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Preface

The 3rd International Civil Engineering and Architecture Conference (CEAC 2023)
has been successfully held in Kyoto and online during March 17-20, 2023. This was
a special memory because it was the first time for this conference to be held onsite
after its birth due to the global epidemic.

CEAC always aims to provide a platform for scholars around the world to explore
the different fields of civil engineering and architecture. It will continue to focus on
quality, service, etc. to make CEAC more influential and professional. We hope all
scholars are able to benefit from attending this conference.

The success of CEAC 2023 has not been possible without the contribution of all
speakers, conference committee members, technical and review committee, partic-
ipants, etc. We wish to record our utmost appreciation to the different parties and
individuals.

After a fair and rigorous peer-review, some papers in the following representative
areas in civil engineering and architecture were selected for participation and presen-
tation at the conference, including but not limited to: cement mortar and concrete
engineering, advanced building materials and properties, reinforced concrete struc-
tural engineering and structural mechanics, seismic design and seismic response of
building structures, building integrated photovoltaics, building thermal environment
and thermal comfort, sustainable and creative architectural design, hydraulic engi-
neering and flood control, infrastructure projects and municipal engineering, urban
architectural image and urban planning, and information technology and modeling
in construction. We hope the conference proceeding will be a valuable resource for
related scholars, readers, and others who share similar in the areas.

We would like to express our gratitude to all participants and contributors again.
We acknowledge technical and reviewer committees’ high efficiency and professional
review. With their dedication, the quality of papers is ensured.



X Preface

Once again, thanks for all of your support and trust! And now, everything comes
back to life. CEAC 2024 will be well prepared as soon as possible. May we get
together again in 2024!

C. W. Lim

Conference Chair

City University of Hong Kong
Hong Kong SAR, P. R. China



Contents

Cement Mortar and Concrete Engineering Design and
Performance

Waste Clay Brick Binders for Low-Carbon Concrete Pavement
Construction . ............. ... 3
Janitha Migunthanna, Pathmanathan Rajeev, and Jay Sanjayan

Effect of Superplasticizer on the Properties of Kenaf

Fibre-Reinforced Geopolymer Concrete ............................. 15
F.N. A. A. Aziz, N. A. Al-Ghazali, A. D. Jasmi, N. A. M. Nasir,

and I. A. Karim

Investigation on the Effect of Pulverized Black Tea Waste (PBTW)

and Eggshell Powder (ESP) as Partial Replacement of Cement

on the Mechanical Properties of Normal Weight Concrete ............. 25
Kreezel Lyra Agcaoili, Myra Alvarez, Khaira Zarene Annani,

Czarina Erika Lopez, Mark Clinton Salayo, Darrell Jed Vertucio,

and Cresencia Vahdanipour

Experimental and Numerical Investigation on Carbon Fiber
Reinforced Cement ............ ... .. ... . ... ... i, 35
Chang-Yu Kuo, Ying-Kuan Tsai, and Yeou-Fong Li

Influence of Synthesized Nanosilica on Properties of Wood Ash
Cement Mortar .............. ...t 45
B. D. Ikotun and A. A. Raheem

Assessing the Impact of Petroleum Sludge Ash on the Compressive
Strength of Fly Ash-Palm Oil Clinker Geopolymer Mortar ............ 57
Amalina Hanani Ismail, Andri Kusbiantoro, and Yuyun Tajunnisa

xi



xii Contents

Experimental Investigation of the Effect of Water Hyacinth

Extract Utilized for Curing on the Compressive and Flexural

Strength of Concrete ........... ... ... . .. . . 69
Kimberly B. Sison, Allyssa Mae C. Estanio, Christian R. Quebral,

Patricia Mae D. Santos, Ron Dominic L. Alberto, and Franz D. Santos

Development of Additive for Concrete 3D Printer by Using Local

Materials . .......... ... ... 81
Mohsin Usman Qureshi, Amira Al-Shizawi, Ghassan Al-Kindi,

Bushra Al-Sawafi, and Yousuf Al-Balushi

Concrete Delamination Characterization by Multi-Channel Sur-
Face Rayleigh Wave Measurement .................................. 91
Foo Wei Lee, Yoke Bee Woon, Kok Zee Kwong, and Ming Kun Yew

Advanced Building Materials and the Properties

Mix Design for Cellular Concrete Applied in Masonry Units Using

Decyl Glucoside as a Foaming Agent for Construction in High

Andean Citiesin 2022 ......... .. ... ... 101
Flores Sanchez Diego Oswaldo, Hermosa Vargas Flor Milagros,

and Montoya Torres Vladimir Simén

Compressive Strength Performance of 7-Day Non-load Bearing

Concrete Hollow Blocks with Pili Shell as Partial Replacement

to Sand Using Box-Behnken Design ................................. 117
Rizza Mae T. Rea, Jonille S. Soriano, James Paul Ramos,

April Noemi Q. Opinaldo, Marian Capito, and Manny Anthony Taguba

Circular Economy in Buildings: Service Life Considerations

of Paint . ... ... ... . e 131
Abdul Rauf, Attoye Daniel Efurosibina, Malik Khalfan,

and Shafiq Muhammed Tariq

Development of Rapid-Setting Repair Materials Through
One-Part Geopolymer Technology .................................. 145
Wei-Hao Lee, Ying-Kuan Tsai, Chien-Chin Chen, and De-Wei Gao

Reducing Embodied Energy of Floor Assembly: A Case for Using
CLT in Mid-Rise Residential Buildings .............................. 157
Abdul Rauf and Muhammed Tariq Shafiq

The Relationship Between the Surface Characteristics

and Corrosion Properties of Carbon Steel Affected by Abrasive

Water-Jet Treatment . .......... ... ... ... .. 165
S. Park, S. Kainuma, T. Ikeda, Y. Toyota, and T. Arakawa



Contents xiii

Study of Mechanical Properties of Solvent Cement Connection
for PVC Pipes .. ... e 177
Tao Wang and Shaowei Hu

Synthesis and Application of Graphene-Phase Biochar

from Theobroma Cacao Pod Husks Using Slow Pyrolysis

Technique in the Treatment of Fats, Oil, and Grease from Actual

Wastewater . .............. .. 193
Jennice Mae D. Toledo, Karen B. Hubayan, Angel Ann M. Pacheco,

Neil Harold C. Salvador, Charles Joshua O. Bravo, and Allan R. Alzona

Reinforced Concrete Structural Engineering and Structural
Mechanics

An Experimental Study on the Repair Evaluation of Deteriorated

RC Beams Using Natural Frequency and Mechanical Behavior

Related to Damage Condition ....................................... 205
Yilong Cao, Akihiko Nishimura, Xiu Luo, Masao Okoshi,

Wendong Tang, and Hidekazu Nishimura

Finite Element Simulation of Externally-Prestressed Concrete
GIrders . ... ..o 223
Said Elkholy, Ahmed Godat, and Saif Elabsi

Dilated Brick Masonary Infills to Avoid the Diagonal Compression
Struts During Lateral Reversed Cyclic Load ......................... 235
Jafril Tanjung, Maidiawati, Yulia Hayati, and Masrilayanti

Effect of Longitudinal Tension Bars on Performance of Composite
Light Gauge Steel and Concrete of a Plate Structure .................. 247
Sabril Haris, Rendy Thamrin, Mutia Fitriani, and Syukriati

Influence of Axial Load on the Ductility of Type “C” Reinforced

Concrete Walls with Longitudinal Reinforcement Variation

inthe Cores ........... o i 257
Meyer David Hilario Martel, Jhon Josue Canchanya Taipe,

Janela Azucena Condor Gonzalez, and Johan James Hinostroza Yucra

Study on Masonry Soil Joint Adding Rock Salt ....................... 267
Masashi Ouji

The Approximate Equation for Global Buckling Load of Grid
Shell Domes . ....... ... 281
Baoxin Liu, Pei-Shan Chen, Jialiang Jin, and Xiangdong Yan

Experimental Test of Perforated Steel Plate Shear Wall Under
CyclicLoad ........ ... ... 291
Nidiasari, Rendy Thamrin, Sabril Haris, and Ronny Purba



Xiv Contents

Identification of Column Bases’ Stiffnesses in Steel

Moment-Resisting Frames Based on Fishbone Model and Bayesian

Inference . ............ ... 301
Jing He and Xiaohua Li

A Finite Element Analysis on Behavior of a T-stub Type Gusset
Plate in Different Bolted Connection Configurations .................. 311
Ruoyu Zheng and Zeyu Zhang

Seismic Design and Seismic Response of Building Structures

Displacement Performance of 8 Storeys Hotel Building Using
Nonlinear Time History Analysis Method ............................ 327
Masrilayanti, Ruddy Kurniawan, Jafril Tanjung, and Muhazir Yunus

Analysis of Energy Dissipation Structure of Reinforced Concrete
Frame with Additional Metal Damping .............................. 337
Fanggian He, Ting Zhang, and Yuchen Jiang

Discussion of “Strong Column—Weak Beam” in Capacity Design
Method . ........ .. 349
Lv Tao, Li Yingmin, Li Feng, Li Feng, Pan Cunrui, and Feng Liqgiang

Experimental Study of Cylindrical Steel Slit Damper for Passive
Energy Dissipation ....... ... ... . ... 365
Shuai Feng, Hiroshi Tagawa, and Xingchen Chen

Lintel Type Damping Device for Seismic Retrofit of Shear Wall
SErUCtUre . ... 375
GeeCheol Kim, YouSeong Kim, and Joonho Lee

Simulation Analysis of Steel Frames Supported by Foundations

at Different Ground Levels with the Self-Centering Column Base

Joints on the Upper Ground ...................... .. ... .. ... ... ..... 383
Yang Zhenyu and Li Yingmin

Derivation of Response Spectra and Hysteretic Energy: A Case
Study on 2023 Turkey-Syria Earthquake in Consideration

of Structural Ductility ......... .. ... ... ... 399
Weiyi Shao
Dynamic Seismic Analysis and Design of the Clock Tower Structure .... 409

Osorio Lobaton Gianpol Samuel, Castafieda Avila Jhiiviana Jhasmin,
and Mamani Huaman Rolando



Contents XV

Building Integrated Photovoltaics, Building Thermal Environment
and Thermal Comfort

A Case Study on the Design Model of Sunroom in the New Rural

Houses in West China from the Perspective of Carbon Emission ....... 427
Yiming Zhang, Yu Liu, Minmin Yang, Yufei Zou, Jie Song,

and Wengiang Li

Watertightness Design and Experimental Evaluation of a Solar
Panel Structure for Building Integrated Photovoltaics (BIPV) Roofs .... 441
Dingqiu Chen and Shaohang Shi

Evaluation of PV Utilization Potential of University Building

Roofs Based on PVsyst Software Simulation ......................... 453
Yufei Zou, Yu Liu, Jie Song, Yiming Zhang, Minmin Yang,

and Wengiang Li

Reallocation of Supply Air in Large Indoor Spaces Considering
Thermal Coupling . ......... .. ... 465
Bo Lan and Gongsheng Huang

Investigation on the Influence of Insolation on Winter Thermal

Comfort of Outdoor Activity Space on Campus in a Cold Region

of China . ........ . ... 477
Jie Song, Yu Liu, Wenqiang Li, Yufei Zou, Minmin Yang,

Yiming Zhang, and Hui Liu

A Novel Low-Temperature Personalized Radiant Cooler: Thermal
Environment and Local Thermal Comfort Evaluation ................ 491
Yuying Liang and Gongsheng Huang

An Empirical Study of the Effects of Green Roof on the Outdoor
and Indoor Thermal Environment of a College Buildings in Winter .... 501
Minmin Yang, Yu Liu, Yiming Zhang, Yufei Zou, Jie Song, and Ni Zhang

Sustainable and Creative Architectural Design

Passive Design Strategies with Thermal Capacity in Contemporary
African Educational Architecture ........... ... ... ... ... ... ... 513
Yen-Khang Nguyen-Tran, Minato Hashimoto, and Ryo Murata

Sustainable House Design Thru Passive and Active Strategies

with Python Language. Case Study Ras Al Khaimah (RAK), UAE ..... 525
Aysha Alsheraifi, Lindita Bande, Alyazia Alsheraifi,

and Muhammad Igbal

The Art of Sustainable Architecture Creation and Evaluation ......... 539

Dalia Augustinaite



Xvi Contents

The Effect of Geometry Parameters on Daylighting of School
Buildingsinthe Gaza Strip ............ ... ... ... i 553
Tawfiq Jebril, Yang Chen, Saji Hamed, and Aly Hajjaj

Analysis Model for Industrialized Housing Design and Assembly
Process ... ... 563
Yidnekachew Tesmamma Daget and Hong Zhang

Visioning New Methodology for Creative Architecture in the Third
Millennium of Knowledge Society ...................... ... ... .. ..... 589
Abeer Samy Yousef Mohamed

Lumiducts Implementation and Their Relation to Luminous

Comfort in High Andean Homes in the District

of Huamancaca-Peruin 2021 .......... ... .. ... .. ... ... ..... 601
L. Katherine Brafiez, P. Paola Segura, and T. Vladimir Montoya

Mars Habitat Design Thru Parametric Structures Based on United

Arab Emirates Heritage ........... ... ..., 617
Jose Berengueres, Lindita Bande, Aysha Alsheraifi, Afra Alnuaimi,

Entesar Alawthali, and Alanoud Ablooshi

An Experimental Study and Sensitivity Analysis of Design

Parameters of Building Integrated Photovoltaic (BIPV) Roofs

for Rain Noise Reduction ............... ... .. ... . ... ..o i 629
Dinggiu Chen and Shaohang Shi

Low Carbon Design Strategy of Regional Airport Terminal Based
on Building Carbon Emission Calculation Standard . .................. 641
Xia Ye, Tao Li-ke, and Guo Qin-en

Hydraulic Engineering and Flood Control

Coupled Hydrologic-Hydraulic Modeling-Based Flood Inundation

Mapping for a Segment of the Tullahan River in Valenzuela City,

Philippines . ... ... ... 657
Hiyasmine S. Pili, Franz D. Santos, Charena P. Baluyot,

Kyla M. Manzanade, and Yunika Aloha P. Cruz

Modeling of the Submersible Plate System to Counteract Erosion
in the Huallaga River, Case: Yurimaguas—Loreto .................... 671
Amanda Giron, Stefano Rottiers, and Mitchel Jara

Soft Computing Method for Settling Velocity Prediction of Fine

Sediment in Retention Structure .......... ... ... ... ... ... ... 687
Ren Jie Chin, Sai Hin Lai, Wing Son Loh, Lloyd Ling,

Eugene Zhen Xiang Soo, Yuk Feng Huang, and Ya Qi Yeo



Contents xvii

Research on Scour Monitoring Techniques for Bridge Pile
Foundations ............. ... 695
Wenting Qiao, Qianen Xu, and Yang Liu

Infrastructure Projects and Municipal Engineering

A Review of Approaches to Drainage System Management:

Current Status and Future Research Directions ...................... 707
Gabriel Lloyd C. Malinay, Clariz D. Santos,

Gayle Ann Marie B. Sarmiento, Franz D. Santos, and David B. Sanson

Influence of Parameter Variation of Saturated—Unsaturated Soil

on Deformation and Stability of Foundation Pit ...................... 721
Yongbiao Xu, Yinzhen Dong, Yingyuan Jiang, Jianfen Zhou,

and Qian Mao

An Urban Public Transport Resilience Assessment Methodology
Based on a Two-Carbon Context .................................... 733
Keyuan Ding, Xueliang Liu, Ran Peng, and Hanbang Ning

Advanced Intervention Phase of High-Speed Rail Construction

Catenary and Track Synchronization Precise Measurement Fine

Adjustment Exploration ................. . ... .. ..., 749
Yonggui Li and Yajun Wang

Research on the Integrated Design Method of Construction
and Maintenance in the Whole Life Cycle of Expressway .............. 757
Xue-Feng Zhang

Urban Architectural Image and Urban Planning

Architectural Identity of the City of Tirana, Albania. Overview

of the Past, Present, and Future Expectations with Focus

on the Residential Buildings (Inner Circle) ........................... 769
Lindita Bande and Brunilda Babameto

Factors Affecting the Formation of Architectural Space

and Construction Systems in the Jordanian Vernacular

Architecture ......... ... . . .. ... 781
Mohannad Tarrad and Umamah Ahmad

The Construction Typology and Its Relationship

in the Architectural Image of the Buildings in the City

of Oxapampa, a South German Colony Located Within the High

Forest of the Department of Pasco in Central Peru .................... 793
Diana Villegas and Vladimir Montoya



XViii Contents

Transformation of Architectural Elements of Rumah Gaba-Gaba

in Merauke Old Town, South of Papua: An Embodiment

of Adaptation ........... . ... .. . . . ... ... 805
Yashinta Irma Pratami Hematang and Harry Kurniawan

Research on the Reconstruction Strategy of Historic Districts

Under the Background of Carbon Neutrality—Taking Qinzhou

Historic Districts in Guangxi asan Example ......................... 817
Chuwei Ban and Fuqiang Li

Identifying the Influencing Factors for the Walkability of Business
Streets Based on Urban Multi-source Data ........................... 827
Chendi Yang, Siu Ming Lo, and Rui Ma

Drawing the Invisible: Visualizing Patterns of Occupation in Two
Streetsin Shanghai ........ ... .. .. .. 839
Glen Wash Ivanovic and Shinya Miyazaki

The ‘Integration Mode’ of Regeneration of Industrial Heritage,
Magna Science Adventure Centre ................................... 851
Chen Zhang and Zishen Bai

Interpreting the Urban Historical Area-Huishan Ancient Town
asaCaseStudy ............. . 863
Ting Zhang, Fangqian He, Di Wang, and Li Tao

Before Becoming an Independent Building: A Study of the Mixed

Nature of Chemistry Laboratory Space from the 16th-18th

Centuries . ....... .. 871
Mingzhu Lei and Tong Cui

Information Technology and Modeling in Construction

Building Information Modeling-Based Virtual Reality System
for Four-Dimensional Progress Simulation and Construction

Safety Training ............. .. i 889
Kun-Chi Wang, Yuan-Hsiu Chou, Guan-Yu Chen, and Jun-Jie Jiang
A Method for Semantic City Modeling .............................. 903

Rui Ma, Jiayu Chen, Chendi Yang, and Xin Li

Analyzing the Awareness, Drivers, and Barriers of Building

Information Modelling (BIM) Implementation for Sustainable

Construction: Indonesia Construction Industry ...................... 913
Cakraningrat Kencana Murti and Fadhilah Muslim

Integrating Cumulative Prospect Theory into a Cellular Automata

Model for Building Evacuation with Obstacles ....................... 927
Dongli Gao, Eric Wai Ming Lee, Wei Xie, Xuanwen Liang,

Ruifeng Cao, Qian Chen, and Nan Jiang



Contents

Describing Construction Hazard Images Identified from Site

Safety Surveillance Video ............. ... ... ... . ...

