact behaviour of the ballast, the grains were placed into robust steel
cup holders and roughly centred within the holder to have a locally pointed surface
directed outwards. Once positioned, the grains were held in position with mounting
putty, while an epoxy resin was poured in and allowed to set (Fig. 2). The use of
the steel holder and resin was intended to provide a stable support to the particles
although it is recognized that therewill be some compliance of the assembly. Twenty-
six tests were carried out on pairs of grains with repeats to confirm trends. Typical
results from six pairs of particles are presented here representing fresh and used
ballast grains in sizes retained on 50, 31.5 and 22.4 mm sieves. Each test consisted of
a pair of particles from the same size category placed so that there was a local point-
to-point contact. The particles were mounted in an Instron 5569 electromechanical
uniaxial test machine and tested in staged load increments as shown in Table 2.

Fig. 2 Photograph showing the ballast particles embedded in resin andmounted in the test machine
just prior to particle contact. The camera lenses and macro-lighting can be seen on the left
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Table 2 Testing details Stage Loading

1 Apply initial load of 5 N at 1 N/s

2 Pause for 5 s on 5 N load to ensure contact stabilizes

3 Increase the load from 5 to 200 N at 4 N/s

4 Decrease the load from 200 to 5 N at 4 N/s

5 Repeat stages 3 and 4 ten times

3.3 Measurement System

Two cameras were set up focused on the inter-grain contact, with their line of sight
normal to the contact and approximately at right angles from each other. The cameras
used were Nikon D7100s, each attached to a Nikon bellows (PB-4 and PB-6 models)
fitted with a reverse mounted Ricoh 50 mm F1.7 lens (Fig. 3a). The bellows are
a means to obtain highly magnified images of the grain contact area. Those used
permitted a magnification of up to 11 times. The camera measurement system was
used to ensure the compliance of the resin/test apparatus was removed from the
relative grain deflection. Each camera recorded images that included both the upper
and lower particles. The inter-grain deflectionwasobtainedby considering the change
in position of pixel patterns on each grain calibrated to length units [13, 14].

A target, as shown in Fig. 3b, was used to calibrate the images. The cameras were
both set to record high definition video (1920× 1080 pixels) at 25 frames per second
(fps).

Fig. 3 a Position of cameras relative to sample in test machine and b a calibration target. Each big
square is 1.429 mm across meaning that in video mode, the resolution is ~ 200 pixels per mm or
5 µm per pixel
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3.4 Theoretical Interpretation

According to Hertzian contact theory [15, 16], the normal displacement, δ, character-
izing the stiffness of a solid body can be expressed as a function of the normal force,
P; the relative Young’s Modulus, E*; and the relative radius of contact, R (Eq. (2))

δ =
(

9P2

16RE∗2

) 1
3

(2)

where the relative radius of contact (R) is determined from R1 and R2 which are the
radii of curvature of the contact area for each of the two particles [Eq. (3)] and the
relative Young’s Modulus E* is determined from Young’s Modulus (E1 and E2) and
Poisson’s ratio (v1 and v2) of each particle (Eq. 4).

R =
(

1

R1
+ 1

R2

)−1

(3)

E∗ =
(
1 − v2

1

E1
+ 1 − v2

2

E2

)−1

(4)

However, Hertzian contact theory relies on two perfectly smooth spherical
surfaces coming into contact and its ability to predict deflection from two angular
grains coming into normal contact presents a difficulty in determining a radius of
contact to assign even if Young’s modulus and Poisson’s ratio are known or can be
estimated reliably. The effective radius of contacting regions may also not remain
uniformwith load. Nevertheless calculation of the Hertzian force/deflection provides
a framework from which to interpret contact tests on ballast.

4 Results

4.1 Validation of Test Methods

To first understand whether the test arrangement and theory were reliable, spherical
steel grains were tested (Fig. 4). These confirmed both that the resolution of spatial
measurements and thatHertzian contact theorywere reliable for accurately predicting
deflection for known forces. Having proved the test concept, real ballast grains were
tested.
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Fig. 4 Validation contact
test with steel spheres of
50 mm diameter. The
spheres have been sprayed
white and then speckled with
black spray paint to provide
texture for DIC

4.2 Fresh and Used Ballast

Figure 5 shows the load–deflection results for tests on 50 mm fresh ballast; these
results are typical of trends seen in all the tests on fresh ballast. Figure 6 shows the
same curve but zoomed in so that the individual load/unload cycles are visible. There
is significant plastic deformation in the initial load cycles (usually thefirst and second)
which stabilizes with cycles so that during the 10th cycle the plastic deflection is a
small proportion of the elastic deflection. Figure 7 shows the corresponding test for
used ballast and is typical of trends seen in all the used ballast tests. In this test,

Fig. 5 Load–displacement curve for fresh ballast contact (50 mm)
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Fig. 6 Load–displacement curve for fresh ballast contact (50 mm)

Fig. 7 Load–displacement curve for used ballast (50 mm)

there is very little plastic deformation and the load/unload cycles remain relatively
constant with a small proportion of plastic settlement per cycle.

4.3 Comparison with Hertzian Contact Model

To evaluate the potential for Hertzian contact to predict the elastic load deflection
behaviour of the tests, the 10th unload cycle was selected as this was considered to
best represent the medium-term elastic response of the ballast. To assign parameters
and apply Eq. (2), Young’s Modulus and Poisson’s ratio are required—they have
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been taken from the literature as 64 GPa and 0.176, respectively. The remaining
unknown is then the radius of contact for each particle. A simplifying assumption is
that the radii of contact for each particle are equivalent; this then renders it possible
to curve fit Eq. (2) to the measured behaviour by finding the value of R that gives the
smallest difference between the measurements and the predicted curve. However,
initial attempts at this showed that using a constant value of R1 = R2 throughout
the cycle gave visually very poor agreement. A possible explanation for the poor
agreement was that the effective radii of contact for the two particles were changing
during loading due to their uneven local topography. This can be reasoned because
the contact between two irregular surfaces is not a single contact but rather a series
of smaller contacts that gradually merge and fuse together as the force is increased.

Given these considerations, an alternative for fitting the Hertzian contact theory
was tried in which the experimental data was divided into six load steps (5–15, to
33.3, to 50, to 75, to 100 and to 200 N). The load steps are closer at the lower load
values and over a larger range towards the higher loads. The ranges were selected in
this way as it was thought that the contact would stabilize at higher loads. For these
six load steps, the values of the local contact radii for a best fit to the Hertzian contact
model were found using a minimal difference approach (as illustrated in Fig. 8).

Figures 9 and 10 show the final unload line for six particle pairs tested with the
fitted modified Hertzian lines. Table 3 shows the values of the radii assigned.

Table 3 shows that there is quite some variability in the assignment of contact
radii between the grains tested. However, some observations can be made. The best
fit stepped load approach has given a consistent result of increasing contact radii
needed to fit the Hertzian contact model with increasing load. This is consistent
with the idea that the uneven contact area is developing as a fusion of locally rough
topography. Visually Figs. 9 and 10 show that the stepped Hertzian curves match
the measurements well and confirm that the effective contact radii stabilize at higher

Fig. 8 Graph showing idealized fitting of Hertzian stepped approach to experimental data
(schematic only, no real data present)
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Fig. 9 Graph showing data from the 50, 31.5 and 22.4 mm fresh ballast tests with fitted Hertzian
curves. The dashed horizontal lines show the load banding used for Hertzian radius calculation

Fig. 10 Graph showing data from the 50, 31.5 and 22.4 mm used ballast tests with fitted Hertzian
curves. The dashed horizontal lines show the load banding used for Hertzian radius calculation
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Table 3 Nominal radii of Hertzian contact at the different load areas for each test

Label Size (mm) Hertzian contact radius (mm)

R1 R2 R3 R4 R5 R6

to 200 N to 100 N to 75 N to 50 N to 33 N to 15 N

Fresh 50 33 22 15 14 3.0 2.3

31.5 14 8.1 5.8 3.1 1.6 0.31

22.4 5.4 2.0 1.2 0.73 0.13 0.03

Used 50 3.6 1.9 1.2 0.98 0.36 0.08

31.5 3.7 2.9 1.6 1.5 0.42 0.11

22.4 5.4 3.6 2.7 1.5 0.72 0.50

loads. The larger grains may have been expected to produce stiffer responses; for
the fresh ballast, this is the case for the 50 mm grain as the local contact radius (R6–
R1) tends towards a final value (R1) approaching the particle diameter. However, for
the used ballast, the smaller particle is stiffer. Also, although the value of the local
contact radius does increase with load step, the final value (R1) remains a relatively
small proportion of the grain diameter for the smaller fresh grain and the used grains
so it can be said that the local angularity appears to dominate the results. This is
perhaps an effect of scale and/or simply inhomogeneity from the parent population,
and more tests are needed to evaluate more general trends.

5 Conclusions

These tests have shown that there are clear differences in contact behaviour between
fresh and used particles, particularly the presence of large initial plastic deformations
for the fresh material. Hertzian contact mechanics does not well match the tests if
applied with constant radii of contact. However, modifying the approach by allowing
the contact radii to change with steps in the load could offer a means to implement a
DEMmodel. These results are a first step towards providing the input data needed to
developmore realistic contactmechanicsmodels for application inDEMsimulations.
They also demonstrate that used ballast has less plastic response compared with fresh
ballast and could be suitable for re-use, although further work is required to confirm
this.
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Numerical Study of Deformation
Behavior of Geosynthetic Reinforced Soil
Bridge Abutments Subjected
to Longitudinal Shaking

Yewei Zheng , Patrick J. Fox , and John S. McCartney

Abstract This paper presents a numerical study on the deformation behavior
of geosynthetic reinforced soil (GRS) bridge abutments subjected to longitudinal
shaking using the finite difference program FLAC. The soil model characterizes the
soil as an elastic–plastic material with hysteretic behavior. Numerical simulations
were conducted for a single-span full-bridge system, including the bridge beam, two
GRS abutments, and foundation soil, subjected to the 1940 Imperial Valley motion
in the longitudinal direction. Simulation results show that the two front wall facings
in each abutment moved in-phase during shaking and had different residual facing
displacements at the end of shaking due to asymmetry of the earthquake motion with
respect to the abutment geometry. Bridge seat settlements at the two ends of the
bridge system were similar.

Keywords Geosynthetic reinforced soils · Bridge abutment · Earthquake

1 Introduction

Geosynthetic reinforced soil (GRS) bridge abutments are becoming widely used for
transportation infrastructure in the USA. Although this technology offers substantial
cost- and time-savings for construction, there are concerns regarding the use of GRS
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bridge abutment technology in high seismic areas, and little information is available
to guide designers on how to improve the seismic performance of these structures.

Post-earthquake reconnaissance for the 2010 Maule earthquake indicated that a
GRS abutment exhibited no signs of lateral or vertical permanent displacements after
shaking, while the bridge suffered minor damage that may have resulted from the
bridge skew angle [1]. Shaking table tests have been conducted onGRS abutments for
shaking in the longitudinal direction to the bridge beam [2–4]. Shaking table tests
on a 3.6-m-high GRS abutment indicated no significant distress for longitudinal
shaking with horizontal accelerations up to 1 g [2]. Results from a series of shaking
table tests on 2.7-m-high half-scale GRS abutments subjected to scaled earthquake
motions indicated that residual facing displacements and bridge seat settlements
increasedwith larger reinforcement vertical spacing, reduced reinforcement stiffness,
and lower surcharge stress under dynamic loading [3, 4].

Although these studies indicate good overall performance for GRS abutments
under dynamic loading, the abutments specimens were limited by the size and
payload capacity of the shaking table. Numerical modeling can be used to inves-
tigate potential seismic issues for GRS abutments with more realistic geometry and
configuration. In this study, the two-dimensional finite difference program FLAC
was used to simulate the deformation behavior of a single-span full-bridge system
using two GRS abutments for earthquake shaking in the longitudinal direction.

2 Numerical Model

2.1 Model Configuration

The single-span full-bridge system investigated in this study consists of a bridge
beam and two GRS abutments. Model geometry for the right-hand side of the bridge
system is shown in Fig. 1 for simplicity, and the left-hand side is symmetric. The
bridge system has a span Lb = 30 m and symmetrical structures on both ends, resting
on foundation soil with a depth of 1 m. Each end structure consists of a lower GRS
wall, bridge seat, and upper GRS wall. The lower GRS wall has height h = 5 m and
25 modular facing blocks with dimensions of 0.3 m (length) × 0.2 m (height). An
L-shaped bridge seat with a vertical backwall rests on top of the lower GRS wall and
has setback distance ab = 0.2 m from the wall facing. The clear distance between
the top facing block and bridge beam de is equal to the bridge seat thickness (0.4 m).
The clearance height for the bridge beam above the foundation soil is 5.4 m, which
satisfies the FHWA minimum requirement of 4.9 m for interstate highways [5]. The
bridge seat has upper surface contact length Lc = 1.0 m with the bridge beam and
lower surface contact length Ls = 1.5 m with the backfill soil. There is a 100-mm-
wide vertical seismic joint between the bridge beam and the backwall of bridge seat.
Assuming a ratio of bridge beam span to depth Rsd = Lb/D = 20, the depth of the
bridge beam D = 1.5 m. A 1.9-m-high upper GRS wall lies behind the backwall of
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Fig. 1 Model geometry for the right-hand side of bridge system (left-hand side symmetric)

bridge seat. To minimize the influence of boundary conditions on system response,
the lateral boundaries are located at a distance of 30 m (6 h) from the front wall
facing on each end of the bridge. The vertical coordinate z is measured upward from
the top surface of the foundation soil.

2.2 Material Model and Properties

Soils
The soil properties for this study are characterized of a well-graded sand. The angular
sand has a high friction angle of 51.3° and zero cohesion according to results from
drained triaxial compression tests on dry sand specimens. The foundation soil was
assumed to be the samewith the backfill soil and represented a dense sand foundation.
For static analysis, the backfill soil and foundation soil were modeled as a nonlinear
elastic–plastic material using the Duncan–Chang hyperbolic relationship [6] and the
Mohr–Coulomb failure criterion. This model can capture the nonlinear stress–strain
behavior before the peak shear strength and dilation behavior. Details of the soil
model are reported by Zheng and Fox [7, 8].

For dynamic analysis, the UBCHYST model [9] was used in this study. This
model can account for reduction in secant modulus with increasing shear strain.
The tangent shear modulus is a function of the small strain shear modulus Gmax

times a reduction factor that is a function of the developed stress ratio and change
in stress ratio to reach failure. In this study, the small strain shear modulus Gmax

is estimated using the empirical relationship proposed by Menq [10]. The model
parameters, as summarized in Table 1, were calibrated by comparing cyclic simple
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Table 1 UBCHYST model
parameters

Parameter Value

Friction angle, φ′ (°) 51.3

Cohesion, c′ (kPa) 0

Small strain shear modulus, Gmax (MPa) Stress-dependent

Bulk modulus, B (MPa) = Gmax

Atmospheric pressure, pa (kPa) 101.3

Hysteretic parameter, Hn 6.0

Hysteretic parameter, Hn1 1.0

Hysteretic parameter, Hrf 0.98

Hysteretic parameter, Hrm 1.0

Hysteretic parameter, Hdfac 0

shear response to the modulus reduction curves and damping curves calculated using
published empirical relationships [10, 11]. The shear stress–strain relationships from
the numerical simulations for different mean effective stresses and cyclic shear strain
amplitudes are shown in Fig. 2. The model exhibits hysteretic soil behavior that is
consistent with that observed for sands [10].

Reinforcements
The geogrid layers in both the lower and upper GRS walls had a uniform length Lr

= 3.5 m (0.7 h) and vertical spacing Sv = 0.2 m. No secondary (i.e., bearing bed)
reinforcement layerswere includedunder the bridge seat. Thegeogrid reinforcements
were simulated using linearly elastic–plastic cable elements with tensile stiffness J
= 1000 kN/m and yield tensile force T y = 100 kN/m. The ultimate yield strength of
100 kN/m was selected as the yield tensile force for the geogrid.
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Structural Components
The concrete facing blocks and bridge seat were modeled as elastic materials with
unit weight γ = 23.5 kN/m3, elastic modulus E = 20 GPa, and Poisson’s ratio ν

= 0.2. A longitudinal slice of the bridge beam with unit width was modeled as a
solid block composed of elastic elements having an equivalent unit weight γ eq =
13.33 kN/m3 to produce an average vertical stress of 200 kPa on the lower GRS wall.

Interfaces
Various interfaces between soil, geogrids, blocks, and structures were simulated
using interface elements with Coulomb sliding behavior. The bearing pads between
the bridge beam and bridge seats on each endwere simulated using interface elements
with a friction coefficient of 0.4 [12].

2.3 Modeling Procedures

For static analysis, prior to dynamic loading, the GRS abutments were constructed in
stages with the bottom boundary fixed in both horizontal and vertical directions and
the lateral boundaries fixed in the horizontal direction. Details of numerical modeling
of GRS abutments under static loading are provided by Zheng and Fox [7, 8]. For
dynamic analysis, free-field conditions were applied at the lateral boundaries of the
model to absorb energy and prevent seismic waves from reflecting back into the
problem domain. The earthquake motion was the 1940 Imperial Valley motion (El
Centro Station). The acceleration time history is shown in Fig. 3 and yields a peak
horizontal acceleration (PHA) of 0.31 g and peak horizontal displacement (PHD) of
130.4 mm with a duration of 40 s. The earthquake motion was applied at the bottom
boundary of the model in the longitudinal direction. In addition to the hysteretic
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Fig. 3 Acceleration time history for the 1940 Imperial Valley motion (El Centro Station)
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stress–strain behavior, a small amount of Rayleigh damping (0.8%) was specified
for the soil.

3 Simulation Results

This study focuses on the deformation behavior of a bridge system using two GRS
abutments subjected to longitudinal shaking, and the reinforcement tensile strains
and forces are not included in the discussion. The seismic performance of GRS abut-
ments is evaluated in terms of incremental facing displacements, abutment vertical
compression, and width of the vertical seismic joint (i.e., gap) between the bridge
beam and the backwall of bridge seat. The incremental facing displacement is taken
relative to the initial facing displacements at the end of construction (i.e., before the
start of shaking), with the outward displacements defined as positive. The abutment
vertical compression is defined as the difference between the average bridge seat
settlement and foundation soil settlement.

3.1 Facing Displacements

Time histories of incremental facing displacement at selected elevations for the left
and right abutments are shown in Fig. 4. Eachwall experienced larger facing displace-
ments at higher elevations and permanent (i.e., residual) deformations by the end of
the shaking. Results show that one facing moved outward when the other facing
moved inward, which indicate the two wall facings moved approximately in-phase
during shaking. Because the Imperial Valley earthquake motion shown in Fig. 3 is
not symmetric, when it is applied longitudinally to the bridge beam, the abutments
will experience the opposite motions. The simulated facing displacements for the
right abutment are larger than those for the left abutment because the applied motion
causes greater accelerations in the direction of the wall face for the right abutment.

Profiles of incremental maximum and residual facing displacements are shown in
Fig. 5. The profiles display similar shapes with incremental displacements increasing
with elevation and highest values at the top of the walls. The maximum facing
displacements for eachwall are slightly larger than the residual displacements, which
indicates that only a small amount of recovery at the end of shaking. The maximum
residual facing displacements were 44.4 mm and 92.2 mm at the top of the wall for
the left and right abutments, respectively.
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Fig. 4 Time histories of incremental facing displacements

3.2 Abutment Vertical Compressions

Time histories of vertical compression for the left and right abutments are shown in
Fig. 6 and indicate similar shapes with respect to both magnitudes and trends. The
abutment compressions increased significantly to approximately 4 mm at t = 2 s
and to approximately 9 mm at t = 5 s, and then remained nearly constant thereafter.
The residual vertical compressions were 9.2 mm and 9.8 mm for the left and right
abutments, respectively, corresponding to vertical strains of 0.18% and 0.20% for the
5-m-high lower GRS walls. These magnitudes of vertical strain are relatively small
and would not be expected to cause significant damage to most bridge structures.
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3.3 Seismic Joint Widths

During shaking, the bridge beam interacted with the GRS abutments through friction
developed on the bearing pad interfaces, and the bridge beammay potentially contact
the backwall of bridge seat when the seismic joint closes. Time histories of seismic
joint width on each side of the abutment are shown in Fig. 7. The initial width of
the seismic joints was 92.5 mm before the shaking event and then decreased during
shaking. Both seismic joints decreased in width because of the inward movement
of the bridge abutments (i.e., toward the center of the bridge beam). The residual
widths were 9.1 mm and 50.8 mm after shaking on the left and right sides of the
bridge beam, respectively, which depended on the inward movement of the abutment
and the horizontal displacement of the bridge beam. The inward movement of the
abutment was different on either end of the bridge due to the asymmetric earthquake
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Fig. 7 Time histories of seismic joint width

motion applied in the in the direction longitudinal to the bridge beam. Joint closure
did not occur during shaking at either end of the bridge abutment, and thus, no impact
force occurred between the bridge beam and the backwall of bridge seat.

4 Conclusions

This paper presents a numerical study on the deformation behavior of geosynthetic
reinforced soil (GRS) bridge abutments subjected to longitudinal shaking using the
finite difference program FLAC. For the 1940 Imperial Valley motion in the longi-
tudinal direction, simulation results indicate that the two wall facings of the bridge
system moved in-phase during shaking, but had different residual facing displace-
ments at the end of shaking due the inward movement of the abutment and the
horizontal displacement of the bridge beam. This occurred due to asymmetry of the
earthquakemotion in the direction longitudinal to the bridge beam.Abutment vertical
compressions on the two ends of the bridge beam are similar and relatively small,
which would not be expected to cause significant damage to most bridge structures.
Vertical seismic joints between the bridge beam and the backwall of bridge seat
decreased in width because of the inward movement of the two GRS abutments (i.e.,
toward the center of the bridge beam), but did not close for this earthquake motion.
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Coupled Analysis on Frost-Heaving
Depression Effect of Geosynthetics
Drainage Material for Road Pavement

Tomohisa Yasuoka, Tatsuya Ishikawa, Bin Luo, Yuwei Wu,
Kimio Maruyama, and Chigusa Ueno

Abstract The frost heave of subgrade soil causes cracking and unevenness of pave-
ment structure in cold region, which leads to uncomfortable driving and high mainte-
nance cost. As one of themeasures against frost heave damage, it has been considered
tomitigate frost heave by drainingwater from the subgrade soil in road structure since
soil moisture plays a critical role in ground heaving. The wicking fabric, a new type
of geosynthetics drainage material, has been recently developed to drain water out of
pavement and reduce the water content. Previous studies indicated that the wicking
fabric has great promise as n effective means to solve the frost-heave-related prob-
lems on road systems. The purpose of this study is to verify the effectiveness of the
wicking fabric for frost-heaving mitigation under local weather and soil conditions
in Hokkaido by conducting the coupled thermo-hydro-mechanical (THM) analysis.
The result of analysis indicates that wicking fabric has an excellent ability to drain
water in road structure and that wicking fabric is an effective approach to mitigate
frost heave.

Keywords Frost heave · Pavement structure · Coupled analysis

1 Introduction

In Hokkaido, a cold and snowy island in northern Japan, frost heaving of subgrade
soil causes cracking and unevenness of pavement structure, which leads to extremely
unsafe driving conditions and high maintenance cost. Water content reduction is an
effectivemethod tomitigate frost heave since it is well known that soil moisture plays
a critical role in frost heaving. However, conventional geotextiles that have been used
as drainage materials are not very effective in water absorption even though they are
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(a) Cross-section of wicking fabric (b) Cross section of wicking fiber

Fig. 1 Structures of wicking fabric (adapted from Lin et al. [4])

excellent in water permeability. Since frost-susceptible soils such as silt have high
suction in the unsaturated state, conventional drainage materials are not effective
in reducing water content and suppressing frost heaving. The wicking fabric, an
advanced geotextile with wicking fibers, which has the capability to laterally drain
the water in a roadway under unsaturated conditions, has been recently developed.
As shown in Fig. 1a, the wicking fabric is composed of polyethylene yarns (black)
for reinforcing purposes and specially designed hydrophilic and hygroscopic nylon
fiber yarns (blue) for drainage purposes. These special hydrophilic and hygroscopic
fibers give high wicking ability to geotextile. Figure 1b shows a cross section of
each fiber, which has deep grooves and provides a larger surface area to hold and
transfer larger amounts of water even in unsaturated conditions. Previous studies
indicated that the wicking fabric has great promise to solve the frost-heave-related
problems on road systems in the cold region, Alaska and Montana [1, 2]. However,
the frost-heaving suppression effect of the wicking fabric has not been sufficiently
discussed using quantitative data, such as frost-heaving displacement. Therefore, this
study examines the effectiveness of the wicking fabric on frost-heaving mitigation
under local weather and soil conditions in Hokkaido using numerical simulations,
before conducting field research. In addition, before simulating models under local
weather and soil conditions in Hokkaido, the simulations under the condition in
Montana, where the effectiveness of the wicking fabric on frost-heaving mitigation
was observed, are performed. Since the analysis on pavement subjected to freezing
is a complex boundary value problem, which is related to moisture, heat and stress
field, a numerical technique like the coupled thermo-hydro-mechanical (THM) anal-
ysis is required [3]. THM analysis, which can predict the freeze–thaw behavior of
unsaturated soil, is conducted to reproduce the freezing behavior of pavement struc-
ture both with the wicking fabric and without wicking fabric to seek optimum buried
depth for the wicking fabric under various conditions.
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2 Governing Equations

The main formulation of coupled THM FE analysis in this study considers the inter-
action among water flow inside soils, heat conduction through soils and deformation
of soil skeleton, as shown in Eqs. (1), (2) and (3). Also, to reproduce frost heave
phenomenon of soils under saturated and unsaturated conditions, the strain of frost
heave (εf) and strain of thaw contraction (εt) are considered in the constitutive model
of the coupled THM FE analysis, as shown in Eqs. (4) and (5). Further details of the
THM model can be found in Luo et al. [3].

Mass conservation of soil pore-water is given as:

∂

∂xi

[
−ki j

∂

∂x j

(
uw
ρwg

+ z

)]
=

(
nSe
Kw

− n
∂Se
∂uw

)
∂uw
∂t

+ nSeαT
∂T

∂t
− Se

∂εv

∂t
(1)

where xi are Cartesian coordinates; kij is hydraulic conductivity of soil; uw is pore-
water pressure; ρw is mass density of water; g is gravitational acceleration; z is
elevation head; n is porosity; Se is the effective degree of saturation; Kw is bulk
modulus of pore water; t is time; αT is the thermal expansion coefficient of water; T
is temperature; and εv is volumetric strain.

The heat transfer is expressed as:

Cρ
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(
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)
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where C is specific heat of wet soil at a constant volume; ρ is mass density of wet
soil; λT is thermal conductivity of wet soil; Cw is specific heat of pore water at a
constant volume; and vi is average velocity of pore water in coordinate direction.

According to Bishop’s effective stress theory, and considering the other two strain
components caused by thermal expansion and frost expansion, volumetric strain is
obtained as:

∂εv

∂t
= 1

Kd

∂σm

∂t
− Se

Kd

∂u

∂t
+ βT

∂T

∂t
+ ∂εf
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(3)

where σm is mean total stress; Kd is bulk modulus of drained soil; βT is thermal
expansion coefficient of soil; and ε is the strain of frost expansion.

From the results of the frost heave test, the strain of frost heave (εf) and strain of
thaw contraction (εt) can be given as:

εf = κ

(
εfmaxSe0
ςσ ′

n + 1
�qbt/Ql + 1.09mw

)
(4)

εt = ωεf × �q ′bt/Ql = (c + d ln σn)εf × �q ′bt/Ql (5)
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where εf max is maximum frost expansion strain of saturated soil without overburden
pressure; Se0 is initial effective degree of saturation; σ ′

n is effective stress at the
direction of heat flow; �q is the influx of heat added to an infinitesimal soil element
per unit time;b is the ratio of latent heat to total outflowheat;Ql is heat per unit volume
of soil consumed for solidification of water; mw is the ratio of water absorbed into
an infinitesimal soil; κ and ς are constants; ω is the coefficient of thaw contraction;
σ n is total stress at the direction of heat flow; �q′ is quantity of inflow heat in unit
time; c and d are constants.

3 Numerical Simulations

3.1 Numerical Model

Figure 2 shows the transverse section of a simulated pavement structure as well as the
boundary condition and finite element (FE)mesh. A pavement structurewithwicking
fabric was modeled which consists of surface layer, base course and subgrade. The
pavement structure was based on in situ model test in past research as reference
[2]. As for the placing conditions of wicking fabric, the three models for different
buried depth from the top side of the subgrade (WWFmodel) and the models without
wicking fabric (NWF model) were considered (Table 1). In addition, the conditions
which only installingwicking fabric in initial and rainfall analysis (RWFmodel)were
considered in order to examine the effect of suppressing frost heave by decreasing
the water supply to the ice lenses during the freezing.

Fig. 2 Pavement structure
profile and finite element
mesh



Coupled Analysis on Frost-Heaving Depression Effect of … 513

Table 1 Analytical
conditions

Model Buried depth for wicking fabric Groundwater level

WWF 0.0/0.25/0.50 m 1.0/1.5/2.0 m

RWF 0.0/0.25/0.50 m 1.0/1.5/2.0 m

NWF – 1.0/1.5/2.0 m

Boundary conditions of FE analysis were set as follows. As for the mechan-
ical boundary condition, the base surface boundaries of the model were fixed in
the vertical direction, and both lateral side boundaries were fixed in the horizontal
direction. As for the hydraulic boundary condition, the impermeable boundary was
imposed on both lateral sides, while the constant water flux boundary was set to the
top surface of model. The constant hydraulic pressure boundary was employed at the
base surface to achieve constant groundwater level. Three conditions were consid-
ered for the depth to groundwater level from top side of the subgrade (Table 1). In
addition, the constant hydraulic pressure boundary was also set at the right side of
the wicking fabric since the water seepage is in one direction in the wicking fabric.
The constant hydraulic pressure was set with reference to literature as s = 150 kPa
which can achieve the suction distribution similar to the actual measurement results
[4]. In this analysis, the pore-water pressure was defined as negative; thus, the suction
was considered to be positive. As for the thermal boundary condition, the adiabatic
boundary was imposed on the both lateral sides, and the constant thermal boundary
was imposed on the base surface and top surface.

3.2 Materials Properties

Table 2 summarizes the input parameters of FE simulation performed in this study.
Parameters of wicking fabric are referenced from previous research [4]. ForMontana
conditions, theMontana silt was chosen as subgrade soil. The parameters ofMontana
soil, such as permeability of saturated soil (ks), dry density (ρd) and specific heat
of dry soil (Cd), were based on the past research [5]. For Hokkaido conditions, a
representative fine-grained volcanic soil (Touryo soil) was chosen as subgrade soil.
The input parameters of Touryo soil in this study were based on data from frost
heave test and some common values used in previous research [6]. Since the other
parameters for Montana silt were not available from the past research, the data of
Touryo soil were used to as substitutes. The parameters of asphalt pavements and base
courses were set with reference to some common values used in previous research
[3].
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Table 2 Input parameters of materials

Parameters Unit Wicking fabric Subgrade Base course Asphalt

Montana Hokkaido

Deformation
modulus (E0)

MPa 493 100 40 200 10,000

Final freezing
temperature (T f)

°C −0.2 −0.2 −0.2 −0.2 −0.2

Poisson’s ratio
(υ)

0.001 0.33 0.33 0.35 0.35

Permeability of
saturated soil (ks)

m/h 2.232 4E−04 3.6E−05 2.3E−04 3.6E−06

Thermal
conductivity (λT)

J/mhK 20,156 4320 4320 17,320 3600

Specific heat of
dry soil (Cd)

J/m3K 6.9E+01 1.2E+06 9.8E+05 2.8E+06 1.8E+06

Thermal
expansion
coefficient (α)

1/K 3.2E−06 1.2E−06 1.2E−06 1.2E−06 3E−05

Dry density of
soil (ρd)

kg/m3 9.8 1730 1400 2280 2200

Thaw contraction
strain of soil (εft)

0 0.052 0.056 0 0

Porosity (n) 0.2126 0.361 0.45 0.154 0.03

Constant (α) MPa−1 129.7 102.5 102.5 846.6 0

Constant (λ) 2.5746 1.44 1.44 1.360 0

3.3 Simulation Procedure

A FE simulation for the pavement model was performed as follows.

1. Initial stability analysis: An initial distribution of moisture content and temper-
ature inside FE model was calculated under a given groundwater level and a
prescribed thermal boundary. The temperatures of all elements in the Montana
model and the Hokkaido model were set at 8 and 9 °C, which are the in situ
mean annual temperatures, respectively. The groundwater level from top side
of the subgrade was set at the constant (1.0, 1.5, 2.0 m). The gravity force of
9.80 m/s2 was applied to estimate the stress state of all elements.

2. Rainfall analysis: Considering the daily average precipitation in Montana and
Hokkaido, rainfall intensity of 0.16 mm/h (t = 24 h) and 0.32 mm/h (t =
24 h) was given to the upper sides in the Montana model and Hokkaido model,
respectively.

3. Freeze process analysis: The FE model was frozen under a prescribed thermal
boundary condition from the ground surface while keeping the temperature of
base surface at 8.0 °C in the Montana model and 9.0 °C in the Hokkaido model
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as the temperatures of the constant-earth temperature layer. The temperature of
ground surface in the Montana model and Hokkaido model was respectively set
at −4 °C and 5 °C which are the in situ air mean-temperature during freezing
period. The freeze process analysis was respectively performed for 2400 h in
Montana model and 2600 h in Hokkaido model by referring to mean air temper-
ature during winter season and freezing index observed measured at the testing
point.

4. Thaw process analysis: The model was thawed under a prescribed thermal
boundary condition from the ground surface. The temperature of ground surface
in the Montana model and Hokkaido model was respectively set at 8.0 °C and
9.0 °C which is the in situ mean annual temperature. The thaw process analysis
was performed for 2500 h in order to completely thaw all elements.

Note that the temperature and rainfall intensity were determined with reference to
the field measurements with the AMeDAS or NOAA Online Weather Data in order
to reproduce the in situ temperature and rainfall intensity in Hokkaido and Montana,
respectively.

4 Results and Discussion

4.1 Water Content Change in the Pavement

Figure 3 illustrates the distribution of the degree of saturation after initial stability
analysis under different models. The WWF model has less water content than the
NWF model. Also, it shows that the water content of the soil above the drainage
material is reduced. In other words, the water content of the soil after initial stability
analysis is effectively reduced by installing wicking fabric in a deeper position of

Fig. 3 Distribution of the degree of saturation after initial stability analysis
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Fig. 4 Distribution of the degree of saturation after rainfall analysis

pavement. Figure 4 shows that the influence of rainfall is small in themodel installing
wicking fabric in the shallow position of pavement under different models. This
result indicates that most waters did not penetrate the soil below the wicking fabric.
Comparing the Hokkaido model with the Montana model (Fig. 4), it is also observed
that the progress of drainage is slow since the hydraulic conductivity of the subgrade
in the Hokkaido model is lower than the Montana model.

Figures 5 and 6 show the distribution of the degree of saturation after initial
stability analysis and rainfall analysis under different groundwater level conditions,
respectively. Below the wicking fabric, there is a difference in the distribution of
the degree of saturation by the groundwater level condition. The deeper ground-
water level, the less water content the model has. However, the distribution of the

Fig. 5 Distribution of the degree of saturation after initial stability analysis under different
groundwater level conditions
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Fig. 6 Distribution of the degree of saturation after rainfall analysis under different groundwater
level conditions

degree of saturation above the wicking fabric is the almost same. This is because
the wicking fabric has the same suction in all models regardless of the groundwater
level and suppresses the water supply to the soil above it by draining water from the
groundwater.

4.2 Influence of Wicking Fabric on Frost Heave

Figure 7 shows the frost-heaving displacement and water supply to the soil above the
wicking fabric under different models. The WWF model has a lower frost-heaving
displacement than the NWF model and the RWF model. Also, the water supply to

(a) Montana model (b) Hokkaido model
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Fig. 7 Chang in frost heave and water supply to subgrade material above the wicking fabric
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Fig. 8 Maximum vertical frost-heaving displacement under different buried depths for wicking
fabric

the subgrade above the wicking fabric of the WWF model is more reduced than
the NWF model and the RWF model. Figure 8 shows the maximum vertical frost-
heavingdisplacement under different buried depths forwicking fabric during freezing
analysis. The frost heave of the NWF model is larger than the other WWF models
under the same groundwater level condition. This is because the all WWF model
has less water content than the NWF model (Fig. 4). From Fig. 4, it is observed that
the model installing wicking fabric in a deep position has less water content. As the
results, when the buried depth for wicking fabric is deep in the WWF model, the
frost heave is mitigated effectively. Also, themodel under the deep groundwater level
conditions has less water content below the wicking fabric (Fig. 6). Thus, the frost
heave is reduced in themodel under the deep groundwater level conditions. However,
in the WWF/0.50 model, the frost heave is increased under the deep groundwater
level conditions. This result is considered to be related to the increase of the frost
penetration depth (Table 3). The frost heave in the WWF/0.50 model is greatly
affected by whether or not the frost penetration depth penetrates the soil below the
wicking fabric which has high water content. Thus, under the deep groundwater level
conditions in the WWF/0.50 model, it can be considered that the frost penetration
depth penetrates the soilwith highwater content below thewicking fabric and thereby

Table 3 Frost penetration depth

Buried depth for
wicking fabric

Groundwater level

1.0 m 1.5 m 2.0 m 1.0 m 1.5 m 2.0 m

Montana Hokkaido

WWF, 0.0 m 0.79 m 0.81 m 0.84 m 0.83 m 0.87 m 0.92 m

WWF, 0.25 m 0.81 m 0.85 m 0.90 m 0.91 m 0.93 m 0.94 m

WWF, 0.50 m 0.91 m 0.93 m 0.94 m 1.01 m 1.02 m 1.02 m

NWF 0.70 m 0.78 m 0.79 m 0.79 m 0.80 m 0.81 m
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Fig. 9 Comparison of maximum vertical frost-heaving displacement for RWFmodel with the other
models

frost heave is increased. In addition, the WWF model has a larger frost penetration
depth than theNWFmodel. These results are considered to be related to the reduction
of the latent heat in the freezing, which is caused by reducing thewater content. These
results also indicate that the decrease in frost heave of the WWF model is not due to
the decrease in frost penetration depth.

Figure 9 compares themaximum vertical frost-heaving displacement for the RWF
model with the other models. Under different groundwater level conditions, the RWF
model has a smaller maximum vertical frost-heaving displacement than the NWF
model. This result is considered to be related to the difference in the water content
of the subgrade soil at the start of freezing. In addition, even if the water contents
of the RWF model and WWF model are almost the same at the start of freezing,
there is a difference in the maximum frost-heaving displacement, especially in the
Montana model. From Fig. 7, the water supply to the subgrade above the wicking
fabric is reduced and the frost heave is also mitigated in the WWF model. It can
be observed more clearly in the Montana model, where the subgrade has a large
hydraulic conductivity. This result indicates that water supply to the ice lenses above
the wicking fabric is reduced by the capillary barrier during the freezing process
in the WWF model. Comparing Figs. 7 and 9, it can be considered that the water
supply to the subgrade above the wicking fabric affected maximum frost-heaving
displacement of the model to some extent. In other words, it can be recognized that
suppressing the water supply to the ice lens in the WWF model during the freezing
process by the wicking fabric influences the reduction of frost heave.
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5 Conclusion

This study examined the effectiveness of the wicking fabric on frost-heaving miti-
gation by conducting the coupled thermo-hydro-mechanical (THM) analysis. The
following conclusions can be drawn from this study:

1. Water content of the model was reduced by installing wicking fabric in the
pavement. Since the wicking fabric effectively drains water from the soil above
it, the water content was effectively reduced by installing it in the deep. It was
also observed that moisture does not penetrate across the wicking fabric.

2. Wicking fabric performed effectively to mitigate frost heave in both Montana
model andHokkaidomodel.Wicking fabric has two effects on suppressing frost
heave. One is reducing thewater content of the subgrade. The other is decreasing
the water supply to the ice lenses during the freezing process. Decreasing the
water supply to the ice lenses can be observed more clearly in the model, where
the subgrade has a large hydraulic conductivity.

These findings need further validation based on future studies. Specifically, it is
necessary to verify numerical results by comparing themwith the results of laboratory
tests and field research in Hokkaido. In addition, the model of this study, which is the
simplified pavement structure in the transverse direction,may not be representative of
a field condition because the soils at different transverse distances will have different
drainage rates. Therefore, it is necessary to verify whether the characteristics of the
wicking fabric found from the numerical results in this study can be also obtained
from a model similar to the field conditions.
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Tension Behavior of Bituminous Mixture
Samples Reinforced by Fiberglass
Geogrids in Different Directions

Reuber Freire, Hervé Di Benedetto, Cédric Sauzéat, Simon Pouget,
and Didier Lesueur

Abstract This work aims at presenting a new analysis methodology for interface
mechanical characterization based on axial tension test, as well as verifying the
effect of the fiberglass geogrid presence on interface behavior. Tests were performed
on cylindrical samples vertically cored from slabs having horizontal interfaces. In
addition, this investigation aims at verifying the geogrid contribution in the tension
resistance of cylindrical samples horizontally cored also having horizontal interfaces.
Two different bilayered asphalt slabs were prepared to conduct the investigation: one
reinforced and one unreinforced. Both are composed of the same bituminousmixture,
compacted in two layers glued by emulsion tack coat made with 160/220 pen grade
bitumen. Afitexinov produced the coated geocomposites used in the study, based on a
knitted fiberglass geogrid of 100 kN/m tensile strength in both directions, associated
with a polyester veil. The characterization was conducted through tension test at a
controlled axial strain rate (2% per minute) and at two temperatures (19 and 40 °C).
Two tests were performed for each temperature and each type of sample (vertically
and horizontally cored) resulting in sixteen test results. The proposed methodology
is successfully able to characterize the interface behavior subjected to axial tension
loading. The differences in the observed results are related to the variation of the
interface thickness with and without fiberglass geogrids. Concerning the horizon-
tally cored samples, a slight increase in the tension resistance was observed for the
reinforced samples at 40 °C. This difference could be associated with the fiberglass
geogrid contribution.
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1 Introduction

The roadway reinforcement by geogrids has increased in the last decades in order to
improve their serviceability by avoiding typical distresses occurring in these struc-
tures, such as cracking and rutting. In the flexible pavement structures, geogrids
can be added in the unbound (granular) layers and/or in the bound layers (bitumi-
nous bases, surface and overlays) for reinforcement. They could be used for both
rehabilitation and construction of new bituminous pavements [1, 2]. According to
some authors, fiberglass geogrids are preferable for presenting high-tension resis-
tance and flexibility at once [3]. It is also thermally and chemically stable at the
mixing temperatures of bituminous mixtures [4] and easily removable by milling in
the case of further pavementmaintenances.Manyworks also indicated that fiberglass
geogrids present a better performance to cracking resistance when compared to other
types of geogrids [5–8].

Most studies in the literature related to geogrid reinforcement agreed with its
benefits to limit reflective cracking development [6, 7, 9, 10]. The further step in the
investigation of geogrid reinforcement benefits is the identification of other reinforce-
mentmechanisms that can improve pavement performances. Some authors have been
working on the pavement structural capacity increasing due to the reinforcement,
specially the control of permanent vertical strain in pavement layers [11–14].

The presented work was performed within the framework of a collaboration
between the companies Afitexinov, Eiffage and LTDS Laboratory from Univer-
sity of Lyon/ENTPE. This paper introduces a new analysis methodology for inter-
face mechanical characterization using axial tension test. The investigation aims
at verifying the effect of the fiberglass geogrid presence on interface mechan-
ical behavior and especially the geogrid contribution to the tension resistance of
reinforced specimens.

2 Specimen Preparation

Abituminous mixture, called Béton Bitumineux Semi-Grenu (BBSG) 0/10 according
to the classification in French standards [15], was used to conduct the experimental
campaign. It is a semi-coarse asphalt mixture designed for wearing course and
composed of up to 10 mm size aggregates. The BBSG 0/10 gradation curve is
presented in Fig. 1a. It is composed of mineral aggregates with rhyodactic and
rhyolitic nature, limestone filler and 20% of recycled asphalt pavement (RAP)
containing 4.75% of bituminous binder. These aggregates were mixed with 4.40% of
35/50 penetration grade bituminous binder [16]. The total bituminous binder content
in the mixture was 5.53%.
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Fig. 1 Components of tested specimens: a bituminous mixture gradation curve and b fiberglass
geogrid Notex Glass®

The geogrid used to reinforce the bituminous mixtures is Notex Glass®, presented
in Fig. 1b, produced and provided by the French company Afitexinov. This geogrid
is composed by coated fiberglass yarns and polyester knitted veil, both coated with
bituminous emulsion. The grid has a square mesh opening of 25 mm and a maximum
tensile strength of 100 kN in both directions.

Slabs of 600 × 400 × 150 mm were fabricated at the French company Eiffage
Infrastructures using a French wheel compactor [17]. Slabs were composed of two
layers having approximately the same thickness. In unreinforced slab (so-called
B), the interface is only constituted of tack coat. For reinforced slab (so-called C),
interface includes tack coat and geogrid. Emulsion made with 160/220 pen grade
bitumen was used as tack coat for both unreinforced and reinforced slabs. For the
unreinforced one, an amount of 290 g/m2 of residual binder was used, while for
the reinforced one, an amount of 800 g/m2 was used, divided in two applications,
one on each geogrid surface. The reinforced slab fabrication is conducted by first
compacting half height slab (75 mm). Then, the first tack coat application is done
(400 g/m2), followed by the geogrid placement, then the second tack coat application
is done (400 g/m2) in the geogrid surface, and finally the second half height (75 mm)
slab is compacted.

From each slab fabricated, cylindrical samples with 75 mm in diameter and
140 mm in height were cored. The coring was conducted in two directions, and the
specimens were named H (horizontally cored) and V (vertically cored) depending
on the direction they were cored. Figure 2 illustrates the specimen position within
the slab and the interface position in each type. Detailed information of interface, air
void content calculated in the bituminous mixture, testing temperature and testing
strain rate are presented in Table 1.
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Fig. 2 Slab coring plan and interface (with or without geogrid) position illustration for specimens
V and H

Table 1 Specimens’ information concerning interface, emulsion, air voids, test temperature and
strain rate for tension tests

Specimen Interface Emulsion:
residual
bitumen
(g/m2)

Air voids
(mix) (%)

Temperature
(°C)

Strain rate
(%/min)Direction Composition

B-H1 Horizontal Emulsion 290 6.1 19 2

B-H2 Horizontal Emulsion 290 7.5 19 2

B-H3 Horizontal Emulsion 290 7.0 40 2

B-H4 Horizontal Emulsion 290 6.6 40 2

C-H1 Horizontal Geogrid and
emulsion

2 × 400 7.3 19 2

C-H2 Horizontal Geogrid and
emulsion

2 × 400 8.5 19 2

C-H3 Horizontal Geogrid and
emulsion

2 × 400 7.8 40 2

C-H4 Horizontal Geogrid and
emulsion

2 × 400 8.1 40 2

B-V1 Vertical Emulsion 290 7.0 19 2

B-V2 Vertical Emulsion 290 6.5 19 2

B-V3 Vertical Emulsion 290 7.3 40 2

B-V4 Vertical Emulsion 290 6.9 40 2

C-V1 Vertical Geogrid and
emulsion

2 × 400 7.1 19 2

C-V2 Vertical Geogrid and
emulsion

2 × 400 7.4 19 2

C-V3 Vertical Geogrid and
emulsion

2 × 400 8.3 40 2

C-V4 Vertical Geogrid and
emulsion

2 × 400 8.4 40 2
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3 Experimental Device and Analysis Methodologies

Axial tension tests are performed with a servo-hydraulic press. This press has a
maximum loading capacity of ± 25 kN. A thermal chamber is used for temperature
control during the tests. The setup is the one which is classically used in experi-
mental studies at LTDS/ENTPE laboratory [18–20]. However, the instrumentation
is different and improved compared to mentioned works, to allow the interface char-
acterization [21]. The axial strain measurements are performed by two couples of
extensometers, both fixed in themiddle height of the tested specimen. The first couple
of extensometers has a 25 mm length (l1), and they are disposed at 180° from one
another. The other couple has a 90 mm length (l2), and extensometers are disposed
at 180° from one another (see Fig. 3a). The loading strain amplitude is controlled
during the test from the average of the two smaller extensometers. The temperature
is measured by a thermal gauge (PT100 temperature probe) fixed on the specimen
surface. Figure 3a presents the instrumentation of specimen types H and V, and
Fig. 3b presents the scheme of interface analysis performed for specimen V only.

Equations 1 and 2 can be written considering notation given in Fig. 3b. In this
figure, the interface composed of tack coat only (for unreinforced slab B) or the
interface composed of tack coat and geogrid (for reinforced slab C) is considered as
an equivalent layer having a thickness (t). The strain values measured by each couple
of extensometers could be expressed as in Eqs. (1) and (2):

εm1 · l1 = εA · (l1 − t) + εG · t (1)

εm2 · l2 = εA · (l2 − t) + εG · t (2)

Fig. 3 Instrumental setup: a extensometers and temperature probe location, for specimen types H
and V, and b scheme used for test analysis based on continuum mechanics for specimen type V
(Eqs. 1 and 2)
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where εm1 and εm2 are the measured strains (respectively, from couple 1 and 2 of
extensometers), and l1 and l2 are the lengths of smaller (25 mm) and longer (90 mm)
extensometers, respectively. (εA) is the axial strain of the mixture and (εG) the axial
strain of the interface layer. From these equations, εA can be obtained as shown in
Eq. 3 and it can be used to calculate as shown in Eq. 4. This strain εG depends on
the interface thickness (t).

εA = εm1 · l1 − εm2 · l2
l1 − l2

(3)

εG(t) = εm1 · l1 − εA · (l1 − t)

t
(4)

However, the interface strain can only be calculated by assuming an interface
thickness value, which is another variable for the analysis. Considering that this
interface thickness could not be easily and accurately determined, and in order to
remove its influence, the interface has been assimilated to a surface. The parameter
to be considered is not the strain in a layer but becomes the displacement gap (�u)
observed at the interface. The interface displacement gap (�u) is calculated from
Eq. 4 when considering t infinitively small (Eq. 5).

�u = εm1 · l1 − εA · l1 (5)

The tests are performed at two temperatures: 19 and 40 °C. The loading path is
divided into three steps: (i) initial tension loading until 0.1% strain with a constant
strain rate of 2%/min; (ii) 10 s of relaxation (at 0.1% strain); and (iii) tension loading
with a constant strain rate of 2%/min until specimen’s failure. Figure 4a presents
results obtained from sample B-V1, as an example. This figure shows the stress
versus the strain obtained from the two extensometers and the strain values calculated
for the bituminous mixture only. Figure 4b presents the stress as a function of the

Fig. 4 Example of results obtained for specimen B-V1: a axial stress versus εm1 (obtained from
25 mm extensometers), εm2 (obtained from 90 mm extensometers) and calculated bituminous
mixture strain (εA) (cf. Eq. 3), and b axial stress versus interface displacement gap (�u) (cf. Eq. 5)
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interface gap (�u) calculated from Eq. 5. This last curve presents the interface
behavior response to the tensile loading. Moreover, it can be used to compare all
interfaces’ behavior without depending on the thickness variable t.

The failure is determined for the maximum value of stress (σ peak). From Fig. 4a, it
can be observed that the bituminous mixture strain stops its progression after failure.
This indicates that the failure is localized at the interface for this specimen of type
V. This type of failure was obtained for all specimens of type V.

4 Results and Analysis

4.1 Interface Displacement Gap—Axial Stress Curves
for Specimen Type V

Figure 5a presents the comparison between interface gaps for unreinforced specimens
(slab B) and reinforced specimens (slab C) at 40 °C. The test repeatability appears to
be quite good, since the curves for the two specimens in the same configuration were
sufficiently close to each other. Same conclusion can be drawn from Fig. 5b, which
presents the same comparison but at 19 °C. For repetition tests, it should be noticed
that tested specimens were cored at two different positions in the slab. Thus, it is not
possible to assure that the interfaces present exactly the same amount of emulsion
and/or geogrid, and even surface, since the slab interface is not completely flat.

For both temperatures, 40 and 19 °C, a greater stress level is necessary for the
unreinforced interface (B) than for the reinforced one (C) to obtain the same displace-
ment gap. At 40 °C, approximately three times more stress was necessary before
the specimen reaches failure, while at 19 °C, approximately 60% more stress was

Fig. 5 Interface gap (�u) versus axial stress measured during the tests for specimen V: a 40 °C
and b 19 °C
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necessary. However, the interface strength should be influenced by its real thickness.
The reinforced specimens’ interface presents 2.76 times more emulsion, besides the
geogrid presence, compared to the unreinforced one. Thus, the reinforced speci-
mens’ interface is at least three times thicker, which could explain its lower strength
resistance.

4.2 Specimen Type H

For specimen type H, the strain considered is the average of the four measure-
ments obtained from the extensometers. In addition, the line from geogrid perfor-
mance, representing its elastic behavior, according to its strength characterization
performed by Afitexinov, is plotted with the results. This line represents the expected
test response if the geogrid would have taken all the efforts alone (test of geogrid
without mixture). For the results at 40 °C (Fig. 6a), the reinforced specimens (C)
presented higher resistance when compared to the unreinforced ones (B), especially
in the beginning of the test. This effect can be attributed to the geogrid presence.
However, those curves are positioned below the geogrid characterization curve. This
indicates that, at 40 °C, the geogrid is not entirely mobilized during the test. A
possible reason could be a slipping effect occurring within the interface during the
loading. Regarding Fig. 6b, which presents the results at 19 °C, similar results were
obtained for reinforced and unreinforced specimens.

Fig. 6 Axial strain versus axial stress measured during the tests for specimen H plotted with the
geogrid characterization curve: a 40 °C and b 19 °C
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Fig. 7 Stress at failure (σ peak) of all specimens for the two tested temperatures

4.3 Verification of Geogrid Influence in the Specimen
Strength Resistance

Figure 7 presents the specimens’ maximum stress (σ peak) obtained through the tests
for each tested sample. For the same temperature, specimen type H presented higher
σ peak than those obtained for specimen type V. Vertically cored specimens present
a horizontal interface, which concentrates all the effort during loading and always
causes failure in this region. Considering the average of the two samples tested in the
same condition, for C (reinforced), type H, at 19 °C, σ peak was approximately 11.3
times higher than those at 40 °C. Concerning the same specimens but type V, this
ratio increases to 33.8. For B (unreinforced), typeH, the ratio between 19 and 40 °C is
13.2, which is close to the value obtained for C type H. Finally, for B, type V, the ratio
between 19 and 40 °C is 18.2. Therefore, a higher variation was obtained comparing
temperatures and coring direction results, concerning the reinforced specimen. It is
due to its greater heterogeneity, when compared to the unreinforced one.

5 Conclusions

From the presented test results, the following conclusions can be drawn.

• A new analysis methodology was successfully performed to measure interface
mechanical behavior subjected to tensile loading of type V reinforced specimens.

• Unreinforced interfaces present higher strength resistances. It can probably be
explained by the different thicknesses of the interface. As a matter of fact, the
quantity of residual bitumen used to bond the two layers is higher when using
geogrid.

• Good repeatability is observed for same specimens in the type V configuration,
despite the adversities in sample’s interface reproduction.

• In type H results, a slight increase in the tension resistance is observed for the
reinforced samples at 40 °C which can be attributed to geogrid reinforcement.
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Application of Wicking Geotextile
for Pavement Infrastructure
on Expansive Soil

Nripojyoti Biswas , Md. Ashrafuzzaman Khan , Aritra Banerjee ,
Anand J. Puppala , and Sayantan Chakraborty

Abstract Problematic soils cover a majority of North Texas, which are primarily
characterized by high plasticity and expansive nature. Moisture intrusion plays a
pivotal role in determining the long-term performance of such soils when subjected
to repetitive axle loading. Highways constructed on such subgrade often fail to
perform satisfactorily due to rutting, cracking, and differential movements during
the seasonal moisture variation. Calcium-based stabilizers are traditionally used by
existing practitioners to treat such problematic subgrade. However, treatment with
calcium-based stabilizers fails to perform suitably over the pavement life due to
durability and leaching problems. Besides, treatment with calcium-based stabilizers
involves significant construction delay and has a detrimental impact on the environ-
ment. As an alternative to these shortcomings, a newly available geotextile with a
wicking ability has been used to construct a test section inNorth Texas. The geotextile
layer, installed at the interface of the base and subgrade layers, performs a two-fold
function. Besides the primary function of providing separation and reinforcement
to the subgrade, the wicking ability of this geotextile helps moisture redistribution
within the pavement layers. The performance of the pavement section was closely
monitored using several sensors. Initial observations suggest that the geotextile can
suitably redistribute the moisture within the subgrade. The pavement section showed
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an improved resilience to deformation from traffic load as compared to the control
section.

Keywords Expansive subgrade · Wicking geotextile · Pavement performance

1 Introduction and Background

Flexible pavements constructed onproblematic soil suffer fromdifferent failures such
as cracking, rutting, and depression. The reasons for such failure may be attributed
to fatigue, temperature changes, moisture ingress, and softening caused by surface
layer cracking [1–4]. Previous research studies have indicated that millions of dollars
are spent annually for the maintenance and rehabilitation of such afflicted roads [5].
The performance of such pavement subgrades under normal conditions has been
satisfactory to bear the repetitive axle load. However, most of the pavements in
problematic soil show reduced strength, stiffness, and load-bearing capacity when
subjected to moisture intrusion during and after rainfall events [6]. Several chemical
treatment methods, such as cement and lime stabilizations, have been traditionally
used for the treatment of such problematic soils [7–10]. However, chemical treat-
ments have failed to maintain the durability over a long period when subjected to
moisture intrusion and leaching of stabilizers [4, 7]. Some studies indicated that, if
the subgrade soil has a soluble sulfate content of more than 3000 ppm, the avail-
able sulfates react with the calcium-based stabilizers to form a disruptive tri-sulfate
hydrate product-Ettringite [8, 11]. The use of geotextile as a mechanical supporting
layer to the existing subgrade may help the Departments of Transportation (DoTs)
to eliminate the problems associated with the chemical-based stabilizers.

Geosynthetics have often found applications in different geotechnical systems
such as dams, resistive barriers, coastal protection systems, foundation design,
and pavement infrastructure, because of their versatility, ease of installation, cost-
effectiveness, and ample mechanical and hydraulic properties [12–21]. Different
types ofwoven and nonwoven geo synthetics have been used to reinforce and enhance
the drainage in pavement infrastructures [22]. The use of conventional geotextile has
been found to be effective in draining the moisture when the soil subgrade is in
saturated condition [23]. However, pavements sections on the expansive subgrade
undergo differential heaving, owing to seasonal moisture fluctuations and a vari-
able degree of saturation [3]. Iryo and Rowe [23] showed that geotextiles have a
steep hydraulic conductivity function that can cause a high hydraulic conductivity
in saturated conditions that can drop to nearly impermeable conditions for a small
increase in suction. Therefore, the use of conventional geotextiles for drainage under
such variable suction conditions might not be sufficient to remove the subsurface
moisture.

A new type of nylon wicking geotextile, developed by a geosynthetic manufac-
turer, combines various functions such as reinforcement, separation, and drainage
through capillary action in a single geotextile layer [24]. This wicking geotextile is
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made up of special hydrophilic and hygroscopic 4DG (DG-Deep Groove) fibers with
a multichannel cross section (diameter ≈ 5.7–47.8 µ) [25]. The wicking geotextile
possesses a high shape factor and a correspondingly higher number of channels per
unit area. The presence of a high number of channels facilitates the development
of capillary action in the wicking geotextile that helps in moisture migration under
unsaturated conditions [22].

Azevedo and Zornberg [26] studied the influence of wicking geotextile on unsat-
urated properties of soil in a small-scale laboratory model. Laboratory studies were
also performed to understand the maximum rate of removal of moisture from a satu-
rated soil using the wicking fabrics [27]. Wang et al. [22] developed a laboratory-
based physical model to understand the effectiveness of the wicking geotextile on
pavement infrastructure. They concluded that wicking fibers could wick out mois-
ture even when the water content was close to the optimum point. Furthermore, the
wicking fibers helped to rapidly reduce the moisture content of the soil after rainfall
to initial moisture percent. Zhang et al. [13] studied the influence of wicking geotex-
tile on the field performance of pavements in Alaska. This was the first major field
study undertaken to reduce the effect of freeze-thaw on pavement performance using
wicking geotextiles.

In the context of the previous discussion, it is evident that to date, no major field
implementation studies on the utilization of the wicking geotextile has been under-
taken. Notably, no documented literature exists on field studies using the wicking
geotextile on the expansive subgrade. Therefore, the primary objective of this paper is
to study the benefits of the application of wicking geotextile for pavement infrastruc-
ture on an expansive subgrade. The document outlines the construction sequences
involved for the implementation of the geotextile in the pavement layers. Further-
more, a detailed instrumentation plan has also been discussed. The performance of
the pavement sections has been monitored for a certain period, and the initial results
indicate that the inclusion of the wicking geotextile has a potential to improve the
pavement performance.

2 Project Description

A 130 ft (40 m) long pavement section was constructed on a two-lane road in Venus,
Texas. The locally available soil in this North Texas region is historically character-
ized as highly expansive in nature. The eastbound lanewas used as aTest Section (TS)
and reinforced with the wicking geotextile, whereas, the westbound lane was used
as a Control Section (CS). This road section was of particular importance because a
major rehabilitation activity was undertaken by the Texas Department of Transporta-
tion (TxDOT) in the Fall of 2017. However, the pavement section started showing
rutting, cracking, and differential heaving within six months after the maintenance
was completed. The subgrade of farm to market roads is generally constructed with
locally available materials, in this case, the expansive soil. The differential heaving
due to moisture migration, during and after a rainfall event, maybe attributed as the
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principal reason for the occurrence of such failure in the early stages of its service
life. The primary hypothesis for implementation of the wicking geotextile on such a
road sectionwas that, in addition to the reinforcement and separation action, the pres-
ence of wicking fibers would help in moisture redistribution through capillary action
within the pavement layers. Themoisture redistribution capacity of thewicking fibers
would prevent differential heaving of the subgrade soil and subsequently increase
the serviceability of the pavement.

3 Design, Construction and Instrumentation

3.1 Design of Test Section

The design of the test section was performed as per TxDOT design guidelines.
TxDOT pavement design software FPS21, which is based on the AASHTO 1993
pavement design module, was used to predict the serviceability life of the newly
constructed pavement. The traffic and standard design data for input were selected
as per information provided by TxDOTdesignmanuals for farm tomarket roads [28].
The subgrade soil properties corresponding to ASTM [29] standards and AASHTO
guidelines are listed in Table 1. The resilient modulus was determined based on the
repeated load triaxial test (AASHTO T-307-99) on the subgrade soil. The stresses
on the subgrade was expected to be moderate from traffic loads, however for conser-
vative design the resilient modulus value corresponding to the last loading sequence
(σ 3 = 13.8 kPa and σ d = 68.9 kPa) was adopted. Based on the design data, the pave-
ment section was determined to be consisting of existing subgrade soil, followed by
a layer of wicking geosynthetic, base course, and surface layer. The thickness of the
base course was determined to be 15 in. (38 cm), followed by a 2 in. (5 cm) asphalt
overlay. The base layer was constructed using flex-base material supplied by a local
supplier conforming to Grade 1 (Type A) of the TxDOT material standard (Item
#247). The control section consisted of a similar section design, except that it was
not reinforced with a geotextile.

Table 1 Basic soil characterization test results

Property Unit Reference/Standard Value

Liquid limit ASTM D4318 58

Plasticity index ASTM D4318 31

Optimum moisture content (OMC) % ASTM D698 23.5

Maximum dry unit weight (MDUW) pcf (kN/m3) ASTM D698 89.9 (14.2)

Swell potential % ASTM D4546 8.5

Resilient modulus ksi (MPa) AASHTO T-307 9.0 (62.1)
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3.2 Construction and Instrumentation

The construction started in early December of 2018 and was completed within a
week. The construction of the sections was performed in the sequence, as discussed
below. First, a trench of 17 in. (44 cm) depth in the CS (westbound lane) was made
to install a 2 in. PVC pipe, which would be later used to accommodate the deflection
sensor in it (Fig. 1). After the PVC pipe was laid, the trench was backfilled with 15 in.
(38 cm) flexible base material and overlaid with a 2 in. (5 cm) asphalt layer. After the
control section was completed, the construction of the test section was undertaken.
The eastbound lane was excavated to the depth of 17 in. (44 cm) from the surface of
the existing pavement using a cold planar machine. This enabled the exposure of the
subgrade layer, from which soil samples were collected for laboratory studies. After
the subgrade layer was properly leveled, amedium-duty pneumatic roller was used to
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compact the subgrade soil to reach the target MDUW and OMC. The sand-cone test
was performed at regular intervals to ensure that the subgrade layer was adequately
compacted.

After the subgrade soil was properly compacted, boreholes were made with hand-
augers to insert the moisture sensors at different depths. A total of nine moisture
sensors (1–9) were installed in the TS inside three boreholes at a depth of 12 in.
(30 cm) (1, 2, and 3) and 6 in. (15 cm) (4, 5, and 6) below the geotextile and at
6 in. (15 cm) above the geotextile layer (7, 8, and 9). Similarly, a set of four moisture
sensors (10–13)was installed in theCS at a depth of 6 in. (15 cm) below the geotextile
and at 6 in. (15 cm) in the base layer above the geotextile (Fig. 1b). The boreholes
were backfilled with soil, and proper care was taken to ensure that the wires from the
sensors were protected adequately during construction. At the level of the subgrade,
two earth pressure cells were installed at the distance of 2.5 ft. (0.75 m) and 8 ft.
(2.45 m) from the center of the lane. Furthermore, a 2 in. PVC pipe was placed and
connected to the pipe from the control section on top of the subgrade. The shape
array accelerometers (SAAs) were inserted in the PVC pipes to measure the vertical
movement in the subgrade layer due to the cumulative effect ofmoisture intrusion and
axle loads. The SAA sensor consists of a micro-electro-mechanical system (MEMS)
accelerometers for measuring the deflection. The wires from all the sensors were
connected to the dataloggers, and the station was set up in the vicinity of the road.

The wicking capability of the fabric is highly directional; hence, proper care
was taken, while installing the geotextile on top of the subgrade soil such that the
wicking fabrics are always in a transverse direction to the pavement section. After
the geotextile layer was laid over the subgrade, the base course was backfilled and
compacted with the flex-base material to a height of 15 in. (38 cm) from the top of
the subgrade.

The base coursewas compacted for another seven dayswhen theywere opened for
regular traffic. Thereafter, a surface coating was performed using asphalt coats, and
finally, an asphalt layer [15] was used to finish the surface course. The road became
serviceable from the next day of the construction. The detailed representation of the
construction sequence is shown in Fig. 2.

4 Analysis and Discussion

The pavement section was installed with different sensors, such as moisture sensors,
deflection sensors, and pressure cells. The monitoring was performed on a bi-weekly
basis, and the initial data was extracted, and pavement performance was analyzed
for this initial period. Here, “initial” refers to the first year monitored data. Although
the performance of pavement needs to be monitored over a longer period of time,
before developing any design methodology, this analysis would help to envisage the
initial response of the pavement.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 2 Construction sequence of flexible pavement using wicking geotextile: a milling, b excava-
tion, c leveling, d compaction, e laying of the wicking geotextile (H2Ri), f laying of base course,
g asphalt overlay, and h final pavement section

4.1 Deflection Analysis

The SAA-MEMS was used to record the deflection of the subgrade layer in both the
test section and the control section. Figure 3 shows the plot of the deflection data
recorded by the SAA at four points along the pavement cross-section. The deflection
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points selected below the wheel path provide a comprehensive understanding of the
subgrade deflection due to the cumulative effect of axle load and subgrade move-
ment due to moisture migration. The subgrade soil below the CS (red and purple
dot) showed noticeable movements during the first fewmonths after the construction
phase. This movement may be attributed to the initial plastic deformation due to
stresses acting on the subgrade. In the following months, there was a reduction of the
subgrade fluctuations in the control section. However, the cumulative deformation of
the points below thewheel path is much higher as compared to the reinforced section.
The wicking geotextile has a wide width tensile strength of 5280 lb/ft (7.15 kN/m)
(as per the manufacturer). Reinforcing the weak soil subgrade with the geotextile
provides additional strength and stiffness to it through the process of stress distri-
bution via membrane effect below the wheel path. Furthermore, the geotextile also
provides additional strength to the subgrade by providing confinement to the soil
layer. Therefore, from figure, it can be observed that the deflection of the points
(green and blue dots) in the TS are almost negligible for the observation period.

The figure also shows the plot of measured rainfall in the region as obtained from
a local rainfall recording station located at Venus, Texas. After a significant rainfall
period (April–June 2019), the soil subgrade below the control section undergoes
high swelling and permanent deformation due to moisture intrusion. However, the
reinforced section shows no significant deformation during the same period. The
presence of the wicking fiber might have been helpful in moisture redistribution to
the pavement edges and within the pavement subgrade.

As themoisture iswicked out of the pavement subgrade, there is no loss of strength
of the subgrade soils. Consequently, as there is a reduction in moisture content in the
soil, there isminimal loss of strength and bearing capacity of the subgrade. Therefore,
analyzing the deflection data shows that the inclusion of geotextile indeed improves
pavement performance. Some additional observations using the moisture sensors are
made to validate the utility of the geotextile in subgrade improvement.

4.2 Subgrade Moisture Analysis

The performance of the pavement may be affected due to seasonal fluctuations of
the subgrade moisture. The presence of these wicking fibers might have been instru-
mental in the redistribution of the moisture within the pavement layers. Figure 4
shows the volumetric moisture variation (θV) within the pavement section for the
period of August–September 2019. Furthermore, the rainfall data is also plotted in
a tandem to provide a comprehensive analysis of the moisture migration inside the
pavement layers.

After a typical rainfall event (late August), it could be observed that for the test
section, there is an increase in moisture content within the soil subgrade (Sensor-
6) and the base layer (Sensor-9) at the edge of the pavement. This could be due to
moisture intrusion from the cracks between the pavement edges and the adjacent soil.
However, over a period of a few days, there is a gradual reduction in the moisture
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Fig. 4 Volumetric moisture
variation within the
pavement layers
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content until the soil moisture reduced to the initial state (before rainfall). As for the
CS, the moisture content is observed to be noticeably high as compared to the test
sections. The readings frommoisture sensor-11were discardeddue tomalfunctioning
of the sensor. However, due to the absence of any wicking fiber, there is minimum
moisture reduction in the subgrade at the control section edges.

The moisture sensors toward the center of the pavement sections in the subgrade
(Sensors-4 and 5) and in the base layer (Sensor-7 and 8) showsminimumfluctuations
in moisture content even after a period of rainfall. This could be attributed to the
newly constructed pavement surface course. Since no cracks or fissures are present,
no direct moisture migration from surface layers takes place.
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However, it could be easily comprehended that the moisture content of the test
section (Sensors 4, 5, and 6) is consistently low throughout the entire period as
compared to the control section (Sensor-10). Because of the low moisture content,
there is a negligible reduction in strength and stiffness of the soil subgrade in the
reinforced section. As a result, the deformation of the reinforced section is also
substantially reduced.

The installation of wicking geotextile was observed to improve the pavement
performance by proving two-fold benefits, primarily through reinforcement of the
subgrade layer, and followed by the enhancement of lateral drainage capacity through
the capillary action of the wicking fibers.

5 Conclusions

The use of wicking geotextile has been found to be effective in moisture redistribu-
tion by several researchers for different laboratory-scale studies. However, very few
studies on the field implementation and corresponding validations of the laboratory
data have been documented. The present field study on expansive clay of North Texas
and initial monitoring of the pavement performance provided us with valuable infor-
mation regarding the effectiveness of the wicking fabrics. The initial observations
from the monitoring of the test section could be summarized as follows.

1. The deflection data obtained from the SAA-MEMS indicated that there is a
minimum movement in the test section due to the moisture fluctuations in the
subgrade soil.

2. The moisture data recorded from the moisture sensors indicated that the mois-
ture fluctuations are more prominent at the edges as compared to the center.
Furthermore, the volumetric moisture content near the wicking geotextile in the
pavement subgrade is less as compared to the control section. This indicates that
the wicking geotextile is effective in redistributing the excess moisture from the
subgrade soil.

3. The initial observations indicate that the pavement performance has improved
due to the provision of the wicking geotextile in between the pavement subgrade
and base course, as compared to the traditional pavement section.

Although there is an improvement in short-term performance due to the utilization
of the wicking geotextile, long-term pavement monitoring is necessary to understand
the pavement performance over the years. Data collected over a longer period will
help the DOTs to understand the effectiveness of the wicking fiber on expansive soils.
Furthermore, design charts could be developed after validating the field results and
comparing them with the existing laboratory studies.
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Performance Evaluation of Reinforced
Expansive Soil Subgrade
with Polypropylene Fiber and Geogrid

Nitin Tiwari and Neelima Satyam

Abstract The rapid development of infrastructure often encounters the loose soil
subgrade and is becomingdifficult to carry to construction activities.Variousmechan-
ical and chemical methods have been developed to reduce the impact of the expansive
soil. Mechanical stabilization of expansive soils by reinforcing with polypropylene
fibers and geogrid is one of the sustainable solutions. Geogrids and polypropylene
fibers have been extensively used to reinforce the expansive soil subgrade and foun-
dations as individuals. The polypropylene fiber reinforcement enhanced the tensile
strength capacity of the reinforced expansive soil wherein the geogrid reinforcement
is the quick fix mechanical stabilization technique, which reduces pavement failures.
In this research, the combined effect of the polypropylene fiber and geogrid reinforce-
ment has been evaluated to stabilize the pavement subgrades. Various mechanical
strength tests such as unconfined compressive strength (UCS) and large direct shear
box tests were conducted to evaluate the mechanical interaction between expan-
sive soil subgrade, polypropylene fiber, triaxial geogrid, and biaxial geogrid at the
interface. Polypropylene fiber of 12-mm length was used in the proportion of 0.25,
0.5, and 1.0% and single share geogrid layer at mid-depth. The result shows that
the shear strength of reinforced subgrades with a layer of biaxial/triaxial geogrid
and polypropylene fiber increases significantly. It is also observed that the uncon-
fined compressive strength of the expansive soil increased with the inclusion of
polypropylene fiber and geogrid. The combined reinforcement method shows an
effective treatment methodology to improve the engineering property of expansive
soil subgrades.
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1 Introduction

Expansive soil characterized by its nature of changing its volume with the change in
water content. This change in volume known as swelling-shrinkage behavior of soil,
and hence, this soil is also known as swell-shrink soil [1–4]. Pavement distresses in
roadways are one of the impacts of the presence of expansive soil in the subgrade
layer [5–7]. In a dry state, soil initiate shrinkage cracking, which propagates through
the pavement system and leads to longitudinal, transverse, and fatigue cracking and
rutting in the case of pavement surface [8]. Structures also suffer comparatively
extensive damage when constructed on highly plastic clay subgrade as such soils
undergo cycles of wetting and drying. Therefore, such characteristics of expansive
fine-grained soil are one of the most significant reasons which lead to cracks, distress
and most of the damage [9].

Expansive soil lies mostly in the central and the western part and covers more than
15–20% of the geographical area of India [10]. The expansive soil subgrade swells
during rain and shear failure in the structure occurred. Various mechanical and chem-
ical methods were lingering to mitigate the swelling pressure and heave phenomena
of the expansive soil. Mechanical [11–13] and chemical [14–19] stabilization are the
conventional methods used to improve the engineering properties of expansive soils;
however, these methods are time-consuming and uneconomical. Geosynthetic has
now emerged as one of the cost-effective and sustainable construction materials as
separation, filtration, reinforcement, and stiffening are some of the primary function
which can be used to enhance the engineering properties of the subgrade layer [20–
25]. Installing geogrids led to the extension of the service life of the pavement due
to its ability to minimize the development of reflective cracks and also reduce the
chances of cracks by reducing the expansion and shrinking of the subgrade layer as
indicated by various field evidence and theoretical studies of geotechnical engineers
[26–31]. Among the different forms of Geosynthetic, geogrid has the special prop-
erty of high tensile strength, to provide separation, frictional resistance to stabilize
the soft soil subgrade.

There is also a rapid increase in the waste quantity of plastic fiber; if this waste can
be utilized for the stabilization of soil, then a sustainable solution of the expansive
soil can be achieved [32]. In recent years, the polymeric fibers have also been used
to control the volume change behavior of expansive soil as well as to improve its
strength. The performance of the reinforcement is persuaded by the properties of the
fiber, volume fraction, modulus of elasticity, type of inclusion„ orientation, length,
shape, grain size, gradation characteristics, and density [33] and also established that
peak unconfined compressive strength of soil increased with the inclusion of fiber
content and shown ameager reduction in shear capacity [34, 35]. Polypropylene fiber
does not react with water and soil; hence can be used for the soil reinforcement [36].

The objective of this study is to evaluate the combined and individual effect
of polypropylene fiber and biaxial/triaxial geogrid on geotechnical properties of
the expansive soil. Single layer of geogrid at mid-depth and 0.25, 0.5, and 1.0%
polypropylene fiber of 12-mm length were used to reinforce the expansive soil. To
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Table 1 Index properties of
expansive soil considered

Property Value

Specific gravity 2.78

Liquid limit (%) 89

Plastic limit (%) 47

Plasticity index (%) 42

Shrinkage limit (%) 11

USCS soil classification CH

Grain size distribution

Clay (%) 71.5

Silt (%) 24.5

Sand (%) 4.0

Free swell index (%) 120

evaluate the effect of reinforcement a large size direct shear (300 mm × 300 mm ×
150 mm) and unconfined compressive strength test has been carried out. The result
shows that the shearing strength of expansive soil with a layer of biaxial/triaxial
geogrid and polypropylene fiber increases significantly. It has also been observed
that the stress–strain behavior of the expansive clay soil improved with the inclusion
of polypropylene fiber with geogrid.

2 Properties of Material

2.1 Expansive Soil

The expansive clay soil used in this study was taken from Indore (India) at a depth
of 1.5–2 m from the surface. The liquid limit (LL) and plastic limit (PL) of the soil
were 89% and 47%, respectively. Because of which, this soil falls in the category
of high plasticity clay (CH), as specified by the unified soil classification system
(USCS). The free swelling index of the soil was 120%, which represents the high
swelling potential of expansive soil. The various index properties of expansive soil
considered in the study are shown below in Table 1.