Wen-Der Yu, Wen-Ta Hsiao, Tao-Ming Cheng, Hung-Sheng Chiang,
and Chia-Yu Chang

A Computationally Efficient Method for Simulation-Based

Evacuation Guidance Optimization ................................

Zhang Botao and S. M. Lo

Optimization of the Construction Subcontractor Selection
Process for Residential Building Projects by Applying Blockchain

Technology Through a Smart Contract .............................

Josue Janampa, Jean Pierre Pinedo, Sandra Rodriguez, and Karem Ulloa

Identifying the Stages of Fire Development from Compartment

Temperatures with GMM-HMMs: A Case Study of Room Fires ......

Honggiang Fang and S. M. Lo

Determination of the Most Suitable Location of Evacuation
Center for a Flood-Prone Community Using Multi-criteria
Decision Analysis: The Case of Barangay Sapang Bayan, Bulacan,

Philippines ............

Charena P. Baluyot, Franz D. Santos, Clariz D. Santos,
Hiyasmine S. Pili, and Allan R. Alzona

Bridge Safety State Classification Based on Unsupervised Machine

Learning ............ .

Wei Xiang, Xiao Li, and Feng-Liang Zhang

Xix



Cement Mortar and Concrete Engineering
Design and Performance



Waste Clay Brick Binders )
for Low-Carbon Concrete Pavement e
Construction

Janitha Migunthanna, Pathmanathan Rajeev, and Jay Sanjayan

Abstract This study investigated the use of waste clay bricks (WCB) as a binder
constituent in developing low-carbon pavement-grade geopolymer concrete. Blends
of WCB with slag and/or fly ash were used as the aluminosilicate source mate-
rials. Sodium silicate in powder form was used as the activator to produce dry
geopolymer binders. Considering the practical applicability, concrete was produced
under ambient curing. Concrete with WCB in the binder showed higher compressive
strengths than the concrete with only fly ash and slag in the binder and, a significant
difference in flexural strength was not observed for different binder types. Maximum
compressive strength of around 56 MPa at 28 days was recorded for concrete made
with the ternary blend of WCB + slag + fly ash. The strength of concrete with
WCB + slag was around 42 MPa. Sealing of samples to avoid contact with atmo-
spheric air resulted in better strengths. Drying shrinkage of WCB-based concrete was
investigated following the standard test procedure by subjecting it to initial curing in
lime-saturated water and by a non-standard procedure of sealed curing. Compared
to the standard method, the non-standard method resulted in higher drying shrinkage
due to loss of moisture from the specimen. The initial flexural modulus for WCB-
based concrete was higher than the concrete with slag 4 fly ash binder indicating
the higher stiffness of WCB-based concrete. The environmental performance of the
different binders used in concrete was assessed by estimating the carbon emissions
and energy consumption. Compared to using ordinary Portland cement, the use of
geopolymer binders can reduce carbon emissions by 70% and energy consumption
by 81%. Among the geopolymers investigated in this study, the binder with WCB +
slag 4 fly ash showed the best overall performance.
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1 Introduction

Concrete pavements have significantly lower whole-of-life costs due to their higher
durability and lower construction and maintenance costs [1]. Their simple structure,
fast construction, and smooth yet skid-resistant texture make them even more attrac-
tive over other pavement types [2]. However, the high carbon emissions associated
with ordinary Portland cement (OPC) used in concrete is a critical drawback and
challenge to the concrete pavement industry [3].

Developing low-carbon alternatives to OPC in pavement concrete will contribute
towards sustainability in the construction industry and will subsequently enhance
the industrial uptake of environmentally friendly concrete pavement technologies.
Geopolymer binders synthesised combining aluminosilicate source materials (i.e.,
precursors), such as fly ash and slag, with alkali activators, such as sodium hydroxide,
are well recognised as an alternative binder material for replacing OPC in concrete
[4].

The general practice in geopolymer production is to use elevated curing conditions
and liquid activators [3]. However, provision of elevated temperatures is not very
practical in in-situ applications, specially in pavement constructions. Furthermore,
the use of liquid activators makes the geopolymer production process more complex
and makes it more difficult to directly adapt existing production lines and practices
optimised for OPC concrete.

As a solution, this study investigates developing pavement-grade one-part
geopolymer binders using solid activators under ambient curing. Since the one-
part binders are dry powders similar to OPC, their mix designs and field use is
considerably more similar to the use of OPC concrete.

Recent studies have focused on developing geopolymers using non-conventional
materials such as construction and demolition waste, glass waste, brick waste and
volcanic ash [5-7]. Among them, the previous studies by Migunthanna et al. [8, 9]
have identified one-part geopolymer binders consisting of waste clay brick (WCB)
blended with fly ash and slag as aluminosilicate precursors and anhydrous sodium
metasilicate as the sole activator as a promising candidate to produce pavement grade
concrete under ambient curing. Therefore, the current study deals with developing
concrete using the optimum binder compositions proposed in the previous literature
and, assessing their performance considering mechanical characteristics, durability,
serviceability, and sustainability.
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Table 1 Concrete mix designs

Mix name | Binder = 400 kg/m? Fine agg | Coarse agg w/b | Slump (mm)
WCB |Fly ash |Slag | Act 14 mm |7 mm

W+S 144 0 216 |40 |661.5 737.1 |491.4 049 |65

W+S+F [1152 |72 172.8 |40 |661.5 737.1 4914 046 |55

S+F 0 72 288 |40 |661.5 737.1 |491.4 |0.46 |60

All the proportions are in kg/m>
Note agg. = aggregates, Act. = activator, W = waste clay bricks, S = slag, F = fly ash

2 Materials and Methods

2.1 Experimental Program

Two binder compositions proposed in the literature were selected based on references
[8, 9]. These binders consist of WCB, slag and fly ash in the precursor. The total
of the precursor and the activator was considered as the binder. All binders had an
optimum activator content (i.e., Na;SiO3) of 10% of the weight of the binder. A
28-day target compressive strength of 40 MPa and target slump of 50-65 mm were
considered following the pavement design guidelines [10]. Table 1 shows the mix
proportions of concrete.

First, dry binders were prepared by mixing all precursors and activator, and then
aggregates were added. Water was added in a pre-determined water-to-binder ratio
(w/b) to achieve the slump in the targeted range. After wet mixing for about 15
min, test cylinders with a diameter of 100 mm and height of 200 mm were cast.
Samples were subjected to ambient air curing and sealed ambient curing. In air curing
samples were kept in contact with air since demoulding. In sealed curing, samples
were wrapped with polythene to avoid contact with air and stored at 25 =+ 2 °C. The
sealing period was varied from 3 to 28 days to evaluate the effect of sealing time.
Mechanical performance was assessed by compressive strength, flexural strength and
split tensile strength. All the tests were carried out following Australian Standards
(AS). Water absorption, apparent volume of permeable voids (AVPV) and drying
shrinkage tests were conducted to assess the durability. Fatigue testing was carried
out as a measure to serviceability performance.

2.2 Assessment of the Environmental Performance

The environmental performance of geopolymers were evaluated by quantifying CO,
emissions and energy consumption. Material production, design, construction, use,
maintenance and end-of-life can be considered the main phases in a pavement life
cycle [11]. In this study, the focus was only given the material production since



6 J. Migunthanna et al.

impacts from design and construction can be assumed to be similar or have no
significant difference based on the type of concrete [8]. The unavailability of dura-
bility and service performance data for geopolymer concrete pavement limits the
analysis boundary up to the construction phase. In the concrete production phase,
impacts from mixing and aggregates can be again considered similar for all concrete
types. Therefore, significant differences and critical variations in the environmental
performance can be expected related to binder production.

Inventory values for CO, emissions and energy consumption proposed in the
literature for individual components (i.e., processing of WCB [8, 12], slag [13, 14], fly
ash[15, 16]; production of Na,;SiO; [17, 18] and OPC[19, 20]; binder mixing [8, 12])
were used to estimate the impacts during binder production. Process-based approach
was used in the analysis, where total CO, emissions and energy consumption related
to each individual stage in raw material processing was considered. Impacts were
quantified with respect to a functional unit of 1 ton of dry binder.

3 Results and Discussion

3.1 Mechanical Performance

To understand the strength development of geopolymer concrete (GPC) under
ambient curing, samples were subjected to two curing environments, namely sealed
and unsealed. Figure la shows the 28-day compressive strength for three GPC
samples. Under both curing regimes, GPC with WCB binders showed strength higher
than GPC with only fly ash + slag indicating the better performance of WCB-based
binders. Sealing of samples improved the strength gain of all GPC types and this
increment was significant for WCB-based GPC. Sealing minimizes the development
of micro-cracks due to shrinkage by preventing moisture loss, and hinders the reac-
tions with atmospheric air [21]. Under the sealed conditions, WCB-based GPC was
able to exceed the target strength of 40 MPa and the highest strength was recorded for
W + S 4+ F GPC mix. The flexural strength of GPC did not show a significant varia-
tion based on the binder type (Fig. 1b). Under the sealed curing, all samples achieved
flexural strength of more than 4.5 MPa which is the typical strength requirement in
rigid pavement design [10].

To evaluate the effect of the sealing duration, GPC with WCB-based binders
were subjected to different sealing periods up to 0, 3, 7, and 28 days and compressive
strength at 28 days was recorded. As shown in Fig. 2, an increase in the sealing period
increases the strength gain. GPC made with W 4 S + F binder was able to exceed
the target strength even at 3-day sealing period indicating the better performance of
the ternary blend of WCB +- fly ash + slag than the binary blend of WCB + slag.

The strength development of WCB-based GPC was studied with respect to W +
S + F mix, since it showed the best mechanical properties from the three GPC mixes
investigated. Here samples were kept sealed only for 3 days and then kept in contact
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Fig. 2 Effect of sealed duration on strength development of WCB-based GPC. Error bars indicate
mean =+ one SD

with air until the test date. Figure 3 shows the compressive, flexural and split tensile
strengths development of W + S 4+ F GPC. According to the Structural Concrete
Design Guidelines [22], the minimum compressive strength for grade 40 concrete
at 3 and 7 days should be 14 MPa and 20 MPa, respectively. The GPC mix selected
in this study was well above the minimum values reporting 30.1 MPa at 3 days and
38.6 MPa at 7 days. The high early strength gain ability of GPC is an additional
advantage to the concrete intended use in pavement applications [1, 3].

A significant development of compressive strength after 60 days was not observed
for GPC. The selected mix reached a compressive strength of 44 MPa over a period of
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Fig. 3 a Compressive strength and b flexural and split tensile strengths development of W + S +
F GPC. Error bars indicate mean =+ one SD

8 months. However, compared to the 90-day strength, this is 6% reduction. Improve-
ment in flexural strength gain was not observed after 3 days and it was at a constant
value of around 5.1 MPa throughout. Compared to the 3-day strength, a slight reduc-
tion of the flexural strength also was observed. Development of micro-cracks due
to shrinkage and atmospheric carbonation can be considered as possible causes for
these slight reductions in strength. The split tensile strength of selected GPC was
around 3.7 MPa at 28 days.

3.2 Durability Performance

Basic durability properties of W + S + F GPC were assessed through water absorp-
tion, AVPV and shrinkage. Standard testing procedures available for OPC concrete
were used following Australian guidelines (i.e., AS 1012.21). At 28 days of ageing,
immersed absorption of the GPC was found to be 5.6% (SD = +£0.75) and it was
increased up to 6.1% (SD = =£0.32) after boiling. The AVPV of WCB-based GPC
was found to be 9.9% (SD = +0.44), which is less than 14%, the maximum allow-
able AVPV for concrete with target strength of 40 MPa. AVPV and absorption of
concrete refer to the susceptibility of the material for ingression of impurities and
foreign particles to the inner concrete environment which can subsequently result in
deterioration of the material and corrosion of the embedded reinforcements [3].

3.3 Drying Shrinkage

The drying shrinkage of GPC was determined based on the standard test method
following AS 1212.8.4 and a non-standard method. According to the standards,
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specimens need to be cured in lime-saturated water for the first 7 days and then
stored in ambient conditions under 23 °C and 50% relative humidity. However, to
achieve the target strength, GPC needs sealed curing at least for 3 days. From the
initial experimental work, it was found that GPC cured in water (i.e., similar to
standard curing for OPC concrete) can reach only 28-day compressive strength of
around 36 MPa. Therefore, to identify the shrinkage under the suggested curing
method for GPC, shrinkage specimens were subjected to sealed curing for 3 days. At
the end of the initial curing, samples were stored at 23 °C and 50% relative humidity.

Figure 4 shows the drying shrinkage of W + S + F GPC under standard and non-
standard curing conditions. Samples subjected to the non-standard procedure showed
higher shrinkage compared to the samples subjected to the standard curing procedure.
Drying shrinkage in concrete occurs as a result of loss of moisture from the exposed
environment causing volume reduction in binder gel products [23, 24]. For normal-
strength concrete, drying shrinkage is critical during the initial period and dominant
over longer periods [23]. In the standard method, samples are in a saturated state, there
is no moisture loss from the concrete to the environment. Therefore, shrinkage in
the entire initial curing period is zero. However, for sealed samples, drying occurred
from the first day it-self. It is practically difficult to achieve a fully sealed condition
and therefore, the sample starts losing moisture even under sealed conditions [25].
This moisture loss is not aggressive as the unsealed condition, however significant
enough to cause drying shrinkage in the concrete.

Although GPC has several advantages over OPC concrete, the shrinkage behaviour
of GPC is a critical concern. Many studies reported that GPC has a higher shrinkage
compared to OPC concrete [24-26]. However, the results are often inconsistent due
to variations such as mix designs, binder types, aggregate properties and curing
conditions. Also, the direct use of standard test methods available for OPC concrete
to determine the shrinkage of GPC is still questionable. Therefore, more studies
are essential to understand the shrinkage behaviour and to develop test methods
appropriate to GPC concrete.
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Fig. 4 Drying shrinkage of W + S + F GPC under standard procedure and non-standard procedure
(i.e., sealed for 3 days)
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3.4 Serviceability Performance

Pavements are always subjected to repeated loading due to the frequent movement of
traffic. Although these loads are smaller than the strength of materials, pavement can
fail under lower loading conditions due to fatigue damage. Therefore, investigating
the fatigue behaviour of a material is important in understanding the serviceability
of the pavement structure [10]. As an initiation, fatigue performance of GPC with W
+ S + Fand S 4+ F binders was investigated by subjecting it to cyclic loading with
peak stress of 85% of the maximum. The initial flexural modulus and the fatigue life
(i.e., number of loading cycles until failure) were determined.

Initial flexural modulus was calculated by averaging the flexural modulus of each
load cycle with in the first 10-50 cycles. Figure 5 shows the flexural modulus for
each cycle during the initial period and Table 2 summarises the average modulus
and the fatigue life. At 85% stress level, GPC with WCB showed higher flexural
modulus indicating the high stiffness of the material. However, to comprehensively
understand the fatigue performance of these materials, detailed studies are required.
It is recommended to investigate the performance of the material under several stress
ratios with a higher number of specimen counts.
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Fig. 5 Initial flexural modulus of concrete with W + S + F binder and S + F binder

Table 2 Summary of flexural fatigue test results

Concrete type W+S+F S+F

Sample (D (2) 3) (D (2) 3)
Fatigue life 5507 6805 29,995 2412 3290 286,457
Initial flexural modulus 2780 MPa 2660 MPa
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3.5 Environmental Performance

The environmental performance of geopolymers was assessed through CO, emis-
sions and energy consumption corresponding to the binder production phase. These
values were then compared with the impacts of OPC production. Figure 6 shows
the CO, emissions and energy consumption associated with the production of three
geopolymer binders initially selected in this study and their comparison with OPC.

All geopolymer binder compositions showed around 70% reduction in carbon
emissions and around 81% reduction in energy consumption compared to OPC.
Among the three geopolymer binders, the highest impacts were corresponding to the
S + F binder due to the higher amount of slag content. Replacing part of the slag in
this binder with WCB further reduced (i.e., W + S + F) the carbon emissions and
energy consumption. W + S 4+ F binder showed the best environmental performance
and also the mechanical performance compared to the other binders considered in
this study.

4 Conclusion

This study investigated the use of low-carbon geopolymer binders containing waste
clay bricks (WCB) as an alternative to ordinary Portland cement (OPC) in producing
concrete suitable for pavement construction. From the experimental studies, the
following conclusions were made.

e The highest compressive strength of 56 MPa was recorded for the concrete with
WCB, slag and fly ash (W + S + F) in the binder. GPC with only WCB and slag
showed a 28-day compressive strength of 42 MPa.

e Concrete with only slag and fly ash showed the lowest compressive strength of
34 MPa indicating the advantage of using WCB as a binder component.
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e The apparent volume of permeable voids present in the W 4 S 4 F concrete was
around 9.9% which is less than the maximum allowable limit of 14% for grade
40 concrete.

e Although the sealing of samples had a positive impact on strength gain, the sealing
could not provide enough resistance to prevent moisture loss. Therefore, higher
drying shrinkage was observed for GPC.

e Lime-saturated water curing helped to reduce the shrinkage however, this curing
method reduced the compressive strength of the WCB-based GPC down to 36
MPa.

e The initial flexural modulus of W + S + F concrete was around 2780 MPa at a
stress level of 85% of the maximum.

e The use of geopolymers instead of OPC can reduce CO, emission by 70% and
energy consumption by 81%.

Geopolymers with WCB, slag and fly ash can be considered viable low-carbon
binders to replace OPC in concrete. More studies are recommended to understand
the strength development, shrinkage and fatigue behaviour of these concretes.
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Effect of Superplasticizer )
on the Properties of Kenaf e
Fibre-Reinforced Geopolymer Concrete

F. N. A. A. Aziz, N. A. Al-Ghazali, A. D. Jasmi, N. A. M. Nasir,
and I. A. Karim

Abstract The use of fibres in concrete production has attracted a lot of interest
because of the low tensile properties of concrete. Lately, extensive studies have been
conducted on the incorporation of different types of natural fibres in geopolymer
composites as an environmentally friendly alternative to steel and synthetic fibres.
However, the incorporation of natural fibres has a negative impact on workability
in terms of properties in the fresh state. Several studies showed that the addition
of the superplasticizer (SP) is one of the solutions to overcome this issue. But the
performance of geopolymer concrete with the inclusion of kenaf fibres and different
SP content is not studied yet. In this paper, the fresh and mechanical properties of
kenaf fibre-reinforced geopolymer concrete (KFRGC) with the addition of different
SP contentsi.e., 0, 1, and 2%, are studied. The workability of KFRGC was dependent
on the percentage of the SP. With the increase in the dosage of the SP, the workability
was enhanced. However, the addition of the SP in a high percentage decreased the
strength performance of the concrete. The best results were achieved with the addition
of 1% which improved the workability of KFRGC by about 67%. These findings
demonstrate the positive impact of using the appropriate percentage of SP on the
performance of KFRGC in the fresh state.

Keywords Geopolymer - Fibres + Kenaf fibre - Superplasticizer - Workability -
Compressive strength

1 Introduction

Geopolymer materials are inorganic polymers produced by the chemical reaction
between an aluminosilicate source and an alkaline solution and are currently the mate-
rial to replace ordinary Portland cement (OPC) [1]. When compared to the production
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of OPC, geopolymer emits 80% less CO, and uses 60% less energy [2]. Additionally,
numerous research that examined the characteristics of geopolymer composite (GPC)
suggested excellent results, including high fire resistance [3], high early strength [4],
and durability against chemical attacks [5, 6]. However, the inherent brittleness of
the geopolymer exhibits drawbacks similar to OPC when subjected to flexure and
tension stresses; both require fibre reinforcement to reduce crack propagation and
enhance toughness and failure mode [2].

In addition to the GPC, natural fibres are gaining a lot of attention due to rising
interest in maintaining long-term sustainability and environmental issues. This has
prompted using more renewable resources in the building and construction sector
[7]. Natural fibres are available, inexpensive, and lightweight materials. Kenaf fibre
is a type of natural fibre which is an extremely useful material. Numerous research
studies have suggested that using it could increase the structural performance of
concrete or reinforced concrete mixtures [8]. The kenaf plant is mainly grown for its
fibres. The method used to extract the fibre determines its quality.

The extraction process used to obtain plant fibres is also known as retting or
degumming. Several retting techniques for plant fibres have been reported, including
water retting, mechanical retting, chemical retting, enzymatic retting, and dew retting.
The most widely used techniques for obtaining kenaf fibres are the water retting,
enzymatic, mechanical, and chemical methods [9]. The extracted fibres could be
used as building materials for construction, bio composites, textiles, and many more.
However, the main obstacles to using kenaf fibre are the high moisture absorption
and the weak compatibility between the fibre and the matrix, which negatively affect
the performance of the composites [7].

Fibre treatment is a well-known method to reduce moisture-absorbing chemical
components and enhance fibre-matrix adhesion. Lam and Yatim [10] reported that
adding alkali-treated kenaf fibre to the cement-based concrete improved the tensile
and flexural strength of the concrete and the samples with kenaf fibre exhibited more
resistance to cracking and toughness than the plain concrete.

Recently, huge attention has been paid to geopolymer composites reinforced with
steel, syntactic, and natural fibres due to their high flexural and tensile strength,
ductility and crack control and excellent durability [2]. However, it has been reported
that the addition of these fibres decreased the workability of the geopolymer mixtures.
The type, length, shape, and content of fibres all affect the properties of fresh
mixtures. Wongsa et al. [11] reported that the addition of sisal, jute, or glass fibre to
geopolymer mixtures decreased the workability. Besides, the geopolymer composites
prepared with sisal fibre exhibited the lowest workability performance. The authors
attributed the workability loss to the rough surface, irregular stripes, and porous
texture of fibres. Su et al. [12] also reported that the workability of geopolymer
mixes prepared with polypropylene, glass or lignin fibres was lower than that of the
plain geopolymer mixes and increasing the fibre content increased the workability
reduction. Several researchers have proposed the use of a superplasticizer (SP) in
fibre-reinforced concrete as a technique for maintaining concrete workability. Zhang
et al. [13] reported that the addition of SP into the mixes showed three times higher
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workability. Bentegri et al. [14] also reported that using 0.4% of SP results in three
times lower plastic viscosity, compared to the concrete mixes without SP.

The effect of the SP on the properties of natural fibre-reinforced geopolymer is not
well studied, especially, the geopolymer mixes reinforced with kenaf fibre. There-
fore, this study will examine the properties of kenaf fibre-reinforced geopolymer
composites with the addition of different percentages of SP. The main objectives
of this research have been divided into two stages: (a) the treatment of kenaf fibre
extracted by using two different methods; (i) water retting, (ii) mechanical retting,
(b) the performance of geopolymer composite containing alkali treated kenaf fibre
prepared with different SP percentages (1 and 2%).

2 Experimental Programme

2.1 Material

The materials used to produce kenaf fibre-reinforced geopolymer concrete (KFRGC)
are low calcium fly ash class F (FA) according to ASTM C 618-12a[15], and ground
granulated blast furnace slag (GGBS) as the binder materials, a combination of
sodium hydroxide and sodium silicate as the alkaline activator solution, SP, fine and
coarse aggregates, and kenaf fibre.

Kenaf fibres used for this study were supplied by Lembaga Kenaf dan Tembakau
Negara (LKTN). The fibres were extracted by two different methods: water retting
(grade A) and mechanical retting (grade D). Before adding the fibres to the
geopolymer mixes, the alkaline treatment was conducted by using NaOH solution
of 6% concentration and an immersion period of 3 h based on the works of [10, 16].
After the treatment, the fibres of both grades were tested for physical and mechanical
properties. After testing, the fibres were cut into a length of 30 mm to be used in the
geopolymer mixes.

2.2 Mix Proportions

Four different geopolymer mixes were designed, and the mix proportions are shown
in Table 1. The first mix is the plain geopolymer without fibre addition, and the
second mix is KFRGC with an addition of 1.25% volume fraction of kenaf fibre. The
other two mixes were KFRGC with the addition of 1.0 and 2.0% of the SP (KFG-1
and KFG-2%). The alkaline activator to binder ratio, sodium hydroxide molarity and
sodium silicate (SS) to sodium hydroxide (SH) ratios were fixed at 0.55, 14 M and
2.5, respectively.
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Table 1 Mix proportions of KFRGC (kg/m?)

Mix FA GGBS Aggregates Solution SP (%)
Sand 10 mm SS SH

(Ref) 261 174 704.7 1065.75 170.89 68.35 0

KFG 261 174 704.7 1065.75 170.89 68.35 0

KFG-1% 261 174 704.7 1065.75 170.89 68.35 1

KFG-2% 261 174 704.7 1065.75 170.89 68.35 2

2.3 Mixing, Casting and Curing

To achieve homogenous mixes, the coarse and fine aggregates were dry mixed for
2 min, and then the binder components were added and mixed for an additional 2 min.
Then, kenaf fibres were added to the dry mix, and all the components dry mixed for
another 3 min. Finally, the alkaline activator was added and mixed for 3 min. Then,
the fresh mixtures were cast in the molds and the samples were cured at ambient
ambient temperature (27 &+ 1.5) °C under a relative humidity of 75%.

2.4 Testing

The diameter is an essential parameter for determining the tensile strength of the
fibre. It was measured by using an optical microscope (Nikon LV150N). A single
fibre tensile test was conducted following the guidelines of ASTM D3379-89 [17].
The workability of KFRGC mixes was evaluated by following BS EN 12350-2 [18].
The hardened properties are ultrasonic pulse velocity (UPV) based on the ASTM
C597-09 [19] and compression test according to BS 12390-3 [20].

3 Results and Discussion

3.1 Properties of Kenaf Fibres

Table 2 presents the results of the diameter test of kenaf fibre grade A and D before and
after treatment. The treatment decreased the diameter of kenaf fibres for both grades.
The reduction in the diameter was about 20% compared to the untreated fibres. This
reduction is due to the removal of the impurities, lignin, wax, and hemicellulose
components from the surface of the fibres [7]. In terms of strength performance,
the KF treated of type A and D achieved tensile strength of 241 and 251 MPa,
respectively, which are 80 and 78% higher than the untreated fibres. This is similar
to the finding from Ikhwan et al. [16]. The tensile strength of kenaf fibre type D,
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Table 2 Diameter and tensile strength results for kenaf type A and D before and after treatment

Fibre type Untreated Treated

A D A D
Diameter (mm) 0.0946 0.0963 0.0771 0.0780
Tensile strength MPa 134.45 141.41 241 251.58

which was extracted by mechanical retting, was higher than that of type A. Therefore,
it was chosen to prepare kenaf fibre-reinforced geopolymer composites.

3.2 Workability of KFRGC

The workability of geopolymer mixtures was determined by using the slump test
method. Figure 1 presents the slump heights of the KFRGC mixes and plain
geopolymer without kenaf fibre. For GPC, the slump value was 172 mm, while
the workability of the mixes with kenaf fibre was 43 mm. For the KFRGC prepared
with SP, the slump heights were 75 and 87 mm for the mixtures with 1 and 2% of
SP, respectively. The trend of workability in Fig. 1 reveals that the workability of the
geopolymer mix decreased by about 75% with adding kenaf fibre. A similar trend
of results was also obtained by Lam and Yatim [10] and Silva et al. [21] when kenaf
fibre, jute and sisal fibres were added to the concrete mixes. However, the addition
of the SP significantly improved the workability, and the slump heights of the mixes
increased by about 67 and 102% with adding 1 and 2% of SP, respectively compared
to KFRGC without SP. These findings are similar to another research findings where
different ratios of SP were used in the steel fibre-reinforced concrete [22].
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3.3 Dry Density

The unit weight of the constituent materials used in the mixture has a significant
impact on the density of geopolymer composites. Figure 2 displays the density of
the various geopolymer mixes. KFRGC samples exhibited lower density that the
plain geopolymer concrete. This reduction could be attributed to the lower density
of kenaf fibre and the entrance of air voids during the mixing of the fresh mixtures.
Besides, the addition of SP decreased the density and increasing the SP dosage from
1.0 to 2.0% caused a higher reduction in the density of the mixtures. Dumne et al.
[23] observed a similar trend when the SP dosage increased from 0.25 to 0.35% in
the concrete mixtures.

3.4 Ultrasonic Pulse Velocity (UPV)

The average UPV values of geopolymer samples at 7 and 28 days are shown in Fig. 3.
All composites exhibited an increase in UPV values with a curing age of 7 to 28 days,
which reflects the development of the internal structure of geopolymer with time.
The results show that adding kenaf fibre to geopolymer concrete decreased the UPV
values from 4584 to 4338 m/s. Besides, adding 1.0% SP decreased the UPV readings
by about 8%. However, increasing the dosage of the SP to 2.0% reduced the UPV
values by about 11%. Although the reduction in the UPV values with fibre and SP
addition, the results demonstrated that all the KFRGC mixes with and without SP are
considered to produce good-quality concrete with UPV values ranging from 3863 to
4584 m/s at 28 days [24].

3.5 Compressive Strength

Three cubes were cast for each mix and tested to determine the average compres-
sive strength at 7 and 28 days for both plain geopolymer and KFRGC with and
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Fig. 3 UPV values of geopolymer mixtures

without SP, and the results are presented in Fig. 4. The findings demonstrate that
the compressive strength increased as the curing age increased from 7 to 28 days.
The highest compressive strength was achieved by the plain GPC, which is 51.5 and
64.4 MPa, after 7 and 28 days, respectively. However, adding kenaf fibre decreased
the compressive strength of the plain geopolymer by about 14 and 19% after 7 and
28 days, respectively. Besides, adding the SP increased the strength reduction, and
adding 1.0 and 2.0% of SP decreased the compressive strength of KFRGC by about
14 and 19%, respectively, after 28 days, compared to the fibrous composites without
SP. Jithendra and Elavenil [25] and Triwulan et al. [26] also reported that increasing
SP content in the geopolymer mixtures decreased the compressive strength of the
samples. This could be attributed to the increased water percentage in the geopolymer
mixture with increasing SP percentage ([27]. This water will take the form of evap-
orable water during the geopolymerization process, thus increasing the porosity of
the mixes and decreasing the strength of the composites [28].
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Fig. 4 Effect of kenaf fibre addition and SP percentage on the compressive strength of geopolymer
mixtures
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4 Conclusion

The alkaline treatment improved the tensile performance of both grades of kenaf
fibre. And kenaf fibre type D (extracted by the mechanical retting method) achieved
better tensile strength than that of type A. The workability results of the KFRGC
mixes with SP showed that both 1.0 and 2.0% provided a workable mix with a
slump height higher than 70 mm. But, increasing the SP percentage to 2.0 caused
a higher reduction in the strength, and it is also not economic. Therefore, 1.0%
can be considered the appropriate dosage to be used in the KFRGC to improve the
workability of the mixtures.
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Abstract Pollution in the environment and the relatively high cost of solid waste
disposal have been a paramount concern all throughout the world. This concern
prompts the researchers to recycle black tea waste and eggshells. The purpose of this
paper is to study Pulverized Black Tea Waste (PBTW) and Eggshell Powder (ESP) as
a partial replacement for cement. The proponents used M20 Grade Concrete with a
strength of 20 MPa on the 28th day of curing. Different concrete mixtures containing
five replacement levels of cement were carried out with (2.5, 5, 7.5, 10, and 12.5%
by weight of) PBTW and ESP (by 12.5, 10, 7.5, 5, and 2.5%). The compressive
strength, split-tensile strength, and flexural strength tests were used to show the
effect of PBTW and ESP on the mechanical properties of concrete. Results indicated
that 2.5% of PBTW and 12.5% of ESP slightly increased the compressive strength
of the concrete by 3.11%. In contrast, PBTW and ESP show a significant decrease
in Split-Tensile Strength and Flexural Strength compared to the controlled sample
ranging from 36.74—49.50% to 16.66—38.91% respectively.
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1 Introduction

Concrete is the most common construction material used by humans [1]. It is a
blended mix comprising essentially of binder cement, water, sand, and coarse aggre-
gate [2]. The comprehensive use of concrete has increased the worldwide depletion
of the earth’s raw materials [3].

Cement is a grey powdery substance made by calcining lime and clay, it is mixed
with water to form mortar or mixed with sand, gravel, and water to make concrete
[4]. Tt serves as a glue that strengthens the structure. Cement produces greenhouse
gas (CO,) that affects the environment [2, 3]. About 7% of COs is released into the
atmosphere during cement production, which has a negative influence on ecology
and the future of human beings [5], which contributes to global warming. The use of
alternative materials in the production of construction materials is one of the measures
to address the problems [3]. For this reason, extensive research, and development
work towards exploring new ingredients for producing sustainable and environment-
friendly construction materials.

Over the next decade, the global demand for tea will continue to grow. Worldwide
tea production has risen drastically to meet this growing demand which in turn
produced an enormous amount of waste that causes serious environmental problems
[6]. However, very limited studies have been found regarding the use of tea waste
as a replacement for cement [7]. On the other hand, eggshells are bio-waste material
from bakeries and fast-food chains that are disposed of in landfills, which contributes
to environmental pollution [8]. From October to December 2020, the Philippine
Statistics Authority (PSA) estimated that the total chicken egg production was 154.87
thousand metric tons which are 0.4% higher than the previous year’s quarter output
[9]. The chemical composition of Eggshell shows Carbon oxide (CaO) as its main
component [8]. This experimental study assessed the use of Pulverized Black Tea
Waste and Egg Shell Powder as a partial replacement for cement to determine its
effect on the mechanical properties of concrete. Moreover, surface morphological
characterization of composite samples was carried out to investigate the effect of
integrating black tea waste and eggshell powder.

2 Materials and Methods

The method of research used for this study is experimental. The use of Black Tea
Waste and Eggshell powder as a partial replacement to cement would comply with the
standard on the compression strength, split tensile strength, and flexure strength of
normal-weight concrete. The researchers utilized M20 grade concrete with a 1:1.5:3
ratio; the varying percentage replacement is shown in Table 1. This experiment
produced three specimens for each percentage replacement. The curing days were 7,
21, and 28 days. The control sample would be the mixture without PBTW and ESP.
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Table 1 Percentage of PBTW and eggshell powder

Mix name Replacement by percentage Total cement replacement (%)
ESP (%) PBTW (%)
Control sample 0 0 0
M1 12.5 2.5 15
M2 10 5 15
M3 7.5 7.5 15
M4 5 10 15
M5 2.5 12.5 15
+ PULVERIZED + SCANNING + CHARA
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Fig. 1 Conceptual framework of the study

Several tests were performed to determine the mechanical properties of the
concrete samples such as the Slump Cone Test as per ASTM C143, the Compressive
Strength Test to determine the compressive strength of the concrete in accordance
with ASTM C309, Split Tensile Strength to determine the splitting-tensile strength
of the concrete as per ASTM C496, and Flexural Strength Test as per ASTM C78.
Shown in Fig. 1 is the conceptual framework that shows the flow, inputs as well as
outputs of the study.

2.1 Preparation of Materials

Black Tea Waste and eggshells were collected from Macao Imperial Tea at SM
Cabanatuan and from a local eatery. The collected Black Tea Waste and eggshells
were rinsed thoroughly with tap water until all unnecessary substances were removed,
especially the membrane within the eggshell to avoid a rotten smell. Tea wastes and
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eggshells were sun-dried for several days to remove all the moisture [10]. After
drying, the materials were crushed, grinded, and sieved through a No. 200 sieve.

First Phase: Characterization. X-Ray Fluorescence Analysis of pulverized
black tea waste and eggshell powder samples was carried out to determine their
chemical composition at NASAT Labs Muntinlupa. Scanning Electron Microscope
(SEM) which provides detailed high-resolution images of the sample by raftering a
focused electron beam across the surface and detecting secondary or backscattered
electron signals.

Second Phase: Test of Concrete Cylinder. The compressive strength test and
split tensile strength test of the concrete were performed at Mapolcom Incorporated in
Norzagaray, Bulacan. The compressive strength test is the measure of the concrete’s
ability to resist the load that tends to compress it. Split Tensile Strength Test is
conducted to determine the ability of concrete to resist cracking or breaking under
tension. The samples were made using a concrete mixer. After the slump cone test,
the concrete is placed in the cylindrical concrete molds leaving it for at least 24 h for
hardening. The hardened concrete was removed from the mold and is placed in the
water for curing. The proponents conducted 3 samples for each mixture. Depicted in
Fig. 2 show different mechanical tests performed on the concrete cylinder samples
(a) split tensile strength and (b) compressive strength test.

Third Phase: Test of Concrete Beams. The flexural strength test was carried out
on the beams at 7, 21, and 28 curing days to determine the flexural strength. The size
of the beams is 150 x 150 x 500 mm. Flexural Strength Test is used to determine
the bending properties of a material. The results are calculated and expressed as the
modulus of rupture.