2.2 Polypropylene Fiber

Polypropylene fibers have been used in the present study because they have several
advantages, such as high strength, microfine reinforcement, chemically inert, non-
corrosive, and availability in various lengths. For the present study, fibers with a
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Table 2 Properties of
polypropylene fiber
considered

S. No. Property Value

1. Specific gravity 0.91

2. Tensile strength (kN/mm2) 0.67

3. Young’s modulus (kN/mm2) 4.0

4. Melting point (°C) 165

5. Ignition point (°C) 600

6. Bulk density (kg/m3) 910

7. Loose density (kg/m3) 250–430

8. Fiber cut length (mm) 6 mm

9. Dispersion Excellent

10. Acid and salt resistance Chemical proof

length of 6 mm were used provided by Bajaj Reinforcements Nagpur India. The
physical, chemical, and mechanical properties of PP fiber shown in Table 2.

2.3 Geogrid

Biaxial and triaxial polypropylene geogrid that is integrally formed by punch and
drawn, and extrusion process as shown in Fig. 1 has been used in the study. Index
properties of biaxial and triaxial geogrid are presented in Tables 3 and 4. The geogrid
has been provided by Tensar® Geosynthetics India Pvt. Ltd.

Fig. 1 Biaxial and triaxial geogrid
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Table 3 Properties of biaxial geogrid considered

Characteristics Units MD CD

Mechanical
properties

Tensile strength
ASTM 6626

@ 2% Strain kN/m 4.1 6.6

@ 5% Strain kN/m 8.5 13.4

Ultimate kN/m 12.4 19

Junction efficiency % 93 –

Flexural stiffness mg cm 250,000 –

Geometric
properties

Aperture dimensions mm 25 33

Minimum rib thickness mm 0.76 0.76

Rib width mm 3.2 3.2

Polymer type Polypropylene

Manufacturing process Integrally formed biaxial geogrid

Table 4 Properties of triaxial geogrid considered

Characteristics Unit Value

Geometric
properties

Rib pitch Longitudinal mm 40

Diagonal mm 40

Mid-rib depth Diagonal mm 1.6

Transverse mm 1.4

Mid-rib width Diagonal mm 1

Transverse mm 1.2

Aperture shape – Triangular

Structural
integrity

Junction efficiency % 93

Radial stiffness @ 0.5% strain kN/m 300

Polymer type Polypropylene

Manufacturing process Integrally formed triaxial geogrid

3 Experimental Program

In this paper, the engineering properties of polypropylenefiber andgeogrid reinforced
expansive soil were investigated. Unconfined compressive strength and large size
direct shear test have been conducted to investigate the shear strength and compres-
sive strength of the reinforced soil specimen. The index properties, i.e., optimum
moisture content (OMC), maximum dry density (MDD), liquid limit (LL), plastic
limit (PL), grain size distribution (GSD), specific gravity, free swell index were
carried out to characterize the expansive soil. In initial phase the expansive soil
mechanically reinforced with 0.25, 0.50, and 1.00% polypropylene fiber content.
The initial moisture content and dry unit weight are essential factors affecting the
engineering behaviors of expansive soil. Hence, the specimenwas prepared at the dry
unit weight (17.65 kN/m3) and optimummoisture content (19.2%) of expansive soil.
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Table 5 Reinforced and unreinforced section considered

Polypropylene fiber (%) Type of geogrid

No geogrid Biaxial geogrid Triaxial geogrid

0.00 BC BC + BG BC + TG

0.25 BC + 0.25% PP BC + 0.25% PP + BG BC + 0.25% PP + TG

0.50 BC + 0.50% PP BC + 0.50% PP + BG BC + 0.50% PP + TG

1.00 BC + 1.00% PP BC + 1.00% PP + BG BC + 1.00% PP + TG

Themix of polypropylene fiber and expansive soil kept in the environmental chamber
at 27 ± 2 °C temperature and 65 ± 5% humidity to maintain the constant temper-
ature and moisture condition. The required amount of clay and polypropylene fiber
was compact statically using a lightweight proctor to achieve the field conditions.
The test specimen was prepared in accordance with Indian Standard. To evaluate the
shear strength parameter of reinforced and unreinforced soil subgrade, a large direct
shear test has been conducted. The large direct shear box of 300 mm × 300 mm ×
150 mm is used to evaluate the effect on soil geogrid interaction behavior. The lower
box size kept large than the upper shear box to maintain the equal shear area during
the experiment. The 287, 335, and 383 number of below applied to achieve the
dry density using lightweight proctor method. The single layer geogrid was placed
at mid-depth of a specimen to evaluate shear strength and applied 1.25 mm/min
strain rate under 24.63, 49.27, and 98.54 kPa normal pressure. The maximum shear
load and displacement during the experiment were recorded with LVDT and load
cell of capacity 50 mm and 50 kN, respectively. The stress–strain behavior of the
reinforced and unreinforced samples has been investigated by conducting the uncon-
fined compressive strength test of 50 mm diameter. The samples were prepared as
per the test sections mentioned in Table 5. The stress was calculated by applying
the 1.25 mm/min constant strain rate up to deviator stress. The single layer geogrid
placed at the mid-depth to evaluate the effect on unconfined compressive strength.
In this paper the expansive soil, biaxial geogrid, triaxial geogrid, and polypropylene
fiber referred as BC, BG, TG, and PP, respectively.

4 Results and Discussion

Figure 2 shows the effect of geogrid and polypropylene fiber on the shear strength
of expansive soil. The large size direct shear test resembles the field condition up to
a great extent. The large direct shear test result indicates a significant improvement
in the expansive soil shear strength.

The shear strengthwith a single layer of a geogrid layer at a half depth of specimen
increase from 55.56 to 101.11 kPa (82%), and 102.22 kPa (84%), while 68.33 kPa
(23%), 84.05 kPa (51.29%), and 81.53 (46.75) with the inclusion of 0.25%, 0.50%,
and 1.00%polypropylene at 24.63 kPa normal stress, respectively. The shear strength
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Fig. 2 Shearing strength of reinforced and unreinforced expansive soil

increased due to high frictional resistance between the soil particle and the geotextile
layer. The interaction mechanism between polypropylene fiber and soil particles is
based on dilation [37]. In the soil mass, randomly distributed polypropylene fiber
act as a spatial network, interlocking with soil particles to form a unitary matrix.
The soil matrix resists most of the applied load at relatively low strain levels. As the
strain level increases, rearrangement or rotation of particles gradually mobilizes the
tensile strength in the interlocked fibers, which will then contribute to resisting the
applied shear force [38].

It has also observed that under normal stress 49.27 and 98.54 kPa the shear
strength increases 60.88 kPa (9.60%), 112.22 kPa (10.99%), 114.44 kPa (11.96%)
and 66.78 kPa (9.67%), 128.31 kPa (14.85%), 131.11 kPa (14.56%), respectively, for
BC+BG and BC+TG section, respectively. Similar pattern has been observed with
the inclusion of propylene fiber content (i.e., BC + 0.25% PP, BC + 0.50% PP, BC
+ 1.00% PP), shear strength increases between 10.5% and 12.5% under 49.27 kPa
and 98.54 kPa normal stress. Under high normal stress, the restriction of particle
rearrangement leads to slippage between particles and fibers and, consequently, to
a reduction of stretching in the reinforcement. It indicates that with increasing the
normal pressure, the soil particle got intact with each other and dominate with the
particle cohesion than the frictional resistance between the geotextile layer. The
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results also show the potential increment in the shearing strength with both geogrid
and polypropylene fiber are used to reinforce the expansive soil. It can be noted
that with the inclusion of fiber content with geogrid, the shear strength increases
exponentially; however, the effect of biaxial and triaxial geogrid is similar.

The improvement in the behavior of soil–geogrid interfaces can be expressed in
terms of the interface shear strength coefficient α, defined as

α = τreinforced

τunreinforced
(1)

where τ reinforced is the shear strength of expansive soil reinforced with polypropylene
fiber and geogrid at the interface, and τ unreinforced is the shear strength of expansive
soil.

Table 6 summaries the measured peak interface shear strength coefficients for
normal stresses of 24.69, 49.27 and 98.54 kPa with the average interface shear
strength coefficients. The average peak interface shear strength coefficients of the
soil with polypropylene fiber and geogrids used in this study range from 1.24 to
2.81. The average peak interface shear strength coefficients are lowest for BC +
0.25% PP interface and the highest for BC + 0.50% PP + TG interface. An inter-
face shear strength coefficient exceeding unity represents the beneficial effect of
geogrids in expansive soil reinforcement. Table 6 also show that the interface shear
strength coefficient depends on the applied normal stress. At lower normal stresses,
the materials are more dilative, while at higher normal stresses and larger shear
strains, dilation is inhibited. Therefore, depending on the initial sample density, the

Table 6 Peak interface shear strength coefficients for normal stresses of 24.69, 49.27, and 98.54 kPa

Reinforced section Peak interface shear strength coefficient αpeak

Normal stress (σ n) kPa Average αpeak

24.69 49.27 98.54

BC 1.00 1.00 1.00 1.00

BC + BG 1.82 1.84 1.93 1.86

BC + TG 1.84 1.88 1.96 1.89

BC + 0.25% PP 1.23 1.24 1.26 1.24

BC + 0.25% PP + BG 2.24 2.29 2.43 2.32

BC + 0.25% PP + TG 2.26 2.34 2.47 2.36

BC + 0.50% PP 1.51 1.56 1.57 1.55

BC + 0.50% PP + BG 2.75 2.72 2.90 2.79

BC + 0.50% PP + TG 2.78 2.74 2.92 2.81

BC + 1.00% PP 1.47 1.49 1.51 1.49

BC + 1.00% PP + BG 2.67 2.61 2.75 2.68

BC + 1.00% PP + TG 2.70 2.56 2.80 2.69
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Fig. 3 Cohesion and angle of shearing resistance of reinforced and unreinforced expansive soil

normal stress and the degree of interlocking of particles within geogrid apertures,
the interaction mechanism is expected to be different.

Figure 3 shows the cohesion and angle of shearing resistance of reinforced and
unreinforced expansive soil. The angle of shearing resistance increases from 8.44°
to 21.23°, 21.26°, and cohesion from 52.61 kPa to 92.78 kPa, 93.89 kPa with the
reinforcement of BC + BG, and BC + TG, respectively. The cohesion of unre-
inforced expansive soil 52.61 kPa improved by 112.97–140.57 kPa for combined
polypropylene fiber and geogrid reinforced expansive soil as a result reinforced soil
falls under the category of very stiff clay soil as per Mohr’s criteria and give higher
shear resistance.

The unconfined compressive strength (UCS) curve of reinforced and unreinforced
expansive soil shown in Fig. 4. Significant strength improvement has been observed
with the inclusion of polypropylene fiber and geogrid. TheUCSvalue of unreinforced
section was observed as 139.7624 kPa which increase ranging 145.15–335 kPa.
The maximum value of reinforced section BC + 0.50% PP + TG, which can be
considered as the optimum percentage for reinforcement. The effect of geogrid do
not affect much the strength of the material; however, the layer creates a strong base
and separates the section into two part. With the inclusion of geogrid layer the L/D
ratio of layers change, and as a result the increment in the UCS value observed. The
UCS of the polypropylene fiber mix increased with the increment of the PP fiber
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Fig. 4 Unconfined compressive strength of reinforced and unreinforced expansive soil

content; however, at higher amount of PP fiber content the axial strain capacity of
the expansive soil reduces.

5 Conclusion

The inclusion of geogrid and polypropylene fiber shows a significant improvement
in the property of expansive soil subgrade. The results of the study on the potential
use of geogrid and polypropylene fiber to increase the shear strength and unconfined
compressive strength of expansive soils are presented. The reinforced soil specimen
can be used for controlling the shearing strength and stress–strain behavior of the
expansive soil subgrade. Based on the results and discussion presented, the following
conclusions were made.

• With the addition of geogrid and polypropylene fiber, the angle of shearing resis-
tance increases from 8.44° to 21.23°, 21.26°, and cohesion from 52.61 kPa to
92.78 kPa, 93.89 kPa for BC+BG and BC+TG, respectively. The shear strength
increased due to high frictional resistance between the soil particle, polypropylene
fiber, and geogrid layer.

• The shearing strength of the expansive soil with the inclusion of polypropylene
fiber and geogrid increase up to 154 kPa from 55.43 kPa. The 0.50% PP fiber
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gives optimum results with biaxial and triaxial geogrids. However, the biaxial and
triaxial geogrids performed similarly, no major improvement has been observed.

• The unconfined compressive strength of the reinforced section increases with the
addition of geogrid and PP fiber. The UCS value of unreinforced section was
observed as 139.76 kPa with increase ranging from 145.15 kPa to 335 kPa.
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Effects of Geogrid Encasement
on Behavior of Stone Column-Improved
Soft Clay

Meixiang Gu, Jie Cui, Yang Wu, Jie Yuan, and Yadong Li

Abstract Geosynthetic-encased stone columns (GESC) are commonly used to
support embankments over soft clay. The load transfer mechanism and particle inter-
actions have received little attention from researchers. This study presented some
interesting results obtained from a numerical analysis using three-dimensional (3D)
discrete elementmethod (DEM). The aggregate, the geogrid encasement, and the soft
clay were simulated using particles with different sizes andmicromechanical proper-
ties. A validated DEM model was proposed to simulate the stone column-improved
soft clay under a plate loading condition. Two important factors, the encasement
length and the tensile stiffness of the geogrid, were investigated and showed different
effects on the behavior of the stone column-improved soft clay. The encasement
length had significant effects on the bearing capacity, the vertical and radial stresses
of the column and the soft clay, and the tensile strain of the geogrid. The geogrid stiff-
ness has negligible effect on the bearing capacity for partially encased stone column
(e.g., the encasement length was twice the diameter of the column). The aggregate
below the geogrid encasement was more likely to move laterally with the increase
of the geogrid stiffness and caused bulging failure in the deep section.

Keywords Stone columns · Discrete element method · Load transfer mechanism ·
Particle interactions · Bulging zone
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1 Introduction

Stone columns have been widely used to support embankments, highway facilities,
bridge abutments, and building foundations over the soft ground [1, 2]. The bearing
capacity of the stone column-improved soft clay depends on the lateral confining
stress from the surrounding soils. In very soft clays (e.g., the undrained shear strength
less than 15 kPa), stone columns may not achieve significant bearing capacity due to
insufficient lateral confinement. The lower lateral confinement in the upper section
of the column may cause large bulging deformation and significantly reduce its
capacity [3]. In recent decades, fully or partially encasing individual stone columns
with geosynthetic materials (e.g., geotextile and biaxial geogrid) were introduced,
and extensively studies have conducted to understand the behavior of stone column-
improved soft clay [4–10].

Hasan and Samadhiya [11] performed laboratory model tests and numerical anal-
yses on reinforced granular piles installed in very soft clay. Significant improve-
ment in ultimate load intensity and stiffness of the treated ground was achieved
due to the inclusion of geosynthetic. Schnaid et al. [12] presented an instrumented
case study of a full-scale bridge abutment on geotextile-encased columns supported
soft soil. The results showed that the column reduced the horizontal earth pres-
sure up to 50%. Chen et al. [13] performed large-scale triaxial tests on ordinary
stone columns and uniaxial tests on geotextile-encased stone columns. The results
showed the uniaxial compressive strength of the encased stone columns was mainly
affected by the tensile strength of the geotextile. Yoo and Lee [14] investigated the
load-carrying capacity and settlement reduction of geogrid-encased stone column by
field-scale load tests. The performance was significantly improved even for partially
encased stone columns. Gu et al. [15] conducted model tests on stone columns with
different encasement lengths. The effective length of the encasement was suggested
as three to four times of the diameter of the column based on the consideration of
performance and economy.

However, most of the previous studies have focused on the macroscopic behavior
(e.g., the bearing capacity and settlement) of stone columns, and there are limited
results on the load transfer mechanism and particle interactions between the column
and the surrounding soft clay. The discrete nature and large displacements of the gran-
ularmaterial cannot be properly simulated by a continuum-based numerical approach
(e.g., the finite element method) [16–22]. Discrete element method (DEM) can better
model and give valuable insight into the behavior of stone column-improved soft
clay in a microscopic perspective. Gu et al. [23, 24] proposed a three-dimensional
DEM model for an axially-loaded geogrid-encased stone column under unconfined
compression (without surround soil). The changes of vertical and radial stresses,
the particle movements and contact-force distribution within the column, and tensile
force in the geogrid encasement were investigated. The interlocking effects between
the aggregate and the geogrid were observed from a microscopic view. Gu et al.
[25] proposed a three-dimensional DEMmodel to simulate a partially encased stone
column installed in a clay bed in the laboratory test under a plate loading condition.
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The particle interaction and the interlocking effect between particles were investi-
gated and showed different patterns in the encased and unreinforced sections due to
the inclusion of the geogrid encasement.

Based on the previous study [23–25], validated three-dimensional DEM models
were adopted in order to conduct a parametric study on influencing factors such as
the encasement length and the geogrid stiffness. The load transfer mechanism and
particle interactions between the column, the geogrid encasement, and the soft clay
were investigated and are presented below.

2 Numerical Simulation

The three-dimensional particle flow code (PFC3D) [26]was employed in this study to
simulate the stone column-improved soft clay under plate loading condition. Table 1
summarizes the variation of influencing factors used in theDEMmodels to investigate
the effect of two important factors (i.e., encasement length and geogrid stiffness) on
the behavior of stone column-improved soft clay. Models 1 and 2 simulated real
laboratory tests on ordinary stone column and geosynthetic-encased stone column-
improved soft clay, respectively. Details of the simulation process were presented in
Gu et al. [25], and a brief introduction is presented below.

Figure 1 shows the three-dimensional DEM model for the geogrid-encased stone
column-improved soft clay under a plate loading condition (i.e., model 2). The diam-
eter of the column and its influenced soft clay were 200 and 800 mm, respectively,
which represented an area replacement ratio of 0.0625 based on the unit-cell concept.
The encasement length was 400mm and represented the length of cylindrical encase-
ment in the vertical direction from the ground surface. A cylindrical wall of 800 mm
in diameter was created as the lateral boundary and its displacement was fixed in the
radial direction. Two horizontal circular walls of 800 mm diameter were created as
the upper and bottom boundaries, respectively, and their displacements were fixed
in the vertical direction. Particles uniformly distributed between 18 and 20 mmwere
generated for the soft clay at an initial porosity of 0.40 using the radius-expansion
method. Graded particles distributed between 30 and 50 mm were generated for the
column at an initial porosity of 0.37 using the replacement method. Parallel-bonded
particles with diameter of 3 mm were generated for the geogrid encasement with the
real aperture size used in laboratory tests. The loading plate with diameter of 200mm
moved downward in a constant velocity of 0.008 m/s to apply vertical load on the
top surface of the column during loading process. Thirty-six measurement spheres

Table 1 Summary of DEM model parameters

Parameters Model 1 Model 2 Model 3 Model 4 Model 5

Encasement length (mm) 0 400 600 400 400

Geogrid stiffness (kN/m) – 500 500 1000 1500
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Fig. 1 DEM model for a geogrid-encased stone column-improved soft clay

were used to evaluate the microscopic behavior of the column and the soft clay, and
their locations within the model were illustrated in Fig. 2.

The micromechanical properties of the column were determined by numerical
triaxial tests at different confining stresses to calibrate its peak friction angle. The
micromechanical properties of the soft clay were determined by numerical uncon-
fined compression tests to calibrate its cohesion property. The linear increase of
the undrained shear strength of the clay with depth was considered to simulate the
construction sequence of the clay bed in laboratory tests in lifts. Small particles
18–20 mm in diameter with soft contact stiffness and weak contact bonds were
generated to simulate the low shear strength of the soft clay. Unconfined compres-
sion tests were performed numerically in DEM to calibrate the shear strength of the
clay under an unconsolidated undrained condition. The undrained shear strengths
of the soft clay at depths of 0, 0.2, 0.4, 0.6, and 0.8 m was 3.4, 3.9, 4.4, 4.9, and
5.4 kPa, respectively, based on the Gibson soil model. The micromechanical proper-
ties of the geogrid encasement were determined by simulating multi-ribs tensile tests
and flexural bending tests to calibrate its tensile properties and the flexural rigidity,
respectively. The detailed determination and values of the micromechanical prop-
erties of the column, the soft clay, and the geogrid encasement can be found in Gu
et al. [25] and are not presented herein for brevity purpose.

Figure 3 shows the key results for the validation of the numerical models against
the laboratory tests. The load–displacement relationship obtained from the DEM



Effects of Geogrid Encasement on Behavior of Stone … 563

Fig. 2 Locations of
measurement spheres within
the model

Fig. 3 Load–displacement
curves from the DEM
models and laboratory tests
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models (i.e., models 1 and 2) closely matched the laboratory results. Therefore,
models 1 and 2 were treated as the baseline cases for the following parametric study.

Two important factors, the encasement length and the geogrid stiffness, were
identified for a parametric study on the behavior of stone column-improved soft
clay under plate loading condition based on the literature review. Three different
encasement lengths were used in this study and the length varied from 0, 400, to
600 mm. Three different geogrid stiffness were used in this study, and their values
were 500, 1000, and 1500 kN/m, which are typical for available geogrid products in
the market. The simulation of higher tensile stiffness of the geogrid was achieved by
increasing the particle stiffness and the parallel-bond stiffness simultaneously while
other micromechanical properties were kept the same, which was proposed by Gu
et al. [24].

3 Results and Discussion

3.1 Effect of Encasement Length

Three DEMmodels (i.e., models 1, 2, and 3) were conducted to investigate the effect
of encasement length on the behavior of stone column-improved soft clay. Figure 4
shows the vertical pressure-settlement curves of axially-loaded stone column in soft
clay with different encasement lengths. The bearing capacity of the column was
significantly improved with the increase of encasement length. The ultimate bearing
capacities of the columns with encasement lengths of 0, 400, and 600 mm were

Fig. 4 Vertical
pressure-settlement curves
for stone columns with
different encasement lengths
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101 kPa, 131 kPa, and 162 kPa, respectively, which corresponded to the settlement
of 40mm (i.e., 20% the plate diameter). The improvement of the bearing capacitywas
primarily resulted from the confining stress developed in the geogrid encasement.
Bulging deformation was the failure mechanism for ordinary stone columns (i.e.,
the encasement length was 0) and controlled the global behavior of stone column-
improved soft clay. Upon applied vertical loads, the aggregate moved laterally to
compress the surrounding soil in the radial direction. The column may fail due
to the insufficient confinement provided by the soft clay in the shallow section.
Geosynthetic encasement constrained the bulging deformation of the column in the
shallow section and can provide additional confinement to the column. Therefore,
the load transfer mechanism and particle movements of the stone column-improved
soft clay became complicated due to the inclusion of the geosynthetic encasement.

Figure 5 shows the particle displacements of columns with different encasement
lengths at the settlement of 40 mm (i.e., the column reached its ultimate bearing
capacity). The position of each particle was evaluated by its elevation in the vertical
direction and the radial strain in the horizontal plane. The radial strain was defined as
the horizontal displacement of a particle divided by its initial position during loading
process. A positive value of the radial strain represented that the particle moved
outward to compress the surrounding soil and stretch the geogrid encasement. The
particle position profiles clearly show different patterns with different lengths of the
geogrid encasement. For ordinary stone column, large radial strains were observed
at the top section of the column (i.e., high elevation) known as the bulging zone and
the strain decreased sharply at the deep section of the column (i.e., elevation lower
than 600 mm). For geosynthetic-encased stone column, the radial strain at the top
section was relatively small and large radial strain was observed at the section below
the base of the encasement. The bulging zone moved downward to the unreinforced
section and developed large bulging deformation. A column section started from the
base of the encasement (from the ground surface if the encasement length was 0 mm)
and had a length of two times the diameter of the column (e.g., 400 mm in this case)
can be identified as the bulging zone where significantly large radial strains were
developed. The average radial strains in the bulging zone were 7.7, 7.4, and 9.3%
for columns with the encasement length of 0, 400, and 600 mm, respectively. The
average radial strains in the reinforced section were 0.5% and 0.2% for columns
with the encasement length of 400 and 600 mm, respectively. The radial strain of the
column in the shallow sectionwas effectively constrained by the geogrid encasement;
however, the large bulging deformation below the encasement was still the failure
mechanism of the partially encased stone columns.

The vertical and radial stresses in the column and the soft clay were employed
to investigate the load transfer mechanism between the column and the surrounding
soft clay under vertical loading. Vertical and radial stresses at various locations
were obtained by thirty-six measurement spheres (as shown in Fig. 2) during the
loading process, which represented the average stress of particles contained within
the measurement sphere. The stresses developed at the settlement of 40 mm were
selected. Figure 6 shows the vertical stress distribution of columns with different
encasement lengths. High vertical stresses were observed in the top section of the
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Fig. 5 Particle displacements of the column with the encasement length of: a 0 mm; b 400 mm;
and c 600 mm

column in three cases. The vertical stress generally reduced along the column from
the top to the bottom section. The reduction of vertical stress in the column was
caused by the load transfer mechanism between the column and the soft clay. The
applied vertical load was transferred from the column to the soft clay through strong
particle interactions at the interface. Bulging deformation and side friction were
mobilized and dominated within the bulging zone. The reduction ratio of the vertical
stress (αv) in the bulging zone was defined as follows:

αv = (
σv,1 − σv,2

)
/σv,1 (1)

where σv,1 and σv,2 are vertical stresses at the top and the bottom planes of the bulging
zone, respectively.
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Fig. 6 Vertical stresses of
the column with different
encasement lengths

Table 2 summarizes the reduction ratio of the vertical stress in the column with
different encasement lengths. 10% of the vertical stress was transferred to the soft
clay in the bulging zone for the ordinary stone column-improved soft clay. 44 and
46% the vertical stresses were transferred to the soft clay in the bulging zone for
cases with the encasement length of 400 and 600 mm, respectively.

Similar observations are made for the radial stress distribution of columns with
different encasement lengths (Fig. 7). High radial stresses were observed in the top
section of the column in three cases. The radial stress was significantly increased due
to the inclusion of the geogrid encasement. The average values of the radial stress in
the encased sectionwere 58.9 and 71.0 kPa for columnswith the encasement length of
400 and 600mm, respectively. However, low radial stress was observed in the section
below the base of the encasement (i.e., bulging zone). Radial stress in the bulging
zone determined the ultimate bearing capacity of the stone column-improved soft
clay. Table 3 summarizes the calculated and measured ultimate bearing capacities
of columns with different encasement lengths. The ultimate bearing capacity of the
column (qu,c) can be calculated based on the limit equilibriumcondition in the bulging
zone as follows:

Table 2 Reduction ratio of
vertical stress in the bulging
zone

Encasement length (mm) σv,1 (kPa) σv,2 (kPa) αv (%)

0 58.4 52.3 10

400 99.1 55.4 44

600 114.6 61.6 46
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Fig. 7 Radial stresses of the
column with different
encasement lengths

Table 3 Comparison between the calculated and measured bearing capacities

Encasement length
(mm)

Average radial
stress in the
bulging zone (kPa)

Calculated bearing
capacity (kPa)

Measured bearing
capacity (kPa)

Error (%)

0 21.9 100.7 101 −0.3

400 29.5 135.7 131 3.6

600 36.5 167.9 162 3.6

qu,c = Kpσrf (2)

where Kp is the coefficient of passive earth pressure of the aggregate and σrf is the
average radial stress of the column in the bulging zone.

The internal friction angle of the aggregate (ϕ) used in this study was 40.6° and
Kp = tan2

(
45◦ + ϕ

2

) = 4.6. The error was defined as follows:

e = (
qu,c − qu,m

)
/qu,m (3)

where qu,m is the ultimate bearing capacity measured based on the vertical pressure-
settlement curves (i.e., Fig. 4).

Table 3 illustrates the error between the calculated bearing capacity using Eq. (2)
and the measured ultimate bearing capacity in DEM models. The good agree-
ment between the calculated and measured bearing capacities demonstrated that the
bulging deformation controlled the global behavior for both ordinary stone columns
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and partially encased stone columns. The ultimate bearing capacity of the stone
column-improved soft clay was depended on the radial stress of the column in the
bulging zone.

The vertical and radial stresses developed in the surrounding soft clay were used
to investigate the effect of encasement length on the stress distributions in the soft
clay. In DEM models, the soft clay was divided into three zones with a thickness of
100 mm in the radial direction. The soft clay close to the column (i.e., at a horizontal
distance of 150mmaway from the column center) directly contactedwith the column
and was likely to be affected by large particle movements of the column; therefore,
the stresses of the soft clay in this zone were selected and analyzed. Figure 8 shows
the vertical stress distribution of the soft clay for cases with different encasement
lengths. The soft clay developed high vertical stress in the bulging zone due to large
particle movements and strong particle interactions between the column and the soft
clay. The average vertical stresses in the bulging zone were 10.4, 17.2, and 17.4 kPa
for caseswith the encasement length of 0, 400, and 600mm, respectively. The vertical
stress in the shallow section (e.g., the heights between 600 and 1000 mm) reduced
due to the inclusion of the geogrid encasement. The average vertical stresses in the
shallow section were 10.4, 3.8, and 3.8 kPa for cases with the encasement length of
0, 400, and 600 mm, respectively. The particle interactions between the column and
the soft clay were constrained, and less vertical load can be transferred to the soft
clay.

The radial stress distribution of the soft clay showed similar trend for cases with
different encasement lengths (Fig. 9). High radial stresses were observed in the
bulging zone for the soft clay. The average radial stresses in the bulging zone were
16.0, 19.1, and 21.3 kPa for cases with the encasement length of 0, 400, and 600 mm,

Fig. 8 Vertical stresses of
the soft clay with different
encasement lengths
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Fig. 9 Radial stresses of the
soft clay with different
encasement lengths

Fig. 10 Circumferential
strains of the geogrid
encasement

respectively. The column developed large radial displacement in the bulging zone
and compressed the soft clay in the radial direction. The radial stress of the soft clay
in the shallow section (e.g., the heights between 600 and 1000 mm) reduced due to
the inclusion of the geogrid encasement. The average radial stresses in the shallow
section were 16.0, 9.8, and 9.6 kPa for cases with the encasement length of 0, 400,
and 600 mm, respectively.
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Figure 10 illustrates the circumferential strains of the geogrid encasement with
different encasement lengths after reaching ultimate bearing capacity at the settle-
ment of 40mm.The circumferential strainwas defined as the ratio of the change in the
circumferential length of the geogrid encasement to its original length.Larger circum-
ferential strain was observed for the shorter geogrid encasement. Large circumferen-
tial strain indicated high confining stress provided by the geogrid encasement, which
contributed to the improvement of the bearing capacity of the column. However, the
bugling deformation of the column in the bulging zone controlled the global behavior
of the stone column-improved soft clay. The soft soil in the deep section had high
shear strength; therefore, the ultimate bearing capacity of the column with encase-
ment length of 600 mm was higher than that for the case with encasement length of
400 mm.

3.2 Effect of Geogrid Stiffness

Three DEM models (i.e., models 2, 4, and 5) were conducted to investigate the
effect of geogrid stiffness on the behavior of stone column-improved soft clay. The
encasement length was 400 mm in these three models. Figure 11 shows the vertical
pressure-settlement curves of axially-loaded stone column in soft clay with different
geogrid stiffness. The improvement of the bearing capacity was less significant for
cases with higher geogrid stiffness. Similar observations are made for the columns
with the encasement length of 600 mm. The primary reason was the development
of the bulging zone for partially encased stone columns during loading process. The
column failed because large bulging deformations mobilized in the bulging zone and

Fig. 11 Vertical
pressure-settlement curves
for stone columns with
different geogrid stiffness
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cannot carry more vertical loads even though the effective confining stress in the
encased section.

4 Conclusions

Five three-dimensional discrete element method (DEM)models were adopted in this
study to investigate the effects of two important factors (i.e., the encasement length
and the geogrid stiffness) on the behavior of stone column-improved soft clay. Based
on the numerical results obtained from this study, the following conclusions can be
made:

1. The bearing capacity of the columnwas significantly improvedwith the increase
of encasement length. The bulging zone was identified with a length of two
times the diameter of the column based on the observation from the particle
displacements of the column in DEM.

2. The applied vertical load transferred from the column to the soft clay through
strong particle interactions. This phenomenonwas significantwithin the bulging
zone due to mobilized bulging deformation and side friction.

3. The ultimate bearing capacity of the stone column-improved soft clay was
depended on the radial stress of the column in the bulging zone. The bulging
failure controlled the global behavior for both ordinary stone columns and
partially encased stone columns.

4. The soft clay developed high vertical and radial stress in the bulging zone
due to large particle movements and strong particle interactions between the
column and the soft clay. The shorter geogrid encasement mobilized larger
circumferential strain.

5. The improvement of the bearing capacity was less significant for cases with
higher geogrid stiffness. The partially encased stone column failed due to large
bulging deformations in the bulging zone.
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Finite Element Analyses of Geocell
Reinforced Tracks Over Clayey Subgrade

Lalima Banerjee , Sowmiya Chawla , and Sujit Kumar Dash

Abstract Railways are an integral part of transportation sector of many countries
like USA, China, and India. New tracks are being laid at a fast pace as well as existing
tracks are being upgraded to meet the demands of the ever-increasing population.
Geosynthetics in the form of geocells can be used as a reinforcement material in
railways to reduce settlements and track deteriorations which can also reduce the
maintenance costs involved. Upgrading tracks require parametric studies to eval-
uate the effect of various properties of track components on the track system. In the
present study, three-dimensional geocell reinforced tracks are modeled using Midas
GTS-NX, which is a commercial finite element analysis software. The displace-
ment and vertical stress variations for the railway tracks over clayey subgrade under
applied train loadwere obtained using finite element analyses. The parametric studies
involved variation in subgrade modulus and infill modulus to show their effects on
reduction in settlements as well as vertical stresses. The comparison of the geocell
reinforcedmodelwith the unreinforcedmodel showed improvement of railway tracks
using geocell. The results of parametric studies show that increase in modulus of
subgrade and infill material can effectively improve the performance of railway
tracks.
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1 Introduction

An increase in population has brought the need for better transportation systems to
provide easier and faster travel means for people. This has resulted in laying of many
new tracks, with upgradation of already existing ones. Deterioration of track hampers
the movement of trains and also leads to passenger discomfort. Moreover, subgrade
failures occurring in tracks as a result of heavy axle loads adopted nowadays have
added to the increase in costs of maintenance for the railway authorities. Geosyn-
thetics can be used to increase track stability. The effect of planar geosynthetics in
reducing track deterioration has been studied extensively [1–4]. Geocells, a form
of three dimensional geosynthetics, have shown better performance in comparison
with planar ones for foundations [5, 6] and embankments [7, 8] mainly due to the
confinement provided by it. In the present study, the advantage of using geocell in
prototype tracks has been studied by varying the subgrade and sub-ballast modulus.

2 FEMModeling

In the present study, FEMmodeling and analysis of prototype tracks was carried out
by Midas GTS NX, 2016 [9] software. A prototype track having subgrade height of
2 m was modeled. The height of prepared subgrade was fixed at 0.5 m. The height of
sub-ballast and ballast was modeled as 0.6 m and 0.35 m, respectively, as per Indian
Railways specifications [10]. The ballast and sub-ballast were modeled as Mohr–
Coulomb drained model, while the subgrade was modeled as undrained model. The
geocell was modeled within the sub-ballast layer to observe the improvement in
vertical settlements and stresses that could be achieved by using it. The thickness of
geocell was fixed as 0.002 m. The modeling was carried out considering total stress
analyses.

2.1 Material Model

The prototype tracks were simulated as three-dimensional FEM models. One-half
of the prototype track was modeled based on symmetry. Properties of the materials
used for the entire modeling are given in Table 1. The rail, sleepers, and geocell were
modeled as linear elasticmaterial. Railwas considered asmade of steelwhile sleepers
of concrete. The material properties of track layers were based on values taken from
[11]. The undrained Poisson’s ratio value of subgrade and prepared subgrade was
assumed tobe0.49. Pocket size of 0.5mwasused formodeling thegeocell. Theheight
of ballast, sub-ballast, prepared subgrade, and subgrade were modeled as 0.35 m,
0.6 m, 0.5 m, and 2 m, respectively. The geocell was modeled as a separate material
type within the soil [12–15]. The geometry of the geocell layer of individual pocket
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Table 1 Material properties

Properties Rail Sleepers Ballast Sub-ballast Geocell Prepared
subgrade

Subgrade

Elastic
modulus
(MPa)

200,000 30,000 150 60, 80, 100 100 40 25, 30, 35

Poisson’s
ratio

0.27 0.2 0.35 0.32 0.35 0.49 0.49

Cohesion
(kPa)

– – 0.1 0.1 – 8 8

Friction
angle (°)

– – 47 41 – 0.1 0.1

Thickness
(m)

0.136 0.21 0.35 0.6 0.002 0.5 2

Length (m) 4.55 1.375 – – – – –

size 0.5 m × 0.5 m was prepared with the required diamond shape over the surface
of the foundation soil. It was then extruded as a solid element of required height.
The small cohesion of the ballast and sub-ballast layers and the friction angle of the
subgrade and prepared subgrade layers were only to avoid numerical instability. The
modulus values of sub-ballast and subgrade were varied for parametric studies on
prototype tracks.

2.2 Meshing and Boundary Conditions

The running length of track considered was 4.55 m. After modeling geometry, an
auto-mesh generation optionwas usedwhich generatedmesh for the entiremodel. An

(a) (b)

Ballast

Sub-ballast

Subgrade

Rail

Sleepers

Geocell

Prepared Subgrade

Rail

Ballast

Sub-ballast

Geocell

Prepared Subgrade

Subgrade

Sleeper

Fig. 1 a Cross-sectional diagram of the track b mesh generated for prototype model tracks
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option of adaptive seeding was used for meshing which is available in [9]. Figure 1
shows the cross-sectional diagram of the track and the model track after meshing.

Roller supports were applied to the faces which were vertical while sloping faces
were not assigned any boundary conditions. Bottom of the subgrade was assigned
fixed support. A double-wheel load of 325 kN with dynamic magnification factor of
1.5 was applied, meaning that the load applied to each wheel was 243.75 kN. The
other parameters controlling computation were left to their default values, except the
displacement norm which was changed to 0.01.

3 Results and Discussions

3.1 Vertical Displacements

The load–displacement curves for the prototype tracks with varying sub-ballast
modulus are shown in Fig. 2.

FromFig. 2, it can be observed that for the geocell reinforced track layerwith same
material properties as that of unreinforced track, a reduced displacement of 39% can
be achieved for the same axle load applied. For the same model, increasing the sub-
ballast modulus to 100MPa further reduced the vertical displacement by 4.2%.When
the sub-ballast modulus was decreased to 60 MPa for the geocell reinforced track,
the reduction in displacement over unreinforced track also decreased to 31.8%. This
clearly shows that improvement in vertical displacement depends on the sub-ballast
modulus. The results also show that geocell reinforced tracks show a much-reduced
vertical displacement as compared to the unreinforced track for the same axle load
applied.

Figure 3 shows the load–displacement curves for the prototype trackswith varying
subgrade modulus. It was observed that for the same applied axle load, using geocell
for the track with same material properties, 39% reduction in vertical displacement

Fig. 2 Load–displacement
curves for unreinforced and
geocell reinforced tracks of
varying sub-ballast modulus
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Fig. 3 Load–displacement
curves for unreinforced and
geocell reinforced tracks of
varying subgrade modulus
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could be achieved over unreinforced track. For the geocell reinforced tracks, further
9% reduction in displacement could be achieved by increasing the subgrade modulus
to 35MPa.When the subgrademodulus of the geocell reinforced trackwas decreased
to 25MPa, reduction in displacement over unreinforced track also decreased to 35%.
The vertical displacements are thus affected both by the subgrade and sub-ballast
modulus, even for tracks reinforced with geocell of same material properties.

Figure 4 shows the vertical displacement contours obtained for the entire track
model. These contours show that the extent of vertical displacement can be reduced to
a great extent using geocell for the trackwith similar properties as that of unreinforced
track.

Fig. 4 Vertical displacement contours for a unreinforced andbgeocell reinforced tracks of subgrade
modulus = 30 MPa
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3.2 Vertical Stresses

Figure 5 shows the vertical stresses with depth for the unreinforced as well as geocell
reinforced tracks with varying sub-ballast modulus.

It can be observed that for geocell reinforced tracks with material properties
similar to unreinforced tracks, 7% reduction in ballast vertical stresses could be
achieved over unreinforced tracks. For sub-ballast layer, 28.2% reduction in vertical
stress could be achieved. For prepared subgrade and subgrade layers, 44.5 and 66.9%
reduction in vertical stress could be achieved. An increase in sub-ballast modulus
further reduced the vertical stresses of individual track layers, while decrease in
sub-ballast modulus increased the vertical stresses generated at the top of each layer.

Figure 6 shows the vertical stresses with depth for the unreinforced as well as
geocell reinforced tracks with varying subgrade modulus. For geocell reinforced
tracks with subgrade modulus of 35 MPa, 4.3% reduction in ballast stress was
observed over tracks with subgrade modulus 30 MPa. Similarly, for sub-ballast,

Fig. 5 Vertical stress with
depth curves for
unreinforced and geocell
reinforced tracks of varying
sub-ballast modulus
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Fig. 6 Vertical stress with
depth curves for
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33.1% reduction in vertical stress was achieved. The prepared subgrade and subgrade
layers showed further reduction in vertical stress of 49.2 and 71%when the subgrade
modulus was increased from 30 to 35 MPa.

It was also observed that decreasing the subgrade modulus affected the stress on
subgrade layer as when the subgrade modulus was lowered from 30 to 25 MPa, the
subgrade stress increased by almost 39%. The stresses on other layers were much
less affected in the range of 2–7%. Figure 7 shows the vertical stress contours for
the entire track model for the same subgrade modulus with geocell can be improved
as compared to unreinforced track.

Fig. 7 Vertical stress contours for a unreinforced and b geocell reinforced tracks of subgrade
modulus = 35 MPa c geocell reinforced tracks of subgrade modulus = 30 MPa
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4 Conclusions

In the present study, the effectiveness of geocell in improving the vertical displace-
ments and stresses were observed over unreinforced tracks using three-dimensional
track models. The sub-ballast and subgrade modulus were varied to study the effect
of these parameters on displacements and stresses. It was observed that increasing
the sub-ballast or subgrade modulus of tracks with geocell having same material
properties leads to reduction in vertical displacements and stresses of all the track
layers. While a decrease in sub-ballast modulus increases the stresses on all track
layers almost by equal margin, a decrease in subgrade modulus increases the stresses
on subgrade more than that for other track layers.
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The Use of Draintube Drainage
Geocomposites Under Railway
Infrastructures

Stephan Fourmont and Mathilde Riot

Abstract Railway construction involves substantial earthworks (embankments and
cuttings). Cuttingsmay reach thewater table, and embankmentsmay need preloading
when on soft soils. Even during operation of the railway line, the ballast put into
place under the railways undergoes densification and degradation over time which
reduces the hydraulic conductivity of the material. This phenomenon may affect the
durability of the structure if the ballast is not able to evacuate the water during heavy
rainfall, flooding or snowmelt. Drainage systems for soil water were traditionally
made with granular material layers and perforated collector pipes, one of the main
reasons being the ability of that system to support heavy loads over time.As their flow
capacity is not load or time-sensitive when confined in soil, drainage geocomposites
with mini-pipes Draintube are often used instead of the granular drainage layers. At
the different stages of the railway construction, it protects the cuttings against high
water table, decreases the time for consolidation on soft soils and increases the overall
drainage capacity of the system under ballast. It also allows the use of Hydraulically
BoundMaterials (HBMs) on top of it. This publication presents a case study for each
application, along with the related laboratory study or on-site monitoring. Drainage
geocomposites with mini-pipes have been successfully used for 30 years; the product
is designed for each project function of the specific site conditions. It requires less
machinery to install and reduces the Greenhouse Gas (GHG) emissions compared to
a granular material solution.

Keywords Drainage · Geocomposite · Railways

S. Fourmont (B)
Afitex-Texel Geosynthetics inc., 1300, 2e Rue Parc Industriel, Sainte-Marie, QC G6E 1G8,
Canada
e-mail: sfourmont@afitextexel.com

M. Riot
Afitexinov, 13-15 Rue Louis Bleriot, 28300 Champhol, France
e-mail: mathilde.riot@afitex.com

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
E. Tutumluer et al. (eds.), Advances in Transportation Geotechnics IV,
Lecture Notes in Civil Engineering 165,
https://doi.org/10.1007/978-3-030-77234-5_48

585

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77234-5_48&domain=pdf
mailto:sfourmont@afitextexel.com
mailto:mathilde.riot@afitex.com
https://doi.org/10.1007/978-3-030-77234-5_48


586 S. Fourmont and M. Riot

1 Introduction

Drainage systems for soil water were traditionallymadewith granularmaterial layers
and perforated collector pipes. The use of drainage geocomposites becomes more
common with the development of products that meets the specific requirements of
each application. Moreover, the geosynthetic solution is cheaper than the granular
material (for the same performances) in the majority of applications. It is faster to
install, requires less machinery and reduces the Greenhouse Gas (GHG) emissions
of the project [1]. Like any engineering solution, drainage geocomposites must be
well selected and designed for the specific site conditions. In railway infrastructures,
drainage geocomposites with mini-pipes are used as lateral drainage on vertical
wick drains under preloading embankments, directly under the tracks to increase
the drainage capacity of the ballast or in cuttings to intercept high water tables.
These three applications will be developed in the following paragraphs based on
case studies and laboratory tests.

2 Multi-linear Drainage Geocomposites

2.1 Geocomposite Description

Drainage geocomposites with mini-pipes Draintube have been used in civil engi-
neering and more especially in earthworks projects for 30 years. They are multi-
linear drainage geocomposites (terminology as per ASTM D4439 [2]) composed of
non-woven geotextiles that are needle-punched together with perforated, corrugated
polypropylene mini-pipes regularly spaced inside and running the length of the roll
(see Fig. 1).

Fig. 1 Geocomposite description
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Fig. 2 Drainage capacity of the multi-linear drainage geocomposite over time

2.2 Hydraulic Characteristics

The drainage capacity of the product is driven by the number of mini-pipes within the
product. There is a linear relationship between the distance between the mini-pipes
and the transmissivity of the overall product [3, 4]. It has also been shown that the
flow capacity of the multi-linear drainage geocomposite is not load or time-sensitive
when confined in soil [5]. Figure 2 shows results of hydraulic transmissivity tests
(ASTM D4716 [6]) carried out on the product compressed under a load of 2400 kPa
(50,000 psf) which represents a 120 m (390 ft) high soil embankment.

2.3 Mechanical Characteristics

Mechanical properties of the drainage geocompositemust be selected as a function of
the drainage application, the installation conditions and the soil in which the product
is in contact. Draintube drainage geocomposite is made with adapted short-staple
fibers geotextiles, from 200 g/m2 (6 oz/sy) to 900 g/m2 (26 oz/sy) or above. The
elongation at break of the product is always greater than 50% (ASTM D4632 [7]),
making the product flexible to provide a good connection with the subgrade soil
when installed. The polypropylene mini-pipes have a pipe stiffness at 5% deflection
over 3000 kPa (435 psi) (ASTM D2412 [8]).
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3 Drainage Under Embankment on Soft Soils

3.1 Project Description

One of the High-Speed Lines (HSL) constructed in France in 2008 (LGV-Rhin
Rhône), crossed numerous compressible areas as well as bridges that required the
construction of preloading embankments in conjunction with surcharging to accel-
erate the expected settlements of the subgrade. These preloading embankments
included vertical wick drains with a multi-linear drainage geocomposite on top as
a horizontal drainage base layer. The major preloading embankments were 7.5 m
(25 ft) high and more than 40 m (130 ft) wide. Subgrade was composed of loess on
the first 4 m (13 ft), sandy soil from 4 m (13 ft) to 6.5 m (21 ft) then clayey soil from
6.5 m (21 ft) to 11 m (36 ft).

Expected settlements were estimated to be from 40 to 90 mm (1–1/2 to 3–1/2 in.)
from geotechnical identification of the subgrade soil layers. The length of the vertical
drains was set at 11 m (36 ft) with a square grid of 1.2 m × 1.2 m (4 ft × 4 ft). The
multi-linear drainage geocomposite was unrolled directly on the wick drains.

3.2 Completion of Works

After the removal of the topsoil layer, the vertical wick drains were driven into the
ground as required as described in Fig. 3.

The multi-linear drainage geocomposite was unrolled perpendicularly to the
railway line and overlapped the wick drains (Fig. 4). The mini-pipes of the product
have a spacing of 0.50 m (20 in.) center-to-center. The geocomposite collects the

Fig. 3 Installation of the vertical wick drains
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Fig. 4 Drainage geocomposite installation

water from the wick drains and drains it to ditches on each side of the embankment.
Backfilling soil was placed directly on the drainage geocomposite to the final level.

3.3 Monitoring and Results

The sub-base was monitored using profilometers to measure settlements over time
and choose the right moment to remove the overload. Examples of settlement
measurement values are indicated in Fig. 5.

The measured settlements did not exceed 40 mm (1–1/2 in.), which was lower
than the estimated limit, and the effective consolidation time was about 3 months.

The use of a multi-linear drainage geocomposite for horizontal drainage instead
of a granular layer offered consistent performances and reduced the cost of the
preloading embankment construction as granularmaterial should have been extracted
and transported from the carrier to the site resulting in a heavy truck traffic in
and around the worksite. In comparison, one full truck can carry enough multi-
linear drainage geocomposite to cover an area of approximately 10,000 m2 (approx.
100,000 sf).
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Fig. 5 Example of the subgrade settlements over time

4 Cut Sections

Cut sections involved large and high slopes to get stability and avoid landslides. In
case of groundwater infiltrations or high water table, the use of drainage masks with
granular material implies to carry and install a large amount of materials. The use
of a drainage geocomposite for subsurface drainage reduces that need for granular
material.

4.1 Installation

The Draintube drainage geocomposite is unrolled directly on the subgrade with
the mini-pipes in the direction of the slope. It is anchored on top of the slope and
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Fig. 6 Drainage mask construction with drainage geocomposite

connected to a French drain at the toe. The backfill is then placed on top of the
product from the bottom to the top (Fig. 6).

The drainage geocomposite does not provide additional strength resistance for
the stability of the slope. But due to the non-woven needle-punched geotextile layers
of the product, the geocomposite/soil interface angle is generally the same as the
internal friction angle of the soil in contact.

4.2 Monitoring and Results

On a new HSL constructed from 2013 in France (LGV Est), monitoring has been
conducted to evaluate the two solutions: drainage layer made with granular material
and made with multi-linear drainage geocomposite. Two areas of 525 m2 (5650 sf.)
each have been monitored with temperature sensors, water content gauges at the
interface, and flowmeters [9]. Details are shown in Fig. 7. The mini-pipes of the
product have a spacing of 0.50 m (20 in.) center-to-center.

Thewater content monitoring for both solutions is shown in Figs. 8 and 9. It can be
observed that the water content remains stable between 20 and 40% at the gravel/soil
interface and between 20 and 27% at the geocomposite/soil interface. Both drainage
systems perform well, keeping the soil above unsaturated even during rain events.
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Fig. 7 Probes implementation (plan view)

Fig. 8 Water content at gravel/soil interface
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Fig. 9 Water content at geocomposite/soil interface

5 Drainage Improvement Under Railways

5.1 Project Description

Within the scope of work for some track reconfigurations, alternative drainage
systems are used, given the limited space available in some track corridors.Adrainage
geocomposite with mini-pipes can be used in order to efficiently evacuate the water
from below the tracks. The mini-pipes are brought to a ballast drain or an open ditch.

A Canadian National Railways project located in Quebec in 2016, required two
tracks to be drained into either an open ditch or a ballast drain installed approximately
1 m (3 ft.) below track level. Without a proper drainage system, potential drainage
problems and a shortened life for the ballast would occur. The multi-linear drainage
geocomposite was placed directly under the ballast (Fig. 10). The mini-pipes in the
product had a spacing of 0.25 m (10 in.) center-to-center.

5.2 Completion of Works

The multi-linear drainage geocomposite was unrolled perpendicular to the tracks
directly on the MG-56 subgrade soil (Fig. 11). After which the ballast was installed
in two layers of 150 mm (6 in.) each (Fig. 12).
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Fig. 10 Typical cross-section

Fig. 11 Installation of the draintube drainage geocomposite

The product was designed to have the ability to evacuate rainfall of 661 mm/day
with the mini-pipes staying unsaturated [10]. The 100 years return period rainfall in
Quebec is 156 mm/day. The drainage capacity of the drainage geocomposite is more
than 4 times greater thanwhat is required, taking into account the long-term hydraulic
behavior of the geocomposite under the critical conditions of the application.
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Fig. 12 Backfilling of the product with ballast

5.3 Laboratory Study

Using a 2.5 m (8 ft) long and 2 m (6–1/2 ft) wide inclinable open box with rainfall
simulator on top (Fig. 13), it was shown that multi-linear drainage geocomposite
Draintube enables rainfall to evacuate faster than a homogeneous drainage layer
(Fig. 14) [11]. Due to the directional aspect of the product, the water is indeed

Fig. 13 Inclinable open box with a rainfall simulator
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Fig. 14 Drainage response time drain tube versus granular layer

drained into the direction of the mini-pipes even in the situations when the slope is
zero.

That behavior is significant for low slopes, where the rainfall water must be
evacuated rapidly before building up into the overlying layer or infiltrating into the
subgrade.

6 Conclusion

Multi-linear drainage geocomposites Draintube have been used successfully on
many earthworks projects and more especially on railways construction projects.
Depending on the project and the design consideration, it is used either for drainage
under embankments and subsurface drainage on cut slopes as a replacement of the
granular layers, or for drainage improvement under railway tracks.

Its useful characteristics, from an installation point of view, are its flexibility and
robustness. The main benefits of using Multi-linear drainage geocomposite is that
there is no creep or geotextile intrusion over time and under load. Its compositionwith
a dense network of perforatedmini-pipes between twogeotextiles gives to the product
a high drainage capacity, a short drainage response time even for low slopes and a high
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mechanical resistance. All this makes the Draintube drainage geocomposite efficient
and safe to use in replacement of drainage layers made with granular material.
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Rapid Pavement Roughness
Measurement of Geogrid-Stabilized
Roads

Prajwol Tamrakar, Mark H. Wayne, Garrett Fountain, Aaron Schlessinger,
and Coady Cameron

Abstract Sophisticated computer-based pavement condition assessment methods
are growing and replacing manual pavement condition assessment methods. The
benefits of such computer-based pavement condition assessment methods are rapid
data collection, efficient data management, wide coverage, repeatable measure-
ments and low cost. The TotalPave system, a smartphone-based pavement rough-
ness measurement system, uses the phone’s accelerometer to record time histories of
vehicle motion and estimates the pavement International Roughness Index (IRI). The
aim of this study is to implement the TotalPave system for rapid IRI measurement of
geogrid stabilized roads, to develop a georeferenced database of pavement IRI and
to monitor the road performance over time. The TotalPave surveys were conducted
on a section of West Hunt Highway in Arizona. The measured pavement IRI was
evaluated and compared with the Standard IRI specified for such highways. Further,
the predicted IRI from a numerical pavement model was also compared with the
measured IRI.

Keywords Pavement roughness · IRI · Geogrid stabilization

1 Introduction

Aging effects on pavements, caused by extensive traffic loadings and climatic fluc-
tuation, are reflected by the presence of different kinds of surface distresses. Such
distresses are responsible for degrading thepavement condition and severely affecting
pavement performance. Pavement condition assessment procedures offer an oppor-
tunity to access existing functional and structural characteristics of pavement [1].
A well-functioning pavement has smooth ride quality and is free of visual distress.
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Road users, like drivers, are typically concerned with functional characteristics. On
the other hand, the structural characteristics refer to the internal stability of the
pavement system.

Transportation-related agencies, such as the State Department of Transportations
(DOTs), local transit authorities, public works or street maintenance offices of cities,
are concerned with both structural and functional pavement distresses. These agen-
cies rely on pavement condition information for identifying and prioritizing trans-
portationprojects formaintenance and rehabilitation, allocatingbudgets andplanning
for new construction [2]. Similarly, the National Highway Performance Program
(NHPP) utilizes pavement condition data such as International Roughness Index
(IRI), percent cracking, rutting, and faulting for developing transportation plans.

Pavement management system (PMS), developed from pavement condition infor-
mation, are also popular among transportation agencies for cost-effective manage-
ment of a pavement system [3]. At the network level, the use of PMS provides an
overall status of the existing road network. At the project level, the pavement condi-
tion assessment is a useful tool for in-detail evaluation of pavement sections. Regular
pavement condition assessment helps in tracking pavement performance, identi-
fying deteriorated pavement sections and providing necessary preventive measures.
Other uses of pavement condition assessment are understanding the benefits of newly
implemented technologies such as the use of new types of asphalt concrete mixes,
composite pavement sections or geosynthetic stabilized sections [4].

The serviceability of any road network is directly influenced by the presence of
distresses and the surface roughness. The most common types of pavement distress
are cracks in different forms as described by Miller and Bellinger [5]. ASTMD6433
recommends using Pavement Condition Index (PCI) as an indicator of pavement
performance based on the level of pavement distress. During traffic loadings, load-
transfer mechanisms are disrupted due to the presence of cracks which result in
the localized concentration of stresses. Additionally, the cracks allow moisture to
penetrate the base/subbase layers and subgrade. Moisture has severe detrimental
effects on the mechanical characteristic (stiffness) of bases and subgrade [6, 7]. The
ultimate effect of pavement distresses can be experienced through the vehicle ride
quality. The ride quality can be quantified in terms of pavement roughness such as
Present ServiceabilityRating (PSR) and IRI.AmericanAssociation of StateHighway
Officials (AASHO) developed the PSRmethod in the 1960s whereas theWorld Bank
introduced the IRI method in the 1980s.

ASTM E1926 describes the method for obtaining pavement IRI using the longi-
tudinal road profiles. An IRI is a standardized measure of the reaction of a vehicle
to roadway profile and roadway roughness that is expressed in “inches per mile” or
“meters per kilometer”. The typical IRI threshold limits [8] for different types of
new pavement are shown in Table 1. Common devices used for measuring pavement
roughness are Profilometer, Profilograph, Roughometer and Ridemeter [9].

In recent years, several sophisticated technologies were developed for automating
pavement condition assessment procedures [10–12]. The use of advanced sensors
for data collection and a complex computer algorithm for data analysis helped in
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Table 1 Typical IRI threshold limits for new pavement

New pavement IRI (m/km) limits

Freeways Arterials/Collectors Local roads

Good ≤ 1.26 ≤ 2.53 ≤ 2.84

Acceptable 1.27–2.53 2.54–4.73 2.85–5.52

evaluating pavement condition cost-effectively and rapidly. The TotalPave system is
one of the technologies for measuring pavement IRI.

This paper presents the result of TotalPave surveys conducted on the geogrid
stabilized pavement and shows the spatial distribution of pavement IRI. Further, the
measured IRI is also compared with the predicted IRI obtained from the numerical
pavement model.

2 Project Location

The project site is located in Pinal County, Arizona, located about 50 km south-east
of Phoenix Sky Harbor International Airport (see Fig. 1). The test section is about
10 km long, extending fromMagma Rd to Thomson Rd. As per Arizona Department
of Transportation’s Transportation, the typical two-wayAnnual Average Daily Truck
Traffic (AADTT) for the study site ranges between 3000 and 4000. The pavement
was newly constructed in 2016 and was in service since then.

The pavement cross-section consisted of 125 mm of asphalt concrete and 150 mm
of unbound granular base over subgrade. The base material was classified as GP-
GM (USCS) and A-1-a (AASHTO). Themaximum particle size of base material was
38 mm with about 5.7% fines (particles passing sieve 200). The subgrade modulus
was about 103MPa. The TX5multi-axial geogridwas placed at the interface between
base and subgrade (see Fig. 2). Table 2 presents the geogrid properties.

For this project, a multi-axial geogrid was selected based on the site condition and
aggregate material type. The triangular apertures of multi-axial geogrids have much
more uniform stress and strain distributions than the traditional biaxial geogrid with
rectangular apertures [13]. Under traffic loadings, triaxial geogrid is more effective
and efficient in distributing stresses in all directions [14–21]. Placing such multi-
axial geogrids at the interface between base and subgrade creates a mechanically
stabilized layer which improves the strength and stability of the pavement system.
One of the benefits of such mechanical stabilization is the preservation of material
stiffness for a longer period. The mechanical stabilization also offers an opportunity
for pavement designers to optimize pavement layers to attain the same or higher
targeted pavement performance [4].
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Project Site

Fig. 1 Study site

3 APLT Validation

Automated plate load testing (APLT, see Fig. 3) [17] was utilized to measure in-situ
performance and confirm design requirements for this project during the construc-
tion phase. Using APLT, stress-dependent resilient modulus of unbound aggregate
layers and composite modulus were measured at different locations. For the 1000
cycle APLT tests, results showed that the in-situ composite resilient modulus in the
geogrid stabilized section was about 236 MPa at 330 kPa cyclic stress. The layered
analysis results estimated that an average resilient modulus of 1073 MPa for the
aggregate base layer and 111 MPa for the subgrade layer. These results indicated
that the in-situ material stiffness exceeds the predicted (design) stiffness. Further,
permanent deformation tests were also conducted to estimate the rutting resistance
of the pavement. The pavement experienced about 2 mm permanent deformation
after application of 10,000 load cycle at 330 kPa cyclic stress to increase at a slower
rate. Based on a permanent deformation rate of 0.0025 mm/cycle the transition from
plastic deformation accumulation to near-linear elastic occurs at N* = 8696 cycles.
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Fig. 2 Pavement construction

Table 2 Properties of
geogrid

Parameter Description

Geogrid TX5 Multi-axial geogrid

Rib shape Rectangular

Aperture shape Triangular

Rib pitch 40 mm longitudinal and diagonal

Here N* represents the cycle number at which the application of addition cyclic
loadings results in very low accumulation of additional permanent deflection and the
composite foundation layers are producing a resilient response. At N* cycles and
the associated permanent deformation, a stable equilibrium response from loading
is anticipated [22].

4 TotalPave System

Currently available smartphones consist of several built-in sensitive sensors including
an accelerometer. The accelerometer measures phone acceleration in x-, y- and
z-directions, and determines motion and orientation of the phone. Such features
are essential for map navigation, landscape or portrait display and so on. Several
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a) APLT System

b) Loading Plate and Sensor Setup

Fig. 3 Automated plate load testing (APLT)

researchers [23, 24] had utilized smartphone-based acceleration data for capturing
vehicle motion, estimating longitudinal road profile, and hence, measuring pave-
ment IRI. As the manual steps involved in operating road profilers are replaced by
the automated procedures through built-in functions of smartphones, the researchers
had to overcome several challenges such as filtering unwanted signals due to vehicle
damping, considering the effects of different models of phone and vehicles, adjusting
the signal filtering window based on the sensitivity of the accelerometer and so on
[25].

The IRI data collection technology for this project was developed by TotalPave
Inc. The principles behind the TotalPave system are explained by Cameron [12]. This
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system is calibrated against the standard profiler using different types of smartphones
and vehicles [23]. The data collection process is fully automated. The user needs to
mount a smartphone with a TotalPave IRI Calculator app to the vehicle’s windshield.
The mounting device should be sturdy so that the motion detected by the smartphone
is totally from the vehicle. The TotalPave app allows users to level a smartphone
vertically which helps to accurately detect motions in x-, y- and z-directions. The app
collects data when the vehicle speed is more than 20 kmph. The app also collects
GPS data along with the acceleration data for proper positioning and displaying of
IRI data within the map. The system analyzes the raw acceleration data and estimates
pavement IRI. Using the web portal, users can view the IRI data plotted on the map.
Recently, several studies were conducted by utilizing TotalPave technology [26–28].

5 Presentation of Results

TotalPave surveys were conducted on both northbound lanes (left and right) of West
Hunt Highway in 2019. The surveys were completed within 30 min which was
significantly faster than the data collection procedure by a standard profiler. Figure 4
provides the average IRI of the pavement segments for both lanes through the color-
coded map. Each segment is 50 m in length. The legend in the figure represents the
IRI ranges. Such a map provides a spatial distribution of pavement IRI and shows
the location of possible problematic area (i.e., the pavement segment with a high IRI
value). The map shows that most of the pavement sections have an IRI value less
than 1.5 m/km.

Fig. 4 IRI map
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Figure 5 provides the distribution of pavement IRI based on the normalized
distance. The normalized distance was computed using the actual distance of IRI
measurement divided by the total survey distance. The starting location of the normal-
ized distance was the intersection of West Hunt Highway and Magma Rd. Although
the figure illustrates some variations in pavement IRI for left and right lanes, all IRI
measurements are in the good range as specified by Arhin et al. [8].

To understand the overall condition of the pavement, the IRI values shown in Fig. 5
are averaged and presented in Fig. 6. The figure shows the distribution of IRI for each
pavement section along the longitudinal direction of the roadway. Each pavement
section is 1 km long (see Fig. 6). The IRI data were presented for an average of both
lanes, left and right lanes. Sections 4, 7 and 8 consisted of moderately high IRI than
the other sections. This may be due to the pavement distress or any existing utilities
such as a sewer cover. In addition, Fig. 6 also shows the difference of pavement IRI
in left and right lanes. This difference in the measured IRIs between two lanes is
possible due to the effect of trafficking and existing pavement distresses.

On average, the overall IRI of north-bound lanes of West Hunt Highway was
1.04 m/km with a coefficient of variation (COV) of 18% (see Table 3). Further, the
left and right lanes had an IRI of 1.02 m/km and 1.05 m/km with COVs of 20% and
17%, respectively.
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Table 3 Basic statistics of
IRI measurement

Average (m/km) Std. dev. (m/km) COV (%)

Overall 1.04 0.19 18

Left lane 1.02 0.20 20

Right lane 1.05 0.17 17

In order to understand the variation of pavement IRI over time, a numerical model
using AASHTOWare Pavement software was adopted. The software predicts several
pavement performances, including pavement IRI, using mechanistic responses of
pavement and the empirical predictionmodels developed fromLong-Term Pavement
Performance (LTPP) database. Themajor inputs required for the numericalmodel are
shown inTable 4. The default calibration factors of the IRImodelwere adopted for the
analysis. Due to the lack of initial pavement IRI information, it was assumed that the
pavement had 1.0 m/km IRI at the beginning. As the initial IRI is a critical parameter
affecting pavement performance prediction, two additional ranges of initial IRI were
also selected by considering 20% variation in the initial assumption. Therefore,
three AASHTOWare models were developed using the initial IRI of 0.8, 1.0 and
1.2 m/km. The pavement IRIs predicted by AASHTOWare are shown in Fig. 7.
The figure shows a gradual increase in IRI with pavement life for all models. This
represents a gradual decrease in the serviceability of the pavement, and the rate
of serviceability reduction is affected by several parameters such as mechanical
properties of pavement layers, foundation condition, environmental factors and traffic
levels. The pavement is expected to have an IRI in between 1.0 and 1.4 m/km at the
time of the TotalPave survey. The measured IRI of the pavement is 1.04 m/km which
is in the lower range of the predicted IRI. This fact indicates that the mechanical
stabilization provided by geogrid might have contributed to preserving the pavement
IRI. Future IRI surveys will be needed for understanding the relationship between the
measured and predicted pavement IRI. Besides, these numerical and experimental
studies of pavement IRI predictions and measurements also suggest the need for
calibrating the AASHTOWare pavement IRI model (distress model) for geogrid
stabilized pavements.

Table 4 AASHTOWare
inputs for numerical
modelling

Category Parameters Input value

Traffic Two-way AADTT 4000

Climate Station ID 136,622

Pavement structure HMA thickness (mm) 125

Base layer thickness (mm) 150

Material properties Asphalt binder PG 76-34

Base modulus (MPa) 206

Subgrade modulus (MPa) 103
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Fig. 7 Predicted and measured pavement IRI

6 Summary and Conclusion

Pavement roughness of geogrid stabilized roads was measured in terms of Interna-
tional Roughness Index (IRI) using a smartphone-based technology called Total-
Pave. The TotalPave system collects IRI data rapidly. This enables users to develop
an IRI database to monitor road performance over time. The IRI measurements were
conducted on a section of West Hunt Highway in Arizona. The measured pavement
IRI was evaluated and compared with the Standard IRI specified for such highways.
Further, the IRI computed from numerical pavement models was also compared with
the measured IRI.

The key findings of the study are:

• The overall IRI of geogrid stabilized pavement wasmeasured as 1.04m/kmwhich
indicates that the pavement is in a “good” condition.

• The right lane of geogrid stabilized pavement had slightly higher IRI than the left
lane.

• The TotalPave system illustrated the variation in IRI along the longitudinal
direction of the roadway for both (average) and each lane.

• The color-coded IRI map provided a spatial distribution of pavement IRI and
helped in locating possible problematic areas.

• The TotalPave system allowed to collect IRI data rapidly and safely without
interfering with traffic flow.

• The measured IRI of geogrid stabilized pavement was less than that predicted by
the numerical model using AASHTOWare Pavement.
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Behavior of Asphalt Overlays
with Geogrids and Geocomposite
Interlayer Systems

V. Vinay Kumar , Sireesh Saride , and Jorge G. Zornberg

Abstract Geosynthetics in the form of geotextiles, geogrids, and geocompos-
ites have been incorporated into pavement systems to enhance the service life of
asphalt overlays by retarding reflective cracking. In this study, the performance
of asphalt overlays reinforced with geogrids and geocomposite interlayer systems
placed on pre-existing asphalt layer was evaluated. Specifically, both unreinforced
and geosynthetic-reinforced, two-layered asphalt beam specimens prepared with a
pre-existing 25mm-deep notch (crack) in the bottom layerwere tested under repeated
four-point bending load conditions. The two-layered asphalt specimen consisted
of a 45 mm-thick, old pavement layer collected from an existing highway as a
bottom layer, a binder tack coat, the tested interlayer, and a 45 mm-thick hot mix
asphalt (HMA) overlay. A glass-geogrid composite (GGC) involving a geotextile
backing interlayer and two different types of geogrid interlayers, namely, a polyester
geogrid (PET) and a polypropylene geogrid (PP) were used in this study. Repeated
loading was applied to all specimens using a four-point bending configuration in
a load-controlled mode at a frequency of 1 Hz. The performance of the different
geosynthetic-reinforced specimens was compared against that of the control spec-
imen (CS) and the improvement in fatigue lifewas estimated.Considering the specific
products in this study, results indicate that all the geosynthetic-reinforced specimens
resulted in extended fatigue life of overlays in relation to the CS, and among them,
the best performance was obtained using the GGC.
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1 Introduction and Background

Hot mix asphalt (HMA) overlays are a widely adopted pavement rehabilitation
approach due to their comparatively easy and expeditious construction. However,
HMAoverlays are frequently affectedby aphenomenonknownas reflective cracking,
which has hindered the performance and service life of the rehabilitated pavement
systems [1]. Reflective cracking is a complex phenomenon, which can be defined
as a process of propagation of discontinuities and cracks from the existing, old
distressed pavement layers into and through the new asphalt overlays [2–6]. The
reflection cracks in the overlays often lead to moisture infiltration into the under-
lying layers, deteriorating the base and subgrade layers along with stripping of the
asphalt layers [7, 8]. Previous research has evaluated the practice of restricting the
reflection cracks into the overlays, including the possibility of adopting geosynthetics
at the interface between the old distressed and the new pavement layers [2, 3, 9–11].
Geosynthetics have been reported to provide various functions in pavement systems
such as separation, moisture barrier, reinforcement, filtration, and drainage [12].

Caltabiano [13] performed a series of asphalt beam tests to study the performance
of geogrids and geotextile interlayers in restricting the crack growth into the overlays,
concluding that geosynthetic interlayers extended the performance life of asphalt
overlays. Cleveland et al. [1] reported that the geogrids were more effective than
geotextiles and geocomposites in resisting the crack growth into the overlays. Barraza
et al. [9] andOgundipe et al. [14] evaluated the effectiveness of various anti-reflective
cracking systems, including geosynthetics and stress-absorbing membrane inter-
layers (SAMI). They reported that all the anti-reflective cracking systems adopted
in that study were effective in retarding reflective cracking and that geogrids outper-
formed the other systems. Besides, Walubita et al. [15] and Kumar and Saride [6]
suggested that geosynthetic interlayers have the potential to improve the fracture
characteristics of asphalt layers.

Virgili et al. [16], Ferrotti et al. [17], and Graziani et al. [10] conducted repeated
four-point bending tests to study the influence of geosynthetics on the performance
of asphalt overlays. They reported the geogrids could effectively retard crack prop-
agation for a substantial performance period. Recently, Saride and Kumar [2, 5],
Kumar and Saride [3, 4] performed beam fatigue tests to understand the influence of
geosynthetics in asphalt overlays placed over existing, old deteriorated asphalt layer.
They reported that the presence of geosynthetic interlayers at the interface of old
and new pavement layers could effectively restrict crack growth into the overlays by
redirecting them in the horizontal direction.

In summary, previous studies have generally considered geosynthetics placed
within asphalt layers, instead of placing them at the interface of old and new pave-
ment layers. In this regard, to better characterize the actual behavior of asphalt over-
lays reinforced with geogrids and geocomposite interlayers, a two-layered asphalt
specimen with geogrid and geocomposite interlayers placed at the interface between
old and new pavement layers was considered in the study presented in this paper.
The primary goal of this study was to understand the behavior of asphalt overlays
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with geogrid and geocomposite interlayer systems using repeated four-point bending
tests.

2 Materials

2.1 Binder Tack Coat and Asphalt Concrete

The binder tack coat adopted in this study was a penetration grade 60/70 bitumen
having a penetration value of 66. The tack coat had a specific gravity of 1.01 and
a softening point of 52 °C. The flash-point and fire-point of the binder were found
to be 340 °C and 365 °C, respectively. The viscosity of the binder was 460 cP at a
temperature of 60 °C.

The asphalt concrete mix adopted in this study was prepared in a asphalt mixing
plant and transported to the laboratory for specimen preparation. The asphalt mix
involved maximum and nominal aggregate sizes of 25 mm and 13 mm, respectively,
with a penetration grade 60/70 bitumen being adopted as a binder. Marshall Stability
testswere performedon the asphalt concretemix as perASTMD6927 [18] to estimate
the optimum binder content (OBC), which was determined to correspond to 5.5%
(by weight of the aggregates). The maximum stability and flow value for the asphalt
concrete mix with 5.5% OBC were found to be 14.25 kN and 2.5 mm, respectively.

2.2 Geogrids and Geocomposite Interlayers

This study aimed at understanding the behavior of asphalt overlays reinforced with
geogrid and geocomposite interlayers under repeated four-point bending tests. In
this regard, a glass-geogrid composite (GGC) interlayer, and two different types of
geogrids, namely, a bi-axial polypropylene geogrid (PP) and a bi-axial polyester
geogrid (PET) were adopted. The GGC interlayer consisted of a fiberglass geogrid
with an aperture of 28mmand continuous non-wovenfilamentsmechanically bonded
together. The GGC interlayer possessed an ultimate tensile strength of 28 kN/m
(machine direction) reached at a strain of 2% and 25 kN/m (cross-machine direction)
at a strain of 1.7%.

The bi-axial polypropylene (PP) geogrid was manufactured by extending the
polypropylene material along the machine and cross-machine directions. The PP
geogrids had a square aperture of 40 mm and an ultimate tensile strength of 30 kN/m
at a strain of 10%, along both machine and cross-machine directions. The bi-axial
polyester (PET) geogrid was manufactured by knitting together high molecular
weight and high tenacity polyester yarns. The PET geogrids had a square aperture
of 18 mm and an ultimate tensile strength of 40 kN/m at a strain of 20%, along both
the machine and cross-machine directions.
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Fig. 1 Schematic of asphalt
beam specimen and
four-point bending test setup

3 Experimental Program

3.1 Specimen Preparation

The specimens consisted of two asphalt layers, a tack coat, and a geosynthetic inter-
layer at the interface of two asphalt layers. The bottom layer, consisted of an old
pavement layer, which was extruded from an existing highway during the rehabili-
tation program and cut into a slab with dimensions of 400 mm in length, 300 mm
in width, and 45 mm in thickness. A penetration grade 60/70 binder tack coat was
applied over the bottom layer at a residual rate of 0.25 kg/m2 as per India’sministry of
road transport and highways (MORTH) specifications [19]. The geosynthetic inter-
layer was then placed, as per experimental program, and finally, an HMA overlay
with a thickness of 45 mm was compacted using a 5 kg static weight compactor
having a height of fall of 500 mm. The two-layered asphalt slabs were then cut into
beam specimens with dimensions of 400 mm in length, 50 mm in width, and 90 mm
in thickness. To replicate a crack in the bottom layer, a notch of 25 mm deep (i.e.
55% of the layer thickness) was introduced in the bottom layer of the two-layered
asphalt beam specimens. Figure 1 presents a schematic of the two-layered asphalt
beam specimen adopted in this study. A detailed procedure of two-layered asphalt
specimen preparation for the repeated load tests is provided by Saride and Kumar
[2], and Kumar and Saride [3, 4].

3.2 Repeated Load Four-Point Bending Test

The behavior of asphalt overlays with geogrids and geocomposite interlayer systems
were studied using repeated load four-point bending tests performed on a two-layered
asphalt beam specimen under a load-controlled mode at a temperature of 30± 2 °C.
Figure 1 presents a schematic of the four-point bending test setup adopted in the study.
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As shown in the figure, an asphalt beam specimen with a notch having dimensions
of 25 mm in depth and 10 mm in width was made. Loads were applied on the
specimens at a frequency of 1 Hz, and a typical load pattern was adopted to simulate
a live moving traffic condition. In this regard, the maximum load corresponding to a
contact pressure of 550 kPa was calculated using Eq. 1, per ASTM D7460 [20], as
follows:

σf = Pl

bh2
(1)

where σ f is the maximum flexural stress in kPa (550 kPa), P is the maximum load
applied in kN, l is the span length of the beam in m, b and h are the width and
thickness of the beam in m.

Accordingly, amaximum load of 0.6 kN and a seating load of 0.06 kNwas applied
repeatedly to replicate the target live traffic condition. The loads were applied until
complete specimen failure was reached, with the corresponding vertical deformation
at mid-span length of the beam specimen being recorded at the end of each cycle.