(®)

Fig. 2 Mechanical tests performed on concrete cylinder samples
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Table 2 Chemical = Element Cement (%) PBTW (%) ESP (%)

composition of pulverized

black tea waste (PBTW) CaO 62.10 66.30 91.37
SiO; 22.20 0.76 0.0
Al O3 4.2 0.06 221
Fey03 39 4.65 0.04
MnO 33 6.69 0.0
SO3 1.9 12.02 5.24

3 Results and Discussion

3.1 Properties of Materials Used

The chemical compounds reflected in Table 2 are supported by the basic chemical
composition of PBTW and ESP which shows traced amounts of Calcium, Oxygen,
Magnesium etc.

The high percentage composition of Calcium Oxide (CaO) means that PBTW and
ESP can partially replace cement in concrete because of its similarity with lime.

3.2 Result of Tests of Concrete Specimen

The slump values for the concrete showed a continuous rise when the percentage
replacement of Pulverized Black Tea Waste increased, and Egg Shell Powder
decreased. The porosity and irregularity of the surface of the substituting materials
is the reason for the additional water absorption properties of the concrete mixture.
Moreover, the results of the slump test and it’s effect on the compressive strength can
be seen by the increasing trend of compressive strength, split tensile strength, and
flexural strength of the specimen as depicted in Tables 3, 4, and 5 respectively. Shown
in Figs. 3 and 4 are the summary of compressive strength test results of PBTW and
ESP.

The tests results proved that concrete mixtures containing 2.5% PBTW and 12.5%
ESP shows a greater Compressive Strength and Split-Tensile Strength among the
mixture with partial substitution. The M1 mixture has a compressive strength of
21.91 MPa and a split-tensile strength of 2.35 MPa. For the flexural strength test on
beam samples, results are shown in Fig. 5.

From the results of testing when it comes to flexural strength, the M2 sample
has the highest strength in all curing days. Generally, the M1 mixture shows
greater strengths and performed best among the other mixtures. The compres-
sive strength, split-tensile strength, and Flexural Strength tests resulted in different
average strengths per specimen. This verifies that the addition of powdered eggshells
and pulverized black tea waste influenced the strength of normal concrete. This may
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Table 3 Summary of the compressive strength test results of PBTW and ESP

Design name Curing days
7 days (MPa) 21 days (MPa) 28 days (MPa)

Control sample 16.76 19.86 21.25
M1 15.42 18.09 21.91
M2 15.24 15.68 21.14
M3 15.47 15.79 21.44
M4 15.92 16.00 21.83
M5 14.77 14.94 20.01

Table 4 Summary of the split tensile strength test results of PBTW and ESP

Design name Curing days
7 days (MPa) 21 days 28 days (MPa)
(MPa)

Control sample 2.38 3.65 3.72
Ml 1.91 2.16 2.35
M2 1.71 1.84 2.02
M3 1.69 1.75 2.01
M4 1.70 1.89 2.02
M5 1.55 1.72 1.88

Table 5 Summary of the flexural strength of PBTW and ESP

Design name Curing days
7 days (MPa) 21 days (MPa) 28 days (MPa)

Control sample 4.07 4.74 5.81
M1 3.55 431 4.74
M2 4.20 4.36 4.84
M3 4.20 4.20 441
M4 3.01 3.44 3.55
M5 3.23 3.57 3.57

mean that certain combinations tend to decrease strength development. It seemed
that it is more effective at an M1 mixture of 2.5% PBTW and 12.5% ESP.
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Compressive Strength of PBTW and ESP
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Fig. 3 Compressive strength test results of PBTW and ESP
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Fig. 5 Flexural strength of PBTW and ESP
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3.3 SEM Analysis of Controlled and Composite Samples

The result of SEM analysis of powdered controlled and composite samples was
depicted in Figs. 6 and 7, respectively. The difference in surface morphology is
apparent. It is observable that the interlocking grains of the controlled sample is
much smaller compared to that of the concrete containing PBTW and ESP.

It was already established that PBTW and ESP are porous materials. Because of
this, the resulting concrete has bigger grains which signifies a more porous surface.
The concrete without substitution has a more compact binding.

Fig. 6 Controlled sample

Fig. 7 Sample containing
PBTW and ESP
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4 Conclusion

The addition of PBTW and ESP slightly increased the compressive strength of
concrete. The usage of PBTW and ESP affects the workability of concrete mixture.
The suitable percentage ratio of PBTW and ESP are the peak value that passed
the M20 grade concrete. M1 specimen has the overall desirable result for the
partially replaced concrete mixture of PBTW and ESP with a Compressive strength
at 21.91 MPa on the 28th day, Tensile Strength at 2.35 MPa on the 28th day and
flexural strength is 4.84 MPa which is M2 specimen on the 28th day. The overall
desirable design mixture is M1 with 2.5% PBTW and 12.5% ESP.
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Experimental and Numerical )
Investigation on Carbon Fiber oo
Reinforced Cement

Chang-Yu Kuo, Ying-Kuan Tsai, and Yeou-Fong Li

Abstract The objective of this study is to enhance the mechanical properties of
high-early-strength cement for emergency repair of reinforced concrete infrastruc-
ture by incorporating short carbon fibers. The short carbon fibers, with weight ratios
of 0.5 to 2.0% and lengths of 12 and 24 mm, were added to the high-early-strength
cement and the resulting material was subjected to compressive and impact testing to
determine its compressive strength and impact resistance. A micromechanical model
was developed based on the results of the compressive testing to estimate the modulus
of fiber-reinforced cement paste. The data from the experimental and micromechan-
ical analyses were used as material parameters in a finite-element model, and the
behavior of the fiber-reinforced cement under single impact testing was simulated
using LS-DYNA.

Keywords Short carbon fiber - High-early-strength cement - Fiber reinforced
cement + Impact resistant

1 Introduction

Structural elements and members are often subjected to high energy dynamic loads,
which can cause significant damage or even failure. These loads may be transmitted
over a short period of time through high impact velocity, or through a high projectile
mass with low impact velocity. The type of material damage that occurs depends on
the properties of the material and the dominant macroscopic phenomena, and can be
classified as brittle, ductile, creep, or fatigue damage.
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Cementitious materials often experience significant deterioration during high
energy impact events, resulting in reduced strength and rapid crack growth in tension.
One way to improve the mechanical performance and reduce crack initiation in such
materials is to add fibers [1, 2]. Carbon fibers, in particular, offer several bene-
fits for this purpose, including high strength, high temperature resistance, corrosion
resistance, better electrical conductivity, and a lower thermal expansion coefficient.
The incorporation of carbon fibers into concrete can effectively increase the mate-
rial’s ability to absorb dynamic energy from impact and improve its mechanical
performance [3-5].

Structures are often subjected to static and dynamic loads, and the response of
different materials to these loads can vary significantly. Fiber-reinforced cementi-
tious materials are widely used in construction, and simulating their behavior under
dynamic loading is important. This can be done using computational tools and finite-
element software such as ABAQUS, ANSYS, LS-DYNA, and AUTODYN. In this
study, various lengths and proportions of short carbon fibers were added to high-
early-strength cement and the resulting material was subjected to compressive and
impact testing. The modulus of the fiber-reinforced cement was then calculated using
micromechanical analysis, and the material’s behavior under impact was simulated
using LS-DYNA based on the results of the micromechanical analysis.

2 Method

The preparation of the specimens involved dispersing the carbon fibers using a pneu-
matic and a sieving method, adding a specific weight ratio of short carbon fibers of a
certain length, and evenly mixing the well-dispersed fibers with cement in a mixer.
The mixing process consisted of dry mixing for a predetermined time followed by
wet mixing with the addition of water. The resulting specimens were then subjected
to mechanical testing. To estimate the modulus of fiber-reinforced cement paste,
a micromechanical model was developed based on the results of the compressive
testing. The data from the experimental and micromechanical analyses were used as
material parameters in a finite-element model.

2.1 Short Carbon Fiber

The short carbon fibers used in this study were manufactured by Tairylan Division,
Formosa Plastics Corporation. Each bundle of the short carbon fibers consists of
approximately 12,000 carbon fiber strands, with lengths of 12 and 24 mm, density
of 1.81 g/cm3, diameter of 7.0 pm, elongation rate of 2.0%, tensile strength of 4.9
GPa, and elastic modulus of 250 GPa.
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2.2 High-Early-Strength Cement

The cement used in the carbon-fiber-reinforced cement in this study was manufac-
tured by Denka Company. When mixed with water at an appropriate water-cement
ratio, the cement exhibited a strength of 28 MPa after 1 day.

3 Results

3.1 Compressive Testing

Prior to incorporating fibers into cement, compressive testing was conducted on
cement paste specimens without fibers to establish a baseline. The average compres-
sive strength of the high-early-strength cement specimens was 27.37 MPa after 3 h,
36.38 MPa after 1 day, and 50.74 MPa after 7 days. To prevent agglomeration of the
fibers during the mixing process, an appropriate dispersion method was used before
adding the fibers to the cementitious material.

The compressive strength of carbon-fiber-reinforced cement specimens
containing 12 mm short carbon fibers with a weight percentage of 6.25%0 (12.2%),
12.50%0 (16.5%), and 18.75%0 (21.9%) was found to be higher than that of cement
specimens without short carbon fibers after 7 days. The strength of the carbon-fiber-
reinforced cement was also found to be increased by 28-33 and 17-30% after 3 h
and 1 day, respectively, compared with the strength of cement without fibers. Among
the specimens containing short carbon fibers, the one with a weight ratio of 18.75%o
performed the best in terms of strength. The compressive strength at different ages
is shown in Fig. 1.

The compressive strength of carbon-fiber-reinforced cement specimens
containing 24 mm short carbon fibers with a weight percentage of 6.25%o0 (17.7%),
12.50%0 (23.9%), and 18.75%0 (26.8%) was found to be higher than that of cement
specimens without short carbon fibers after 7 days. The strength of the carbon-fiber-
reinforced cement was also found to be increased by 31-40 and 22-29% after 3 h and
1 day, respectively, compared to the strength of cement without fibers. Among the
specimens containing fibers, the one with a weight ratio of 18.75%o resulted in the
highest compressive strength. The compressive strength at different ages is shown
in Fig. 2.

Based on the results of the compressive testing, it was observed that most of the
specimens exhibited shear failure mode. When the weight ratio of carbon fibers was
the same, the distribution of fibers in the cement paste was more uniform for the
12 mm carbon fibers. The experimental results showed that the best performance in
the compressive testing was achieved with a weight percentage of 18.75%o of carbon
fibers for the carbon-fiber-reinforced cement.

The incorporation of carbon fibers into the cementitious material effectively
enhanced the chemical bonding between the fibers and the cement paste, leading to an
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Fig. 2 The compressive strength for the specimens with 24 mm carbon fiber

increase in strength at an early age when the high-early-strength cement had not yet
fully developed its resistance. This finding is particularly relevant for patching engi-
neering applications, where early-age strength is crucial. The addition of short carbon
fibers to high-early-strength cement was found to increase the strength by approxi-
mately 30% at an early age and 25% at a later age. This demonstrated the potential
of using carbon fibers to improve the mechanical performance of high-early-strength
cement in emergency repair of reinforced concrete infrastructures.
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3.2 Micromechanical Analysis

The modulus is a significant material property that is frequently encountered in
engineering applications involving cementitious composites. The overall modulus
of such composites can be estimated using micromechanical theory, which takes
into account the bonding between the matrix and the fibers. The interfacial transition
zone (ITZ) plays a crucial role, as it represents the region where the matrix and fibers
intersect. The ITZ is often considered to be the weakest zone in terms of fracture
behavior, as it is where cracks typically first appear, particularly near aggregates. One
approach to defining the elastic field is the Mori—Tanaka method, which is based on
Eshelby’s solution for the elastic field around a fiber in an infinite, homogeneous,
isotropic elastic medium. However, the Mori—Tanaka method assumes that the fibers
are slender cylinder inclusions, which may not accurately represent the actual shape
of the fibers in a cementitious composite. To address this limitation, the fibers were
approximated as spherical fine aggregate inclusions in order to make the calculation
more tractable, as depicted in Fig. 3. Continuum mechanics deals with idealized
composite materials consisting of inclusions embedded in a matrix. It assumes that
the inclusions are distributed throughout an infinite zone. However, in reality, the
interfacial zone between the inclusions and matrix is not uniform. To account for
this variability, the representative volume element (RVE) was employed to model the
composite material. The referenced micromechanical modeling, a n-layered spherical
inclusion embedded [6] in an infinite matrix, is illustrated in Fig. 4.

When the RVE is subjected to hydrostatic pressure, the displacements in all phases
can be expressed in Eq. (1). Furthermore, the stress on the surface of each medium
can be expressed as Eqs. (2-4) by Hooke’s law.

G;
Mr,j(r)=Fir+r—2 (D

where F; and G; are constants and r is the radius from each phase to the center of
the RVE.
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Phase n+1
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Fig. 4 The RVE of phase n + 1
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The stress also can be presented in the form of a matrix and the coefficients can
be obtained through the boundary conditions at the interface between the phases.
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The relationship resulted from the continuity of o,, x and U, at the interface r =
r; between phases (i) and (i 4+ 1) may be written in the form of a matrix. To avoid
singularities at the origin, the constant F,,; is determined by the applied state of
hydrostatic pressure at infinity. In the case of the RVE with zero G; and external
displacement, F,; is equal to the macrostrain, allowing for the calculation of the
spherical tensor of the original phase. The same method can be used to calculate the
simple shear for the RVE.
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Ji(n)V; = Ji+1(r)l/1 (7)
1

Furthermore, the n 4 1 phase model depicted in Fig. 4, consists of an unbounded
composite body V embedded in a homogeneous elastic matrix, as well as idealized
bounded inhomogeneous elastic ellipsoidal inclusions. According to the energy law,
the effective bulk modulus associated with n + 1 phase can be expressed in the form

eff eff
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To estimate the effective modulus E of elasticity on the surface, this study utilized
a spherical container subject to uniform internal or external pressure. The theory
of elasticity as proposed by Timoshenko was utilized to obtain the displacement at
each phase surface. For the homogeneous medium containing an inclusion under
applied traction conditions, the strain energy was determined using Egs. (9-11). The
effective modulus Ey(a), was then calculated using the determined strain energy.

1
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The Eshelby’s Tensor S;j; in the Cartesian coordinate system can be calculated
for the case where the matrix is unbounded and the inclusion is spherical:
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The functionals are stationary when the eigenstrain and eigenstress field, denoted
as ¢* and o* respectively, are in a state of corresponding consistency. The
consistency condition for the eigenstrain field € * and eigenstress o * is shown below:

(D) =D} ' @) + (A :eH)(x) =0’ =0 (13)
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where A and I” are the integral operators that are derived from the boundary condition
in which the traction and surface displacement are zero. C and D represent the
elasticity and compliance tensors, respectively. When the C’-C matrix is positive
definite for any arbitrary eigenstrain field e* and eigenstress field s*, the average
complementary strain energy W, and W can be calculated using the follow equations:

W - W, >

c

<e*:{(D’—D)’1+A}:e*>—oo:< e > (15)

N =

W-W<-<s":{(C=0O)7"+T} 5" > — <5* > 6 (16)

N =

where W . and W’ represent the comparison average complementary strain energy and
strain energy, respectively. o and £’ denote the overall stress and strain, respectively.
When the D'-D matrix is positive definite for an arbitrary eigenstrain field e* and
eigenstress field s*, the average complementary strain energy W, and W can be
calculated as below:
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3.3 Simulation

This study investigated the impact behavior of fiber-reinforced cement under impact
loading using LS-DYNA simulations. First, the uniaxial compressive testing was
simulated based on experimental data and micromechanical analysis. Then, a single
impact testing was analyzed using a setup comprising a steel ball, carbon-fiber-
reinforced cement specimen, sand, and ground, as depicted in Fig. 5.

Because cementitious materials have complex responses to impact loads, there
have been several constitutive material models available in finite-element software,
such as CSCM, EPDC, KCC, Soil Concrete, and Winfrith Concrete, which are
commonly used for impact simulations. This study focuses specifically on the contin-
uous surface cap model (CSCM). The steel ball struck the specimen with varying
velocity, based on the weight of the steel ball and total energy. The contact between the
steel ball and specimen was modeled using AUTOMATIC SURFACE TO SURFACE.
The material model for the fiber-reinforced cement specimen was CSCM, which was
derived from the results of micromechanics analysis, while the sand was modeled
using FHWA SOIL material model.
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Fig. 5 Setup of the finite-element model

The results showed in Fig. 6 that impact forces are correlated with the impact

energy, and the 24 mm fiber-reinforced cement specimen was effective at absorbing
energy from the impact.
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Fig. 6 The forces applied on the fiber-reinforced cement specimens in analysis of single impact
testing
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Results

In response to further improving the performance of high-early-strength cement,
the results from this study suggests that incorporating short carbon fibers to high-
early-strength cement could increase its compressive strength by approximately
30% at early age and about 25% increase at later ages.

The compression test suggested that adding weight ratio of 18.75%0 24 mm
carbon fiber resulted in the greatest strength among the weight proportions and
fiber lengths investigated in this study.

Single impact testing showed that the impact forces are related to the impact
energy and the 24 mm fiber-reinforced cement specimen exhibited strong impact
resistance, making it suitable for use in applications where impact resistance is
a concern.

Funding This research was funded by the Ministry of Science and Technology of Taiwan
government, under contract No. MOST 107-2221-E-027-042.
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Influence of Synthesized Nanosilica )
on Properties of Wood Ash Cement oo
Mortar

B. D. Ikotun and A. A. Raheem

Abstract The effect of incorporating synthesised nanosilica (NS) on selected prop-
erties of wood ash (WA) cement mortar was experimentally studied. The mortar
was prepared by adding 1, 2, and 3% NS by weight of binder. The binder in this
case is referred to as cement alone and cement replaced with 10% WA. A constant
water-binder ratio of approximately 0.4 was maintained for cement pastes samples
and 0.5 for mortar samples. Control sample was maintained as sample without the
addition of WA nor NS. The tests performed are, setting times, flexural strength and
compressive strength. The results showed reduction in setting times of WA cement
mortar with 1 and 2% NS. Increased in flexural and compressive strength compared
to the control sample were observed with WA cement mortar samples with 2% NS.