4 Results and Discussion

The four-point bending tests performed in a load-controlled mode simulate the flex-
ural fatigue behavior of the asphalt overlays with and without geogrid and geocom-
posite interlayers to understand their response as an anti-reflective cracking system
in asphalt overlays. The repeated load four-point bending test results of the two-
layered asphalt beam specimens are presented in Fig. 2, which depicts the change
in vertical deformation (VD) with increasing number of load cycles (N). It can be
observed that the control specimens (CS) failed after a comparatively small number
of load repetitions, i.e. cracks propagated into the overlays and eventually failed
after about 65 cycles. Instead, the specimens with geogrid and geocomposite inter-
layers could resist a comparatively larger number of load repetitions before failure.
Specifically, the fatigue life of specimens with PP, PET, and GGC interlayers was
about 750, 1250, and 3000, respectively. These results suggest that the presence of
geogrids and geocomposites at the interface between old and new pavement layer
has restricted the vertical deformation and, in turn, have delayed crack develop-
ment for comparatively large performance periods. However, it is important to note
that different geosynthetics have led to different responses. Specifically, the glass
geogrid composite was found to delay crack development longer than PP and PET
geogrids. This superior performance in GGC interlayers may be attributed to their
ability to induce an ultimate tensile strength of 28 kN/m at a strain value as low
as 2%. However, the geogrids were able to develop their ultimate tensile strengths
of 40 kN/m (PET) and 30 kN/m (PP) at strain values as high as 18% (PET) and
12% (PP), respectively. Besides, among the specimens with geogrid interlayers, the
geogrids with a relatively low initial stiffness (PET) showed a superior performance
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Fig. 2 Variation of vertical deflection (VD) with number of cycles (N)

than geogrids with a high initial stiffness (PP). This could be due to the enhanced
interfacial bonding of the PET geogrids with the asphalt layers, resulting in a better
load transfer to the layers below, in comparison with the PP geogrids [2]. Overall,
the geosynthetic-interlayers placed at the interface zone restricted the crack growth
into the overlays by distributing the strain energy (tensile) from the crack tip in the
lateral direction at the interface zone. Hence, an extended fatigue life was achieved.

Further, to quantify the increase in fatigue life of the asphalt specimens with
geogrids and geocomposite interlayers against the control specimens, an improve-
ment ratio (IR) is quantified. The improvement ratio (IR) can be defined as the ratio
between the number of load repetitions sustained by a specimen with geogrid or
geocomposite interlayer to that sustained by a control specimen, at the same vertical
deflections. The improvement ratio is expressed as:

IR = NR

NU
(2)

where NR and NU are the number of cycles to fatigue failure of geosynthetic-
reinforced and unreinforced specimens, respectively.

The differences in improvement ratio (IR) with vertical deformation for the spec-
imens with geogrid and geocomposite interlayers are plotted, as shown in Fig. 3. It
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Fig. 3 Variation of improvement ratio (IR) with vertical deformation (VD)

can be observed that IR increases with increasing VD. The improvement in spec-
imen with geocomposite interlayer is observed to be more prominent than that of
specimens with geogrids. For instance, in the GGC specimen, a significant improve-
ment in fatigue life can be observed as early as a VD of 2 mm is reached. Whereas,
in specimens with geogrids, although improvement is observed at small VD, it is
significant after a vertical deformation of 4 mm is reached.

A maximum IR of 24 was obtained in GGC specimen, while a maximum IR of 6
and 3 in PET and PP specimens, respectively, were obtained at a VD of 6 mm. These
differences in the performances of geogrids and geocomposite interlayers may be
attributed to their working tensile properties. The geocomposite interlayer (GGC)
is expected to initiate a reinforcing effect at a vertical deformation of 2 mm and
continue to provide a reinforcing function until failure. Besides, the reinforcing effect
in specimens with geogrid interlayers is observed to be significant after reaching
4 mm vertical deformation, and hence, variation in the fatigue life improvements
can be observed in the figure. Among the specimens with geogrid interlayers, the
PET specimen has shown a better improvement than the PP specimen. This may
be attributed to the ability of PET geogrids to achieve a better interfacial bonding
between the asphalt layers resulting in a better load transfer and, in turn, enhanced
performance.
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5 Conclusions

The behavior of asphalt layers reinforced with geogrids and geocomposite inter-
layer systems was studied under repeated four-point bending tests, and the following
conclusions can be drawn from the study:

• Both geogrids and geocomposite interlayer systems were found to successfully
improve the fatigue performance of pre-cracked two-layered asphalt beam spec-
imens by retarding reflective cracking. Among them, a superior performance
was observed in the glass geogrid composite interlayer used in this study when
compared with the tested geogrid interlayers.

• Fatigue life of 750, 1250, and 3000was achieved in PP, PET, andGGC specimens,
respectively, compared to a fatigue life of 65 in the control specimen.This accounts
for an improvement in fatigue life of about 11-fold, 19-fold, and 45-fold in PP,
PET, and GGC specimens, respectively.

• The geosynthetics (geogrids and geocomposite) placed at the interface between
old and new pavement layers restrict the crack growth into the overlays, and as
a result, the cracks were observed to spread along the horizontal direction in the
interface zone.

• Overall, the geosynthetic (geogrids and geocomposite) interlayers were shown to
improve the fatigue characteristics of the asphalt overlays before failure.
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Study of the Strained State of Bored
Foundations for Weak Soils
by Strengthening the Grillage
with Geosynthetic Materials

Sergey Kudryavtcev, Tatiana Valtceva, Semyon Bugunov, Zhanna Kotenko,
and Natalya Sokolova

Abstract Construction in northern regions of the Far East is always connected with
a high degree of seasonal freezing risk. This is especially true for line transport
structures which require a high level of reliability and responsibility. Such structures
should provide permissible deformability and bearing capacity of the bases when
exposed to moving loads in difficult geological and climatic conditions. The paper
considered the development of bridge supports stabilizing structures using math-
ematical modeling methods and geosynthetic materials. The study used standard
methods of engineering calculations using analytical approaches to determine the
rational parameters of structural elements and the degree of their operational relia-
bility and durability. In determining the behavior of structures as a whole, with the
collaborative interaction of their individual elements with each other, nonlinear soil
models of the base of the structures were used. Numerical modeling of bored founda-
tions in an elastic–plastic soil mass allowed to work out effective structural solutions
for reducing the deformability of the bridge and increasing the bearing capacity of
the pile foundation due to reinforcing measures in the construction of the grillage
and creating rational parameters of structures as a whole.

Keywords Stress–strain state · Foundation · Geosynthetic materials · Numerical
modeling · Piles · Elastoplastic model ·Weak base

1 Introduction

This paper described stabilization work performed for the bored foundations of a
bridge. The bridge spans over a river 47.34 m long on the highway in the Sakhalin
region of Russia. The bridge is located on a straight stretch of road crossing a swampy
valley. The span beam is 42.0 m long, all-metal with an orthotropic steel plate of the

S. Kudryavtcev (B) · T. Valtceva · S. Bugunov · Z. Kotenko
Far Eastern State Transport University, Khabarovsk, Russia

N. Sokolova
Financial University Under the Government of the Russian Federation, Moscow, Russia

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
E. Tutumluer et al. (eds.), Advances in Transportation Geotechnics IV,
Lecture Notes in Civil Engineering 165,
https://doi.org/10.1007/978-3-030-77234-5_51

621

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77234-5_51&domain=pdf
https://doi.org/10.1007/978-3-030-77234-5_51


622 S. Kudryavtcev et al.

carriageway and service passages onmetal consoles. There is an expansion joint with
rubber expansion joint. The foundationsweremade using bored postswith a diameter
of 1020 mm with non-removable casing pipes with a wall thickness of 12 mm. The
columns are arranged in two rows of 6 pieces in each row and are combined at the top
with reinforced concrete monolithic slabs up to 1.0 m thick. The distance between
the axes of the posts along the axis of the bridge is 2.70 m, across—2.10 m. The
length of the pillars support No. 1 is 22.5 m, support No. 2—13.5 m.

On support No. 1 (right-bank), fixed tangential support parts are installed, and
on support No. 2 (left-bank), movable tangential support parts are used. To keep
the support nodes from tossing during earthquakes, the span is connected to the
sub-truss plates by antiseismic anchor-type devices. During the construction, some
additions were made to the project. In particular, support No. 2 was reinforced with
an additional row of five bored posts with a diameter of 1220 mm and a length of
18.5 m in non-removable casing pipes. Reinforcement posts are included in the joint
workwith the previously constructed part of the support No. 2 due to the arrangement
of a common sub-truss plate. At the same time, at a distance of 5m from an additional
row of columns to the side of the channel, a separate pile grillage was constructed
from four bored columns in a row located in a row of 1220 mm in non-removable
casing with a wall thickness of 18 mm. The grillage slab has dimensions 3.2× 9.5×
1.5m and is lower than the grillage slab of the support No. 2 by 1.0m. Thementioned
design is intended to reduce the landslide pressure of soft soils on the support No. 2.

2 Engineering and Geological Conditions of the Foundation

Silts are structurally unstable soils with specific properties. The structure of silty
soils is determined by both the deposition conditions and the properties of mineral–
colloidal particles and the composition of the aqueous medium. The structural
features lead to the fact that the moisture content of natural sludges, as a rule,
exceeds their yield strength in a bent state, and the porosity coefficient is often
much greater than unity (porosity does not correspond to natural pressure). Structural
bonds between particles and low water permeability interfere with the gravitational
compaction of soils [1, 2].

Sludges are subject to thixotropic phenomena arising from dynamic influences.
In this case, the occurrence of water films around the particles is noted, which signif-
icantly reduces the shear resistance. At the same time, during the transition of sludge
to plastic clay, a gravitational compaction can be observed, which causes a partial
violation of the initial coagulation structure, a decrease in porosity, an increase in
strength properties and an increase in the concentration of the pore solution.An essen-
tial process that occurs in silty soils under the influence of an external load on them
is the destruction of structural–colloidal bonds with the simultaneous emergence of
new bonds due to the convergence of mineral particles during compaction under
load. If the magnitude of the external load does not exceed the critical value, then
sludge can be considered as soils with only adhesion [3, 4]. At a pressure exceeding
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the structural strength, adhesion decreases sharply, silts pass into a liquefied state,
easily squeezed out from under the structures.

In order to correctly take into account the properties of sludge during design,
special laboratory tests are necessary, and the most important is field testing of
sludge without violating their structure by stamping methods.

3 The Real State of the Construction of the Bridge Supports

Based on the above information on sludge, we can draw the following conclusions.
The arrangement of boredpiles of the bridge supports led to the appearance around the
bored foundations of zones near the sludge with reduced strength characteristics and
increased humidity due to thixotropic phenomena associated with the performance
of work (dynamic impact). This fact did not affect the stability of the foundations
of the supports in view of the fact that they are buried in the bedrock to a sufficient
depth [5–7].

Further construction of approach sections of the embankment contributed to an
increase in vertical stresses and, as a consequence, an increase in horizontal pressure
on the support. The distance between the rows of piles and the presence of the second
row in the support grill predetermined the formation of an arched effect that impedes
the forcing of silt between piles. In addition, it is likely to assume that the feature of
the sludge—low porosity—in the zone between piles under dynamic influences led
to compaction of particles, which subsequently appeared on the surface in the form
of cavities under the grillage.

The subsequent arrangement of an additional row of piles in close proximity to
the support did not lead to stabilization of the soil, since it also provoked structural
instability of silts around the piles. Obviously, thixotropic phenomena did not allow
an additional row of piles to be included in the work, i.e., the soil being squeezed
between these piles exerted pressure on the support-soil pile array that had already
hardened and consolidated by that time.

The construction of stabilization of the soil base consists of several parts:

1. Lumps of coarse clastic unsorted soil up to 1–1.5 m in size are immersed in the
foundation pit, at the foot of the pile holding structure.

2. After the construction of the reinforced soil structure to the level of the grillage of
the pile holding structure, a stress distribution platform is arranged to redistribute
the stresses from the weight of the embankment and transfer the load through
the piles to strong primary soils.

3. Reinforcement with the geosynthetic materials of the embankment is performed
by the wrapping method (Fig. 1).

A general view of the reinforced soil reinforcement design of the approach
embankment is shown in Fig. 2.
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Fig. 1 Scheme clips

Fig. 2 General view of the reinforced soil reinforcement structure of the approach embankment

Figure 3 shows the facade of an armored structure. The design, located below
the level of the day surface, is arranged with an overlap of rolls of 0.5 m. Located
above—without overlaps.

Fig. 3 Facade of armored construction
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4 Geotechnical Modeling of the Work of Stabilization
Structures of Bridge Supports

Geotechnical modeling of stabilization options for bridge supports was carried out
to confirm the rationality of engineering solutions using the FEM models software
package developed by geotechnicians of the Georekonstruktsiya-Fundamentproekt
NGO of St. Petersburg under the guidance of Professor V. M. Ulitsky.

The software complex allows solving three-dimensional thermophysical and
stress–strain state problems for structures and their foundations with dimensions
of several million degrees of freedom at an acceptable time on a personal computer.
In this regard, the complex has no domestic or European counterparts [8–10].

Based on the above-stated facts that affect theVATofweak bases, themost reliable
picture canbeobtainedwhenusingdiscretemodels in calculations, in particular, FEM
in an elastoplastic setting. An elastoplastic model with a limiting surface was used to
describe the operation of structures. The choice of this model is due to the fact that
its parameters can be taken from existing materials from standard engineering and
geological surveys. In this setting, numerical calculations are in good agreement with
traditional engineeringmethods for calculating deformations and allowus to describe
with sufficient accuracy the stress state and deformation of structures. The unit for
solving problems allows solving systems of linear equations, as well as producing
(if necessary) iterative solution of nonlinear problems. For solving systems of linear
algebraic equations, direct methods can be used (Gauss method, Cholesky method),
as well as iterative methods [11, 12]. To solve large systems of linear algebraic
equations, the program developed an original iterativemethod based on the conjugate
gradient method using a special pre-conditioner that guarantees an improvement in
the conditionality of the solution matrix and accelerates the solution by the iterative
method.

An iterative solution method allows you to achieve a user-specified solution
accuracy. As a rule, calculations are performed with an accuracy of 10−8.

The proposed methodology for the numerical simulation of the operation of an
armored structure and foundation reinforced with geomaterials is an integral part of
the FEM models modular program. The considered version of the program imple-
ments an elastoplastic solution of the FEM using the procedure of “initial stresses.”
The choice of interpolating polynomials and the construction of a rigidity matrix for
a finite element, as well as the compilation and solution of a system of algebraic equa-
tions with respect to nodal values, is based on the FEM models software package.
When developing the soil model, the authors made the following basic assumptions:

– Soil is considered as an ideal-elastic–plastic medium with the Coulomb strength
criterion, obeying the laws of plastic flow;

– The reaction of the medium to volumetric deformations is elastic, and to shear
elasto–plastic with an equal volume flow;

– Interpolating polynomials for each finite element are assumed linear, and stresses
and strains in it are constant;
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– The natural stress state is replaced by a hydrostatic compression tensor of the
“characteristic volume” of the soil;

– There is a completeness of filtration consolidation and rheological processes in
the foundation. Total deformations of the soil medium are presented as the sum
of elastic and plastic deformations.

dεi j = dεei j + dε p
i j (1)

To determine dε the theory of plastic flow is used in the form of an unassociated
law:

dε p
i j = dλ

∂F

∂σi j
(2)

where dλ is the small scalar factor.
During the transition from an elastic state to a plastic vector, it passes through

a plane tangent to the surface of the limiting state, and the end of the stress vector
moves along this surface. In this case, the loading will be neutral, in which the laws
of plasticity and elasticity coincide (only elastic deformations occur), which is a
condition of continuity.When solving the elastoplastic problem (plane deformation),
an ideal-plastic medium scheme with the Coulomb strength criterion is used

f =
√

(σx − σy)2 + 4τ 2
xy + (σX + σY ) sin ϕ − 2c cosϕ = 0 (3)

where σ x; σ y; τ xy—axial stresses; ϕ—angle of internal friction; c—specific grip.
For the medium under consideration, the main parameters of the boundary of the

limiting surface are constant and independent of the accumulated plastic deformation.
When the limiting surface is reached, an equal volume flow occurs, and the plastic
potential is parallel to the hydrostatic axis.

Geotechnical modeling took place in two stages: the first—modeling of the
current situation, when unloading the embankment helps to stabilize deformations,
the second—to determine the stress–strain state of the stabilization structure.

The pile holding structure during modeling was not taken into account in view of
the fact that its deformations were not recorded and, presumably, due to the transition
of silt around the piles into a fluid state, the soil is pressed between the piles. The
presence of this design and its work is taken into stock [13, 14].

The design scheme of the foundation of the bridge support is shown in Fig. 4. At
this step, the system is in a stable state, and there are no deformations of the support.
The simulated situation corresponds to the current state of the support when a part
of the embankment is disassembled.

The next steps consisted in sequentialmodeling of the construction of the approach
embankment with the filling of the soil of the body of the approach embankment
toward the location of the bridge. Figure 5 shows the zones of development of plastic



Study of the Strained State of Bored Foundations for Weak Soils … 627

Fig. 4 Design scheme of the base of the foundations of the bridge support

Fig. 5 Zones of plastic deformations and horizontal movements (m) at the stage of full filling of
the embankment soil



628 S. Kudryavtcev et al.

Fig. 6 Diagram of horizontal stresses without structural measures, kPa

deformations and horizontal movements at the time of the complete erection of the
embankment. The magnitude of horizontal deformations reaches 110 mm.

As it can be seen in Fig. 8, plastic deformations are developed for the entire
thickness of the sludge and partially in the clay loam. The nature of the development
of zones in loam confirms the assumption that in this case the theory of soil pressure
on the building envelope is applied. A moving clay wedge formed in loam is located
in the sludge layer and in the soil of the body of the embankment. The horizontal
displacements of the support were more than 10 cm (Fig. 6).

The simulation results of the stabilization design of the soil foundation of the
bored foundations are presented in Fig. 7. The maximum horizontal deformations
are up to 25 mm, i.e., 4 times; there was a decrease in horizontal deformations.

The horizontal pressure diagram is shown in Fig. 8. The maximum horizontal
stresses under the sole of the grillage of bored foundations reach values up to 225 kPa.
Those 2 times there was a decrease in horizontal stresses.

5 Conclusions

1. The design of the bored foundations for soil stabilization consisted of a
pile armored structure to the level of grillage and reinforcing the body of
the approaching embankment with geosynthetic materials by the method of
wrapping.

2. Geotechnical modeling for the options considered for stabilizing the bridge
supports, using FEM software package, was utilized to confirm the rationality
of engineering solutions.
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Fig. 7 Zone of plastic deformation and the magnitude of the horizontal deformation of the
displacement of the structure (m)

Fig. 8 Diagram of horizontal stresses along the length of the piles with the device of structural
measures, kPa

3. Armored soil construction of the soil foundation of bored foundations reduces
the horizontal stresses due to the self-weight of the soil in the body of the
embankment to 50%, and the horizontal deformations to 25%. This indicates
the effectiveness of the stabilization design.

4. A comparative analysis of the results of numerical modeling of the stress–strain
state of the soil near the pile foundation of the bridge support shows a significant
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reduction in the zones of plastic deformation in the soil base. This suggests that
the shear stresses do not exceed the limit values of the strength characteristics
of the soil.

5. The triangular view of the reinforced soil structure creates an additional advan-
tage:When loading (filling the embankment), the vertical loadwill create lateral
expansion of the soil, and due to the wedge-shaped form, the movement of soil
will be directed away from the support.

6. Cyclic loading contributed to an increase in vertical stresses and, as a
consequence, an increase in horizontal pressure on the support.

References

1. Ulitsky V, Sakharov I, Paramonov V (2018) Thermal-physical calculations as a basis of design
solutions of buildings and structures in the permafrost zone. MATEC Web Conf 265:05009.
EDP Sciences, France

2. ParamonovV,Sakharov I,KudriavtcevS (2018)Forecast the processes of thawingof permafrost
soils under the building with the large heat emission. MATEC Web Conf 73:05007. EDP
Sciences, France

3. Ulitskii VM, Shashkin AG (2016) Successful construction of high-speed motorways: the
geotechnical constituent. Transp Russ Feder 2–3:36–39

4. Kudruavtsev SA (2018) Evaluation of the carrying capacity of the building structures in the
industrial heritage for its adaptation. MATEC Web Conf 146:02003. EDP Sciences, France

5. Valtseva TY, Kudruavtsev SA, Kazharsky AV, Goncharova ED (2017) Strengthening design for
weak base using geomaterials on “Amur” automobile road section international. In: Murgul V,
Popovic Z (eds) Scientific conference energymanagement ofmunicipal transportation facilities
transport EMMFT 2017. Advances in intelligent systems and computing. Springer, Cham, pp
145–153

6. Kudriavtsev S, Borisova A (2018) The research of the freezing and thawing process of the
foundations with the use of season and cold-producing devices. MATECWeb Conf 193:03040.
EDP Sciences, France

7. Kudryavtsev S, ParamonovV, Sakharov I (2016) Strengthening thawed permafrost base railway
embankments cutting berms. MATEC Web Conf 73:05002. EDP Sciences, France

8. Kudryavtsev S, Maleev D, Tsvigunov D, Goncharova E (2016) Disalgnment of railroad poles
as dynamic effect of rolling stock. Procedia Eng 165:1858–1865. Elsevier BV, Holland

9. Kudryavtsev S, Bugunov S, Pogulyaeva E, Peters A, Kotenko Z, Grigoryev D (2017) Construc-
tion of the high-rise buildings in the Far East of Russia. E3SWebConf 33:02008. EDPSciences,
France

10. Kudriavtcev S, Kovshun V, Mut A (2017) The investigation of freezing and thawing processes
of metal foundation ground of pipelines. In: Murgul V, Popovic Z (eds) Scientific conference
energy management of municipal transportation facilities transport EMMFT 2017. Advances
in intelligent systems and computing. Springer, Cham, pp 953–961

11. Kudriavtcev S, Valtseva T, Kotenko Z, Goncharova E (2016) Thermophysical feasibility
of railway embankment design on permafrost when projecting side tracks. Procedia Eng
165:1080–1086. Elsevier BV, Holland

12. Paramonov VN, Sakharov II, Kudryavtsev SA (2016) Forecast the processes of thawing of
permafrost soils under the building with the large heat emission. MATECWeb Conf 73:05007.
EDP Sciences, France



Study of the Strained State of Bored Foundations for Weak Soils … 631

13. Kudryavtsev S, Kazharssky A, Goncharova E, Kotenko Z, Grigoryev D (2017) Embankment
on permafrost eastern polygon of Baikal-Amur mainline. Procedia Eng 189:774–782. Elsevier
Ltd, Holland

14. Kudryavtsev S, Shvartcfeld V, Goncharova E, Mikhailin R, Kotenko Z, Grigoryev D (2016)
Experimental researches on roadbed structural reinforcement with geogrid on automobile road.
MATEC Web Conf 106:05003. EDP Sciences, France



Bearing Capacity Test with Small Soil
Box Model on Reinforcement of Base
Course Using Geotextile

Kenichi Sato, Takuro Fujikawa, Chikashi Koga, Takumi Kitamura,
Yuichiro Wakabayashi, Junichi Hironaka, and Yusaku Isobe

Abstract In recent years, there has been a rapid increase in the number of road
pavements that have exceeded 40 years of service life. As a result, it is anticipated
that the number of pavements in need of repair, including the base course, will
increase. In addition, the cost of repairing the pavement including the base course
will be higher than if only the asphalt layers were repaired. Therefore, it is desirable
to extend the service life of road pavements in order to reduce future maintenance
costs. This study focuses on reinforcing the base course of road pavements and aimed
to increase the durability and extend the service life of road pavements by laying
geotextiles on the base course. The effect of different types of geotextiles on the
reinforcement of the base course was reported from the results of bearing capacity
tests using a small soil container.

Keywords Bearing capacity · Base course · Geotextile reinforcement

1 Introduction

In Japan, modern infrastructures were intensively constructed during the high
economic growth period, which will reach the end of their service life after 2020.
Thus, the aging of these infrastructures is becoming a social problem. After the
beginning of operation, the durability of the pavement is impaired by heavy vehicle
traffic and rainwater, and the pavement surface is subject to cracking and rutting. In
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particular, it has been reported that the bearing capacity of base course due to the
ingress of rainwater from cracks has a significant impact on the durability of asphalt
pavements. Thus, the base course has an important role in the service life of a road
pavement. However, there are few cases in which the base course is replaced in the
repair work because of maintenance cost reduction, increase in repair cost, and road
closure due to construction.

In recent years, research and development has been focused on base course rein-
forcement, especially the reinforcement of base courses using geotextiles [1]. It is
well known that geotextiles are very useful materials in the construction of soil struc-
tures, such as their function as tensile reinforcement [2, 3]. The use of geotextiles
in pavement construction in Japan has been used as a countermeasure for soft base
course in road pavements [4]. However, there are few examples of geotextiles being
used to reinforce base courses. Thus, the research on the application of geotextiles
to base courses has attracted a lot of attention. Hirakawa et al. showed that even a
single layer of geogrid in the base course greatly suppressed the amount of residual
subsidence in the base course. Furthermore, it was found that when used in conjunc-
tion with a high density of the base course, progressive residual settlements could be
effectively restrained as well [5].

In this study, two types of loading tests, constant strain loading and cyclic loading,
were conducted on a geotextile-reinforced base course. This study described the
results of the investigation on the effect of geotextile type on bearing and deformation
characteristics. The effect of geotextile laying depth and laying length on cyclic
loading tests was also discussed.

2 Testing Procedure

2.1 Materials

A single grain size of Mikawa silica sand no. 5 was used in the soil test to check
the deformation of the ground by loading. The physical properties of this silica sand
are given in Table 1. Five types of geotextiles with different material properties such
as stiffness and frictional force of geotextiles were used in this study: two types
of woven fabrics, nonwoven fabrics and two types of geonets. Table 2 shows the
geotextiles used and their physical properties. The woven fabric is a material that has
a very large tensile strength compared to other geotextiles. Geonet is also a geotextile
that can create an interlocking effect due to the continuity of soil particles.
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Table 1 Physical property Sample Mikawa quartz sand no. 5

Photograph

Soil particle density ρs (g/cm3) 2.655

Maximum void ratio emax 1.139

Minimum void ratio emin 0.723

Uniformity coefficient Uc 1.766

Coefficient of curvature Uc
′

1.052

Table 2 Geotextile

Reinforcement Woven fabric A, B Nonwoven Geonet A Geonet B

Photograph

Tensile strength
(kN/m)

A 89.0 B 74.0 11.7 5.6 3.6

Mesh size (mm) – – 2.5 10

2.2 Experimental Apparatus and Method

Figure 1 shows an outline of the small soil container (loading device) used in this
experiment, which has a height of 90 cm, width of 120 cm, and depth of 20 cm. Six

Fig. 1 Small soil container (loading apparatus)



636 K. Sato et al.

steel plates and springs with a spring constant of 3.75 kN/mm were installed at the
bottom of the box. This was designed to easily cause ground deformation during
loading. The deformation of the model ground surface was measured by using a
displacement gauge at three positions: at the loading position, 10 and 20 cm from
the center of the loading. The relative density of the model ground was set at 80%.

Themodel ground was prepared by the tampingmethod with the moisture content
of the samples adjusted to 5%. The bottom 30 cm of the model ground was made in
three layers of 10 cm thickness. In particular, the upper 10 cm of the model ground
wasmade in five layers with a thickness of 2 cm, because the geotextile was to be laid
in a shallow area. After the preparation of the model ground, a 1 cm thick, 119 cm
long, and 19.6 cm wide rubber plate was installed to simulate the asphalt pavement
surface. Kaolin clay with a width of about 1 cm was placed at a depth of 20 and
30 cm from the top of the acrylic plate in order to visually capture the deformation
of the model ground by the loading test.

Static loading was carried out at 1 mm/min, and the loading was terminated at a
load stress of 5 kN/m2. On the other hand, the cyclic loading was carried out under
the sinusoidal stress control at a loading speed of 0.1 Hz with a maximum loading
stress of 100 kN/m2. In this test, the repetition rate N = 360 cycles (1 h) was set as
the end condition. In this model test, the loading speed was set slower in order to
see the reinforcing effect of the geotextile and the deformation of the ground by the
loading test.

2.3 Experimental Conditions

Figure 2 shows the stress distributionwhen a loading stress of 100 kN/m2 was applied
to a 10 cm loading plate. It is considered that the stress distribution shown in Fig. 2
acts in the model ground, so the laying length L of a woven fabric A below the center
of the loading plate was set to 15, 30, 60, and 120 cm. In addition, the rubber plate

Fig. 2 Stress distribution when a loading stress of 100 kN/m2
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Table 3 Experimental conditions (static loading tests)

Relative density
Dr (%)

Laying depth D
(cm)

Laying length L
(cm)

Loading method Geotextile types

80 10 120 Static loading
Cyclic loading

Woven fabric A,
B

Nonwoven

Geonet A, B

Table 4 Experimental conditions (cyclic loading tests)

Relative density
Dr (%)

Laying depth D
(cm)

Laying length L
(cm)

Loading method Geotextile types

80 – – Cyclic loading No laying

2 15, 30, 60, 120 Woven fabric A

4, 6, 8 60

10 30, 60, 120

assumed as asphalt layer in this research was one fifth as thick as the real asphalt
layer, so the experiment this time was considered as one fifth of the real condition in
the scale. The base course rolling thickness in practical construction was 10–15 cm.
But regarding the scale of the experiment, the laying depth is adjusted into 2, 4, 8,
and 10 cm (assumed from 10, 20, 40, and 50 cm in practical terms).

As the test condition shown in Tables 3 and 4, the influence of laying position
(depth), laying length, geotextile types, and loading method on reinforcement effect
was discussed on the model ground with a relative density of 80%.

3 Results and Discussions

3.1 Effect of the Type of Geotextiles

Panels a and b of Fig. 3 show the relationship between loading displacement and
loading stress of each geotextile by static loading test. By laying various geotextiles,
loading displacement was suppressed due to an increase in loading stress. More-
over, about the types of geotextiles, the woven fabric A exhibited the most effective
displacement-suppression effect. Figure 4 shows the relationship between the number
of loadings in the cyclic loading test for each geotextile and the loading displacement
at the center of the loading plate, and Fig. 5 shows the loading displacement after 360
times of repeated loading. Figures 4 and 5 show that all the reinforcingmaterials were
deformed immediately after loading and then gradually changed in loading. More-
over, loading displacement was suppressed by laying in all the reinforcing materials,
and the reinforcing effect was exhibited.
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Fig. 3 Loading displacement and loading stress (static loading): a woven fabric, nonwoven and
b geonet
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360 loading cycles (cyclic
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In terms of the difference in the types of geotextiles, the displacement-suppression
effect was most exhibited in woven fabric A as in the case of static loading. In
addition, when comparing the woven fabrics A and B, which are the same material,
the load displacement was more suppressed in the woven fabric Awhich has a higher
tensile strength, so. Thus, the tensile strength of each woven fabric affects the load
displacement in the woven fabric. However, comparing two types of geonets with
different strengths and shapes, the reinforcement effect was exerted more in geonets
with larger meshes, although the strength was inferior. The reason was thought to be
that the frictional force due to meshing with the ground material was more exhibited
due to the large mesh. For this reason, the geonet is considered to be a reinforcing
material that can be expected to have a friction effect due to the meshing effect with
the base course material.

3.2 Effect of Geotextile Laying Depths and Lengths

Figure 6 shows the relationship between the number of loadings at each laying depth
in the repeated loading test and the loading displacement at the center of the loading
plate, and Fig. 7 shows the loading displacement after 360 times of repeated loading
for woven fabrics A with cyclic loading. Both showed the results for L = 60 cm. The
shallower the laying depth is, the better the reinforcement effect against displacement
suppression becomes. The displacement was the smallest, and the reinforcement
effect was greatest whenD= 2 cm. This is considered to be due to the low geotextile
laying depth, dispersion of the load, and increase of ground bearing capacity.

Figures 8 and 9 show the effect on the reinforcement effect because of the laying
length atD = 10 cm. The loading displacement decreased in the order of L = 30, 60,
and 120 cm. This showed that the longer the laying length is, the more effective the
reinforcement becomes. It is because the longer the laying length is, the greater the

Fig. 6 Number of loading
times and loading
displacement
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Fig. 7 Displacement after
360 loading cycles
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frictional force against the geotextile becomes through the increase of contact area
between the geotextile and ground material. The frictional force will become greater
with the increase of contact area, and the tensile force of the reinforcing material
is generated by this frictional force. However, when L = 30 cm, the result shows a
larger displacement than the condition without laying. From the stress distribution in
Fig. 2, when L = 30 cm, the geotextile is within the range of the stress distribution,
so it can be said that the tensile reinforcement effect of the geotextile is not enough
in this condition. From those facts, it is shown that in practical road pavement, if the
length extends beyond the range of the wheel load, the reinforcing effect can become
better. Then, Figs. 10 and 11 show the effect on the reinforcement effect of the laying
length at D = 2 cm. It shows the same effect as the case of D = 10 cm, which is that
the loading displacement is becoming less with an increase of the laying length. In
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Fig. 9 Displacement after
360 loading cycles
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addition, compared with the case of D = 10 cm, the reinforcing effect can be good
evenwhen the laying length is short. This indicates that if the laying depth is reduced,
the effect can be good even when the laying length of the geotextile is short.

Figure 12 shows the state of settlement of the loaded plate after repeated loading.
In the state of settlement of the loading plate, it can be seen that there is almost no
deformation when D = 2 cm and L = 120 cm. This also indicates that by reducing
the geotextile laying depth and increasing the laying length, all the stress acting on
the ground is dispersed at a shallow position. The frictional surface with the ground
material and the reinforcement effect also increase.Asmentioned above,when laying
geotextiles on a road, it is important to make sure a low laying depth and determine
the laying length considering the wheel load.
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Fig. 11 Displacement after
360 loading cycles
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Fig. 12 State of settlement of the loaded plate after repeated loading: a D = 10 cm, L = 30 cm
and b D = 2 cm, L = 120 cm

4 Conclusions

In this study, the importance of base course reinforcement in extending the service
life of asphalt pavements was investigated by a model test using a small soil box.
Therefore, the laying of geotextile was considered as a method of base course rein-
forcement. In the model test, the type of geotextile, its location, and length were
investigated by static and cyclic loading tests. As a result, the following conclusions
were obtained.

1. Geotextile is a material that can exhibit a friction effect due to a certain load
displacement and can be expected to have a deformation suppressing effect
when laid on the base course.

2. Geonet is a reinforcing material that can be expected to have a friction effect
due to the meshing effect with the base course material.
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3. Woven fabric with high tensile strength has the highest displacement-
suppression effect, and it can be expected to suppress deformation due to traffic
load on the base course material.

4. With the decrease of laying depth of the geotextile, the load is distributed more
to the evenly distributed load, the ground supporting force is increased, and the
reinforcing effect is better.

5. Regarding the geotextiles put in a low laying depth, with the increase of laying
length, the reinforcement effect increases because of the frictional force against
the ground material, because the tensile effect of the material is generated by
the frictional force.

6. If the laying depth is reduced, the effect is good even when the laying length of
the geotextile is short.
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The Use of Microporous Membranes
to Address Mud Pumping—UK
Experience

Phil Sharpe and Andrew Leech

Abstract TheUKhas one of themost complex,most heavily trafficked rail networks
in the world. In most areas, there is little time available for maintenance or track
renewal; as a result, the installation of a completely new roadbed is seldom justifi-
able. Over the last 30 years, the need for time-consuming treatments requiring large
volumes of excavation and imported sub-ballast has been gradually eliminated by
maximising the use of geosynthetics to enhance the mechanical performance of the
existing sub-ballast and subgrade. However, prior to the introduction of microporous
membranes there was no treatment for a severe subgrade erosion problem that did
not require installation of a new granular layer before placing new ballast. The paper
summarises early roadbed treatments, subsequent research work on geosynthetics
and the development of a suite of geosynthetic treatments. These would mitigate
problemswith existing sub-ballast or subgrade before placing new ballast. The devel-
opment of microporous membranes is then described. Finally, the paper summarises
the current methodology used by network rail (NR) to select an appropriate treatment
for any given site.

Keywords Roadbed · Geosynthetics ·Mud pumping

1 Roadbed Management Prior to Introduction
of Geosynthetics

With increasing mechanisation of track renewal in the middle of last century came
the realisation that in order to achieve good track geometry a deep layer of ballast
was required. Therefore, it is NR policy to ensure that when track is renewed there
was always an adequate depth of good clean ballast. However, it was recognised that
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re-ballasting alone could not solve problems associated with poor load distribution
on a soft subgrade or erosion of a subgrade that has inadequate protection. It was
also recognised that for a sub-ballast to perform well over a fine-grained subgrade
it should have the correct filtering characteristics that would allow pore pressures in
the subgrade to dissipate, while preventing any fine-grained particles frommigrating
upwards into the ballast layer. Excessive upwards migration of fine-grained mate-
rial eroded from the subgrade would result in mud pumping; especially if lineside
drainage was poor.

The presence of mud in the ballast causes track to become unstable; i.e. the track
geometry deteriorates rapidly and requires frequent track surfacing. In order to restore
track stability, it is necessary to determine the cause of mud pumping and install
suitable remedial measures before installing new ballast. It was acknowledged that
for good roadbed performance in the UK climate both ballast and sub-ballast layers
had to have good lateral permeability, and the drainage system must be designed to
prevent standing water in the roadbed.

1.1 Subgrade Erosion in the UK

Themajority of soils in theUK are fine-grained, often soft andweathered, and as such
are inclined to erode when ballast is placed directly above without the inclusion of a
suitable interlayer. Historically a capping layer (or sub-ballast) was placed between
the ballast and the subgrade, both to distribute load and prevent intermixing. The
composition of the sub-ballast was dependent on the local materials available. Some
of these layerswere very effective; they had the correct grading to prevent the upwards
migration of fines into the ballast. However, in many cases they were inadequate,
and permitted fines to accumulate in the ballast as a result of subgrade erosion.

Another major cause of subgrade erosion in the UK has been the removal of effec-
tive sub-ballast layers.Manyof thefine-grained soils are either stiff over-consolidated
clays/silts or mudstone, so at the time of construction the roadbed thickness would
have beenminimum, sometimes consisting of a thin capping of ash separating ballast
and subgrade. As a result, when installing a modern deep ballast layer, the thickness
of residual capping is often inadequate or it is even removed completely,which results
in the ballast being placed in direct contact with a susceptible subgrade. This can
result in subgrade erosion, especially if the drainage is poor. In some cases, ballast
life can be as little as 1 year, before the voids become totally filled with clay or silt
slurry.
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1.2 A Sand Blanket

The solution to subgrade erosion problems adopted circa 1960 by British Railways
(BR)1 was to install a “sand blanket”. It was found that a well-graded coarse sand,
with particle sizes largely in the range of fine sand to fine gravel, would perform
adequately. It would normally be placed in layers of thickness between 200 and
300 mm, on a “one-size-fits-all” basis. It could be used to replace an existing, poorly
performing blanket Additional thicknesses were installed as required to improve
stiffness. The grading of this “Blanketing Sand” [1] was well-specified; it has a pore
size which gives good permeability, while preventing the migration of clay and silt
particles. Sand blankets are still used in certain circumstances today.

1.3 Use of Impermeable Membranes

At the same time, as the sand blanket was introduced there were various trials of
impermeable membranes as separators. Polythene sheets were often included within
sand blankets but were subsequently found to have little effect on their performance.
Sprayed bitumen was also used to seal formations during undercutting work, but
there is no documented evidence regarding its effectiveness.

Some years after geosynthetics were introduced an impermeable geocomposite
was launchedwhich claimed to prevent subgrade erosion. Itwas essentially a cuspoid-
profiled stiff polyethylene membrane sandwiched between two layers of heat-treated
geotextile. The product had some successes but was unsuitable for areas with poor
drainage. It was found that slurry would pump sideways and find its way back
into the ballast. The product was eventually discontinued due to inadequate overall
performance.

2 Early Research into the Design of Roadbed

In 1964, theBritishRailResearchDivision (BRR)was established inDerby, reporting
directly to the Board of the nationalised “British Railways”. The intention was
to improve railway reliability and efficiency, while reducing costs and improving
revenue. In the late 1970s, there was much research into the design of roadbed.
However, the research was largely funded by the International Union of Railways
(UIC) [2] in connection with the construction of new high-speed lines in various
European Countries. For optimum performance, the new roadbeds required large
thicknesses of granular capping layers and sub-ballast. However, with existing lines
there was little opportunity to increase sub-ballast thickness as this would be time

1 British Rail—former name of nationalised UK rail network, Privatised in 1994, Railtrack
subsequently formed to manage infrastructure. Current ownership since 2003: Network Rail.



648 P. Sharpe and A. Leech

consuming. Design optimisation for existing formation therefore required a different
approach.

It was accepted that new ballast was required to maximise track life and to enable
track to be maintained, yet it was clear that re-ballasting alone could not correct
inherent formation problems which might cause premature failure of the roadbed.
Prior to the introduction of geosynthetics to enhance formation performance the only
way to improve formation properties was to replace the old sub-ballast layers, e.g.
with a sand blanket, which could only be considered in extreme cases.

Geosynthetics first became available in the 1970s, but their use was driven by
manufacturers whomade bold claims about the effectiveness of their products. There
were various products trialled on the strength of claims that they could eliminate the
need for sand blankets, but it wasn’t until BRResearch division carried out controlled
studies that the effectiveness of geosynthetics could be realised. The broad objective
was to determine how new construction techniques and materials could be used
to enhance the properties of existing roadbeds. A programme of laboratory testing
and associated site trials with suitable control sections was carried out, essentially
to examine the use of non-woven geotextiles and stiff biaxial geogrids [3]. Woven
geotextiles were included in these initial trials but were subsequently dismissed, as
their filtering characteristics were poor, and their reinforcing characteristics were
inferior to those of biaxial geogrids.

2.1 Non-woven Geotextiles

It was clear that there was no existing geotextile that could prevent the passage of clay
slurry. The pore size of a geotextilewas 30µ–50µ, whereas clay particles are less than
5µ, so a clay slurry would pass through easily. However, there was some indication
that the use of thicker geotextiles was having some beneficial effects. A series of
laboratory tests were undertaken by BR in an apparatus, referred to as a pulsator,
that simulated the pumping action at track formation level [4]. The formation was
modelled using a stiff over-consolidated clay on which the prepared geotextile test
sample was placed. The ballast was simulated by a 25 mm layer of pea gravel. Cyclic
loading was applied to simulate trafficking; the water level was maintained at height
of 40 mm above geotextile under test. The main finding was that the efficiency in
preventing the movement of a clay slurry was proportional to the mass/m2 of the
geotextile, irrespective of method of manufacture.

Other studies examined the effect of reducing sand thickness. Inspection of sand
blankets that were successfully arresting the migration of clay slurry indicated that
clay slurry had penetrated less than a quarter of an inch into the base of the sand, with
the remaining sand being clean. The research trials described in [3] demonstrated
that a 25-mm-thick layer of blanketing sand was enough to prevent the migration of
clay slurry, provided that a geotextile was included as a separator between the sand
and ballast. This led to the standard use by BR of geotextile as a separator between
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sand and ballast, which allowed the sand blanket thickness to be reduced to 100 mm
(25 mm was considered impracticable).

2.2 Biaxial Geogrids

Initial site measurements showed that elastic strain levels in ballast were very small,
which suggested that geogrids may be unsuitable for use in roadbed [3]. However,
both laboratory scale model trials and full-scale rolling load trials had shown that
there were significant benefits to be gained by including a geogrid at the base of the
ballast layer. The half scale model testing [5, 6] had shown the formation stiffness
was critical in determining ballast settlement, with settlement rates over a soft forma-
tion being up to four times that of a stiff formation. Further testing showed that on
soft formation ballast settlement could be reduced by more than 50% while on stiff
formation there was very little effect. It was concluded that the presence of geogrid
at the base of the ballast would allow the ballast to support tensile stress. Subse-
quent full-scale testing was undertaken in the “Rolling Load Rig” at BRR [7], which
confirmed the reduction in ballast settlement under realistic loading conditions.

To investigate the durability of geogrids in the track, samples were taken in 2007
from a main line application installed 19 years earlier [8]. These samples were
subjected to microscopic examination and testing of mechanical properties and were
found to be still well within their original specified limits.

3 The Development of Anti-pumping Geocomposites
(APGs)

The use of a 100mm sand blanket with geotextile remained as the primary solution to
a severe subgrade erosion for many years. Typically, 30 miles of sand blanket would
be laid every year to satisfy BR’s programme of domestic renewals. The long-term
aim therefore remained to find a geosynthetic that could completely replace all the
functions of the sand blanket as a sub-ballast layer, provided that the stiffness of the
underlying formation was adequate. The first step in the development of alternatives
was to set down the criteria that would need to be satisfied to permit the material to
function successfully. The following criteria were identified:

• It must perform as a filter of fine soils, it must prevent the upwards migration of
fines, yet it must aid desiccation of existing slurry. This means that the material
cannot be impermeable to water and must have a pore size able to prevent the
passage of particles as low as 2µ with surface pressure of approximately 70 kPa.
This is relatively complex, as the material must be sufficiently open to allow the
passage of water yet be closed enough to prevent the passage of clay particles.
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Fig. 1 Installation of a 15 m
roll of geosand

• It must conform to the excavated formation, as any voids that may exist below
the media would allow for the development of pockets of slurry resulting which
would be undesirable.

• It must be durable to the dynamic environment encountered below ballast for
the full duration of the required design life. There are two principal areas for
concern, the material cannot suffer any potential failure as a result of fatigue, and
the polymers used must also be suitable for the environment in relation to their
long-term degradation.

3.1 Sand/Geotextile Composite

The first product to fully replace a traditional sand blanket essentially consisted of a
15-mm-thick layer of blanketing sand, loosely bonded to ensure its integrity while
retaining its filtering properties [9]. The sand layer was protected top and bottom
with a non-woven geotextile and was supplied either as pads or rolls. Figure 1 shows
a 15 m roll of the product being rolled out manually; a specialised attachment was
required to allow the roll to be craned into position. This product was discontinued
in 2012.

3.2 Microporous Membrane

The first true anti-pumping geocomposite APG was launched in 2010 [10]. It
consisted of a microporous membrane with a layer of needle punched geotextile
above and below, as shown in Fig. 2. The pore size of the membrane was approxi-
mately 2µ which allowed the passage of water under pressure but would hold back
fine silt and clay particles. The microporous membrane is effectively impermeable
under low pressure, but it becomes permeable as pressure increases, which allows
pore pressures to dissipate under traffic loading; initial testing demonstrated that
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Fig. 2 TrackTex®—a
geocomposite incorporating
a microporous membrane

the threshold pressure was below 10 kN/m2. The purpose of the upper and lower
geotextile layers was purely to protect the central membrane.

Prior to launch the product had been trialled on a full-scale test rig with a series
of actuators able to simulate realistic traffic loading as shown in Fig. 3. During
earlier testing, the rig had been used to demonstrate both the mechanism of slurry
production and how subgrade erosion could be prevented by the inclusion of a sand
blanket [11]. It also demonstrated how ineffective a typical non-woven geotextile
was at preventing subgrade erosion when compared to sand blanket.

In order to confirm the effectiveness of microporous membrane, a preparatory test
was first undertaken to generate a severe pumping failure, as indicated in Fig. 4a. The
subgrade used in the base of the rig was remoulded Oxford Clay, a grey slightly silty
silicate mudstone which had weathered to a firm to stiff clay. The upper ballast was
then removed to leave a 100-mm-thick layer of ballast contaminated with viscous
clay slurry resulting from an ongoing subgrade erosion process, and the APG placed
directly on top. Clean ballast and track were then replaced, and the water level was
raised then maintained at 50 mm above the membrane to replicate conditions that
would encourage the subgrade erosion to continue. Figure 4b shows the top of the

Fig. 3 Full-scale test rig—plan dimensions 2 m wide × 6 m long
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Fig. 4 a Generation of slurried formation, b APG after 70 mgt of loading.

APG after a simulated 70 million gross tonnes (mgt) of traffic. It was clear that no
subgrade had migrated up through the membrane; the pink coloured wet residue
above the APG was identified as fines derived from ballast breakdown.

APGs have now been in regular use in the UK now for almost ten years. The first
installation by network rail was in September 2011 at Bradley Junction, a line that
carried 6 mgt per annum of mixed traffic. The subgrade through much of this site
was mudstone of the Lower Coal Measures, which had eroded and was present in
the ballast as a light brown viscous clay slurry. A 100-mm-thick sand blanket had
been proposed for this site, so the decision to use an APG over the part of the site
with formation failure enabled the excavation depth to be reduced, giving valuable
time savings. Figure 5 shows the installation. The APG was installed in conjunction
with a biaxial geogrid to enhance the stiffness of the subgrade. Figure 6a shows the
heavily slurried state of the formation at part of the site prior to installation. After six
years in track NR commissioned trial holes on the site to assess the performance of
the APG [12]. Figure 6b shows the base of a trial hole taken at the exact location of

Fig. 5 Installation of geogrid + APG at Bradley Junction
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Fig. 6 a Formation prior to installation, b APG, 6 years post installation

the slurried formation shown in Fig. 6a; it was clear that no clay slurry had migrated
upwards through the membrane.

4 Selection of the Correct Formation Treatment

In order to ensure a consistent approach to the process of investigation, design and
construction of roadbed for an existing line a specification NR/L2/TRK/4239 has
been developed over the past 25 years. This now includes recommendations for
where APGs are required. The process of determining if formation treatment is
required begins when the track manager identifies the need to renew either the track
or the roadbed or both. The first stage is to undertake a visual examination desk
study of available information, from which a decision can be taken on whether an
investigation is required. The following sections summarise the investigation and
design of roadbed.

4.1 The Roadbed Logging Key

One of the first stages in standardising roadbed investigations was to propose a stan-
dard logging key for roadbed materials. This allows the nature and geotechnical
properties of the various roadbed layers to be recorded and presented in a way that
represents properties of the roadbed layers that relate to roadbed performance, rather
than the general geotechnical parameters. The logs are particularly valuable in under-
standing deterioration modes and calibrating the GPR profiles. Figure 7 gives the
current version of the Logging Key [13]. This logging key was customised for use on
roadbed constructions commonly encountered in the UK, consequently some of the
material descriptions and colour coding may not be universally applicable. However,
it would be straightforward process to simplify the key to suit local conditions.
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Fig. 7 Network rail logging key—version 3 (NR/L2/TRK/4239)

4.2 Investigation of Roadbed Condition

NR commonly use the automatic ballast sampler (ABS) as the main method of
procuring good quality samples of the roadbed, which can penetrate to depths of up
to 1.5 m below base of tie. Targeting of ABS and other methods of investigation is
undertaken based on a desk study in which all available information on the site is
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collated, includingdetailed trackgeometry records,work records andknowngeology.
GPR data is also available for most sites as it is collected automatically at regular
intervals on all main lines. Data is summarised on a schematic diagram of the track,
which then facilitates targeting of investigation.

5 Design of Roadbed Treatments

Figure 8 shows an example of a design chart which allows the correct treatment to be
selected based on the condition of the existing roadbed and subgrade. Figure 9 then
gives an exampling of a longitudinal section of a roadbed with the proposed base of
ballast superimposed. This allows the most suitable treatment to be selected.

Fig. 8 Example of design chart, based on NR logging key classifications
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Fig. 9 Longitudinal section, showing proposed formation level and design

6 Conclusion

This paper has described the historical development of the use of geosynthetics on
UK railways over the last 40 years and how, before 2007, there were no geosyn-
thetic products that could successfully replace a granular sub-ballast (Sand Blanket).
Geosand, the first successful APG, introduced in 2007, incorporated a fine granular
layer, which made the product difficult to handle on site. Finally, in 2011 a geosyn-
thetic incorporating a microporous membrane was introduced, which would elimi-
nate the need for granularmaterials, providing the underlying groundwas competent.
APGs incorporating microporous membranes are now in regular use; approximately,
120 miles of track have now been treated in the UK since their introduction in 2010.
They are now used in various countries including the USA, Canada, Australia and
the Netherlands.
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ASIRI+: French National Research
Program on Soil Reinforcement
with Rigid Inclusions

L. Briançon , L. Thorel , and B. Simon

Abstract The ASIRI+ Project, initiated in April 2019, is presented with a special
focus on rolling loads for the application to linear geotechnical infrastructures such
as railways and roads. This type of loading needs to be taken into account for under-
standing and qualifying the efficiency of the load transfer for several geometrical
configurations: loads following one-way, two-ways or randomdirection; load transfer
platform reinforced with geosynthetics or not. Laboratory testing and centrifuge
modeling devices are used for this research.

Keywords Soil reinforcement · Geosynthetics · Rigid Inclusions · Piled
embankment · Rolling load

1 Introduction

The National Project ASIRI (Soil Improvement by Rigid Inclusions—www.asiri.
irex.asso.fr) mobilized, from 2005 to 2011, thirty-nine partners (practitioners and
academics) with a total budget of e2.9 million. This collective action received the
support and direct funding from partners, the department in charge of the Transition
Ecology andSolidarity (CommissariatGénéral auDéveloppementDurable/Direction
de la Recherche et de l’Innovation) and ongoing support from IREX (Institut for
applied research and experimentation in civil engineering) for the management of
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the project. The NP ASIRI has worked to define, conduct, and interpret the experi-
ments and modeling necessary to understand the mechanisms thanks to which this
innovative composite foundation system works. This program of applied research
has benefited from the range of expertise of the previous project; the valuable contri-
bution of each partner and the material and human resources that each organization
has made available. A very exceptional database of experimental data and numerical
results was set up, supported by nine PhD theses carried out within the framework
of the project. Observations and modeling could thus be compared for a wide variety
of works. New perspectives have emerged, showing how the combination of such
different elements (soft soil, inclusions, granular load transfer platform) leads to an
efficient and particularly economical composite system. More than 70 scientific arti-
cles (journals and conferences) were published using the means developed within
the ASIRI NP.

At the end of this study, the French version of the ASIRI Recommendations for
the Design, Construction and Control of Rigid Inclusion Ground Improvements [1]
was published in 2012 and the English version in 2013.

The work targeted by the ASIRI NP were mainly embankments, paving and
shallow foundations subjected to static vertical loads and most often uniform. The
good behavior of common structures on Rigid Inclusions (RI) has led to this tech-
nique being proposed for other works outside the field of application of ASIRI
recommendations, or subject to demands that are more complex:

• Low-thickness embankments for which it is imperative to control differential
settlement,

• Structures that transmit cyclic loads maintained on the reinforced soil (e.g., wind
turbines) with a significant horizontal component,

• Foundations of structures that have to recover dynamic and not vertical efforts in
seismic situations,

• Shallow foundations placed directly on RI, without load transfer platform (LTP).

The aim of the “ASIRI+ project,” which has been launched by April 2019, is to
extend the current ASIRI recommendations [1] to new applications:

• Roadways or railway tracks built on thin geosynthetics (GSY) reinforced piled
embankments for which it is essential to be able to appreciate the load transfer
mechanisms in theLTP, in order to optimize its thickness in relation to the expected
service performance criteria;

• Works that transmit sustained cyclic loads to the reinforced soil mass (wind
turbines for example), with a significant horizontal component;

• Foundations of geotechnical works that are exposed to dynamic general loads
(that cannot be reduced to vertical force) in seismic situations and the number of
which has greatly increased because of the new seismic hazard map applied in
France since 2011;

• Foundations placed directly on RI without LTP.

A comprehensive state of the art [2] is available on the ASIRI technique used in
this type of configuration, based largely on scientific and technical publications. The
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Fig. 1 Principles of RI
reinforcement (here the case
of a slab) [1]

purpose of this paper is to present themain topics of this newFrenchNational research
programwhich should gather around40partners both from the academic and the prac-
titioner sides. A focus will be done on the application to linear geotechnical infras-
tructures such as railways and roads. The full-scale and laboratory experimentations
will be presented.

2 Principles of Rigid Inclusions Reinforcement

As defined in the ASIRI recommendations [1], soil improvement by RI requires the
installation of a LTP between the RI and the work (Fig. 1). This LTP sometimes
referred to as “mattress” (granular or treated) may or may not be reinforced with
horizontal reinforcements (GSY or welded mesh).

This type of composite foundation is often used for both road and railway
applications.

3 Research Program

The research program [3] includes several topics that will be addressed through ten
tasks (https://asiriplus.fr/):

• Task 1: Study of the mechanisms developed in the LTP—Experimental approach,
• Task 2: Real works instrumentation,
• Task 3: Laboratory tests to study the position of the reinforcements under the

shallow embankments with traffic considerations,
• Task 4: Footings over RI,

https://asiriplus.fr/
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• Task 5: Wind turbines on RI,
• Task 6: Behavior of soil reinforced by RI under dynamic loads,
• Task 7: Behavior of soil reinforced by RI under seismic loading,
• Task 8: Numerical modeling,
• Task 9: Environmental impact,
• Task 10: Promotion and transfer toward practice.

This comprehensive research program has been established by joining three
different types of funding:

• A kind of joint venture, the French National Project ASIRI+,
• French Inter-ministries Unique Funding Project FUI25 FEDRE (“Fondations

d’Eoliennes Durables avec REpowering”) linked to task 5,
• French National Research Agency Project ANR ASIRIplus_SDS (Seismic and

dynamic loadings) which covers both tasks 6 and 7 [4],
• The traffic consideration is mainly taken into account in task 3, and partly in tasks

8 and 6 (from a wave propagation point of view).

4 Experimental Work of Task 3

4.1 Laboratory Tests at Full Scale

An experimental device to test the effectiveness of GSY reinforcement layers on
granular platforms subjected to rolling loads is available in the GEOMAS laboratory
at INSALyon (Fig. 2). Test bench dimensions (1.8 mwide, 5 m long, and 1.2 m high)
consider conducting LPT tests on RI on a scale of 1. An analogical compressible soil
will be implemented: 50 cm RI, foam layers simulating the compressibility of a soft
soil, instrumentation to control the load transfer and the settlement, granular layer
reinforced or not by geosynthetics. The advantage of this laboratory experiment is
that it is possible to multiply the configurations of the reinforcement of the granular

Fig. 2 Scheme of the
experimental device for
full-scale laboratory test
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Fig. 3 Tests of rolling traffic

platform, of the RI’s mesh and to apply traffic cycles. The device used to apply this
load is a traffic accelerator simulator. This device was designed and developed within
the framework of the Labcom PITAGOR of INSA Lyon. This apparatus simulates
one-way or two-way traffic under a normal load of 40 kN which corresponds to
the load of a half-axle with a wheel-to-surface stress of 566 kPa. This device was
designed to provide an effective running length of two meters between buffer zones.
The running speed of the wheel is set between 7 and 10 km/h.

Some modifications will need to be made to the existing device to install Rigid
Inclusions and foam layers. Tests may be carried out on the right side of a line of
inclusions or between two lines (Fig. 3) and on vertical loads. The configurations in
task 1 will be tested on this equipment to verify the consistency of the results and
identify the scale effects if they exist. The tests performed in task 3 will:

• compare the effectiveness of LTP reinforced or not;
• determine the settlement;
• determine the optimum configuration of horizontal reinforcement;
• compare the effect of a vertical cyclic load to a rolling load;
• analyze load transfer mechanisms.

4.2 Centrifuge Tests

A set of 2D centrifuge tests will be first performed in order to visualize through à
window, with image analysis techniques, the soil deformation in the LTP during
rolling type loading. A mono-size cylinder with several possible mass will be
designed for applying the rolling load.
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Fig. 4 Ifsttar’s geotechnical centrifuge (radius 5.5 m, 2t of payload @ 100× g)

A parametric study will be carried out in Ifsttar’s geotechnical centrifuge (Fig. 4)
using the 4-axis teleoperator robot X, Y, Z, θx [5] to take into account traffic loads.
This will require the development of a specific tool to be adapted to the robot’s head: a
model wheel (e.g., a mono-wheel [6] or a four-wheels [7]), corresponding to a typical
rolling load configuration. The reduced soil-IR-embankment model reinforced by
GSY, or LTP in treated soil is pre-constructed and instrumented, with natural or
analoguematerials. The parametric studywill focus on the nature ofLTP, the presence
or not of GSY, one-way or two-ways movement (similarly), or random displacement
in the horizontal plane. The case of the ultimate hydraulic flood loading can also be
addressed.

5 Conclusions

The French Research Program ASIRI+ will join the energy of about 40 partners
(engineering consultancy, geosynthetic producers, ground improvement firms, and
academics) to act for a better understanding of the behavior of the composite foun-
dation that is a soft soil reinforced with vertical Rigid Inclusions (RI), surmounted
with a load transfer platform (LTP) possibly horizontally reinforced with geosyn-
thetics (GSY). Experimental approach on full-scale and small-scale models as well
as numerical calculations will be used to take into account the rolling load, and its
effect on the efficiency of the load transfer toward the RI.
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Effect of Natural Reinforcement
Aperture Shape on Bearing Capacity
of Reinforced Soil

Sunil K. Ahirwar and J. N. Mandal

Abstract It is of interest, for a developing country like India, to use natural and low-
cost reinforcement material in rural roads. Bamboo is a locally and cheaply available
alternative as a reinforcementmaterial in place of commercial geosyntheticmaterials.
The tridirectional bamboo grid is a new innovative reinforcement of the limited life
geotextiles (LLGs) family. The present paper reports the experimental results of plate
load tests conducted on sand overlying a soft clay. The model plate load tests were
carried out to study the influence of the tridirectional and bidirectional bamboo grid
with jute geotextile on the bearing capacity of soft marine clay. Amild steel tank with
dimensions of 0.7 m × 0.7 m × 0.6 m and a square model footing size of 100 mm
× 100 mm were used for all laboratory model tests. It was observed that by making
a suitable modification in the aperture shape of reinforcement, the bearing capacity
and settlement resistance of soft clay could be improved. The model test results
show that the tridirectional bamboo grid offers superior performance compared to
the bidirectional bamboo grid.

Keywords Bamboo grid · Jute geotextile · Thickness ratio

1 Introduction

In various field conditions, the soft soil is replaced by a granular fill below a founda-
tion for a very efficient and cost-effective solution for a stable base on soft clay. Such
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solution is applied mainly in various geotechnical structures, including embank-
ments and pavements (rail and roads), and large stabilized areas. The performance
of the granular fill-soft subgrade system can be enhanced by using a geosynthetics
material at the interface of granular fill-soft subgrade. Many researchers [1–7] have
performed experimental studies to examine the pressure-settlement behavior of the
geotextile-reinforced sand layer overlying soft clay. Numerous experimental studies
[8–11] have been conducted to evaluate the bearing capacity-settlement responses of
geogrid reinforced granular fill over weak clay with geogrid at the interface. Most of
these studies have aimed to enhance the performance of soft subgrade and improve-
ment in bearing capacity and reduction in the settlement. These experimental studies
were performed on commercially available reinforcement materials (geotextiles and
geogrids) under strip footing, square footing, and circular footing. Such existing
petroleum-based products are not environmental friendly.

The ecological characteristics of natural reinforced materials (bamboo and jute)
have motivated researchers to explore the effective and efficient use of these mate-
rials instead of commercial geotextile and geogrid. The very few investigators have
conducted the laboratory model testing by using natural reinforced materials for
firming up the foundations base. Akinmusuru and Akinbolade [12] examined the
load settlement of the sand reinforced with rope fiber. Dixit [13] explored the possi-
bility of using niwar tape and coir rope to reinforce clay under square footing through
the plate load test. Mandal [14] presented the promising application of natural mate-
rials such as jute, coir, bamboo as soil reinforcement materials in small structures.
Ramanatha Ayyar et al. [15] examined by the model plate load tests, use of coir-rope
reinforcement with bamboo strip anchorages to improve the bearing capacity of the
soil. The mesh pattern of reinforcement was found to be more effective than unidi-
rectional alignments. Mandal and Manjunath [16] studied the influence of bamboo
grid alignment and spacing on the bearing capacity of sand.

Datye and Gore [17] have reported a field study where natural geotextile,
combined with bamboo strip reinforcement, has been used for improvement in the
base of roads. The investigators were found that the bamboo grid mattress provided
strengthened support for improving the bearing capacity. Khatib [18] performed
an experimental study on the performance of bamboo poles for bearing capacity
improvement of the soft subgrade. The laboratory test results indicated that the
footing pressure increased approximately twice using bamboo poles. Hegde and
Sitharam [19] observed the behavior of natural reinforced material and commercial
geosynthetic material in the sand-clay system. The bearing capacity improvement
of the sand-clay system reinforced with the bamboo grid and the bamboo cell was
obtained 130% more than that of the sand-clay system reinforced with commercial
geogrid and geocell. Dutta and Mandal [20] performed experimental studies on the
efficacy of bamboo grid and geocell mattresses using fill material (fly ash) over the
soft soil bed using laboratory plate load tests. Ye and Fu [21] explored the suit-
ability of bamboo for reinforcing the highway embankment based on the physical
and mechanical properties of fresh bamboo. Ahirwar and Mandal [22] conducted
plate load tests to quantify the impact of geometry of the bamboo grid on reinforced
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sand and found that the tridirectional bamboo grid is more efficient than that bidirec-
tional bamboo grid. The durability of the jute geotextile and bamboo grid is a critical
consideration for geotechnical engineers. When jute geotextile use as a separator in
unpaved roads, the jute is weakened and blended in soil within one year [23]. The jute
geotextile life depends upon the temperature, pH, and humidity, moisture content,
and properties of the soil where it would be buried. The long-term durability of jute
geotextile can be enhanced up to 3–4 years by bitumen coating [24]. Saha et al. [25]
compared the performance of untreated and chemically treated jute geotextile under
biological degradation conditions. The authors concluded that the treated jute geotex-
tile retained 50% of initial tensile strength after 3–4 years. The long-term stability is
the main problem for bamboo in the construction of civil engineering projects.

Gnanaharan [26] estimates that natural bamboo’s longevity is up to five years in
wet environments. As long-term stability issues, various chemical treatments may be
implemented on bamboo to protect from fungi and insects attack. The conventional
treatment methods are sap displacement, steeping, diffusion process, and pressure
impregnation for the fresh bamboo. Hegde and Sitharam [19] conducted a detailed
study on chemical treatment of bamboo strip with copper chrome-arsenic (CCA)
for performance enhancement. The longevity of bamboo can also be enhanced by
coating with cement and bitumen.

Prasad et al. [27] used bamboo geogrid with bitumen coating for examining the
efficiency of granular sub-base strengthened layers. In the looking of past studies, it
can be concluded that the long-term durability of bamboo can be enhanced by using
various treatment methods. Most studies have been reported on the experimental
test results of bearing capacity tests on the reinforced sand bed using the bamboo
grid of square aperture. So far, the limited investigations have been reported by the
investigators on the influence of the geometry of geogrid. A detailed investigation of
the different geometry (aperture shape) of the bamboo grid is require for the cost-
effective design of reinforcement. The present study explained the performance of
the reinforced base-subgrade system using the bamboo grid of different aperture
shapes.

2 Experimental Investigations

2.1 Soil Used

The river sand used in the base layer was collected fromVikroli, Mumbai, India. The
grain size distribution plot of sand is shown in Fig. 1. The uniformity coefficient of
the sand (Cu) is 1.46, and its coefficient of curvature (Cc) is 0.92. The base material
is classified as poorly graded sand (SP) as per the unified soil classification system
ASTM D2487-17. The maximum and minimum dry unit weights were determined
from the test procedure as follows ASTM D4253-16 and D4254-16, and the values
found 15.30 kN/m3 and 13.24 kN/m3, respectively. Direct shear test was performed
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Fig. 1 Grain size
distribution curve for sand
and clay

for obtaining the angle of internal friction of the sand. The average dry unit weight
and the relative density of sand were maintained throughout the test program at
14.5 kN/m3 and 65%, respectively. Marine clay used to prepare a subgrade layer
was collected from Navi Mumbai, India. It contains sand 2%, silt 45%, and clay
53%. Atterberg’s limits of marine clay are liquid limit 78% and plastic limit 44%.
The clay is classified as CH (clay with high plasticity) as per the unified soil clas-
sification system ASTM D2487-17. The maximum dry unit weight and optimum
moisture content (OMC) were obtained 14.8 kN/m3 and 27% by standard Proctor
test, according to ASTM D698-12e2.

2.2 Reinforcement

Jute geotextile was used at the interface of the subgrade bed (marine clay) and the
base layer (sand) to provide a separator. The tensile strength properties were found
11 kN/m at the 6.8% failure strain as per ASTM D4595-17. The jute geotextile was
1.4 mm thick, measured according to the procedure given in ASTM D5199-12. The
mass per unit area of jute geotextile was 0.8 kg/m2, obtained from the test procedure
mention in ASTM D5261-10. The fresh bamboo pole was used for preparing of
bamboo strips. The bamboo strips of 3 mm wide and 1 mm thick were used to
make a mat in the form of a grid. The length of the strip was chosen 650 mm. The
bamboo strips were assembled in the planar form of bidirectional (square aperture)
and tridirectional (hexagonal aperture)which are shown in Fig. 2. The tensile strength
properties of the bamboo grid were evaluated 19 kN/m (bidirectional bamboo grid)
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Fig. 2 Geometry of bidirectional and tridirectional bamboo grid

and 27 kN/m (tridirectional bamboo grid) according to the procedure given in ASTM
D 4595-17.

2.3 Experimental Setup and Procedure

The bearing capacity tests were conducted on unreinforced and reinforced sand over
marine clay bed in a squaremild steel tank. Themodel test setup consists a square tank
of inner dimensions 700 mm (length), 700 mm (width), 600 mm (depth), fabricated
using 10 mm thick mild steel plates. A mild steel plate was used as a model footing
of dimension as 100 mm × 100 mm × 15 mm. Two LVDTs were used to record
the plate/footing settlement. A load cell of 10 kN capacity was used for measuring
the footing pressure. Before making the soft clay bed in the tank, the inner walls of
the tank were pasted a thin polythene sheet to prevent the friction between the soil
and the inner wall. The required quantity of marine clay was weighed and placed
in the tank. The marine clay was spread uniformly over the base area of the tank
and then leveled it. The marine clay was well compacted in seven layers, and each
layer was 50 mm thick. The quantity of damp soil required to form a layer was
calculated based on maximum dry unit weight of 15.6 kN/m3 and in situ moisture
content of 67%. A modified proctor hammer was placed centrally in the grove of
70 mm diameter on this plate, and blows were imparted to it. After compaction, the
clay surface was leveled, and pocket vane shear tests were performed to determine
the unconfined shear strength. In series A, air-dried sand was allowed to fall from a
height of 36 cm over the soft subgrade overlying soft subgrade to have a placement
density of 1.45 g/cc. In series B1 and B2, the sand was placed over the soft subgrade
after placing of jute geotextile and bamboo grid at the interface.



672 S. K. Ahirwar and J. N. Mandal

3 Results and Discussion

3.1 Effect of Fill Thickness on Unreinforced and Reinforced
Base Layer

Initially, a model test was carried out on soft subgrade (marine clay) to determine
the ultimate bearing capacity and settlement. Model test series A was conducted at a
varying thickness (H/B= 0.3, 0.6, 0.9, 1.2) of the base layer (sand) over soft subgrade
to investigate the effect of fill thickness on footing pressure-settlement behavior of
the unreinforced base-subgrade system. Typical footing pressure-settlement curves
for different fill thickness to footing width are shown in Fig. 3. From the curves, the
bearing capacity improvement is observed with an increase in the thickness of the
base layer over soft subgrade for the unreinforced case.

In series B1, the model tests were carried out on reinforced base-subgrade system
by the varying thickness of sand to investigate the optimum fill thickness of sand.
The jute geotextile (b = 7B) was placed at the interface of the base layer and soft
subgrade, which acts as a separator. The bidirectional bamboo grid (b = 4B) of
square aperture shape was also placed at the interface of sand and clay, which is acts
as a geocomposite (jute geotextile and bamboo grid). In a reinforced model test, the
thickness of the base layer was kept the same as the unreinforced case. The tests
were performed separately for the bidirectional bamboo grid (square aperture) and
a tridirectional bamboo grid (hexagonal aperture).

Typical footing pressure-settlement curves are shown in Fig. 4 for bidirectional
and tridirectional bamboo grid reinforced base-subgrade system. It is seen from the
curves that the ultimate bearing capacity of the reinforced base-subgrade system
increases with the increase in H/B ratio from 0.3 to 0.6 and further increase in

Fig. 3 Footing
pressure-settlement
responses of unreinforced
sand at different thickness
ratio
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Fig. 4 Footing
pressure-settlement
responses of reinforced sand
at different thickness ratio

base thickness, the ultimate bearing capacity is decreased. The ultimate bearing
capacity of 53 kPa is obtained at H = 0.6B and it decreased to 35 kPa at H =
1.2B. The bearing capacity improvement due to the placement of jute geotextile and
bidirectional bamboo grid (BBG) is attributed to geocomposite resistance. The jute
geotextile offered membrane resistance, and the bamboo grid offered interlocking
action at the limited thickness of the sand layer. As an increase in the thickness of
the base layer (H = 0.6B), the placement of geocomposite beyond H = 0.6B is not
likely to improve the performance of the base-subgrade system. It indicates that the
bamboo grid becomes less effective for greater thickness of base material since the
influence zone is confined in the base layer.

Figure 4 also presents the footing pressure-settlement plots for a reinforced base-
subgrade system using a tridirectional bamboo grid of the same size (b = 4B).
The maximum footing pressure of the base-subgrade system using the tridirectional
bamboo grid (TBG) reinforced base layer was found at H/B = 0.6, which is higher
than that of footing pressure corresponding to reinforcement depth ratio H/B = 0.3,
0.9, and 1.2. The ultimate bearing capacity was reduced with an increase in sand
layer thickness; the maximum ultimate bearing capacity of 61 kPa at H/B= 0.6 was
reduced to 35 kPa. For the same size (b = 4B) of the tridirectional bamboo grid, the
footing pressure improvement of the base-subgrade system was observed higher as
compared to the bidirectional bamboo grid. It may be due to the effect of interlocking
action, and surface friction resistance provides by the hexagonal aperture bamboo
grid. The bearing capacity of the base-subgrade system is increased 53% with the
provision of BBG (bidirectional bamboo grid) and whereas the provision of TBG
increased it by as much as 60%. The results showed the appreciable influence of
the TBG and BBG for the small thickness of the fill. The footing settlement of the
base-subgrade system is also decreased by up to 29% and 16% using BBG and TBG,
respectively, as compared to the unreinforced system.
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Fig. 5 Variation of a BCR with H/B, and b PRS with H/B

In the present study, bearing capacity ratio (BCR) term is used as the ratio of
the ultimate bearing capacity of a reinforced base-subgrade system to the ultimate
bearing capacity of the unreinforced subgrade. The plots between BCR and thickness
ratio H/B are shown in Fig. 5a. It can be seen that the BCR value is 3.71 at H/B =
0.6, which reduces to 2.94 at H/B = 0.9 and further reduces to 2.45 when the H/B
= 1.2. This trend of decrease in BCR value with an increase in H/B ratio indicates
that the H/B = 0.6 is suitable fill thickness for achieving maximum BCR value for
BBG reinforced base. A similar trend of results can be seen in the TBG reinforced
base layer. The BCR values of the TBG are found to be higher than that of the BBG
reinforced base-subgrade system.

The footing settlement behavior of the reinforced base-subgrade system is plotted
between percentage reduction in footing settlement (PRS) and thickness ratio H/B.
The percentage reduction in footing settlement defined as PRS= (Su−Sr)/Su× 100,
where Su is the settlement ratio of non-reinforced subgrade corresponding to ultimate
bearing capacity at a particular H/B ratio and Sr is the settlement ratio of reinforced
base corresponding to the same value of the ultimate bearing capacity of unreinforced
subgrade. Figure 5b shows the comparison of percentage settlement reduction and
thickness ratio for the BBG and TBG reinforced base-subgrade system. It is observed
that the PRS increases with an increase in thickness ratio up to the optimum value
of the H/B ratio after that slightly decreases with an increase in thickness ratio H/B.
The PRS values were found 72% and 78%, respectively, for BBG and TBG. It may
be possible due to the better interlocking system developed through bamboo grid
reinforcement and lateral and peripheral resistance during footing settlement.
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4 Conclusion

The provision of jute geotextile and bamboo grids at the interface of soft subgrade
and a stiffer base of sand material causes an appreciable gain in bearing capacity
for the base-subgrade system. Based on the method of analysis and the experimental
results presented in this investigation, it is found that higher the stiffness of the base
then the higher is the degree of improvement, with the effect of geocomposite being
more pronounced when the base layer thickness is less than 0.6 the footing width.
For base thickness higher than 0.6B, however, the effect of geocomposite becomes
insignificant. The optimum fill thickness H/B of bamboo grid reinforced base layer
is found 0.6 times the width of footing for the tridirectional and bidirectional bamboo
grid and for achieving maximum bearing capacity. The ultimate bearing capacity can
be improved by using natural geocomposite reinforcements by about 2.5–3 times.
The BCRwas found 3.71 and 4.27 for BBG and TBG, respectively. It appears that the
observed improvement is mainly due to a higher tensile modulus of the tridirectional
bamboo grid and their geometry, causingmore interlocking action generated between
base and reinforcement.
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Correlation of Geosynthetic Index
Properties to Cyclic Plate Load Test
Performance in Flexible Airfield
Pavements

W. Jeremy Robinson and Jeb S. Tingle

Abstract Geosynthetics have been used in highway pavement applications for
years; however, pertinent geosynthetic index properties and their correlation to pave-
ment performance are not clear. Attempts have been made to correlate geosynthetic
index properties to pavement performance; however, a single geosynthetic property
or combination of properties has not been identified that definitively describe antic-
ipated performance. This study was performed to evaluate the behavior of various
geosynthetic properties in laboratory characterization tests and to investigate poten-
tial relationships to laboratory cyclic plate load testing of airfield flexible pavement
structures. Geosynthetic characterization tests were conducted to measure physical
dimensions, stiffness properties, and tensile strength properties. Statistical analyses
were performed to determine index properties pertinent to pavement performance.
It was found that a single test method was not capable of correctly categorizing
pavement performance in terms of permanent surface deformation results; however,
the combination of stiffness and tensile properties was an important factor in the
performance of a reinforced pavement section.

Keywords Geosynthetics · Index property · Airfield pavement

1 Introduction

Geosynthetics have been used in highway pavement applications for years; however,
pertinent geosynthetic index properties and their correlation to pavement perfor-
mance are not clear. Attempts have been made to correlate specific geosynthetic
properties to pavement performance with mixed success. For example, Webster [1]
found that aperture stability showed good correlation with the performance of six
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different geosynthetics in full-scale paved test sections. However, it was concluded
that optimumgeogrid properties tomaximize performancewere not fully understood,
and that other properties such as stiffness and modulus may affect performance.

Berg et al. [2] suggested that geosynthetic modulus and soil–geosynthetic inter-
action should have the greatest impact on pavement performance; however, it was
noted that evaluating performance properties is difficult due to the larger number
of variables in pavement design. It was recommended that properties investigated
should include 2 and 5% secant moduli, interaction coefficient, and interface friction
from direct shear.

Tang et al. [3] attempted to correlate geogrid index properties to results of direct
shear and pullout tests. Four geogrids were evaluated; three were considered flexible
geogrids (generally manufactured with a series of yarns), and one was considered a
stiff geogrid (extruded polypropylene sheet). It was found that the combination of
geogrid tensile strength at 2% strain and junction strength had a good correlation
with direct shear test results. Further, it was found that aperture size correlated well
with pullout test results, suggesting that aperture size is important to base/subgrade
interaction. Finally, it was noted that ultimate tensile strength did not correlate well
with pullout tests and that junction strength showed some relationship with pullout
test results.

Giroud and Han [4] utilized aperture stability as a geosynthetic input in a design
methodology for geogrid-reinforced unpaved roads. The methodology accounted for
interlock between geogrid and aggregate, aperture stability of the geogrid, and base
course modulus, and it was indicated that these parameters were not accounted for
in previous methods.

The literature suggests that a single geosynthetic index property or combina-
tion of properties has not been identified that definitively predict anticipated perfor-
mance; therefore, it is important to investigate potential correlations betweenmultiple
geosynthetic index properties and accelerated load test performance. This paper
presents the results of an effort to evaluate a number of geosynthetic properties
and attempts to correlate a combination of properties to the performance results of
laboratory cyclic plate load test.

2 Objectives and Scope

The primary objective of this study was to evaluate the behavior of various geosyn-
thetic properties in laboratory characterization tests and to investigate potential
relationships to laboratory cyclic plate load testing of flexible airfield pavement
structures.

Geosynthetic characterization tests (Fig. 1 and Table 1) were performed to
measure stiffness and tensile strength properties. While some characterization tests
are generally applicable to only one geosynthetic type, i.e., individual junction
strength is typically applicable to geosynthetics with integrated nodes, an attempt
was made to conduct all testing on each geosynthetic in order to obtain a complete
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(a) Tensile strength test (b) Flexural rigidity test

(c) Aperture stability test (d) ERDC puncture test

Fig. 1 Typical characterization test setup

Table 1 Laboratory
characterization tests

Property Standard

Tensile properties ASTM D6637

Aperture stability USACE method

Individual junction strength ASTM D7737

Flexural rigidity ASTM D7748

Puncture test No standard

dataset of values. Tests were performed on a minimum of three randomly selected
specimens from both the machine and cross-machine direction, where applicable.
Results were evaluated using a Tukey test, which was used to compare all possible
pairs of means to determine statistical significance; i.e., the difference in means was
not equal to zero. The Tukey test assumes that observations are independent, values
are normally distributed, and variances are equal across groups.

Four different geosynthetics (GEO1–GEO4) were evaluated during this suite of
tests that represented a variety of geosynthetic types. GEO1 was a biaxial punched



680 W. Jeremy Robinson and J. S. Tingle

Table 2 Geosynthetic properties as provided by manufacturer

Property GEO1 GEO2 GEO3 GEO4

Geosynthetic type Biaxial Triaxial Biaxial Woven

Aperture size MD (mm) 25 – 25 –

Aperture size CMD (mm) 33 – 25 –

TS @ 2% strain MD (kN/m) 6.1 – 15.1 7.9

TS @ 2% strain CMD (kN/m) 9.1 – 15.1 31.5

TS @ 5% strain MD (kN/m) 11.8 – 32.1 22.8

TS @ 5% strain CMD (kN/m) 19.6 – 32.1 71.8

Ultimate TS MD (kN/m) 19.2 – 40.0 –

Ultimate TS CMD (kN/m) 28.8 – 40.0 –

Rib pitch-longitudinal (mm) – 40 –
40

–

Rib pitch-transverse (mm) – 40 – –

Radial stiffness kN/m @ 0.5% strain – 225 – –

MD = machine direction; CMD = cross-machine direction; TS = tensile strength

and drawn polypropylene geogrid consisting of a series of rectangles. GEO2 was a
multiaxial geogrid consisting of a series of concentric triangles forming a series of
concentric hexagons. GEO3 was comprised of polypropylene yarns manufactured
with an interlocking pattern and then coated with a polymer, and GEO4 was a woven
geotextile manufactured from polypropylene filaments. A summary of geosynthetic
properties as provided from the manufacturer are presented in Table 2.

3 Tensile Strength

Specimens were obtained of sufficient width to contain five intact ribs in the test
direction and of sufficient length to allow for multiple complete wraps of the roller
clamp assembly to minimize potential slippage. Prior to load application, an exten-
someter was firmly mounted with self-locking plastic bands to each geosynthetic
to monitor elongation. A typical test setup was presented previously in Fig. 1a.
Data were collected to determine tensile strength and modulus at 2% strain, tensile
strength and modulus at 5% strain, and ultimate tensile strength and modulus in both
the machine (MD) and cross-machine (CMD) direction.

In terms of tensile strength and modulus at 2% strain (MD), GEO3 was found
to have the highest measured value (15.3 kN/m), followed by GEO1 (12.8 kN/m),
and GEO4 (9.7 kN/m). GEO2 (1.8 kN/m) was found to have the lowest measured
tensile strength and modulus. In the CMD, GEO4 (30 kN/m) had the highest tensile
strength and modulus followed by GEO3 (14.3 kN/m), GEO1 (11.9 kN/m), and
GEO2 (4.8 kN/m).
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Table 3 Statistical comparison of tensile strength test results

Product 2% strain (kN/m) 5% strain (kN/m) Ultimate strength (kN/m)

GEO4 19.8 A 48.4 A 77.8 A

GEO3 14.8 A 31.4 A B 45.4 B

GEO1 12.3 A B 20.0 B C 23.7 C

GEO2 3.3 B 6.1 C 15.5 D

Comparisons performed at α = 0.05

GEO3 had the highest tensile strength and modulus (31.7 kN/m) at 5% strain
(MD), followed byGEO4 (25.5 kN/m),GEO1 (20.5 kN/m), andGEO2 (2.1 kN/m). In
the CMD, GEO4 (71.4 kN/m) had the highest tensile strength and modulus followed
by GEO3 (31.2 kN/m), GEO1 (19.5 kN/m), and GEO2 (10.0 kN/m).

In terms of ultimate tensile strength and modulus (MD), GEO4 (72.1 kN/m) had
the highest tensile strength and modulus, followed by GEO3 (49.4 kN/m), GEO1
(25.9 kN/m), and GEO2 (18.2 kN/m). Similar observations were made in the CMD.

CMDandMD resultswere combined to populate pairwise comparison procedures
at a 95% confidence level (Tukey method) that were used to assess the statistical
differences in each geosynthetic. Results are presented in Table 3, and results that
do not share a letter are significantly different.

4 Flexural Rigidity

Flexural rigidity tests were performed to determine stiffness properties of each
geosynthetic. Specimens were cut of sufficient width to include two apertures for
the geogrids and a minimum 50-mm-width for the geosynthetic. All specimens were
placed on a table, andweightswere uniformly placed along the length of the specimen
for a minimum of 24 h to minimize testing errors due to roll memory.

GEO1 had the highest flexural rigidity in both MD (1,259,540 mg cm) and
CMD (1,246,400 mg cm). GEO3 and GEO2 had flexural rigidity in the CMD of
656,470 mg cm and 411,770 mg cm, respectively. GEO2 was found to be stiffer in
the CMD (864,725 mg cm).

A statistical analysis (Table 4) indicated that GEO1 was significantly different
from all other geosynthetics. GEO2 and GEO3 were not found to be statistically
significant from each other, and GEO3 and GEO4 were not found to be statistically
significant from each other.
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Table 4 Statistical comparison of flexural rigidity test results

Product Mean (mg cm) Flexural rigidity (mg cm)

GEO1 1,252,970 A

GEO2 638,250 B

GEO3 553,580 B C

GEO4 271,840 C

Comparisons performed at α = 0.05

5 Aperture Stability

Aperture stability test was performed to determine the in-plane rotational resistance
of each geosynthetic and has been considered as a good indicator of anticipated
performance [1, 3]. Three specimens were tested from each geosynthetic and average
aperture stability modulus was calculated from the fifth test cycle at 2.0 N/m torque.

GEO4 was found to have the highest aperture stability (1.60 m N/°); however,
it should be noted that this test is not generally applicable to geotextiles. The test
assumes aggregate strikethrough and interlock that would not be present with a
geotextile. To perform the test on a geotextile, slits were cut in the geotextile to
facilitate placement of the bolts to secure the center clamping device. Thus, it is
acknowledged that the geotextile results are not representative of actual performance.
However, as mentioned previously, attempts were made to conduct all tests on all
geosynthetics to fully populate a database of test results.

Of the geogrids, GEO3 had the highest aperture stability (0.54 m N/°) and GEO2
and GEO1 had comparable values (0.34 and 0.33 m N/°, respectively). A statistical
analysis (Table 5) indicated that GEO4 was statistically different from all other
geosynthetics as expected.WhenGEO4was excluded from the pairwise comparison,
it was found that none of the geogrids were statistically different.

Table 5 Statistical comparison of aperture stability test results

Product Mean (m N/°) Comparison including GEO4 Comparison excluding GEO4

GEO4 1.604 A – –

GEO3 0.539 B A

GEO2 0.336 B A

GEO1 0.334 B A

Comparisons performed at α = 0.05
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6 ERDC Puncture Test

A modification of ASTM D6241 (Static Puncture Strength of Geotextiles) was
performed to determine indirect tensile properties of each geosynthetic. A spec-
imen retention frame was fabricated from 50-mm-square steel bar stock with overall
dimensions of 406 mm by 406 mm. The upper portion of the specimen retention
frame was attached to the lower portion of the retention frame with six bolts per side
through slotted through-holes. Slotted holes were used to allow for minor adjust-
ments due to different specimen geometries and aperture sizes. The inner bottom
edge of the specimen retention frame was rounded to reduce the potential for stress
concentrations at the edge of each specimen and to encourage failure to occur in the
center of the specimen.

Loading was applied by a 101.6-mm-diameter semi-spherically shaped loading
head. A semi-spherically shape was selected to reduce stress concentrations at
the edge of the loading head during testing. Loading was maintained at a rate of
50 mm/min. until failure. Failure was defined as rupture of the specimen accompa-
nied by a significant drop in measured load. A load rate of 50 mm/min. was selected
to mimic load rates used in other test methods and to use a rate that is commonly
available on most commercially available load frames. The puncture strength test
setup is shown in Fig. 2.

This loading method was selected to engage the geosynthetic from all directions;
i.e., effects frommachine direction versus cross-machine direction could be observed
simultaneously. Additionally, it was hypothesized that this method of loading, in
theory, would be representative of the loading condition applied in the field, assuming
a loaded tire applies a circular load to the pavement structure.

It is acknowledged that the test procedure does not account for the effects of
aggregate/soil interaction of the geogrid. Therefore, the test results obtained, similar
to other index tests, should be considered as a means to compare differing products.

(a) Specimen retention frame (b) Semi-spherical loading head 

Fig. 2 ERDC puncture test apparatus
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Table 6 Statistical comparison of ERDC-developed puncture test

Product Mean (kN) Puncture test

GEO4 7.7 A

GEO3 4.7 B

GEO1 2.6 C

GEO2 1.1 D

Comparisons performed at α = 0.05

Table 7 Statistical comparison of individual junction strength

Product Mean (kN) Junction strength

GEO1 0.60 A

GEO2 0.48 B

GEO3 0.03 C

GEO4was found to have the highest puncture strength, followedbyGEO3,GEO1,
and GEO2. A statistical comparison (Table 6) indicated that all geosynthetics were
significantly different from each other. This is encouraging in that it suggests that
the test is capable of distinguishing between various types of geosynthetics. Further
testing is recommended to investigate the effect of varying load rates and load head
geometries.

7 Junction Strength

Tests were conducted to determine the individual junction strength of GEO1, GEO2,
and GEO3; GEO4 was excluded from this particular test. It is noted that GEO1
and GEO2 are both manufactured from a punched and drawn polypropylene sheet,
whereas GEO3 is manufactured from a series of intertwined polypropylene yarns;
thus, the differences in junction strength were expected to be substantial. It was
observed that GEO1 had the highest junction strength (0.58 kN in MD), followed by
GEO2 (0.46 kN in MD), and GEO3 (0.04 kN in MD). The results of the statistical
comparison (Table 7) indicated that all geogrids were statistically different from each
other.

8 Correlation to Cyclic Plate Load Test Results

An attempt was made to correlate the results of geosynthetic laboratory character-
ization tests to airfield pavement performance observed under cyclic plate loading.
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Table 8 Cycles to failure for
cyclic plate load test

Product Cycles at 25 mm
Permanent deformation

Cycles at 50 mm
Permanent deformation

GEO1 9720 44,960

GEO2 1460 9890

GEO3 4100 17,600

GEO4 2575 20,830

A series of cyclic plate load tests were conducted on airfield pavement structures
that consisted of a 127-mm-thick asphalt layer, a 178-mm-thick base course layer,
a 305-mm-thick subbase layer, and a 3 California bearing ratio (CBR) high plas-
ticity clay subgrade. Geosynthetics were placed at the subgrade/subbase interface.
Loading was applied via a 305-mm-diameter steel plate subjected to a 128 kN total
load, resulting in a 1750 kPa contact pressure. A summary of cycles to 25 and 50 mm
permanent deformation is presented in Table 8. More detailed information can be
found in Robinson et al. [5].

In order to observe if individual geosynthetic test methods were capable of
correctly categorizing pavement performance, test resultswere summarized as shown
inTable 9. The results of each laboratory characterization testwere assigned a ranking
based on observed means with 1 being the highest mean value and 4 being the lowest
mean value. Similarly, performance data (cycles to failure) were assigned a ranking
with a value of 1 indicating the best performer and 4 being the lowest performer. Itwas
observed that none of the laboratory characterization tests fully match the order of
permanent deformation performance. It is noted that, based on pairwise comparison
data, ultimate tensile strength, puncture test, and individual junction strength were
the only test methods that differentiated between all geosynthetics; e.g., all products
were found to be statistically different. Further, it is noted that tensile strength, punc-
ture test, and flexural rigidity are the only tests that could be argued to be applicable
to all products.

Table 9 Summary of ranking for each laboratory characterization test

Test GEO1 GEO2 GEO3 GEO4

Wide width tensile @ 2% strain 3 4 2 1

Wide width tensile @ 5% strain 3 4 2 1

Wide width tensile @ ultimate 3 4 2 1

Flexural rigidity 1 2 3 4

Aperture stability 4 3 2 1

Puncture test 3 4 2 1

Individual junction strength 1 2 3 NA

Performance at 25 mm deformation 1 4 2 3

Performance at 50 mm deformation 1 4 3 2

NA = not applicable
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A stepwise linear regression was performed to determine if a combination of
geosynthetic characterization test results was capable of predicting deformation
performance from laboratory cyclic plate load test summarized in Table 8. Predic-
tive equations are based on the pavement structure and component layer prop-
erties contained in Robinson et al. [5], where geosynthetics were placed at the
subbase/subgrade interface and should not be used for widespread prediction of
pavement performance in other pavement structures under different loading condi-
tions, component layer thicknesses, or layer properties.However, the predictive equa-
tions can give some general insight into material properties that may be pertinent to
observed pavement performance.

Factors included in the stepwise linear regression for 25 mm permanent surface
deformation were tensile strength at 2% strain, tensile strength at 5% strain, ulti-
mate tensile strength, puncture strength, flexural rigidity, and aperture stability. A
confidence level of 85% was selected as the threshold for a predictor to enter or exit
the model. It was found that tensile strength at 2% strain and flexural rigidity were
statistically significant at α = 0.15. The predictive model is shown below.

Deformation at 25mm = 278.6 ∗ Tensile Strength (2%Strain)

+ 0.0093 ∗ Flexural Rigidity − 5386

Similarly, a stepwise linear regression was performed for 50 mm permanent
surface deformation. Initial analysis indicated that none of the factorswere significant
at an 85% confidence level; therefore, a confidence level of 75% was selected. It was
found that ultimate tensile strength and flexural rigidity were statistically significant
at the 75% confidence level. The predictive model is shown below.

Deformation at 50mm = 476.0 ∗ Ultimate Tensile Strength

+ 0.05131 ∗ Flexural Rigidity−30,852

Review of both deformation predictive models based on permanent deformation
results includes a stiffness term (flexural rigidity) and a tensile performance term
(tensile strength at 2% strain or ultimate tensile strength). Further, the stiffness term
(flexural rigidity) is observed in both models. The results of the predictive models
suggest that geosynthetic stiffness is an important factor in geosynthetic airfield
pavement performance and that an increase in stiffness contributes to the tensioned
membrane mechanism, particularly at high levels of deformation. Similar observa-
tions canbemade regarding tensile strength; i.e., as permanent deformation increases,
tensile strength provides a greater contribution. It should be noted, however, that the
cyclic plate load test were allowed to deform well beyond what would be expected
on a typical operational airfield. Thus, the models presented herein should only be
used as a means to identify properties that are potentially pertinent to performance.
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9 Conclusions

A series of laboratory tests were performed to characterize physical properties of four
different geosynthetics. While it is acknowledged that some tests are generally not
applicable to some geosynthetics, an attempt wasmade to test all geosynthetics under
all procedures. Statistical analyses were employed to observe the ability of each test
to distinguish between products, and a stepwise linear regression was performed to
investigate properties that may influence pavement performance. Based on the results
of the testing described herein, the following conclusions can be made.

• Tensile strength tests, puncture test, and flexural rigidity were the only procedures
that could be considered generally applicable to all geosynthetics evaluated.

• Ultimate tensile strength, puncture strength, and junction strength were capable
of showing a statistical difference between all the geosynthetics.

• The puncture strength test showed some potential in being able to distinguish
between different geosynthetics.

• A single test method was not capable of correctly ranking pavement performance
for the permanent surface deformation results.

• Results of a stepwise linear regression suggest that stiffness and tensile properties
were an important factor in the performance of a reinforced pavement section.
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Behavior of Geogrid-Reinforced Railway
Ballast Under Train Traffic Loads

Qiusheng Gu, Kaihui Shi, Xuecheng Bian, and Sindy He

Abstract For the ballasted railway, under the action of dynamic load caused by
the train traffic, the higher loading frequency and amplitude may eventually result
in excessive settlement in the ballast, thereby reducing the passengers’ comfort and
even affecting the safety of train operation. To study the influence of train traffic load
with higher frequency and amplitude imposed on the ballast and the employment
of geogrid, ballasted railway model test on the cumulative settlement of geogrid-
reinforced ballast under different train loads such as high-speed and heavy axle
load and different types of geogrid reinforcement conditions, and triaxial test results
of ballast specimens with and without geogrid under different confining pressures
are discussed in this paper. The cumulative settlement and stress distribution of the
ballast layer, the sleeper vibration, and the strain of geogrid of ballasted subgrade
in the model tests under different train loads and geogrid reinforcement conditions
are analyzed throughout the test, to explore the effect of geogrid and its working
mechanism. Multiple groups of experimental results of axial strain, circumferen-
tial strain, and volumetric strain with various confining pressure in the triaxial tests
are also compared and studied in this paper. These tests indicated that the installa-
tion of geogrid depresses the development of volumetric deformation and effectively
increases the peak stress values in the ballast layer. The loading frequency and ampli-
tude also play a vital role in the settlement development and degradation of ballasted
subgrade at the same time.
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1 Introduction

With the increase of train speed and axle load of modern railway, higher loading
frequency and amplitude were put forward on the railway subgrade structure. For
high-speed passenger trains, the train speed is higher, and a higher loading frequency
is brought to the subgrade with the same axle load. Although heavy haul freight
trains have a comparative lower train speed, higher dynamic loading amplitude is
also caused due to the large axle load. Ballast layer endures higher dynamic load and
vibration as the increase of loading frequency and amplitude in a traditional ballasted
railway structure, which may result in excessive settlement and tremendous stress
in the ballast layer consequently [1], thereby reducing the travel comfort and even
threatening train operation. The development of axial and lateral stress in the ballast
layer is also influenced significantly by the train traffic load, the compaction degree,
and the restraint conditions. Seed et al. verified that the maximum vertical contact
stress beneath the sleeper base of rail seats should be 200–270 kPa under a 200 kN
wheel load [2]. Raymond and Davies demonstrated that the axial stresses at sleeper–
ballast interfaces could hardly exceed 140 kPa under a static axle load of 150 kN
[3]. Indraratna et al. [4] compared the effects of different confining pressures on the
triaxial tests of ballast and found that the deformation and shear strength of ballast
under different confining pressures are quite different. The in situ measurement [4]
of stresses within the ballast layer indicated that the values of the maximum vertical
and horizontal dynamic stresses varied in the ballast layer (as shown in Fig. 1).

Geogrid has been utilized to reinforce ballast layer to reduce track settlement and
improve lateral stability successfully. Most previous studies [5–8] considered the
deformation performance of ballast layer. However, few of them comprehensively
explored the performance and reinforcement mechanism of reinforced ballast layer.
Qian et al. studied the reinforcement effect of geogrids on well-graded and dete-
riorated ballast specimens using large triaxial test and found that the employment

Fig. 1 Maximum vertical and horizontal stresses measured both under rail and sleeper edge
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of geogrids can significantly increase the peak deviator stress value [9]. In order to
study the reinforcement effect of geogrid on ballast materials, geogrid-reinforced
ballast behavior was investigated utilizing large-diameter triaxial testing apparatus
(LDTTA) under different confining pressures and physical model test under different
train traffic load to explore the geogrid reinforcement effect and mechanism.

2 Geogrid Reinforcement Effect Under Different Confining
Pressures

2.1 Triaxial Test of Geogrid-Reinforced Railway Ballast

The DSY-300 (as shown in Fig. 2) large-diameter triaxial testing apparatus (LDTTA)
located in Zhejiang University could be used to apply axial load and confining pres-
sure to the large specimens by an axial loading device and a confining pressure
boosting system, respectively. A load cell and several confining pressure sensors
were installed to monitor the stresses exerted on the specimen. The LDTTA adopted
an electro-hydraulic servo program with a closed-loop control system to ensure the

Fig. 2 DSY-300 LDTTA
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loading process accurate and stable. The axial strain of the specimen was calculated
by the linear variable differential transformer (LVDT) at the top of the specimen, and
the variation of the specimen’s volume could be measured by the change of water
volume in the triaxial chamber.

2.2 Experimental Procedure

Specimen Properties. The ballast material used in this studywas tuff that taken from
a railway construction site aroundHangzhou, and the grain size distribution (as shown
inFig. 3) followed the requirements of theChinese first-level railway ballast standard.
The mechanical behaviors of granular material have been proved strongly depend on
compacted condition, and the compaction degree of the ballast is defined as the ratio
of the actual density to the most compacted density. The most compacted density of
the tuff sample was 1642.67 kg/m3 and the corresponding porosity ratio was 0.545.
Therefore, the packing density of a 92% compaction degree of the specimens in
this study was 1511.26 kg/m3 and the corresponding porosity ratio was 0.679. The
geogrid used in triaxial test was TriAx® TX150L, and the properties contributing to
the performance of geogrid as a mechanically stabilized layer as shown in Tables 1
and 2.

Test Procedures. The ballast sample was poured into an iron split mold by four lifts,
and each lift was compacted with a hammer carefully. After compaction of the first
two lifts, one layer of geogrid was placed carefully in the middle of the test specimen

Fig. 3 Size distribution of ballast material
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Table 1 Shape properties of
TX150L/TX190L geogrid

Index properties Longitudinal Diagonal General

Rib pitch (mm) 57/60 57/60

Rib shape Rectangular

Aperture shape Triangular

Table 2 Structural properties
of TX150L/TX190L geogrid

Structural integrity General

Junction efficiency (%)
Isotropic stiffness ratio
Overall flexural rigidity (mg cm)
Radial stiffness at low strain (kN/m @
0.5% strain)

93
0.6
750,000/1,500,000
325/350

for making a geogrid-reinforced ballast sample. A rubber pad (4 mm thick) was
used to minimize the risk of breaking the ballast during compaction progress. The
mean bulk packing density of the compacted specimens was determined to be around
1511.26 kg/m3. Two 2.5-mm-thick rubbermembraneswere used to confine the cylin-
drical specimens and avoid being punctured by sharp corners and edges of the ballast
during the test. Bishop and Henkel have proved that even thin rubber membranes
can provide some confinement which increases the measured principal stresses [10].
Indraratna et al. proved rubber membranes with pressures higher than 120 kPa, the
membrane corrections amounted to less than 2% of the measured principal stress,
whereas at the lowest confining pressure 1 kPa, the maximum correction was below
8% [4]. Hence, the confinement provided by the rubber membranes has little effect
on the data interpretation and the final conclusions. The geogrid was placed in the
middle of the specimen in height. Different confining pressures were adopted in this
study. By comparing and analyzing the test results under different confining pres-
sures, the effects of geogrid reinforcement on the performance of ballast specimens
were analyzed. The confining pressure remained stable during the test, and the axial
loading was controlled by displacement and the shearing rate was 5 mm/min.

2.3 Results of Triaxial Test

Deviator Stress. Cylindrical specimens were used in ballast triaxial test. The spec-
imen is subjected to the same circumferential pressure in three axes through the pres-
surized liquid in the pressure chamber and thewhole test process remains unchanged.
The specimen was then subjected to vertical axial pressure through the piston until
the specimen was sheared. During the loading process of ballast specimens by actu-
ators, the axial strain of the specimens and the variation of the axial load of the
specimens were monitored through the vertical axial load sensor and the LVDT
on the top. Figure 4 presents stress state from large-scale triaxial shear strength
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Fig. 4 Deviator stress–axial strain response under different confining pressure

tests conducted on the ballast specimen for up to 15% axial strain. Under the same
confining pressure, the deviator stress of the specimens strengthened with geogrid
was significantly greater than that of the specimens without geogrid at the same
axial strain. The increase of deviator stress of the geogrid-reinforced specimens was
mainly due to the lateral restraint provided by the geogrid. At the same time, with the
increase of confining pressure, the deviator stress could be significantly increased.

Circumferential Strain and Volumetric Strain. The circumferential strain of the
middle part of the ballast sample was monitored through a wire-drawn displacement
sensor arranged in the middle part of the ballast sample. Figure 5 shows the circum-
ferential strain of the specimens in this test. The circumferential strain in the middle
of the specimen increased continuously in all the tests, and the geogrid would restrict
the radial expansion of the specimen. Under high confining pressure, the confinement
effect of geogrid on the circumferential strain in the middle of the specimen was less
significant than that under low confining pressure. At the same time, under different
confining conditions, the higher the confining pressure, the smaller the circumfer-
ential strain of the ballast specimen, and the later the restriction of geogrid on the
circumferential strain of the specimen was exerted, and the less significant the effect
was.

During the loading process of the tests, the volume change of ballast specimen
was monitored through the volume change of confining water at the end of confining
cylinder. Figure 6 presents the volumetric deformation of the specimens in tests.
Under low confining pressure, the specimens dilated during the shear process, and
the growth of specimen’s volume was limited by geogrid. Under high confining
pressure, the volume of the sample increased first and then decreased, while the
radial expansion in the middle of the sample was limited by the geogrid.
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Fig. 5 Circumferential strain–axial strain response

Fig. 6 Volumetric deformation–axial strain response

Geogrid Breakage. After the test, the geogrids were taken out for comparative
analysis. Figure 7 shows the stress state of the specimens in this test, in which the
deviating stresswas included. The reinforcing effect of geogrids on ballast specimens
was mainly due to restraining the lateral deformation of ballast specimens. With the
increase of the axial strain during the test, the geogrid in the middle of the sample
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(a) confining pressure 20kPa. (b) confining pressure 200kPa.

Fig. 7 Geogrid breakage under different confining pressure

would eventually be destroyed. Under low confining pressure, the ribs at the edge
of the grill only fragmented slightly, and most of the area of the geogrid was intact.
Under high confining pressure, the ribs at the edge of the geogrid were seriously
broken, and almost all the ribs near the central area were broken. According to the
experimental results, it can be found that with the increase of confining pressure, the
breakage of the geogrid increased.

3 Geogrid Reinforcement Effect Under Different Train
Traffic Loads

3.1 Model Test of Geogrid-Reinforced Railway Ballast Track
Subgrade

The ballasted railway model test system developed by Zhejiang University was used
in this test, which can not only apply vertical load to the test object but also lateral load
simultaneously. The maximum loading force was up to 300 kN and the maximum
frequencywas 15Hz, and different loadingwaveforms including sinusoidal wave can
be selected. The system consists of a vertical loading host, lateral loading host, servo
oil source and digital coordinated loading control system, and the corresponding
data acquisition system. The testing machine relies on the closed-loop control of the
computer program with electro-hydraulic servo, and automatic control was realized
for the whole test loading process and data measurement. The axial load of the
specimen during the test was applied by an axial loading device and was measured



Behavior of Geogrid-Reinforced Railway Ballast Under Train … 697

by an axial force sensor, to ensure the consistency of the target force value and the
applied force value.

3.2 Experimental Procedure

Physical Model Properties. In the test, the influence of the type of load, placement
of geogrid, type of geogrid on the performance of ballasted layer was studied by
establishing the model of ballasted track subgrade in different loading conditions.
The layout structure of the model is shown in Fig. 8. The subgrade model was built
in a ballast box which is 2060 mm * 860 mm * 950 mm (Length * Width * Height)
inside. The box wall was made of organic glass with good surface flatness and
moderate elastic modulus. The box bottom was made of steel with an 8-mm-thick
rubber cushion to simulate the bottom boundary conditions of the actual subballast
layer. Themodel consisted of the subballast layer, geogrid layer, ballast layer, sleeper,
and rail. The model subgrade is filled following the construction process of ballasted
subgrade during field construction. The ballast layer was laid above the subballast
layer, and the thickness under the sleeper was 300 mm. The ballast layer was filled
by referring to the actual railway construction method, and compaction was carried
out for each laying of 120 mm, with three compacted parts in total during the filling
progress; the layer was filled to the height of 300mm. Finally, the compaction density
of the ballast layer of each group was in a range of 1700–1740 kg/m3 while the void
ratio was in a range of 0.46–0.48 at the same time.

Test Procedures. Two loading conditions were set in this test, and the influences
of three factors including the presence of geogrid, type of geogrid, and loading
conditions on various performance parameters (as shown in Table 3) were studied
by comparing and analyzing test results.

Fig. 8 Railway ballast track subgrade model layout
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Table 3 Loading conditions of the model test

Group Geogrid
type

Placement of
geogrid

Loading
condition

Average
contact
pressure
under the
sleeper
(kPa)

Peak
load
(kN)

Loading
frequency
(Hz)

➀ No High-speed
train

82 21 3

➁ TX190L Ballast–subballast
interface

High-speed
train

82 21 3

➂ TX190L Ballast–subballast
interface

Heavy haul
train

121 31 2

➃ TX150L Ballast–subballast
interface

Heavy haul
train

121 31 2

3.3 Results of Model Test

Sleeper Vibration. Under the action of cyclic dynamic load, the vibration velocity
of the sleeper was monitored in the whole process by the vibration velocity sensor
fixed on the top surface of the sleeper. The vibration velocity of the sleeper with the
loading times under different loading conditions is shown in Fig. 9.

By comparing these curves, the vibration velocity of the sleeper under 100,000
times of loading under four working conditions did not change much, and it can only
be recognized that the amplitude was slightly reduced in the initial stage of loading.
When the valley value was subtracted from the peak value of the 100,000 vibration
waveform cycles, the average value of the amplitude of vibration velocity fluctuation
during the loading of 100,000 cycles can be obtained, which could be used as an eval-
uation indicator of the vibration intensity of the sleeper in each working condition. It
can be found through comparing the average amplitude of the vibration velocity of
the first two groups of tests that after the geogrid was placed, the average amplitude
of the vibration velocity of the sleeper surface in 100,000 loadings declined. The
effect of the two different TriAx geogrid was not much different under heavy haul
train load.

Soil Pressure. During the process of cyclic dynamic loading of the model by the
actuator, soil pressure in the interface of the bottom of the ballast bed was monitored
through the entire process through the soil pressure cell placed on the top surface of
the subballast layer (as shown in Fig. 10).

The soil pressure behavior during the loading process under various loading condi-
tions was different, which was supposed to be related to the change of the structure of
granular mixtures. Under the group 1, the valley value and peak value of soil pressure
at the bottom of the ballast layer decrease slightly under the cyclic loading, whether
it was below the rail or the sleeper end. Under the loading conditions of group 2 and
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(a) High-speed train load No geogrid

(c) Heavy-haul train load TX190L

(b) High-speed train load TX190L

(d) Heavy-haul train load TX150

Fig. 9 Vibration of sleeper under different loading conditions

working condition 3, its change during loading was not particularly obvious. It can
also be roughly judged from the figure that the additional soil pressure brought by
the load wasmainly concentrated below the loading point, and the soil pressure at the
end of the sleeper was relatively low. The vertical soil pressure amplitude in group
4 decreased slowly after the first 50,000 loading cycles while the value in group 3
kept almost still, and a geogrid failure might occur in group 4.

4 Conclusions

The stabilization effect of geogrid on ballast was discussed in this paper based on both
triaxial test and physical model test results, and the influence of confining pressure
and train load in the ballast layer was analyzed. Themain conclusions could be drawn
below:
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(a) High-speed train load No geogrid (b) High-speed train load TX190L 

(c) Heavy-haul train load TX190L (d) Heavy-haul train load TX150L 

Fig. 10 Soil pressure at the bottom of the ballast bed below the rail and sleeper end

• The installation of geogrid could improve the bearing capacity of ballast signifi-
cantly, and this performance improvement mainly due to the constrains of ballast
particle movements in the lateral direction by the presence of geogrid. At the
same time, with the increase of confining pressure, the strength of the ballast and
breakage of the geogrid can be significantly enhanced.

• The circumferential strain of the ballast specimen increased all alongwith the tests,
and the geogrid installation limited the radial expansion of the specimen. Geogrid
showed stronger constrain on ballast’s lateral deformation when the confining
pressure is lower.

• The effect of geogrid on the ballast volumetric deformation was mainly due to
the restriction of the radial expansion. Geogrid installation reduced volumetric
dilation when the confining pressure is low, while facilitates volumetric reduction
when the confining pressure was high.

• The geogrid could reduce the sleeper vibration velocity significantly and the
dynamic displacement amplitude, thereby could improve the stabilization of
ballast behavior. Geogrid had an effect of diffusing the soil pressure while the
peak value at the bottom of the ballast layer under the rail was reduced.
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Near Geogrid Stiffness Quantification
in Airport Pavement Base Layers Using
Bender Element Field Sensor
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Abstract Geogrids are widely used for unbound aggregate base stabilization in
flexible pavements. A new field evaluation methodology for quantifying the effects
of geogrids on stiffness enhancement of unbound aggregate layers is demonstrated
in this paper. The method utilizes a bender element field sensor, which measures
the shear wave velocity transmitted between a source and receiver pair of bender
element (BE) transducers and relates that to the localized stiffness. The paper intro-
duces the new methodology and discusses the recent measurements obtained from a
geogrid–aggregate system stiffened zone in the full-scaleConstructionCycle 9 (CC9)
pavement test sections constructed at the Federal Aviation Administration’s (FAA’s)
National Airport Pavement Test Facility (NAPTF) in New Jersey. The aggregate
materials used in the construction of the base and subbase layers were in accordance
with the FAA-designated P-209 and P-154 specifications, respectively. A biaxial
geogrid was placed at the interface between the subbase and base in the “North”
test section. Two BE field sensors were installed in this “North” geogrid-stabilized
section at 25 mm (1-in.) and 102 mm (4 in.) above the geogrid location. A third
sensor was installed in the “South” control section with no geogrid at 25 mm (1 in.)
above the bottom of the base layer. Shear wave signals were collected before and
after base layer compaction, and shear wave velocities were calculated. The BE field
sensor measurements clearly indicated that stiffness enhancement was achieved in
the proximity of the geogrid, and that such effect of a stiffness enhancement dimin-
ished at about 102 mm (4 in.) away from the geogrid. The findings of this study are
illustrated in this paper to quantify the magnitude and extent of the local stiffened
zone near a geogrid.
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1 Introduction

Airfield pavements are designed and constructed to provide adequate support for the
loads imposed by heavy aircraft and to produce a firm, stable, and smooth surface
year-round. To fulfill such load-bearing and structural capacity requirements, pave-
ment foundation layers should provide adequate strength and stiffness characteristics.
Mechanical stabilization of the pavement base/subbase layer using geosynthetics
enhances the load-bearing capacity and provides uniformity of support. With the
recent FAA move toward the use of geosynthetics for airport pavements, as stated
in the FAA Reauthorization Act of 2018 Section 558 Geosynthetics Materials, the
evaluation of the layer modulus enhancement with stiff geogrids has gained much
attention.

Many researchers to date have studied the geogrid–aggregate interaction and
certain interlocking effects on mechanical stabilization using numerical methods,
such as the Discrete Element Method (DEM) and finite element method (FEM), and
reported that a stiffened zone was typically generated in the proximity of the geogrid
[1–5]. Tirado et al. [6] evaluated the effect of geogrid enhancement in terms of traffic
benefit ratio (TBR) for airport pavement designs with aircraft gear loading modeled
using a 3D FEM approach and found significant influences of the base and subgrade
layer moduli and the type of geogrid on the level of geogrid enhancement. Pullout
tests have also been conducted to quantify the effect of interlocking and assess the
resulting reduction in aggregate lateral movements with geogrids, which is due to
the lateral restraint and considered as a key mechanism for mechanical stabiliza-
tion [7–9]. Kwon and Tutumluer observed increased strength in depth profiles in the
proximity of geogrids by using dynamic cone penetrometer (DCP) testing [10].

To quantify the stiffness increase due to a geogrid-stabilized aggregate layer,
a recent research approach at the University of Illinois focused on determining
such local stiffened zone characteristics through the shear modulus increase from
measured shear wave velocities. Bender element (BE) pairs were utilized as shear
wave transducers to measure the shear wave velocity profiles of geogrid-stabilized
and geogrid-unstabilized aggregate samples. By installing BE pairs at different
heights above the geogrid and measuring the shear wave velocities, the localized
stiffness of a target area can be evaluated. From extensive studies using BEs and
geogrid-stabilized aggregate specimens, stiffness enhancement in the vicinity of a
geogrid was clearly observed [11–14]. Further, Byun et al. applied BE pairs to use as
an embedded shear wave sensor in the pavement and measured shear wave velocities
of as-constructed unbound aggregate base layers [15].

This paper demonstrates for the first time the utilization of a newly developed
BE field sensor to measure shear wave velocities in order to quantify and monitor
the shear modulus-based local stiffness characteristics of an airfield pavement base
with and without geogrid. The dimensions and various components of the specially
designed and manufactured BE field sensor including the BE protection casing
module, BE field sensor frame, protection cover, and the coupling material are first
described in detail. The shear wavemeasurement system and data acquisition process
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are then highlighted. The installation of the field BE sensors and the shear wave
measurements were conducted on an airport pavement test section constructed at
FAA’s National Airport Pavement Test Facility (NAPTF) at the William J. Hughes
Technical Center near Atlantic City, New Jersey. The testing took place in the FAA
NAPTF Construction Cycle 9 (CC 9) test sections. Shear wave velocities measured
using the BE field sensors and the associated shear modulus properties obtained in
the granular base were investigated to contrast effects of with and without geogrid
cases.

2 Bender Element Field Sensor

2.1 Bender Element

Characterization of soils and aggregates using the propagation of small-strain elastic
waves is a small perturbation phenomenon that can assess the state of a particulate
medium without altering the structure of the soil or causing permanent effects [16].
A bender element (BE) is composed of two layers of piezoceramic plates bonded
to a thin metal shim sandwiched in the middle. BE can be used as a shear wave
actuator by converting an applied electrical voltage across the BE to a deformation
of the BE. Further, the deformation of BE generates an electric voltage, and thus, the
BE can be also utilized as a shear wave sensor. Due to the superiority of coupling
between the transducer and soil or aggregates, bender elements have been widely
used in laboratory applications to instrument soils [17]. There are two types of bender
elements: series and parallel. In the series type, the poling directions of the two
piezoelectric layers are opposite to each other, whereas the parallel type has the
same poling direction for the two piezoelectric layers. In this study, the parallel
type was used since it can provide a higher magnitude of shear wave signals. The
dimensions of bender elements that were utilized in this study were 30.5 mm (1.2
in.) in length, 25.4 mm (1.0 in.) in width, and 0.5 mm (0.02 in.) in thickness.

2.2 Bender Element Field Sensor

Although bender elements have an exceptional coupling ability with dense-graded
granularmaterials, these sensors have not been frequently used in the field due to their
fragility. To protect a pair of bender elements and its cable connections from potential
impacts or damage at a construction site, and to ensure that theBE sensors are directly
facing each other during a shear wave signal propagation, a new BE field sensor has
been recently developed for transportation geotechnics applications. Figure 1 shows a
single bender element, a bender element sensor with a BE protection casing module,
and the final design of the BE field sensor, which was utilized in this study. To
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Fig. 1 Detailed view of bender element (BE) field sensor: a a photo of the BE field sensor, b BE
protection casing module filled with coupling materials, c a plastic casing with a rubber mount and
a BE inside, and d a BE that was installed in the casing module

protect the BE sensor, an aluminum mesh cover was used to cover the BE protection
module. A stainless-steel frame enables the installation of the BE field sensor in a
coarse aggregate base layer-type dense-grade material size and gradation without
damaging the sensors and cables. The frame also maintains a fixed distance between
the two pairs of BEs. The dimensions of the frame are 1219 mm (4 ft.) in length and
457 mm (1.5 ft.) in width. The length was designed to be longer than the width of
the gears/tires used to traffic the pavement, and the width was optimized to ensure
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that a clear shear wave could be generated and detected without any interference
from the stainless-steel frame. The BE protection module was first filled with a
coupling material engineered to be a uniform coarse sand so that shear waves could
be propagated in a continuous medium. The thickness of the BE protection module
was approximately 61mm (2.4 in.). Tominimize the possibility of a direct shearwave
propagating through the frame, a rubber mount was attached to the BE protection
module. Diagonal supporting bars were fitted at the four corners of the BE field
sensor frame to prevent out-of-plane warping and to ensure each BE pair is in the
same plane.

2.3 Shear Wave Measurement System

Figure 2 presents the BE field sensor configuration and the data acquisition devices
used for the shear wavemeasurement. The signal generator provides the input signals

Fig. 2 BE field sensor and the shear wave measurement system configuration
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to the “source” bender element with a magnitude of up to 10 V. The signal is inten-
sified up to six times using a pre-amplifier. The input signal is delivered to the
“source” BE transducer, and the waves propagating through the aggregate spec-
imen are received by the “receiver” BE transducer. The output signals are filtered
using the filter and amplifier and are displayed on the oscilloscope. For stable wave
measurements, variable input sinusoidal signals with frequencies ranging from 300
to 1000 Hz are applied. The collected signals are compared after measurements. The
stacking number of the signal is selected as 1024 to remove any uncorrected signal
noises.

3 Sensor Installation Procedure

3.1 Field Test Sections

Three BE field sensors were installed in the full-scale pavement test sections
constructed during the Construction Cycle 9 (CC9) flexible pavement test study at the
FAA’s NAPTF in New Jersey in 2019. The NAPTF aims to generate full-scale testing
data to support the investigation of the response and performance of airport pave-
ments subjected to complex gear loading configurations of new generation aircraft.
At the NAPTF facility, carefully constructed and monitored test sections are used for
evaluating new and effective pavement designs and construction technologies [18].

The CC9 pavement test sections consisted of 127 mm (5 in.) of P-401 asphalt
surface course underlain by 203 mm (8 in.) of P-209 granular base. These instru-
mented test sections have substantially thick granular subbase layers of 737 mm (29
in.) of P-154 aggregate material. Figure 3b, c shows the profile views of the two
pavement test sections where the three BE field sensors were embedded in the base
layer. The P-209 base layer was constructed in two equal 4-in. (102 mm) lifts. In the
“North” test section, an integrally formed, polypropylene biaxial geogridwith 25mm
(1.0 in.) × 33 mm (1.30 in.) rectangular aperture sizes was placed at the interface
between the subbase and base layers. The installed direction of the 33-mm-rib of
the geogrid was parallel to the gear path. Two BE field sensors were placed in the
test section with geogrids (North section). The first field sensor (BE 1) was placed
at 25 mm (1 in.) above the geogrid location, and the third BE field sensor (BE 3)
was installed at 102 mm (4 in.) above the geogrid. The second sensor (BE 2) was
installed in the “South” control section without geogrid again 25 mm (1 in.) above
the bottom of the base layer. All three sensors were placed under the gear path of the
National Airport Pavement Test Vehicle (NAPTV).

The base course aggregate material used in CC9 test section was a crushed stone
from Birdsboro quarry, New Jersey. For the base course aggregate material, Fig. 4
shows the gradation curve, determined according to the ASTM C136 test procedure,
and themoisture–density relationship. Figure 4a shows that the base course gradation
met the lower and upper bound requirements of the FAA’s P-209 granular base
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Fig. 3 Schematic drawing of NAPTF test sections: a plan view of the test section, b profile views
of the BE sensors installed in the North (with geogrid), and c profile view of the BE sensor installed
in the South (with no geogrid)

material specification. The aggregate material is classified A-1-a (stone fragments,
gravel and sand) according to AASHTO soil classification, and as SP (poorly graded
sand with gravel) according to the Unified Soil Classification System (USCS). D50

was 3.8 mm (0.15 in.) corresponding to 50% passing in a gradation chart, the top size
was 25 mm (1 in.), and 3% were the percent passing No. 200 sieve size (0.075 mm).
The modified Proctor (ASTM D1557) tests gave a maximum dry density (MDD) of
24.8 kN/m3 (158.0 pcf) at an optimum moisture content of 6.0%.

3.2 Sensor Installation and Test Procedure

The base layer was constructed in two 102-mm (4-in.) lifts. BE 1 and BE 2 were
installed after the construction of the first layer, and BE 3 was placed after the
construction of the second layer. The installation procedure for each BE field sensor
was as follows: Once the first lift was placed and compacted, the location of the BE
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Fig. 4 NAPTF CC-9 test
sections P-209 base course
aggregate material
properties: a grain size
distribution curve and
b modified Proctor
moisture–density curve

field sensor to be installed was marked and the base course materials were removed
to bury the sensor frame as shown in Fig. 5.

The depth of placement of each BE sensor was carefully measured using a laser-
level surveying equipment. The gap between the sensor frame and ground was filled
and compacted properly to provide a uniform foundation to ensure sensor stability. To
ensure contact between the BE sensors and the base course material, aggregates were
gently placed in front of the sensors and initially compacted by hand tamping. TheBE
field sensors were then fully covered with the base course aggregates and compacted
using a vibratory plate compactor. Both lifts were compacted with a vibratory roller
compactor. Before the proper compaction with a vibratory roller, single lift density
was assumed to be 18.9 kN/m3 (120 pcf) for the purpose of calculating the shear
modulus (see next section). The final dry density achieved after proper compaction
was 23.8 kN/m3 (151.3 pcf) which was measured using a nuclear density gauge.
Figure 5 shows an installed BE field sensor in the aggregate base course and a
zoomed-in view of BE 1 field sensor with the geogrid at the bottom.
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Fig. 5 BE field sensor base course installation; a BE field sensor placement during instrumentation
and b BE 1 sensor protection casing module placed above the biaxial geogrid

4 BE Field Sensor Initial Results and Discussion

After installing the BE field sensors, shear wave signals were collected in two stages.
The first measurements were taken after installing BE 1 and BE 2 in the first lift of
the P-209 base layer. The measurement was made before the final compaction with
a roller compactor; therefore, the density of the first lift was relatively low (assumed
18.9 kN/m3 or 120 pcf). Figure 6a, b show the shear wave signals from BE 1 and
BE 2, respectively, before placing the second lift and compacting with a vibratory
roller. The red arrows indicate the first arrival time of the shear waves. The second
measurement was performed after the placement and compaction of the second lift
and the installation of BE 3 in the second lift. Figure 6c–e show the shear wave
signals from BE 1, BE 2 and BE 3, respectively, during the second measurement.
Shear wave velocity can be calculated as follows:
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Fig. 6 Shear wave signal; a first measurement, BE 1, b first measurement, BE 2, c second
measurement, BE 1, d second measurement, BE 2, and e second measurement, BE 3

VS = L

ttip−tip
(1)

where ttip−tip is the first arrival time and L is the distance between the two BE sensors.
The first arrival time of the shear waves was selected by finding the first break of

the signal. The first break of the signal is considered as one of the best methods to
get consistent results [19]. As shown in Fig. 6, the first arrival time of both signals
from BE 1 and BE 2 in the first measurement is almost identical and does not show
any enhanced stiffness from the geogrid. This is likely due to the low density and
the relatively small overburden pressure. On the other hand, the first arrival times
of the shear wave signals were significantly reduced in the second measurement
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because of the higher density and the higher confinement from the overlying layer.
As a small-strain stiffness, shear modulus can be estimated by using the following
equation:

Gmax = ρV 2
S (2)

where Gmax is shear modulus and ρ is the bulk density of the aggregate material.
Table 1 summarizes the shearwave velocities and shearmodulus of the aggregate base
layer from the first and second measurements. As mentioned above, shear modulus
fromBE 1 andBE 2 at the first measurement is comparable regardless of the presence
of a geogrid. Considering that the lateral confinement of the aggregate materials is
the key enhancement mechanism of the geogrid, it can be concluded that the lateral
confinement was not sufficient at the first measurement due to the lack of compaction
effort and low density, meaning that the geogrid enhancement was not fully utilized.

After the construction of the second lift and proper compaction, the shearmodulus
was dramatically increased for both BE 1 and BE 2. However, the shear modulus of
BE 1, placed in the proximity of a geogrid, is significantly higher than that of BE 2
placed in the control section at the second measurement. After a high compaction
effort was applied, the lateral confinement was successfully achieved due to the
aggregate–geogrid interlocking which caused a significant stiffness enhancement.
Further, it is notable that the shear modulus of BE 2 and BE 3 is comparable for the
secondmeasurement, which indicates that the geogrid enhancement effect was found
to be diminished when measured at a 102 mm (4 in.) distance from the geogrid. It
is thus clear that a stiffened zone is created in the proximity of the geogrid and that
the range of the stiffened zone is approximately 102 mm (4 in.) above the geogrid.

Table 1 Shear wave velocity
and shear modulus for the first
and second measurements

Test condition V s [m/s] Gmax [MPa
(ksi)]

Notes

First
measurement,
BE 1

119.2 27.3 (3.96)

First
measurement,
BE 2

121.6 28.5 (4.13)

Second
measurement,
BE 1

287.8 200.77
(29.12)

Near geogrid

Second
measurement,
BE 2

226.9 124.81
(18.10)

No geogrid

Second
measurement,
BE 3

222.6 120.15
(17.43)

10 m (4 in.)
from geogrid
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A similar conclusion that the stiffened zone ranges between 102 mm (4 in.) and
152 mm (6 in.) above and below the geogrid was reported in a previous study [20].

In conclusion, BE field sensors successfully measured small-strain stiffness from
the field application and quantified the effect of geogrid enhancement. On top of
that, the range of geogrid enhancement zone was successfully evaluated using the
BE field sensors.

5 Conclusions

This study demonstrated recent findings from the new method to evaluate unbound
layers in airport flexible pavements and discussed recent results on the stiffened zone
quantified due to geogrid–aggregate system in the full-scale Construction Cycle 9
(CC9) pavement test sections constructed at the Federal Aviation Administration
(FAA) National Airport Pavement Test Facility (NAPTF) in New Jersey. The FAA-
designated P-209 and P-154 aggregate materials were used in the construction of the
base and subbase layers, and a biaxial geogrid was placed at the interface between
the sub-base and base layers in one of the test sections, while the other section was
constructed as a control, i.e., having the same materials and layer thicknesses but no
geogrid. Two bender element field sensors were installed in the geogrid-stabilized
section at different depths of 25 mm (1 in.) and 102 mm (4 in.) from the geogrid
location, and a third sensor was installed in the control section at a depth of 25 mm
(1 in.) from the bottom of the base layer. Shear wave signals were collected in two
measurement stages, and shear wave velocities and shear moduli were calculated.

The newly developed BE field sensor successfully collected shear wave velocities
from the full-scale test sections and measured shear wave velocities. From the results
of these experiments, a stiffness enhancement in the vicinity of the geogrid was
clearly observed and quantified. The stiffness enhancement effect diminished when
measured at about 102 mm (4 in.) away from the geogrid. Note that the testing
results presented in this study are collected during the CC9 aggregate base course
layer construction, i.e., before the stiffer asphalt concrete surface layer construction.
The BE field sensors installed in the test sections will be further used to monitor the
changes in the localized base course stiffness after the construction of the asphalt
concrete layer and after certain increments/passes of trafficking the test sections with
a moving wheel-gear loading.
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Abstract In this study, laboratory experimentswere carriedout on real sized samples
to investigate the reinforcement performance of geogrids in highway pavements
constructed on low bearing capacity subgrade (California Bearing Ratio, CBR =
3%). In all prepared samples, Hot Mix Asphalt (HMA ) layer was not applied. A
moving wheel load was applied with Accelerated Pavement Tester (APT) device on
representative pavement samples with and without geogrids. Two types of geogrids
were used to construct the pavement sample configurations. Resistance to plastic
(permanent) deformation was recorded as a performance indicator to compare struc-
tural performance trends of the pavement samples. For this objective, surface defor-
mations were measured after certain wheel load repetitions. Rut depths have been
calculated from surface profiles measured with a laser profiler and were plotted
versus number of load repetitions. As a result of this study, the use of geogrid over
soft subgrade with lowCBR values has been shown to extend the life of the pavement
by reducing the rut depth.
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1 Introduction

According to ASTM D4439, a geosynthetic is a planar product manufactured from
polymeric material used with soil, rock, earth, or other geotechnical engineering-
related material as an integral part of a human-made project, structure, or system.
There are many geosynthetic products in use, including geogrids, geotextiles,
geomembranes, geosynthetic clay liners, geofoam, geonets, geocells, geobags, and
geocomposites. The main geosynthetic types are permeable geotextiles and practi-
cally impermeable geomembranes. Types of geosynthetic materials include geogrid,
geonet, geocell, geostrip, geomat, and geospacer under the permeable products
called “geotextile-related products” [1]. Geomembranes can be polymeric (thermo-
plastic and elastomeric) and bituminous. Geosynthetic clay coatings containing clay
(bentonite) are also impermeable products. Types produced using more than one
geosynthetic are called geocomposites [2]. The International Geosynhetics Society
(IGS) does not give a classification, but it also describes some other types, such as
geomattress, geofoam, geoform, and geobar. Geosynthetics are successfully used
to fulfill many of functions that improve performance on roadways, foundations,
railway embankment, retaining walls and slopes [3–7]. The functions of geosyn-
thetics are separation, filtration, reinforcement, stiffening, drainage, barrier, and
protection, respectively [8]. In many applications, geosynthetics can perform one
or more secondary functions at the same time, in addition to the prominent function.
In almost all applications, for example, geosynthetics have the function of separation
[9].

Geosynthetics are used either for new road construction or for repairing existing
roads with separation, filtration, and/or reinforcement purposes. Cost-effective use
of geosynthetics in these applications requires accurate analysis, research, and an
experience-based approach.

In terms of applications of geosynthetics, roads can be treated in two categories as
paved and unpavedways [10]. It has been observed byYang et al. [7] that a significant
effect of the use of geosynthetics is in the provision of durability in unpaved roads
and in reducing permanent deformations.

In pavement design, choosing the right layer thicknesses and the most suitable
place to install the geogrid is important for reducing the rut depth that may occur in
the pavement [10, 11].

When geosynthetics (geogrid and geotextile) are used between subgrade and base
layers, it is possible to prevent the mixing of subgrade soil and granular base mate-
rials by providing the separation of the two layers. Furthermore, the geosynthetics
used between the base layer and subgrade layer increase the bearing capacity of
the subgrade and stiffen the base layer by strengthening the applied layers [12]. In
addition, when the geogrid is used for strengthening the subgrade layer, economic
benefits can be achieved by reducing the base and subbase layer thicknesses [13–15].
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2 Materials Used in Experiments

In this part of the work, the physical and mechanical properties of the materials used
to prepare the model test setups and the materials and methods used to determine
these properties are available.

2.1 Subgrade Soil

In this study, the physical and mechanical properties of the subgrade soil were deter-
mined by conducting the following tests in the laboratory: Sieve analysis, Atterberg
limits, standard Proctor compaction and CBR.

Table 1 lists the soil classification and Atterberg limits (liquid limit, plastic limit,
and soil classification).

As a result of experiments on subgrade soil, low plastic inorganic clay (CL) was
found as the soil classification.

A sample of 500 g taken from the subgrade soil was sieved with water in a 75 µm
mesh sieve, and the remaining material on the sieve was placed in an oven and dried.
After the sample was completely dry, its weight was found to be 218.98 g and the
sieving process was continued with specific sieves. The results of sieve analysis
(wet) for the subgrade soil are given in Table 2 and granulometry curve of subgrade
material is shown in Fig. 1.

As a result of the standard Proctor test, the maximum dry density value was
1.83 g/cm3 and the optimum water content value was found to be 15.3% (see Fig. 2).

The average value in the CBR test (ASTM D1883) on the samples prepared with
optimum water content is 6.1%. But, since the CBR value of the subgrade sample to
be used in the experiments is requested to be 3%, the water content of the subgrade
material was determined as 19%.

Table 1 Atterberg limits and
soil classification

Liquid limit 46% (TS 1900-1 AASHTO T-89)

Plastic limit 17% (TS 1900-1 AASHTO T-90)

Soil classification CL Unified soil classification

Table 2 Sieve analysis
results of subgrade soil
(ASTM D1140)

Sieve No Sieve opening (mm) Percent passing (%)

3/8′′ 9.53 100.00

No 4 4.760 99.48

No 10 2.000 99.18

No 40 0.425 94.93

No 200 0.075 56.35
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Fig. 2 Standard Proctor test chart for subgrade soil

2.2 Granular Base and Subbase Material

Thematerials to be used in the subbase and base layers are provided byKGM(Turkish
General Directorate of Highways). The properties of the materials supplied by KGM
are given in Tables 3, 4 and Fig. 3, respectively.

When the samples were being prepared, the results obtained from the modified
Proctor experiment given in Table 3 were used. The results of the methylene blue
test given in Table 3 show how much the clay is in the base and subbase materials.
It has been observed that the clay ratios determined by the tests conducted are in
accordance with the values determined in the KGM specifications. (Base MB ≤
3.0—Subbase MB ≤ 4.0).
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Table 3 Base and subbase course Proctor compaction test results

Base Subbase Standard

Maximum dry density (t/m3) Standard – – –

Modified 2.286 2.236 AASHTO T 180, TS 1900-1

Vibrating 2.331 2.277 TS 1900-1, BS 1377

Optimum moisture content (%) Standard – – –

Modified 5.1 5.0 AASHTO T 180, TS 1900-1

Vibrating 3.7 3.7 TS 1900-1, BS 1377

Methylene blue test (%) max 1.75 2.25 TS EN 933-9

Table 4 Sieve analysis
results of base and subbase
course material

Base Subbase

Sieve No Sieve opening
(mm)

Percent passing
(%)

Percent passing
(%)

3′′ 75 – –

2′′ 50 – 100

1 1/2′′ 37.50 100 97

1′′ 25.40 90.4 85

3/4′′ 19.05 78.2 75

3/8′′ 9.53 60.4 57

No 4 4.760 48.5 44

No 10 2.000 32.4 34

No 40 0.425 12.9 15

No 200 0.075 5.3 7
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2.3 Geogrid Properties

The geogrids to be used in the study were selected by taking into account the grain
sizes of the base layers to be placed on the location where they were placed, in order
to perform the docking, separation and strengthening functions. The geogrids used
were dual and multidirection geogrids with a 40 mm × 40 mm rib size. Type 1 and
Type 2 geogrids used in this study were, respectively, biaxial and triaxial geogrids.

Tensile tests were performed on geogrids to determine their mechanical proper-
ties. The results obtained are as follows: Tensile strength, tensile elongation, tensile
strength at 2% elongation and tensile strength at 5% elongation (see Tables 5 and 6,
see Figs. 4 and 5).

3 Preparation of Samples

There are two sets of materials used in the experiments in which base course, subbase
course, and subgrade materials were placed. (Model test setup dimensions is 140 cm
longitudinally, 100 cm transverse, and 74 cm height.) These model test setups consist
of interwoven walls of different heights. The fixed wall is 30 cm and the other
removable walls are 20 cm and 12 cm high. The model test setups are prepared this
way; it facilitates the placement of materials and offers the possibility to work at
different heights (see Fig. 6).

The subgrade, subbase, and base course materials prepared at values of the prede-
terminedmoisture contentswere compacted by placing them separately in the sample
model test setup. Water content of 19% (determined moisture content), 5.1% (Opt.
moisture content), and 5% (Opt. moisture content) was used in the subgrade, base
and subbase materials respectively. The weights of the materials to be used in the
experiments were found by using the determined density and the volume values.
The subgrade sample was placed in three layers and compacted. Base and subbase
materials were prepared and compacted in a single layer. After compaction, 95–99%
compaction densitywas achieved using both a plate compactor and a hand compactor.
In addition, the dynamic cone penetration (DCP) experiments had been performed at
four pilot points on the subgrade and the obtained graphs were compared to observe
whether the compactions of the samples were equal at each point. After each layer
was compressed, it was kept for one day and the next layer was placed.

Layer thicknesses used in the experiments were as follows: Subgrade 50 cm,
subbase 12 cm, and base 8 cm. The subgrade layer having a layer thickness of 50 cm
was compressed into three layers separately so that it could not be compressed into
a layer. The quantities of the materials to be used were calculated according to the
mass density volume of the optimum water content. Three samples were prepared in
this study. The first sample was prepared without geogrid, and on other samples, the
two geogrid types were used (see Fig. 7).
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Fig. 4 Type-1 geogrid strain (%)—stress (kN/m). a Longitudinal, b transverse

Fig. 5 Type-2 geogrid strain (%)—stress (kN/m). a Longitudinal, b transverse

Fig. 6 Model test setup used in experiments

With accelerated pavement testing (APT ) shown in Fig. 6, desired wheel loads
can be applied dynamically on the samples prepared using special model test setups.
The amount of load to be applied, the lines on which the wheel is to be operated
and the counts can be controlled from the control panel. The wheel positions can be
controlled by the linear ruler on the device and the movement system of the device
is hydraulic. The wheel load value applied in the tests was determined as 900 kg
and the same load value was applied to all samples. Accelerated pavement testing
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Sample 1 (Without Geogrids) Sample 2 and 3 (Type-1,Type-2 Geogrids)

Fig. 7 Layers and their thicknesses used in the experiments

conditions: Temperature of test environment was 18–22 °C, velocity of wheel was
2.5 km/h, tire pressure was 524 kPa, tire diameter was 540 mm, and tire width was
170 mm.

4 Results

After each predetermined number of wheel repetitions, the rut depths were measured
with the laser surface profiler tester and the data collected were transferred to a
database on the computer. By using the generated database, the rut depth profiles
formed on the surface were determined and various graphics were created.

4.1 Surface Profile Measurement Results

After the samples were prepared, the depths of the wheels were measured with
the laser surface profiler before the test with the APT and after certain wheel pass
numbers (50, 80, 120).

As a result of these tests, the surface profile measurements were recorded and the
rut depths on the surface of the base layer were determined. It was observed that the
rut depths formed in the samples subjected to tests, using geogrid, were less than
those without geogrids. After the first 50 repetition, the formation of the rut depth
has decreased thanks to aggregate interlocking (see Fig. 8). In the samples tested
with using geogrid, it was seen that the formation of rut depths was almost the same
amount after the first 50 cycles (see Table 7). The reason why the rut depth in the first
50 cycles of the sample using the Type-1 geogrid is lower than other sample with
geogrid the tensile strength of the Type-1 geogrid is higher than the other geogrid.

As a result of the experiments, the changes in the rut depth values that occurred in
the samples after a certain number of cycles have been compared among themselves
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Fig. 8 Measured maximum rut depths formed on the surface of the base layers (cm)

Table 7 Change of surface
profile measurement values
between 50 and 120 cycles
(cm)

Cycle ranges 0–50 50–80 80–120

Sample 1, without geogrid 15.5 5.92 2.45

Sample 2, Type-1 geogrid 5.7 0.9 1

Sample 3, Type-2 geogrid 10.9 0.7 0.9

and the differences are shown in Table 7. As shown in table, it has been observed that
the rut depths occurring after 50 repetitions are more stable especially in samples
with geogrid.

5 Conclusions

The effects of the use of geogrids to reduce the rut depth of pavements with low
bearing capacity have been investigated in this study in which APT tests of samples
with and without geogrids were carried out in the laboratory environment for this
purpose. The main results are:

• The rut depths that are formed after repetitive wheel loads applied on the samples
prepared using geogrid on the subgrade with low CBR value are lower than the
samples prepared without using a geogrid. In addition, after a certain wheel repe-
tition numbers, the rut depths increased more steadily and were lower than the
samples without a geogrid. Alongwith the use of geogrids, in the remaining layers
above the point where geogrid is placed, the elasticity increases and the formation
process of the plastic deformations that can be formed by the applied loads can
be delayed.
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• As a result of certain wheel pass numbers applied to the samples prepared using
geogrids with the same rib openings but different physical andmechanical proper-
ties, it was observed that the rut depth formed in the sample prepared using Type-1
was less than that of the sample prepared using Type-2. Among the samples tested
with using geogrid, it was seen that the formation of rut depths and the rutting
rates were similar after the first 50 wheel repetitions. On the other hand, the reason
for the variation in the amount of rut depths occurring in the first 50 repetitions is
due to the different tensile strengths of the two geogrid types used in the tests.
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Measuring the Performance of Railway
Track Through Large-Scale Trackside
Sensor Deployments

David Milne , Louis Le Pen , Geoff Watson , and William Powrie

Abstract Railway track performance is inherently variable along its length, even
on straight plain line track. Current condition monitoring relies on snapshot train
borne measurements of track geometry, which may be used to plan route level main-
tenance. Although this provides a global record of current track quality, it is difficult
to infer the local condition of the trackbed and local mechanisms of deterioration
that may be occurring. A more important indicator of local trackbed condition may
be the trackbed support stiffness as seen by a train. The trackbed support stiff-
ness influences the performance of the track and its variation could potentially be
used to predict changes in longer term performance with trafficking by means of
vehicle/track interaction models and settlement equations. Trackside measurements
may be obtained using track mounted sensors such as accelerometers, geophones,
deflectometers, high-speed video cameras or strain gauges. These may be interpreted
to determine the trackbed support stiffness. However, many measurement locations
are required to determine the variation in trackbed stiffness along a useful length of
track. This requires a significant increase in the scale of typical trackside monitoring
deployments, potentially generating large volumes of data and requiring a degree of
automation for data processing. The availability of small, inexpensive, standalone
micro-electromechanical systems (MEMS) accelerometersmeans that it is now prac-
ticable to instrument hundreds of sleeper-ends in a single deployment, covering far
greater lengths of track than would be viable with more established and expensive
trackside monitoring approaches. This paper shows how MEMS have been used to
investigate the performance of longer sections of track. Data processing techniques
are described, and insights into the actual variation of track system performance are
discussed.

Keywords Rail track substructures · Including transition zones · Transportation
geodynamics · Accelerometers · Ties · Sleepers · Trackbed stiffness · Support
modulus
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1 Introduction

Route level maintenance of railway tracks is generally based on train borne measure-
ments of track geometry [1]. Geometry parameters such as level or alignment are
relativemeasures in that they describe the deviation from the average over a particular
wavelength, rather than the absolute position of the track. Infrastructure managers
use these data to plan trackbed maintenance, targeting both significant deviations in
local geometry and high variability over fixed lengths of track. The implication of this
is that differential settlement of the track will be a driver for trackbed maintenance. If
differential behavior is important, variations in the track performance, loading (from
vehicle track interaction) and track properties (stiffness) along the length of the track
need to be understood. Taking an evidenced based, data rich approach to studying
this will require large-scale monitoring with resolution at a local scale.

One approach for investigating the performance of railway track is lineside moni-
toring, in which different sensors placed at intervals along the track superstructure
and used to record the response of the track under traffic, e.g., [2–6]. Typical lineside
deployments tend to be small and highly localized owing to the costs of the instru-
mentation and analysis requirements. To investigate variability over longer lengths
of track, the instrumentation, data acquisition and data processing/interpretation
requirements will increase significantly. One implication of this is that lower cost
instrumentation is needed to enable larger scale deployments; another is that data
processing and basic interpretation will need to be automated to study the variability
of the track from the trackside measurements. The same would likely be required for
any long-term, pervasive monitoring of critical parts of the infrastructure.

This paper explores how large numbers of comparatively low-cost MEMS
accelerometers can be deployed and the data obtained processed to provide insights
into the variability of railway track performance. Criteria for the selection of
accelerometers are discussed, processing techniques described and their application
demonstrated.

2 Methods

2.1 Sensors

One of themost common linesidemonitoring approaches is the use of inertial sensors
to record track vibration. Displacement can be obtained by filtering then integrating
once for velocity or twice for acceleration measurements [7]. Application of a high
pass filter, necessary to avoid low frequency drift when integrating, results in startup
transients and a shift in the apparent datum for the deflection data; a statisticalmethod
for correcting for this and assessing the range of deflection is described later.

Micro-electro mechanical systems (MEMS) accelerometers, often used in
consumer electronics, are far less expensive than more conventional research-quality
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devices (costing tens rather than hundreds of dollars), potentially enabling much
larger deployments.

Deflection of railway track is a low frequency phenomenon [8]. This has implica-
tions for the selection of monitoring accelerometers, as the accelerations significant
for deflection are likely to be of low amplitude and low frequency. Several facets
of performance for both the transducer and the data acquisition system need to be
considered, depending on where within the track system a sensor is to be deployed.
For example, a sensor on the rail will experience higher amplitude, higher frequency
vibration than a sensor on a sleeper or in the trackbed.

• Accuracy is limited by noise, as this affects the minimum acceleration that will
be detectable at a given frequency, how accurately a change in acceleration can
be resolved and whether acceleration data are likely to integrate to produce mean-
ingful deflections. This is important in the current application because amplifi-
cation of transducer noise is inversely proportional to the square of frequency of
interest.

• Range and resolution—the range defines amplitude of acceleration over which
a sensor can operate without saturating. The voltage range and/or bit depth over
which this is discretized defines the precision of the monitoring system.

• Sample rate is controlled by which frequencies are of interest and the sensor
bandwidth, i.e., the frequency range that a sensor can detect. The sensor should
be able to detect all frequencies of interest and the data acquisition system must
be capable of sample rates of twice the sensor bandwidth to satisfy the sampling
theorem [9]. The bandwidth can be restricted by hard filtering the transducer
outputs before analogue to digital conversion. Oversampling or similar signal
conditioning can improve the effective bit depth or reduce noise.

Fairly inexpensive MEMS sensors have been shown capable of obtaining sleeper
deflection from acceleration data, particularly at higher train speeds, producing reli-
able data for several months on end [10]. At higher train speeds, the frequencies
and amplitudes of the acceleration signals are increased, improving the potential
to detect them above sensor/system noise. MEMS sensors are available in vari-
ants that output both analogue and digital signals. Analogue sensor outputs require
external analogue digital conversion (ADC) for data logging, whereas digital vari-
ants include this within the sensor’s integrated circuit (IC). Digital sensors require
a microcontroller to access, transfer and store the data; these can be combined at
board level, giving low-cost standalone monitoring devices suited for monitoring
infrastructure. An analogue sensor with an external ADC could, of course, be used
with a microcontroller in a similar fashion.

The small size and IC form factor of MEMS sensors means that they can
be assembled into a robust package. With appropriate power, communications
systems/services and ruggedization these types of devices could form the basis of
networked large-scale pervasive monitoring. This paper makes uses of a similar, but
somewhat less sophisticated, standalone device, to demonstrate some potential appli-
cations of larger scale monitoring. The device used comprised an Analog Devices
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Fig. 1 MEMS accelerometer IC and standalone measurement devices (in two packaged equivalent
variants)

ADLX 345 triaxial MEMS accelerometer, microcontroller, real-time clock, micro-
SD card and lithium battery. This is a self-powered device, capable of sampling at
400 Hz (with 8× over sampling and finite impulse response (FIR) filtering) for later
download to a computer via a USB. These devices were manufactured by Gulf Coast
Data Concepts and cost around $100. The accelerometer chip and measurement
devices are shown in Fig. 1.

Each device is independent and standalone; this means that in a deployment of
multiple devices, measurements are simultaneous but not synchronous. Data are
recorded continuously, as although the devices can be configured to start recording
when a train is detected they do not buffer; thus, they cannot record the approach of
the train, which is useful data for analysis.

2.2 Data Processing

In all the studies presented in this paper, the devices were placed on the track during
a possession when no trains were able to pass. Devices were configured to start
recording with the return of traffic, continuing until their batteries had depleted—
usually between 4 and 8 h. Sensors were then recovered during another possession.
In some deployments, the recovered sensors were recharged and transferred to a
new location. Data were then downloaded to a computer via a USB. These devices
functioned reliably for these short but repeated deployments.

This approach generates large volumes of data, from which the valuable train
pass-by data need to be extracted. The pass-by events can be extracted by retrospec-
tively applying a threshold acceleration at a suitable level to identify when trains
were present on the track. If the sensor clocks are approximately synchronized, the
timestamp can be used to group, but not align, the same pass-by event recorded by
different devices.

Analysis often requires the type of train to be identified, enabling like with like
comparison and association of the train set geometry and typical axle/wheel loads.
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This is challenging as the monitoring systems tend to be unattended. It may be
done by inspection, using prior knowledge of which train types operate on the line.
For pervasive monitoring, route data of train passing times could be linked into the
analysis system. An approach yet to be explored is usingmachine learning to identify
trains from the sensor records.

Deflection

A common objective of lineside monitoring is to assess the movement of railway
track under load from trains. Once individual pass-by events have been identified
and extracted, the data must be processed to obtain deflections. For acceleration
data, this is done by filtering and integrating twice. Generally, a high pass filter is
used to prevent low frequency drift during integration, and a low pass filter used
to remove higher frequency noise and vibration not relevant to the major trackbed
motions. The filter cut on/off frequencies must be selected so that the frequencies
relevant for deflection are in the passband.

Figure 2 shows acceleration data filtered and integrated to obtain deflection. The
filtering affects the deflection trace obtained. There are transients at the start and end
of the train passage and the data are averaged about zero, causing the apparent at rest
position of the track to be shifted from zero.

Fig. 2 Example acceleration signal integrated to obtain deflection
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If the data are of good quality and have been processed appropriately, there will be
a “stationary” region containing a repeating pattern due to the passing train, visible
for the four pairs of internal vehicle ends. Milne et al. [11] present a statistical
method using the cumulative distribution function for track deflection to calculate
the proportion of the time that the track is expected to be above or below the rest
position of the track. This can then be used to identify the at rest level of track and
hence quantify the characteristic range of deflection, implicitly averaging over most
of the train.

Figure 3 shows the acceleration and deflection spectra for the data in Fig. 2. The
deflection spectrum shows that track deflection is a low frequency phenomenon, with
the exact frequencies of interest dependent on the speed of the train. For passenger
trains, repeating vehicles cause spectral peaks at multiples of the vehicle passing
frequency (i.e., the length of the typical vehicle divided by the speed). The vehicle
passing frequency can be considered to be the first frequency of interest for track
deflection; the cut-off frequency for the high pass filter should be between 1/2 and
1/3 of this frequency. Powrie et al. [12] showed that including about 10 multiples of
the vehicle passing frequency gives over 95% of the expected track deflection. The
implication of this is that the cut-off on frequency for the low pass filter should be at
least 10 multiples of the vehicle passing frequency to avoid filtering out information
relevant for trackbed deflection.

Fig. 3 Example acceleration and deflection spectra to 50 Hz
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Stiffness

Another important performance indicator for different track systems is the stiffness,
i.e., the amount it deflects for a given load. This may be defined in different ways,
for example, as a spring stiffness per sleeper end or as a linear modulus per meter of
track. Determining a support stiffness or modulus requires knowledge of the applied
load, the track deflection and a mathematical framework to account for the bending
stiffness of the rails [13–15]. On a live railway, the applied load is both uncertain and
challenging to measure. Le Pen et al. [16] proposed a method for determining the
support system modulus by analysis in the frequency domain, without knowledge
or measurement of the load. The dominant train load frequencies occur at multiples
of the vehicle passing frequency [17], as may be seen in Fig. 3. The magnitudes of
these frequencies depend on the train geometry and the track stiffness. Le Pen et al.
[16] used the Fourier transform of the simple beam on an elastic foundation model
for track deflection to develop a closed form solution relating the ratio of magnitudes
of pairs of these dominant frequencies to the track system support modulus. Certain
pairs of frequencies are better suited for this analysis than others [18].

Along the Track

The techniques described above enable characterization of individual train passage
in terms of deflection and stiffness at discrete locations. Once categorized by train
type, these data need to be interpreted into a profile showing how deflection and
stiffness vary along the track. This is an interesting problem, with some similarities
to time series (or trend) analysis.

In a deployment of a sensor array, multiple observations for the same train type
should be made at each location, and ideally some average of these observations
should be used to assess how the deflection and stiffness vary along the track. Vari-
able train occupancy, speed and wheel condition will cause the results obtained for
deflection and stiffness to vary from train to train at each location and there may be
outliers. Owing to limitations on the time available, it may not be possible to make
enough measurements to obtain a robust average and understand the distribution of
deflection at a measurement point.

Hence, the “best” (current) interpretation process for deflection and stiffness
profiles is by a combination of curve fitting and inspection. In this process, every
observation (for deflection or stiffness) for each sleeper is plotted along the track. A
cubic “not-a-knot” spline is fitted to the data; this type of function suits rail deflection
as it is continuous to its third derivative. Outliers are excluded by inspection, so that
the curve is fitted to clusters of similar data at each measurement point. If enough
observations are made, this stage is redundant. If data are missing or of low quality
at some locations, curve fitting provides a way of estimating the likely performance,
given the behavior of the surrounding track. A combination of clustering and curve
fitting algorithms could be used to automate this process.
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3 Studies

The techniques described above have recently been used to study the distribution of
deflection and stiffness along different lengths of railway track in Europe [19, 20].
Two examples are presented here. These are a 200 m length of a ballasted high-speed
railway track (site 1), with the aim of studying variation in performance, and a shorter
length of track (site 2) where the techniques were used to measure the performance
before and after a full trackbed renewal.

3.1 Site 1

Figure 4 shows downward deflection and support systemmodulus data obtained over
350 sleepers on a ballasted high-speed railway. The results are based on acceleration
measurements for the same type of six-vehicle passenger trains, which generally
passed the site at a speed of 60 m/s. Results were obtained in three consecutive
deployments in which the sensors were moved along the track during a night time
possession. The results shown were averaged from data for between 6 and 12 train
passes at each monitoring point.

The data in Fig. 4 provide insights into the real variation of deflection and stiffness
along the track. Both measures vary from sleeper to sleeper, and areas of good and
poor performance are clear. For example, the track deflections are more significant
and variable between sleepers 0 and 200, with discrete zones of increased deflec-
tion around sleeper numbers 50, 90–100, 120–130 and 180, likely due to voiding
between the sleeper and trackbed. The support system modulus is also more variable
in this section. Both are indicative of poor performance. In contrast, from sleeper

Fig. 4 Variation of deflection and support system modulus along 200 m of railway track [20]
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200 onwards, the deflections are smaller and more consistent, with a deflection floor
of around 0.4 mm indicative of good performance. The support system modulus is
also less variable for these sleepers. Discussion with local track engineers revealed
that sleeper 200 marks approximately the end location of a tamping run, and that
the section of the site up to this location had been tamped more frequently than the
latter part. This has interesting implications, and further work could usefully look at
whether the increased tamping frequency was causal or symptomatic.