Keywords Nanosilica -+ Wood ash + Mortar - Setting times - Flexural strength -
Compressive strength

1 Introduction

Since the invention of Portland cement by Joseph Aspdin through a patent in
1842, there has been extensive research on the material to further improve its
development. The use of cement-based materials such as concrete and mortar has
contributed tremendously to modern building and civil engineering construction.
Cement producing industries consume a lot of energy and have a high rate of carbon
dioxide (CO,) emissions. It was reported by Flower and Sanjayan [1] that produc-
tion of 1.0 tonne of Portland cement emits 0.8 tonne of CO, into the environment.
This greenhouse gases emission leads to increase in temperature and causes global
warming [2]. Several attempts have been made to reduce energy consumption and
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CO; emissions in cement industry. One way that is gaining ground now is partial
replacement of Portland cement with supplementary cementitious materials (SCM),
some SCM that had been studied are fly ash [3, 4]; rice husk ash [5, 6]; corn cob
ash [7]; rice straw ash [8] and wood ash [9, 10]. Wood ash (WA) is obtained by
incinerating wood or timber at temperature of 650—700 °C in about 8 h. Several
researchers had worked on the incorporation of WA in concrete and mortar [10-12].
Findings from these studies indicated that use of WA as partial substitution for cement
in concrete and mortar has adverse effects on workability and early strength devel-
opment of the materials, especially at high percentage replacement level (>10%).
Dawood et al. [13], alluded to the fact that wood ash can be used in the same manner
as fly ash and silica fume in concrete. Hence, there will be needed to improve its
effect on concrete’s workability and early strength.

The advent of nanotechnology and use of nanoparticles in cement-based materials
has played a major role in improving the performance of concrete and mortar incorpo-
rating pozzolanic materials like fly ash, rice husk ash and WA. This is attributed to the
nano-scale size of the materials, which makes them highly reactive and act as fillers
in the pores of concrete and mortar thereby refining their structural characteristics.
More than a few nanomaterials had been used in cement-based products amongst
which are nanosilica, nano-TiO,, nano-Al, O3, nano-Fe, O3 and carbon nanotubes
[14-16]. It was reported however that nanosilica is the most widely used nanoparti-
cles in concrete and mortar due to its high pozzolanic activity with calcium hydroxide
released during cement hydration [17].

Nanosilica had been shown to improve the properties of concrete and mortar in
the fresh and hardened state as well as in short and long term [18-20]. According to
Laim et al. [21], nanosilica enhances the microstructure of cement, which improves
the pozzolanic reaction. However, the availability and cost of commercially produced
nanosilica and other nanomaterials is a source of concern in Africa. This challenge is
being addressed through green synthesis of nanoparticles. The biogenic synthesis of
silver nanoparticles using pod extract of cola nitida and its application as an additive
in paint was studied by Lateef et al. [22]. Also, Emeka et al. [23] evaluated the
antibacterial activities of synthesized silver nanoparticles using pineapple. Literature
is however scarce on the application of synthesized nanosilica in concrete and mortar.
Therefore, this study investigated the characteristics of WA cement mortar containing
synthesized nanosilica.)”.

2 Material and Methods

2.1 Materials

The materials used in this study were: Suretech Premium Specialist Cement (CEM
1, Grade 52.5); the silica sand used are locally produced, wood ash (WA), synthe-
sized nanosilica and distilled water. Pretoria Portland Cement (PPC) company, South
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Table 1. .Chemical Chemical constituents Percentage composition (%)

composition of WA used
Si0, 61.18
AL O3 7.52
Fe, 03 3.19
CaO 11.77
MgO 2.48
SO3 1.82
Na,O 1.09
K>,O 3.81
CaCOs3 6.22
LOI 3.05
LSF 1.28
SR 4.32
AR 7.55
Total SiOy + Al,O3 + Fep O3 | 72.58

Africa supplied the cement. The properties of the cement as stated in the product
database [24] was presented by Ikotun and Raheem [25]. Silica sand of sizes 0.8—1.8,
0.4-0.85, and 600 pm were used to produce the Local South Africasilica sand (SASS)
in proportion of 14:15:8, respectively. SASS was certified as appropriate for the test
based on the published grading analysis done by Ikotun and Ekolu [26]. The WA used
was collected from Ladoke Akintola University of Technology (LAUTECH) bread
bakery in Ogbomoso, Nigeria. The chemical composition of the WA as obtained
from Raheem and Adenuga [27] is shown in Table 1. With combined SiO, + Al,O;
+ Fe, 03 of 72.58% (>70%), the WA 1is a good pozzolan. The synthesized nanosilica
was produced at nanotechnology research group (NANO+) laboratory in LAUTECH.
The type 1 distil water used was produced at the water resources section of Civil
Engineering Laboratory, University of South Africa (UNISA).

2.2 Synthesis of Nanosilica

The biogenic synthesis of the nanosilica was carried out using a pod extract of Cola
nitida as described by Lateef et al. [22]. Approximately 1.5 g of milled pod was
suspended in 150 ml of distilled water and heated in a water bath at 60 °C for 1 h
to obtain the extract. The extract was then filtered using Whatman No. 1 filter paper
and centrifuged at 4000 pm for 20 min. The pure liquid extract was then used to
synthesize nanosilica. Solution of silicon dioxide (SiO;) was prepared by adding
0.4 g of SiO2 to 0.6 ml of water, after which thel20 ml of the cola pod extract
(KP) was added to the solution to synthesise nanosilica. The mixture was carried
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Fig. 1 Morphology of the
nanosilica

out under room temperature of 30 £ 2 °C and allowed to stay for about 2 h. The
formation of nanosilica (NS) was observed as a change in colour of the solution
monitored visually until it stabilizes. The Nanosilica sample used was observed
under the Scanning electron microscope (SEM) to visualize its sizes. The Silica used
is confirmed to be of nano size and less than 200 nm as shown in Fig. 1

2.3 Preparation of Specimens

Cement Paste Samples Were Prepared for Testing Setting Times of Cement While
Mortar Samples Were Prepared to Investigate the Flexural and Compressive Strength
of Mortar. The samples were prepared with 10% by weight of cement WA replace-
ment for cement and 1, 2, and 3% by weight of binder addition of NS. The sample
with only CEM 1 and without WA and NS serves as the control. Based on the previous
study [26], where is has been reported that 10% WA replacement is the optimum
cement replacement for structural purposes, the percentage of WA used in this study
was maintained at 10%. In order to maintain the water binder ratio (w/b), NS was
added as a percentage substitution for mixing water. This practice was also reported
by Berra et al. [28] and Horszczaruk et al. [29]. Cement paste specimen for setting
times test were mixed in accordance with the provision in SANS 196-3:2006 [30].
The mix proportion for the samples is presented in Table 2.

The aqueous suspension of NS was stirred with the mixing water for about one
minute to obtain uniform dispersion of the nanomaterial before adding to the binder.
The cement mixer used was automated to follow the procedure described in SANS
196-3:2006 [30]. The mixing and casting were done based on the described method-
ology in SANS 196-3:2006 [30]. Specimens for flexural and compressive strength
tests were prepared using mortar prisms of size 40 x 40 x 160 mm. The mortar
prisms were made according to the SANS 196-1:2006 [31] standard. The binder
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Table 2 Mix proportion of cement pastes

Sample number | Sample designation Cement (g) | WA (g) |NS(g) | Water(g) |w/b

1 CEM 1 (control) 500 - - 180 0.36

2 90CEM1 + 10WA 450 50 - 192 0.38

3 90CEM1 + 10WA + | 450 50 5 187 0.37
INS

4 90CEM1 + 10WA + | 450 50 10 181 0.36
2NS

5 90CEMI1 + 10WA + | 450 50 15 177 0.35
3NS

Table 3 Mix proportion of mortar specimens

Sample | Sample designation Cement |WA |SASS |NS Water | w/b

code (& ® |©® ® |@®

A CEM 1 + SASS (control) 450 - 1350 - 225 0.5

B 90CEM1 + 10WA + SASS 405 45 1350 - 225 0.5

C 90CEMI + 10WA + INS + | 405 45 1350 45 2205 |05
SASS

D 90CEMI + 10WA + 2NS + | 405 45 1350 9.0 216 0.5
SASS

E 90CEMI + 10WA + 3NS + | 405 45 1350 135 |211.5 |05
SASS

to sand ratio is 1:3 and water to binder (w/b) ratio is 0.5. The setting time proce-
dure described in SANS 196-3:2006 [30] were followed. The mix proportion of the
materials is shown in Table 3.

The fresh mortar was cast in steel mould that can contain three prism samples of
size 40 x 40x160 mm. A vibrating table designed for the mould was used to vibrate
the sample for proper compaction after casting. After casting, the casted samples were
covered with an impervious sheet and placed in a moist air-conditioned environment
for 24 h. The specimen was demoulded after 24 h and placed in a curing tank, with
maintained temperature of 20 £ 2 °C.

2.4 Testing of the Samples

Setting Times. The mould made for setting times test was placed in an automatic
setting times equipment—ToniSET Compact, Model 7306.100/EN. The equipment
was set to capture the initial and final setting times of the cement pastes specimen.
The vicat needle EN (@ 1.13 mm) embedded in the equipment was set to penetrate
the specimen at constant interval of 5 min until the final setting time reading was



50 B. D. Ikotun and A. A. Raheem

recorded. The initial and final setting time results were automatically captured on
the computer and graphs were drawn from the data automatically.

Flexural and Compressive Strength. At testing age, mortar specimens were
removed from the curing tank. The surface water was removed by gently mop the
surface with a cloth. The samples were weighed for record purpose and placed on
the appropriate load frame of the mortar flexural and compressive press -ToniPRAX,
Model. The results obtained for each curing age were the average of 3 prisms for
flexural strength and 6 half-prisms for compressive strength.

3 Results and Discussion

The results obtained from the various experiment conducted are discussed in the
subsequent sections.

3.1 Setting Times

The effect of NS addition on the initial and final setting times of WA cement mortar
in comparison to the control (CEM 1) is presented in Fig. 2(a—e). As observed from
Fig. 2a, the initial and final setting times of the control (CEM1) are 203:21 and
273:06 min:sec, respectively. The introduction of 10% WA resulted to elongation
of both the initial and final setting times. The initial setting time (IST) increased
to 350:02 min:sec while the final setting time (FST) increased to 481:00 min:sec
(Fig. 2b). This is typical of pozzolan cement mortar as they have low rate of heat of
hydration especially at early ages [32].

The addition of 1% NS led to decrease in setting times of the WA cement mortar
as shown in Fig. 2c. The IST and FST were 349:58 and 425:10 min:sec, respectively.
Further decrease in setting times was witnessed with the addition of 2% NS as
indicated in Fig. 2d. The IST and FST for 2% NS addition were 342:51 and 418:08
min:sec compared to 350:02 and 481:00 min:sec, respectively for cement mortar
with 10% WA substitution. The reduction in setting times is an indication that NS
contributed to faster hydration reaction [18]. According to Zhang et al. [33], the
reduction in setting time may also be related to the finer particle size and higher
surface area of the NS in relation to that of WA. Conversely however, addition of
3% NS resulted in increase of setting times higher than that of 2% NS incorporation
with IST and FST of 343:29 and 464:22 min:sec, respectively (Fig. 2e). The increase
could be caused by lack of enough calcium hydroxide to react with silica oxide in
NS. This increase in setting times is an indication that the 3% dosage of NS is too
much and not beneficial to the mix.
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Fig. 2 (continued)

3.2 Flexural Strength

The flexural strength development of WA cement mortar incorporating NS is shown
in Fig. 3. When compared with the control (CEM1), the flexural strength of mortar
with 10% WA replacement for cement was lower at all curing ages. It could be
observed from Fig. 3 that flexural strength of CEM1 mortar at 3, 7, 14, 28, 56 and
90 days were 6.35, 7.20, 7.38, 7.41, 8.04 and 8.11 MPa as against those of 90CEM 1
+ 10WA which are 3.21, 4.99, 5.56, 5.67, 5.73 and 5.90 MPa, respectively. The WA,
which is a pozzolan has low rate of heat development and cement hydration hence,
the lower values of flexural strength recorded. With addition of 1% NS, the flexural
strength increased over those of 90CEM1 + 10WA with values ranging from 6.13 to
7.45 MPa for curing ages 3—90 days, respectively. For 2% NS addition, the flexural
strength was lower than those of 1% NS at early ages but improved at later age
(90 days) to surpass it. The improvement is due to continuous pozzolanic reaction of
the WA at higher curing ages. The 3% NS addition resulted in lower flexural strength
compared to both 1 and 2% NS with values ranging from 5.47 to 7.26 MPa for 3—
90 days, respectively. The control (CEM1) has the highest flexural strength for all
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Fig. 3 Flexural strength of WA cement mortar incorporating NS

curing days irrespective of NS addition. This suggests that the effect of pozzolanic
reaction of WA at later curing ages is not pronounced for flexural strength.

3.3 Compressive Strength

The influence of NS addition on compressive strength of WA cement mortar is
presented in Fig. 4. Generally, the compressive strength increased with curing age
and addition of NS up to 2%, beyond this percentage, the compressive strength
decreases. As shown in Fig. 4, the compressive strength of mortar made with CEM1
increases from 24.66 MPa at 3 days to 49.72 MPa at 90 days. With WA incorpo-
ration, the strength reduces to 14.85 MPa at 3 days and 44.42 MPa at 90 days.
This observation is typical to pozzolans and has been linked to the reduction of the
rate of heat development and cement hydration caused by pozzolans, especially at
lower curing ages [34]. As observed from Fig. 4, WA cement mortar with 1% NS
addition recorded increase in compressive strength over that of 90CEM1 + 10WA
with values ranging from 15.59 to 49.44 MPa for curing ages 3 to 90 days, respec-
tively. However, these values are lower than those of CEMI1 for all curing ages.
Addition of 2% NS led to further increase in compressive strength over those of
1% NS addition and 90CEM1 + 10WA mortar. There were 35.2, 27.1, 42.2, 41.5,
39.5 and 20.9% increase in compressive strength of WA cement mortar when 2%
NS was added compared to 90CEM1 + 10WA mortar at ages 3, 7, 14, 28, 56 and
90 days, respectively. This increase in compressive strength can be attributed to two
factors according to Mohamed [35]. The first is due to the packing effect of small-
sizes NS that acted as fillers in the pores of microstructure of mortar to increase its
density and also the strength. The second is as a result of the pozzolanic effect that
combines silica elements in NS and WA with calcium hydroxide from cement to
produce a strong bonding strength (C-S-H), leading to higher compressive strength
of the mortar. WA cement mortar with 2% NS performed better than the control
(CEM1) at later curing ages. While CEM1 has compressive strength of 45.31, 47.58
and 49.72 MPa at ages 28, 56 and 90 days; 90CEM + 10WA + 2NS recorded 48.13,



54 B. D. Ikotun and A. A. Raheem

=2
=

n
=

e
(=1

8 CEMI
B90CEMI + 10WA

7
(=1

90CEMI + 10WA + INS

Compressive Strength (N/mm?)

IIYYYYYYYTYIITIITITIIIIIIY)

20 O90CEMI + 10WA + 2NS
0 @90CEMI + 10WA + 3NS
0 x 1] H
3 7 14 28
Curing Ages (Days)

Fig. 4 Compressive strength of WA cement mortar incorporating NS

52.45, and 53.70 MPa, respectively. The increase in strength over that of CEM1 is
due to continuous pozzolanic reaction of the WA at longer curing ages [10].

The incorporation of 3% NS into WA cement mortar resulted into reduction in
compressive strength when compared with 2% addition, but the values are still higher
than those of 1% addition and 90CEM + 10WA. This reduction in strength may be
due to agglomeration of NS because they cannot be uniformly dispersed as a result
of their large surface area [15]. This confirms that addition of NS beyond 2% of the
weight of the binder is not beneficial to WA cement mortar.

4 Conclusion

In conclusion, based on the findings and discussion in this study, incorporation of up
to 2% NS by weight of binder reduced initial and final setting times of WA cement
paste. Flexural strength of WA cement mortar was increased with addition of up to
2% NS. Also, there was increase in compressive strength of WA cement mortar at
various ages up to 90 days, when up to 2% NS was added. Synthesized nanosilica
performed favourably in mortar at optimum percentage of 2% and may be used in
lieu of commercial nanosilica upon further studies on cost analysis.
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Abstract Oil industries are one of the most critical industries with substantial
production and closely related to the public interest. Two major oil industries,
namely petroleum and palm oil, represent primary sources of consumer groups in
Malaysia. However, these sectors inevitably generate waste and require disposal
systems. Massive amounts of petroleum sludge generated from the refinery process,
possess toxic contaminants requiring careful disposal. Similarly, palm oil production
generates a hefty amount of by-products from its extraction process. Encapsulating
these wastes in a cementitious medium is considered a more feasible solution than
converting them for landfilling. Therefore, this study aims to utilize two wastes from
palm oil and petroleum industries as binder materials in a geopolymer framework.
To achieve this, palm oil clinker and petroleum sludge as the by-products from
those respective industries, were subjected to mechanical grinding and incineration
processes to improve their reactivity. Palm oil clinker powder (POCP) was included
in the geopolymer mixture to replace 2.00-10.00% of fly ash as the source mate-
rial. After obtaining the optimum POCP replacement, 0.20-1.00% of petroleum
sludge ash (PSA) to be included in the geopolymer mortar to assess its impact
on geopolymerization. Compressive strength was evaluated on 7, 28, and 90 days
to determine the optimum proportion of fly ash, palm oil clinker, and petroleum
sludge ash in geopolymer, particularly the proportion that carries the least nega-
tive effect onto the compressive strength performance. Based on the results, the
ratio of 91.30% fly ash, 7.60% POCP and 1.10% PSA provided the most significant
strength improvement among its peers. The encapsulation task of petroleum sludge
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ash in geopolymer has been well performed by the fly ash—palm oil clinker blend.
It provides new opportunities to explore the alternative disposal method for these
industrial by-products.

Keywords Palm oil clinker + Petroleum sludge + Geopolymer - Compressive
strength

1 Introduction

1.1 Background

In recent years, geopolymer has emerged as a promising construction material due
to its environmental and performance benefits [1]. Geopolymer production produces
fewer greenhouse gas emissions in comparison to conventional concrete production
methods. The elimination of the high-temperature calcination process used in tradi-
tional cement production also leads to a reduction in energy consumption and cost
in the production of geopolymer.

Geopolymer is a three-dimensional polymeric Si-O-Al amorphous microstruc-
ture formed through the geopolymerization of aluminosilicate precursors in an alka-
line activation solution. The four processes of geopolymerization are condensation,
dissolution, reorganisation, and polymerization [2]. Aluminosilicate materials are
dissolved in an alkali solution, resulting in the formation of aluminate and sili-
cate monomers. These monomers are then rearranged and condensed into polymers,
resulting in the final geopolymer structure. Aluminosilicate materials are commonly
recycled from manufacturing waste, some of these wastes are, but not limited to, fly
ash [3], ground granulated blast slag [4], rice husk ash [5] and the combination of
these materials [6]. Out of all source materials for geopolymer, fly ash has exhibited
exceptional strength and durability, owing to its amorphous nature and pozzolanic
reactivity.