In addition to allowing intuitive visualization of performance along a track, these
data have been used by [19] to study, quantify and better understand the distribu-
tion of stiffness and deflection along a railway, providing a framework for both
assessing and comparing variation in track conditions and potentially synthesizing
realistic variations in track properties for simulation and forecasting. Milne et al.
[20] used the data in combination with a track level survey and a simple vehicle
track interaction model to assess the significance of track level, track stiffness and
geometric nonlinearity from voiding for measured and simulated track performance.
For this site, the permanent differences in track level were more significant for wheel
rail contact forces than differences in support conditions. The support conditions,
including nonlinearity, were more important than initial level for determining track
deflection.

3.2 Site 2

Figure 5 shows track deflection data recently obtained using a deployment of about
40 accelerometers over a section of track running along an embankment, before and
after a track renewal. Sleepers were replaced during the renewal; hence, the sleeper
numbers do not exactly correspond, and the data are not precisely aligned, although
the two surveys are for the same section of track.

The data in Fig. 5 allow intuitive comparison of the condition of the track. Before
the intervention, the performance was poor: deflections were large and variable (2–
4 mm), and there was a distinct fault with probable voiding. After the renewal,
performance improved. All deflections were reduced to below 1.5 mm. Sleepers
19–29 appear to be performing very well, achieving consistent performance with a
deflection floor of around 0.6mm.Thiswas a significant improvement comparedwith
the performance prior to renewal. It is attributable to an improvement in the trackbed
and sleeper support conditions, as the underlying embankment did not feature in the
remedial works.
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Fig. 5 Variation of deflection and system support modulus before and after a renewal

4 Summary

Evidence based large-scale and long-term studies of railway track infrastructure
performancewill requiremonitoring at an increased scale. Doing this from the infras-
tructure itself will necessitate the use of much lower cost monitoring equipment, and
automation of data processing and interpretation. Low-cost MEMS accelerometers,
read by microcontrollers, are suitably low noise and have the appropriate range,
resolution and bandwidth to evaluate track deflection and stiffness from data of
vibrations induced by passing trains. Using data from this type of device, this paper
has demonstrated how existing (and automatable) techniques can be used to classify
and interpret track vibration signals from larger scale deployments to study variations
in track performance along a railway. Interpretation of the results from this type of
analysis is intuitive; the performance and condition of the track are clear, and the
effects of interventions can be evaluated directly.
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Proposition for in Situ Evaluation
of Geotechnical and Structural Aspects
of a Heavy Haul Track

Robson Costa, José João Pires, Edson Moura, Rosângela Motta,
Guilherme Castro, Liedi Bernucci, and Luciano Oliveira

Abstract Over time railroad tracks have their structural quality varying in function
of traffic accumulation and maintenance. These changes can provoke different track
responses in terms of unexpected stresses and deformations that, in turn, can bring on
some loss of geometric quality and cause impact to the trafficability. Track condition
monitoring can indicate the variation of geotechnical and structural characteristics
in terms of traffic accumulation, maintenance, drainage, etc. The knowledge about
these variations can provide information about the major factors that affect track
behaviour and so support the maintenance planning of a railroad management oper-
ator. The aim of this paper is to propose a procedure for in situ evaluation by moni-
toring geotechnical and structural responses of typical sections of a heavy haul track
(314 kN/axle) in the north region of Brazil. The implemented instrumentation was
conceived using strain gauges for deformation measurements, vertical pressure cells
for stresses monitoring and linear variable displacement transducer (LVDT) coupled
to displacement measurement device (DMD) and tactile sensors. In addition, suction
sensors were installed for measuring negative pore-pressure in the subgrade. From
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the deformations in the web rail and considering an analytical model, it was possible
to determine the wheel dynamic loads. It was observed the load factor values varying
according to train speed and track quality, as well as the influence of the dynamic
load in the stresses over the profile. Concerning the subgrade, the suction pressure
presented slight variation (condition near saturation) during the period of analysis,
so it could influence the track structural responses to the loads.

Keywords Railroads · In situ instrumentation · Heavy haul track · Geotechnical
and structural responses

1 Introduction

The structural condition of the permanent way is related to the stresses and defor-
mations acting on the track components (rails, sleepers, ballast, etc.). Normally, the
methodology in structural analysis is based on the comparison of acting stresses with
respective allowable materials, which should be superior to the allowable ones [1]. In
heavy haul railroads, the pressure among competitors for larger world market shares
requires company strategies to achieve better results [2]. In order to target these
results, companies can speed up vehicles, carry larger volumes of cargo or even both
combined. However, these factors contribute significantly to the increase of stresses
acting on all components of the track over time, considering traffic accumulation and
maintenance actions, especially on heavy haul tracks [3].

Along the traffic accumulation, geotechnical elements of the track, including the
subgrade that crosses different soil horizons, influenced by weathering actions, thus
being susceptible to resistance changes [4].

The function of the track components is to reduce the stresses transmitted by the
dynamic passage of vehicles from thewheel-rail contact to the foundation.Magnitude
of values generated at the interfaces is presented by Esveld [5] and Lichtberger [6].
Also, according toSelig andWaters [7], the loading imposedwith the passageof trains
added to the temperature changes generate stressing efforts on the track structure.
These efforts can be classified according to the direction of operation (longitudinal,
transverse and vertical).

Regarding the railroad track quality, it is known that through the track deflection
measurements, it is possible to calculate the track modulus (u) and so obtain the
elasticity and stiffness conditions of the substructure [8]. However, this condition
may be influenced by the presence of voids between the base of the sleeper and the top
of the ballast [9]. Related to geotechnical materials, studies conducted by Tutumluer
[10] at the facility accelerated service testing (FAST) for high axle load in Pueblo
(Colorado) indicated, in terms of vertical displacements in the evaluated section, that
there is a greater contribution of the ballast layer compared to the subgrade (10%
of the total displacement). On the other hand, evaluations performed by Selig and
Waters [7] showed that the subgrade is one of the most important components of
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the substructure, providing resilient support to the loading of the vehicles’ wheels,
besides contributing substantially to the elastic deflection of the rails.

The importance of the subgrade is due, amongothers, to the fact that in the different
seasons of the year, the actions of weathering altering its bearing capacity. In this
regard, Fredlund and Rahardjo [11] describe that variations in climatic conditions
significantly influence theproximity of the soil surface. In arid and semi-arid climates,
which have higher evaporation rates than precipitation, in addition to low water
levels, cracks in the soil may occur. This phenomenon is caused when the pore
suction stresses in all directions exceeds the confinement stresses to which the soil is
subjected. In relation to the soil of the railroad subgrade, it is located in the unsaturated
zone (above the water table), as well as most engineering structures designed with
compacted soils, being very sensitive to local climatic conditions.

The objective of this study was to propose a procedure for in situ evaluation of
structural and geotechnical aspects by adopting sensors between the track compo-
nents measured over the dynamic passage of vehicles on a heavy haul track. This
study contributes to the assessment of the increase in load per axle of the wagons
through a better understanding of the efforts generated in the components of the
permanent track dynamically and the subgrade conditions facing climate actions
throughout the year.

2 In Situ Tests Using Devices and Sensors

Obtaining in situ parameters of a railroad track in operation is extremely relevant
in the analysis of mechanical behaviour between the different superstructure and
substructure components. According to Manda [15], the instrumentation in the rail-
road track using known loads allows the quantification of deformations, stresses and
displacements. In addition, in order to better understanding the railroad behaviour,
such studies are of great importance for improvements in the design of the individual
elements (rail, sleepers, ballast, subballast), aiming to increase vehicle traffic safety
and transported load capacity.

Concerning the materials that compose the subballast and subgrade, the water
dynamics change the state of densification and stresses between the particles, causing
changes in bearing capacity. The bearing capacity can be verified, for example,
through light weight deflectometer, LWD [12, 13] and dynamic cone penetrometer,
DCP [9, 14].

Data provided by such equipment concerning geotechnical materials is essen-
tial in the structural evaluation of the railroad track since the forces acting in the
vertical direction are the ones that most impact the railroad structure, especially
under dynamic loading [7]. They cause high stress levels and, if they are above the
resistance of the track components, there is an acceleration of the deterioration of
these track elements, which can even lead to rupture (concrete rails and sleepers),
degradation (ballast) and permanent deformation (subballast and subgrade).
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(a)

(b)    

Fig. 1 (a) Sketch of the SG arranged on the rail web faces [16] and (b) fixed to the rail web [17]

Regarding the vertical load transmissionwith the dynamic passage of the vehicles,
deformations measured from strain gauges (SG) fixed to the rail web [16–18] can be
obtained, so the assembled circuit forms a Wheatstone bridge.

Figure 1 (a) and (b) shows, respectively, a sketch of the SG arranged on the faces
of the rail web and oriented 45° with respect to their neutral axis [16] and (b) fixed
in the rail web of the railroad [17], where the vertical load (P) is calculated by an
analytical model [16], considering the (i) strain measurements in the SG, (ii) the
difference between the shear forces (V 1 and V 2), and (iii) rail parameters: modulus
of elasticity (E), moment of inertia (I), Poisson’s ratio (ν), rail thickness at neutral
axis (t) and static moment of cross-sectional area (Q).

Regarding the efforts transmitted from rail to sleeper, it has been measured [18,
19] through thematrix-based tactile surface sensors (MBTSS) system. It consists of a
triad composed of a thin-film pressure sensor and a sensor-attached data acquisition
handle and connected via a USB cable to a computer that contains a dedicated
software (I-Scan, Tekscan).

Concerning the tensions transmitted by the sleeper to the geotechnical materials,
pressure cells have been employed to evaluate vertical and transverse stresses at
different depths. Indraratna et al. [20] conducted in situ tests on a 60 m track section
containing a ballast thickness of 300 mm and a subballast of 150 mm, divided into
four railroad sections of 15 m (composed of recycled ballast; recycled ballast and
geocomposite; new ballast and geocomposite and new ballast) in the city of Bulli
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(Australia). The results showed vertical and horizontal tensions in the sleeper/ballast
interfaces, respectively, close to 300 and 50 kPa (passing trains with 25 tons per axle).
Considering the same directions at a depth of 300 mm, they were, respectively, close
to 90 and 25 kPa.

In terms of assessing the contribution of the components underlying the rail,
one parameter used on several railroads around the world as an indicator of elastic
response [8] and rail quality is the track modulus (u). It requires the measurement of
field displacements for an analysis of a particular railroad. In these, studies conducted
in situ [4, 7, 20–30] employed different devices (Multidepth deflectometers—MDD;
remoting video monitoring—RVM; laser dynamic deflectometer—LDD; and device
for measurements of displacements—DMD) and sensors (linear variable displace-
ment transducers—LVDTs; geophones and laser). It is noteworthy that some studies
included the evaluation of displacements within the layers at different depths.

In the case of the subgrade, due to the fact that it serves as an elastic support to
the acting stresses of the overlying components, it is of fundamental importance to
the railroad track [31], so the soil must present geotechnical properties compatible
with weathering actions (deformability, resistance and permeability).

Lu and Likos [32] explain that the variation of soil moisture and suction as a
function of climate is a unique feature of unsaturated soils. According to Fredlund
and Rahardjo [11] and Marinho [33], several methods have been proposed in order
to determine the constitutive relationship between suction and soil moisture. Such
methods can be classified as direct and indirect, which vary depending on the type of
suction measured the measurement interval and the equilibrium time with the soil. In
this case, the granular matrix sensor can be used for in situ evaluations (GMS 200SS)
[34], which operates similarly to the porous gypsum block, based on the principle of
electrical conductivity [11, 35]. This model was used by Castro [36] to evaluate the
influence of geotechnical and climatic conditions on the hydro-mechanical behaviour
of a railroad subgrade. After developing a numerical model of unsaturated infiltration
and field monitoring, the author found that during the dry season, the suction values
increase and, consequently, the subgrade soil present better behaviour.

Cui [37] monitored the variation of suction and water content throughout the
seasons through suction sensors (tensiometers) installed on the interlayer (geotech-
nical layer formed by the mixture between ballast and subgrade soil) of a high-speed
rail track. The devices were installed at a depth of 20, 30 and 50 cm, protected both
under the track and at its ends. The results showed that the ballast, besides facilitating
the presence of water in the subgrade, also hinders its evaporation, maintaining low
suction values compared to the outside of the railroad.

3 Methodology

The methodology employed in this study aimed to propose an in situ procedure in
order tomeasure structural and geotechnical aspects of the railroad track components.
It was based on the use of sensors in two railroad track sections (rigid and elastic
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foundation) of the Carajás Railway (EFC), which is 892 km long and located in
the north of Brazil. Tests sections are, located at km 538 + 250 m (Açailândia—
Maranhão State) and km 656 + 516 m (São Pedro da Água Branca—Maranhão
State). Some characteristics of the EFC railroad are: 1600 mm gauge; TR-68 (RE
136) rail; Pandrol fastenings; concrete sleepers, 610 mm spacing between sleepers;
crushed rock ballast of 300 mm thickness and subballast (executed in the 200 mm
thickness design phase). Iron ore is the main product in the operations of the EFC
railroad, and usually, each train has 330 wagons carrying 314 kN per axle (heavy
haul).

In the track sections of this study, the following activities were performed: (i)
in situ tests using light weight deflectometer (LWD) and dynamic cone penetrometer
(DCP); (ii) strain measurements with strain gauges (SG) attached to the rail web;
(iii) installation of matrix-based tactile surface sensors (MBTSS) between rail/pad
and sleeper; (iv) installation of cells for measuring vertical stresses between sleeper-
ballast (VSB) and ballast-subballast (VBSB); and transversal stresses underlying the
sleeper-ballast (TSB) and sleeper edge (TSE); (v) installation of sensors to measure
the suction stress; and (vi) measurements of displacements with DMD. It is note-
worthy that in the study sections, geotechnical materials were sampled for laboratory
characterization in addition to fresh (new) ballast stored in nearby areas.

The in situ characterization of the geotechnical layers of the track was performed
using LWD and DCP, respectively, according to ASTM E2583 [38] and ASTM
D6951/6951 M [39]. For this, it was performed near the rail/sleeper using the equip-
ment’s shown in Fig. 2 (a) LWD and (b) DCP. Regarding the laboratory characteriza-
tion of the geotechnical materials, AREMA recommendations [40] were considered.
Resilient modulus test was performed with the soil from the subgrade in accordance
with AASHTO [47] and IPR [48].

(a) (b)

Fig. 2 Characterization aspects at km 538 + 250 m with (a) LWD and (b) DCP
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(a) (b) (c)

Fig. 3 Aspects of (a) preparation of the web rail; (b) gluing SG; (c) SG fixed between sleepers

3.1 Strain Gauges Installation

Rosette strain gauges (XY41—350 �, supplied by HBM) were employed and fixed
to the rail web following the authors’ recommendations [16–18] in order to measure
the deformations and, from them, to calculate the dynamic load (P). So, initially it
was necessary to sand the rail web, so that the surface was smooth and regular. Then,
a template was used for marking the neutral line and fixing the SG. After cleaning
the surface with solvent, the SG was fixed with appropriate glue to the rail web
[Fig. 3 (a), (b) and (c)]. Regarding the acquisition of signal data, the HBM quantum
system was adopted, which allows the use of frequencies above 2000 Hz.

3.2 MBTSS Installation

The stresses at the rail/pad-sleeper interfaceweremeasured using theMBTSS (model
5101), which is based on the ink resistivity change as the load is applied, sensitizing
the sensels and generating what is called frame. The representation in 2D or 3D of
all matrix sensels at a given moment is in Fig. 4. It is noteworthy that the sensor must
be calibrated in the laboratory previously for an in situ use.

(a) (b)

Fig. 4 (a) 2D and (b) 3D representation of the same frame of a MBTSS



750 R. Costa et al.

(a) (b)

Fig. 5 (a) Aspects of the raised rail and (b) MBTSS positioned between the rail and top of the
sleeper

When installing the sensor on the railroad track sections, it was necessary to
remove the fixation of the sleeper and lift the rail a few millimetres with a hydraulic
jack, in order to obtain adequate depth and thus the exact position of the MBTSS on
the rail/pad-sleeper interface (Fig. 5). Then it was attached to the handle via an USB
cable to a computer, thus logging the data through Tekscan’s I-Scan software.

3.3 Pressure Cells Installation

The pressure cells used to measure the stresses at the different interfaces (VSB,
VBSB, TSB and TSE) were model 3515 (capacities of 100, 250, 600 and 1000 kPa),
supplied by Geokon. As previously mentioned, here also it is noteworthy that for
in situ use, calibration must be previously performed in the laboratory. Figure 6
shows aspects of pressure cells installed in situ.

3.4 Displacements Measurement

With respect to vertical displacements within the layers, settlement pegs were posi-
tioned at the ballast-subballast and sleeper-ballast interfaces, shown, respectively, in
Fig. 7 (a) and (b). Regarding to the displacements measured in the web rail, it was
recorded through the displacement measuring device (DMD) developed by Costa
[30]. It is a metal “arm” which contains at its extremity, linear variable displacement
transducers (LVDTs) type sensors that are positioned in the rail base and at a little
base connected to the settlement pegs located at different interfaces. The LVDTs, in
turn, are connected to an acquisition system (HBM—PMX), which allows adopting
frequencies above 2000 Hz of data, recording the displacements with the dynamic
passage of vehicles. Figure 8 shows aspects related to DMDs positioned at points A
(settlement pegs) and B (reference).
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Fig. 6 Pressure cell aspects placed at different interfaces (VSB, VBSB, TSB and TSE)

(a)  (b)

Fig. 7 Settlement pegs positioned at interfaces (a) ballast-subballast and (b) sleeper-ballast

3.5 Suction Sensor Installation

The measurement of the soil matrix potential (suction stresses) of the railroad track
subgrade was performed through installation of 5Watermark granular matrix sensors
(GMS-type) at different depths, under a subballast of approximately 200 mm on
average. GMS sensors are connected to a data logger for continuous monitoring of
data over time with 2 h interval between each measurement. Figure 9 shows the
location of each sensor in depth across the subgrade.
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Fig. 8 General aspects of the DMDs positioned in the railroad and LVDTs details

Fig. 9 Location of sensors on subgrade

4 Results and Discussion

4.1 In Situ Characterization

The resistance value measured at km 538+ 250m on the surface of the layer through
the LWD was 104 MPa, indicative of high stiffness material. It is noteworthy that
this parameter could not be obtained in km 656 + 516 m, due to the presence of
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Fig. 10 In situ CBR results through DCP tests in the evaluated segments of EFC

surface water in the layer. The DCP and CBR values were calculated according to
the ASTM standard equation results for the two segments evaluated in this study
and the results are shown in Fig. 10. In general, it is observed that both segments
present significant differences in terms of resistance of the materials underlying the
ballast that increase with depth. The results showed good and low bearing capacity,
respectively, at 538+ 250 m (CBR value above project minimum, 20%) and km 656
+ 516 m (CBR value below project value).

Additionally, grain size distributions [41] of the ballast material are shown in
Fig. 11 and compared to the limits of the AREMA No. 24 grading [40]. Both track
ballasts have been found to have slightly departed from the specification limits, while
the fresh (new) ballast is slightly below the lower limit and is prone to uniformity.

Regarding the results of characterization of the material underlying the ballast, it
was performed only for km 656 + 516 m, due to the low bearing capacity denoted
“in situ”. From the particle size distribution [42] and consistency limits [43], the
soil classification according to TRB [44] was determined, indicating that it is A-2-6
material (excellent to good subgrade quality). Through the universal soil classifica-
tion system (SUCS) [45], the classification was SC, denoting that it is a clay sand
with gravels. In addition, by means of the expeditious method MCT [46], the classi-
fication was LG’, showing that in the constituent materials, there are clays and sandy
clays. The MCT classification was developed in Brazil addressing tropical soils.

Also, in order to evaluate the mechanical behaviour of the subballast material at
different stress levels, resilient modulus test [47, 48] was performed. For this, it was
necessary to obtain through the Proctor test [49] in the modified energy, the optimum
moisture content (W = 8.7%) and the dry bulk density (γs= 2.140 g/cm3). Figure 12
shows the results of resilient modulus as a function of the deviatoric stresses. As
expected, it is observed that the increase of the deviatoric stresses influences the
behaviour of the material, in order to decrease its resistance.
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Fig. 11 Grain size distribution results for the sampled ballast

Fig. 12 Resilient modulus results of subballast material
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4.2 Measurements Performed by Sensors

Through the SG fixed in the rail web, the deformations in both segments were
measured, and through the calculation model mentioned in the item 2 [16], it was
possible to determine the dynamic vertical wheel load (P). Signal results obtained
in the 538 + 250 m segment with the passing of an empty vehicle (M005—average
static wheel load wagons and speed, respectively, 24.5 kN and 65 km/h) and loaded
(M818—average static wheel load wagons and speed, respectively, 155.0 kN and
42 km/h) are shown, respectively, in Fig. 13 (a) and (b). From the signals obtained
in both trains, it is verified in the case of empty wagon that there is a definition
between the peaks generated by the vertical wheel load of the locomotives and
wagons, showing that the analytical model used [16] is valid for dynamic load deter-
mination (P). Comparing both cases, it was observed that there is a high concentration
of points above static whell load, showing increases between 20 and 60% in signal
levels in relation to the static load, and few that approach or even exceed 100% of
that.

Still in the same railroad track section, considering the loaded wagon (M818),
the tensions with theMBTSS on the rail/flexible pad-sleeper interface were recorded
(Fig. 14). It is observed that there is a small variation between themaximum values of

Fig. 13 Full load signal (P) obtained with SG with (a) an empty wagon and (b) a loaded vehicle
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Fig. 14 Signals registered for a loaded vehicle with MBTSS

Fig. 15 Signals recorded with LVDTs in the DMDs

tensions measured at the top of the sleeper by the MBTSS with flexible pad (mostly
between 2000 and 2500 kPa).

With respect to vertical displacements, considering loaded vehicle (M854 with
average static wheel load wagons and speed, respectively, 157.0 kN and 44 km/h)
at two points (as Fig. 8), the results were obtained through DMDs (Fig. 15). As
previously observed, a slight variation in the maximum amplitude of the basins
generated between the axles and trucks was verified. However, an important aspect
in these measurements is the difference between the displacements generated in the
sensor area (LVDT 10) and the reference (LVDT 13), where the maximum values
were, respectively, 3.07 and 0.95 mm in average. This observation was due to the
fact that the track structure under the LVDT 10 was disturbed for installation of
pressure cells and settlement pegs, differently from the LVDT 13 place, which was
not disturbed and so the track structure is presumed to be more consolidated.

In the railroad track section located at km 656 + 516 m, data were also obtained
with the same types of sensors presented above. However, due to the low bearing
capacity denoted “in situ”, it will only be shown in Fig. 16 the results for pressure
cells at different interfaces (VSB, VBSB, TSB and TSE) during the passage of the
vehicle M706 (average static wheel load of 153.0 kN and 45 km/h). It is observed
through the signals of vertical and transversal stresses that there is variation of what
is transmitted by each wheel, generating maximum values at the interfaces VSB,
VBSB, TSB and TSE, respectively, of 342, 93, 60 and 47 kPa.
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Fig. 16 Signal results from the pressure cells installed

Fig. 17 Signal results of the suction sensors

In the same railroad track section (km656+ 516m), suction sensorswere installed
at different points and depths (A, B, E and F), and the results are shown in Fig. 17.
Throughout a month, the suction stresses varied slightly (0–10 kPa), indicating that
the materials are under high humidity, close to the saturation condition. However, for
a better evaluation of the subgrade quality in terms of water content/suction pressure,
it is needed to have more data, especially in different seasons where the variation
on precipitation/evaporation could provide significant differences on that parameters
and consequently to the mechanical behaviour of the platform.

5 Conclusions

The analytical model adopted for rail deformation using SG based on the literature
for dynamic load calculation (P) can be evaluated by the passage of loaded and
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empty wagons. The results of these compared to the static wheel load showed that
there were significant increases in the load factor, showing that the analytical model
is valid for load determination with the passing of vehicles.

MBTSS sensors showed a very little variation over time considering flexible pad
while pressure cells revealed vertical stresses in the interface ballast-subballast of
about 25% of that one in sleeper-ballast interface. On the other hand, horizontal
stresses in the interface sleeper edge-ballast were found of about 60% of that one in
sleeper-ballast interface.

Concerning to railroad displacements, there is a clear influence of material condi-
tion in terms of densification. Displacements in the undisturbed region were about
30% lower than the one on the disturbed track structure location.

Results from suction stresses varied slightly over a month period, indicating that
the material is under a hydraulic condition very near to saturation. This corroborated
with the in situ tests results (LWDandDCP) that showed a subgradewith low bearing
capacity.

The signals recorded in all sensors (SG,MBTSS, LVDT, pressure cells and suction
sensors), considering different foundations, were compatible with those presented in
other studies.

The proposed in situ procedure using sensors is valid for the measurement of
structural and geotechnical aspects in a heavy haul railroad track, considering the
dynamic passage of loaded and empty vehicles.

In order to contribute for a better understanding of the railroad acting forces and,
consequently of the generalmechanical behaviour of the track, laboratory evaluations
through triaxial tests on geotechnical materials, controls during construction and
maintenance phase should be implemented.

Acknowledgements Thanks to Vale S.A. for the partnership in this project as well as to the
maintenance team at EFC.
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Evaluation Method of Deformation
Modulus of Subgrade Soils Considering
Drainage Condition

Hiroaki Wakatsuki, Yukihiro Kohata, Daisuke Tamayama,
and Toshiyuki Mitachi

Abstract In order to improve the accuracy of pavement structural design, we exam-
ined a method to accurately estimate the deformation modulus of subgrade soils.
When designing the pavement structure by the theoretical design method, if the
deformation modulus of the subgrade can be accurately estimated, pavement struc-
ture thicknesses can be determined reasonablywith a limited budget. For this purpose,
we developed a new testing method “CTX-BE test” by combining the method of
cyclic triaxial test (standardized by Japanese Geotechnical Society [JGS0542]) with
that of bender element test ([JGS0544]). In this study, a series of CTX-BE tests were
conducted on Toyoura sand to investigate the method of setting the deformation
modulus E and Poisson’s ratio ν necessary for pavement structural analysis. The
CTX-BE test was performed under undrained and drained conditions, and the shear
wave velocity V s was measured by bender element transducers after the change of
effective stress with stepwise cyclic triaxial loading. Based on a series of test results,
we proposed a new method for evaluating the deformation modulus and Poisson’s
ratio required for pavement structural design in consideration of drainage conditions
of subgrade.
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1 Introduction

Resilient modulus (Mr) is usually used as a design value of the deformation modulus
in the limit state design method with performance checking for pavement.Mr repre-
sents the deformation characteristics of the subgrade material, etc. and is measured
assuming the effects of wheel load, etc. It has been known thatMr shows stress level
and strain level dependency. According to the AASHTO T307 testing standard [1],
resilient modulus test (hereafter, abbreviated as “Mr test”) is conducted using unsatu-
rated specimens and specimens are not consolidated, and stress loading is performed
under undrained condition. Therefore, it is difficult to set up a material model that
considers drainage conditions from the results of Mr test. In the case of using natural
ground as a subgrade soil due to the restriction of the road formation, there are cases
where drainage conditions should be considered in setting the material model for
the pavement structure design because of the physical properties and sedimentary
environment. An example of this is a road constructed on reclaimed land with a high
groundwater level due to the restriction of location conditions. The subgrade may be
submerged at airports built in coastal areas and container yards of port facilities. In
addition, the moving speed of aircrafts and container handling heavy equipment is
considerably low. In these circumstances, the subgrade deforms under the condition
that drainage is allowed from the submerged subgrade. Therefore, if the deformation
modulus of the subgrade considering drainage conditions can be accurately under-
stood, it is considered that the pavement structure can be determined reasonably with
a limited budget.

For this purpose, as an attempt to integrate pavement engineering with geotech-
nical engineering, a new testing method “CTX-BE test” is proposed in this study
by combining the method of cyclic triaxial test standardized by Japanese Geotech-
nical Society (JGS 0542–2009 [2]) with that of bender element test (JGS 0944–2011
[3]). Then a series of CTX-BE test was conducted on Toyoura sand to investigate
the method of setting the deformation modulus E and Poisson’s ratio ν necessary
for pavement structure analysis. Toyoura sand which has been widely used in the
previous studies was used in the test program, specimens of which were prepared
as the relative density Dr = 20%, 50%, and 80%. The CTX-BE test was performed
under undrained anddrained conditions, and the shearwavevelocityV s wasmeasured
by bender element after the change of effective stress with stepwise cyclic triaxial
loading. Then the shear modulus G versus mean effective stress σm’ relationship
was obtained. Based on a series of test results, we proposed a new setting method
for evaluating the deformation modulus and Poisson’s ratio required for pavement
structural design in consideration of drainage conditions of subgrade.



Evaluation Method of Deformation Modulus of Subgrade Soils … 763

2 Deformation Moduli of Undrained and Drained
Conditions Based on Isotropic Elasticity

In order to examine the method of setting the design value of deformation moduli
considering drainage conditions, the relationship among the elastic moduli under
undrained and drained conditions was confirmed. Assuming that the soil specimen
is an isotropic elastic body, the axial strain increment �εa and the lateral strain
increment�εr in the axially symmetric triaxial compression test using the cylindrical
specimen are expressed by Eqs. (1) and (2) with the axial effective stress increment
�σ a’, the lateral effective stress increment �σ r’, Young’s modulus E and Poisson’s
ratio ν.

�εa = (�σ
′
a − 2ν · �σ

′
r )/E (1)

�εr =
{
(1 − ν)�σ

′
r − ν · �σ

′
a

}
/E (2)

The relationship among the shear modulus G, Young’s modulus E and Poisson’s
ratio ν is as shown in Eq. (3) with the maximum shear stress increment �τmax and
the maximum shear strain increment �γmax.

G = �τ max /�γ max = (�σ
′
a − �σ

′
r )/2/(�εa − �εr )

=
{
(�σ

′
a − �σ

′
r )/2

}
/
{
(�σ

′
a − �σ

′
r )(1 + ν)/E

}
= E/2(1 + ν) (3)

Young’s Modulus Eu and Poisson’s Ratio νu of Saturated Specimen under
Undrained Condition. In the case of the triaxial compression test under undrained
condition, νu = 0.5 is obtained from Eqs. (1) and (2) since �εa + 2�εr = 0. Substi-
tution of νu = 0.5 into Eq. (1) gives Young’s modulus Eu under undrained condition
as in Eq. (4), and by substituting νu = 0.5 into Eq. (3), undrained Young’s modulus
Eu versus shear modulus G relationship can be expressed by Eq. (5).

Eu = (�σ
′
a − �σ

′
r )/�εa = (�σa − �σr )/�εa (4)

G = Eu/3 (5)

where�σ a and�σ r are axial total stress increment and lateral total stress increment,
respectively.
DrainedYoung’sModulusEd andPoisson’sRatio νd.Since�σ a’=�σ a and�σ r’
= �σ r in drained condition, Young’s modulus Ed for drained triaxial compression
test under constant lateral stress is expressed by Eq. (6). As shown theoretically by
Wood [4] and experimentally by Toki et al. [5], the shear modulusG is not dependent
on the drainage conditions, and the following Eq. (7) is obtained based on Eq. (3).
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Ed = �σa/�εa (6)

G = Eu/2(1 + νu) = Ed/2(1 + νd) (7)

Substituting νu = 0.5 into Eq. (7), drained Poisson’s ratio νd can be expressed by
Eq. (8) using Ed and Eu, and Eq. (9) is obtained from the Eq. (7).

νd = (3/2) · (Ed/Eu) − 1 (8)

Ed = 2G(1 + νd) (9)

3 Measurement of Deformation Moduli by CTX-BE Test

3.1 Outline of CTX-BE Test

Asmentioned previously in Chapter 1, CTX-BE test is composed of CTX test, which
gives deformation modulus E, and BE test, which gives shear modulus G. Basic
measurement procedure for the CTX-BE test is based on the JGS standard of CTX
test, in which elastic shear wave velocity measurement (BE test) is performed during
a cyclic stress loading stage (14 stages/sample) with a bender element inserted in
advance at both ends of the specimen. The bender element is a vibrator that deforms
when a voltage is applied, and its dimensions are 10mmwidth and 0.5mm thickness.
It is coated with epoxy resin for insulation and waterproofing, and the dimensions,
including the coating are 11 mm width and 1.5 mm thickness. These were attached
to the upper and lower end surface of the specimen in the same direction. The length
of insertion into the specimen was about 4 mm at both the upper and lower ends. The
shear wave velocity can be measured by transmitting the shear wave at the upper end
of the specimen and receiving the shear wave propagating at the lower end. Figure 1
shows the BE measurement system diagram.

Before inserting the bender element into the upper and lower end surfaces of the
specimen, a groove slightly smaller than the thickness of the bender element was
dug to reduce the influence of disturbance on the fabricated specimen. The shear
wave velocity V s is measured at a total of five times during a CTX-BE test for
each sample: (a) Measurement of the initial V s before first stage cyclic loading, (b)
V s measurement after any three stages in the middle of cyclic loading and (c) V s

measurement after the last stage cyclic loading. From these five measurement results
of V s, the shear modulus G is calculated by using Eq. (10) with the wet density ρ t

(g/cm3) of the specimen.

G = ρt × V 2
s (10)
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Fig. 1 BE measurement
system diagram (Quoted
from Japanese Geotechnical
Society Standard: JGS0544)

The drainage conditions during the CTXU-D and CTXD-D tests are explained
below.

UndrainedCondition,CTXU-D. Cyclic loading during a loading stage is performed
under the undrained condition, and drainage is permitted in the intervals of the
next loading stage. The drainage procedure is as follows: (a) After consolidation
of the specimen, initial cyclic loading is performed under undrained condition with
pore water pressure measurement, (b) drain valve is opened before next stage cyclic
loading, (c) close the valve after confirming the rate of change in axial strain during
drainage process, (d) undrained cyclic loading of the next stage is conducted, (e)
repeat the procedure (b) to (d) until the last 14th stage.

Drained Condition, CTXD-D. CTXD-D is carried out with the drain valve open
during the entire test.
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Table 1 Differences between CTX test and Mr test

Test conditions CTX test Mr test

Cyclic loading waveform Sine wave or Triangular wave Haversine wave

Operation of consolidation before cyclic
loading

Consolidated Unconsolidated

Drainage conditions during cyclic loading Drained or Undrained Undrained

3.2 Comparison of CTX-BE Test with Mr Test

The main differences between the CTX test and the Mr test for determining the
deformation modulus are the cyclic loading waveform, the operation of consolida-
tion before cyclic loading, and the drainage conditions during cyclic loading, as
shown in Table 1. As for the Mr test, it has been reported by Abe et al. [6] that
the loading waveform by the haversine wave is compatible with the field condition,
but the loading is limited to undrained conditions, and the strength and rigidity are
remarkably reduced due to cyclic loading and it becomes to be a tough condition
for the subgrade soils. Furthermore, if the test specimen is made incomplete contact
with the cap and pedestal of the testing apparatus, the deformation modulus will
be underestimated due to the bedding error effect as pointed out by Tatsuoka et al.
[7]. Since the specimen of Mr test is not consolidated before loading, the degree of
contact between the specimen and the cap and pedestal is lower than that in the CTX
test, and more remarkable bedding error will be appeared. On the other hand, drained
or undrained condition can be selected at the time of loading on the CTX test, and
the measurement, considering the drainage conditions is possible, so that a highly
accurate result can be obtained for the measurement of deformation modulus of
subgrade soil. In addition, in the case study by Sugano et al. [8] in which the runway
ground stiffnesswas evaluated using theBE test, a unique relationship betweenG and
mean effective stress was suggested. Therefore, in this study, we conducted various
CTX-BE test which is combining CTX test with the BE test in order to achieve the
“elucidation of dependence of G on effective stress” and “acquisition of measured
values considering the difference in drainage conditions.” We considered that the
design value according to the field conditions could be obtained reasonably through
the practice of CTX-BE tests.

4 Index Properties of Sample and Test Conditions
of CTX-BE Test

In order to evaluate the deformation moduli from the measurement data obtained by
the CTX-BE test, the following laboratory tests and specimen conditions were set.
Toyoura sand was used for a series of CTX-BE test in this study. The reason for this
is that it is easy to handle because there is little variation in physical indices, and it
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Table 2 Physical indices of
Toyoura sand

Physical indices Measured value

Density of soil particles, ρs (g/cm3) 2.654

Average grain diameter, D50 (mm) 0.168

Minimum dry density, ρdmin (g/cm3) 1.363

Maximum dry density, ρdmax (g/cm3) 1.658
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Fig. 2 Grain size accumulation curve of Toyoura sand

is convenient for comparison and examination of the results that the sand has been
used in various experiments.

Test Sample and Physical Indices. Toyoura sand is a purchased material, and
physical indices are as shown in Table 2 and Fig. 2.

Density Condition of Specimen. The specimens were prepared so that the relative
density Dr = 20%, 50%, and 80%, respectively, for the test series under undrained
condition (CTXU-D) and drained condition (CTXD-D).

Preparation of Specimen. Specimens were produced by a method of statically
compacting Toyoura sand in the mold. At this time, the specimen (volume V� 196.3
cm3, dimension ϕ5 cm × H10 cm) is divided into three layers, upper, middle, and
lower, so that the variation in density in the specimen will be minimized.

Consolidation Stress of the Specimen. The consolidation stress σ c’ of the specimen
was set of 3 cases of 100 kPa, 200 kPa, and 400 kPa.
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5 Test Results

Table 3 shows a list of the deformation moduli obtained from a series of CTX-BE
tests under undrained and drained conditions that are used to study the design value
setting method.

CTXU-D test Results. The relationship between the shear modulus G and the mean
effective stress σm’ that changes at each stage of cyclic loading was obtained, consid-
ering sum of the principal stresses of the Mr model [9] (Mr= k1θ k2, where k1 and k2
are regression constants, θ = σ 1 + σ 2 + σ 3, σ 1: vertical stress, σ 2 andσ 3: horizontal
stresses), since sandy soil (Toyoura sand) was used in this study.

From the results of BE test, (Gu0)BE versus σm’ and (Gu) BE versus σm’ relation-
ships (where, (Gu0)BE is the measured shear modulus value G before cyclic loading,
(Gu) BE is that after cyclic loading of each stage, respectively) are shown as Figs.3, 4
and 5. In calculating σm’ in above relationships, the excess pore water pressure �u
of the specimen and the deviator stress σ d remaining immediately before the BE test
after cyclic loading of the CTX test were considered.

CTXD-D test Results and Setting Procedure of Design Values of Deformation
Modulus Edand Poisson’s Ratio νd. Figure 6 shows how to set design values of
deformation moduli for drained condition. First, substituting (Eu0)CTX and (Ed0)CTX
obtained in theCTX test under undrained condition (CTXU-D) and drained condition
(CTXD-D), respectively into Eq. (8), drained Poisson’s ratio νd corresponding to

Table 3 List of the
deformation moduli obtained
from a series of CTX-BE test

Test conditions Deformation moduli

CTXU-D CTX test (Eu0)CTX

BE test (Gu0)BE, (Gu)BE

CTXD-D CTX test (Ed0)CTX

BE test (Gd0)BE

Fig. 3 (Gu0)BE versus σm’
and (Gu)BE versus σm’
relationships obtained by
CTX-BE tests (Dr = 20%)
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Fig. 4 (Gu0)BE versus σm’
and (Gu)BE versus σm’
relationships obtained by
CTX-BE tests (Dr = 50%)
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Fig. 5 (Gu0)BE versus σm’
and (Gu)BE versus σm’
relationships obtained by
CTX-BE tests (Dr = 80%)
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Fig. 6 Procedure for
obtaining design values of
deformation modulus Ed and
Poisson’s ratio νd

CTXU-D

(E u0)CTX (E d0)CTX (G d0)BE

CTXD-D

ν d Eq.(8)

(E d0)BE Eq.(9)

three cases of consolidation stress σ c’ are obtained. Subsequently, these values of
νd and (Gd0)BE values obtained by the BE test of CTXD-D are substituted into
Eq. (9), then the relationship between the drained deformation modulus (Ed0)BE and
the effective confining stress σ c’ is obtained. (Ed0)BE versus σ c’ and νd versus σ c’
relationships obtained by the procedure explained above are shown in Figs.7, 8 and
9.
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Fig. 7 (Ed0)BE versus σ c’
and νd versus σ c’
relationships obtained by the
procedure illustrated in
Fig. 6 with a series of
CTX-BE tests (Dr = 20%)
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Fig. 8 (Ed0)BE versus σ c’
and νd versus σ c’
relationships obtained by the
procedure illustrated in
Fig. 6 with a series of
CTX-BE tests (Dr = 50%)
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Fig. 9 (Ed0)BE versus σ c’
and νd versus σ c’
relationships obtained by the
procedure illustrated in
Fig. 6 with a series of
CTX-BE tests (Dr = 80%)
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6 Setting Method for Design Values of Deformation Moduli
Considering Drainage Conditions

Based on the above results, we examined the method for setting the deformation
moduli used in the design of pavement structures that evaluated “effective stress
dependency” and “difference in drainage conditions.”
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Table 4 Deformation moduli E and ν under drained and undrained conditions

Drainage conditions Dr (%) Deformation moduli for pavement structure design

Undrained Eu(MPa) 20 Eu = 20.1·σm’0.515

50 Eu = 21.3·σm’0.557

80 Eu = 33.1·σm’0.514

νu νu = 0.50 (const.)

Drained Ed(MPa) 20 Ed = 13.8·σ c’0.557

50 Ed = 25.1·σ c’0.488

80 Ed = 27.8·σ c’0.497

νd νd = 0.12 ~ 0.25

(σm’, σ c’: kPa)

Deformation Modulus Euand Poisson’s Ratio νu. The undrained deformation
modulus Eu can be obtained as the equation of Eu versus σm’ relationship by using
(Gu0)BE versus σm’ and (Gu)BE versus σm’ relationships obtained from CTX-BE
test under the undrained condition and Eq. (5). Undrained Poisson’s ratio νu is 0.5
(const.) as explained in Chap.s 2.

Deformation Modulus Edand Poisson’s Ratio νd. Figures 7, 8 and 9 show the
drained Poisson’s ratio νd obtained by the procedure as illustrated in Fig. 6, and it is
seen that the values of νd as 0.12 to 0.25 in the range of σ c’ = 100 to 400 kPa. By
substituting the values of νd and (Gd0)BE into the Eq. (9), the drained deformation
modulus Ed can be expressed as an Ed-σ c’ equation. Table 4 summarizes the above
results.

7 Conclusions

1. A new test method CTX-BE was developed by combining the method of cyclic
triaxial test CTX with that of bender element test BE, and a new method for
evaluating the deformation moduli required for pavement structural design in
consideration of drainage conditions of subgrade soils was proposed.

2. The design value of the deformation modulus Eu under undrained condition can
be established from the (Gu0)BE versus σm’ and (Gu)BE versus σm’ relationships
and νu is 0.5 (const.) based on the CTX-BE test results.

3. Design values for the deformation modulus Ed and Poisson’s ratio νd under
drained condition can be established using the (Ed0)CTX, (Eu0)CTX, and (Gd0)BE
values obtained from the CTX-BE tests performed under drained and undrained
conditions.
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Validation of Photogrammetry-Based
Method to Determine the Absolute
Volume of Unsaturated Soils

Sara Fayek, Xiaolong Xia, and Xiong Zhang

Abstract Although many engineering practices are based upon a simplifying
assumption that all soils are fully saturated, most pavement and geotechnical projects
are typically constructed on compacted soils that are usually unsaturated. Triaxial
tests are widely used to investigate the stress–strain behavior of both saturated and
unsaturated soils. Many image-based methods have been developed to overcome
the limitation of conventional triaxial testing methods. Recently, a photogrammetry-
based method was proposed to measure the saturated and unsaturated soil volume
change during triaxial tests. The triaxial test results and validation tests proved
that this method is highly accurate, simple, and cost-effective. However, all previ-
ously suggested methods have a major limitation associated with their inability to
determine top and bottom boundaries between the soil specimen, and the top and
bottom pedestals. Although a simple and very precise approach has been proposed
to determine the top and bottom boundaries in triaxial tests, the absolute soil volume
calculation during triaxial testing included the volume of the membrane. This paper
proposes a photogrammetry-based approach to overcome this limitation by devel-
oping a simple and precise method to calculate the membrane volume during triaxial
testing and thus to accurately determine the absolute volume of soils. In this paper, the
detailed procedures are presented, and the validation test was performed to demon-
strate the accuracy of the proposed method. The results proved that the proposed
method could determine the membrane volume for the calculation of the absolute
volume of saturated and unsaturated soils with 0.062% error.
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1 Introduction

Accurate local and total volume measurements are critical to determine strength and
phase-relationship for soils. Soils behavior is generally described based on labo-
ratory tests. Among laboratory tests, triaxial testing has been extensively used to
characterize soil behavior due to its capability of providing controlled well-defined
boundary, well-controlled drainage conditions, and uniform stresses within the soil.
Many engineering practices are based upon simplifying assumptions such as all
soils are fully saturated thus making projects susceptible to several uncertainties [1].
However, most infrastructures and structures, which are a vital part of a nation and
one of the most important sectors [2, 3], are usually constructed on soils above water
table and on compacted soils that are typically unsaturated soils. Volume measure-
ments of unsaturated and saturated soils at any stage of triaxial testing are essential
to determine the soil volumetric compression or dilation characteristics. For triaxial
test on saturated soils, the soil volume change is equal to the water volume exchange
since saturated soil is a two-phase system of water and soil solids. However, as
unsaturated soil is a three-phase system of soil solids, water, and air, the soil volume
change is not equal to the water volume exchange. Thus, conventional triaxial test
methods for saturated soil cannot be applied for unsaturated soils. In the past few
decades, researchers have employed various methods to determine volume measure-
ment for unsaturated soils during triaxial testing [4–9]. The existing methods for
volume change measurements for unsaturated soils can be classified into three main
categories as suggested byGeiser et al. [10] andLaloui et al. [11]:measurement of the
cell fluid, direct measurement of the air and water volumes, and the direct measure-
ment of the soil specimen volume change. However, as summarized by Laloui et al.
[11] and Zhang et al. [12], these methods had many disadvantages and limitations
including the relative error and the complexity of the testing procedure. In addi-
tion, many of these methods measured the relative soil volume which is the final
volume of soil during triaxial test contingent to the initial soil volume measurement
in the air. The relative volume accuracy is highly dependent upon the accuracy of the
initial soil volume measurement and the disturbance during the process of specimen
preparation and triaxial testing. Many installation steps between the initial volume
measurement in air and the initiation of triaxial testing including handling, preparing,
and preserving the soil specimen can cause inevitable disturbances. In other words,
if the initial soil measurement in the air is incorrect or the specimen is subjected to
inevitable disturbance, all volumemeasurements at different stages of the triaxial test
will diverge from its true values. For saturated soils, the error induced in the relative
volume measurement cannot significantly change the interpretation of soil strength
as the slopes of the specific volume versus effective stress remained constant. Fayek
et al. [13] presented the error tendency resulted from considering the relative volume
change and its potential misleading determination of unsaturated soil deformation
and strength. For unsaturated soils with multiple influencing stress state variables,
the imprecisions provoked from relative measurements could be problematic. From
schematic plot of the void ratio, suction, and net mean stress, the yield curve can
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imply expansive soil behavior for collapsible soil behavior. Accordingly, there is
a great need to use or develop methods that can measure the absolute volume of
unsaturated soils at any stage of the triaxial testing.

In recent years with the fast development of digital cameras, the popu-
larity of photogrammetric-based methods has surpassed the previous developed
methods because of their high accuracy, cost-effectiveness, and practicality [14–
16]. The photogrammetry-based methods are to measure the local and total volume,
volumetric strain localization, and shear band characterization. A multi-camera
photogrammetric method was proposed by Salazar et al. [17] to measure the volume
of soil by capturing a series of images for the soil specimen from within the triaxial
cell. These cameras were placed inside the triaxial chamber to eliminate the effect
of refractions. However, there are many drawbacks related to this photogrammetric
method including the requirement of camera saturation, the replacement of multiple
lenses, the use of special type triaxial cell, the need for special lighting, and the
requirement to capture large number of pictures. So that, multi-camera photogram-
metric methods are not extensively practical to determine volume change for unsat-
urated soil. Another photogrammetry method was developed by Zhang et al. [18] to
determine the global and local deformations, strain localization, three-dimensional
(3D) bulging, and shear plane evolution for both saturated and unsaturated soil [16,
18]. Only one commercial camera was placed at the exterior of a conventional triaxial
cell apparatus to capture images around the soil specimen. Multiple ray-tracing
processes and least-square optimization technique were used to consider the effect
of refraction, cell deformation, and camera positions. The validation tests on stain-
less cylinder verified the high-accuracy level of methods with volume measurement
accuracy of 0.25%. Many other image-based and photogrammetry-based techniques
were developed that can potentially determine the absolute volume for unsaturated
soil [19–22]. However, all these previously mentioned methods had one main limi-
tation: their inability to determine the top and bottom boundaries between the soil
specimens, and top cap and bottom pedestal, respectively. Recently, Fayek et al. [13,
23] proposed a new photogrammetry-based measurement technique to determine the
absolute soil volume by back-calculating the top and bottom boundaries of the soil
specimens. This method required posting measurement targets (high contrast dot) to
the peripheral and surface planes of each the top and bottom pedestals separately,
then taking pictures around each of the two pedestals. The top and bottom pedestals
were then assembled with a soil specimen into a third model similar to placing
the soil specimen in the unconfined compression test. This assembled model was
then placed in a triaxial cell to duplicate the procedure of triaxial testing. Pictures
were captured for each model of these four models, and then, photogrammetric
analysis was performed. The surface plane equation of each the top and bottom
pedestals, as well as the distance from each peripheral measurement target to the
surface planes, was calculated using the top and bottom pedestal models. The top
and bottom boundaries in the twomodels of unconfined compression test and triaxial
tests were back-calculated using multiple ray-tracing and least-square optimization
method. The method proposed by Fayek et al. [13] overcame one of the main limi-
tations of previous image-based methods and proved to have very high accurate
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absolute volume measurement from validation tests on stainless steel cylinder with
accuracy of 0.023% in unconfined compression test and 0.061% in the triaxial tests.
However, the aforementioned photogrammetry-based method did not consider the
membrane volume in calculating the absolute volume of soil specimens. This paper
proposed a photogrammetry-based measurement technique including a least-square
optimization method to determine the absolute volume of saturated and unsaturated
soils by considering the volume of the membrane.

2 Experiment

At present, all existing methods consider the membrane volume in the calculation
of the total and local volume measurements for soil specimens. However, consid-
ering the membrane volume can ultimately increase the accuracy of determining the
absolute volume of soil specimens during the triaxial testing at different deformation
and failure mode. This paper proposed a very simple and cost-effective method to
determine membrane volume. Only one calibrated commercially available camera
is needed to capture pictures around the soil specimen. The proposed procedure to
determine the membrane volume was demonstrated in Fig. 1. Measurements targets

(a) (b) (c)

Fig. 1 Procedure setup a bottom and top pedestals, b Assembled model c assembled model with
the membrane
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were printed directly on a stainless steel top and bottompedestals (Fig. 1a), a stainless
steel cylinder (Fig. 1b), and on the membrane (Fig. 1c). This method first determines
the volume of cylinder restrained between the top and bottom pedestals without
membrane (see Fig. 1b) and then that with membrane (Fig. 1c). The difference
between the two volumes is equal to the membrane’s volume. It is worth noting
that the setup used is similar to the unconfined compression test with and without
membrane to simplify the procedure compared with triaxial testing.

A technique similar to the one suggested by Fayek et al. [10] was used to deter-
mine the top and bottom boundaries. A series of pictures was taken for each of
the top pedestal, the bottom pedestal, the assembled model without membrane, and
the assembled model with the membrane. The photogrammetric analysis was then
performed for eachmodel independently to determine the coordinates of all measure-
ment targets. This procedure can be divided into three main parts: (1) photogram-
metric analysis of the pedestals separately to determine the surface planes equation
and the distance from peripheral measurements targets to each of top and bottom
surface separately, (2) photogrammetric analysis of the assembled model to back-
calculate the top and bottom boundaries and to calculate the volume of the stainless
steel without membrane, (3) photogrammetric analysis of the assembled model with
membrane to back-calculate the top and bottom planes and to calculate the volume
of the stainless steel cylinder covered with the membrane.

2.1 Step 1: Top and Bottom Pedestals Separately

After determining the coordinates of the measurement targets for the top and bottom
pedestals models, the surface planes of each of the top and bottom pedestals were
calculated by best fit all measurements targets to a plane equation. Then, the distance
from each peripheral measurement target ‘i’ to the fitted plane was calculated and
saved as a unique distance di to be used later in the next steps.

2.2 Step 2: Assembled Model Without Membrane

As each measurement target is unique (i.e., has unique identification number) and
based on the fact that the distance from each periphery measurement target to the
surface plane is fixed during the test, the bottom and top boundaries are back-
calculated. A least-square optimization process was used to find the equation of the
top and bottom boundaries in the new coordinate system of the assembled model.
The concept is based on reducing the sum of the errors to zero which the difference
of the measured distances di in ‘Step 1’ and the distances dpi in ‘Step 2’ for all points
on the peripheral. The top and bottom planes equation coefficients can be determined
by minimizing the total error calculated using Eq. (1) as follows:
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n∑

i=1

di − dpi (1)

where di is the distance from target ‘i’ to the surface plane in each of top and
bottom pedestals’ model; dpi is the distance from target ‘i’ to the surface plane in
the assembled model; n denotes the total number of measurements targets placed on
the peripheral pedestal surface. Now, as the top and bottom boundaries equations are
determined and the coordinates of the measurement targets on the stainless cylinder
are recognized, a mesh can be generated to determine the volume of the stainless
cylinder without membrane denoted by V 1.

2.3 Step 3: The Assembled Model with Membrane

Asimilar procedure to ‘Step 2’was used for the assembledmodelwith themembrane.
The top and bottom boundaries in the new coordinate system was determined using
Eq. (1). These two boundaries with the mesh consisted of the measurement targets
form the boundary surface of the stainless steel cylinder with the membrane. Later,
the volumeof the cylinder coveredwithmembrane, represented byV 2,was calculated
using a self-developed Matlab program.

3 Results and Discussion

A stainless steel cylinder with identified dimensions was used for the validation
test. To evaluate the accuracy of the proposed approach in this paper, a comparison
was induced between the measured volumes at different steps. As the membrane is
fabricated from an incompressible material, its thickness might change during trixial
testing but its volume is considered unchangeable. The actual cylinder’s volume
measured by digital caliper was denoted by V 0. The initial volume of the stainless
cylinder without membrane determined by photogrammetric analysis in the air was
denoted by V 1 and that of the stainless cylinder with membrane represented by V 2.
As the volumetric strain of stainless steel is negligible, the volumes V 0 andV 1 should
be equal.

First, to prove the accuracy of this method, Table 1 represents the distance from
the peripheral measurement targets to the surface plane of the bottom pedestal model
and those after determining the bottom boundary equation. This table shows that the
total error presented in Eq. (1) is insignificant which proves the high accuracy of the
proposed procedure.

The 3D assembled model was reconstructed using a photogrammetry software,
and then, both the top and bottom boundaries were back-calculated. Figure 2a shows
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Table 1 Error induced from
back-calculating the bottom
plane equation

Target ID d (mm) dp (mm) Error (mm) = d-dp

438 33.79804 33.80089 −0.00285

437 33.76774 33.77132 −0.00358

436 33.7352 33.73459 0.000619

435 33.70133 33.69331 0.008015

433 33.63748 33.63022 0.00726

429 33.53007 33.52008 0.008015

424 33.45754 33.45432 0.003215

Fig. 2 Photogrammetry analysis results a Points cloud of the measurement targets b Intersection
of the top and bottom boundaries with the cylinder mesh

the photogrammetry analysis results in determining the coordinates of the measure-
ment targets of the assembledmodel.Using a developed software, amesh is generated
to connect the points and to form the cylinder. Then, the cylindrical volume can be
determined by calculating the enclosed volume of the two planes with the hollow
cylinder surface (see Fig. 2b). The calculated volume of the stainless steel cylinder
represented by V 1 is equal to 378,403 mm3. Using a digital caliper, the cylinder’s
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diameter and height were measured and the volume V 0 was calculated as 378,403
mm3. The difference between V 0 and V 1 is calculated to determine the accuracy of
this procedure. The difference between the measured volume and the determined
volume is 0.062%. This indicates that the proposed method is very accurate. In order
to be able to precisely determine the absolute volume of the soil specimen, the volume
of the membrane is calculated. The developed computer program was used to back-
calculate the top and bottom planes and to determine stainless steel volume including
themembrane. The volume of the stainless steel cylinder covered with themembrane
is the restrained volume of the cylindrical hollow mesh and the two boundaries. This
procedure determined the stainless steel cylinder volume covered with membrane,
denoted by V 2, equal to 388,205.6 mm3. The difference between V 1and V 2 is equal
to the membrane volume covering the stainless steel cylinder which is 9566.43 mm3.

4 Conclusion

A photogrammetry-based approach was proposed to determine the absolute volume
for saturated and unsaturated soils during triaxial test by considering the membrane
volume. This proposed approach overcomes one of the main limitations associated
with all existing image-basedmethods. The procedure is simple; it only requires using
one commercially available camera, placing measurement targets on the surface
plane and on the periphery of the top and base pedestals, and printing measure-
ment targets on the membrane. Then, the captured pictures for each model are
analyzed by a photogrammetry software to determine the 3D coordinates of the
measurement targets. The top and bottom boundaries in the assembled model were
back-calculated. This procedure was validated using a stainless steel cylinder to
mimic the unconfined compression test with and without a membrane. The vali-
dation test proved the high accuracy associated with this proposed method with a
0.062% error. Then, the volume of the membrane covering the soil specimens can
be determined by computing the difference between the cylindrical volume with and
without membrane. The photogrammetry-based method proposed in this paper is a
time-saving, cost-effective, andhighly accurate technique to determine themembrane
volume for the absolute volume calculation for both saturated and unsaturated soils
at any stage during the triaxial testing.
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Development of In-Situ Modulus
Detector for Transportation Substructure

Yong-Hoon Byun and Dong-Ju Kim

Abstract Resilient modulus of the subgrade is used for design and evaluation of
transportation substructure. However, existing testing methods, e.g., falling weight
deflectometer, can only provide the profile of resilient modulus of the substructure
indirectly estimated from themeasured deflection on the surface. The objective of this
study is to develop a new testing device, so-called in-situ modulus detector (IMD),
to evaluate the stiffness of subgrade along a depth. The IMD consists of a hammer,
a guide, a driving rod, and a tip. At the bottom of the driving rod, a piezoelectric
accelerometer and a load cell composed of four strain gauges are installed. To investi-
gate and compare the penetration performance, three different shaped tips of the IMD
are used. For dense and loose specimens, dynamic penetration tests are carried out by
using eight different falling heights. The test results demonstrate that the penetration
depths of cone-shaped tip are greater than those of wedge- and plane-shaped tips,
regardless of soil density. The effect of buffer on penetration performance is signif-
icant for dense specimen. Based on the dynamic response, in-situ resilient modulus
profiles are estimated along the penetration depth.

Keywords Dynamic penetration · In-situ test · Subgrade · Resilient modulus

1 Introduction

Resilient modulus of subgrade soil is one of the most important properties in the
analysis and design of a flexible pavement structure. The resilient modulus can
be determined from laboratory and field testing methods. In laboratory, a series
of repeated load triaxial tests are conducted for evaluating the resilient modulus of
soils. However, high cost of the testing system and the complexed test procedure
are the disadvantages of the repeated load triaxial tests. Alternatively, field methods
have been used for evaluating the resilient modulus.
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As an intrusive method, dynamic cone penetrometer (DCP) can be used for
determining stiffness of soils, as well as strength. In previous studies, relationships
between resilientmodulus andDCP indexwere suggested [1–3].Attempts to improve
the DCP testing device have been done by several researchers [4–7]. Static cone
penetration tests have been also used to predict the resilient modulus [8–11].

Nondestructive testing devices, such as falling weight deflectometer (FWD), light
FWD (LFWD), and soil stiffness gauge (SSG), have been used to predict the resilient
modulus of subgrade soils. The testing devices involve the measurement of both
force and displacement. For pavement design, the relationships between the resilient
modulus determined from laboratory tests and themodulus estimated from the nonde-
structive testing methods were reported [12–15]. Nevertheless, the measurement of
using the nondestructive testing devices is still limited to the depth less than twice
plate diameters.

In this paper, a new intrusive testing device for evaluating resilient modulus of
subgrade soils is presented. A sandy soil is used for the preparation of dense and
loose specimens. Using three different tips of the developed testing device, dynamic
penetration tests are performed. The penetration performances of three different tips
are compared, and the estimated resilient moduli along the depth are discussed.

2 Experimental Methods

2.1 In-Situ Modulus Detector

In-situmodulus detector (IMD) consists of a tip, rod, anvil, buffer, hammer, andguide,
as shown in Fig. 1. In this study, three different tips shaped like plane, wedge, and
cone were used. The dimensions of the three tips are summarized in Table 1. An ICP
shock accelerometer with a maximum acceleration of 10,000 g (PCB Piezotronics,
350C03) was installed on the tip for the measurement of acceleration. A load cell
configuredwith four strain gauges with an electrical resistance of 120�was attached
to the inner wall of lower part of rod for measuring force. A full Wheatstone bridge
circuit can be used to efficiently convert a resistance change to an electric signal. In
this study, the full-bridge circuit was designed to amplify the electrical resistance on
the axial force and to simultaneously reduce the effects of temperature and bending
of the rod [16]. A hollow rod with a length of ~ 1 m was connected to both tip and
anvil. To minimize the side friction, the maximum diameters of tips were designed
to be greater than the outer diameter of rod (24 mm). A rubber buffer was mounted
on the anvil to adequately transfer the dynamic load to the rod. The hammer with
the weight of 43 N can be dropped along the guide, and the falling height can be
adjusted up to 685 mm. Using the hammer, the IMD can be driven into the soil,
and dynamic responses can be measured from the accelerometer and load cell. More
detailed information on the IMD was reported by Byun and Kim [17].
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Fig. 1 In-situ modulus
detector

Strain gauges
Accelerometer

Hammer

Guide

Rod

Buffer

Tip

Plane Wedge Cone

Table 1 Dimensions of three
tips

Type Plane Wedge Cone

Maximum diameter 30 30 28

Height 10 15 29

Using the IMD, in-situ resilient modulus can be determined based on its definition
as follows.

Mr = σd

εr
(1)

where σd and εr are deviator stress and recoverable strain, respectively. The devi-
ator stress was set to a peak dynamic force obtained from the load cell divided by
the projected area of the tip. Assuming that the contact stress on the tip is distributed
along a parabolic function, the deviator stress was considered the average contact
stress in the parabolic distribution. Similar to the strain response of a triaxial specimen
under repeated loading, the dynamic displacement obtained from the accelerometer
consists of the recoverable and permanent components. In this study, the recoverable
strain was calculated from the recoverable displacement divided by the influence
depth of dynamic load.
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Table 2 Index properties of sandy soil

Specific
gravity

Particle sizes [mm] Gradation
coefficient

Uniformity
coefficient

Unified soil
classification
system

D10 D30 D50 D60

2.66 0.19 0.52 0.87 1.05 1.4 5.5 SP

2.2 Material

A sandy soil was used for the preparation of compacted specimens, and the index
properties of the soil are summarized in Table 2. Using a rammer with the weight
of 43.6 N, two different specimens were compacted with five different layers in a
compaction mold with 168 mm in height and 150 mm in diameter. For loose and
dense specimens, 9 and 56 blows were applied to each layer, respectively. After
placing a donut type weight of 54 N on the top of the specimen, dynamic penetration
tests using the IMD were conducted at the center of the specimen.

3 Experimental Results

3.1 Penetration Performance

The IMD penetrated into the compacted specimens by the hammer falling from eight
different drop heights ranging from 5 to 57.5 cm. Figure 2 shows the penetration
depths of three different tips along the drop heights without the buffer. For both
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Fig. 2 Profiles of penetration without buffer: a loose specimen; b dense specimen. The penetration
depth indicates the depth of penetration below the top of sample after one hammer drop
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Fig. 3 Profiles of penetration with buffer: a loose specimen; b dense specimen

loose and dense specimens, the penetration depths of cone-shaped tip were greater
than those of wedge- and plane-shaped tips.

Figure 3 shows the penetration depths along the drop heights with the buffer.
Similar to the results without buffer, for both specimens, the penetration depths
of cone-shaped tip were greater than those of wedge- and plane-shaped tips. For
loose specimen, the final penetration depths of the three tips are less affected by
buffer. In contrast, for dense specimen, the final penetration depths with buffer were
significantly smaller than those without buffer. The cone-shaped tip showed the
greatest final penetration depth.

3.2 Dynamic Response

Typical dynamic responses detected at the wedge-shaped tip are plotted in Fig. 4.
After dropping the hammer, the impulse signals of force and displacement occurred
almost simultaneously. Depending on the soil condition, the impulses were kept for
10–30ms. The total displacement (dt) at each response was composed of recoverable
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Fig. 4 Typical signals obtained from the IMD: a force; b displacement
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Fig. 5 Resilient modulus
profile along penetration
depth. A “Set” consisted of a
series of drop heights
ranging from 5 to 50 cm, and
the drop height was changed
in ascending order. After
finishing a set of drop
heights, the following set of
dropping the hammer was
repeated.
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(dr) and permanent displacements (dp). Based on the maximum force (Fd) and
recoverable displacement, resilient modulus was calculated.

Figure 5 shows the profiles of resilient moduli along the penetration depths
obtained from a compacted specimen with a water content 10.8% reported by Byun
and Kim [17]. Up to the depth of 24 mm, the resilient modulus ranged from 10 to
80 MPa. Generally, the resilient modulus increased with the drop height. For the
same drop height, the resilient moduli at greater depths were higher than those at
smaller depths. Furthermore, a resilient modulus of 40.7 MPa estimated from the
CBR value of the specimen was in the range of resilient moduli estimated from the
IMD.

4 Conclusions

The in-situ modulus detector (IMD) was developed for stiffness characterization of
subgrade soils. The IMD had the components similar to dynamic cone penetrom-
eter, but the shapes of tips were different. In addition, a load and an accelerometer
were mounted at the tip to measure the dynamic response. On the compacted spec-
imens, dynamic penetration tests were conducted by using the IMD with different
shaped tips. The penetration depth per blow varied along the drop height of hammer.
Furthermore, the penetration performancewas also affected by the soil density, buffer
application, and tip shape. Especially for dense specimen, the penetration perfor-
mance significantly depended on buffer application. Regardless of soil density and
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buffer application, the cone-shaped tip showed the greatest final penetration depth.
Based on the measured dynamic force and displacement, the resilient modulus was
estimated along the penetration depth. Considering the influencing factors on the
resilient modulus, the IMD could be improved for subgrade characterization.
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Evaluation of Various Spatial
Interpolation Techniques for Generating
Synthetic CPT Data Profile

Md Habibur Rahman and Murad Y. Abu-Farsakh

Abstract In order to incorporate the influence of collected in-situ data, the spatial
correlation between the data and the foundation needs to be explored. Statistical infor-
mation of the soil property can be estimated from available field data obtained from
testing at discrete locations across the site. In this research, several well-established
spatial interpolationmethods like ordinary kriging (OK), simple kriging (SK), inverse
distance weight (IDW), spline, natural neighbor (NaN), and universal kriging (UK)
were incorporated to evaluate the best method for generating synthetic cone penetra-
tion test (CPT) data. To remove the spikes, continuous five points averagingwas done
to generate the smoothed tip resistance. For the analysis, the spatial interpolation was
performed in each foot (depth wise). Six CPT cases were investigated in this study.
According to the results, four out of six cases, if the first priority is given to bias factor
followed by coefficient of variation (COV) and root mean square error (RMSE), the
best three spatial interpolation techniques are IDW, OK, and SK sequentially, based
on their performance. For the other two cases, in one case, the best three spatial inter-
polation techniques are OK, IDW, and SK, sequentially, and the other case shows
SK, IDW, and OK sequentially are the best three spatial interpolation techniques.

1 Introduction

For comprehensive foundation design, geotechnical engineers preferably consider
exclusive soil properties at different locations though achieving this goal can consume
enormous amounts of investment, employment, ingredients, and time. It is fortunate
that most of the soil properties are spatially correlated and can be connected to
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many environmental concerns [1, 6, 9, 14, 15, 17]. For assessing the effects of
uncertainties in geotechnical forecasts, probabilistic methods have been widely used
in geotechnical engineering [16]. An in-situ testing like CPT can estimate different
soil properties at the specific location.However, outside the tested locations, expected
uncertainty and ambiguity are spatially varied.

Many researchers developed several correlations between the soil properties and
the environment, and then incorporated these relationships with geostatistic tech-
niques for additional soil mapping [8, 12]. The spatial variability of the random
variable can be characterized by co-variance or semivariogram functions, which
are the key elements in spatial estimation techniques [4]. The ArcGIS, which is a
software, is used to provide a variety of tools (such as spatial analysts and geostatis-
tical analysts) in order to explore spatial data, evaluates the prediction uncertainty,
and creates surfaces for efficient decision making in geostatistics and that can be
explored for geotechnical applications. There exist many spatial techniques that can
be used to generate synthetic CPT profiles. Many researchers applied the principles
of geostatistics and spatial interpolation using the kriging technique and described
the assumptions of kriging [5, 7, 13]. Generally, the kriging technique is used widely
to approximate the unknown values at specific points by using known points data.
In this study, six spatial interpolation methods like ordinary kriging (OK), simple
kriging (SK), universal kriging (UK), inverse distance weighted (IDW), spline, and
natural neighbor (NaN) methods were investigated to evaluate the spatial variability
of CPT data in the project sites.

The ordinary kriging (OK) technique is a geostatistical approach used for evalu-
ating spatial variability. Instead of weighting nearby data points by some power of
their inverted distance, the ordinary kriging relies on the spatial correlation structure
of the data to determine the weighting values [11]. The simple kriging (SK) tech-
nique is another type of kriging that is generally adopted due to its simplicity and
ability to evaluate the spatial variability. The universal kriging (UK) is applied when
the regionalized variable exhibits in some form of a trend [5]. The inverse distance-
weighted (IDW) interpolation technique can be categorized as a local, deterministic,
and exact interpolation technique. Splines produce good results with gently varying
surfaces and thus are often not appropriate when there are large changes in the surface
values within a short horizontal distance. The natural neighbor (NaN) interpolation
algorithm finds the closest subset of input samples to a query point and applies
weights to them based on proportionate areas to interpolate a value. It is also known
as Sibson or “area-stealing” interpolation.

2 Spatial Interpolation Techniques

The first step in the kriging interpolation method is the computation of an exper-
imental semivariogram. The semivariance can be described by the following
equation:
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γ (h) = 1

2n

n∑

i=1

(z(xi ) − z(xi + h))2 (1)

where ‘n’ is the number of data points separated by distance ‘h’; and γ (h) is the
semivariogram (commonly referred to as variogram) (Webster and Oliver 2001).
However, all kind of kriging interpolation methods have a basic Eq. (2):

Z(x0) − μ =
n∑

i=1

λi [Z(xi ) − μ(x0)] (2)

where ‘μ.’ is stationary knownmean; ‘λi ’ is the kriging weight, found from semivar-
iogram, ‘n’ is the number of sampled points for the spatial interpolation and within
the search window; ‘μ(x0)’ is the mean of the sampled data. Step by step procedure
of kriging interpolation methods were done by Clark and Harper [2].

The equation of the inverse distance weighted method is given as Eq. (3):

Z0 =
∑n

i=1 Zi
1
dk
i∑n

i=1
1
dk
i

(3)

where ‘Z0’ is the predicted value at the unsampled location; ‘Zi’ is the observed
value; ‘di’ is the distance between the prediction location and the measured location;
and ‘n’ is the number of measured sample points within the neighborhood.

The algorithm used for the spline tool uses the following formula for the surface
interpolation [10] by ArcMap 10.4:

S(x, y) = t(x, y) +
n∑

j=1

λ j R
(
r j

)
(4)

where ‘n’ is the number of points; ‘t(x, y)’ and ‘λj’ are coefficients found by the
solution of a system of linear equations; ‘rj’ is the distance from the interpolation
point to the jth point; and ‘R’ is a distance dependent function.

The natural neighbors (NaN) method was introduced by Sibson (1981). We can
represent this using the following formula:

λi = Ai∑n
k=1 Ak

(5)

In this study, ArcMap 10.4.1 software was used to perform the spatial interpola-
tion.
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3 Evaluation Criteria

Some statistical measures are built in ArcMap Software. While processing spatial
interpolation techniques, these statistics are used. Cross-validation compares
measured quantities with the value that would be predicted for a position given a
dataset omitting the true value. Commonly used criteria such as the root mean square
error (RMSE) and coefficient of effectiveness (COE) were done in this research. Bias
factor and coefficient of variation of bias factor (COVλ) were also computed and
compared in this research. RMSE, COE, Bias factor (λ), and coefficient of variation
of bias factor (COVλ) is given by Eqs. (6)– (9), respectively:

RMSE = 2

√√√√1

n

n∑

i=1

(pi − mi )
2 (6)

COE = 1 −
∑n

i=1(pi − mi )
2

∑n
i=1(mi − m)2

(7)

λ = mi

pi
(8)

COV (% ) =
(
Standard Deviation

λ

)
× 100 (9)

where ‘n’ is the number of samples or observations; ‘p’ is the predicted or estimated
value and ‘m’ is the measured or observed value; ‘m’ is the arithmetic mean of the
observation values; ‘λ.’ is each of the values of bias factor data; ‘λ’ is the mean of
the values of bias factor data.

4 Description of CPT Sites

In this study, six different project sites with several CPT tests were used to eval-
uate the different spatial interpolation methods. The area being studied for Metairie
site is a 0.50 km2 area of Metairie (29°59′52′′N and 90°10′39′′W) situated at 0.9 m
above the mean sea level (MSL). For the ALF site, the area being studied is about
0.002 km2 of the accelerated loading facility (ALF) of the Louisiana Transporta-
tion Research Center (LTRC) (30°26′12.37′′N and 91°14′39′′W). For the US90 &
LA85 site, the area being studied is about 0.125 km2 (29°55′17′′N and 91°′34′′W).
For the Hammond site, the area being studied is about 0.54 km2 (30°28′50′′N
and 90°29′29′′W). For the LA1 site, the area being studied is about 0.002 km2

(30°26′00′′N and 91°12′37.45′′W). For the Bayou Lacassine site, the area being
studied is about 0.01 km2 (30°04′13′′N and 92°52′52′′W).
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Fig. 1 Plan view of the locations for the Metairie site

For each site, several CPT locations were selected for analysis and evaluation of
the synthetic CPT profiles generated using the different spatial interpolation tech-
niques. For example, five CPT points, i.e., locations 3,6,8,9, and 11, were selected for
Metairie site. For each selected CPT point, synthetic CPT profiles were generated
using different spatial interpolation methods from the rest of CPlocations. Again,
the synthetic CPT profiles were generated for every 1 ft. The predicted synthetic
CPT profiles using different spatial interpolation methods were compared with the
measured CPT profile at the selected location. The same approach was follower for
the other selectedCPT points. In Fig. 1, the plan view ofMetairie site is schematically
illustrated and black colored marker is used to indicate analyzed CPT points.

5 Subsurface Geotechnical Characterization

The subsurface soil conditions for all sites were characterized using the results of
CPT tests. The profiles of CPT tip resistance, friction resistance, profile of smoothed
tip resistance, estimated profile of average tip resistance per ft., in addition, to soil
classification using the probabilistic region soil behavior estimationmethod [18]. For
Metairie site, the maximum, minimum, and average COV of qc values are 2.46, 0.00,
and 0.74, respectively. The profile ofCPT testswas used to classify the subsurface soil
using Zhang and Tumay’s (1999) probabilistic region estimation method (behavior-
based classification) as shown in Fig. 2.
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Fig. 2 CPT soil classification at Metairie site

6 Evaluation of Spatial Interpolation Methods

In this study, cross-validation techniqueswere performed to evaluate the performance
of the different spatial interpolation techniques for generating synthetic CPT profiles,
and to determine the methods that gives the best predictions. In Fig. 3, measured vs
predicted cone tip resistance for different spatial interpolation methods like OK, SK,
IDW, Spline, NaN, and UK were given for Metairie site.

Figure 4 presents the bar chart of RMSE (root mean squared error), COE (coeffi-
cient of effectiveness), bias factor (mean ratio of measured to predicted value), and
COV (coefficient of variation) for the tip resistance predicted using OK, SK, IDW,
Spline, NaN, and UK for Metairie site. Based on bias factor, in Fig. 4b, the IDW
gives the best result followed by SK and OK. IDW gives 0.98 (average), which is
very close to 1. On the other hand, the bias factor’s average for OK, SK, Spline,
NaN, and UK are 0.93, 0.97, 0.93, 0.90, and 0.93, respectively. In case of COV,
Fig. 4d shows the IDW gives the least COV as compared to SK and OK. The average
COV for IDW, OK, SK, Spline, NaN, and UK are 0.34, 0.36, 0.37, 0.53, 0.43, and
0.37, respectively. Based on COV, the IDW is the best method followed by OK and
SK. Out of all estimated error parameters, the RMSE is the convenient tool that
defines the best method. Based on RMSE in Fig. 4c, the IDW gives less average
error than SK and OK. The average RMSE for IDW, OK, SK, Spline, NaN, and UK
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Fig. 3 Predicted versus measured plot of different spatial interpolations for Metairie site

are 22.37, 25.35, 28.68, 29.83. 30.57, and 25.37, respectively. Accordingly, the IDW
is considered the best spatial interpolation method followed by OK and SK. Using
COE criteria, the IDW is better than the other methods. From Fig. 4a, IDW gives
0.92 (average), which is very close to 1. On the other hand, the average COE for OK,
SK, Spline, NaN, and UK are 0.90, 0.90, 0.86, 0.88, and 0.90, respectively.

The evaluation parameters of different Spatial interpolation techniques for
generating synthetic CPT profiles at specified locations are given in Table 1.

7 Conclusions

This research studywas conducted to investigate and evaluate the best spatial interpo-
lation technique to incorporate site variability for generating synthetic CPT profiles
in six CPT sites. Based on the results of statistical analyses for the six CPT sites, the
following conclusions can be drawn:

• For Metairie, ALF, US90 & LA85, and Bayou Lacassine site, based on these
results, if the first priority is given to best fit line of measured versus predicted,
the bias factor, COV, and RMSE, the best three spatial interpolation techniques
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Fig. 4 Cross-validation techniques for Metairie site

are IDW, OK, and SK, based on their performance of generating synthetic CPT
profiles.

• For Hammond site, based on these results, if the first priority is given to best fit
line of measured versus predicted, the bias factor, COV, and RMSE, the best three
spatial interpolation techniques are OK, IDW, and SK, based on their performance
of generating synthetic CPT profiles.

• For LA1 site, based on these results, if the first priority is given to best fit line of
measured versus predicted, the bias factor, COV, and RMSE, the best three spatial
interpolation techniques are SK, IDW and OK, based on their performance of
generating synthetic CPT profiles.

Overall, it can be concluded that for all cases considered in this study, if the first
priority is given to best fit line of measured versus predicted, the bias factor, COV,
and RMSE, the best three spatial interpolation techniques are IDW, OK, and SK,
based on their performance of generating synthetic CPT profiles. The performance
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Table 1 Evaluation parameters of different spatial interpolation techniques

Name of the site Method Parameters

Slope of the best fit line RMSE COE Bias factor COV

Metairie OK 0.93 25.35 0.90 0.93 0.36

SK 0.91 28.68 0.90 0.97 0.37

IDW 0.93 22.37 0.92 0.98 0.34

Spline 0.94 29.83 0.86 0.93 0.53

NaN 0.95 30.57 0.88 0.90 0.43

UK 0.93 25.37 0.90 0.93 0.37

ALF OK 0.99 8.29 0.97 0.99 0.31

SK 0.94 8.26 0.97 1.05 0.34

IDW 0.98 8.13 0.97 1.00 0.31

Spline 1.00 9.82 0.95 1.05 0.40

NaN 0.99 9.25 0.96 1.01 0.34

UK 0.99 8.29 0.97 0.99 0.31

US90 & LA85 OK 1.00 8.05 0.59 1.01 0.29

SK 0.95 7.64 0.58 1.05 0.30

IDW 0.99 7.63 0.62 1.02 0.29

Spline 1.05 8.96 0.60 1.04 0.37

NaN 1.03 7.93 0.65 1.02 0.31

UK 1.00 8.05 0.60 1.01 0.29

Hammond OK 0.91 19.30 0.97 1.04 0.20

SK 0.82 38.09 0.81 1.15 0.29

IDW 0.88 23.12 0.96 1.08 0.21

Spline 0.89 37.14 0.88 1.10 0.31

NaN 0.82 34.09 0.88 1.16 0.28

UK 0.91 19.30 0.97 1.04 0.20

LA1 OK 1.00 7.81 0.08 0.98 0.40

SK 0.95 7.37 0.01 1.03 0.37

IDW 0.99 7.16 0.34 1.05 0.37

Spline 0.99 7.86 0.03 1.02 0.47

NaN 0.96 7.87 −0.18 1.02 0.43

UK 1.00 7.81 0.08 0.98 0.40

Bayou Lacassine OK 0.94 5.34 0.61 1.01 0.30

SK 0.88 6.11 0.34 1.06 0.33

IDW 0.92 5.18 0.62 1.02 0.29

Spline 0.98 6.06 0.51 0.96 0.38

NaN 0.94 5.74 0.51 0.98 0.36

UK 0.94 5.34 0.61 1.01 0.30
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of these methods is much better than the performance of Spline and NaN methods.
Furthermore, in this study, the OK and UK methods gave same results.
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Disturbance Deformation of Ground
Induced by a Large-Area Piling: A Field
Test

Limin Wei, Shuanglong Li, Qun He, Meng Du, and Hong Zhou

Abstract When a large-area piling is carried out on the ground adjacent to an
existing railway line, the disturbance deformation caused by the piling construction
may have an adverse effect on the existing railway foundation. In this paper, a field
test with three pile types, consisting of prestressed pipe pile (PPP), micro-grouting
pile (MGP), and cast-in-place bored pile (CBP), was carried out to investigate the
disturbance response of ground induced by the large-area piling. A high-precision
automatic monitoring system was established to measure the lateral displacement
and ground surface uplift during the piling process. Test results show that under the
same piling range, the disturbance effect caused by the piling of PPPs is significantly
higher than that caused by the piling of MGPs and CBPs. The horizontal displace-
ment decreases with the increase of soil depth, and the uplift displacement decreases
exponentially with the increase of the distance between the test zone boundary and
the measuring points. The maximum influence ranges of the horizontal and vertical
displacements caused by the piling of PPPs are about 88d (d is pile diameter) and
30d, respectively, and the maximum influence ranges both of lateral and vertical
deformation caused by MGPs and CBPs are less than 5.0 m. Under the same piling
range, the maximum lateral displacement caused by PPPs with no pre-drilled hole is
three times higher than that caused by PPPs with a pre-drilled hole of depth 15 m,
indicating that the pre-drilled hole has a significant control effect on the soil squeezing
deformation.

Keywords Link-line subgrade · Large-area piling · Soil squeezing deformation ·
Field test

1 Introduction

When a large-area piling construction is carried out on the ground of link-line
subgrade adjacent to an existing railway line, the disturbance deformation during the
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piling process may affect the service performance of the existing subgrade. During
the piling process, different types of piles would have a certain impact on the adjacent
soil, which has been studied by many scholars.

The driving process of precast pile would cause additional deformation and excess
pore water pressure of adjacent soil [1–3]. The increase of excess pore water pressure
would reduce the undrained strength of soil [4, 5], and then affect the bearing capacity
of adjacent soil. In addition, the process of precast pile intruding into the soil would
produce soil squeezing deformation, which might cause the pile to float up and shift
[6], and even cause the adjacent buildings to produce cracks or pipe deformation [7],
or other engineering problems. Housel et al. [1] first reported the monitoring results
of the piling process of precast concrete single pile with d = 0.356 m (d is the pile
diameter) and L = 24.0 m (L is the pile length). They found that the deformation of
soil around the pile was observed, while the measuring point at a distance of 2d from
the pile axis was only slightly affected. Hwang et al. [8] studied the driving process
of three precast concrete piles (d = 0.8 m). They found that the maximum radial
displacement of the measuring point at a distance of 3d from the pile axis reached
29.0 mm, while the displacement of the measuring point at a distance of 9d was
very small. Juan et al. [9] monitored the lateral horizontal displacement of ground
at different depths during the driving process of a single steel pipe pile (d = 0.61 m
and L = 36.6 m). The distribution of lateral displacement of each measuring point
was in good agreement with the theoretical solution proposed by Vesic [10]. Xu et al.
[11] studied the soil squeezing deformation during the driving process of single pile
and double piles by model tests and obtained the qualitative characteristics of soil
squeezing deformation around the pile. Lei et al. [12] carried out a field test of single
PHC pile driving, and the monitoring data showed that the horizontal displacement
of the measuring points at a distance of (0.2–0.4) L from the pile axis was large.

Compared with precast pile, the impact of bored pile construction on adjacent soil
is much smaller, but it cannot be ignored. Huang et al. [13] used the finite element
method to study the influence of single bored pile on the adjacent tunnel. They found
that themaximumdisplacement of the tunnel caused by the compression of the casing
and the slurry was 5.5 mmwhen the bored pile was constructed at a distance of 1.5 m
from the tunnel. Gao et al. [14] monitored the lateral displacement of soil caused by
the Benoto construction of CBPs and found that Benoto construction had a greater
impact on the soft soil.

From the above research, it can be found that regardless of the pile type, most of
researches on soil squeezing deformation was focused on the process of single pile or
group pile with few piles. However, the adverse effect of soil squeezing deformation
on adjacent constructions usually occurs only in the case of large-area piling. In this
case, the research on the distribution, influence range, and countermeasures of soil
squeezing deformation caused by a large area piling should be further studied.

In this study, based on link-line subgrade engineering of Lunan High-speed
Railway (LHR), a field test with 6 test zones that composed of prestressed pipe
piles (PPPs), micro-grouting piles (MGPs), and cast-in-place bored piles (CBPs) was
carried out to investigate the ground disturbance responses and the control effects of
corresponding countermeasures.
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2 Research Background

The LHR is the first railway line in China which performing the construction of the
link-line in Qufudong railway station while the adjacent existing line is operating
normally. The LHR adopts uplink-line and downlink-line to connect with Beijing-
Shanghai High-speed Railway (BSHR) (see Fig. 1). Correspondingly, the subgrade
of BSHR needs to be widened to meet the requirements of integration, and the
foundation of link-line needs to be reinforced (see Fig. 2). However, the large-area
piling in the foundation of link-line may have an adverse effect on the existing
subgrade of BSHR. Therefore, it is necessary to carry out some tests to predict
the squeezing deformation during the large-area piling on the foundation of BSHR
subgrade.

The test area is located in the east of LHR, and its location is shown in Fig. 1. The
test area belongs to alluvial proluvial plain landform with flat terrain. Figure 3 shows
the distribution of the main strata and the mechanical parameters determined by
the laboratory test. The strata mainly include artificial fill, silty clay layer (CL), and
mediumdense sand layer (SL). The buried depth of groundwater level is 11.2–13.5m.
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Fig. 3 Mechanical
properties of soils obtained
from laboratory tests

3 Field Test

3.1 Test Program Design

Three pile types including PPP, MGP, CBP were selected for comparative analysis,
as shown in Fig. 4a. The test area was divided into 6 zones which named NO. I, NO.
II, NO. III, NO. IV, NO. V and NO. VI. In NO. I, one row of CBPs were arranged,
three in total, numbered 1#, 2#, 3#, respectively; in NO. II, 5 rows of MGPs were
arranged; in NO. III, 5 rows of MGPs and 13 rows of PPPs without pre-drilled holes
were arranged; in NO. IV, 14 rows of PPPs with pre-drilled holes with depth of 15 m
were arranged; in NO. V, 8 rows of MGPs and 12 rows of PPPs without pre-drilled
holewere arranged; inNO.VI, 5 rows of PPPswith pre-drilled holewith depth of 20m
and 9 rows of PPPs without pre-drilled hole were arranged, as shown in Fig. 4b. To
investigate the control effect of different depth of pre-drilled hole on soil squeezing
deformation, three kinds of depth including 0 m (without pre-drilled hole), 15 m,
and 20 m were adopted. The piling order of each zone is shown in Fig. 4c.

3.2 Monitoring Instrument

A high-precision automatic monitoring system was established to monitor vertical
and lateral displacement of the ground during the piling construction (see Fig. 5).
The soil surface displacement was monitored by Leica Nova TS-60 with an accu-
racy of 0.6 mm and was automatically observed every 15 min, and the Leica Nova
TS-60 is not within the scope of influence. The deep soil displacement of ground
was monitored by inclinometer with an accuracy of 1.5 mm and was automatically
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observed every 15min. Thewireless transceivermodulewas used to realize automatic
collection and analysis of terminal data through the Internet.

Five typical monitoring sections (as shown in Fig. 6) were arranged at the central
line of 6 test zones, whichweremonitoring sections ofA, B, C,D, andE, respectively.
Eachmonitoring sectionwas equippedwith 8 surface displacementmeasuring points,
which were 1.0 m, 5.0 m, 8.0 m, 11.3 m, 16.3 m, 20.0 m, 35.5 m, and 60.0 m away
from the boundary of the test zones, and the corresponding numbers were S-1 ~ S-8.
Two deep soil displacement measuring holes were set at 1.0 m and 5.0 m from the
boundary of the test zones, each hole was 30 m deep, and the corresponding numbers
were D-1 and D-2. In Fig. 6, x and y represent the horizontal displacement in the
lateral direction and the longitudinal direction, respectively.

4 Test Results and Analysis

4.1 Horizontal Ground Displacements

Figure 7 shows the distribution of lateral horizontal displacement along depth at
D-1 measuring hole in each monitoring section during the piling process. With the
increase of the number of PPP rows, the lateral horizontal displacement increases
gradually, and its development experiences rapid phase, slow phase, and stable phase,
successively. Take NO.VI as an example: during the piling process of the first seven
rows, the displacement develops fast and increases significantly because of the close
distance between the boundary of test zone and themeasuring points;while during the
piling process of the 8th to 11th row, the distance between the boundary of test zone
and the measuring points increases gradually, and the soil stiffness increases with
the front pile, which has an isolation effect on the squeezing effect of the later pile,
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thus the displacement develops slowly. After the 11th row, affected by the distance
and isolation effect, the measuring points gradually exceed the maximum range of
soil squeezing deformation caused by pile driving, and the displacement increment
is very small.

It should be noted that the distribution of horizontal displacement in depth varies
greatly due to the different properties of soil layers at different depths. A coarse sand
layer with the thickness of 5.3 m is distributed between 12 and 19 m depth (see
Fig. 3), and the horizontal displacement of this layer is greater than that of other
layers due to the low compressibility property of the coarse sand layer. Therefore,
during the piling process, the problem of the deformation difference of adjacent piles
along the depth caused by the difference in soil properties should be paid attention
to in actual engineering.

The impact of MGPs piling on the ground is mainly reflected in two aspects:
one is the disturbance to the soil during the drilling process, and the other is the
pressure effect of grouting on soil. It can be seen from Fig. 7b and d that the lateral
displacement of measuring hole caused by MGPs piling is very small, the maximum
lateral displacement of NO.V is 1.2 mm, and that of NO.III is 1.4 mm, indicating that
the impact of the piling construction of the MGPs on the adjacent ground is weak.

During the piling construction of CBPs, the rotation of the casing would drive
the adjacent soil to deform due to the friction effect between the casing and the
soil interface. In addition, the process of concrete pouring would squeeze the soil to
deform on the sidewall of the CBP borehole. It can be seen from Fig. 7e that with
the increase of the number of CBPs, the lateral horizontal displacement of ground
develops in the negative direction of x. The main reason is that shrinkage occurs in
the shallow soft silty clay during the drilling hole process, which causes the soil at
the measuring point to move into the hole. Although the concrete compresses the soil
during pouring, the displacement is not enough to cover the shrinkage deformation,
resulting in the subsequent drilled to further increase the overall displacement in
the negative direction. Therefore, for the piling construction of CBPs, the timely
grouting of borehole is very important to prevent shrinkage deformation of adjacent
soil.

4.2 Vertical Displacement of Ground Surface

Figure 8 shows the normalized relationship of the vertical displacement of ground
surface with the distance between the boundary of test zone and the measuring points
during the piling process. In the figure, SZ is the vertical displacement of ground
surface, r is the horizontal distance, d is diameter of pile. During the large-area
piling of PPPs, the measuring points are obviously uplifted, and with the increase of
the number of pile rows, the surface uplift displacement gradually increases, and its
development trend is similar to the lateral horizontal displacement ofmeasuring holes
(see Fig. 7), experiencing rapid phase, slow phase, and stable phase, successively.
With the horizontal distance between the boundary of test zone and measuring points



Disturbance Deformation of Ground Induced by a Large-Area … 809

(a) Section E (d is diameter of PPP )            (b) Section D (d is diameter of PPP ) 

(c) Section C (d is diameter of PPP )            (d) Section B (d is diameter of PPP ) 

(e) Section A (d is diameter of CBP ) 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6
(S

z/d
)/%

r/d

 origin   2 rows   4 rows
 5 rows   6 rows   7 rows
 8 rows   9 rows   11 rows
 13 rows  14 rows

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

(S
z/d

)/%

r/d

 origin  8 rows of MGPs  2 rows 
 3 rows  4 rows  5 rows 
 6 rows  8 rows  10 rows 
 11 rows  12 rows

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

(S
z/d

)/%

r/d

 origin   2 rows   3 rows
 4 rows   5 rows   7 rows
 8 rows   10 rows   11 rows
 13 rows  14 rows

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

(S
z/d

)/%

r/d

 origin   5 rows of MGPs   1 row
 2 rows   3 rows   5 rows
 7 rows   8 rows   10 rows
 12 rows  13 rows

0 5 10 15 20 25 30 35 40 45 50 55 60
-0.02

0.00

0.02

0.04

0.06

0.08

(S
z/d

)/%

r/d

 origin  1# drilling completed
 1# perfusion completed  2# drilling completed
 2# perfusion completed  3# drilling completed 
 3# perfusion completed

Fig. 8 Vertical displacement of ground surface

Table 1 Comparison of field test results with literature results

Literature Pile
diameter
(mm)

Pile
length
(m)

Maximum
uplift
displacement

Influence
range

Piling method Number of
piles

Xu[11] 45 1.0 7.1%d (3–5)d Top driving Single

Present
study

400 30.0 (0.6–0.8)%d 30d Holding Pile group

Zhou [16] 500 30.0 (2.5–4.5)%d 8d Holding Single

Hwang [8] 800 34.0 3.8%d 16d Hammering Three

increases, the surface uplift shows exponential attenuation, which is consistent with
the distribution of numerical simulation results in Reference [15]. In addition, the
horizontal influence range of vertical displacement caused by the piling of PPPs is
about 30d, and the maximum uplift displacement is (0.6–0.8)%d.
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Table 1 shows the comparison between the results of this test and the results of
literature. Compared with the construction of group pile with few piles, the influence
range of surface uplift deformation caused by the large area piling of PPPs is larger,
but due to the effect of pre-drilled holes, the surface uplift is relatively smaller.

It can be seen from Fig. 8b and d that the vertical displacement of the ground
surface is very small after the piling construction of MGPs, the maximum value is
only 0.175%d (d is diameter of PPP). It can be seen from Fig. 8e that the influence of
three CBPs on the vertical displacement of ground surface is weak, and themaximum
value is only 0.067%d (d is diameter of CBP).

4.3 Effects of Pre-Drilled Hole on Soil Displacement

Pre-drilled hole can greatly reduce the volume of soil that needs to be removed during
the process of pressing the pile into the soil, thereby reducing the surface uplift and
horizontal deformation around the pile. Figure 9 compares the lateral horizontal
displacement during the piling process between NO. VI and NO. IV. When the pile
driving of first 5 rows are completed, the horizontal displacement of NO. VI at the
D-1 measuring hole is basically the same as that of NO. IV.

After the pile driving is completed, the lateral horizontal displacement at the
measuring holes caused by the driving of the last 9 rows without pre-drilled hole in
NO. VI is higher than that in NO. IV (the last 9 rows were driven with pre-drilled
hole with a depth of 15 m). The lateral horizontal displacement of the surface caused
by the last 9 rows of piles in the two zones is extracted, as follows: in D-1 measuring
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hole, ΔS1-VI of NO. VI is 10.0 mm, ΔS1-IV of NO .IV is 3.8 mm (see Fig. 9a); in
D-2 measuring hole, ΔS2-VI of NO. VI is 9.6 mm, ΔS2-IV of NO. IV is 3.5 mm (see
Fig. 9b). It can be seen that the surface horizontal displacement caused by the last
9 rows of piles without pre-drilled hole is about 3 times the displacement caused by
the last 9 rows with the pre-drilled hole of depth 15 m. It can be concluded that under
the same piling range, the displacement caused by the piling with pre-drilled hole
is more than three times smaller than the displacement caused by the piling without
pre-drilled hole. To sum up, under the soil condition in the test of this study, the 15
or 20 m depth pre-drilled hole has a significant effect on the prevention and control
of soil squeezing deformation, and the deeper the pre-drilled hole depth, the more
significant the control effect.

4.4 Lateral Disturbance Influence Range

The influence range of adjacent soil deformation caused by the piling is a focus
of attention of scholars [12, 16]. The determination of the influence range plays an
important role in guiding adjacent buildings (structures) to take reasonable prevention
and controlmeasures. Figure 10 shows the influence range of horizontal displacement
on the ground surface in each test zone during the piling process. It can be seen that
with the number of pile rows increases, the maximum influence range increases in a
stepped way. This is mainly because the number of measuring points in this paper is
limited, and only the distance of measuring points is used to determine the maximum
influence range. During the piling process, NO.VI and NO. IV reached themaximum
influence range first than NO. V and NO. III. After the pile driving is completed,
the maximum influence range of lateral horizontal disturbance in four test zones is
35.5 m, about 88 times of pile diameter.

Fig. 10 Comparison of
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ground surface of each zone
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If the foundations in the uplink-line and downlink-line of BSHR are reinforced
with PPPs with the same piling range as this test, then the existing foundation of
BSHR is within the maximum range affected by soil squeezing deformation. There-
fore, it is not recommended to use PPPs in this project. Compared with PPPs, the
maximum influence range of soil squeezing deformation caused by MGPs or CBPs
is smaller, not exceeding 5 m.

5 Conclusions

A field test was carried out to investigate the disturbance deformation
of ground during the large-area piling process, and to guide the foundation rein-
forcement of new link-lines adjacent to existing lines, and the following conclusions
were obtained:

(1) During the piling process, the lateral horizontal displacement decreases along
the depth, and its distribution is related to the soil properties. The surface
uplift displacement decreases exponentially with the increase of the distance
between the boundary of test zone and the measuring points. Under the same
piling range, the disturbance deformation caused by the PPPs is much larger
than that caused by the MGPs and CBPs.

(2) The influence range of lateral horizontal displacement caused by the piling
of PPPs is larger than that of vertical displacement. Under the soil condition
of this study, the maximum influence range of lateral deformation is approx-
imately 88d (d is the diameter of PPP), and the maximum influence range of
vertical deformation is approximately 30d. Affected by the pre-drilled hole, the
maximum lateral horizontal displacement is 17.2 mm, and the maximum uplift
displacement is (0.6–0.8)%d. Themaximum influence range both of lateral and
vertical deformation caused by the piling construction of MGPs and CBPs are
less than 5.0 m.

(3) Under the same piling range, the lateral horizontal displacement caused by the
piling of PPPs with no pre-drilled hole is more than three times larger than that
caused by the piling with a pre-drilled hole with depth of 15 m, indicating that
the pre-drilled hole with a depth of 15 m has a significant control effect on the
soil squeezing deformation. The control effect of the pre-drilled with a depth
of 20 m is better than that with a depth of 15 m.
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Simulating Water Balance of Road
Embankment Lysimeters

Manuel Melsbach and Emanuel Birle

Abstract Analternative to dumpingmineralmaterials containingmoderate amounts
of contaminants into landfills is to reuse them in road embankments and noise
protection barriers. To ensure groundwater protection, seepage of precipitation water
through these materials must be omitted or reduced to a minimum. Embankments
consisting of both cohesive and coarse-grained soilmaterials under various designs of
cover layers were investigated within six field lysimeters. To gain the understanding
of the water balance, quantities of seepage water, as well as runoff in the cover layers
and on the surface were monitored. When using moderately contaminated mate-
rials in earthworks, reliable prediction of the water balance is crucial. Thus, in this
study 2.5 years of the lysimeter experiments were modeled using the finite element
software Vadose/W. Results were compared to the experimental data. The unsatu-
rated hydraulic characteristics of the core materials were known from experimental
investigations. Those of the topsoil and the shoulder material were estimated from
databases of similar soils. A climate boundary condition represented the daily mean
of the actual climate data on-site including road runoff. The modeled water balances
were in good agreement with the field data for the cohesive core material of low
permeability. However, a tendency to overestimate of seepage water was observed,
which was even higher in the lysimeters with coarse-grained materials. This is linked
to the water-permeability of the shoulder material and demonstrates that the cover
layers have a major influence on the water balance of the whole embankment.
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1 Introduction

A major challenge of the construction industry is to conserve natural resources
and reduce the amounts of mineral waste being dumped into landfill as capaci-
ties are limited. Following this idea, an alternative to dumping excavation mate-
rials containing moderate amounts of contaminants and environmentally hazardous
substances is to reuse them as construction or building material. Potential fields of
application are road and railway embankments as well as noise protection barriers.
To avoid the elution of contaminants from these materials, seepage water quantities
must be reduced to a minimum to ensure groundwater protection over the whole
lifespan of the earthwork. Prevention of seepage can be achieved by constructive
measures, such as geo-membranes and other means of sealing. The design guide-
line MTSE [1], established by the German Association for Road Construction and
Traffic Affairs (FGSV) suggests a variety of sealing design methods. Method E
provides a special design, which uses mineral materials of low permeability (5 ×
10–8 m/s) within the embankment core and avoids additional sealing elements as
geo-membranes or clay liners. This design has been subject to closer investigation
in field lysimeter tests to gain better understanding of the water balance of road
embankments [2, 3]. Amounts of seepage water leaching from the core, interflow,
and surface runoff were monitored over a period of several years.

A key to reuse contaminated materials in the future is a reliable prediction of their
hydraulic behavior, which can be achieved by numericalmodeling ifmodels arewell-
calibrated [4]. Michaelides et al. [5] simulated the water balance of a large-scale test
fill at Munich Airport. They found that the amount of infiltration notably depends on
rainfall intensity amongst others. Modeling with mean values of precipitation and
climate data over longer time periods like weeks or months, led to biased results.
Yao et al. [6] compared the water content measurements from frequency domain
reflectometry (FDR) probes within a road embankment to simulation results. Both
data sets show that rainfall events mainly influence the water content in embankment
sections close to the surface. This was also observed in numerical studies in soils
with low conductivity [7].

Simulations of landfill cover tended to overestimate percolation from mineral
sealing layers, despite the availability of laboratory data of the hydraulic material
behavior [8]. Koukoulidou and Birle [7] simulated a significant reduction of seepage
water when a drainage element was present above an embankment core of coarse
material. Beyer et al. [9] also observed a capillary barrier effect of topsoil towards a
coarse embankment material with a numerical analysis in GeoSys. This could also
be shown in lysimeter tests under laboratory conditions [10].

Furthermore, it is essential to account for processes at the surface like evaporation
and transpiration [11] and to correctly model properties of the shoulder material to
gain reliable simulation results of the water balance [12].

Comparison between numerical models and actual monitoring data of seepage
water quantities from traffic embankments have so far been rare.
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1.1 Aims and Objectives

To gain knowledge about construction and design measures of embankments, the
Federal HighwayResearch Institute (BASt) [2] investigated thewater balance of road
embankments in lysimeters adjacent to a road with two lanes in Augsburg/Germany.
Three embankment sections consisted of soil with fine-grained material, covered
with shoulder material on the verge, and topsoil in the sloped section, both with a
grass cover. In lysimeters 2 and 3, a geo-composite drainage layer and a mineral
drain were installed between topsoil and embankment material. Leachate from the
cores of the embankment sections was collected in a pan with an impermeable base
and quantified by tipping buckets. Surface runoff and intermediate flow from the top
soil and a drainage layer (where present) were collected and quantified in the same
way. Three lysimeters (6, 7, and 8) with a coarse embankment core were used as
reference.

In this study, the water balances of these lysimeters were simulated by means
of numerical modeling and the results compared to measurement data. The aim is
to gain knowledge on reliability of the prediction of the water balance and which
aspects have to be considered when modeling is utilized for design purposes in
construction projects. Findings of this study can also help to optimize and enhance
design methods.

2 The Numerical Model

The model was set up in Vadose/W supplied by GeoSlope International Ltd. The
simulation period runs over 927 days from September 17, 2011 to March 31, 2013.
Two-hour time steps were chosen, resulting in 11,124 steps. Differential water trans-
port under unsaturated conditions is described by the nonlinear differential equation
by Richards:

∂

∂x

(
kx (θ) · ∂Hm

∂x

)
+ ∂

∂z

(
kz(θ) ·

(
∂Hm

∂z
+ 1

))
= C(Hm)

∂(Hm)

∂t
(1)

where x and z are the Cartesian coordinates for a two-dimensional model, kx and
kz describe the hydraulic conductivity depending on θ. Hm is the matric potential
and the capillary capacity C(Hm) is defined as

C(Hm) = ∂θ

∂Hm
(2)

Richards’ equation is usually solved by numerical methods. To couple heat and
mass transfer, Edlefsen and Anderson established a relationship between the param-
eters pressure, temperature, and vapor pressure [13]. Processes at the surface are
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accounted for by atmospheric coupling with the relationship by Penman-Wilson
[13].

2.1 Model Geometry

The model geometry was chosen according to the dimensions of the field lysimeters.
Figure 1 shows the model geometries with boundary conditions and the sections,
where seepage water as well as interflow and runoff were evaluated. Table 1 summa-
rizes the soil classification of the core materials and the different setups of all
lysimeters.

Additionally, two variations of lysimeter 6 weremodeled. The saturated hydraulic
conductivity of the shoulder material was reduced by two orders of magnitude to 1.5
× 10–5 m/s in variation 6.1 and three orders of magnitude to 1.5 × 10–6 m/s in
variation 6.2.

Fig. 1 Model geometry of the lysimeters with boundary conditions and mesh details. Sections of
seepage water quantification (orange line) as well as interflow and surface runoff (green line) are
marked. The collection pan is highlighted in turquoise. Right side: photo of the lysimeter site with
lysimeter numbers
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2.2 Hydraulic Parameters of Embankment Materials

The embankment cores of lysimeters 1, 2, and 3 consisted of fine-grained mate-
rial SC. Lysimeters 6, 7, and 8 contained coarse material SW in the embankment
core. Their unsaturated hydraulic properties had been previously determined in the
laboratory by Scharnagl and Durner [14] with the simplified evaporation method
after Schindler [15]. The soil–water retention curve (SWRC) and the unsaturated
hydraulic conductivity are shown in Fig. 2 As input data for the simulation, the
actual laboratory results were directly fed into Vadose/W.

The hydraulic parameters of the layers at the surface (topsoil, shoulder material,
and drainage layer) were unknown and had to be estimated according to their char-
acteristics of classical soil mechanics. Grain size distribution and dry density were
compared to soils from databases. For the topsoil on the slope section, the hydraulic
characteristics of a loamy silt were sourced from the Soilvision database [16]. Those
of a silty gravel from Ekblad and Isacsson [17] were applied to the shoulder material.
Its saturated hydraulic conductivity was set to 1.5 × 10–3 m/s as determined in the
laboratory on the actual material at proctor density.

Schanz et al. [18] determined hydraulic characteristics of the modified mineral
sealing, a sand with bentonite and polymeric additives, used in lysimeter 7.

As the hydraulic characteristics of drainage geo-composites show very steep
curves due to the uniformity of their pore system [19], numerical problems could
be caused [13]. Thus, the hydraulic parameters of a coarse gravel were chosen from
Ekblad and Isacsson [17]. The air-entry value of the material was adjusted according
to Melsbach and Birle [20]. The same material was used for the gravel within the

Fig. 2 SWRC and unsaturated hydraulic conductivity of the materials used in the simulation
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Table 2 Hydraulic and thermal characteristics of the soil and drainage materials used in the
simulation

Soil Hydraulic Thermal

van Genuchten Parameters

ks θs θr α n m λsolids cp solids

[m/s] [-] [-] [1/cm] [J/s/m/°C] [kJ/g/°C]

Coarse
Material
SW

1.0 ×
10–5

- - - - - 2.4 7.1 × 10–4

Fine
Material
SC

6.6 ×
10–8

- - - - - 1.8 1.7 × 10–3

Shoulder
Material
GW-GM

1.5 ×
10–3

0.24 0.02 0.085 1.73 0.42 2.4 7.1 × 10–4

Topsoil
SM

8.7 ×
10–7

- - - - - 1.8 1.7 × 10–3

Modified
Mineral
Sealing

5.4 ×
10–12

0.42 0.03 5 × 10–7 0.32 13.4 1.8 1.7 × 10–3

Drainage
Material
(GP)

5.0 ×
10–3

0.23 0.01 0.05 1.79 0.44 2.4 7.1 × 10–4

Gravel
Collecting
Pan GP

5.0 ×
10–3

0.23 0.01 0.5 1.79 0.44 2.4 7.1 × 10–4

collection pan at the base of the lysimeter but with a lower air-entry value to avoid
capillary rise. Hydraulic properties are shown in Fig. 2.

Thermal storage capacity and thermal conductivity were derived from the VDI
table [21]. Table 2 shows the characteristics of all materials used in the simulation.

2.3 Boundary Conditions

Hydraulic boundaries. At the base of the model, a flux boundary of 0 m/s with
potential seepage face reviewwas applied. The boundary condition allows downward
flux in case of a positive pressure head but prohibits upward flux that could occur
in the model due to negative matric suction but would not be possible in-situ due to
the collection of seepage water with the pan. The vertical sections at the sides of the
model are water- and airtight.
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Fig. 3 Daily mean and cumulative water volume of a precipitation and b road runoff at lysimeter
1 (Data provided by BASt)

Climate Boundary Condition. A climate boundary condition represents processes
at the surface by computing water and vapor flux depending on the current states of
soil, atmosphere, and plant growth. This study used daily means of climate data.

Precipitation and Road Runoff. Figure 3 shows the rain regime for the simulation
period and the road runoff on the example of lysimeter 1.

Precipitation data was recorded by a pluviometer adjacent to the lysimeters. Road
runoff varied, as each lysimeter had a unique catchment area that differs depending on
rain intensities. Catchment areas had thus to be estimated by a variety of approaches
analyzing the measured fluxes and precipitations [2]. For the present simulation, the
total influx to the lysimeter was determined by measurement of the total flux from
the lysimeters during the winter months, when evaporation is low.

Handling high amounts of road runoff in addition to rainfall on the lysimeters
is difficult in numerical models. Water, that cannot infiltrate in one section of the
model, i.e. the shoulder, will be withdrawn from the model and computed as surface
runoff. Thus, it is not automatically reallocated to another section, i.e. the slope,
where there might be higher infiltration potential. To mitigate this problem, two
consecutive calculation runs of the model were executed. The runoff in the shoulder
section determined in the first calculation run was assigned to the slope section for
the second run as illustrated in Fig. 4.

Evaporation and Transpiration. Other climate data for the simulation period was
taken from a weather station of the GermanMeteorological Service (DWD) at Augs-
burg Airport, at a distance of approximately 4 km from the lysimeter site. The net
radiation, which mainly controls transpiration was estimated from temperature and
relative humidity according to the FAO [22] method. The data was compared and
adjusted to data that was logged next to the lysimeters in 2015 after the simulation
period. Therefore, net radiation in 2015 was calculated from temperature and relative
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Fig. 4 Reallocation of runoff from a the shoulder section to b)the slope section in the second
calculation run. P Precipitation, W road runoff, R Runoff in the shoulder section

humidity data from the DWD weather station and adjusted to data from the station
at the lysimeters by least-square fitting.

A Leaf Area Index (LAI; ratio of leaf area to ground surface area) of 3 was
estimated for the summer months, decreasing to 0 in winter [13]. The Plant Moisture
Limiting Function (PML) describes the relation between actual and potential plant
water uptake. It was set to 100% at field capacity (ψ = 6.3 kPa) with a linear decline
to 0% at the permanent wilting point (ψ = 1500 kPa) [13].

2.4 Initial Conditions

Equilibrium of water potential within the model is derived from an initial water table
at −1 m below the base of the dam core (hydrostatic initial condition). Although
the actual water content at compaction is disregarded by this assumption, numerical
problems due to differences in matric suction between the different layers can be
avoided. Considering the large water quantities from precipitation and road runoff,
the impact on the results is marginal.

3 Results and Discussion

Figure 5 shows the cumulative water balance of the lysimeters with fine material SC
within the embankment core. Precipitation and road runoff result in interflow and
surface runoff, seepage water, evaporation, and transpiration. Dashed lines show the
results of the second calculation run.

The results show that seepage water quantities are low in proportion to the total
amount of collected water at 17.5% in lysimeter 1. With the drainage geo-composite
between topsoil and embankment core in lysimeter 2, seepage water is even lower at
8.6%. In lysimeter 3 however, the proportion of seepagewater at 11.4% is higher than
in lysimeter 2. Lysimeter 3 has a 10 cm drainage layer of coarse gravel, which was
also adopted in the model. The drainage geo-composite in lysimeter 2 was modeled
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Fig. 5 Water balance of lysimeters with fine-grained material in the embankment core

with the same material properties but with a thickness of only 5 cm. This indicates
that model geometry matters. The drainage layer in the model of lysimeter 3 is larger
in volume, meaning it has a higher storage capacity and thus releases water to the
core over a longer time after a rainfall event. Obviously, this enhances infiltration
into the core, leading to an increase of seepage water in the model.

In comparison to the site data, seepage water quantities are overestimated by
approximately 7.8% in lysimeters 1 and 3. In lysimeter 2, the overestimation is at
0.5% and thus, a very good result. As expected, overestimations of seepage water
proportions in the second run increase in lysimeters 1–3 to 11.6%, 1.8% and 8.5%,
respectively. This is due to more water being distributed on the slope section, where
infiltration increases. In lysimeter 1, this increase is especially high, as there are
no drainage elements to allow significant lateral flow. However, considering the
distribution of road runoff on the surface, the second run is closer to reality.
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In lysimeters with coarse-grained embankment material SW (Fig. 6), modeled
results and site data tend to be more divergent than in the lysimeters with fine-
grainedmaterial. Overestimation of seepagewater-related tomeasured seepagewater
in lysimeters 6, 7 and 8 is at 28.8%, 32.6%, and 54.7%, respectively.

These results suggest that the shoulder material has a lower permeability than the
value of k = 1.5× 10–3 m/s. This could be caused by a self-densification and clogging
of fine particles that were transported into the material by road runoff. Due to the
geometry of the lysimeters, the geo-composite layer underneath the shouldermaterial
cannot discharge significant volumes of water in lateral direction, neither in the field
nor in the simulation. Thus, infiltratingwater is storedwithin the geo-composite layer
in the shoulder section and eventually percolates into the embankment core adding
to the volume of seepage water.

Figure 7 gives an overview of the cumulative water balances of the simulated
lysimeters including variations of lysimeter 6. In variation 6.1, where saturated

Fig. 6 Water balance of lysimeters with coarse-grained material in the embankment core
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Fig. 7 Overview on the ratios of seepage water (orange) to interflow and surface runoff (green) of
lysimeters 1, 2, 3, 6, 7, 8 and the variations of lysimeter 6 with reduced saturated conductivity of
the shoulder material

conductivity of the shoulder material was reduced to k = 1.5× 10–5 m/s, seepage did
not decrease significantly. Only at k = 1.5 × 10–6 m/s in variation 6.2 a significant
reduction of seepage water and thus an increase in surface runoff could be observed.

Reallocation of surface runoff from the shoulder section to the slope section in the
second run did not return great differences. This could be expected due to the good
saturated conductivity of shoulder material and top soil on the slope. Thus, runoff
only happens at very few events of heavy rain and can mostly infiltrate in the slope
section after reallocation.

4 Conclusions

Although hydraulic parameters of the soil layers at the surface had to be estimated,
the numerical models of the lysimeters return water volumes in good accordance
with the site data. However, in all setups, a tendency to overestimation of seepage
water quantities can be observed. In lysimeters with fine material SC, overestimation
is low, especially in lysimeters 2 and 3, which have drainage elements in the slope
section. With respect to the aim of groundwater protection, these setups have the
lowest amount of seepage water and are thus favorable designs.

Further, the results show, that the layers at the surface have a major influence on
the total water balance. For the drainage geo-composite, the hydraulic properties of a
gravel, adjusted to function as a drainage layer [20] provided good modeling results.
However, this approach does not consider product-specific characteristics of different
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geo-composites. This should be subject to further research to achieve a reliable basis
for implementation of drainage geo-composites into a numerical model.

Overestimation of seepage water volumes was even higher in the lysimeters with
coarse embankment materials SW. This can be partly linked to the saturated conduc-
tivity of the shoulder material, which seems to be lower than the laboratory value
which might originate from subsequent densification. A reduction of the saturated
conductivity in variations of lysimeter 6 gives evidence that the shoulder material has
a high influence on the water balance, as seepage water quantities decrease. Real-
location of surface runoff from the embankment section to the slope section should
be done, when hydraulic conductivity of shoulder material is low (e.g. k ≤ 1.5 ×
10–6 m/s) to avoid underestimation of seepage water. Software should be developed
further to automatically shift surface runoff between sections.

The application of finite element simulation for seepage prediction in construction
projects is feasible. As water volumes tend to be overestimated, the simulation can
be considered a conservative approach.
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Electrical Resistivity Changes in Wet
and Dry Side of Optimum Moisture
Content for Soils with Low to High Fines
Content

Hamid Rostami and Abdolreza Osouli

Abstract Compacted soil is an essential element in the construction of geo-
structures as not any soil site on its own is ideal for the intended construction. This
research is an experimental study that investigates the interactional effect of mois-
ture and fines contents on electrical resistivity (ER) of compacted soils. The soil type
used in this study is sand with 0%, 30%, and 60% fines content. A non-conductive
standard proctor mold is built and modified for measuring the electrical resistivity of
soil samples with different dry densities and moisture contents. The electrical resis-
tivity measurements are conducted using four electrodes; two electrodes for injecting
the current and two electrodes for measuring the electrical potential difference. The
soil specimens are tested under the same electrical setup in both dry and wet sides
of the soil compaction curve. The results show that there is an inverse relationship
between the electrical resistivity amount and both soil density and moisture content.
The plot of electrical resistivity versus moisture content indicates that even though
the electrical resistivity decreases with increasing the moisture content, the rate of
electrical resistivity changes is different in wet and dry sides of optimum moisture
content (OMC). In the dry side of OMC, the electrical resistivity decreases with a
steep slope because of an increase in both soil density andmoisture content. However,
on the wet side of optimum moisture content, the soil density starts to decrease and
electrical resistivitymoves with amilder slope just because of an increase inmoisture
content.

Keywords Soil compaction · Electrical resistivity · Optimum moisture content ·
Fines content

1 Introduction

Electrical resistivity (ER) is an intrinsic characteristic of each material and is
measured as the capability of contradicting the flow of electrical current. The basic
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principle of the ER method is that when a constant current is injected in to the soil
through the electrodes, the current that flows between the electrodes has an inverse
relationship with the resistance of the soil [1]. ER is a geophysical testingmethod and
is commonly used in geotechnical engineering, geology, and environmental studies
[2–4]. The most important factors that influence the ER of soils are moisture content,
porosity, particle sizes, bulk density, and plasticity [5]. Electrical current in soil is
strongly dependent on the moisture content and degree of saturation. Therefore, they
are the primary factors that affect the electrical resistivity of soils [6, 7].

ER can potentially be used to detect any difference in soil density because the
electrical resistivity of soil materials increases with decreasing the soil density. The
measurement of ER can be used as an alternative to traditional methods for quality
control and estimation of soil density.

Conventionally, the soil compaction is usually estimated using the measurements
of dry density and moisture contents of the soil [8]. However, there are often diffi-
culties with traditional laboratory approaches when high accuracy is needed. The
ER method is a non-destructive, fast, and cost-effective manner for investigating the
subsurface materials without the need of sampling and laboratory tests. There have
been several studies that investigate themeasurement of soil compaction using the ER
for practical engineering purposes. Kowalczyk et al. [9] investigated the relationship
between ER and moisture content and the degree of compaction for non-cohesive
soil. The results showed that the ER is a function of both moisture content and degree
of compaction. Abidin et al. [10] explored the relationship between the ER, moisture
content, and bulk density. They showed that the ER decreased with increasing the
moisture content in a curvilinear form. Other research [11] proved that ER can be
used as an indirect indicator of soil moisture content.

The correlation between ER, moisture content, and soil density is likely to depend
on particular combinations of the ranges of moisture content and soil fines that may
be encountered. It will then be necessary to study the effects of those combinations in
order to develop reliable correlations to ER measurements. In this paper, there is an
attempt to determine the moisture content range for various types soils in which ER
measurement can be used as a reliable representation of soil density. In this research,
the soil specimens are tested under the same electrical setup in both dry and wet
sides of OMC for three different types of soils from coarse-grained to fine-grained
soils with various amounts of fines content.

2 Material and Method

The soil samples were prepared with three different fines contents 0%, 30%, and
60%, which are called hereinafter Sample 1, Sample 2, and Sample 3, respectively.
Figure 1 depicts the soil grain size distribution that was determined for these samples
using sieve analysis. Table 1 shows the soil classification according to the Unified
Soil Classification System (USCS).
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Fig. 1 Grading curves for soil samples

Table 1 Sample information and USCS classification

Sample no Group symbol (USCS) FC (%) LL (%) PI (%) Description

1 SW 0 – – Clean and well-graded
sands

2 SM 30 11.5 3 Silty sand

3 ML 60 21 7 Low-plastic silt

For the soil compaction, the standard proctor test was conducted according to
the criteria of ASTM D-698. The only difference was using a mold machine from a
4-inch diameter PVC Schedule 80 pipe instead of regular steel mold for the standard
proctor test. Fig. 2 shows the laboratory equipment used for ER measurement of
compacted soils.

PVCwas chosen because it was a good electrical insulator with resistivity of 1015
�-cm. It should be noted that, from geotechnical point of view, the plastic mold had
no effect on results of moisture contents or soil density in comparison with regular
proctor mold. Moreover, the plastic mold allowed insertion of two lateral electrodes
(M and N) in the soil after its compaction. These electrodes were measuring the
electrical potential, while the current was applied to the soil specimen through the
top and bottom electrodes (A and B) (See Fig. 3).

The electrical resistivity of compacted soils was measured using SuperSting R1
and an Adapter Box. The SuperSting measures the resistance of material in Ohm
�, which depends upon the shape and the size of specimen. In order to calculate
the resistivity of soil material with the unit of Ohm �-cm, a correction factor was
needed. This factor is derived by dividing the sample cross-sectional area by the
distance between the electrodes A and B [12].
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Fig. 2 Electrical laboratory test equipment

Fig. 3 A schematic view of
PVC mold and four
electrodes

It should be noted that to assure repeatability of the results, 40% of the tests were
repeated and the results of dry density, moisture content, and electrical resistivity
were within ± 3.5% margin of error. Figure 3 illustrates a schematic view of the
PVC mold, electrodes, and electrical current in soil sample.

3 Results and Discussion

The dry density versus moisture content curves for soil Samples 1 through 3 are
presented in Fig. 4. This figure shows that Sample 1 with 0% fines content has
the lowest optimum moisture content (OMC), while the Sample 2 with 60% fines
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Fig. 4 Compaction curves for different soil samples

content has the highest OMC, which is compatible with typical behavior of well-
graded sands [13]. These previous studies indicate that the addition of fines content
with low plasticity to sandy soil up to a certain percentage, which varies from about
10% to 30% and depends upon the gradation of sand to be compacted, decreases
the OMC and increases the Maximum Dry Density (MDD) of sand. With adding
low-plastic fines content, OMC and MDD start to have an inverse trend.

Figure 5 illustrates electrical resistivity values versus moisture content for all soil
samples tested. For the three types of samples, electrical resistivity values were found
to decrease with increasing of moisture content. Resistivity values decrease with a

Fig. 5 Electrical resistivity versus moisture content
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decreasing rate when moisture content increased up to 1–1.5 times the optimum
moisture content, then electrical resistivity becomes almost constant with further
increases in the moisture content. It indicates that when void spaces between grains
fill and become connected to each other with fluid, adding more water to the soil has
no considerable effect on the electrical conductivity ofmaterial. This is very similar to
the variation of coefficient of permeability from dry to wet side of optimummoisture
content.

Figure 5 also shows that in high moisture content ranges, the resistivity of indi-
vidual soil samples decreases with increasing the percentage of fines content. In
coarse granular soils, electrical resistivity is a function of the soil porosity, soil struc-
ture, and arrangement of the grains that provide different paths for the current. In
fine-grained soils, however, it is mainly affected by the surface conductivity of the
fine particles that considerably pave the way for electrical flow [14]. Furthermore,
the increase of fines content results in filling the voids that exist between the particles
and consequently minimize the volume of voids and connect the grains.

The relationship between electrical resistivity and soil density is more compli-
cated. Figure 6a depicts the electrical resistivity values versus soil density on the
dry side of OMC. According to this figure, the electrical resistivity has a decreasing
trend for all three samples when the soil become denser, which is in agreement with
conventional relationship between electrical resistivity and soil density. However,
as shown by Fig. 6b, in wet side of OMC, the electrical resistivity continues to
decrease with decreasing the soil density. It indicates that for Sample 1 (clean sand),
soil density can be only detectable using electrical resistivity measurement up to
OMC since the soil density has no considerable change versus electrical resistivity
in wet side of compaction curve. However, for Samples 2 and 3 with 30% and 60%
fines content, respectively, electrical resistivity can be used to detect the soil density
change even in the wet side and up to 5% OMC.

4 Conclusion

This experimental study investigates the effect of moisture and fines contents on the
relationship between electrical resistivity and soil density. Three different percent-
ages of low-plastic (i.e., PI < 7%) fines content (i.e., 0%, 30%, and 60%) are
compacted based on the standard proctor test procedure and using a PVC mold.
The results clearly show that there is a relation between soil electrical resistivity and
soil density that is affected by moisture content and fines content. The soil sample
with zero percent fines content has a considerable high resistivity in low moisture
content in comparison with two other samples. Regarding the moisture content, it
should be noted that the OMC plays an important role in the soil resistivity-density
relation, especially for clean sands. On the dry side of OMC, soil resistivity decreases
with a steep gradient as a result of increase in soil density and moisture content. On
the wet side of OMC, however, the electrical resistivity decreases with a decreasing
rate when soil density starts to decrease. The moisture content gradually plays a
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Fig. 6 Electrical resistivity versus soil dry density: a moisture content less than OMC (dry side);
b moisture content greater than OMC (wet side)

more dominant role in this side for clean sands (Sample 1). Although electrical resis-
tivity can be used as an effective method for measurement and quality control of
field compaction, this study shows that two important parameters of soils, moisture
content and fines content, must be considered if this approach is to be employed.
The laboratory results show that in fine grained material and in more than 5% above
optimum moisture content may lead to an incorrect soil density evaluation.

References

1. Kelleners TJ, Robinson DA, Shouse PJ, Ayars JE, Skaggs TH (2005) Frequency dependence
of the complex permittivity and its impact on dielectric sensor calibration in soils. Soil Sci Soc
Am J 69:67–76. http://soil.scijournals.org/cgi/content/abstract/69/1/67

2. Loke MH (1999) Electrical imaging surveys for environmental and engineering studies: a
practical guide to 2-D and 3-D surveys

http://soil.scijournals.org/cgi/content/abstract/69/1/67


836 H. Rostami and A. Osouli

3. Dahlin T (2001) The development of DC resistivity imaging techniques. Comput Geosci
27(9):1019–1029

4. Zonge K, Wynn J, Urquhart S (2005) 9. Resistivity, induced polarization, and complex resis-
tivity. In: Near-surface geophysics. Society of Exploration Geophysicistsm Tulsa, OK, pp
265–300

5. Zhou QY, Shimada J, Sato A (2001) Three-dimensional spatial and temporal monitoring of
soil water content using electrical resistivity tomography. Water Resour Res 37(2):273–285

6. McCarterWJ (1984) The electrical resistivity characteristics of compacted clays. Geotechnique
34:263

7. Kibria G, Hossain MS (2012) Investigation of geotechnical parameters affecting electrical
resistivity of compacted clays. J Geotech Geoenviron Eng 138(12):1520–1529

8. Avnimelech Y, Ritvo G, Meijer LE, Kochba M (2001) Water content, organic carbon and dry
bulk density in flooded sediments. Aquacult Eng 25:25–33. https://doi.org/10.1016/S0144-860
9(01)00068-1

9. Kowalczyk S, Maslakowski M, Tucholka P (2014) Determination of the correlation between
the electrical resistivity of non-cohesive soils and the degree of compaction. J Appl Geophys
110:43–50

10. AbidinM,SaadR,AhmedF,WijeyesekeraD,YahyaA (2013) Soilmoisture content and density
prediction using laboratory resistivity experiment. IACSIT Int J Eng Technol 5(6):731–735

11. Bhatt S, Jain PK (2014) Correlation between electrical resistivity and water content of sand—a
statistical approach. Am Int J Res Sci Technol Eng Math 6(2):115–121. ISSN (online) 2328–
3580

12. Advanced Geosciences, Inc. (AGI) (2011) Instruction manual for supersting earth resistivity.
IP & SP System

13. DebK,SawantV,KiranA (2010)Effects of fines on compaction characteristics of poorly graded
sands. Int J Geotech Eng 4(2):299–304. https://doi.org/10.3328/IJGE.2010.04.02.299-304

14. Mitchell J, Soga K (2005) Fundamentals of soil behavior, 3rd edn. Wiley, USA; Romero E,
Gens Am Lloret A (1999) Water permeability, water retention curve and microstructure of
unsaturated compacted Boom clay. Eng Geology 54:117–127

https://doi.org/10.1016/S0144-8609(01)00068-1
https://doi.org/10.3328/IJGE.2010.04.02.299-304


Characterizing the Effect of Fines
Content on the Small Strain Shear
Modulus of Sand-Silt Mixtures During
Hydraulic Hysteresis

Mohammadreza Jebeli, S. Mohsen Haeri, and Ali Khosravi

Abstract Small strain shear modulus,Gmax, is one of themost important parameters
for the characterization of the behavior of earth structures subjected to static or
dynamic loading conditions. This research presents an experimental laboratory study
on the effect of non-plastic fines content and hydraulic hysteresis on the Gmax of
unsaturated sandy soils. In this regard, clean Firoozkuh No. 161 silica sand which
is classified as poorly graded sand was mixed with different percentages of non-
plastic Firoozkuh silt. A set of bender element tests were carried out using two
modified triaxial devices. The modifications on these two apparatus were to add
HAV ceramic discs for air–water control of unsaturated specimens, in addition to
including piezoelectric bender elements to send and receive shear waves andmeasure
their velocities within the unsaturated silt-sand mixtures. Axis translation technique
was implemented for hydromechanical purposes and bender element for shear wave
velocity measurements and calculating Gmax.

Keywords Small strain shear modulus · Bender element test · Unsaturated sandy
soils · Fines content · Hydraulic hysteresis

1 Introduction

Pavements, machines foundations, and shallow footings are usually exposed to low
amplitude dynamic loads which in turn cause low strains in them. Also, earthquakes
emit shear waves, which pass through the soil layers with different grain-size distri-
butions. Analysis of the behavior of soil layers and overlaying structures in such
loading conditions requires identifying dynamic characteristics of the soil layers
in small strain situations. Shear modulus at small strains (less than 10–4%), Gmax,
is considered as one of the most important dynamic characteristics of the soil. In
addition, according to the recommendations of the seismic codes, engineers need
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information about the soil stiffness for the design of geo-structures and classifica-
tion of dynamic properties of the soils [15, 20]. Also, soil stiffness is utilized for
the soil-structure interaction analyses. Moreover, shear wave velocity, which has a
close correlation with Gmax, is used to evaluate the susceptibility of the sediments to
liquefaction. Researchers have tried to understand the behavior of silt-sand mixtures
because of their liquefaction potential and compressibility. Moreover, silty sands
may be used for the construction of road bases and embankments.

In recent decades, researchers have conducted numerous experiments to recog-
nize factors that affect the small strain shear modulus of the soils. The result of these
studies have shown that different parameters could affect Gmax, such as effective
confining stress, p′, void ratio, e, percentage of fines content, FC, and over consol-
idation ratio, OCR [11, 12, 29, 30]. A significant decrease of Gmax values with the
increment of the fines content of silt-sand mixtures were reported in the previous
studies as well [9, 26, 31].

Results of previous studies on the Gmax of unsaturated fine soils have shown that
maximum shearmodulus increaseswith increasingmatric suction in a nonlinear way.
Meanwhile, theGmax of sandy soils varies in an up and downmanner [18, 24, 25, 28].
On the other hand, the results of these studies on the Gmax of unsaturated fine soils
have demonstrated that fine soils possess greater Gmax values during wetting paths
than drying paths. In contrast, Khosravi et al. [18] reported that the Gmax of some
clean sand specimens during drying paths was lower than its values along wetting
paths. They related this observation to the variation of suction stress along drying and
wetting path. However, investigation on the small strain shearmodulus of unsaturated
silt-sand mixtures during hydraulic hysteresis is rare or nothing. In this study, the
unsaturated shear modulus of an uniform clean silica sand which was mixed with
different percentages of non-plastic silica silt was investigated under different matric
suctions along both wetting and drying paths. The void ratio was kept constant for
different mixtures during this study. In the following sections, some details of the
tests and results are described.

2 Experimental Study

2.1 Tested Materials

In this study, standard Firoozkuh No 161 silica sand was used as clean sand. This
angular sand is obtained from Firoozkuh mine in the northeast of Tehran province in
Iran. Researchers in Iran use this sand as standard sand for geotechnical testing. Also,
Firoozkuh silt from the same mine was used as non-plastic fines for the experiments.
The corresponding grain size distribution curves obtained by performing sieve anal-
ysis according to ASTM D6913 [4] and hydrometer analysis according to ASTM
D7928 [5] are shown in Fig. 1. According to USCS, this clean sand is classified
as poorly graded sand. Additionally, the specific gravity test Gs was determined in
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Fig. 1 Grain size distribution curves of tested materials

Table 1 Physical properties
of tested materials

Firoozkuh Silt ML No. 161 Firoozkuh Sand SP

Mineral
D50(mm)
PI
Wopt

99%SiO2
0.025
-
19%

Mineral
D50(mm)
Cu

99%
SiO2
0.226
1.37

accordance with ASTM D854 [6] to be 2.65. The physical properties of the clean
sand and silt are demonstrated in Table 1.

The clean sandwasmixedwith different percentages of silt to investigate the effect
of fines content respectively on maximum void ratio, emax, according to ASTM 4254
[2] andminimumvoid ratio, and emin, according toASTM4253[1] by using vibratory
table. However, bothmethods are limited to soils that contain up to 15%fines content,
so there is no standard method to obtain these parameters beyond these limitations.
Despite these recommended limitations, these methods have been used to determine
emax and emax in different studies [10, 14]. Figure 2 demonstrates the variation of
maximum andminimumvoid ratiowith adding non-plastic fines contents. According
to this figure, the minimum and maximum void ratio of silt-sand mixtures decreased
with the increase of fines content until they reached a minimum value at a threshold
fines content, which is about 30%; after that, both values increasedwith the increment
of fines content. These results are similar to the observations of other studies [27,
30]. It is argued that before the fines content threshold, the mechanical behavior of
the mixtures is sand dominant, but by adding fines particles more than threshold fines
content, the behavior changes to silt-dominant behavior.
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Fig. 2 Variation of maximum and minimum void ratio with the percentage of fines particles

2.2 Experimental Setup

Two triaxial cells equipped with bender elements and suction control system were
used to measure the shear wave velocity and Gmax of specimens during hydraulic
hysteresis. Axis translation technique [13] was utilized to control and apply specific
matric suctions. Each modified cells have a pair of bender elements in the bottom
platen and top cap to send and receive shear waves, respectively. In this research,
a signal generator was used to produce an input sinusoidal pulse. Also, the pulses
were amplified up to 10 times of input signals in order to gain detectable responses
while an oscilloscope, records both input and response signals.

Moreover, the changes in the level ofwater in gradedburettes connected to the cells
were recorded to measure the volume changes of specimens. These measurements
were corrected according to the results of the several careful calibration tests to
eliminate the errors caused by water evaporation, creep, and changes in the volume
of the chambers, the pressure line tubing, and the burettes under various pressure. By
the observation of graded burettes connected to the bottom of HAE ceramic disks,
the variations of the volume of pore water were measured.

2.3 Specimen Preparation

The diameter and height of the tested cylindrical specimenswere 60mmand 120mm,
respectively. In order to prepare the sandy and silty samples in addition to samples
with 10, 20, 30, 40, 60% non-plastic fines content, the clean sand was completely
mixed with different percentages of the silts. Distilled water was added to the oven-
dried soil mixtures and then was blended well. Static compaction was used to prepare
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the specimens with an initial desirable void ratio, which was equal to 0.7. In this
regard, specimens were prepared by tamping in ten layers with different heights
using under-compaction technique in a split mold, according to Ladd [21]. This
method prevents excessive compaction of lower layers during the compaction of the
upper layers. Interfaces between the successive layers were scarificed to establish a
proper bond between layers.

2.4 Test Procedure

After placing the specimens in the cells, a vacuumwas applied at the top cap to avoid
deformation of the samples. A backpressure technique under 40 kPa mean net stress
was used to saturate samples. In this regard, backpressure was increased in different
water pressure steps, up to 340 kPa, accompanied by enough time span to dissolve
air bubbles in the pore water. Skempton’s B value greater than 0.95 was considered
as a saturation criterion. After specimen saturation, the mean net stressed increased
to 100 kPa, so the first bender element tests were carried out in different frequencies
on saturated specimens after giving enough time to obtain volume change caused by
the enhancement of mean net stress.

Desirable suctions were applied by means of adjusting air, water, and confining
pressure at the boundaries of the specimens. Also, enough time was given until
no detectable change of the water level in burettes was observed. The acceptable
hydraulic equilibrium criterion was considered in the tests to be a water volume
change of equal to or less than 0.1 mL in a day. Hydraulic equilibrium used to take
2–15 days, depending on the soil type and quantity of matric suction. Therefore, each
test took more than 3 months. After equilibrium at each stage, bender element tests
were carried out to obtain travel time by using peak to peak method. Shear wave
velocity was obtained by dividing the distance between tips of bender elements into
the travel time. Consequently, the small-strain shear modulus, Gmax, was calculated
by using Eq. (1) proposed in elasticity theory, in which ρ is the total density of a
sample.

Gmax = ρ × V 2
s (1)

3 Results and Analysis

3.1 Effect of Fines Content on Soil Water Retention Curve

The soil water retention curves (SWRC) of the specimens during drying and wetting
paths have been illustrated in Figs. 3 and 4, respectively. According to these figures,
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Fig. 3 Effect of fines content on the soil water retention curve of specimens during drying path
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Fig. 4 Effect of fines content on the soil water retention curves of specimens during wetting path

adding fines content has significant effects on the soil water retention curves. As
shown, by increasing fines content, the specimens retainedmorewater at equalmatric
suctions, and this led to the enhancement of air entry values, residual matric suctions,
and water entry values. This behavior can be attributed to the fact that fines particles
replenish the void spaces of the sandy skeleton of specimens and decrease the average
radius of void pores, so for a given degree of saturation, the level of matric suction
increases with fines content. This observation is consistent with the observations of
other researchers [7, 18] and is in a line with Young–Laplace equation. This equation
establishes a correlation between matric suction and the dimension of pore space.
As seen in Figs. 3 and 4, the slopes of soil water retention curve decreased with the
enhancement of fines content. Not only did adding fines decrease the average radius
of pores, but also it increased the distribution of pores with different radius. In other
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words, adding fines led to decrease in the uniformity of the pores of the specimens.
Moreover, as illustrated in these figures, adding fines had more profound effects on
the bottom of the retention curves of the specimens. As mentioned by Lu and Likos
[22], the primary mechanism which dominates suction at low degrees of saturation
is short-range adsorption effects which depend on the surface of the solid particles.
So, adding fines affected soil retention at relatively low values of water content more
significant than retention at higher values of water content.

3.2 Effect of Fines Content on Small Strain Shear Modulus
(Gmax)

Figure 5 represents the variations of Gmax of the unsaturated specimens with suction
along drying path. As shown in this figure, adding non-plastic fines content led to the
reduction of Gmax especially, at low matric suctions. The greatest decrease was for
the specimen with low fines content (up to 20%). The given results are in harmony
with the results of other studies [26, 30]. In other words, adding fines more than the
threshold fines content led to the change of mechanical soil behavior and structure
from sand dominant to silt dominant. On the other hand, pure silt with 0.7 initial void
ratio had greater Gmax than the other specimens with non-plastic fines content. This
high value of modulus for silty specimen may be related to its high relative density
(about 95%) for its 0.7 initial void ratio.

As seen in Fig. 5, theGmax value of sandy specimen increased with matric suction
up to the proximity of air entry value, and then, decreased slightly with the further
increment of matric suction and reached a constant value at residual matric suctions.
This observation is consistent with the results reported by Khosravi et al. [18]. They
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Fig. 5 Variation of small strain shear modulus of specimens with different non plastic fines content
along drying path



844 M. Jebeli et al.

40
50
60
70
80
90

100
110
120

0.1 1 10 100 1000

Sm
al

l s
tr

ai
n 

sh
ea

r 
m

od
ul

us
, 

G
m

ax
(M

Pa
)

Matric suction, ψ (Log kPa)

clean sand
10%FC
20%FC
30%FC
40%FC
60%FC
silt

Fig. 6 Variation of the small strain shear modulus of specimens with different nonplastic fines
content during wetting path

correlated this up and down trend with the variation of suction stress with the matric
suction. In addition, this local maximum value of Gmax at the proximity of air entry
value can be observed for the specimenswith 10 and20%offines content, althoughno
local maximum exists for specimens with more than 30% of fines content. For higher
values of matric suction, samples with fines content as low as 10% had differentGmax

behavior with suction from the sandy specimen. For these specimens, the variation
of Gmax values with matric suction consist of two parts; before the proximity of air
entry value, in which Gmax increased in a slightly linear manner, while at higher
matric suctions values, Gmax increased in a non-linear exponential manner.

The variation ofGmax with matric suction during wetting path has been illustrated
in Fig. 6. According to this figure, the Gmax of the sandy specimen experienced few
changes alongwetting path, and its value increased slightly at the lowvalues ofmatric
suction. Despite the sandy specimen, other specimens had greater Gmax quantities
during wetting path than drying path. There is a consensus through literature about
this behavior of fine soils [19, 24, 25]. Khosravi and McCartney [16] attributed this
behavior to double hardening concept proposed byWheeler et al. [33] and Tamagnini
[32].

3.3 A New Model for Prediction of the Small Strain Shear
Modulus of Sand-Silt Mixtures

Lu andKaya [23] conducted compression tests on unsaturated sandy, silty, and clayey
specimens and brought them to equilibrium at different degrees of saturation in
order to measure finite-strain Young Moduli. Based on the results of this study, they
concluded that finite strain shear modulus has an inverse relationship with a power
of effective degree of saturation, as shown in Eq. (2).
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Gmax(unsat) ∝
(
1

Se

)β

(2)

where Gmax(unsat) is small strain shear modulus at unsaturated state, β is an experi-
mental fitting parameter, and Se is considered as effective degree of saturation, which
is defined in the following equation:

Se = Sr − Sr(res)
Sr(sat) − Sr(res)

(3)

where Sr is the current degree of saturation, Sr(res) and Sr(sat) are the values of degree
of saturation at residual and saturated conditions, respectively.

Dong et al.[8] developed a new unified model for different types of soils reported
in the literature based on Eq. (2). However, some other studies [16, 18, 28] reported
that Gmax is proportional to the product of degree of saturation and matric suction
in terms of effective stress equation for unsaturated soils or suction stress definition
proposed by Lu and Likos [22]. Based on these different reports in the literature,
the product of effective stress and degree of saturation with separate exponents is
considered proportional to Gmax for the proposed model in this study.

In addition, applying hydromechanical loads may cause hardening/softening as
well as irreversible changes in void ratio [32, 33]. In this study, specimens experienced
maximumeffective stress at the end of drying path; while, they tolerated less effective
stresses along the wetting path. Besides, Hardin [12] reported that stress history (i.e.,
Over Consolidation Ratio) has significant effect on the measured values of small
strain shear modulus. Based on the reported observations in the literature and the
results of the experiments of this study, a new model was developed to predict the
Gmax of sand silt mixtures in terms of effective stress history, degree of saturation,
and matric suction. In this regard, the over consolidation ratio was defined in terms
of effective stress history, as follows:

OCR = P ′
max

P ′ (4)

where P′ is the current effective stress and P′
max is the maximum effective stress

experienced during hydraulic hysteresis. In order to define effective stress, Eq. (5)
proposed by Lu and Likos [22] was utilized.

P ′ = Pn + Ps (5)

where Pn is mean net stress and Ps is suction stress which is defined in Eq. (6).

Ps = χ × ψ (6)

where ψ is matric suction, and χ is effective stress parameter which can be defined
by Khalili and Khabbaz’s [10] proposed equation, as follows:
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χ =
[

ψ

ψb

]−0.55

(7)

where ψb is air entry value. Based on Eq. (4), specimens are considered normally
consolidated along drying path, while they become over consolidated during wetting
path because of experiencing maximum effective stress at the end of drying path.
Therefore, Eq. (8) is proposed to predict small strain shear modulus of silt-sand
mixtures during hydraulic hysteresis.

Gmax(unsat) = Gmax(sat)

(
OCRK + βS−m

r

(
ψ

Pa

)n)
(8)

where Gmax(unsat) and Gmax(sat) are small strain shear modulus at unsaturated and
saturated states, respectively; Pa is atmospheric pressure (100 kPa), and K, β, m, and
n are fitting parameters. This equation could be simplified to the model proposed
by Oh and Vanapalli [28], by replacing K = 1 and n = 1. Also, this equation at
saturated state is similar to the equation presented by Hardin [12] in order to predict
theGmax of over consolidated fine soils. In this study, the measured values ofGmax at
saturated state are considered as Gmax(sat). Also, it is possible to use available models
in literature rather than measuring of Gmax(sat).

Least square method was applied in order to determine these fitting parameters.
Table 2 shows the variation of fitted parameters with fines percentages as well as
coefficient of determination (R2). Based on the obtained results and this table, the
suggested relationship can predict small strain shear modulus of sand-silt mixtures
during hydraulic hysteresis well. According to the variation of fitting parameters,
Gmax of the specimens is in inverse proportion to degree of saturation except for
sandy soils, as suggested by Dong et al. [8]. Based on the determined parameters for
the proposed equation, by adding fines content more than 40%, the matric suction
fitting exponent (i.e. n) reached zero. In other words, when fines content was more
than the threshold percentage, and the behavior of specimens became silty dominant,
the effect of matric suction on soil stiffness vanished. So, degree of saturation mainly
affected the variation ofGmax for unsaturated silty soils instead ofmatric suction. This
observation is in line with the reports of Dong et al. [8] indicating that the variations

Table 2 Variation of fitted parameters with fines content

Soil type K β m n R2

Clean Sand 0.12 1.601 −6.10 0.951 0.95

10%FC 0.78 0.239 0.36 0.461 0.99

20%FC 1.03 0.072 1.36 0.152 0.99

30%FC 1.07 0.060 1.90 0.060 0.99

40%FC 0.92 0.065 2.07 0.000 0.98

60%FC 0.45 0.035 2.31 0.000 0.98

Silt 0.12 0.039 2.49 0.000 0.98
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Table 3 Equations for the prediction of the fitting parameters of the proposed model in terms of
fines percentage

Parameter K β m n

Equation 1.11e− (FC−30)2

776 1
0.6249+0.4106FC

−25.903+2.795FC1.049

4.246+FC1.049
182.02−0.016FC2.29

191.47+FC2.29

of Gmax with degree of saturation for silty soils are more sensitive than sandy ones.
Based on these obtained values, four equations were developed to predict the fitting
parameters in terms of non-plastic fines percentage for Firoozkuh sand-silt mixtures
(Table 3). Further studies should be done to determine the relationship between these
fitting parameters and other soil properties such as void ratio, plasticity index, etc.

4 Conclusion

In the current study, the small strain shear modulus of sand-silt mixtures during
hydraulic hysteresis was studied by using two modified triaxial cells. These cells
are equipped with bender elements to send and receive shear waves, and ceramic
disks to implement axis translation technique. In order to investigate the variations
of Gmax along drying and wetting paths, 7 specimens with different non-plastic fines
content were prepared with equal initial void ratio and tested under mean net stress
of 100 kPa.

Results of this study have shown that adding fines content as low as 10% to poorly
graded sands led to change in the manner of Gmax variations with suction. Accord-
ingly, the Gmax of the specimens with fines content increased with the increment
of matric suction in spite of up and down trend observed for clean sands. More-
over, these specimens had higher Gmax values along wetting path compared to those
for drying path, experiencing hardening during hydraulic hysteresis. Based on these
observations, a new simple model was developed to predict the small strain shear
modulus of silt-sand mixtures during drying and wetting paths. This model could
predict different Gmax trends of sands and silts in addition to considering double
hardening during hydraulic hysteresis. According to this model, as fines percentage
increases, the role of matric suction diminishes, and instead, the role of the degree of
saturation on the stiffness of unsaturated soils increases during hydraulic hysteresis.
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of Highways with Georadar
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Abstract The study is based on the results of a georadar study of the pavement
substructure obtained during a large-scale geophysical project. The survey consisted
of 6000 km investigation of highway pavements and underlying granular layers
down to the depth of 0.9 m. It was carried out at high speed (not less than 80 km/h)
in order to avoid interference with traffic and using air-coupled (horn) antennae
(with center frequency of 1 and 2 GHz). The claim of the regulator for high-speed
measurements on highways contradicts is its demand for the acquisition of high-
quality data (the required inaccuracy in determining the layers’ thickness had to be
less than 8%). The reason for errors could be irregular changes in antennae height
during surveying at high speed, changes in the pavement temperature and moisture
content, variation in the properties of the pavement due to differences in age, design,
and repair history. A common way to reduce the error is to correlate georadar data
with the data obtained from control boreholes. However, this method makes the
project very destructive, expensive, and time-consuming. In our case, the regulator
allowed no more than 100 control wells implying one control borehole per each 60
kmof highway pavement substructure. Herewe present amethodology for correcting
several causes of the inaccuracies in data processing noted above. This methodology
includes compensation for irregular drift in antenna height that occurs during high-
speed imaging, as well as changes in temperature and humidity. Our extensive study
of asphalt cores has shown that the coefficient of dielectric constant can be used to
compensate for changes in dielectric properties due to temperature variation. It was
shown that the application of the Rayleigh model is very useful for compensating
for changes in the moisture content of the pavement structure. The research results
presented here make it possible to compensate for inaccuracies in the processing of
georadar data and, hence, remain within the accuracy established by the regulator.

A. Frid
Department of Electrical and Electronics Engineering, Sami Shamoon College of Engineering,
SCE, 56 Bialik st., 84100 Be’er Sheva, Israel

V. Frid (B)
Department of Civil Engineering, Sami Shamoon College of Engineering, SCE, 84 Ja-botinsky
st., 77245 Ashdod, Israel
e-mail: vladimirf@ac.sce.ac.il

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
E. Tutumluer et al. (eds.), Advances in Transportation Geotechnics IV,
Lecture Notes in Civil Engineering 165,
https://doi.org/10.1007/978-3-030-77234-5_70

851

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77234-5_70&domain=pdf
http://orcid.org/0000-0001-7897-134X
mailto:vladimirf@ac.sce.ac.il
https://doi.org/10.1007/978-3-030-77234-5_70


852 A. Frid and V. Frid

Keywords Georadar · Highway · Pavement

1 Introduction

The georadar/ground penetrating radar (GPR) method consists of fast generation
of electromagnetic (EM) “pulses” in the MHz to GHz range and registration of
their reflections from the boundaries between adjacent layers due to differences in
the layers’ dielectric permittivity [1–11]. The asphalt mixture includes aggregates,
water, asphalt, and air. The dielectric constant of aggregates usually ranges between
5 and 12 [3, 8, 11, 12] while its values for air and water are minor (1) and major
(81), respectively [11]. That is the reason why air and water content essentially
affects the value of dielectric constant of an asphalt layer [9, 13–17]. It is well
known that the dielectric properties ofmaterials strongly dependon their temperature,
and that is correct for the asphalt mixtures too. Comparison of georadar data with
borehole information enables one to reduce inaccuracy in layer thickness definition.
However, big-scale georadar projects, consisting of measurements of hundreds or
even thousands of kilometers, usually suffer from insufficient amount of control
boreholes due to regulator requirements to decrease the pavement damage caused
by borehole drilling, cost of survey, and time consumption. The article is based
on the results of a georadar survey which consisted of 6000 km investigation of
highway pavements and underlying granular layers down to the depth of 0.9 m. It
was carried out at speeds higher than 80 km/h in order to avoid interference with
traffic and using air-coupled (horn) antennae (with the center frequency of 1 and
2 GHz). Three causes of inaccuracy in layers thickness were revealed: a. irregular
changes in antennae height when surveying at high speed, b. changes in pavement
temperature, c. changes in pavement moisture content. Here we present the results
of the study of these inaccuracies.

2 The Effect of Antenna Height Drift

The measured amplitude value of the georadar is known to be affected by the height
of the antenna above the asphalt surface:

Aa = A0
(√

εa − 1
)

(√
εa + 1

) (1)

where Aa, A0, εa . are the amplitude of reflected signal from the asphalt surface
(subscript ‘a’), from the metal plate (subscript ‘0’), and asphalt dielectric constant,
respectively. Let us denote reference height Hr to be the height of the antenna over
the asphalt surface at a point before or/and after data acquisition while Hm . to be
the height of the antenna different from the reference height (e.g. due to the antenna
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height drift during data collection or bouncing test [18]). Then we define Ar
0 and Am

0
to be the maximal value of georadar signal amplitude measured over maetal plate
at a reference height Hr and at the height Hm different from the reference height,
respectively. It was shown, [18] that the ratio between Ar

0 and Am
0 values can be

defined as follows:

Ar
0

Am
0

= eα�H (2)

where α is the coefficient of amplitude attenuation (1/m) equal to −1.1 for 1GHz
and 2 GHz antennae in average [18], �H = Hr − Hm implying that for �H > 0
the antenna is located below the reference height, and �H < 0—the antenna height
is greater than reference height. It is seen that the value of eα�H ranges from 0.8
(if the antenna places 20 cm below the reference height) to 1.25 (if the antenna is
located 20 cm above the reference height).

Utilizing Eqs. (1) and (2) yields:

⎧
⎨

⎩

Ar
a = Ar

0(
√

εra−1)
(
√

εra+1)

Am
a = Ar

0(
√

εra−1)
eα�H(

√
εra+1)

(3)

hence, the value of dielectric permittivity after height drift compensation εm�H :

√
εm�H =

(
Ar
0 + Am

a e
α�H

Ar
0 − Am

a e
α�H

)
(4)

Note that dielectric permittivity value without the height drift compensation εm

can be found as follows:

√
εm =

(
Ar
0 + Am

a

Ar
0 − Am

a

)
(4′)

Since the pavement thickness is L ∼ 1√
εa

, the relative error in the layer thickness

calculation is ε�H = Lm

Lm
�H

=
√

εm�H√
εm

. Hence the relative error caused by neglecting
the antenna drift can be found as follows:

ε�H =
(

Ar
0+Am

a e
α�H

Ar
0−Am

a e
α�H

)

(
Ar
0+Am

a

Ar
0−Am

a

) (5)

Figure 1 shows the results of the error calculation. It is seen that the error is
significant when the antenna is higher than the reference position. The same outcome
is for small values of amplitude ratio AR = Ar

0/A
m
a when the reflected georadar

amplitude is quite big, e.g., for new asphalt pavement. The calculations were made
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Fig. 1 The relative error in the layer thickness calculation ε�H due to antenna height drift. Index
AR means the value of amplitude ratio: (Ar

0/A
m
a )

for the reference height 0.3 m that is typical value of the antenna height without a
drift. Note that the error does not depend on the specific value of the amplitudes
Ar
0, A

m
a , but only on their ratio Ar

0/A
m
a .