Fly ash is a byproduct generated from coal-fired power plants [7], with an
annual production of approximately 270 million metric tons. It appears as light,
fine, spherical, glassy particles with physical diameters ranging from 1 to 150 pwm,
and consists primarily of silica, alumina, calcium oxide, and iron oxide [8]. Fly ash
has gained popularity as a binder for geopolymer due to its abundance and low cost.
Combining fly ash with other pozzolanic materials can help improve some properties
of geopolymer [9]. Pozzolanic materials, such as palm oil clinker, are ideal for this
purpose.

Palm oil clinker is a powdery by-product generated from incinerating lignocellu-
losic biomass such as oil palm shells (OPS) and mesocarp fibres as a self-sufficient
fuel source [10]. It is considered solid waste, with a colour ranging from blackish to
grey depending on the amount of unburned carbon residues, and often has an irreg-
ular shape and porous structure. Due to the high cost of disposal, palm oil clinker is
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frequently discarded in open areas or landfills, which contributes directly to pollu-
tion by impacting groundwater and altering the natural composition of the soil [11].
Utilizing palm oil clinker powder as a binder in geopolymer as an aluminosilicate
material source would help to address its disposal issue.

Conversely, petroleum sludge ash is a hazardous waste generated by petroleum
refineries and contains heavy metals, toxic organic compounds, and inorganic
substances [12]. It is classified as hazardous waste due to its potential harm to the
environment and human health. This ash is usually disposed of in landfills or inciner-
ated to reduce environmental risks. However, petroleum sludge ash still poses a major
environmental challenge due to high levels of heavy metals and other contaminants.
Former research works have shown that heavy metals and toxic compounds present
in petroleum sludge ash can be entrapped in geopolymer medium, whilst improving
its compressive strength [13].

This study aims to investigate the impact of petroleum sludge ash on the compres-
sive strength of fly ash-based geopolymer mortar containing palm oil clinker powder
as a partial binder replacement. The results from this study would provide valu-
able information on the suitability of geopolymer mortar for use in construction
applications and help to mitigate the environmental risks associated with the use of
petroleum sludge ash.

2 Experimental Investigation

2.1 Material

This study utilized palm oil clinker (POC) and petroleum sludge (PS) as binder
replacement materials in fly ash-based geopolymer after they have undergone treat-
ment processes to reduce toxicity, and relatively increase reactivity. POC collected
from a palm oil plantation at Lepar Hilir, Pahang, Malaysia, was treated in a mechan-
ical grinding to become palm oil clinker powder (POCP) passing 75 microns sieve.
Meanwhile, PS was collected from oil refinery in Malacca, Malaysia and underwent
thermal and mechanical treatment to become petroleum sludge ash (PSA). Physical
appearances of POCP and PSA after treatment are illustrated in Fig. 1.

Both of these materials were then tested for their chemical composition using x-ray
fluorescence (XRF) analyser, compliant with ASTM C114, along with main binder
fly ash. For this test, 10 g of each powdery ash was collected and kept in seal bag prior
to the testing using Bruker Machine. XRF analysis was conducted to determine the
proportion of major oxides that present in these raw materials, since understanding
the oxides composition could help to evaluate the rate of geopolymerisation process
later.
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Fig. 1 Physical appearances of palm oil clinker powder (left) and petroleum sludge ash (right) after
treatment process used in this study

2.2 Mix Proportion of Geopolymer Mortar with POCP

This study adopted the OPC concrete mixing procedure to ensure a homogeneous
geopolymer mixture, and extend the mix proportion used in Kusbiantoro et al. (2012)
work [14]. Geopolymer mortar was manually prepared by mixing dry materials, such
as fly ash, POCP, PSA, and fine aggregates for 150 s. After the dry mixture has
been thoroughly mixed, the alkaline activators, namely sodium silicate and sodium
hydroxide, and extra water were then added into the dry mixture and continued with
the wet mixing for 90 s. After the mixture has been homogeneously mixed, it was
castin 50 x 50 x 50 mm cube moulds for compressive strength test purpose.

The specimens were left to harden at room temperature for 24 h, before they were
demoulded and cured in electronic oven. The temperature in the oven was set at 65
°C, and the specimens were covered in the plastic bag to prevent excessive moisture
evaporation and cured in the oven for 24 h. After 24 h of curing, the specimens were
stored at the room temperature until the testing day.

Geopolymer mortar was cast with different POCP levels at 2.0, 4.0, 6.0, 8.0 and
10.00% (by weight of fly ash) and compressive strength performance was observed
on 7 and 28 days to determine optimum proportion. Pozzolanic reactivity of POCP
is the evaluation highlight in the compressive strength development of geopolymer
mortar. Table 1 shows the detail of geopolymer mortar mix proportion used in this
study.

2.3 Mix Proportion of Geopolymer Mortar with POCP
and PSA

After an optimum mix proportion is known, the addition of 0.20, 0.40, 0.60, 0.80
and 1.00% of treated PSA (by weight of POCP) into the geopolymer specimens
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Table 1 Detail of fly ash-based geopolymer mortar mix proportion with POCP replacement

POCP (%) |FA (kg/ |POCP (kg/ |NaOH (kg/ |NaySiO3 (kg/ |Fineagg |Extra water
m3) m?) m?) m3) (kg/m3) (kg/m3)
0.0 700.0 0.0 82.0 206.0 1290.0 25.8
2.0 686.0 14.0 82.0 206.0 1290.0 25.8
4.0 672.0 28.0 82.0 206.0 1290.0 25.8
6.0 658.0 42.0 82.0 206.0 1290.0 25.8
8.0 644.0 56.0 82.0 206.0 1290.0 25.8
10.0 630.0 70.0 82.0 206.0 1290.0 25.8

Table 2 Detail of fly ash-based geopolymer mortar mix proportion with POCP and PSA
replacement

POCP |PSA |FA (kg/ |POCP PSA |NaOH |Na,SiO3 (kg/ | Fine agg |Extra
(%) (%) | m?) (kg/m’) | (kg/ | (kg/m?) |m?) (kg/m3) | water
m3) (kg/m3 )
0.0 0.0 |700.0 0.0 0.0 |82.0 206.0 12900 |25.8
8.0 0.0 [6440 |56.0 0.0 820 206.0 1290.0 [25.8
7.8 02 [588.0 |546 14 |82.0 206.0 1290.0 [25.8
7.6 04 [5880 |532 28 |82.0 206.0 12900 |25.8
7.4 0.6 |5880 518 42 820 206.0 1290.0 [25.8
7.2 0.8 [588.0 |504 56 820 206.0 1290.0 [25.8
7.0 1.0 [588.0 |49.0 70 |82.0 206.0 1290.0 [25.8

were introduced to understand the effectiveness of geopolymer in encapsulating the
PSA from the compressive strength perspective 8.00% of POCP replacement was
selected as the control specimen in this the subsequent mix proportion. The mixing
method was relatively similar as mentioned previously and these geopolymer mortar
specimens were tested for their compressive strength on 7, 28, and 90 days. Table 2
tabulates the detail of geopolymer mortar mix proportion in this second stage.

3 Experimental Results

3.1 Chemical Composition

The chemical composition of fly ash, petroleum sludge ash, and palm oil clinker
powder was studied to understand their behaviour in geopolymer framework
after undergoing mechanical treatment (palm oil clinker powder) or incineration
(petroleum sludge). The chemical oxide composition is crucial in determining the
properties of these binders, which are derived from combustible organic and inorganic
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Table 3 Chemical

- . Oxides FA POCP PSA

composition of binder

materials fly ash, palm oil Al O3 29.10 3.87 0.37

clinker powder and petroleum Na,O _ 0.08 1.37

sludge ash
MgO - 2.11 0.12
SiOs 51.70 68.30 1.17
P20s 1.70 1.84 0.09
SO3 1.50 0.16 64.30
Cl - 0.02 0.33
K>O 1.60 9.26 0.29
CaO 8.84 4.08 0.80
TiO, 0.70 0.31 0.28
Cr,03 - 0.04 0.06
MnO - 0.11 0.24
Fe;03 4.76 9.63 29.10
NiO - 0.02 0.02
CuO - 0.02 0.04
Others

matter. Table 3 tabulates the chemical oxides compositions of fly ash, palm oil clinker
powder and petroleum sludge ash. Based on the results, major oxides compositions
for all binder materials are relatively similar but with different percentage.

FA is made up of five major oxides, with percentages of 51.70, 29.10, 8.84, 4.76,
and 1.70% of SiO,, Al,O3, CaO, Fe, 03, and P, 05, respectively. These oxide compo-
sitions are similar, with slightly different proportion percentages, with the findings
from previous research work [15]. The fly ash used in this study is classified as
Class F fly ash because the sum of SiO, + Al,O3 + Fe,O3 = 85.86%, which is
>70.00%. During geopolymerisation, Class F has a high amorpous aluminosilicate
content, which reacts reactively with alkaline solution to produce 3D aluminosil-
icate networks. This explains the widespread use of FA as the principal binder in
geopolymer.

Contrarily, the primary constituents of POCP are SiO;, K,0, Fe,03, CaO, and
Al,O3, with the proportion of 68.30,9.63, 9.26, 4.08, and 3.87%, respectively. Similar
to FA, the sum of SiO,, Al,03, and Fe,;O3 in POCP used in this study was more than
70.0%, thus meets with the standard pozzolanic reactivity [16]. Different studies
recorded different oxide constituents, but all have mentioned the presence of SiO,
as a primary oxide [10, 17]. Silica is a critical component in the geopolymerization,
since it is part of the backbone in the developed aluminosilicate frameworks. It shares
the same function with the formation of calcium silicate framework in the pozzolanic
reaction.

The composition of petroleum sludge ash (PSA) was found to be distinct from fly
ash and palm oil clinker powder. PSA consists mainly of SO3, Fe, 03, Na,O and SiO5,
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with other chemical oxides making up less than 1.00%. Hazardous heavy metals like
Asy03, Cr, 03, CuO, NiO, and MnO were present in PSA. The chemical composition
of PSA can vary based on factors such as sample treatment, time, storage conditions,
etc. [18]. According to Pakpahan et al. (2016), the main oxides in PSA were SiO,,
Ca0, Al,03, Na,0, and Fe, O3, at the proportion percentages of 47.28, 13.30, 12.20,
7.53, and 6.48, respectively [19]. Another study by Kankia et al. in 2021 showed the
main oxides in PSA to be Fe;0s3, SiO,, SO3, Al,03, and CaO, with the proportion
percentages of 45.90, 14.90, 11.50, 10.00, and 9.26, respectively [13]. Table 3 shows
the chemical composition of binder materials used in this study.

3.2 Compressive Strength of Geopolymer Mortar with POCP

Figure 2 shows the compressive strength of geopolymer mortar with varying amounts
of POCP as a replacement binder. Control specimen is referred as a specimen
containing 100% fly ash without any replacement material. After 7 days of curing,
the control sample had the lowest strength with 28.64 MPa, while the sample with
8.00% POCEP recorded the highest strength with 44.54 MPa. The trend shows that
the strength increases as the amount of POCP increases, peaking at 8.00%, but
decreasing at 10.00%. The second and third highest strengths were recorded at 6.00
and 4.00% respectively. The same trend can be seen after 28 days of curing, with
8.00% still having the highest strength (45.35 MPa). No significant drop in strength
was observed for any of the samples.

The strength of geopolymer mortar depends on the geopolymerization and other
related chemical reaction process. Alumina and silica compounds from the source
materials dissolved in an alkaline medium lead to polycondensation and formation
of N-A-S-H and C-A-S-H gels [20]. The presence of POCP as a pozzolanic mate-
rial, might promotes the production of secondary poly(siloxonate) and poly(sialate),
contributing to the strength development of geopolymer mortar.

The compressive strength of geopolymer mortar increases with the percentage of
POCP replacement, but the highest compressive strength was achieved with 8.00%
of POCP replacement. Higher replacement at 10.00% of POCP resulted in a decrease
in compressive strength, which may be due to the reduction in the amount of primary
aluminosilicate frameworks developed from fly ash polymerisation. This finding
is supported in the previous studies by Ismail et al. (2020), where they achieved
a similar pattern and emphasized on a certain percentage of POCP replacement
[10]. The results showed that a replacement of 8.00% POCP was the most effective,
yielding the highest strength among all the samples. This proportion was therefore
chosen as the standard for further testing and examination.

Figure 3 illustrates the compressive strength of geopolymer mortar with 0.20,
0.40, 0.60, 0.80 and 1.00% of PSA. The percentages were determined by subtracting
the best proportion (8.00%) from previous data. The samples were tested after 7,
28 and 90 days of curing. The control sample serves as the benchmark of strength



64 A. H. Ismail et al.

50

45.35

40 + ) : A
30+ & ‘

20 +

10+

0 4

Control 2.00% 4.00% 6.00% 8.00% 10.00%
W7 Days 28 Days

36.82
37.65
41.09
41.39
44.14
44.54
45.92
40.54
41.57

31.83

28.64

Compressive Strength (MPa)

Fig. 2 Compressive strength result of fly ash-based geopolymer with various POCP replacement

designed for the mix proportion, while 8.00% indicates as the reference for strength
development when using pozzolanic materials and other binders.

According to the results, control has the highest compressive strength among
all samples on 7 days of curing. On 28 days, 7.20% achieved similar compres-
sive strength with control, yet higher than the other POCP-PSA based samples.
The 90 days curing showed how 7.60, 7.20, and 7.00% had surpassed the compres-
sive strength of control with 49.60 MPa, 48.10 MPa and 56.06 MPa, respectively.
However, despite the lower strength performance, control and 8.00% samples seemed
had experienced a stable maturity after 24 h of oven curing, where no signifi-
cant strength development was recorded from 7 to 90 days of curing. The highest
compressive strength development was consistently recorded by 7.00% replacement
throughout all curing days. This mixture achieved the increments of 7.58 and 37.16%
on 28 and 90 days of curing, respectively.

Interestingly, the possible higher strength performance in control and 8.00%
samples appeared to be caused by the higher packing density among the fine particle
[21]. The lack of PSA in both control and the 8.00% specimen helped to ensure
the distribution of finer fly ash and POCP particles to reach the optimum packing
density. The interruption by PSA during the geopolymerization process had caused
the strength disruption in every POCP-PSA based specimens. Nevertheless, after 28
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days of curing the compound in PSA seemed to accelerate the geopolymerization,
either by liberating more alumina and silica from the unreacted fly ash to produce late
poly(sialate) or poly(siloxonate), or by strengthening the weak links in the alumi-
nosilicate frameworks. Further study is required to justify this hypothesis, by focusing
on the reaction product and the chemical bonding in these specimens.

4 Conclusion

Based on the results, geopolymer mixture has presented a positive outcome in encap-
sulating the impurities from palm oil clinker and petroleum sludge ash in its frame-
work without significant disruption to the compressive strength performance. The
inclusion of 91.30% fly ash, 7.60% POCP and 1.10% PSA as the source mate-
rial combination has displayed the highest compressive strength development after
90 days of maturity. This is obtained from the mix proportion of 7.60% which is
equivalent to 588.0 kg/m? of fly ash, 53.2 kg/m* of POCP and 2.8 kg/m? of PSA.
This late strength development seemed to be affected by the formation of secondary
aluminosilicate frameworks, e.g., poly(sialate) or poly(siloxonate) that supported the
microstructure of geopolymer. Nevertheless, additional experiments that would look
into the presence of certain mineral structure would be beneficial to promote this
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encapsulation process further, as an alternative way to dispose hazardous waste or
industrial by-products.
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Experimental Investigation of the Effect )
of Water Hyacinth Extract Utilized oo
for Curing on the Compressive

and Flexural Strength of Concrete

Kimberly B. Sison, Allyssa Mae C. Estanio, Christian R. Quebral,
Patricia Mae D. Santos, Ron Dominic L. Alberto, and Franz D. Santos

Abstract This study investigates the effect of water hyacinth extract (WHE) when
used as a curing agent on the compressive strength and flexural strength of the
Concrete. The efficiency of Water Hyacinth Extract (WHE) was evaluated by
curing concrete samples using a ponding method with varying proportions of
water and WHE (100-0%, 80-20%, 60-40%, 40-60%, 20-80%, 0-100%). The
mixture proportion of 1:2.5:5 and a mixture ratio of 0.5 were cured in making
concrete. Universal Testing Machine was used for this investigation in determining
the Compressive and Flexural Strength of Concrete. Based on the result, the compres-
sive strength sample cured with 20% water hyacinth extract for 28 days exhibited
the highest compressive strength value of 16.23 MPa, while 80% WHE yields the
highest flexural strength of 2.73 MPa. Results show that Water hyacinth extract is
efficient and effective when utilized as a curing agent of concrete.

Keywords Concrete curing - Compressive strength - Flexural strength - Water
hyacinth extract

1 Introduction

Pasig River, the main river of the national capital region that connects Manila Bay
and Laguna Lake, was a critical source of transportation, water, food, and livelihood
throughout history. For this reason, due to years of environmental damage, the river
developed a terrible odor and a murky green tint [1]. In addition, the transit system
was troubled by issues such as the expansion of informal settlements, water lilies,
and other materials clogging the rivers [2]. Water hyacinth, scientifically known as
Eichhornia crassipes, can multiply rapidly, especially during the rainy season; it is
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known for being a good indicator of sea-level differences. On the other hand, because
of its huge, deep, glossy ovate leaves, water hyacinth causes various issues in the
Pasig River, including obstruction of sunlight and clogging streams, which causes
flooding and impeding water transportation. Using the plant as a by-product could
overcome these issues, and various studies have concluded that water hyacinth is
used as a construction material [3].

Concrete comprises crushed stone, river sand, water, and cement. It is frequently
utilized in construction, accounting for twice the total of all other building materials
[4]. It also involves the process of determining the proper proportion and quality of
concrete ingredients to control and achieve the minimum strength and durability as
economically as possible [5]. Curing plays an essential role to achieve the desired
strength and durability of the concrete by limiting moisture loss during cement hydra-
tion [6]. Improper curing leads to disadvantages, such as not meeting the desired
strength, eventually leading to poor concrete performance [7]. Curing boosted the
sequence of internal chemical reactions in hydrated cement paste. A rise in concrete’s
cement hydration results in a ‘ denser and less permeable paste microstructure that
reduces ion mobility and potentially decreases the rate of micro crack formation [8].

The ponding Method, also known as immersion curing, is a process of curing
test specimens per ASTM C31 [9]. It is a widely utilized concrete curing process
that maintains moisture during concrete hardening. Several investigation studies were
conducted to evaluate the effects of some curing methods (Ponding, Burlap, Spraying
Method) on the compressive strength of Concrete, the ponding method yields the
highest compressive strength value [10].

As attested by previous studies, water hyacinth is an efficient accompaniment
in the innovation of concrete properties. Concluded in the research of Sathya et al.
[11] wherein the influence of water hyacinth extract as a bio-mixture in cement and
concrete is studied, it is claimed that the replacement of water with hydro-extract of
water hyacinth increases the workability and compressive strength of concrete. In the
same study, water hyacinth is also concluded to be a retarder admixture extract due
to its fatty acids and lignocellulose content which causes a delay in the setting time
of the concrete. To address the issue of the increasing amount of water hyacinth and
to improve the properties of concrete, varying proportions of water hyacinth extract
were used to cure the concrete to determine its effect on the mechanical properties
of the concrete namely compressive strength and flexural strength.

2 Materials and Methods

An experimental program was carried out on this experimental investigation to assess
the effect of water hyacinth extract on the compressive and flexural strength of the
concrete.
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2.1 Concrete

The cement and aggregates used in making the concrete samples are Ordinary Port-
land Cement, 3/4-inch diameter gravel, and a natural sort of sand that passed through
a 4.75 mm. They are readily available in our country and purchased at Lucky 666
Hardware and Construction Supply in Bacoor, Cavite. The dimension of the concrete
cylinder samples is 4 inches in diameter and 8 inches in height per ASTM C39 [12],
and the dimension of the concrete beam is 6 inches wide, 6 inches in depth, and 20
inches in length following ASTM C78 [13].

Concrete Cylinder Samples. The molding procedures of the concrete cylinders
follow ASTM C31 [9]. The cylindrical mold used was filled into two layers, each
layer tamped with 25 strokes using a 3/8 inch rod. After tamping, tap the outside of
the mold about 10-15 times using an open hand or a rubber hammer. Lastly, level the
surface of the concrete mixture with the mold. Figure 1a shows the concrete cylinder
molds made of PVC pipe with a diameter of four inches and a height of eight inches.
Casted freshly mixed concrete in the 54 cylindrical molds is depicted in Fig. 1b, and
the casted-out dry concrete cylinders from molds are in Fig. lc.

Concrete Beam Samples. The concrete beam molds also followed the ASTM
C31 [9] as shown in Fig. 2.

The rectangular molds were filled in two layers, each layer tamped once for every
two square inches of the surface area using a rod. After tamping, tap the outside of
the mold 10-15 times using open hands or a rubber hammer and screed any excess
concrete off the mold at the end. Figure 2a shows the 6 x 6 x 20 inch rectangle
molds made in Hardiflex and Marine Plywood and the 20 x 21 x 7 inch curing
containers made of Liso Plane sheets. Figure 2b depicts the newly poured freshly

Fig. 2 a Cylinder molds; b Wet concrete beams for curing; ¢ Cured concrete beam samples
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mixed concrete on the concrete beam molds and shown in Fig. 2c¢ are the molded dry
concrete beams.

2.2 Curing

Curing plays an essential role in achieving the appropriate strength and durability
of Concrete by minimizing moisture loss during cement hydration [6]. To assess
the effect of water hyacinth extract on the compressive and flexural strength of the
concrete, varying proportions of water and water hyacinth extract are synthesized and
used as a curing agent. The concrete samples cured in 100% water was the controlled
sample of this study.

Water Hyacinth Extract. The water hyacinth extract (WHE) was used as a super-
plasticizer admixture in concrete production. Superplasticizers retard the setting time
of the concrete. Thus, it reduced the heat of hydration produced by the hydration of
cement [14]. Varying proportions of water and WHE 100-0%, 80-20%, 60—-40%,
40-60%, 20-80%, and 0-100%), as shown in Table 1, were synthesized, and were
later then utilized for the curing of concrete samples.

Water hyacinth plants were harvested at Pasig River, cleaned using tap water,
and then transported. The plants are washed and then chopped into smaller pieces
before the process starts. The extraction process, which used a centrifugal juicer. The
extracted liquid is a murky green tint and foul odor, but it subsided after three days.
The extraction process is done repeatedly for six months to collect 167 L of extract.
Researchers kept the samples at room temperature.

Ponding. Ponding Method is one of the most well-known and widely utilized
concrete curing processes for avoiding moisture loss in concrete. This method is
also essential for keeping the temperature consistent throughout the concrete [10].
As per ASTM C31 [9], ponding is the curing method conducted in this study. The
synthesized curing ponds are made of a Liso Plane sheet. A total of 18 ponds in 14
x 5 x 9 inch dimensions were prepared to hold the concrete cylinder samples as
shown in Fig. 3a. And another 18 ponds of 20 x 21 x 7 inch as shown in Fig. 3b,
were prepared to retain the concrete beam samples.

:abl.e 1 Water—wa.ter Mixture no. Water (%) | Water hyacinth extract/ WHE (%)
yacinth extract mixture

1 (pure water) | 100 0

2 80 20

3 60 40

4 40 60

5 20 80

6 (pure WHE) |0 100
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Fig. 3 a Concrete cylinders’ curing containers; b Concrete beams’ curing containers

2.3 Testing

Compressive Strength. Compressive strength is the most essential factor to consider
when designing a structure [15]. The compressive strength of concrete cylinders with
a diameter of 4” and a height of 8” is measured per ASTM C39 16, which specifies
the use Universal Testing Machine for the test [16], after curing them for 7, 21,
and 28 days. It depends on the mix ratio of the concrete in accordance with IS 456
as shown in Table 2. The study of [17] about the comparison of the compressive
strength made with river sand (control sample) and quarry dust as fine aggregates,
investigated the compressive strength in different grades of concrete. According to
their study, the compressive strength of the 1:2.5:5 quality of the control concrete
cured in 28 days is 13.9 MPa. For each curing agent with varying proportions of
water and WHE, three specimens were tested and reported the average results.
Flexural Strength. Flexural strength, also known as the Modulus of Rupture
(MR), is a material property of concrete that describes a beam’s ability to resist
failure in bending caused by applied loads before yielding [18]. Under the provisions
of ASTM C78, the concrete beam samples with a cross-section of 6” x 6” and length
of 20 were subjected to flexural tests using third point loading. The formula of flexural
strength using 3rd point loading is FS = FL/wd2, where FS is the flexural strength,
F is the force or load at the point of failure, L is the span, w is the width and d is
the depth of the beam. For the results, the metric system was used. For each curing

Table 2 Mix ratio for type of construction

Grade of Mix ratio | Type of construction

concrete

M5 1:5:10 Generally used for PPC (plain cement concrete) works like levelling

M75 1:4:8 course, bedding for footing, and non-structural works

M 10 1:3:6

M 15 1:2:4

M 20 1:1.5:3 Applicable for RCC (reinforced cement concrete) works for slabs,
beams, and columns
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agent with varying proportions of water and WHE, three specimens were tested and
reported the average results.

Experimental Work. The Concrete Mixture follows the proportion of 1:2.5:5
(1 represents the ratio of Cement, 2.5 for the Sand or Fine Aggregates, and 5 for
Gravel or Coarse Aggregate) and 0.5 Water-Cement Ratio by weight. The sieve
analysis was performed on aggregates in this study. The slump test determines the
consistency of fresh concrete to ensure the correct amount of water was added to
the mixture. After 24 h of hardening the concrete, the Water-Water Hyacinth Extract
mixture was prepared for the concrete curing process.

The mix of Water-Water Hyacinth Extract is as follows: (100-0%, 80-20%,
60-40%, 40-60%, 20-80%, 0—100%) and was measured by the curing container’s
volume. The concrete samples were submerged in the W-WHE mixtures for 7, 21,
and 28 curing days. The concrete’s flexural and compressive strength test was deter-
mined using UTM (Universal Testing Machine). A piston moves downward towards
the concrete samples to apply loads, which tests unreinforced concrete’s capacity to
withstand force loads before failure ASTM C39 [12] for the Compressive Strength
Test, and ASTM C78 [13] for the Flexural Strength Test.

3 Results and Discussion

3.1 Results of Mechanical Testing

Compressive Strength. Table 3 displays the average compressive strength results
of this study.

The maximum compressive strength of the concrete sample after 28 days of curing
in 20% water hyacinth extract is 16.23 MPa. Comparatively speaking to the WHE-
cured concrete, the control sample’s compressive strength of 12.24 MPa is lower. The
control sample’s compressive strength in the investigation was 12.241. MPa, which
was higher than the desired 10 MPa compressive strength for M10 grade concrete.
Therefore, the control sample passed the threshold for compressive strength.

Table 3 Summary of

compressive strength results Curing liquid ratio Average compressive strength (MPa)
(Water-WHE) 7 days 21 days 28 days
100-0% 11.4 11.7 12.24
80-20% 10.68 15.65 16.23
60-40% 11.84 14.78 15.95
40-60% 12.29 13.47 14.53
20-80% 12.99 13.45 14.08
0-100% 10.65 12.54 13.44
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Fig. 4 Compressive strength test results

In Fig. 4, the line graph illustrates the progress in the compressive strength of the
samples after curing with various amounts of water-WHE and curing times. At 28
days of curing age, the peak point of the lines showing the samples cured with 20—
80% water and WHE is higher than the peak point on the line showing the progress
of the cure samples in water only.

As seen on Fig. 5, the compressive strength of the samples treated with WHE
grows more quickly than that of the samples cured in water alone as the number
of curing days increases. Additionally, this demonstrates that compressive strength
decreases as the ratio of water hyacinth extract rises. The optimal water hyacinth
extract dilution is 20% with a 28-day cure age.

Flexural Strength. The concrete samples cured in 80% water hyacinth extract
demonstrated the highest flexural strength values at 28 days of curing, with a value of
2.73 MPa, according to the overall results of this investigation, as shown in Table 4.
However, in 20% WHE, the control sample’s flexural strength of 2.36 MPa was
higher than that of the WHE-cured sample’s 2.21 MPa. Contrarily, the control sample
reaches a flexural strength of 2.36 MPa, which is less than that of the WHE-cured
concrete.

The line graph shown in Fig. 6 represents the progress in the flexural strength of
the samples cured with varying proportions of water-WHE concerning curing days.
At 28 days of curing age, the peak point of the lines representing the samples cured
with 80-20% water and WHE is higher than the peak point representing the progress
of the samples cured in water only.

Figure 7 shows a bar graph displaying the typical flexural strength of concrete
beams. After seven days of curing in a 20-80% water-WHE ratio, the control sample
had higher flexural strength than the WHE-cured sample. Despite this, the results
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RESULTS OF COMPRESSIVE STRENGTH CURED IN
VARYING PROPORTION OF WATER-WHE
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Fig. 5 Bar graph of compressive strength of concrete cured in varying proportions of W-WHE

Z‘(?rlr)ll;r:ssisvl;nsl:?eargtﬁfresul s Curing liquid ratio (water-WHE) | Average flexural strength

(MPa)

7 days |21 days |28 days
100-0% 2.07 2.27 2.36
80-20% 2.13 2.15 221
60-40% 2.04 23 2.46
40-60% 2.17 24 2.53
20-80% 2.3 2.43 2.73
0-100% 2.38 241 2.48

showed that flexural strength increases in the 80-20% water-WHE ratio; subse-
quently, the following ratio demonstrates that flexural strength increases as the water
hyacinth extract ratio is increased.
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Fig. 6 Flexural strength test results

RESULTS OF FLEXURAL STRENGTH OF CONCRETE CURED IN VARYING
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Fig. 7 Bar graph of flexural strength of concrete cured in varying proportions of W-WHE

4 Conclusion

7

Proliferation of water hyacinth in water streams of the country, for this study in Pasig
River, has posed problems not only to the community in terms of limitation to their
transport but also to the natural ecosystem. There had been constant aims to find
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alternatives in improving the mechanical properties of construction materials and
this study focused on using water hyacinth extract as a curing agent for concrete in
an attempt to improve its compressive and flexural stress.

Based on the results of laboratory testing, it can be concluded that the concrete
cured with Water Hyacinth Extract produces higher compressive and flexural strength
than samples cured in pure water alone. As the curing days increased, the compressive
samples cured in WHE increases more rapidly than that of samples cured in water
only. The maximum compressive strength was recorded at 16.23 MPa by the sample
cured in 80-20% (Water-WHE) during its 28th day as compared to the sample cured
in pure water only (control sample) which was only at 12.24 MPa. This behavior
could be attributed to the possible increased binding property of concrete brought
about by the fiber in the extract of water hyacinth in agreement with the results of
the study of [11].

For the flexural strength results, the maximum flexural strength was recorded
at 2.73 MPa by the sample cured in 20-80% (Water-WHE) during its 28th day as
compared to the sample cured in pure water only (control sample) which was only at
2.36 MPa. The results demonstrated that the flexural strength of the samples increases
as the amount of WHE in the curing agent increases which could be attributed again
to the enhanced binding property of concrete due to water hyacinth fibers [11]. In
addition, to achieve a maximum result for compressive strength, the ideal dilution of
water hyacinth extract on the curing agent stands at 20%, while 80% dilution gives
the maximum the flexural strength as exhibited by the results of this study.

These results would be beneficial in improving the properties of concrete that is
a widely used construction material in the industry while serving as a diversion for
the persistent proliferation of water hyacinth in our water bodies.
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Development of Additive for Concrete 3D = m)
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Mohsin Usman Qureshi @, Amira Al-Shizawi, Ghassan Al-Kindi,
Bushra Al-Sawafi, and Yousuf Al-Balushi

Abstract This paper aims to delineate the best economical, multi-functional, and
eco-friendly local materials to be used as an additive and explore its potential to
revolutionize the construction industry using 3D concrete. The authors investigate
different additive materials used in preparing four mixes using Ordinary Portland
Cement, white cement, reservoir sediments, dune sand, commercial sand, fine marble
waste and bentonite. The two mixes showed the best compressive strength and dura-
bility results, containing fine marble waste and reservoir sediments. The mix WSS
(30% white cement, 50% sand, 20% sediment) has resulted in a compressive strength
ranging from 18 to 21 MPa after 28 days of curing. The mix WSM (30% white
cement, 50% sand & 20% fine marble waste) recorded a compressive strength range
from 15 to 17 MPa after 28 days of curing. The durability of the two mixes was
tested under wet & dry cycles. The mixes have achieved the best durability results
with a minor reduction in durability after several cycles of wetting and drying. Both
mixes successfully work as an additive for crafting in a newly developed concrete
3D printer.

Keywords 3D concrete printing + Additive manufacturing - Dune sand * Fine
marble waste * Reservoir sediments

1 Introduction

The construction industry’s contemporary challenges are efficiency in resources,
economy, environment-friendliness, energy consumption, time, safety, etc. That
necessitates developing more innovative techniques, such as digital construction.
For example, layered manufacturing is a modern additive manufacturing technique
that fabricates products by laying down material layer by layer. However, sustain-
ability in using materials is still the least addressed issue in the field; therefore, the
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current study will explore the feasibility of locally generated industrial waste as a
material for the digital fabrication of concrete structures.

Different researchers around the globe have explored various cementitious mate-
rials and additives to investigate their feasibility in the application of digital fabrica-
tion. For example, fly Ash is one of the widely used materials as an additive in 3D
concrete printing as it improves the interaction of colloidal between mixed materials
due to its behavior [1]. Similarly, silica fume and fly ash increased the yield stress of
the paste compared to casted samples with lower contents [2]. And it is found that
Yield stress in the range of 1.5 and 2.5 kPa is found to improve both extrudability
and buildability [3]. However, adding silica fume has a noticeable influence on the
recovery of the viscosity, where adding 0.5 content of silica fume resulted in recovery
behavior up to 13%, which is 5% higher than the control sample containing no silica
fumes [4].

Abbi et al. [5] and Ferretti et al. [6] included rice rush in their mixtures and
found that the mix of printing is most efficient at 0.05 kPa.s viscosity. To produce
statistically grounded designs using these additives with high-quality results, the
mix with a content of 0.24% is recommended to be used in 3DCP for achieving
shape stability and average extrusion pressure [7]. It is also found that the reuse of
paper mill sludge waste increases elastic modulus, but it drops at a certain point as
stress increases [8]. Na et al. developed cement-based printing material using calcium
sulfoaluminate (CSA) with sodium silicate (Na,SiO3), gypsum, and sand [9].

Chen et al. [10] experimented with low and high-calcined clays as an additive
material, and it was found that increasing the content of high-calcined clay improves
the flow consistency of the fresh mix. In contrast, other ratios of clay addition
collapsed after crafting ten layers only. And it also showed a decrease in the slump
and flowability [7]. In addition, printed structures with lateral support had better
resistance to buckling failure and an increased number of printed layers [11].

Lee et al. [12] found that the interlayer strength decreased as the number of layers
increased. However, aged samples show a steady increase in stress failure as confined
[13, 14]. Matthius et al. [15] experimented with various methods of reinforcement
for the improvement of strength. Chen et al. [16] found that adding 0.2 content of
Bentonite clay increases the shear stress and viscosity as well as compressive strength
from 38.7 to 46.9 MPa. Yang et al. [17] found that adding nano-clay improved early
and later age strength. However, it decreased the flowability by approximately 10%
[18].

In contrast, the water mist did not affect the interlayer bond in any way. Finally, it
was noticed that the printed samples with a four-hour gap resulted in more interface
air voids compared to casted models [19]. Therefore, the present study aims to utilize
local waste materials [20-26] to develop an additive for concrete 3D printer.
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2 Material and Methods

Dune sand (D) used in this study was sampled from the northern part of Wahiba,
located about 200 km to the southeast of Oman’s capital Muscat. The sand’s specific
gravity (Gs) is 2.62, which includes fine content of 3.5%. The photomicrograph of
dune sand and its elemental composition is presented in Fig. 1.

The reservoir sediments (S) used in this experiment were obtained from the Wadi
Al-Jezzi Dam Reservoir, located west of Sohar city port, Oman. The sample (Fig. 2)
comprises 74.1% fine content with a specific gravity (GS) of 2.38.
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Fig. 2 Photomicrograph and elemental composition of reservoir sediments
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Fig. 3 Photomicrograph and elemental composition of marble waste

Waste marble dust (M) used in the study was collected from a marble quarry about
100 km to the southwest of the coastal city of AlKhaboura, Oman. The marble waste
(Fig. 3) has a specific gravity (Gs) of 2.45 and fine contents of 84.1%.

For a fair comparison of additive material and its interaction with sand and binders,
the mix ratio has been fixed in four different mixes as shown in Table 1. The sand
content is set at 0.5% in all mixtures, 0.3 percent for binder and 0.2% for additive
material. CSS and WSS contain sediment as an additive material. However, CSS
has OPC, and WSS contains white cement. WSM contains fine marble waste as an
additive material, and WSB contains bentonite clay.