3 The Effect of Pavement Temperature

The effect of temperature on the value of dielectric constant was studied using 40
asphalt core samples. The dielectric constant was determined for each core sample
at five temperature values of 20, 30, 40, 50, and 60 °C that is the typical asphalt
temperature range in Israel. Since the standard procedure of the rock/material drying
is impossible for asphalt cores due to samples disintegration at temperature higher
than 80 °C, the procedure similar to those described by Evans et al. [13, 15] was
utilized as follows: after extracting the cores from the highway pavement, they were
stored for several weeks at a temperature of 40–50 °C in outside conditions and then
at room temperature. All cores were weighted to receive their dry mass Mdry and
after each measurement of dielectric constant the values of dry mass Mdry was re-
checked. The procedure of the dielectric constant measurement were performed in
the following order: a. All 40 samples were placed in the drying oven at temperature
of 20 °C for 24 h. b. One core was taken to measure the dielectric constant, while the
others were left inside the oven at a temperature of 20 °C. c. The measurements were
carried out using a Percometer probe [19] determining the real part of the relative
dielectric permittivity based on the change in capacitance caused by the material
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at the tip of the probe in the frequency range 40–50MHz. Note that difference in
value of dielectric permittivity measured in this frequency range and in the range of
georadar (1–2GHz) is insignificant for the aim of this study. d. The dry mass Mdry

was re-checked. e. The steps a–d were repeated for all 40 samples for temperature
20 °C. Note that opening the oven door reduced the internal temperature, and the next
measurement was carried out only when the internal temperature steadily returned to
the desired value. f. The procedures a–f were repeated four times for the temperature
values 30, 40, 50, and 60 °C.

Figure 2 shows the results of dielectric constant measurements while the
temperature ranges 20–60 °C.

The results show the tendency of increase in dielectric permittivity value with
increasing temperature, while the gradient of the rise is not the same for different
samples and for different temperature ranges. It can be assumed that such changes
can be associated with the inhomogeneity of the composition and structure of the
samples. Understanding the phenomenon is a subject for future research.

Fig. 2 Dielectric permittivity-temperature behavior of dry asphalt specimens. The Y axis is the
value of dielectric permittivity. The X-axis is the value of temperature in degree of Celsius Symbols
in the legend below the graph indicate the sample number and the corresponding curve
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Fig. 3 The relationship
between the relative error in
asphalt thickness calculation
due to temperature changes.
The Y axis is the value of
relative error �kT see Eq.
(7). The X-axis is the value
of temperature in degree of
Celsius 0.86
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Currently, we propose to characterize the change in the value of the dielectric
constant using the temperature coefficient ‘k’ as follows:

εm = εT=20e
k(T−20) (6)

where εT=20 and εm are the values of dielectric constant at temperature 20 °C and the
temperature higher than 20 °C, respectively. T is the value of temperature in units of
degree of Celsius. Our analysis showed that the average value of ‘k’ for all measured
asphalts cores is 7*10-3 (°C-1). This result is consistent with those of Jeselskis et al.
[20] and Evans et al [15], the average coefficient of dielectric constant in which was
2*10-3 (°C-1). The relative error in calculating layer thickness �kT = Hm

HT=20
due to

ignoring changes in the asphalt temperature can be found as follows:

�kT = Hm

HT=20
=

√
εT=20

εm
= e−0.5k(T−20) (7)

Figure 3 demonstrates the results of inaccuracy calculation using Eq. (7).
Analysis of Fig. 3 indicates that if the temperature changes significantly during

the georadar survey the inaccuracy in asphalt thickness measurement can reach 10%
or even more.

4 The Effect of Moisture Content

Aswe noted above, the values of dielectric constant of air εair, water εw and dry solids
εs are 1, 81, and 5–12, respectively. Hence, the increase of water content within the
pore space essentially affects the value of dielectric constant of the entire asphalt
mixtures. The most comprehensive study of models for dry asphalts was performed
by Leng et al. [21–23] and Al-Qadi et al. [6] who showed that their ALL model
ensures the most accurate results for the density assessment than CRIM, Rayleigh,
and Botchermodels. Existingmodels of wet asphalt aremostly empirical. Their main
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drawback is the lack of consistency between the relationships for dry and wet asphalt
[24–31].

We developed novel equations for wet asphalt mixture for all four models and
proved their consistency with the corresponding models for dry asphalts (volumetric
water content is equal to zero). The analysis of these models was performed via
simulation using Matlab software. The simulation of wet asphalt density Gmb and
volumetric water content wv showed that Rayleigh and ALL models yields quite
similar results. Eq. (8) shows the developed relationships for Rayleigh and ALL
models for wet asphalt.

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

GmbR =
εwHMA−b
εwHMA+2b

+wv

[
(1−Pb)
Gsb

C+D−E
]
−nD

(1−Pb)
Gsb

C
; Rayleigh model

GmbALL =
εwHMA−b

εwHMA−2.3b
+wv

[
(1−Pb)
Gsb

F1m+F2m−F3m
]
−nF2m

(1−Pb)
Gsb

F1m
; All model

(8)

where εw
Asp, εb are the dielectric constant of wet asphalt and binder, respectively. n

is the asphalt porosity, C, D, E, F1m, F2m, F3m are the coefficients depending of
asphalt properties as follows: C = s−b

s+2b
, D = 1−b

1+2b
, E = 81−b

81+2b
,

F1m = s−b

s − 2.3b + 2εw
Asp

, F2m = 1−b

1 + 2εw
Asp − 2.3b

, F3m = 81−b

81 − 2.3b + 2εw
Asp

wv is the value of volumetric water content, Pb is the binder content, Gsb is the
specific gravity of the aggregate, calculated taking into account the binder absorption,
s is the dielectric constant of aggregate. Note that substituting wv = 0 turns out
these relationships to be equal to corresponding ones developed for dry asphalts
that indicate their self-consistency. Figure 4 shows the ratio of the value of wet
asphalt density calculated using Rayleigh model GmbR to the value of wet asphalt
density calculated using ALL model GmbALL. It can be seen that for porosity values
in the range from 0.01 to 0.06, the discrepancy between these two models does
not exceed 5% and it even decreases with the rise of volumetric water content.
If the porosity of asphalt is relatively high (0.07–0.12), the discrepancy between
the two models exceeds 5%, in the case of a low volumetric water content (less
than 2–3%), but it decreases with an increase in the volumetric water content, as
in the case of low porosity. Both models can be used for estimations of dielectric
constant based on expected values of asphalt porosity and density, and vice versa
for estimation of asphalt porosity and density based on measured values of dielectric
constant.However, theRayleighmodel can be used for solving both direct and inverse
problem while the ALL model application for inverse problem can be done only via
simulation, e.g. using Matlab software.

Another conclusion, which inevitably follows from the analysis of Fig. 4, is that
the relative error �w in calculating the thickness of the asphalt layer, caused by
neglecting water content for ordinary asphalt (4–6% in porosity), can reach 5%, but
for highly porous or damaged/old asphalt, this error increases essentially.
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Fig. 4 Comparison values of wet density calculated using Rayleigh and ALL models for deferent
values of volumetric water content and porosity

5 Conclusion

In this article,wepresent the results of a studyof several causes of typical inaccuracies
in calculating the thickness of asphalt in large-scale georadar surveys. It was shown
that the total error in determining the thickness of the pavement layers due to neglect
of the drift of antenna height, asphalt temperature, andmoisture content can reach tens
of percent. This is significantly higher than the error limit allowed by the regulator
(less than 8%). The research results presented here make it possible to compensate
for these inaccuracies in the processing of georadar data collected during large-scale
road surveys, and, therefore, remain within the accuracy established by the regulator.
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Abstract This paper presents the field installation in an airport pavement and early
results of a bender element (BE) field sensor recently developed at the University of
Illinois for direct in situ local stiffness measurement and assessment of layer moduli
of pavement base/subbase layers. The BE field sensors were installed in a ‘Smart
Runway’ pavement; an extensively instrumented and monitored runway at Hill Air
Force Base in Utah. The instrumentation project was undertaken by the US Army
Engineer Research and Development Center (ERDC) for monitoring responses of
in-service airport pavements subjected to aircraft loadings. Three BE field sensors
were installed at different depths in the base layer along the gear path of a heavy
cargo aircraft, and a fourth BE sensor was placed in a non-trafficked area of the
pavement for comparison. Shear wave velocities were measured immediately after
sensor installation in the base and after the construction of the asphalt surfacing.
The modulus of the aggregate base was estimated from the measured shear wave
velocities. Test results indicated a significant increase in shear wave velocities after
proper compaction of the base layer and the placement of the asphalt surface course.
The stiffening of the base due to higher confinement could be reliably determined
by the shear wave measurement method. In addition, heavy weight deflectometer
(HWD) and dynamic cone penetrometer (DCP) tests were also conducted on the test
pavement. Comparisons between the moduli obtained from HWD backcalculation,
the DCP-based assessment, and those measured by the innovative BE field sensors
indicated that the layer moduli from the BE field sensors and DCP testing were
relatively similar; whereas the modulus values backcalculated from HWD tests were
notably higher.
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1 Introduction

Unbound aggregate layers serve as a major structural component of flexible pave-
ments by supporting and distributing vehicular loading. The resilient modulus of
unbound aggregate bases/subbases is a mechanistic layer property for analysis,
design, and construction quality control of pavements. Most of the pavement design
procedures including FAA’s Advisory Circulars for Airport Pavement Design and
Evaluation, AASHTO’s Pavement ME (Mechanistic-Empirical) Design Guide, and
many other guidelines used by individual state Department of Transportation (DOTs)
recommend using the resilient modulus to characterize unbound aggregate base and
subbase layers [1].

Resilient modulus values of aggregate materials are typically determined by
performing repeated load triaxial tests in the laboratory. With the goal to simulate
construction and traffic loading conditions, most repeated load triaxial test proce-
dures include conditioning and load cycles with different combinations of confining
and deviatoric stresses applied on test specimens when determining resilient moduli,
whereas the actual stress states in the field for modulus estimation are typically
unknown. Resonant column tests and simple shear tests can also be used for modulus
estimation, but there are concerns about differences in the stress states and stress path
[2]. Field assessment methods are also utilized for layer stiffness estimation. Nonde-
structive field test methods such as falling weight deflectometer (FWD) and heavy
weight deflectometer (HWD) are commonly used to estimate moduli of the aggre-
gate base, subbase and subgrade layers from measured surface deflections [1, 3, 4].
FWD and HWD methods involve a backcalculation/forward calculation procedure
for the estimation of the base course modulus with non-standardized software [5].
Other nondestructive techniques include seismic methods, such as spectral analysis
of surface waves (SASW), for the modulus estimation but require the use of an inver-
sion method [6, 7]. GeoGauge, a nondestructive method for modulus estimation, has
a limitation of considering only a shallow depth of influence [8]. Further, empir-
ical correlations are commonly used to estimate resilient modulus from engineering
properties such as the California Bearing Ratio (CBR) or unconfined compressive
strength (UCS), but empirical methods lack accuracy.

For accurate and direct estimation of unbound aggregate base layer stiffness, a
recent research initiative at the University of Illinois focused on the development of
innovative bender element (BE) field sensors that can be installed in pavement layers.
By installing BE pairs in the target layer, the local stiffness can be evaluated through
shear wave velocity measurement. From extensive studies involving the use of BEs
during repeated load triaxial testing in the laboratory, the ability of BEs to measure
the localized stiffness of unbound aggregate specimens was verified [9–11]. More-
over, Byun et al. [12] managed to apply BE embedded shear wave transducers for
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measuring shear wave velocities and estimating modulus of as-constructed unbound
aggregate base layers.

This paper describes the field application of a newly developed BE sensor that
is intended to monitor local stiffness characteristics and assess layer modulus of an
airfield pavement base course from measured shear wave velocities. The instrumen-
tation project was managed by the US Army Engineer Research and Development
Center (ERDC) for monitoring the mechanistic responses of an in-service airport
runway pavement subjected to mixed aircraft traffic. The design and manufacture of
the BE field sensor and the function of each component including the BE protec-
tion module, BE field sensor frame, protection cover, and the coupling material
are described in depth. The data acquisition process and shear wave measurement
device configuration are then provided. The detailed information of the instrumented
‘Smart Runway’ pavement where the BE sensors were installed, and the installation
and testing procedure of the BE field sensors are described. Themodulus characteris-
tics of the unbound base course evaluated using the installed BE field sensors before
and after compaction and asphalt surface course construction are then compared to
the layer stiffness evaluations from HWD and DCP test data.

2 Development of Bender Element Field Sensor

In this study, pairs of bender element (BE) transducers were used to evaluate the
stiffness characteristics of an aggregate base layer constructed in the ‘Smart Runway,’
an extensively instrumented pavement section at US Hill Air Force Base in Utah.
BE shear wave transducers have outstanding coupling ability with granular materials
and are cost-effective, but they have not been frequently used in field applications
due to issues with fragility. To overcome the fragility of BE sensors, a novel BE field
sensor was carefully designed for in situ applications and installed in a constructed
pavement layer.

2.1 Bender Element

Piezoelectricity is a property of certain dielectric materials to physically deform in
the presence of an electric field, or conversely, to produce an electrical charge when
mechanically deformed [13]. A BE is composed of two layers of piezoceramics
bonded to a thin metal shim sandwiched in the middle. The application of a voltage
across the BE forces one layer to expand and the other to contract, which can generate
a detectable shear wave. Thus, BE pairs can be embedded within an aggregate layer
to measure modulus and change in modulus. BE sensors can be installed in the field
at any depth and orientation [12]. In this study, parallel-type BEs with 30.5 mm (1.2
in.) length and 25.4 mm (1.0 in.) width were utilized. To minimize the internal low-
pass filtering effect in granular materials, it is known that the wavelength should be
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longer than twice the median particle size [14]. Considering the median aggregate
particle size of 10.1 mm in this study, the 30.5 mm length of BE was selected to
minimize the internal low-pass filtering effect. Parallel-type BEs were chosen since
they provide a higher magnitude of shear wave signal compared to the serial type
BEs.

2.2 Bender Element Field Sensor

Bender element field sensors developed for field applications must ensure a reliable
and robust design to overcome any possible issues due to the fragility of the piezo-
electric material or the coupling with the unbound aggregate materials. The BE field
sensor developed in this study consisted of a stainless-steel frame, BE protection
modules, and diagonal supporting bars. Figure 1a shows a schematic drawing of a
BE field sensor. The stainless-steel sensor frame protects both the BE sensors and the
cable connections from potential impact or damage at a construction site and main-
tains a constant distance between BE sensor pairs. Further, it ensures that the source
and receiver transducers directly face each other during shear wave signal propaga-
tion. The dimensions of the frame developed herein are 121.9 cm (4 ft) in length
and 45.7 cm (1.5 ft) in width. The length was designed to be longer than the width
of the gears/tires used to traffic the pavement, and the width was selected to enable
collecting a clear shear wave signal without any interference from the stainless-steel
frame. The BE protection module, which consists of PVC casing, coupling material
(uniform coarse sand) and aluminummesh protection cover, was designed to protect
the BE sensors and propagate shear wave in a continuous medium. The thickness of
the BE protection module is 6.0 cm (2.4 in.). A rubber mount is attached to the BE
protection module to minimize the possibility of a shear wave propagating through
the frame. Diagonal supporting bars were fitted at the four corners of the BE field
sensor frame to prevent out-of-plane warping and ensure the pair of BEs are on the
same plane. A detailed view of the different components of the developed BE field
sensor is shown in Fig. 1b.

2.3 Shear Wave Measurement System

Figure 2 presents a schematic drawing of an embedded BE field sensor in an airport
pavement aggregate base layer under traffic loading. The devices utilized for shear
wave measurement and the procedure for shear wave measurement are presented in
Fig. 2. The measurement system consists of a linear amplifier, a signal generator, an
oscilloscope, and a filter and amplifier. Depending on the connections, one of the BEs
becomes a source of shear waves and the other becomes a receiver. The input signal
with a magnitude of up to 10 V is produced by the signal generator and delivered to
the pre-amplifier. The signal is intensified approximately 6-times, which triggers the
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Fig. 1 Bender element (BE) field sensor: a schematic drawing showing the dimensions of a BE
field sensor; and b a detailed view of the BE field sensor and its components
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Fig. 2 Schematic drawing of the embedded BE field sensor and the configuration of the shear wave
measurement system

‘source’ BE transducer, and the shear waves that propagate through the aggregate
specimen are received by the ‘receiver’ BE transducer. The output signals are filtered
and amplified using the filter and amplifier and are displayed on the oscilloscope.
The 1024 signals are stacked and averaged to remove any uncorrected signal noise.

3 Field Application of BE Field Sensors

Four BE field sensors were installed in the Smart Runway pavement at Hill Air Force
Base, Utah. The instrumentation effort was undertaken by the US Army Engineer
Research andDevelopmentCenter (ERDC) formonitoring themechanistic responses
of the in-service runway pavement subjected to mixed aircraft loadings. The runway
pavement test section consisted of 216 mm (8.5 in.) of hot mix asphalt underlain by
300 mm (11.8 in.) of unbound aggregate base and a 445 mm (17.5 in.) subbase.
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3.1 Material Properties

Figure 3 shows the grain size distribution curve and the moisture–density relation-
ship of the aggregate material used to construct the base course layer of the Smart
Runway. The grain size distribution was determined according to the ASTM C136
test procedure. The aggregate basematerial used in the field test sectionwas classified
as an A-1-a (stone fragments, gravel, and sand) according to AASHTO soil classifi-
cation and as a GP-GM (poorly graded gravel with silt) according to the Unified Soil
Classification System (USCS). For this aggregate material, 10.1 mm (0.4 in.) was

Fig. 3 Material properties for the aggregate base course: a grain size distribution; and bmoisture–
density relationship from the modified Proctor (ASTM D1557) tests
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the D50 size corresponding to 50% passing in a gradation chart, 37.5 mm (1.5 in.)
was the top size, and the percentage passing the No. 200 sieve size (0.075 mm) was
6%. The modified Proctor (ASTM D1557) tests produced a maximum dry density
(MDD) of 22.4 kN/m3 (142.5 pcf) at an optimum moisture content (OMC) of 5.7%.
Both the subbase and subgrade were classified as a silty sand (SM) according to
USCS classification. The maximum dry densities of the subbase and subgrade were
21.5 kN/m3 (136.7 pcf) and 19.3 kN/m3 (122.9 pcf), respectively.

3.2 Field Test Sections

Figure 4 shows the depth profile and plan views of the Smart Runway pavement
section with exact elevations of the four BE field sensors embedded in the base
course above the subbase and subgrade. The first BE field sensor (BE 1) was placed
in a non-traffic area of the test section, 239 mm (9.4 in.) above the bottom of the
base layer. On the other hand, three other BE field sensors were placed in the Smart
Runway section under the probable gear path of the C-17 cargo aircraft. The second
BE field sensor (BE 2) was placed at 81 mm (3.2 in.) above the bottom of the base
layer, the third BE field sensor (BE 3) was installed at 198 mm (7.8 in.) above the

Fig. 4 Constructed Smart Runway pavement test section showing the locations of the BE field
sensors: a cross-sectional view; and b plan view
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bottom of the base layer, while the fourth sensor (BE 4) was installed at 86 mm (3.4
in.) above the bottom of the base layer. In short, BE 1 and BE 3 were placed near the
top of the base layer, whereas BE 2 and BE 4 were installed near the bottom of the
base layer for comparison (see Fig. 4).

3.3 BE Field Sensor Installation Procedure

Installation of the BE field sensors was performed after the construction of the aggre-
gate base layer. After construction and compaction of the aggregate base course layer,
the location of the BE field sensor installation was carefully marked, and the base
course materials were removed to place the sensor frame as shown in Fig. 5. To bring
the sensor cables to the data acquisition box placed at the shoulder, a narrow trench
was dug, and uniformly graded fine sand was placed as a padding material to protect
the cables. After installing the BE field sensors in the base layer, the depth of place-
ment of each BE sensor was carefully measured using a robotic total station. Any
gaps between the sensor frame and the ground were filled and compacted properly
to provide a uniform foundation for sensor stability. Aggregates were placed in front
of the sensors and compacted by hand tamping to ensure proper contact between the
BE sensors and the base course material. The BE field sensors were then covered
with the base course aggregates and compacted using a vibratory plate compactor
within the excavated trench, followed by a large self-propelled vibratory roller at the
final base course surface elevation. The achieved average dry density of the aggregate
base course measured using a nuclear density gauge was 22.05 kN/m3 (141.5 pcf).

4 Experimental Results and Discussion

After the BE sensor installation, shear wave signals were collected on two different
occasions. The first measurements were taken after installing BE field sensors in the
aggregate base course and before the hot mix asphalt layer construction. Figure 6
shows the shear wave signals from this first measurement. The installation of the BE
field sensors and the first measurements took place in May 2019, after two weeks
of continuous heavy rain. Thus, the aggregate base layer was extremely wet. Shear
wave signals from the first measurement show relatively low signal-to-noise ratio.
The high water content in the granular base led to a significant attenuation of the
transmitted shear waves, which led to poor quality of the recorded signals due to the
extremely wet aggregate base condition [14, 15]. The red arrows in Fig. 6 indicate
the estimated first arrival time of the shear waves. As shown earlier in Fig. 4a, BE 2
and BE 4 were placed at the bottom of the base layer, whereas BE 1 and BE 3 were
installed at the top of the base layer. The first arrival times of the shear waves of BE
2 and BE 4 are relatively shorter because of the higher confinement pressure applied
from the overlying base material.
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Fig. 5 BE field sensor installation procedure: a marking sensor location; b removing constructed
aggregates and placing BE field sensor; c preparing the trench for cables; d measuring the depth
of placement of BE field sensor; e preliminary compaction using a plate compactor; and f final
compaction after sensor installation using a vibratory roller compactor
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Fig. 6 Shear wave signals recorded after the compaction of the aggregate base for a BE 1; b BE
2; c BE 3; and d BE 4

The second measurement was performed in July 2019, a few days after the
construction of the HMA layer. Figure 7 shows the shear wave signals recorded from
the second measurement. The quality of shear wave signals was clearly improved
after the placement of the asphalt surface layer, which led to increased confinement,
and the reduction in the moisture content in the aggregate base, which had stabilized
with proper drainage for approximately two months.

From the recorded shear wave signals, shear wave velocities can be calculated as
follows:

VS = L

ttip−tip
(1)

where ttip−tip is the first arrival time and L is the distance between the two BE sensors.
The first arrival time of the shear waves was chosen by finding the first break of

the signal. The first break of the signal is considered as one of the best methods to
get consistent results [16]. The accuracy of the shear wave velocity from the bender
element test was reported as ±2% [17, 18]. As shown in Figs. 6 and 7, the first
arrival times of shear wave signals from the BE field sensors in the first measurement
sequencewere relatively higher andmore scattered.On the other hand, the first arrival
times from the secondmeasurement sequencewere significantly lower and the values
were more uniform. From previous experimental research studies, it is well-known
that the modulus of the aggregate material is stress-dependent [19, 20]. The shear
wave velocity can be expressed as a function of confining stress as follows:
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Fig. 7 Shear wave signals from the second measurements; a BE 1, b BE 2, c BE 3, and d BE 4

VS = ασc
β (2)

where α and β are the model parameters obtained from regression analysis using the
test results and σ c is a confining pressure.

After the construction of the HMA layer, relatively uniform confining pressure
was achieved due to the weight of overlying asphalt layer. As a small-strain stiffness,
shear modulus can be calculated by using the following equation:

Gmax = ρV 2
S (3)

where Gmax is small-strain shear modulus, and ρ is the bulk density of the aggregate
material.

Based on the theory of elasticity, the elastic modulus in a small-strain range can
be estimated as follows:

EBE = 2G(1+ υ) (4)
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Table 1 Summary of modulus measurements from BE field sensors, and HWD and DCP tests

Sensor No. 1st Measurement 2nd Measurement HWD DCP

Vs (m/s) EBE (MPa) Vs (m/s) EBE (MPa) EHWD (MPa) MR (MPa)

BE 1 122.7 92.2 216.6 287.0 506.1 328.9

BE 2 167.4 171.4 193.9 230.1

BE 3 126.7 98.1 188.5 217.5

BE 4 151.5 140.5 207.2 262.7

where EBE is the elastic modulus from BE sensor in small-strain range, and υ is
Poisson’s ratio of the aggregate material.

Poisson’s ratio of the base layer was assumed to be 0.35, which is a typical value
commonly assumed for an unbound aggregate base layer. Table 1 summarizes the
shear wave velocities and small-strain elastic moduli of the aggregate base layer
calculated from the first and second measurement sequences.

On the same day that the second shear wavemeasurements were performed, HWD
tests were also performed on the newly paved instrumented Smart Runway pave-
ment. The utilized HWD device was a Dynatest 8082 heavy weight deflectometer.
The applied impulse loads ranged from 157 kN (35,300 lbs.) to 252 kN (56,650 lbs.).
The HWD moduli were estimated through backcalculation using the PCASE soft-
ware andBAKFAA software. PCASE stands for Pavement-Transportation Computer
Assisted Structural Engineering, which is the US Army ERDC pavement evaluation
and design software, and BAKFAA software was developed by the Federal Aviation
Administration (FAA) to perform backcalculation of pavement layer moduli. Both
software programs have been widely used for the analyses of the HWD and FWD
data [21, 22]. The estimatedHWDmoduli of the surface course, base course, subbase
course, and subgrade were 333.0 MPa (48.3 ksi), 506.1 MPa (73.4 ksi), 344.7 MPa
(50.0 ksi), and 177.2 MPa (25.7 ksi), respectively. The HWD moduli of the surface
course was lower than the base and subbase layers, and this low measurement was
expected because the HWD testing was conducted a few days after the surface course
construction before the asphalt mixture had fully cured.

Before the HMA surface course construction, DCP tests were also conducted with
the goal of determining the strength profiles of the runway pavement structure. The
DCP penetration rate was converted to California Bearing Ratio (CBR) using the
following equation:

log(CBR) = 2.46− 1.12log(DCP (mm)) (5)

where DCP is the penetration rate (mm/blow).
A representative set of CBR values was selected using the 85th-percentile method

for the base material to characterize the constructed pavement section according to
the US Army Corps of Engineers procedure [23]. From the obtained CBR data, layer
modulus values were estimated using the empirical equation as follows [24]:
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MR = 17.6× CBR0.64 (6)

where MR is the resilient modulus.
The resilient modulus of the aggregate base course from the DCP test data was

approximately 328.9 MPa (47.7 ksi). Note that the estimated CBR of the base layer
was 97%, which is a considerably high CBR value, whereas Eq. 6 is more applicable
to low or medium CBR ranges.

Table 1 summarizes the shear wave velocities and modulus values
measured/calculated fromBEfield sensors, theHWDand theDCP tests.As discussed
earlier, the small-strain elastic modulus EBE of the base layer not only increased
significantly but also became less variable after the HMA surface layer construc-
tion owing to the uniform overburden pressure applied. Also, note that the modulus
values calculated from the BE field sensor and DCP testing were relatively close,
whereas the modulus values estimated from HWD test data were somewhat higher.
Considering the heavy dynamic loads applied during HWD tests, a higher stress
state developed in the aggregate base would cause a stress-hardening effect, and
that would result in high modulus values backcalculated in the base layer during the
HWD tests. Furthermore, a modulus degradation curve-based conversion should also
be investigated in the future studies to adequately relate small-strain EBE modulus
to the larger-strain modulus, i.e. resilient modulus, for comparison purposes. This
will help to determine a more realistic modulus of the base and subbase layers under
traffic loading, i.e. large strain/stress excursions, when using the data from BE field
sensors.

In conclusion, BE field sensors installed in the runway pavement test site success-
fully measured the shear wave velocities. The calculated small-strain elastic moduli
werewithin a reasonable range. The BEfield sensors embedded in the Smart Runway
section will further enable long-term monitoring of the small-strain modulus during
the use phase of the runway under repeated loading with aircraft landing gears.

5 Summary and Conclusions

This study established early research results for direct shear wave velocity measure-
ments and pavement layermodulus estimations from innovative bender element (BE)
field sensors, which were newly developed at the University of Illinois for a direct
and accurate assessment of the moduli of base and subbase pavement layers. The BE
field sensors were installed in an extensively instrumented Smart Runway pavement
section at Hill Air Force Base in Utah. This research initiative was carried out by
the US Army Engineer Research and Development Center (ERDC) to collect data
from an instrumented airport pavement section exposed to repeated loadings from
military and civilian aircraft. The Smart Runway section consisted of 216 mm (8.5
in.) of HMA layer underlain by 300 mm (11.8 in.) of unbound aggregate base and a
445 mm (17.5 in.) subbase. Three BE field sensors were installed at different depths
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in the base layer under the probable gear path of a heavy cargo aircraft, and the
fourth sensor was placed in a non-trafficked area for comparison. Shear wave veloci-
ties were measured on two different occasions: immediately after sensor installation
and after the construction of the asphalt surface course. The modulus of the aggre-
gate base layer was estimated from the measured shear wave velocities. Finally,
the moduli values estimated from the shear wave velocities were compared with
the moduli calculated from heavy weight deflectometer (HWD) displacements and
dynamic cone penetrometer (DCP) penetration rates.

The BE field sensors installed in the runway test section successfully measured
shear wave velocities before and after the asphalt layer construction. Immediately
after the sensor installation, the small-strain elastic modulus, EBE, from the BE
sensors at the bottom of the base layer were relatively larger than those closer to
the top because of the higher magnitude of confinement pressure. The small-strain
elastic modulus EBE not only increased significantly, but also became less variable
after the HMA surface layer construction owing to the uniform overburden pressure
applied. Themoduli values from the BE field sensors andDCP testingwere relatively
similar, whereas the modulus values backcalculated from HWD tests were notably
greater possibly due to the higher stress states that may have caused stress-hardening
effect in the backcalculated moduli. The BE field sensors installed in the runway test
sections will be further studied to monitor the changes in moduli of the base course
after trafficking with various aircraft landing gear loads.
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Monitoring and Modeling of Soil
Thermal and Hydraulic Behavior
Beneath a Granular-Surfaced Roadway
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Abstract Annual freeze–thaw cycles reduce the overall performance and ride
quality of granular-surfaced roadways by causing significant damage in the roadbed
system during spring thaw periods. The severity of the damage depends on the
subgrade properties and external environmental factors. Fieldmonitoring can play an
important role in quantifying these factors as well as the roadbed subgrade responses
to further our understanding of the resulting moisture transport and freeze–thaw
mechanisms. Field monitoring can also be used to assess the effectiveness of compu-
tational models that use measurements of the environmental factors to predict the
subgrade response. In this study, an extensive sensor network was installed up to a
depth of 213 cm (7 ft) under a granular-surfaced roadway in Hamilton County, Iowa,
for continuous measurement of soil temperature and water content. Soil index prop-
erties and hydraulic properties of the subgrade soils were determined by laboratory
testing of disturbed and intact soil samples. This paper presents and compares the
collected data on in-situ soil temperature and soil moisture distributions with those
of preliminary computational modeling of the soil response using the SHAWModel.
Laboratory-assessed soil properties and weather station measurements were used
as inputs for the computational predictive models. The computational models give
promising results, particularly for prediction of the subgrade temperature profiles.
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1 Introduction

1.1 Freeze–thaw Processes Under Granular Roads

Granular-surfaced roadways play a significant role in the economy and rural life in
the Midwestern states of the USA. These roadways can be damaged severely due
to annual freeze–thaw cycles, as in other cold regions, due to the presence of water,
frost-susceptible soils, and freezing temperatures [1, 2]. This damage can easily
affect the condition and performance of the roadway and may require additional
maintenance or even new construction.

One of the primary causes of freeze–thaw damage to granular-surfaced roadways
iswatermigration and phase change during the freeze–thaw cycles. As the air temper-
ature decreases, the temperature gradient between the unfrozen water and the frozen
zone in the subgrade causes an increase in the velocity of the frost front. A matric
potential gradient also develops between the frozen and unfrozen zones depending
on the temperature gradient and size distributions of voids and soil particles. There-
fore, water migrates from the unfrozen soil to the frozen soil in response to both
thermal gradients and matric potential gradients. As the frost front slows down, the
temperature gradient is reduced, and water can accumulate at a certain depth and
freeze to form ice lenses [3].

As the water freezes and turns to ice, its volume increases. As the amount of water
increases in the frozen zone, the overall change in volume will thus be greater. Due to
the volume increase, internal pressure is applied to the subgrade. As thawing occurs,
the ice within the soil melts and the internal pressure decreases. The stiffness of the
soil also decreases as the water in the soil changes its phase from solid to liquid. This
process causes frost heave problems and weakening of the subgrade material, partic-
ularly during thawing. Therefore, the severity of the freeze–thaw damage depends
on the subgrade soil properties including frost-susceptibility, hydraulic and thermal
conductivities, and pore size distribution, in addition to environmental factors such
as precipitation and groundwater table level [1]. Subgrade soils have been monitored
in many studies over long periods to understand the effects of freeze–thaw cycles on
soil structure. Field monitoring data can provide continuous and accurate represen-
tations of the thermal and hydraulic dynamic processes during freeze–thaw cycles
[2].

Long-term subgrade measurements are also useful for examining the accuracy,
sensitivity, and effectiveness of computational models [4–6]. Since some models are
only valid for specific soil types, temperature ranges, or environmental conditions, the
measured data can be used to calibrate or enhance the capabilities of existing models.
For example, Zhao et al. [4] conducted a study to evaluate a computational model
of soil freezing by using field data collected from Inner Mongolia. In another study,
hydrothermal transfer processes during soil freezing and thawing were simulated
using a coupled heat and water transfer model, and the results were compared with
the observed temperature profile from a site in the Qinghai–Tibet Plateau [5]. In a



Monitoring and Modeling of Soil Thermal and Hydraulic Behavior … 879

similar study, the coupled heat and water transfer model SHAW was compared with
data from sensors at depths of 0.05, 0.15, and 0.30 m in the soil [6].

Nevertheless, there are limited studies that target freeze–thaw cycles under
granular-surfaced roadways and the resulting damage they cause. In this study,
the subgrade beneath a granular-surfaced roadway was monitored for one complete
seasonal winter–spring freeze–thaw period to collect data on temperature and mois-
ture content variations. The seasonal temperature andmoisture variationswere calcu-
lated for the same soil profile by using the computational model SHAW with the
inputs obtained from atmospheric conditions and laboratory-measured soil index
properties. Then the monitoring data were compared to the preliminary modeling
results generated by SHAW to understand the overall consistency and differences.
The procedure described herein can be used to calibrate freeze–thaw models to
improve their prediction accuracy, which could be used to help control damage
to granular-surfaced roads, for example, by identifying the critical thawing period
during which frost embargos should be imposed.

1.2 SHAW Model

The simultaneous heat and water (SHAW) software program is a one-dimensional
computational model used to simulate freezing and thawing vertically in soils. It
accounts for the transfer of heat, water and solute from the top of a plant canopy,
snow cover, residue, or soil surface to a chosen depth within the soil [6–8]. Due to its
capability of simulating the combined effects of residue, snow and soil, it is widely
used by researchers in Agronomy studying vegetation [9]. However, it may also be
a beneficial resource for geotechnical engineering applications.

In SHAW, the simultaneous heat and water transfer within the system is defined
from the water and heat fluxes into the system using boundary conditions deter-
mined from user-specified inputs of initial soil temperature and water content condi-
tions, atmospheric conditions at the upper boundary, and soil conditions at the lower
boundary. Heat and water transfer in the SHAW model is calculated for a node
located at the center of each soil layer such that thermal and hydraulic equilibrium
are achieved. The transient heat transfer within the system is defined through the
following partial differential equation [10, 11]:
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where λs is the thermal conductivity of soil (W/m/°C), cl is the specific heat
capacity of water (J/kg/°C), ql is the liquid water flux (m/s), S is the a source term
source (W/m3), T is the temperature (°C), Cs is the volumetric heat capacity of
soil (W/m3/°C), L f is the latent heat of fusion (J/kg), and Lv is the latent heat of
vaporization (J/kg).
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Water flow within the system is defined by the following partial differential
equation [7, 10, 11]:
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where k is the unsaturated hydraulic conductivity (m/s), ψ is the matric potential
(m), z is the vertical coordinate (m), ρl is the density of liquid water (g/cm3), ρi is the
density of ice (g/cm3), θl is the volumetric liquid water content (cm3/cm3), θi is the
volumetric ice content (cm3/cm3), qv is the water vapor flux (m/s),U is a source/sink
term (cm3/cm3/s), and t is time (s).

Some of the parameters such as matric potential at unsaturated conditions and
unsaturated hydraulic conductivity in Eqs. (1) and (2) were interpreted from soil
density and soil constituent fractions of sand, silt, clay, water, ice, and air in the soil
layer. The density and soil particle size distribution were measured in the laboratory.
To predict the matric potential and unsaturated hydraulic conductivity of soil, the
Campbell equations were used in the SHAW model as follows:

ψ = ψe

(
θ

θs

)−b

(3)

where ψ is matric potential (m), ψe is air entry potential (m), b is a pore size distri-
bution parameter, θ is volumetric liquid water content, θs is saturated water content,
and

K = Ks

(
ψe

ψ

)(2+3/b)

for ψ < ψe, (4)

where Ks is saturated hydraulic conductivity (m/s).
Atmospheric conditions from a weather station were also used as inputs, specified

in the form of air temperature, wind speed, precipitation, relative humidity, and solar
radiation. These variables should be collected either daily or hourly to run the SHAW
model. In the present study, hourly weather data were used. In addition, the granular
roadway surface was represented by specifying an additional soil layer on top of the
subgrade; the residue and canopy layers were not used in the analysis.

2 Field Instrumentation and Data Collection

Field data were collected from the subgrade of a granular-surfaced roadway within a
500-ft long test section on Vail Avenue in Hamilton County, Iowa. This test section
was designed to have an extensive sensor network system consisting of 80 soil sensors
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Fig. 1 a Cross section of the granular-surfaced road test section in Hamilton County, IA, b sensor
depths below the aggregate–soil interface

forming a grid across the roadway cross section, with a weather station installed
adjacent to the site. The subgrade of the test section was instrumented with soil
moisture content, temperature, andmatric potential sensors installed in five boreholes
located at the shoulders, quarter points and centerline of the roadway (Fig. 1a).
Sensors were installed at eight different depths within these boreholes as shown in
Fig. 1b, which ranged from 0.15 to 2.13 m below the subgrade surface. The array
of sensors was used to study lateral as well as vertical variations in soil temperature
and moisture throughout the roadway cross section.

A weather station was also installed adjacent to the roadway to capture the atmo-
spheric conditions simultaneouslywith the changes occurring in the soil. Theweather
station was used to measure the following variables: (1) precipitation, (2) wind speed
and direction, (3) solar radiation, (4) air temperature, and (5) relative humidity. These
variables were chosen so that the weather data were comparable to those of the
existing Road Weather Information System (RWIS) network [9]. In addition, these
values were required for specifying inputs to the SHAW model, as discussed previ-
ously. For this purpose, a composite weather station was selected which had the
benefits of being compact, lightweight, and easily integrated with the datalogger
selected for the site.

Observations from the 80 subgrade sensors and the weather station were obtained
by a multipurpose measurement and control datalogger at 10-min intervals. This
interval was chosen for consistency with the RWIS data. Because of the large number
of sensors in the system, twomultiplexers were also used to connect all of the sensors
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to the single datalogger. A cellular modem was also installed to enable remote data
downloading and troubleshooting [10].

Data collectionwas initiated in lateAugust 2018.However, someunstable andout-
of-rangemeasurements were observed throughmid-November 2018, which required
troubleshooting to resolve. The measured data presented in this study were from
November 20, 2018, to September 23, 2019, covering a total duration of 10 months.
The groundwater table was estimated to be 1.20–1.52 m (4–5 ft) deep based on the
volumetric water content measurements during the period.

3 Laboratory Testing of Soil Properties

Continuous intact soil cores were taken from the test section for laboratory tests to
determine the in-situ index and hydraulic properties of the soil layers, which were
later used as input values for modeling. The cores were collected at the centerline
(Borehole B3) and one shoulder (Borehole B5) using 76 mm (3 in.) diameter thin-
walled tubes to depths of 2.13 m (7ft). Samples were divided into 0.3 m (1 ft) long
segments for testing. SHAW requires input values of percent clay, percent sand,
percent silt, percent organic material, bulk density, saturated hydraulic conductivity,
and saturated water content. Therefore, particle size distribution tests (ASTMD6913
and ASTMD7928) were conducted along with saturated hydraulic conductivity tests
using a ShelbyTubePermeameter (ASTMD2434). For soil classification, theUnified
Soil Classification System (USCS) particle size limits were used, which are 4.75mm,
0.075 mm, and 0.002 mm for the demarcations between gravel–sand, sand–silt, and
silt–clay, respectively.

Pressure cell tests were performed to measure soil water retention curves and
to determine saturated water contents. The soil samples were first saturated for 2–
3 weeks depending on the soil type. The obtained saturated water contents were
compared with the maximum values measured in-situ. For depths of 0.91 m (3 ft)
and deeper, the laboratory saturated water content values were lower than the in-situ
maximum soil water contents measured by the sensors. This discrepancy may have
been a result of sample disturbance. Therefore, the measured in-situ maximumwater
contents were used in the SHAW models for these depths. The bulk density of soil
samples was also measured as part of the soil water retention curve tests. However,
the SHAW model did not accept bulk density values larger than 2.0 g/cm3, so the
upper limit of 2.0 g/cm3 was used for samples whose measured values exceeded this
limit. It is important to note that for soil science studies and the SHAWprogram, bulk
density is commonly defined as the mass of dry soil per total volume of soil (i.e., dry
density), whereas in geotechnical engineering bulk density commonly refers to the
ratio of the wet total mass to the total volume (i.e., moist density) [12, 13]. The user
of the model should be aware of which value to enter. The percent organic material
was assumed to be zero for all of the layers. Finally, percent fraction of gravel, sand,
silt, and clay was entered according to the particle size distribution analysis results.
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Table 1 Soil properties of centerline borehole (B3) entered as inputs to the SHAW model

Soil Layer
Deptha (m)

Gravel
(%)

Clay
(%)

Sand
(%)

Silt
(%)

Bulk Densityb

(g/cm3)
θsat

c (cm3/cm3) ksat d (cm/h)

Aggregate 31.1 6.2 54.5 8.2 2.00 0.150 36.0

0.00–0.30 0.0 42.5 27.1 30.4 1.41 0.467 0.001

0.30–0.61 0.0 22.4 35.3 42.3 1.13 0.573 0.022

0.61–0.91 0.0 48.3 20.1 31.6 1.53 0.422 0.006

0.91–1.22 2.6 31.6 41.9 23.9 1.39 0.475 0.001

1.22–1.52 3.1 25.5 43.9 27.5 1.43 0.461 0.002

1.52–1.83 2.4 25.5 41.5 30.6 1.33 0.497 0.005

1.83–2.13 0.9 23.3 45.7 30.1 1.46 0.448 0.002

aDepths are measured from the bottom of the aggregate layer
bDry soil mass per total volume
cSaturated volumetric water content
dSaturated hydraulic conductivity

The input values used in the SHAW modeling of the soil profile at Borehole B3 are
given in Table 1.

An aggregate layer with 10 cm (4 in.) thickness was created on top of the soil
layers to simulate the granular roadway conditions of the test site. In SHAW, the top
of the aggregate layer is at the surface (0 m depth) and the soil layers start at 10 cm
depth. For plotting purposes, the corresponding field sensor depths measured from
the bottom of the aggregate layer, as denoted in Fig. 1b, are used in the comparison of
results. Particle size distribution tests were also conducted for the aggregate surface
material.

4 Results and Discussion

Coupled heat and water transfer SHAW analyses were conducted for the borehole
at the centerline (Borehole B3) for the monitoring period of November 20, 2018,
to September 23, 2019. The results are compared to the field measurements for all
sensor depths in Figs. 2 and 3. For the atmospheric data input, the weather station
measurements of air temperature, precipitation, solar radiation, relative humidity, and
wind speed collectedwithin the simulation periodwere used. The fieldmeasurements
taken at 10-min intervals were averaged to obtain the hourly inputs required by
SHAW. Snow, residue and vegetation cover were specified as absent, so no input
values were necessary for these parameters, as previously mentioned.

The dielectric water content sensors were only capable of measuring the liquid
water content in the soil. This was because water in the liquid phase had a higher
dielectric constant (κwater ≈ 80) than the air and solids (κair ≈ 1, κsolids ≈ 4 to 16),
whereas frozen water had a dielectric constant close to that of the solids (κice ≈
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Fig. 2 Measured and modeled data for soil temperature at depth of a 0.15 m (along with air
temperature from weather station), b 0.30 m, c 0.61 m, d 0.91 m, e 1.22 m, f 1.52 m, g 1.83 m, and
h 2.13 m
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Fig. 3 Measured and modeled data for soil volumetric water content at depth of a 0.15 m (along
with precipitation fromweather station), b 0.30 m, c 0.61 m, d 0.91 m, e 1.22 m, f 1.52 m, g 1.83 m,
and h 2.13 m



886 D. Genc et al.

3.2) [14–17]. Therefore, the frozen soil water could not be distinguished from that
of dry soil by the sensors. However, sudden decreases in the liquid water content
values were observed in late January 2019 as the soil water partially froze (Fig. 3).
This sudden transition was also consistent with soil temperatures decreasing to 0 °C
or lower (Fig. 2). Therefore, although the dielectric water content sensors did not
provide measurements of the frozen water content, the sudden drop in liquid water
content at temperatures at or below 0 °C did indicate the onset of freezing.

The modeling results agreed reasonably well with the trends of the measured
data. As can be seen in Fig. 2a, the soil temperature was directly affected by the air
temperature changes, with an increasing time lag and diminishing amplitude with
depth, as expected. The SHAWmodel results were able to capture the general trends
of the measured temperatures for all depths with reasonable accuracy. The model
was able to predict the freezing and thawing periods accurately. For the top two
depths of 0.15 m (0.5 ft) and 0.30 m (1 ft), the model predicted a slightly higher soil
temperature during the freezing period, butmatched themeasured temperaturesmuch
more closely during thawing, whereas for the deeper points the freezing period was
predicted correctly and thawing started slightly earlier than recorded by the sensors.

For the volumetric liquid water content (VWC) results, there was relatively good
agreement between the modeling results and the measured data. First, the effect of
precipitation and thawing was observed at the shallowest depth of 0.15 m (0.5 ft) as a
sudden increase in the measured VWC after the soil thawed. However, precipitation
did not seem to have a significant impact on measured VWC at 0.30 m (1 ft) or
deeper. To a depth of 0.91 m (3 ft), the freezing of soil water could be observed
from both the measured and predicted VWC data. SHAW was able to capture the
timing of freezing and thawing at these shallow depths. Although SHAW predicted
the occurrence of freezing at 0.91 m (3 ft), it did not well predict the decrease in
VWC (i.e., frozen water content). The in-situ measurements at 1.22 m (4 ft) showed
irregular readings with several increases and decreases in VWC. This instability
could have been triggered by seasonal groundwater level fluctuations. For the deeper
layers, the measured VWC values become relatively constant between 0.4 and 0.5,
which is likely due to these sensors being below the water table. For the depths of
1.22 m (4 ft) and greater, the VWC values predicted by SHAW did not fluctuate, but
decreased slightly over time. The water table was not specified in the SHAW model
calculations, so the slight decreases in VWC at the lower depths were due to the
imposed unit-gradient lower boundary condition; i.e., the matric potential gradient
was set at zero and gravity was the only driving force for water drainage. Therefore,
accounting for the groundwater table in SHAW could help to improve the VWC
predictions at the deeper points.

5 Conclusions

In this study, soil temperature and water content simulation results obtained using the
simultaneous heat andwater (SHAW)model were compared to in-situ data measured
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below a granular road test section. Because the model requires in-situ soil properties
as inputs, the soil index and hydraulic properties were determined from laboratory
tests on intact soil cores collected from the field or were specified by the SHAW
model. However, some of the laboratory-measured saturated water content values
were not in agreement with the field observations and were therefore replaced by
the maximum water contents measured in the field. SHAW is a detailed model for
coupled heat and water transfer calculations, which has been used for several agro-
nomic applications. This study is one of the first evaluations of SHAW for a geotech-
nical application. Several limitations were identified in this study associated with its
application to geotechnical problems.

Overall, the preliminary SHAW model predictions provided promising results
for simulating the temperature and water content variations and freeze–thaw cycles
over a 10-month period for this specific site. The modeled soil temperatures closely
matched the measured data except during soil freezing at depths shallower than
0.61 m (2 ft) and during thawing periods below this depth. The predicted water
contents did not always match well the measured data, partially due to the sensor’s
inability to measure VWC in the frozen state and possibly due to a fluctuating water
table not accounted for in the SHAW model. Water content in the frozen state can
be studied further and supplemented by nuclear gauge measurements of the frozen
soil’s water content in the future studies. Based on the results presented herein, such
further refinements of the SHAW model and its inputs may be able to improve the
agreement between the measured and predicted results.
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Risk Evaluation of Unbound Pavement
Layers to Extreme Weather Events Using
Remote Sensing

Joe Rosalez , Sonya Lopez, and Mehran Mazari

Abstract The resilience of transportation infrastructure during and after extreme
weather events, such as flash floods, sea-level rise, and hurricanes, is critical. A
disruption in transportation and road networks during and after such events can delay
emergency services and may disrupt the evacuation process. Studying the resilience
of the transportation networks with a comprehensive data source can enhance the
resiliency of infrastructure and assess the risks associated with a natural disaster.
In this study, open-source satellite observations were used to investigate the impact
of Hurricane Harvey on the performance of the pavement network in the State of
Texas in 2017. Using volumetric moisture content, the environmental stress factor
was calculated before, during, and after the hurricane to estimate the changes in
the strength of geomaterial pavement layers. A preliminary risk assessment param-
eter was developed to evaluate and compare the resiliency of roads in the network.
The results of this study can be further extended to other coastal regions with the
incorporation of more in situ data and an extended version of the risk factor.

Keywords Extreme weather events · Resilience · Transportation infrastructure ·
Unbound pavement layers · Satellite data

1 Introduction

Extreme weather events such as flash floods and hurricanes could damage the trans-
portation infrastructure and road pavements, specifically the unbound geomaterial
layers (e.g., subgrade soil andgranular base layer), due to excessive inundation,which
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increases the water content. Moreover, the groundwater table is mainly affected by
the rising sea level in coastal regions. High tides and sea-level rise can potentially
inundate pavement infrastructures along coastlines [1, 2]. The intrusion of excess
water into pavement geomaterial layers negatively impacts the strength of those
layers and affects the structural performance and load-bearing capacity of the pave-
ment system. Such changes are not always visible and may lead to the failure of road
infrastructure under traffic loads. Estimating the performance of pavements under
flooded conditions can help to prevent future structural failures. One approach to
evaluating the impact of moisture variations during flooding is through the concept
of environmental conditions as introduced in the Mechanistic-Empirical Pavement
Design Guide (MEPDG). The proposed guidelines incorporate the variation of mois-
ture in terms of the degree of saturation as part of the Enhanced Integrated Climate
Model (EICM),which simulates the impact of environmental conditions on pavement
structural response [3]. However, the uncertainties associated with the construction
process should also be considered.

The design guide for new pavement structures recommends the placement and
compaction of unbound pavement layers at or near the optimum moisture condition
that is achieved at the maximum dry density in laboratory conditions. Any variation
in moisture content from optimum conditions can lead to a change in the strength
of compacted geomaterials. The variation of moisture content in pavement materials
is categorized as follows [4]: variation of moisture content from initial or optimum
value of the equilibrium condition, seasonal variation of moisture content that could
happen due to precipitation, flash storms, sea-level rise and groundwater table rise,
and variation of moisture content due to freeze/thaw cycles during cold seasons.
The main objective of this study was to evaluate the impact of moisture variation,
due to an extreme weather event such as a flash flood, on the strength of pavement
geomaterial layers in terms of failure risk. The following sections summarize the
research efforts in the literature related to the main objective of the current study,
followed by the explanation of the data collection and analysis process.

Several studies in the literature showed that increasing moisture content in
compacted geomaterials results in a reduction of strength in terms of resilient
modulus (MR) and stiffness [5–11]. Evaluating the short-term and long-term struc-
tural capacity of pavement structures during and after weather events can help
decision-makers decide when to resume traffic on a flooded section of a highway
[12–15]. Knott et al. [16] presented an adaptation plan to mitigate pavement damage
from groundwater triggered by sea-level rise in a coastal region. They performed
two case studies of coastal roads subject to elevated groundwater due to different
sea-level rise scenarios. A layered elastic model was employed to evaluate the perfor-
mance of various pavement structures under the expected inundations. They showed
that modification of pavement structure could delay the inundation by 20 years and
can eliminate the expected reduction in service life as a result of sea-level rise. That
study showed that an adequate unbound geomaterial pavement layer combined with
a simple top layer modification could avoid the premature failure of the inundated
pavement structure.
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Qiao et al. [17] developed a decision tree model to estimate post-flood pavement
operations to maintain the serviceability of inundated roads. They applied the devel-
oped strategy to evaluate a case study using falling weight deflectometer (FWD) data
to evaluate the structural performance of the flooded pavement system. Their study
showed that the post-flood decision-making process is affected by uncertainties in
the actual structural performance of the inundated pavement, variability of in situ
data collection devices, and estimation of maintenance and repair costs. Zhang et al.
[18] evaluated the pavement structural damage caused by flooding during Hurricane
Katrina. They also used an FWD along with other in situ field tests to evaluate the
performance of post-flood pavement systems. By comparing the before and after data
for resilient modulus and structural number (SN) of the flooded pavement sections,
they concluded that inundation reduces the structural capacity of both surface layers
and underlying unbound geomaterial layers. The failure was significantly higher
for roads with thin pavement layers. Sultana et al. [19] presented a deterministic
model to predict the short-term performance of flexible pavement systems after a
major flooding event. They showed that the flooded pavement section deteriorated
at a faster rate compared to the predicted deterioration rate for an unflooded pave-
ment structure. The developed structural strength ratio is a function of time after
flooding. The authors concluded that resurfacing and rehabilitation strategies based
on predicted post-flood deterioration is critical in maintaining the structural integrity
of inundated pavement sections.

In this study, the network-level performance of road infrastructure after a signifi-
cant flooding event was evaluated using satellite data and remote-sensing products.
The impact of flooding on the strength of unbound geomaterial pavement layers
was estimated based on the extracted satellite data during and after the case study.
We also explored the development of a preliminary risk assessment methodology.
The following sections include the details of data extraction, processing, and model
development.

2 Methodology

Multiple satellite data sources were collected in this study to estimate the environ-
mental factor that affects the strength of pavement foundation layers for a case study
of the state of Texas road network before and after Hurricane Harvey. The disrup-
tion in transportation and road networks during and after this event caused delays
for the emergency services and interrupted the evacuation process. By utilizing the
National Aeronautics and Space Administration (NASA) open-access Soil Moisture
Active Passive (SMAP) satellite Version 3 dataset, we were able to collect the volu-
metricmoisture content (cm3/cm3) before, during, and after HurricaneHarvey. Using
this and other datasets from the Texas Department of Transportation (TxDOT), we
were able to identify areas at risk of damage due to extreme weather events. The
daily observations of soil moisture from the SMAP satellite for geolocations along
with the Texas road network from August 1, 2017, through September 30, 2017,
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were extracted. We mainly focused on the hurricane period, which was August 17
to September 3, 2017. This study incorporated statistical and geospatial analysis
methods to process the complex satellite data and determine how the storm affected
the road network.

We have employed the concept of environmental factor, that was introduced in
the initial version of Mechanistic-Empirical Pavement Design Guide, to estimate the
variations of resilient modulus of pavement structures due to moisture fluctuations,
in terms of the degree of saturation, as shown in Eq. 1:

MR = Fenv ×MRopt (1)

where Fenv is the composite environmental adjustment factor that considers changes
inmoisture, density, and freeze/thaw conditions, andMRopt is the resilientmodulus at
optimum conditions. When Fenv is less than 1.0, the corresponding resilient modulus
is less than the resilient modulus at optimum conditions, which shows a higher
moisture level in the form of degree of saturation. In this study, we also employed
Eqs. 2 and 3 to calculate the environmental factor for the unbound pavement layers
in the road network. Equation 2, defined by Witczak et al. [3], is used for both fine-
and coarse-grained unbound pavement materials.

log(Fenv) = log

(
MR

MRopt

)
= a + b − a

1+ e(ln
−b
a +km×(S−Sopt))

(2)

whereMR is themodulus at a degree of saturation S (in decimal), Sopt is the degree
of saturation (in decimal) at themaximumdry density, and optimummoisture content
and a, b, and km are regression parameters. Volumetric moisture content, extracted
from the satellite data, is a measurement of the volume of water in the volume of
a porous medium (in cm3/cm3), while the degree of saturation (S) is defined as the
ratio of volumetric water content to porosity.

Cary and Zapata [7] developed an empirical equation that further evaluated the
impact of moisture variation. Their model used a more specific set of parameters
by incorporating additional geomaterial properties, including the percent finer than
No. 200 sieve (w, in decimals) and the plasticity index of the geomaterials (PI, in
percent) as follows:

log(Fenv) =
(
α + β × e−wP I

)

+
(
δ + γ × wP I 0.5

) − (
α + β × e−wP I

)−1

1+ e

(
ln

(
−(δ+γ×wP I0.5)
(α+β×e−wP I )

−1

)
+(ρ+ω×e−wP I )

0.5×
(

S−Sopt
100

)) (3)

Table 1 summarizes themodel parameters for bothEqs. 2 and3.To further simplify
Eq. 3, we followed the approach proposed by Nazarian et al. [9] and Mazari and
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Table 1 Fenv model parameter summary for Eq. 2 and 3

Equation 2 Coarse-grained Fine-grained Equation 3 Values Equation 3 Values

a −0.3123 -0.5934 α −0.6000 γ 0.08000

b 0.3010 0.3979 β −1.8719 ρ 11.9652

km 6.8157 6.1324 δ 0.8000 ω −10.1911

Fenv = MR/MRopt, the ratio of MR at a given time to a resilient modulus at optimum conditions
MRopt,a = minimum of logFenv,b = maximum of logFenv, km = regression parameter, α, β, δ, γ ,
ρ, ω = regression parameters

Nazarian [11] that suggested assuming wPI = 0 in Eq. 3 could represent a wide
range of geomaterials.

2.1 Remote Sensing of Soil Moisture Data

This study used NASA’s Soil Moisture Active Passive (SMAP) measurements that
provide global soil moisture estimates up to 5 cm depth [20]. The SMAP satel-
lite, which was launched in January 2015, combines the advantage of both active
(radar) and passive (radiometer) microwave remote sensing to estimate soil moisture
with specific accuracy and resolution [21]. The Level-3 product has a 0.1-degree
spatial resolution with daily observations. Global volumetric soil moisture maps (in
cm3/cm3) have an unbiased root mean squared error no greater than 0.04 cm3/cm3

[21, 22]. The combination of orbital spin and antennamovement generates a 1000 km
gap every eight days, as shown in Fig. 1. An upgraded product with no data gap is
expected from NASA in the near future.

Fig. 1 SMAP swath over the State of Texas on August 1, 2017
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To evaluate the performance of pavement structures in the road network during
flooding, we extracted major highway and roadway polylines from the Texas Depart-
ment of Transportation database for the year of the hurricane [23]. Polylines represent
the centerline of the road or highway. Both SMAP and transportation datasets were
georeferenced using the North American Datum 1983 (NAD83) coordinate system.
SMAPdatawas superimposed onto amap subset using user-defined north, east, west,
and south coordinate boundaries. In this study, the subset coordinates ranged from
25.70° N to 36.66° N latitude and 92.0° W to 106.7° W longitude, which spanned
the entire state of Texas.

The minimum distance, as defined in Eq. 4, was used to identify the nearest
neighbor between the road or highway centerline point and a SMAP data point.

min D =
√

(xs − xT )2 + (ys − yT )2 (4)

x and y are longitudinal and latitudinal coordinates, respectively, for SMAP (s
subscript) and TxDOT (T subscript). We extracted daily soil moisture data for each
road segment during the observation period and performed statistical analyses to
estimate the impact of traffic and flooding in terms of a risk factor that can represent
the risk of pavement structural failure due to flooding. The following section includes
the details of extracting traffic data and developing the preliminary risk factor.

2.2 Preliminary Risk Assessment

Pavement structures are designed to withstand traffic loads from different vehicle
types. However, to combine and superimpose the damage incurred by traffic load
impacts, a unified scale is required. The 18,000-lb (or 18 kips) equivalent single
axle load (ESAL) is commonly used in pavement studies to evaluate the impact of
traffic loads. The traffic data were extracted from the TxDOT online database. The
ESAL values were then used to calculate the traffic index (TI) for each road network
using Eq. 5. Traffic Index is an estimation of the number of ESALs to be expected
during the service life of the pavement structure in the design lane and is calculated
as follows [24]:

TI = 9

(
ESALs× LDF

106

)0.119

(5)

where TI is the traffic index and LDF is the lane distribution factor. Considering the
impact of changes in the degree of saturation, due to flooding, on the strength of
pavement layers, the preliminary risk factor (RISK) was defined as the ratio of the
traffic index to the Fenv value (Eq. 6). Larger values of risk parameter identify the
roads at higher risk of structural damage or failure due to moisture intrusion.
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RISK = TI

Fenv
(6)

3 Results and Discussion

From the TxDOT roadway inventory, wewere able to study over 16,000 lanemiles of
state highways and roads, which accumulated more than 1 million points of interest.
The SMAP radar data were georeferenced on the points of interest to calculate the
environmental factor using the soil moisture content values. Figure 2 shows the daily
mean of the degree of saturation and the environmental factor for coarse- and fine-
grained pavement geomaterials using Eqs. 2 and 3. The highlighted section is the
inundation period from Hurricane Harvey. The hurricane caused surface inundation
resulting in a significant decrease in the magnitude of the environmental factor. This
triggered a drop in overall geomaterial pavement layer strength.

Equation 3 provided the highest variability in Fenv calculation in comparison to
the fine-grained and coarse-grained calculations. However, all equations matched
with the daily low values. Lower values of Fenv are of more significant concern
since they represent lower strength of the pavement structure. The difference in Fenv

calculation between coarse-grained and fine-grained soils is due to soil porosity.
Recall, the degree of saturation is the ratio of volumetric water content to porosity,
and an increase in porosity for a givenwater content increases the degree of saturation.
A high saturation level decreases the Fenv value, as shown in Fig. 2 for fine-grained
soils.

Fig. 2 Variation of degree of saturation based on satellite data, and variation of pavement layer
strength for different geomaterial types before, during (yellow shaded region), and after Hurricane
Harvey
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Fenv calculations, using Eq. 3, for selected days within the study period are illus-
trated in Fig. 3. Those sections of the road network shown in gray are the locations
missing from the daily SMAP observations. The environmental factor is low for
pavements near the coastline during early August, then moves further inland when
the Hurricane period begins. Locations in blue experienced the highest stress under
the inundated conditions. When the hurricane period ends, the levels of saturation
does not immediately decline, which leaves homes, roadways, and highways remain
flooded for several days. The impact of the hurricane is still visible on September 17
in Fig. 3.

TheESALdatabase for 2017 is shown inFig. 4.Themeanvalues offlexibleESALs
for the state of Texas were around 3100. Approximately 75% of the state streets and
highways experienced less than or equal to 1000 equivalent numbers of 18,000-lb.
single axle loads summed over that period. About 18% of the road networks had
ESALs in the range within 1001–11,000, and 7% exceeded 11,000. The higher the
traffic load, the higher the risk of damage coupledwith the environmental stress factor.

Fig. 3 Environmental stress factor, Fenv, using Eq. 3 for the Texas road network (dotted outline
shows the Hurricane Harvey period)
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Fig. 4 Daily 18,000 lb (or 18-kip) equivalent single axle loads (ESALs) for the Texas road network

Although many other variables, including the number of truck traffic and magnitude
of heavy traffic loads, may impact the performance of a flooded pavement, we have
only considered the effect of ESAL for this preliminary risk assessment.

Figure 5 shows the RISK values for corresponding environmental factors based on
the simplified version of Eq. 3. The illustrated results are representing the Hurricane
period only (8/21 and 8/26 had low swath coverage). Once again, we see more
variability in the results using Eq. 3. There is a clear trend in the high-risk road
networks moving inland as the hurricane progresses, and both major and minor road
networks are affected. According to the Hurricane Harvey cyclone report [25], as of
August 26th, the rainfall was not heavy yet, although 2–3 inches of rain per hour
was experienced in the Houston area. The heaviest rain occurred during August
28th–30th, and these trends are clearly seen as more roads experience an increase in
the RISK parameter on those dates. The hurricane begins to recede back toward the
coastline on September 2nd.

Figure 6 summarizes the daily percentage of road lane miles (out of the total
16,000) that fell within risk ranges 0–1, 1–5, 5–10, and greater than 10. The fine-
and coarse-grained equations provided similar results during the hurricane period.
Those equations provided a more binary solution of risk categories. However, Cary
and Zapata’s equation provided more sensitivity to the risk assessment process [26].
Moving forwardwith the next phase of this study, we relymore on Eq. 3 in calibrating
the risk assessment framework.
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Fig. 5 RISK calculations for road network using Fenv from Eq. 3

4 Summary and Conclusions

Transportation infrastructure in coastal regions is subject to significant damage
during extreme weather events [27]. Those events include sea-level rise, high tides,
flash floods, and storms that increase the vulnerability of transportation systems.
It is essential to evaluate the resilience of transportation systems for post-hazard
management, emergency preparedness, and maintenance procedures. In this study,
we were able to use open-access remote sensing observations and the road network
axle load database to develop a risk assessment framework for transportation infras-
tructures in the State of Texas post-hurricane Harvey. This work is a preliminary step
toward developing better tools to estimate the risk of preventing damage and high
infrastructure maintenance costs.

The results of this study are summarized as follows:

• Soil saturation values were extracted to demonstrate progression before, during,
and after the hurricane. It should be mentioned that due to the proximity of these
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Fig. 6 Percent of roads within each risk category by day

data points relative to the centerline of the road network and also the limited
resolution of the satellite data, this type of analysis can be applied at the network
level for decision-making purposes. More detailed analyses require field data
collections and evaluation of pavement structural capacity after the flooding event.

• The environmental factor, Fenv, decreased during the hurricane period, which
shows lower strength, in terms of modulus, of geomaterial pavement layers
compared to the optimum moisture conditions.

• A preliminary risk assessment factor that only considered the impact of saturation
level in terms of environmental factor and traffic in terms of equivalent single axle
loads andwas developed. Based on the definition of risk factor in this study, higher
risk values were associated with lower environmental factors and a higher number
of traffic axle loads.

The next phase of this work entails calibrating these results with damage
observations from the post-event reconnaissance studies.
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Riprap Stockpile Size and Shape
Analyses Using Computer Vision

Jiayi Luo, Haohang Huang , Issam Qamhia , John M. Hart,
and Erol Tutumluer

Abstract Riprap rocks and large-sized aggregates are being used extensively in
geotechnical and hydraulic engineering applications. Knowing the particle size and
morphological/shape properties ensures the reliable and sustainable use of aggregate
materials at both quarry production lines and construction sites. Traditional methods
for assessing aggregates geometric properties involve subjective visual inspection
and time-consuming hand measurements, while the use of computer vision anal-
ysis techniques is restricted primarily due to the unwieldiness of large-sized aggre-
gates. This paper presents the use of a computer vision system for in-place size
and shape evaluation of large aggregates in a stockpile using images of stockpiles
conveniently collected using smartphone cameras. The automated image analysis
software is comprised of an image segmentation kernel and a morphological analysis
module. Comprehensive analyses are conducted on a sample stockpile with multiple
view inspections. Based on the findings of this study, the stockpile aggregate image
analysis program has great potential as an efficient and innovative application for
field-scale and in-place evaluations of aggregate materials.

Keywords Aggregate stockpile · Particle size and shape ·Morphological
analyses · Computer vision · Object detection · Image segmentation · Deep
learning

1 Introduction

Riprap and large-sized aggregates are being widely used in geotechnical and
hydraulic applications. Particle size and morphological properties are among the
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primary factors that determine the performance and characteristics of the aggre-
gate skeleton in various types of structures such as Portland cement concrete layers
[1], unbound or bound pavement layers [2], ballast layer in railway tracks [3], and
riprap materials for slope stability and erosion control in hydraulic applications [4].
Knowing the size and shape properties of each single particle in a stockpile facilitates
the quality assurance/quality control (QA/QC) process and helps to understand the
behavior of aggregatematerial [5]. In practice, QA/QC tasks are time-consuming due
to the uncertainty introduced by the varying rock mineralogy and quarrying proce-
dure. Therefore, convenient and efficient aggregate stockpile analyses throughout the
production line and mix design are essential for material selection and construction.

In this regard, several existing aggregate imaging systems were devised for
analyzing aggregate materials under different forms of placement (manually sepa-
rated or densely stacked) and different conditions (i.e., under laboratory or field
conditions). Masad et al. [6] developed and Gates et al. [7] improved the prototype
of a laboratory imaging system, aggregate imaging system (AIMS), that can analyze
multiple aggregates manually separated and placed. Tutumluer et al. [8] developed
and Moaveni et al. [9] improved a laboratory imaging system, Enhanced-University
of Illinois Aggregate Image Analyzer (E-UIAIA), which captures individual aggre-
gates sequentially from orthogonal views. AIMS and E-UIAIA imaging systems
both provide an efficient analysis for separated aggregates in laboratory conditions.
For field conditions where the random arrangement of aggregates often presents a
challenge to image analysis, Huang et al. [10, 11] recently developed a field imaging
system for individual large-sized aggregates and a deep learning-based field imaging
system for aggregates in a densely stacked stockpile.

2 Objective and Methodology

The objective of this paper is to apply a deep learning-based computer vision system,
recently established by the authors [11], to an aggregate stockpile for the analysis of
the size and shape properties of the individual particles in the stockpile. The accuracy
and robustness of the system were validated in the previous work of the authors. The
system operates on field aggregate images collected using smartphone cameras and
conducts analysis based on an automated stockpile image segmentation kernel and a
morphological analysis module. In this paper, comprehensive analyses are conducted
on a sequence ofmulti-view images of the stockpile,which demonstrates the practical
application of the system on aggregate stockpile analysis.

3 Stockpile Aggregate Imaging System

The utilized computer vision system consists of three main components: an image
acquisition module, an image segmentation module, and a morphological analysis
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module. The innovative field imaging system is intended for automated and user-
independent analyses of aggregate stockpile images.

3.1 Image Acquisition Procedure

To obtain multi-view representation of the stockpile, a sequence of images should be
taken with the camera of a handheld smartphone from different locations around the
stockpile. Photos were taken while ensuring the image sequence forms a continuous
panoramawithminimal boundary overlap between adjacent images.Note that images
are recommended to be taken from a nearly perpendicular viewing angle against the
stockpile slope to minimize the perspective and distortion effect. Additionally, to
determine the unit of length in an image, a calibration object is often used as a scale
(reference) in the image acquisition procedure.

3.2 Image Segmentation Kernel

Aggregate image analysis typically consists of two sequential stages: an image
segmentation kernel followed by a morphological analysis module. The image
segmentation step detects and delineates each target particle of interest appearing
in the given image. The morphological analysis step quantifies the size and shape
properties of the segmented particle regions. Accordingly, the system consists of an
image segmentation kernel based on a deep learning framework and a morphological
analysis module for particle size and shape characterization.

An image segmentation kernel based on deep learning requires a high-quality
labeled training dataset for extracting and learning important image features. Stock-
pile aggregate images were collected and manually labeled as training data. A state-
of-the-art deep learning framework for object detection and segmentation, mask
region-based convolutional neural network (Mask R-CNN) [12], was followed to
conduct image segmentation in an automatedmanner. Training parameterswere care-
fully tested and tuned to achieve optimal performance of the final image segmentation
kernel, and an efficient segmentation kernel was trained and validated in a previous
work by the authors [11]. Upon input of a stockpile aggregate image, the segmenta-
tion kernel will output the segmented image with the detected aggregates delineated
in different colors.

The image segmentation task is divided into an object detection step followed
by a semantic segmentation step. Accordingly, the image segmentation kernel is
composed of two neural networks: R-CNN for object detection and fully convo-
lutional network (FCN) for semantic segmentation. The model architecture of the
neural network is illustrated in Fig. 1.

Object detection precisely estimates the content and location of objects contained
in an image. As one of the fundamental topics in computer vision, object detection
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Fig. 1 Flowchart of a region-based convolutional neural network (R-CNN) for object detection
and b fully convolutional network (FCN) for semantic segmentation

provides comprehensive information for semantic understanding of the target image.
For the stockpile aggregate image segmentation, aggregate particles are specified as
the target category of objects to be detected. Traditionally, this task involves three
stages: region selection, feature extraction, and object classification [13]. Following
this pipeline, the kernel adopts an R-CNN architecture that consists of a region
proposal scheme and an object classification scheme, as shown in Fig. 1a.

Following object detection, semantic segmentation is needed to further extract
the valid aggregate pixels inside each bounding box in order to obtain the effec-
tive regions used to determine particle size and shape information. FCN is one of
the most powerful models for semantic segmentation, which associates each pixel
with an object class description [14]. FCN is a network with pure convolutional
and pooling layers and thereby requires fewer model parameters while preserving
high accuracy. The network is composed of a convolutional network followed by a
symmetric deconvolutional network. Through the forward inference and backward
propagation mechanism, the trained network can take an input image of any arbitrary
size and output localized object regions for the designated class. At the pixel level,
the network will screen out the invalid non-aggregate pixels and extract the aggregate
surfaces inside the detected bounding box. This semantic segmentation process is
illustrated in Fig. 1b.
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3.3 Morphological Analysis Module

For themorphological analysismodule, the size and shape of each aggregate detected
and segmented in the image segmentation module should be determined with refer-
ence to a calibration object. Then, the collective statistics of the particle properties
in the stockpile image can be illustrated in the form of a histogram and a cumulative
distribution, as illustrated in Fig. 2. Note that the following morphological analyses
on the size and shape are both 2D analyses based on the images.

The equivalent sizes and flat and elongated (F&E) ratios are calculated for the
segmented particles. The equivalent size of a particle follows the definition of the
equivalent spherical diameter (ESD), which is commonly used to characterize the
size of an irregularly shaped object as follows:

ESD = 2 ·
√

A
π

(1)

where ‘A’ is the measured area of the irregularly shaped object.
Other size metrics such as longest, shortest, or intermediate dimension can be

also used at the users’ discretion. For the F&E ratio, the maximum or longest Feret
dimension, Lmax, is first determined by searching for the longest intercept with the
particle region in all possible directions. Next, by searching the intercepts along the
orthogonal directions against the Lmax, the minimum or shortest Feret dimension,
Lmin, is obtained. The F&E ratio is then defined as follows:

F · E = Lmax

Lmin
(2)

With the image segmentation module and morphological analysis modules, the
imaging system can be applied to a single image or to a sequence of multi-view
images to conduct in-place size and shape evaluation of aggregate stockpiles. The
detailed description, performance evaluation, comparison, and validation study of
the aggregate imaging system can be found in Huang et al. [11].

Fig. 2 Flowchart of the morphological analysis module for size and shape properties determination
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4 Stockpile Analysis Results and Discussion

4.1 Stockpile Description

Comprehensive analyses are conducted on a selected stockpile located at an aggre-
gate quarry in Kankakee, IL. This aggregate stockpile comprises aggregates of the
largest size category that is being permitted for use in Illinois, called RR7 as per the
Illinois Department of Transportation (IDOT) specification [15]. The weight of the
aggregates in this category typically ranges between 136 kg (300 lbs.) and 454 kg
(1000 lbs.). For the selected stockpile, images were taken from three views as shown
in the first column of Fig. 3. Segmentation analysis was conducted using the stock-
pile aggregate imaging system, and the segmented images are shown in the second
column of Fig. 3. As mentioned in the image acquisition procedure, a 5.7-cm (2.25-
in.) blue calibration ball was used as the calibration object, as illustrated in the third
column of Fig. 3. Before the morphological analysis step, the calibration ball was
first identified and manually delineated; then, its pixel region was used to compute
the calibration factor for size and shape analyses.

4.2 Segmentation and Morphological Analysis Results

For the stockpile image segmentation, results were achieved by detecting and
segmenting 51, 55, and 53 aggregate particles from the three views, respectively.
From the segmentation results shown in Fig. 3, most of the identifiable aggregate
particles were successfully detected and segmented with acceptable accuracy. Each
of these segmented particle regions was then processed by the morphological anal-
ysis module to determine the size and shape of each aggregate particle as well as the
overall stockpile statistics. Note that some highly occluded particles or small frag-
ments were not captured by the imaging system, which was because these irregularly
shaped regions were not recognized as typical aggregate particles from the manual
labeling phase.

For the morphological analysis module, each of the single-view images was first
evaluated. The size and shape statistics for each view are presented in Fig. 4. The
results show that for each of the three views, the sizes of all the aggregate particles
ranged between 12.7 cm (5 in.) and 63.5 cm (25 in.), with around 60% of the particle
sizes ranging from 19.0 cm (7.5 in.) to 38.1 cm (15 in.). This size distribution is
consistent with the Illinois DOT’s practice that the largest aggregate particle could
weigh up to 522 kg (1150 lbs.) with nominal size up to 61.0 cm (24 in.) [15]. From
the F&E ratio analysis results in Fig. 4, the F&E ratios for all particles range from
1.0 to 3.0, and more than 90% of the particles have F&E ratios less than 2.5.

During the image acquisition process, the multi-view representation of the stock-
pile was captured from three different views with minimal overlap between adjacent
images. Ignoring the duplication of particles, the overall size and shape properties of
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Raw Image Segmentation Image Calibration Image

View 1 
(a) 

View 2 
(b) 

View 3 
(c) 

Fig. 3 Raw images, segmentation results, and calibration results of a first view; b second view;
and c third view in aggregate stockpile analysis

the entire stockpile can be further analyzed by combining the results from the multi-
view representations together. The combined distribution results in a total of 159
detected particles that are plotted together with each view’s contribution in Fig. 5.

Both analyses show reasonable statistical distributions for the morphological
properties of a typical aggregate stockpile. The particle size distribution curve implies
the uniform gradation of the selected stockpile, while the F&E ratio distribution
generally indicates rounded shape and small angularity for the particles in the selected
stockpile.

It is observed that the single-view results slightly differ from each other, but the
combined results can serve as a more accurate representation of the stockpile being
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Equivalent Spherical Diameter Flat and Elongated Ratio 

View 1 
(a) 

View 2 
(b) 

View 3 
(c) 

Fig. 4 Size and shape distribution curves of a first view; b second view; and c third view based on
morphological analysis (1 in. = 25.4 mm)
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Fig. 5 a Size and b shape
distribution curves from the
multi-view stockpile
analyses and the combined
results (1 in. = 25.4 mm)

(a) 

(b) 

inspected. This is due to the fact that each view only consists of a partial section of
the stockpile, while the size and shape statistics should cover the panoramic stockpile
surface. Similarly, the combined results show the same trend as single-view results
where the sizes of the aggregate particles are between 12.7 cm (5 in.) and 63.5 cm
(25 in.) with over 60% of the particle sizes ranging from 19.0 cm (7.5 in.) to 38.1 cm
(15 in.), and the F&E ratios range from 1.0 to 3.0 with more than 90% of the particles
have F&E ratios less than 2.5.
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4.3 Discussion

The segmentation and morphological analysis results demonstrate the convenient
application of the developed computer vision system for aggregate stockpile analysis,
whereby the users can obtain the in-place size and shape statistics of a stockpile.
The system can be used to analyze the particle size and shape information from a
single-view image. With standardized image acquisition procedure, the system can
be further utilized to derive the gradation and typical particle shape pattern for a
batch of aggregate products with multi-view representation.

Nevertheless, since only the stockpile surface is visible to the users, it should be
noted that the segmentation andmorphological analyses results presented herein only
represent the size and shape statistics of the stockpile surface. This is typically the case
when manual QA/QC inspection procedures are utilized. Additionally, duplication
of the particles across image boundaries could be another source of inaccuracy due
to the coverage overlap during the data acquisition procedure.

5 Conclusions

A computer vision system, developed based on deep learning techniques, is applied
to determine in-place size and shape properties of aggregate stockpiles in the field.
The system involves using a smartphone camera to capture multi-view images of a
stockpile for estimating themorphological size and shape properties of the aggregates
contained in the stockpile. Based on the findings of this study, the computer vision-
based system for stockpile assessment demonstrates its use as a convenient and
efficient application for field and in-place evaluation of aggregate morphological
properties. The system has the capability to provide reliable and sustainable solutions
for performing onsite QA/QC tasks related to riprap rock and large-sized aggregates
in the field.
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Statistical Analysis of the Influence
of Ballast Fouling on Penetrometer
and Geoendoscope Data

Jorge Rojas Vivanco , Sébastien Barbier ,
Miguel-Angel Benz Navarrete , and Pierre Breul

Abstract Fouling and deterioration of the ballast are major problem in operation
of railway tracks. Its characterization is fundamental to optimize decision making
in maintenance programs. This study aims to characterize the fouled ballast by
dynamic penetrometer (PANDA) and geoendoscope test (This method, hereafter
PANDA and geoendoscope test, is known as Pandoscope® [17]). The methodology
presented consists in analyzing the dynamic cone resistance (qd) of each layer and
then performing a geoendoscope test to obtain borehole images. Statistical analysis
of cone resistance and image parameters (texture and colorimetry) shows their depen-
dence on the degree and of fouling material. As ballast fouling increases, the average
cone resistance initially increases and then decreases. Image features also depend
on the proportion of fouling but especially allow to distinguish different contents of
fine particles in the fouling material. Nevertheless, each of the measurements taken
separately is not enough to determine a ballast fouling amount. In this way, data
fusion has been carried out and shows an improvement in the quantification of the
fouling index [1].

Keywords Laboratory test · Penetrometer · Geoendoscope · Railway · Ballasted
track · Fouling index · Statistical analysis · Data fusion

1 Introduction

Most of rail networks around the world are often composed of ballasted tracks, where
the main component is the “ballast,” which is a coarse grained and uniformly graded
crushed rock aggregate placed between and immediately underneath the sleepers.
The main purposes of ballast are as follows: to provide an efficient drainage of the
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track; tomaintain tracks vertical and horizontal geometry; to distribute traffic loading
from sleeper to a level allowed by lower structural layers; and to enable correction
of track geometry errors.

Over time and as a result of repeated and increasing heavy loads, the railway track
ages, and the ballast deteriorates deviating from its original standard specifications.
The results: Fouling materials is created, and ballast layer is progressively fouled
with materials finer than aggregate particles, filling the void spaces. Consequently,
fouled ballast impacts the track performance by changing the mechanical properties
of substructure layers. Maintenance of railways is needed, and its frequency is linked
to the ballast quality,which as seen, changes over time due to the generation of fouling
materials. Field characterization of ballast fouling degree, as well as its mechanical
behavior, is an important task to optimize decisionmaking in maintenance programs.

The French lightweight dynamic penetrometer, known as PANDA [2, 3], coupled
with geoendoscope [4–8] offers the opportunity to reach this purpose by measuring
the dynamic cone resistance (qd) and image features continuously in depth (Fig. 1).
This method has been widely studied to evaluate the bearing capacity as well as to
assess mechanical properties of the soil. However, none of these studies focused on
establishing a relationship between (qd) images parameters and ballast fouling index
(FI).

This article presents the first results obtained from a laboratory study aimed at
establishing a database to correlate dynamic penetrometer values, images features
as well as ground-penetrating radar (GPR) data in order to improve railroad surveys
by means of data fusion. This study is particularly interested in the effects of fouling
index, and nature of fouling material, on the cone resistance and images features.

Ballast

Fouled-Ballast

Platform soil

1. PANDA Test 2. Geoendoscopy test 3.a. Image analysis 3.b. Penetrogram

Fig. 1 Principle of lightweight dynamic penetrometer PANDA and geoendoscope tests
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2 Lightweight Dynamic Penetrometer and Geoendoscope
Test

The methodology for railway tracks survey involving PANDA penetrometer and
geoendoscope test was born at the beginning of the 2000s in France, when the SNCF
(French railway company) started looking for a new methodology, not engine based,
that would provide at least the layer identification of the coring machine (that was
used at the time) as well as a mechanical characterization of the trackbed. The fusion
of data from PANDA penetrometer and geoendoscope test is currently employed in
France to assess the substructure of railway tracks [5, 6, 9, 10] (Fig. 1).

PANDA is a lightweight variable energy dynamic penetration test that is stan-
dardized in France. The test consists in driving a set of steel rods equipped with a
conical tip into the soil by manual or automatic hammering. For each blow, drive
energy is measured in the instrumented anvil. Other sensors measure simultaneously
the penetration of the cone. Both data are immediately transmitted to the acquisition
unit, and cone resistance (qd) is directly calculated by the Dutch formula. The log of
sounding, called penetrogram, plots the almost continuously in depth (z) the evolu-
tion of qd . PANDA is a versatile equipment (weight < 20 kg), and in the context of
railway investigations, adaptations have been made to make it even lighter and more
rugged [6, 10, 11].

Geondoscope test consists of introducing an endoscope probe in the borehole
previouslymade by the dynamic penetrometer. After the penetration test, awindowed
hollow tube is placed in the same borehole. A 6 mm diameter endoscopic camera
is lowered into that guiding tube. The endoscope continuously records 5 mm wide
images of the borehole wall with a high resolution (640 × 480 pixels at least). A
depth recorder is added so that the video and depth are simultaneously recorded
on a rugged laptop, thanks to a custom acquisition software. Images extracted from
each video are then processed using automatic image analysis algorithms to provide
qualitative and quantitative information for each soil layer (thickness, nature, humid-
ity…). In addition, each image is analyzed to obtain image parameters (i.e., moment,
volume, area mask…) [7, 8]. This imaging technique has already been successfully
implemented in railway geotechnics as well as in substructure integrity assessment.

3 Ballast Fouling Characterization

Fouling material in ballast has been traditionally considered not favorable for
ballasted track performance. Ballast fouling is caused by a number of mechanisms:
(i) fracturing, abrasion and particle attrition of ballast; (ii) infiltration of sub-ballast
under cyclic loading or from underlying clay subgrade; and (ii) spillage and contami-
nation from surface sources are some of different mechanism of fouling [12]. Fouled
ballast has different physical and strength properties than those of clean ballast.
The fouling material increases the contact surface of the ballast generating losses
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of mechanical resistance and drainage performance, and this leads to a degradation
deformability and strength properties of resulting material. Regardless of the gener-
ating process, fouled ballast can be characterized by several indexes: fouling index,
percentage void contamination, void contamination index or relative ballast fouling
ratio. In this work, the (Selig and Waters, 1994) definition is employed [1], where
fouling index (FI) has been identified as small particles in the matrix of large ballast
particles (Eq. 1), where P4 and P200 are, respectively, the percentage in mass less
than 4.75 mm and 75 µm.

FI = P4 + P200 (1)

Previous studies have shown the effects of the FI on the strength properties of
fouled ballast [13–16]. It was observed that strength properties increase (from clean
ballast state) when FI rise. Beyond a threshold of FI, the strengths properties decrease
for higher quantities of FI. This threshold depends on the nature of fouling material,
as well as its water content. In this way, the same phenomenon should be observed
for measured dynamic cone resistance (qd) and observable from the image’s features.

Although in most practical cases the fouling material is sand and silt produced by
ballast abrasion, in this work, it was chosen to reproduce fouled ballast using sand
and clay. The main purpose is to evaluate the effects of the nature of fouling material
on dynamic penetration and geoendoscope tests.

4 Laboratory Test and Data Collection

In the laboratory, parallelipedic specimens of soil (800 × 600 × 1000 mm) were
prepared (Fig. 2). The main purpose is to reproduce a multi-layer structure repre-
sentative of a railway track, where the lower part is the subgrade, and the upper part
simulates the ballasted layer. Subgrade was designed by two different layers (sand,
silty, and clay) that remain unchanged in terms of nature as well as compaction
degree. For each sample, ballasted upper layer changes in nature and content of
fouling material. Fouled ballast was created by mixing different quantities of clean
ballast, sand, and clay.

Dynamic penetration and geoendoscope test, as well as GPRmeasurements, were
conducted for each sample. At the end of the tests, the healthy ballast layer is disman-
tled, and in the contaminated ballast layer, the humidity and granulometry controls
are carried out. The aim of these experiments was to create different simple cases to
evaluate the effects of the fouling index on the values measured by PANDA as well
as image features obtained by geoendoscope test.



Statistical Analysis of the Influence of Ballast Fouling … 919

Steel plate

10
00

m
m

2 0
0

m
m

40
0

m
m

20
0

m
m

20
0

m
m

Clean ballast

Fouled ballast

Subgrade
(sand of Madrid)

Platform
(Clay)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 1 10 100

D
ep

th
 (m

)

Dynamic cone resistance, qd (MPa)

FI=28.2 FI=16.1 FI=8.67

Clean ballast

Fouled ballast

Subgrade (sand)

Platform (clay)

10
00

m
m

600 mm

P1

P4 P3 P5
P2

Point of test
(PANDA & Geoendoscopy)

Fig. 2 Laboratory experiences: (left) dimensions of specimens and test position; (middle) vertical
profile of specimens tested; and (right) example of dynamic penetration test results

4.1 Samples Construction

Different sampleswere constructed in a parallelipedicwooden structure (Fig. 2). Each
specimen is composed of four different thickness layers: (i) clean ballast of 200 mm,
(ii) 400 mm of fouled ballast, and (ii) 400 mm sand and clay layers (subgrade).
General properties of materials employed are presented (Table 1). Moreover, vertical
stress resulting from the weight applied by the superstructure of the railway (rail,
sleepers…) is not simulated in these experiences.

Sample construction begins with the manual compaction of a 100 mm thick
subgrade soil layer. Geotextile is placed between each layer, and the construction
proceedswith the placement of each layer until the top layer (clean ballast) is reached.
Once the tests are carried out, the specimen is completely emptied, and another
sample is later built.

Fouled ballast was obtained by mixing different proportions of clean ballast and
finer material (sand, clay, or both). Fouled ballast was prepared thanks to a concrete
mixer, and the mixture was placed inside the specimen in compacted layers (analysis
is only done on ballasted layers). Quantity of materials Wratio required to obtain the
desired fouled ballast samples was calculated according to:

Wratio = Mc

Mc + Mb
∗ 100% (2)
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where Mc and Mb are, respectively, the total weight of the fouling material and
ballast. This equation was used to construct samples with the same mass of material.
This is to highlight the effects of the different levels of fine elements. In Table 2,
WFM is equivalent to P4 sieving results. A total of 20 different mixtures (cases) of
fouled ballast have been prepared. Figure 3 shows the particle size distribution of
each sample.

In all cases, the percentage of material passing the P4 sieve is 100%. Indeed,
to reproduce different fouled ballast samples, only the quantity of material passing
through the P200 sieve was changed.

4.2 Tests Performed and Cases Studied

A total of 21 specimens with different ratio of fouling index were produced. They are
mainly grouped in five cases, which differ in the nature of the fouling material. For
each case, five different fouled ballast mixtures were tested. All studied cases and
the main characteristics of fouled ballast samples are presented in Table 2. Fouling
index and its classification, as well as the average cone resistance measured in the
fouled ballast layer, are also summarized.

For each sample, the following tests were performed: (i) lightweight dynamic
penetrometer PANDA (×5) and (ii) geoendoscope test (×10). An example of one
of the specimens performed is shown in Fig. 2 where the position of each test is
represented.Dynamic penetrometer andgeoendoscope results are presented inFigs. 2
and 4.

5 Results and Discussion

Results obtained in the fouled ballast layers were analyzed to evaluate the effects
of the fouling index (FI), and its nature, on the dynamic cone resistance values
obtained by means of PANDA test as well as images features measured by geoen-
doscope. Figure 2 shows an example of cone resistance qd penetrogram obtained on
different specimens. Figure 4 presents some representative images obtained from the
21 tested samples. As FI increases, the images are saturated with fine material until
it is impossible to identify the ballast grain.

5.1 Fouling Index Effects on Dynamic Cone Resistance

For each specimen, five penetration tests were carried out. From each penetrogram
obtained (log of cone resistance, qd(z)), only the part of the signal obtained in the
ballasted layer is analyzed. Based on all signals obtained on each specimen, average
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Fig. 3 Particle size distribution of different fouled ballast samples tested in this study. Mixtures of
clean ballast and a sand, b clay, c 50% sand—50% clay, and d 75% sand—25% clay

value of cone resistance qd and its standard deviation are calculated for clean ballast
and fouled ballast layers. The variation of these indicators is then studied according
to the fouling index (FI) and nature of fouling material (Fig. 5).

It should be noted that the cone resistance qd values presented thereafter are
much lower than those measured in practice [4, 5, 8–10]. Indeed, as mentioned
above, the effects of overburden pressure (due to the track load) as well as rod’s skin
friction—which considerably amplifies the value of qd measured in the field—have
been neglected.

Figure 5a shows a general trend. The average qd increases with FI values and later
decreases after approximately 20% FI. This is because the particles initially increase
the stability of the granular medium.

As the quantity ofmaterial increases, the contact between the ballast grains is elim-
inated, reducing the tip resistance. The standard deviation is also reduced because the
granular medium has a more continuous behavior. Figure 5b illustrates the similarity
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in behavior for each type of fouling material. The average dynamic cone resistance
increases and reaches a maximum for distinct FI values. Then, it decreases reaching
values lower than clean ballast around 40% FI.

The particle size distribution of the fouling material has a great impact on the
results. In Fig. 6, the behavior is analyzed according to the amount of material
passing through the P4 and P200 sieve. The one that generates the greatest variability
in results is P4, while P200 is an enhancer. In Fig. 6a, it is easy to visually identify
a correlation, where there is an increase and later a decrease in cone resistance. As
for Fig. 6b, it is very difficult to establish a direct relationship because at different
values ofP200, a similar average resistance is obtained. Case 1 (sand) contains a small
amount of fines. It has a parabolic behavior: qd increases then decreases depending
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Fig. 5 Effects of fouling index (FI) on average dynamic cone resistance (qd ) values. Evolution of
qd for a all tested cases and b for different nature of fouling material

Fig. 6 Evolution of dynamic cone resistance qd according to fines content, a passing the sieve P4
and b passing the sieve P200

on the quantity of material. Case 2 (clay) has a linear behavior with, unlike the
other cases, only one value higher than that of the healthy ballast. The third (50%
sand—50% clay) and the fourth (75% sand—25% clay) cases are intermediate to
the previous two. These are similar to sand for small values of FI and similar to clay
for large values.
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5.2 Fouling Index Effects on Geoendoscope Images Features

Regarding geoendoscope results, for each sample, a total of ten tests were carried
out. Only the images obtained from the videos recorded in the top ballasted layers
are analyzed. Image analysis consists of first measuring the colorimetry and texture
parameters of the images obtained in the fouled ballast layer. The image analysis
is then performed for different values of fouling index (FI). Different algorithms
were applied to obtain a vector of image’s features that allow to quantify colorimetry
and texture. In this study, we are mainly interested to analyze variations of average
moment and average saturation (Fig. 7).

The first parameter, moment, is related to the image texture, and it is calculated
in the frequency domain. It increases with small patterns in texture. Only sand has a
different value from the others, but the ascending behavior in function of the amount
of material is identical (Fig. 7a). The behavior and values of the other cases are
similar. This parameter is highly influenced by the presence of clay in the fouling
material.

The second parameter, saturation, is related to colorimetry, measured in Hue,
saturation and brightness color space. The same conclusions as for the moment
parameter can bemade. However, on Fig. 7b, it is possible to distinguish the different
fouling material cases. The curves are aligned in function of the clay content. The
higher the clay content, the higher the values.

Fig. 7 Effects of fouling index (FI) and nature of fouling material on geoendoscope image features,
a texture feature: moment and b colorimetry feature: saturation
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Fig. 8 Average cone resistance as a function of average image moment parameter for each tested
case grouped by fouling index class

5.3 Fouling Index Characterization with Data Fusion

The cone resistance average and standard deviation values are different for each
fouling indexmeasuredduring the experiment.But this variation is not simply propor-
tional. For a measured cone resistance, different FI can correspond. In this study, this
variation is related to the proportion of fouling material of each class: sand or clay.
The highlighted relationmay changewith variations in structure compaction degrees.

Sandy or clayey materials have different aspects on geoendoscope test images.
According to this study, the variation of a texture and a colorimetric parameter seems
to reflect the variation in fouling material composition. Moreover, the stability of the
colorimetric parameters between different acquisition devices or fouling material is
poor.

The fusion of both measurement techniques could improve the determination of
ballast FI. In Fig. 8, the fouling index variation is represented for a combination of two
calculated parameters, one from penetrometer test and the other from geoendoscope
image processing.

This representation (Fig. 8), given here only for illustration, is an example of the
remaining work that will be done on data fusion: assemble the mechanical behavior
and the physical aspect of the fouling material for a better fouling index assessment.

6 Conclusion

Fouling in the ballast layers changes the mechanical behavior of the railway tracks.
In this study, the influence of ballast fouling quantity and material type on dynamic
penetrometer and geoendoscope tests results is analyzed.
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The cone resistance (qd) initially increases with fouling index, highlighting the
mechanical resistance to penetration improvement of the ballasted layer. Then, when
the ballast is fouled, thismechanical resistance is smaller than that of the clean ballast.
The nature of the fouling material changes the degree of the above effects: In the
case of sandy soils, the resistance is higher than that of clayey soils.

Texture and colorimetry parameters obtained from geoendoscope images are
sensitive to variations in fouling index. The two studied parameters, moment and
saturation, increase with increasing fouling content. Above all, these parameters
show great sensitivity to the variation in the proportion of fine elements.

Combining dynamic penetrometer and geoendoscope tests results could describe
the mechanical and physical changes caused by ballast fouling. This study covers
only one case of compaction as well as only two fouling materials and therefore
cannot be generalized as it is. Moreover, the effects of overburden pressure due to
the track load as well as rod’s skin friction, which considerably amplifies the value
of qd measured in the field, have been neglected. Further experiments and a study on
the data fusion should be carried out and could improve this railway tracks problem
quantification.
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A Back-Analysis Technique for Condition
Assessment of Ballasted Railway Tracks

Shadi Fathi and Moura Mehravar

Abstract Track substructure is a key component of railway transportation systems.
Similar to the built environment of other surface transportation systems, track
substructures are subjected to ageing and deterioration. This frequently leads to
failure and collapse of systems and imposing costly repairs andmaintenance. Further,
limited knowledge about the substructure condition leads to employing inefficient,
time-consuming, and expensive maintenance. As the importance of time and budget
limitation, there is a need to develop more time and cost-efficient techniques for
frequent condition assessment of the existing railway substructures. Falling weight
deflectometer (FWD) is recognised as an effective non-destructive test (NDT) for
surveying the ballasted railway substructures through the back-analysis process,
including a forward analysis of track substructure and an optimisation method. This
paper presents a novel hybrid back-analysis technique, including artificial neural
network (ANN) and ant colony optimisation for the continuous domain (ACOR)
to backcalculate substructure layer moduli of railway track. To this aim, a dynamic
finite element (FE)model is developed to generate a reliable datasetwhich is covering
various layer moduli for ANN training. ACOR is employed as an optimisation tool to
optimise estimated layer moduli (ANN’s input). Furthermore, a validation study has
been conducted using the developed FE model with back-analysed layer moduli
values to evaluate the developed technique’s performance. The validation study
results show that use of ANNs incorporates ACOR results in excellent performance
and robustness of the developed back-analysis technique. The hybrid ANN-ACOR

back-analysis technique is a computationally efficient method with no dependency
on seed modulus values.
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1 Introduction

Several non-destructive testing (NDT) methods have been developed for condi-
tion assessment of railway track substructure. Among all of the NDTs, falling
weight deflectometer (FWD) test, which is a widely used and well established
one for frequent condition assessment of in-service pavements and highways [1–
3], has recently been employed in railway industry with some minor modifications
[4]. Deflection basins obtained from the FWD test are interpreted through back-
analysis technique, as a technique for substructure layer moduli estimation, which
is commonly used for in-service pavement condition assessment [5].

Over the past few years, different back-analysis techniques have been developed
for condition assessment of highways. Most of these techniques are different in
terms of forward analysis method used to model the pavement structure, range of
the layer moduli, seed modulus values, and convergence requirement. Most of the
previously developed back-analysis techniques were based on an iterative process.
This process starts with predicting surface deflections considering an initial set of
(seed)moduli for each layer, then comparing calculated deflectionswith themeasured
deflections, and finally, defining an error function to evaluate the estimated results.
However, this method suffers from different limitations as such different sets of
seed moduli need to be assumed per each iteration to minimise the error function.
Moreover, long computational time and dependency on the seed moduli in each
iteration, which increases the possibility of trapping in the localminima of the results,
can be mentioned as the iterative method’s limitations [6].

In the past two decades, artificial neural network (ANN) as a robust and fast
soft computation tool has been successfully employed as an alternative to conven-
tional pavement structure forward models in several research studies [7–14]. More-
over, various metaheuristic optimisation algorithms such as genetic algorithm (GA),
particle swarm optimisation (PSO) [15, 16], differential evolution (DE) [17], shuf-
fled complex evolution (SCE) [18], levy ant colony optimisation (ACORL) [19], and
combination of ANN as a soft computation tool and metaheuristic search methods
[7–9, 20–26] were employed to backcalculate layer moduli and layer thicknesses of
pavement structures more accurately and faster when compared to the conventional
techniques. Among the abovementioned metaheuristic optimisation techniques, ant
colony optimisation for the continuous domain (ACOR), as a robust modern meta-
heuristic optimisation algorithmwith proven ability in various engineering optimisa-
tion problems, has been used to develop the back-analysis technique for pavements.
This method shows higher accuracy and less computation time compared with other
metaheuristic back-analysis techniques such as GA-based methods [19, 27–29].

Few studies have been conducted to assess the performance of railway track
systems using different back-analysis techniques [30, 31]. These techniques were
developed for a limited number of layers (up to three layers) and were based on an
iterativemethod inwhich seedmoduli for layers need to be assumed in each iteration,
which increases the inaccuracy possibility and analysis time.
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In this paper, for the first time, a hybrid back-analysis technique based on inte-
gratingANNandACORwasdeveloped as a tool to estimate railway track substructure
layer moduli. This technique addresses the shortcomings of the previous methods
including computational time, the limitations associated with number of track layers,
and dependency on the seed moduli. ANN was employed in the proposed ANN-
ACOR hybrid technique to calculate surface deflections. Firstly, a dynamic finite
element simulation of the FWD test, which was conducted on a railway section
near the Leominster station (UK), was developed using COMSOL-Multiphysics.
In this model, the railway track substructure was composed of five layers, and
the results were validated against experimental data. The ANN model was trained
using a synthetic database generated using the FE model. On the other hand, ACOR

was employed as an optimisation tool to estimate optimised values of layer moduli
(ANN’s input). Finally, the back-analysed layer moduli were implemented in the FE
model, and the obtained deflections were compared with the measured experimental
data. The comparison shows great performance, robustness, and efficiency of the
developed hybrid back-analysis technique.

2 Methodology

2.1 Finite Element Analysis of the FWD Test

A three-dimensional dynamic finite element analysis (FEA) of the FWD test on a
railway section near Leominster station in Herefordshire, UK, was conducted using
COMSOL-Multiphysics. The cone penetration test (CPT) data of this track section
have been used to define each substructure layer thickness as inputs for the finite
element (FE) model [32]. Taking advantage of symmetrical nature of the problem,
including both geometry and loading conditions, a quarter of the railway track was
modelled as shown in Fig. 1. The model includes a loaded sleeper, two ballast layers,
two clay layers (subgrade 1 and 2), and a sand/gravel layer (subgrade 3). Deflections
in all three directions (x, y, and z) were fixed at the bottom of the model. Only one
sleeper has been modelled since the FWD test procedure had the loaded sleeper
disconnected from the rails. Perpendicular to the track direction, near-end boundary
is located where it passes across the middle of the loaded sleeper. The model had
a dimension of 10 m × 10 m × 10 m to prevent reflecting the wave from outer
boundaries. Figure 1 also shows the typical finite element mesh employed in this
study for the railway track.

A 31.25-kN dynamic load pulse, which is a quarter of the FWD load specified
in the UK’s standard (i.e., 1

4 × 125 kN), was idealised using a haversine function of
duration 40 ms. The load was assumed to be applied over the circular load plate at
0.55mfromsleeper’s centrewhere sensorD0 is located (seeFig. 2). The arrangements
of four sensors (geophones) employed for theFWDtest [30], including their distances
from the loading point, are shown in Fig. 2. In this figure, D is the displacement
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Fig. 1 3D COMSOL FE model geometry of a quarter of the railway track section near Leominster
station, UK

Fig. 2 Schematic drawing of FWD test including geophone arrangements
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measured at the indicated horizontal offset distance (provided in the figure in mm)
between the sensor and the centre of load cell.

The ballast, sub-ballast, and subgrade layers were modelled using quadratic brick
elements, and tetrahedral elements were employed for the slope side of the ballast
layer. In this study, a linear elastic material model was employed to describe the soil
layers due to the small deflection values recorded by the geophones, which reduce
the computation time [30, 33].

2.2 Finite Element Analysis Results and Validation

This section presents a validation that was carried out to evaluate the performance
of the developed FE model. Figure 3 shows the peak deflections of four different
geophones predicted by the developed FE model as well as recorded by the FWD
test [30]. It can be observed that the predicted deflection time history basins and the
experimental data presented by Burrow et al. [30] follow similar trend. On the other
hand, a good agreement between the peak deflections predicted by the FE model
and measured from the FWD test data can be observed. Additionally, the differences
between the predicted and measured peak deflections at four different geophones
were calculated and presented as percentage errors in Table 1. It can be seen that the
error value for each individual geophone and also an average error for all geophones
are less than 10%, which confirms the accuracy of the FE model predictions [34].
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Table 1 Comparisons of
FWD measured and predicted
deflections of the railway
section near Leominster
station, UK at four geophones

Geophones Surface deflection (mm) Percentage
errorExperimental Predicted (FE

model)

D0 −1.73658 −1.616 6.961

D300 −1.08288 −0.980 9.473

D1000 −0.40584 −0.374 7.821

D1500 −0.2566 −0.270 5.378

2.3 Development of a Hybrid ANN-ACOR Back-Analysis
Technique and Results

This section presents the proposed hybrid back-analysis technique consisting ofANN
and ACOR method for condition assessment of railway tracks. To this aim, a multi-
layered feed-forward neural network was trained using an error back-propagation
algorithm. The database was generated based on the various scenarios obtained from
the developed FE model by changing each layer modulus over a range of values that
reflect realistic field conditions. The ANNmodel served as a surrogate forward anal-
ysis model to replace the FE model. The ANN captured the behaviour of deflection
basin based on the predicted moduli of five layers of the railway track substructure.

The multilayer feed-forward network has been employed in this study which is
including one input layer, at least one hidden layer, and one output layer. Each layer
is composed of basic particles called artificial neurons which are set up in different
layers. The optimal network architecture of 19-6-5-4-4 was selected for the five-
layer track system via trial and error. The number of neurons in the input layer
(nineteen neurons) was correspondence with the number of each layer’s material
properties (layers’moduli andPoisson’s ratio), layers’ thicknesses, and theFWDload
magnitude.While, the output layer was including four neurons which are correspond
to the peak deflections at the predefined geophones at different offsets from the load
point in the FWD test (presented in Fig. 2). Meanwhile, three hidden layers with six,
five, and four neurons were considered in these layers. The coefficient of correlation
(R) value of defined network at D0, D300, D1000, and D1500 geophones is 0.99999,
0.99998, 0.99997, and 0.99995, respectively. Moreover, the root mean square error
(RMSE) values are 0.0003503, 0.00041986, 0.00024929, and 0.00025117 at D0,
D300,D1000, andD1500 geophones, respectively. The high value ofR and low values of
RMSE at D0, D300, D1000, and D1500 geophones proved the satisfactory performance
of the ANN model for track surface deflection predictions.

Next, the ANN model was integrated with the ACOR optimisation method to
determine the optimum values of the substructure layer moduli. This hybrid back-
analysis technique code was implemented in MATLAB. To solve the current optimi-
sation problem, a deflection-based objective function shown in Eq. (1) was chosen
[17].
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Cost Function =
√
√
√
√

1

n

n
∑

i=1

((Di − di )/di )2 × 100 (1)

Then, the ACOR optimisation process was startedwith pheromone representation.
In this step, the solution archive, which has k solutions and n decision variables
(corresponding with the layer moduli), was defined. Moreover, solutions were sorted
in this step based on the calculated objective function (ANN’s output). The next step
was probabilistic solution construction where during each iteration, the new solution
was generated based on the chosen solution from the archive and its probability. By
generating new solutions, pheromone was updated. New solutions in m size were
added to the solution archive (m + k size), sorted, and the worst solutions (m) were
removed. In this way, the solution archive was updated, and the solution archive size
was remained the same as initial.

An important user-defined parameter, ξ, was responsible in this algorithm to
control the speed of convergence conversely and make a balance between exploita-
tion and exploration. The higher value of ξ decreases the convergence speed of the
algorithm to the solution due to the increase of the worst solution forgotten rate [19].
Moreover, q is a parameter of algorithm that affects optimisation performance.

A parametric study was conducted to adopt the best value of archive size (k).
Figure 4 shows the effect of various archive sizes on the model error. It can be
observed that the algorithm with k = 200 has the lowest value of RMSE. The ACOR

parameter values, including q, ξ, and iteration number, were considered 0.1, 0.85,
50, respectively, based on the literature [19, 35].

The back-analysed layer moduli from the ANN-ACOR technique are compared
to cone penetration testing (CPT)-based moduli in Table 2.

Moreover, the performance and accuracy of the developed back-analysis tech-
nique were evaluated using the developed FE model. Table 3 presents details of
the performance evaluation of the ANN-ACOR back-analysis technique. It can be

Fig. 4 Effect of archive size variation on the developed ANN-ACOR back-analysis technique
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Table 2 ANN-ACOR
back-analysed layer moduli
compared to cone penetration
testing (CPT)-based moduli
for railway section near
Leominster station, UK

Layer CPT-based layer
modulus (MPa)

Back-analysed
layer modulus
(MPa)

Clean ballast 110.000 107.376

Contaminated
ballast

32.500 27.500

Subgrade 1 71.829 66.633

Subgrade 2 33.956 50.000

Subgrade 3 362.100 400.000

Table 3 FEmodel results verified with the predictions of the ANN-ACOR back-analysis technique
for railway section near Leominster station, UK

Geophones Measured deflection
(mm)

Predicted deflection
(mm)

Percentage error Absolute per cent
error

D0 −1.737 −1.758 1.209 2.100

D300 −1.083 −1.085 0.185 0.200

D1000 −0.406 −0.408 0.493 0.200

D1500 −0.257 −0.293 14.010 3.600

Sum 6.100

observed that the predicted (FE model) deflections based on the back-analysed data
are in good agreement with the experimental FWD data.

In terms of the computational time, ANN-ACOR shows fast convergence (around
45 s on an i7-8750H CPU) which was obtained.

3 Conclusion

In this research, an attempt has been made to develop a time-efficient, reliable, and
accurate back-analysis technique for railway track application, with no dependency
on the seed moduli and number of track substructure layers. To this aim, firstly, a
finite element (FE) analysis model was developed to simulate the FWD test of the
railway track section near the Leominster station in the UK. The predicted surface
deflections at four different horizontal offsets (D0, D300, D1000, D1500) from the FE
modelwere used to generate a database to train anANNsurrogate forwardmodel. The
ANN model with a 19-6-5-4-4 network architecture was next developed to replace
the FE model in order to accurately map the relationship between substructure layer
moduli and the surface deflections. Afterwards, an ant colony optimisation for the
continuous domain (ACOR)was integrated into the forwardANNmodel to determine
the optimum values of the layer moduli as ANN inputs.
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The results of the developed ANN-ACOR back-analysis technique as a computa-
tional framework for railway track section showed excellent performance in terms of
the accuracy as well as time efficiency. It is worth mentioning that using the devel-
oped hybrid back-analysis technique, ANN-ACOR in this study is computationally
efficient.

References

1. Ellis T (2008) A comparison of nondestructive testing backcalculation techniques for rigid and
flexible pavements

2. Berggren E (2009) Railway track stiffness: dynamic measurements and evaluation for efficient
maintenance

3. Tang X, Yang X (2013) Inverse analysis of pavement structural properties based on dynamic
finite element modeling and genetic algorithm. Int J Transp Sci Technol 2:15–30. https://doi.
org/10.1260/2046-0430.2.1.15

4. Sharpe P (2000) Trackbed investigation. J Rep Proc-Permanent Way Inst, Permanent Way Inst
118:238–255

5. Kargah-Ostadi N, Stoffels S (2015) Backcalculation of flexible pavement structural properties
using a restart covariancematrix adaptation evolution strategy. J ComputCivEng 29:04014035.
https://doi.org/10.1061/(ASCE)cp.1943-5487.0000309

6. Chou Y, Lytton R (1991) Accuracy and consistency of backcalculated pavement layer moduli.
Transp Res Rec 1293:72–85

7. Ceylan H, Guclu A, Tutumluer E, Thompson M (2005) Backcalculation of full-depth asphalt
pavement layer moduli considering nonlinear stress-dependent subgrade behavior. Int J
Pavement Eng 6:171–182. https://doi.org/10.1080/10298430500150981

8. CeylanH,GopalakrishnanK,GucluA (2007)Advanced approaches to characterizing nonlinear
pavement system responses. Transp Res Rec: J Transp Res Board 2005:86–94. https://doi.org/
10.3141/2005-10

9. Gopalakrishnan K, Thompson M, Manik A (2006) Rapid Finite Element Based Airport
Pavement Moduli Solutions Using Neural Networks. Int J Comput Intell 3:63–71

10. Ceylan H, Gopalakrishnan K, Bayrak M (2008) Neural networks based concrete airfield pave-
ment layermoduli backcalculation. Civ Eng Environ Syst 25:185–199. https://doi.org/10.1080/
10286600701838667

11. Bayrak M, Ceylan H (2008) Neural network-based approach for analysis of rigid pavement
systems using deflection data. Transp Res Rec: J Transp Res Board 2068:61–70. https://doi.
org/10.3141/2068-07

12. Beltran G, Romo M (2014) Assessing artificial neural network performance in estimating the
layer properties of pavements. Ingeniería e Investigación 34:11–16. https://doi.org/10.15446/
ing.investig.v34n2.42158

13. Leiva-Villacorta F,Vargas-NordcbeckA,TimmD(2017)Non-destructive evaluation of sustain-
able pavement technologies using artificial neural networks. Int J Pavement Res Technol
10:139–147. https://doi.org/10.1016/j.ijprt.2016.11.006

14. Saric A, Pozder M (2017) Artificial neural networks application in the backcalculation process
of flexible pavement layers elasticity modulus. In: International symposium on innovative and
interdisciplinary applications of advanced technologies, pp 549–559

15. Gopalakrishnan K (2009) Backcalculation of non-linear pavement moduli using finite-element
based neuro-genetic hybrid optimization. Open Civ Eng J 3:83–92. https://doi.org/10.2174/
1874149500903010083

16. Öcal A (2014) Backcalculation of pavement layer properties using artificial neural network
based gravitational search algorithm

https://doi.org/10.1260/2046-0430.2.1.15
https://doi.org/10.1061/(ASCE)cp.1943-5487.0000309
https://doi.org/10.1080/10298430500150981
https://doi.org/10.3141/2005-10
https://doi.org/10.1080/10286600701838667
https://doi.org/10.3141/2068-07
https://doi.org/10.15446/ing.investig.v34n2.42158
https://doi.org/10.1016/j.ijprt.2016.11.006
https://doi.org/10.2174/1874149500903010083


940 S. Fathi and M. Mehravar

17. Gopalakrishnan K, Khaitan S (2010) Development of an intelligent pavement analysis toolbox.
In: Proceedings of the Institution of Civil Engineers—Transport. Thomas Telford Ltd., pp
211–221. https://doi.org/10.1680/tran.2010.163.4.211

18. Gopalakrishnan K (2009) Backcalculation of pavement moduli using bio-inspired hybrid
metaheuristics and cooperative strategies. 2009 Mid-Continent Transportation Research
Symposium

19. Fileccia Scimemi G, Turetta T, Celauro C (2016) Backcalculation of airport pavement moduli
and thickness using the Lévy Ant Colony Optimization Algorithm. Constr Build Mater
119:288–295. https://doi.org/10.1016/j.conbuildmat.2016.05.072

20. Gopalakrishnan K (2012) Instantaneous pavement condition evaluation using non-destructive
neuro-evolutionary approach. Struct Infrastruct Eng 8:857–872. https://doi.org/10.1080/157
32471003653009

21. Li M, Wang H (2017) Development of ANN-GA program for backcalculation of pavement
moduli under FWD testing with viscoelastic and nonlinear parameters. Int J Pavement Eng
20:490–498. https://doi.org/10.1080/10298436.2017.1309197

22. Saltan M, Uz V, Aktas B (2012) Artificial neural networks–based backcalculation of the struc-
tural properties of a typical flexible pavement. Neural Comput Appl 23:1703–1710. https://doi.
org/10.1007/s00521-012-1131-y

23. Rakesh N, Jain A, Reddy M, Reddy K (2006) Artificial neural networks—genetic algorithm
based model for backcalculation of pavement layer moduli. Int J Pavement Eng 7:221–230.
https://doi.org/10.1080/10298430500495113

24. Pekcan O (2011) Soft computing based parameter identification in pavements and geomechan-
ical systems

25. Ghorbani B, Arulrajah A, Narsilio G, Horpibulsuk S, Bo M (2020) Development of genetic-
based models for predicting the resilient modulus of cohesive pavement subgrade soils. Soils
Found 60:398–412. https://doi.org/10.1016/j.sandf.2020.02.010

26. Nazzal M, Tatari O (2013) Evaluating the use of neural networks and genetic algorithms for
prediction of subgrade resilient modulus. Int J Pavement Eng 14:364–373. https://doi.org/10.
1080/10298436.2012.671944

27. Gao W (2020) Comparison study on nature-inspired optimization algorithms for optimization
back analysis of underground engineering. Eng Comput. https://doi.org/10.1007/s00366-019-
00918-7

28. Conti C, Roisenberg M, Neto G, Porsani M (2013) Fast seismic inversion methods using ant
colony optimization algorithm. IEEE Geosci Remote Sens Lett 10:1119–1123. https://doi.org/
10.1109/lgrs.2012.2231397

29. Yuan S, Wang S, Tian N (2009) Swarm intelligence optimization and its application in
geophysical data inversion. Appl Geophys 6:166–174. https://doi.org/10.1007/s11770-009-
0018-x

30. Burrow M, Chan A, Shein A (2007) Deflectometer-based analysis of ballasted railway tracks.
Proc Institution Civ Eng-Geotech Eng 160:169–177. https://doi.org/10.1680/geng.2007.160.
3.169

31. Haji Abdulrazagh P, Farzaneh O, Behnia C (2018) Evaluation of railway trackbedmoduli using
the rail falling weight test method and its backcalculation model. Proc Inst Mech Eng, Part F:
J Rail Rapid Transit 233:431–447. https://doi.org/10.1177/0954409718799800

32. Brough M, Stirling A, Ghataora G, Madelin K (2003) Evaluation of railway trackbed and
formation: a case study. NDT E Int 36:145–156. https://doi.org/10.1016/s0963-8695(02)000
53-1

33. Sadrossadat E, Ghorbani B, Zohourian B, Kaboutari M, Rahimzadeh Oskooei P (2018) Predic-
tive modelling of the MR of subgrade cohesive soils incorporating CPT-related parameters
through a soft-computing approach. Road Mater Pavement Des 21:701–719. https://doi.org/
10.1080/14680629.2018.1527241

https://doi.org/10.1680/tran.2010.163.4.211
https://doi.org/10.1016/j.conbuildmat.2016.05.072
https://doi.org/10.1080/15732471003653009
https://doi.org/10.1080/10298436.2017.1309197
https://doi.org/10.1007/s00521-012-1131-y
https://doi.org/10.1080/10298430500495113
https://doi.org/10.1016/j.sandf.2020.02.010
https://doi.org/10.1080/10298436.2012.671944
https://doi.org/10.1007/s00366-019-00918-7
https://doi.org/10.1109/lgrs.2012.2231397
https://doi.org/10.1007/s11770-009-0018-x
https://doi.org/10.1680/geng.2007.160.3.169
https://doi.org/10.1177/0954409718799800
https://doi.org/10.1016/s0963-8695(02)00053-1
https://doi.org/10.1080/14680629.2018.1527241


A Back-Analysis Technique for Condition Assessment of Ballasted … 941

34. Rabbi M, Mishra D (2019) Using FWD deflection basin parameters for network-level assess-
ment of flexible pavements. Int J PavementEng22:147–161. https://doi.org/10.1080/10298436.
2019.1580366

35. Cottone G, Pirrotta A, Scimemi G, Sanseverino E (2010) Damage identification by Lévy ant
colony optimization. In: Reliability and optimization of structural systems, pp 37–44

https://doi.org/10.1080/10298436.2019.1580366


Retaining Walls



Numerical Simulation of Compaction
Load on Stress-Deformation Behavior
of Soil Geosynthetic Composite Mass

Truc T. T. Phan, Meen W. Gui , and Thang Q. Pham

Abstract Fill compaction in the construction of soil geosynthetic composite (SGC)
walls is typically carried out by operating a compactor. Due to the multiple passes
of a compactor, the compaction-induced stress (CIS) at any given section can be
evaluated by considering the compaction load applied directly above the section
under consideration. The compaction load can be modeled as a distribution load on
top of each soil layer (Type I), or as a distribution load at the top and bottom of
each layer (Type II). This paper aimed to evaluate and compare the effect of the
above two compaction simulation methods on the stress and deformation behavior
of a full-scale instrumented SGC mass, which is under the working stress condition.
Results are evaluated in the form of compaction-induced stresses, stress and strain
developed in the reinforcements, and volumetric strain of the SGC mass.

Keywords Soil geosynthetic-reinforced soil · Compaction-induced stresses ·
Volumetric strain

1 Introduction

Over the past two decades, geosynthetic-reinforced soil (GRS) structures, including
retaining walls, slopes, embankments, roadways, and load-bearing foundations, have
gained increasing popularity in the US and abroad [2, 3, 6, 8, 9, 15–17]. In actual
construction,GRS structures have demonstrated a number of distinct advantages over
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their conventional counterparts. GRS structures are generally more ductile, more
flexible, more adaptable to low permeability backfill, easier to construct, require less
over-excavation, andmore economical than conventional earth structures [18]. These
reinforced soil walls are designed by using methods such as AASHTO specifications
[1], FHWA guidelines [4], and NCMA method [11].

Figure 1 schematically shows the compaction load moving away from the section
II. When a soil mass is subjected to an increase in vertical load (Fig. 1a), there
will generally be an increase in the vertical and horizontal stresses in the soil mass
(Fig. 1b). When the compaction load is directly above II, the stresses at depth z
would follow the stress path AF (Fig. 1b), as the compaction load leaves II, the
ground stresses reduce following the stress path FG. AG denotes the increment of the
horizontal stress after removing the compaction load. The increase in the horizontal
stress and, hence, the confining pressure will lead to an increase in the stiffness and
strength of the soil mass. The net increase in the horizontal stress that will “remain”
in the soil mass is commonly referred to as the “residual” or “lock-in” lateral stress.
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Fig. 1 a Positions of compaction load and b stress paths at depth z along section II as compaction
load moves away the section [12]
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(a) Type I (Pham, 2009)

(b) Type II (Mirmoradi and Ehrlich, 2015)

Type I

Interface element

Block Facing Backfill

Type II

Interface element

Block Facing Backfill

Fig. 2 Type I and Type II compaction simulation procedures

An increase in vertical load followed by subsequent removal of the load is a typical
phenomenon in fill compaction during construction. The residual lateral stress due
to compaction is referred to as the “compaction-induced stress (CIS)” [5].

The effect of the induced stresses due to backfill soil compaction on the behavior
of GRS walls has rarely been numerically modeled. For examples, Mirmoradi
and Ehrlich [10], Pham [12], and Phan et al. [13] numerically investigated the
stress-deformation behavior of soil-geosynthetic composite mass. Issues such as
compaction-induced stresses, stress and strain in reinforcements, and angle of dila-
tion of a soil-geosynthetic composite by using a uniform vertical stress applied only
to the top of each backfill soil layer (Fig. 2a), while Ehrlich and Mitchell [7] and
Mirmoradi and Ehrlich [10] simulated the compaction-induced stress by applying an
equal distribution load at the top and bottom of each soil layer (Fig. 2b). It is there-
fore intriguing to evaluate whether there are any significant effect of these two vastly
different compaction mechanisms on the mechanical behavior of the SGC masses.

In this study, the effect of the two different types of compaction simulation proce-
dures: Type I and Type II on the induced CIS and the mechanical behavior of a
field-scale instrumented SGC masses would be investigated and discussed.



948 T. T. T. Phan et al.

Table 1 Test conditions of one unreinforced test (Test 1 and SGC test (Test 2))

Test designation Geosynthetic
reinforcement

Confining
pressure (kPa)

Wide-width
strength
reinforcement

Reinforcement,
spacing, S

Test 1 None 34 N/A N/A

Test 2 Geotex 4 × 4 34 T = 140 kN/m Sv = 0.2 m

2 Numerical Modeling

2.1 Test Characteristics and Material Used

Pham [12] conducted two field-scale test with various monitoring instrumentation
on the SGCmasses. One of the tests was installed with Geotex, arranged in a vertical
spacing of 0.2 m, while the other test was without any geosynthetic material. The
dimension of the soil-geosynthetic composite specimens used in Pham [12] tests was
2.0 m high and 1.4 m wide and in a plane strain condition. Details of the SGC tests:
Test 1 and Test 2 as conducted by Pham [12] are shown in Table 1.

2.2 Numerical Modeling

Finite element (FE) method of analysis was employed to simulate the field-scale
SGC experiments described behavior of SGC mass. The analysis was conducted by
using the finite element program Plaxis 2D [14]. Figure 3 illustrates some of the
main characteristics of the typical geometric, loading condition of a SGC mass, and
FE modeling in Plaxis 2D.

In this analysis, geosynthetic reinforcement was simulated by a linear elastic
model that input parameters are shown in Table 2. The values of interface property
between soil reinforcement (Ri = 0.8) are valuable in this research. The hardening
soil model was selected for simulation of the behavior of the fill material in the SGC
tests. The soil parameters of the hardening soil model are determined from drained
triaxial. The input parameters of FE modeling are shown in Table 2.

2.3 Compaction Simulation

Two different methods of compaction simulation, which involved applying (i) a
uniform vertical stress to the top of each backfill soil layer only (Type I) and (ii) an
equal distribution load at the top and bottom of each backfill soil layer (Type II), were
modeled in this study. Figure 4 below shows that each backfill soil layer has been
compacted in thin increments (<0.3 m), and that the compactive effort throughout
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(a) (b)

Reinforcement

c

v

S  = 0.2 m
v

H

c

W = 0.7H

Fig. 3 a Typical geometric and loading conditions of an SGC mass; b FE model

the layer is equal. This method does not take into account instances in which heavier
compaction induces additional compactive effort in the lower layers. The difference
between the two approaches on representation of the actual field behavior is presented
and discussed in this research.

3 Results and Discussion

3.1 Compaction-Induced Stresses (CIS)

The global stress–strain relationships as obtained from FE analysis and the SGC Test
2 are shown in Fig. 5. The relative difference between cases with CIS and no CIS
is about 9.10% and 10.4% simulated using Type I and Type II, respectively. These
results suggested that CIS in SGCmass should not be neglected in analyses.However,
Fig. 5 also shows that using the different compaction simulation procedures of Type
I and II did not significantly affect the strength of the SGC masses, and the variation
in terms of deviatoric stress is found to be approximately 5%.
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Table 2 Input parameters for
the numerical analysis

Material Value

Soil properties

Model Hardening soil

Peak plane strain friction angle, φ (°) 50

Apparent cohesion, c (kN/m2) 70

Dilation angle, � (°)a 19

Unit weight, γ (kN/m3) 25

Eref
50a (kN/m2) 62,374

Eur
50 = 3 * Eref

50 (kN/m2) 187,122

Stress dependence exponent, m 0.5

Failure ratio, R 0.9

Poisson’s ratio, υ 0.2

Pref (kN/m2) 100

Reinforcement (single-sheet Geotex 4 × 4)

Elastic axial stiffness (kN/m) 1000

Reinforcement spacing (m) 0.2

Modular block properties

Model Model linear elastic

Stiffness modulus (kN/m2) 3 * 106

Unit weight, γ (kN/m3) 12.5

Poisson’s ratio, υ 0

Block-Block interfaceb

Model Mohr–Coulomb

Stiffness modulus (kN/m2) 3 * 106

Poisson’s ratio, υ 0.45

Angle of internal friction, φ (°) 33

Apparent cohesion, c (kN/m2) 2

Soil-Block interfaceb

Model Mohr–Coulomb

Poisson’s ratio, υ 0.45

Angle of internal friction, φ (°) 33.33

Apparent cohesion, c (kN/m2) 46.67

Stiffness modulus (kN/m2) 74,829.711

Soil-Soil interfaceb

Model Mohr–Coulomb

Poisson’s ratio, υ 0.45

Angle of internal friction, φ (°) 45

Cohesion, c (kN/m2) 56

(continued)
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Table 2 (continued) Material Value

Stiffness modulus (kN/m2) 106,685.26

aBased on drained triaxial testing
bDefined interface elements with zero thickness in Plaxis

Fig. 4 Simulation of Type II compaction load distribution
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Fig. 5 Comparison of global stress–strain relationship of SGC Tests 2

3.2 Stress and Strength of Reinforcement

Figure 6 and Table 3 show the lateral displacements on the open faces of the specimen
under applied pressures of 400 kPa, 1000 kPa, 2000 kPa, and 2500 kPa. At the
applied pressure of 2500 kPa, the pressure was close to the failure condition, and
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Table 3 Numerical results
from lateral displacement of
at open face of SGC Test 2 for
compaction procedure of
Type I and Type II with
applied surcharge load of p =
400 kPa, 1000 kPa, 2000 kPa,
and 2500 kPa

Applied surcharge load p
(kPa)

Maximum lateral displacement
(mm)

Type I Type II

p = 400 2.95 3.01

p = 1000 12.41 12.45

p = 2000 29.45 29.29

p = 2500 37.72 37.76

the values near failure may be unstable. That is why the values from the measure
data were higher than the numerical results. At other applied pressures, smaller the
failure pressure, the FE and measured data were in good agreement. In addition, it is
seen that the effect of the different compaction simulation procedures on the lateral
displacement is minimal. The maximum variation between the numerical results of
the two compaction procedures and the measured data is very small, only about 2%.
This result may also imply that the interface property between the soil reinforcement
might be insignificant to the stress-deformation behavior of this SGC mass.

A comparison between the FEManalyses and themeasured data of the distribution
of reinforcements strains in the SGC Test 2 is shown in Fig. 7 and Table 4. It is seen
that the simulated strains for both the two cases of compaction simulation procedures
are in good agreement with the measured data for reinforcement layers located at
1.6 m and 0.8 m from the base, with a variation of only about 2%. The results thus
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Fig. 7 Comparison of reinforcement strains of SGC Test 2: a at reinforcement layer 1.6 m from
the base; b at reinforcement layer 0.8 m from the base

suggested that the consideration of different compaction simulation procedures on
the lateral displacements in SGC mass could be neglected in the future numerical
simulation.
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Table 4 Numerical results from reinforcement strain of SGC Test 2 mass at reinforcement layer
0.8m and 1.6m from the base for compaction procedure of Type I andType IIwith applied surcharge
load of p = 200 kPa, 600 kPa, 800 kPa, and 1000 kPa

Applied surcharge load
p (kPa)

Maximum reinforcement strain (%)

Layer 0.8 m from the base Layer 1.6 m from the base

Type I Type II Type I Type II

p = 200 0.129 0.128 0.089 0.091

p = 600 0.908 0.904 0.684 0.678

p = 800 1.378 1.389 1.069 1.067

p = 1000 1.885 1.881 1.468 1.467

3.3 Volumetric Strain of SGC Mass

Figure 8 shows the comparison of the global stress–strain and volume strain relation-
ships of the SGCTest 1 and Test 2 as obtained from the FE analysis and the measured
data. The SGC Test 2 was conducted under a confining pressure of 34 kPa, and addi-
tional simulations under different confining pressures of 100 kPa and 200 kPa have
also been conducted. It is seen that the global stress–strain and volume change rela-
tionships under the confining pressure of 34 kPa obtained numerically are in good
agreement with the measured data. The variation between the measured and the
numerical results was found to be no more than 4%. These results suggested that the
consideration of different compaction procedures on the induced volumetric strain
of reinforced and unreinforced SGC mass might also be neglected. It is also found
that the volumetric strain behavior involved in the geosynthetic-reinforced soil mass
and that of an unreinforced soil mass is totally different.
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4 Conclusions

In this study, the effect of the two different types of compaction simulation proce-
dures, (i) by applying a uniform vertical pressure to the top of each backfill layer
(compaction procedure type I) as well as (ii) applying uniform vertical pressures
at the top and bottom of each soil layer (compaction procedure type II), on the
induced CIS and the mechanical behavior of a field-scale instrumented SGCmasses,
has been investigated. The results from the FE analyses of this study and the field-
scale instrumented tests obtained by Pham [12] were in good agreement. Including
the CIS in the analysis of GRS structures increased the strength of the GRS mass
by about 10% and should not be neglected in analysis. Numerical analysis results
showed that the compaction modeled using simulation procedures Type I and Type
II both agreed well with the measured data. The variation of results between these
two cases of compaction simulation procedures was found to be insignificant on the
stress-deformation behavior of this SGC mass.
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Geotechnical Centrifuge and Full-Scale
Laboratory Testing for Performance
Evaluation of Conventional
and High-Speed Railway Track
Structures
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Abstract The development of high-speed railways is progressing at a very rapid
pace worldwide. For example, in the UK, the construction of Phase 1 (225 km) of the
HS2 line has now begun, and it will have a maximum operational speed of 360 km/h.
In this paper, the performance of a geosynthetic-reinforced soil retaining wall (GRS-
RW) is presented for both ballasted track and concrete slab track using full-scale
laboratory testing and geotechnical centrifuge modelling. In the full-scale testing,
the geo-pavement and railways accelerated fatigue testing (GRAFT II) facility at
Heriot-Watt University is used. It operates using six independent hydraulic actuators
over three full-size sleepers to simulate the passage of a moving train. The tested
GRS-RW structures consist of well-compacted subgrade and a frost protection layer
designed toHS2 standards.Results are recorded in termsof deflections, accelerations,
total settlement and transient stresses at various locations of the structure model.
Whilst the full-scale GRAFT II testing elucidates behaviour of the track and wall,
in order to study how the foundation subsoil may interact with the structure, a series
of small-scale experiments were carried out in the geotechnical centrifuge by the
University of Dundee. By creating small-scale physical models of the GRS-RW and
foundation and by increasing gravity, the centrifuge was used to simulate the large
induced stresses. Short- and long-term deformations of the wall and foundation were
also monitored. Comparisons between the full-scale and centrifuge modelling are
presented.
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1 Introduction

High-speed rail lines, at ever-increasing speeds and distances, are in development
both in the UK and worldwide, but up-front capital expenditure remains a major
inhibiting factor both to the client and also in the eyes of the public. Embankments
have primarily been used as the principal means of supporting the railway track for
nearly 200 years. Indeed, modern high-speed railway lines still typically use tradi-
tional sloping embankments for track support over flood plains and for alignment
and track geometry considerations. However, in Japan, the application of GRS-RW
systems has gained popularity as alternative to conventional embankments, particu-
larly for high-speed lines like theHokkaido Shinkansen [1]. These structures are used
because they are cost effective, both in terms of construction and maintenance costs.
The technique requires less ground stabilization/improvement and land take than a
conventional embankment, as it has a much smaller base area. In addition, embank-
ment protection is not required (e.g., under flooding conditions) and is therefore a
significant step forward in high-speed track structure design.

To investigate the performance of these structures in the laboratory, the UK Engi-
neering and Physical Sciences Research Council (EPSRC) awarded research funding
for GRS-RW structures to be tested in the GRAFT II test facility at Heriot-Watt
University and for scaled-down versions to be tested in the Centrifuge Test Facility
at the University of Dundee. The project was called LOCORPS, and this paper
presents early experimental test data from these studies.

2 GRS Structures

Geosynethic-reinforced structures (GRS) have been used extensively for highways
and bridge abutments all over the world [2–8]. Field studies of GRS-RW (retaining
wall) structures have been reported in the literature by authors such as Tatsuoka and
Tateyama [1, 9]. Their performance has been reported as excellent; however, in the
UK (and many countries across the World), these structures have to date not been
used. The LOCORPS project was developed to look at how these types of structures
could be adopted in the UK through proven laboratory-controlled testing programs.
GRS-RWstructures (Fig. 1) use geosyntheticswrapped around gravel bags to provide
stability prior to the formation of a rigid concrete facing.

One of the principal benefits of the GRS-RW technique is its ability to accom-
modate ground movement during construction. In addition, unlike a cantilevered
retaining structure, it does not require piled foundations to resist the active lateral
thrust developed by the backfill; this active thrust normally leads to large overturning
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Fig. 1 Example GRS-RW structure

moments in the cantilevered wall requiring large civil engineering works for the piled
foundations.

When compared to embankments, the amount of land take and soil movement
(to construct the embankment slopes) is significantly reduced. If the structure is to
be built over poor ground the amount of in situ ground (foundation), improvement
required is also significantly reduced when compared to traditional embankments.

3 GRAFT II Testing by Heriot-Watt University

The full-scale geo-pavement and railways accelerated fatigue testing (GRAFT II)
facility located at Heriot-Watt University (Fig. 2) was used to test the GRS-RW
structures for both ballasted and concrete slab track types. Testing in GRAFT II for
non-GRSwalls (as the benchmark) has also been performed as part of the LOCORPS
project [10].

GRAFT II primarily provides the settlement performance of the track and its
associated upper subgrade layers. In particular, it tests the short- and long-term
performance of the track/formation interface for a variety of subgrade structures.
The accelerated testing approach means that many years of train loading (at full
scale) can be applied within a relatively short period of time (a few days or weeks).
GRAFT II applies loading through six independent hydraulic actuators situated over
three full-sized sleepers to simulate the passage of a moving train. This loading
pattern is also used for concrete slab track with three built-in sleepers. It is important
to note that GRAFT II is not a full dynamic test facility, i.e., it cannot be used to
simulate effects such as critical velocity or other ground vibration phenomena.

3.1 Track Test Setup and Loading

Full details about how the LOCORPS track was set up in GRAFT II can be found in
[10]. For the GRS-RW, the procedure described by Yonezawa et al. [1] was adopted.
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Fig. 2 GRAFT II test facility at Heriot-Watt University

The substructure consisted of a 0.1m verywell-compacted base layer on top ofwhich
a 1.2 m high GRS-RW wall was constructed in multiple layers using geogrids.

At certain locations within the fill layers, embedded rods/bolts, connected to
perpendicular angular sections, were located to form the wall supports. Each geogrid
was placed over the base layer and then wrapped over the gravel bags positioned at
the fill ends to form the wall facing. The layer depth was 0.3 m in height, and two
layers of 0.15 m of sand were compacted in stages to form a granular layer. The
geogrid was tightened over the bags and pinned to the compacted soil to provide a
relatively small geosynthetic pre-stress. At the end of construction, the preformed
wall (steel) was connected to the rods/bolts. The wall was not restrained by the test
frame (i.e., it was free to move laterally). Grout was then poured in the gap between
the wall and the geosynthetic reinforced bags. Once the grout had cured, the upper
track structure was then formed in accordance with the procedure given in [10].

The experimental procedure was to first construct and test a concrete slab track
section (Fig. 3) in both static and cyclic conditions. The concrete track was then
removed and replaced by a ballasted section and subsequently subjected to the same
static and cyclic loading regime.
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Fig. 3 a Construction of the GRS-RW test specimen and b completed structure prior to cyclic
loading for concrete slab track

3.2 Experimental Results for Ballasted and Concrete Slab
Tracks

The cyclic loading sequence is shown in Fig. 4. To ensure principal stress rotation
conditions were simulated, the loading from the actuators was phased. The phase
calculation was based on the loading sequence provided by a train travelling at
100 m/s (phased loading of 0.0065 s from one sleeper to the adjacent one at a
distance of 0.65 m away).

Two different frequencies and cyclic loads were modelled:

• 1.17 million cycles at 5.6 Hz at a peak actuator load of 58.9 kN, followed by,
• A further 2.2 million cycles at 2.5 Hz at a peak actuator load of 83.4 kN.

Table 1 shows the overall (average) final settlement values after the two stages
of testing for both the ballasted and concrete slab track tests. Despite being the first
track type tested, the superior low settlement characteristics of the concrete slab track
can be clearly seen.
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Fig. 4 Example phase loading for the cyclic tests

Table 1 Accumulated cyclic displacements

Accumulated displacement Ballasted track (mm) Concrete slab track (mm)

After first 1.2 million load cycles at 5.6 Hz 5.6 0.36

Total after a further 2.2 million load cycles at
2.5 Hz

10.0 0.7

4 Centrifuge Testing by the University of Dundee

To complement the measurements of the settlements from the full-scale GRAFT II
tests, small-scale tests were undertaken in the centrifuge to quantify the settlements
expected as a result of the stress transfer to the subsoil foundation. Analysis of the
results is however still at the very early stages as these results have only just become
available.

Small-scale models of the walls on thick sub-soil layers were created at a scale
of 1:50. In order to match the self-weight stresses in the full-scale wall and subsoil,
gravity was increased by a factor of 50 by spinning the model on the 3 m radius
geotechnical centrifuge at the University of Dundee (Fig. 5a). This has the effect of
increasing the stress underneath the 25 mm high model wall from 0.4 to 20.2 kPa,
equivalent to the stress applied by the 1.2 m high full-scale version as tested using
the GRAFT II simulator.

The small-scale model is created by depositing the subsoil using air pluviation
(described in detail in [11]) in a strongbox (Fig. 5b). The model ends at the Perspex
wall of a viewing chamber throughwhich aGoProHero 4 camerawas able to observe
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Fig. 5 a 3 m radius geotechnical centrifuge at the University of Dundee with the railway testing
apparatus in place and b the model container and actuation system

a cross section of the wall and subsoil, recording still images 40 times per cycle
in order to allow settlement patterns to be mapped using digital image correlation
through PIV.

For the case described in this paper, the subsoil used was dry, air-pluviated sand
prepared at a relative density of Dr = 70%. HST95 sand was used, which is an even
graded fine silica sand with D50 = 0.15 mm and an internal friction angle of ϕ′ =
32°. Further details andmaterial properties may be found in [11]. Miniature thin-film
capacitive total stress sensors (Singletact S8-10N) with a diameter of 8 mm and a
thickness of 300 µm were placed on the soil surface directly beneath the structures
to measure the changes in total stress in an array of five sensors located in a line
from the centre to the facing wall at the edge. The walls (and/or embankments) are
then placed onto the subsoil (and sensors). Miniature vertical displacement sensors
were installed close to the total stress sensors to measure settlements including the
vertical displacement of the track itself.

4.1 GRS-RW Construction

The model GRS-RW structures consisted of several components; layers of geogrid,
compactedfill, gravel bags and facingwalls. Eachof thesewas required to be correctly
scaled and miniaturized, both in terms of their size and engineering behaviour, in
order to ensure the behaviour of the model is representative of the full-scale problem.
In the case of the geogrid, a miniature HDPEmesh (manufactured by Suregreen Ltd.,
with a 2 mm × 2 mm grid size) was selected from a range of materials tested as it
closely matched the required scaled tensile stiffness based on tests of a sample of
the geogrid used in the full-scale GRAFT II model tests, as well as having a similar
open area. The model fill is comprised of HST95 sand, which is a fine silica sand
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[11]. The mesh was also used as the fixing system for the wall facings (it was not
possible to model the wall anchor rods/bolts).

The HST95 sand has a comparable scaled particle size distribution to the crushed
limestone fill used in the full-scale tests, which has the effect of ensuring a similar
ratio of particle size to geogrid opening size. A model scale gravel for the gravel
bags was also prepared by washing, sieving and regrading locally available Cotside
sand. Cotside sand has a highly open grading such that sands with a wide range of
particle size distributions (PSD) can be created to match the specific PSD required
by simply removing any unnecessary fractions. Tests indicated that the model gravel
mix had similar properties to full-scale rail ballast (UK Network Rail specification)
in terms of its PSD, as well as exhibiting similar oedometric stress–strain response.

The facing walls were simulated by 2 mm × 25 mm aluminium flats, selected to
match the required scaled longitudinal bending stiffness of the full-scale steel plate
and section used in the GRAFT II tests (also adjusting for the differing modulus of
the aluminium compared to the steel used at full-scale), whereas the GRAFT II steel
plate wall (which was held in place by the anchoring system) was bonded to the sides
of the compacted embankment by a 50 mm thick layer of top flow grout; at the model
scale, the aluminium (with one side sand-blasted to ensure full adhesion) was fixed
by a layer of R-KEM II rapid hardening polyester resin.

To construct the walls, a former (90 wide × 215 mm long) was used to ensure
precise control over the final dimensions (Fig. 6a). The layers of geogrid (6 mm high,
300 mm at full scale) were pre-prepared with the gravel bags at the edges secured in
place with thin stainless-steel wire ties, mimicking the fixing pins used at full scale.
Each layer was placed in the mould individually, and the fill was compacted in place
using a modified compaction hammer (750 g mass, 300 mm fall height) fitted with

Fig. 6 a Singlemodel geogrid and gravel bag layer in thewall former, b the fill compaction process,
c a compacted 25 mm GRS-RW with four layers and d the full completed model
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a square end plate the width of the required fill (Fig. 6b). The fill (HST95 sand) was
partially saturated at its optimal moisture content (w = 8%) and compacted with 40
blows of the compaction hammer per layer. The process was found to provide a fill
(dry) density of 1652 kg/m3, which corresponds to a degree of compaction greater
than 98%, exceeding the recommendations of [2].

The layer was scraped level using a 3D printed levelling tool to provide a perfectly
flat surface for the next layer of geogrid. The process was repeated until each of the
four layers was in place, before the sides of the wall former were removed (Fig. 6c),
and the aluminiumflats representing the facingwallswere secured using the polyester
resin and allowed to set for 10 min. The partially saturated fill had the advantage
of making the walls sufficiently handleable to place them onto the subsoil (Fig. 6d)
after removal from the former.

4.2 Track Setup

A model, simulating the rail, slab and track arrangement, was placed onto the wall.
The model train weighed 0.56 kg (70 tonnes at full scale) with its weight evenly
distributed across four bearings (two at each end, 280 mm apart) running on the
track such that each pair of bearings simulates one bogie (equivalent of two 17 tonne
axle loads per bogie).

The train was attached to a horizontal actuation system such that it was free to
move vertically. Following construction, the centrifuge was accelerated to 50 g, and
the train was cyclically pulled along the track forwards and backwards (passing the
instrumented section in the centre of the model each time) such that approximately,
800 train passes (1600 bogie passes) were made.

4.3 Early Centrifuge Results

Figure 7 shows the recorded settlements of the wall and the slab track over the course
of the cyclic testing. As can be seen, the track settlement rapidly increases before
the rate of settlement slows with an increasing number of cycles, reaching a final
vertical displacement of 0.57 mm. However, when the scaling laws are applied this
corresponds to a settlement of 28.5 mm at full scale which, even when the wall
foundation settlement is removed, is significant and much larger than the GRAFT
II measurements. The settlement of the wall foundation (on this dense sand subsoil)
was 0.12 mm which is equivalent to 6 mm displacement once the scaling laws are
applied.

Figure 8 shows the response of the slab track and embankment over one (typical)
cycle of loading which encompasses two train passes.
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Fig. 7 Settlement of the slab track and embankment with 1650 bogie passes

Fig. 8 Vertical displacement of the slab track and embankment for one cycle (two train passes)

This shows that centrifuge measurement of the deflection of the slab track under
each bogie pass is approximately 0.04 mm (2 mm at full scale), and that the majority
of this deflection is elastic (recoverable).

5 Discussion of the Results

At the time of writing, this paper analysis of the results from the two different track
testingmethods is still verymuch in its infancy. However, initial observations suggest
that this particular centrifuge test appeared to produce larger settlements to those
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measured in GRAFT II once the scaling laws were applied. The reasons for this are
currently being investigated, but may be related to the method used to form the wall
facing in the centrifuge, i.e., the wall fixing system. The GRAFT II tests are full scale
so represent the true displacement of the structure under the laboratory conditions
applied. It is clear that very small changes to the settlements measured during the
centrifuge test lead to large variations in the scaled displacements. This perhaps
highlights some of the challenges associated with modelling complex structures and
construction processes in the centrifugewith regard to railway applications. In reality,
the GRS-RW wall would be much higher than the one built-in GRAFT II.

The next task is to look at consistency across the testing methodologies to ensure
like for like comparisons. To the authors knowledge, the LOCORPS project is one
of the first occasions where a centrifuge has been used and compared to full-scale
testing for railway track settlement analysis of a GRS-RW system. From this study,
it is clear that much more research work is required in order for centrifuge studies of
railway track behaviour to be realized. In particular, the challenges associated with
increasing train speed are yet to be fully simulated in the centrifuge, especially if
the train is passes 50% of the critical velocity resulting in ground wave propagation.
Future research will look in more detail at the construction methods used to form the
wall to ensure that they represent the as-built structure more closely, in an attempt
to bridge the gap between real-life behaviour and that simulated in the centrifuge.
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Numerical and Experimental Analysis
of Internal Stability of Back-to-Back
Mechanically Stabilized Earth Walls
Supporting the Rail Embankment System

Shilpa S. Vadavadagi and Sowmiya Chawla

Abstract Back-to-backmechanically stabilized earthwalls (BBMSEWs) have been
increasingly used for the bridge approaches where there is an elevation from the
ground level to the bridge level. Their usage has been increased because of continuing
expansion of high-occupancy vehicle (HOV) lane and railways in urban areas. More
precisely, their applications are in narrow ramps and turning lanes. These walls
are constructed on the lanes of existing medians. So such back-to-back walls have
small aspect ratios. FHWA design guidelines available for numerical modeling of
BBMSEWs are limited when the distance between two opposing walls interacts with
each other. So a numerical and an experimental study has been carried out for the
case when the two opposing walls interact with each other. In the analysis, rigid and
flexible facing panels, geo-synthetic materials as reinforcements have been used.
Stiffness of the reinforcing material has been varied. A parametric study has been
carried to analyze the effect of them in the reduction of the distance between two
opposing walls. Also the tensile stress distribution for varying distance between two
opposing walls has been carried out.

Keywords Back-to-back mechanically stabilized earth wall · Numerical
modeling · Rigid and flexible panels

1 Introduction

Mechanically stabilized earth walls (MSEWs) are used worldwide because of their
ease of construction, economic effectiveness, and tolerance to deformations. When
the MSE walls are used for the bridge approaches from ground level to the bridge
elevation, such walls are said to be back-to-back mechanically stabilized earth walls
[1]. In order for theMSEwall to have resistance against collapse (ultimate strength), it
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is necessary to consider the internal and external stability in the design. Earth pressure
during the service leads to determination of internal stability which is characterized
by maximum reinforcement loading, designing against reinforcement rupture and
pullout failure. Thus, themaximum tension,Tmax, in each reinforcement is dependent
on the lateral earth pressure. In the past decade, BBMSEWs were used progressively
for the bridge approaches. Studies on the behavior of BBMSEWs are very limited.

Federal Highway Administration (FHWA) design guideline gives two conditions
for its behavior [2]. Case 1: the distance between two walls, D, is far enough that
they are designed independently. Thus, each wall is designed independently. Case
2: two walls interact with each other with reinforcements from both the walls that
connect at the center by overlapping. For the case 1, the distance between two walls
measured from the ends of the reinforcements, D, is H tan (450-φ/2). ‘H’ indicates
height of wall, and φ indicates friction angle of soil.

For case 2, they are still assumed to be designed independently for internal
stability. Active thrust to the reinforced zone is not assumed from the backfill. In
other words, for external stability, no active thrust is assumed, and the two walls are
assumed to act as a whole structure individually.

2 Numerical Analysis

A finite element analysis has been carried out for back-to-back mechanically
stabilized earth walls. Analysis has been carried out in Midas GTS NX software.

2.1 Geometry

The geometry has been drawn in 2D.Analysis of wall in 2D and 3Dwould yield same
results [3]. And all results which are necessary to analyze a wall say suppose, stress
distribution, lateral earth pressure behind the wall, wall deformation, and axial forces
and many more are available directly in 2D analysis. Dimensions of the geometry
are shown in Fig. 1.

Length of the panel is 1.5 m. LR is the overlapping length of geogrid. Overlapping
length of geogrid is decided based on the ratio of height of the wall into 0.3. In other
words, it has been decided as (LR/H = 0.3) out of LR/H = 0.1, 0.2, 0.4, and 0. In
the present study anyway, a portion of the work for LR/H = 0.3 has been discussed
further.

Material properties considered for panel, reinforced fill, and foundation soil are
Mohr–Coulomb, whereas geogrid is considered as elastic with elastic modulus of
1000 MPA. Material properties are given in Table 1.
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Fig. 1 Dimensions of line diagram

Table 1 Material properties Material Reinforced fill Foundation soil Panel wall

Elastic modulus
(kPa)

10,000 10,000 100,000

Poison’s ratio 0.3 0.3 0.3

Friction angle 25 1 34

Cohesion 1 100 100

2.2 Modeling

Size control was given at the top of reinforced fill, at the inner side of the panel where
panel is contact with reinforced fill, at the bottom of both right and left side panels
where they are in contact with foundation soil and also in between the reinforced fill
and foundation soil. The number of divisions given in size control varied for all was
different.Geogridswere imprinted on the plane of reinforcedfill using imprint option.
Meshing was first done to all geogrids from top to bottom for the two overlapping
geogrids at once. 1D mesh element was used to mesh geogrids. 2D meshing was
done to reinforced fill, panel, and foundation soil. For 2D meshing, auto face option
was chosen. The size method for reinforced fill, panel, and foundation was different
depending upon the fineness of the mesh needed. Anyway for all the three, element
type used for meshing was triangular. Meshed model is shown in Fig. 2.

Interfaces were given between panel-reinforced fill and geogrid-reinforced fill.
The line of interface was chosen to give interface between panel-reinforced fill. From
mesh set, (T-X cross type) was chosen as a type or method of interface. However, for
geogrid-reinforced fill, truss/beam was chosen. Further for both the cases, interface
propertieswere given bywizard. Strength reduction factor(R) 1was given.Additional
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Fig. 2 Meshed diagram of the model

rigid links were created along with interface between panel-reinforced fill. However,
for geogrid-reinforced fill, each single node connected geogrid and reinforced fill
were merged in order to have connectivity between them. For boundary condi-
tions, horizontal fixity was given at both sides foundation edges. And fixed boundary
condition was given at the bottom. Self-weight of the model is also considered.

Strength reduction method was chosen for the analysis case. All the meshes and
boundary conditions were activated in active sets. And the analysis was performed.

3 Results and Conclusions

3.1 Displacement of the Wall

Figure 3 shows the punching failure which took for rigid wall. Wall has failed as a
rigid whole structure in both the walls. Deformation at the wall bottom is found to
be more which has failed by its self-weight (punching failure).

The analysis was further carried for flexible walls as a comparison for rigid wall.
They have shown completely different failure pattern.

The parametric study has been carried out by varying elastic modulus of geogrid.
The varied values were 500, 1000, 2000, and 3000MPA.Walls were found to deform
maximumalmost at one-third distance from the bottomofwall height. Figure 4 shows
the wall displacement for flexible wall with elastic modulus as 500 MPA.
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Fig. 3 Horizontal displacement of rigid wall (punching failure)

Fig. 4 Displacement of flexible wall with geogrid elastic modulus 500 MPA

All the models have shown the same deformation pattern with maximum defor-
mation at one-third from the bottom of wall height. But there was nomuch difference
in maximum deformation of the wall. Figure 5 shows the displacement of the wall
with geogrid elastic modulus 1000 MPA. In all the cases, critical failure surfaces
were not developed fully, but some shear zones were observed [4]. The deformation
pattern of wall well developed as like [5].

Factor of safety was found to increase as the elastic modulus of geogrid was
increased. Further it was also observed that the maximum displacement of the wall
was found to decrease with in geogrid modulus given in Table 2.
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Fig. 5 Displacement of flexible wall with geogrid elastic modulus 1000 MPA

Table 2 Factor safety, maximum displacement of wall, and maximum axial force of geogrid

Elastic modulus of geogrid
(kPa)

Max. displacement (mm) Max. axial force of geogrid
(kN)

FOS

500 3.97 8.975 1.12

1000 3.81 9.34 1.21

2000 3.72 9.76 1.31

3000 3.67 10 1.45

3.2 Axial Force of Geogrid

Figure 6 shows the plot of axial force of geogrid for elastic modulus of geogrid
500 MPA. It was found that from the second bottom layer of geogrid, axial force
increased. Axial force of third layer of geogrid was almost same that of second layer.
From fourth layer till the last of geogrid, axial force was fund to decrease. Similar
kind of patter was observed by Yu et al. [6] when they did parametric study varying
elastic modulus of backfill soil. Results of axial force followed the same pattern in all
parametric study carried out. Figure 7 shows the axial force distribution for elastic
modulus of geogrid 1000MPA. The remaining 2000 and 3000MPA also showed the
same pattern of axial force distribution. But all have showed different values of axial
force. Their maximum axial forces were also different as given in Table 2. Lateral
earth pressure has been ignored if over lapping length is greater than 0.3H [7].

As the elastic modulus of geogrid is increased, displacement of soil is directly
affected and maximum axial force of geogrid is inversely affected. At the same time,
factor of safety of whole system is increasing.
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Fig. 6 Axial force of geogrid-500 MPA

Fig. 7 Axial force of geogrid-1000 MPA
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