The concrete 3D printer consists of three arms, as shown in Fig. 4. The first arm
at the printer’s base is on the x-axis and is 100 cm. The second arm is on the z-axis,
and itis 100 cm. Both arms are for printing the length. The third arm is on the y-axis,
providing a width of the wall of up to 50 cm and 100 cm in height. The nozzle can
be attached to the y-axis arm, as shown in Fig. 4. The whole function is controlled
using a computer system. The concrete 3D printer is designed with total movement
freedom of 100 x 100 x 50 cm.

Table 1 Trial additive and

. . Mix Material ratio
mix ratio

CSS | OPC-0.3 Sand-0.5 | Sediment-0.2
WSS | White cement-0.3 | Sand-0.5 | Sediment-0.2
WSM | White cement-0.3 | Sand-0.5 | Fine marble waste-0.2
WSB | White cement-0.3 | Sand-0.5 | Bentonite-0.2
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Fig. 4 Concrete 3D printer
developed at Sohar
University, Oman

3 Results and Discussions

A batch of trials of the four mixes has been made, including CSS, WSS, WSM and
WSB, to test its compressive strength in an automated compression machine. Casted
cube test of dimension 5 x 5 x 5 cm, cured at room temperature and tested after
three, seven, 14 and 90 days. As shown in Fig. 5, two mixes achieved better results
than others in terms of compressive strength: samples containing fine marble waste
and samples containing sediment along with white cement as a binder. WSS resulted
in compressive strength of 7.2 MPa after three days, which increased to about 19
MPa after 90 days. The failure modes of the tested specimens are shown in Fig. 6.

A durable building material must resist weathering of environmental conditions,
including temperature and rain. This test compares the slaking index of the four
mixes, including CSS (OPC, sand and sediment), WSS (white cement, sand and
sediment), WSB (white cement, sand and bentonite) and WSM (white cement, sand
and fine marble waste) by applying standard wet-dry cycles.

Fig. 5 Compressive strength 20
of trial mixes of additive | WSS
8 WSM
2 @WSB
N
& B CSS %
Em §
- = N
.5 % %\\
é N

3 7 28

Curing age (days)
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Fig. 6 Failure modes of trial
mix specimens tested in a
compression machine

As shown in Fig. 7, the slaking index of samples WSS, WSM and CSS behave the
same and are more durable than WSB in wet-dry cycles. However, after ten cycles
WSB slaking index dropped to 35.5%, which is considered very low. As well as,
initially, WSB retained less weight at 84.9% compared to CSS at 96.7%, WSS at
95.8% and WSM at 98.8%. However, slaking index of WSS, CSS and WSM indicate
that the material is highly durable. The additive is manufactured by the best mix of
WSS (white cement, sand and sediment) and used to craft the 3D concrete structure
of horizontal dimensions 60 x 20 cm. The authors successfully crafted a 30 cm high
structure with 28 layers in one attempt, as shown in Fig. 8.

Fig. 7 Slake durability ) ——(55 —e—W55 —=—WSB WSM

. . . 100 i
index of trial mixes of _ ES = —— = D D |

additive

b - (=] =]
e & & &
]

Slake Durability Index (1,)

=]

Slake durability index
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Fig. 8 Structures crafted
from WSS

4 Conclusion

The following conclusion can be drawn based on the results and discussions made
in this paper.

Different local additive materials are used in preparing four mixes using Ordinary
Portland Cement, white cement, reservoir sediments, dune sand, commercial sand,
fine marble waste and bentonite. Two of the mixes showed promising compres-
sive strength and durability results, containing fine marble waste and reservoir
sediments, making them qualify for the trial of 3D crafting.

The mix WSS (30%white cement, 50%sand, 20%sediment) has resulted in a
compressive strength ranging from 18 to 21 MPa after 28 days of curing. The
mix WSM (30%white cement, 50%sand & 20% fine marble waste) recorded
a compressive strength range from 15 to 17 MPa after 28 days of curing. The
durability of the two mixes was tested under wet and dry cycles. The mixes have
achieved the best durability results with a minor reduction in durability index after
six cycles of wet and dry.

The layered structures are crafted by using the best mixes as an additive in a
newly developed concrete 3D printer. More experiments are in progress on the
assessment of buildability and structural integrity.
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Concrete Delamination Characterization )
by Multi-Channel Sur- Face Rayleigh L
Wave Measurement

Foo Wei Lee, Yoke Bee Woon, Kok Zee Kwong, and Ming Kun Yew

Abstract A non-destructive testing (NDT) technique is adopted to analyse concrete
delamination by utilizing multi-channel acquisition of surface Raleigh waves (R-
waves). This study embarks on examining the behaviour of R-waves propagating in
concrete containing delamination. The aim is to identify the promising properties of
R-wave such as wavelet transforms (WT) attenuation coefficient and phase velocity
for reliable assessment. Numerical simulations of wave motions were conducted,
followed by data processing to obtain correlations between the respective R-waves
properties and characteristics of delamination. Results of analysis revealed that the
(WT) attenuation coefficient were sensitive to the presence of delamination, infer-
ring that simple waveform analysis can enhance the characterization of sub-surface
delamination existed in concrete structures.

Keywords Concrete delamination - Phase velocity + WT attenuation coefficient -
Reinforced concrete

1 Introduction

Delamination is one of the basic defects existed in the concrete structures and can
be developed by over-stressing, creep, fatigue, corrosion, or thermal expansion [1,
2]. Detection of delamination at early ages is vital to avoid large-scale deterioration
while an effective assessment method is essentially important in construction of the
structural health monitoring system. Numerous of non-destructive testing (NDT)
techniques can be applied on concrete structures, namely ultrasonic surface wave,
ground penetrating radar (GPR), acoustic emission, impact echo method infra-ray
and tomography method. Among, most of them are developed according to the
fundamental principles of elastic wave propagation.
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Recent studies have confirmed that surface Rayleigh waves (R-waves) have satis-
fied NDT requirements, suggesting the possibility of utilization in assessment of
defects in existing concrete infrastructures [3]. R-wave owns some specific char-
acteristics which are superior for concrete defects assessments. Especially its low
attenuation and high energy contents make it suitable to be used in concrete defects
detection [4]. In addition, R-waves can be detected at large distance, preferable than
other body waves. Owing to its dispersive characteristic, the displacement of R-
wave’s wavelength penetrates more deeply into the concrete medium. These features
are potentially feasible for characterization of delamination.

The main objective of this paper is to investigate the feasibility of R-waves in eval-
uating concrete delamination. Key parameters of R-waves such as wavelet transform
(WT) attenuation coefficient and phase velocity that are sensitive towards changes of
delamination in varying depths and lengths were analysed through numerical simu-
lation. Verification of proposed correlations through laboratory experimental exam-
inations was then suggest the viability for assessment of delamination in concrete
structure using multi- channel acquisition of R-waves.

2 Numerical Simulation

A series of numerical simulations were completed using commercial software that use
finite difference method [5] to solve two dimensional (2D) elastic wave propagation
problems. Figure 1 shows an example of the model of simulation, reinforced concrete
section of 500 mm (width) x 300 mm (depth) in size with a crack that lied horizontally
to imitate delamination. All simulation cases have the uniform properties of concrete,
assuming the material to be elastic and with no viscosity components. The elastic
waves’ parameters of concrete and steel reinforcement adopted in this simulation
work were included, as listed in Table 1.

According to the experimental measurements, the simulated model was set up
to have primary wave velocities of approximately 4300 and 6099 m/s, for concrete

Fig. 1 Schematic sketch of Source RI R2 R3 R4 R5 R6 R7
simulation model with
inhomogeneity introduced
by a delamination

— — [
170mm 40mm *

00600 9,
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Table 1 Propert fies of concrete model and reinforcing steel

Parameter Concrete Model Reinforcing Steel
Lambda, N (Mpa) 15,457 99,710

Mu, pm (Mpa) 14,600 96,160

Density, pm (kg/m3) 2313 7850

P-wave velocity, Cp (m/s) 4394 6099

R-wave velocity, Cg (m/s) 2311 3219
Wavelength of R-wave, hg (mm) 2.31 3.22

Table 2 Summary of delamination cases

Depth, d (mm) Length, / (mm) Frequency, f (kHz)
50, 90, 150 and 50 to 250 at 50 mm increment 7,8,9, 10, 15, 20, 30, 40, 50,
250 60, 80, 100, 150

and steel reinforcement, respectively. To receive the waves generated by the impact
source, seven sensors were situated on top surface of concrete model side-by-side
with an interval of 40 mm as shown in Fig. 1. The distance between the source
and the first trigger sensor was configurated as 170 mm. Besides, infinite boundary
conditions were configured at the right, left, and bottom sides of concrete model to
ensure that the transmitted waves would not reflected when it reached the edge of
concrete. The parameters of R- wave propagation investigation include length and
depth of delamination, and also the excitation frequencies as shown in Table 2.

The simulations were conducted with one excitation that produced a single cycle
R-waves with a range of frequencies that propagated from one side to the other side
of model. The effect of delamination on the waveform distortion, attenuation and
phase velocity was examined. The data recording frequency was about 5 x 106 Hz
samples per second. In addition, the range of excitation frequencies were chosen
to study the limitation of penetration depth of R-waves to delamination detection.
Taking the case of the lowest excitation frequency of 7 kHz as an example, R-waves
with the deepest penetration depth was able to identify the delamination with depth
of 250 mm from top face of concrete.

3 Results and Discussion

Figure 2a shows the waveform amplitude for sound concrete. The amplitude detected
by four sensors is almost the same. While, Fig. 2b shows the waveform amplitude
for defective concrete, and it can be noticed that the amplitude detected by S3 and S4
sensors which after the delamination are significantly lower than S1 and S2 which
before the delamination. Therefore, it can be proven that the waveform amplitude is
sensitive to the delamination in concrete.
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Fig. 2 Waveforms collected from a sound concrete and b delamination with 50 mm depth and
length

3.1 WT Attenuation Coefficient Index

R-wave components have to be extracted and separated from the bulk waves in
recorded signals before further analysis based on maximum energy concept. The
processed signals were then analysed using morlet wavelet transform and the outputs
were known as WT attenuation coefficient. The WT attenuation coefficient index is
defined as the ratio of average R-wave WT attenuation coefficient measured in the
concrete model with delamination to the average R-wave WT attenuation coefficient
measured in the sound concrete model:

I Z]J AWTd/7

= j=2,3,4,56and7 (1)
TS Ayrs/T

where Awrl = is WT attenuation coefficient index, Awrq is the R-wave WT attenua-
tion coefficient in concrete model with delamination, Awrs is the R-wave WT atten-
uation coefficient in sound concrete model. The time domain data are in Wavelet
transformed and their responses were given as the frequency dependent attenuation
known as WT attenuation coefficient.
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The crack depth is practically divided by the major wavelength of R-waves to
give a parameter that provides flexibility and wider coverage in comparison and
evaluation [6-8]. Plotting of WT attenuation coefficient index with respect to d/l
ratio yielded a reasonably good correlations polynomial regressions for all cases. It
was noticeable that WT attenuation coefficient index showed either decreasing or
increasing trend with respect to the d/l ratio for different excitation frequencies. WT
attenuation indices decreased for the case of higher excitation frequencies due to
loose energy through scattering, distortion and diffraction by the delamination.

When WT attenuation coefficient indices plotted against the depth of delamina-
tion, two different types of trends (increasing or decreasing) were observed as the
depth of delamination increased as can be seen in Fig. 3. The first group of frequencies
(7.8, 9 and 10 kHz) showed increasing trend of WT attenuation coefficient index and
approached towards 1.0 as the delamination depth increased. Whereas, higher excita-
tion frequencies group (which is more than 15 kHz) showed decreasing trend for WT
attenuation coefficient indices and also approaching to 1.0 as the depth of delamina-
tion increased. The phenomena of WT attenuation coefficient approaching 1.0 indi-
cated that the WT attenuation coefficient index loose its sensitivity to delamination
identification.

On the contrary, the relation between WT attenuation coefficient index and the
length of delamination also showed increasing or decreasing trends but opposite to
the ones mentioned above. WT attenuation coefficient index showed a decreasing
trend lower than 1.0 for lower excitation frequencies (7, 8, 9 and 10 kHz). For higher
excitation frequencies, WT attenuation coefficient index increased higher than 1.0 as
length of delamination is increased. This mostly can be explained by the reflection
of the elastic waves when they are impinged the delamination.
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Fig. 3 WT attenuation coefficient index versus d/I ratio
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3.2 Phase Velocity Index

Phase velocity is used to study and investigate dispersion of R-waves against delam-
ination and evaluate the relationship between frequency and the depth of delamina-
tion. It is measured based on the phase different between sensors. Frequency domain
function of the received signals are used to determine the effective frequency band-
width which contain most of the signal energy and indicating by a characteristics
peak frequency belonging to the propagation of R-waves by Fast Fourier Transform
(FFT). The phase velocity for the crack model with delamination was found to have
lower values and less uniform within the bandwidth excitation if penetration depth of
excitation frequencies longer than depth of delamination. For example, lower exci-
tation frequency of 7 kHz, the average phase velocity are lower than sound concrete
model. Meanwhile in the case of highest excitation frequency which is 150 kHz, the
average phase velocity obtained are quite similar to the average velocity obtained
for the sound model. Phase velocity index is defined as the ratio of average phase
velocity obtained from the model with delamination to the average phase velocity
obtained from the sound concrete model.

J
vi— 21 Vpaa~p/7
e
20 Vesa~p/7

where Vpl is phase velocity index, Vp; is R-wave phase velocity in concrete model
with delamination, Vp; is R-wave phase velocity in sound concrete model. Phase
velocity index of 1.0 manifests no distortion of R-waves has occurred. Current find-
ings showed that, delamination in concrete is confirmed to induce variation of phase
velocity even though the variation would be less significant in some cases. The phase
velocity index was plotted with respect to the d/l ratio as depicted in Fig. 4.
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Fig. 4 Phase velocity index versus d/I ratio
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4 Conclusion

In this paper, the behavior of R-waves propagating in concrete with delamination
is examined through numerical simulations of wave motions. Velocity-related and
energy-related parameters of R-waves were further processed by FFT and wavelet
transform to extract phase velocity and wavelet coefficient data for subsequent anal-
ysis. Varying cases of depths and lengths of delamination were considered in the
simulation work, in addition to excitation frequencies. Based on the results, the
sensitivity of WT attenuation coefficient index of R-wave towards the delamination
was better compared to the attenuation index. It can be concluded that the WT atten-
uation coefficient index was the most sensitive parameter towards the variation of
delamination characteristics by giving a more stable trend of change and by yielding
better correlations compared to other parameters. It is to be noted however that in
this study two uncertainties were included, namely the length and depth of delamina-
tion. A further study will be focused on investigating the possibility of establishing
feasible relationships between these two parameters, or with R-wave parameter, such
as wavelength that can be computed respectively in order to formulate a useful and
simple characterization methodology for delamination in concrete.
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Mix Design for Cellular Concrete Applied | m)
in Masonry Units Using Decyl Glucoside L
as a Foaming Agent for Construction

in High Andean Cities in 2022

Flores Sanchez Diego Oswaldo @, Hermosa Vargas Flor Milagros®,
and Montoya Torres Vladimir Simén

Abstract The research aimed was to find a suitable mix design of cellular concrete
applied in masonry units using decyl glucoside as a foaming agent for construction in
high Andean cities, because of the advantages this offers, being the main one, thermal
comfort since high Andean cities suffer from low temperatures, meeting the compres-
sive resistance standard for masonry units and reducing the dead load, due to cellular
concrete is not currently very commercial. Therefore, this study experiments with
seven different proportions of water, cement, fine/coarse sand and a foaming agent
to achieve better resistance. The study is of descriptive level in that the experimental
method is employed in which we use an observation card; for the mixing process,
an industrial cement mixer was used, which allows us to integrate the foaming water
with the aggregates. The compressive resistance results were favorable obtaining
results of up to 260.7 kg/cm? and lightening the weight up to about 30% of standard
concrete, in the other trials lower compressive resistance were achieved, but with
a weight even lighter and also a lower volume. The conclusions determine that it
is possible to realize a cellular concrete using decyl glucoside meeting the strength
standard for masonry units by achieving reduced volume and weight.

Keywords Cellular concrete - Decyl glucoide - Foaming agent - High Andean
cities - Lightweight concrete - Masonry units - Compressive resistance - Dead load
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1 Introduction

Within the field of construction, concrete has a major commercial incidence to other
type of materials, so this material was taken as a reference for the research, in this
case, the low density of the concrete was taken as the focal point for partitioning since
it has many advantages such as decreased dead load, having the greatest welcoming
in Europe and the United States, however in Peru very little is known about low
density concrete or also called cellular concrete and its development, therefore, it is
almost unknown in the Peruvian market.

Cellular concrete is a special building material that is very light due to a large
number of pores. According to ACI 523-3R-14 [1] Defines that cellular concrete is"A
lightweight product consisting of Portland cement and/or lime with fine siliceous
material, such as sand, slag or fly ash, mixed with water to form a paste that has
homogeneous voids or a cellular structure”. This guide addresses the materials, prop-
erties, design, production, and placement of cellular concretes with casting densities
above 50 Ib/ft* (800 kg/m?). The usual density range of cellular concrete is 20—
120 Ib/ft3 (320-1920 kg/m?)". This material has many advantages, as in addition
to decreasing dead load it is also thermal insulator; which is advantageous for high
Andean cities because these areas are plagued by periods of low temperature during
which phenomena such as frosts, snow, and hail occur, as in ACI523.3R-14 [1]
refers that cellular concrete is more thermal than a conventional concrete due to the
porosity which presents acoustic properties and is non-combustible. It is because of
these advantages that a suitable mix design of the cellular concrete was sought to be
achieved; for this, one of the most important factors is the foaming agent that has
the property of adhering to the mixture and in addition being a stable foam, given
that what is required is that the specimen comes to be a cellular concrete and for
this, it is needed porosity generated by the foaming agent whereby an ideal foaming
agent regarding to experimentation is the Decyl Glucoside with chemical descrip-
tion which is fatty alcohol glycoside C8-C16 and mentions that it is a kind of soft
(natural) nonionic surfactant. Which is used for foaming products such as personal
hygiene and dresser (INCI), unlike other products the foam obtained is particularly
stable and fine, this foaming stability and the adhesion it has to the mixture makes it
compatible with experimentation.

However, a problem of cellular concrete is that containing air voids makes the
material also may compromise its mechanical properties [2], but the ratio of water/
cement and fine/coarse aggregate concerning the binder also influences the mechan-
ical properties and physics of this [3], making it can get to make a block too fragile
or a block that goes beyond the ranges to be a masonry unit.

Therefore, the purpose of the research is to do laboratory trials regarding water,
cement, fine/coarse aggregate and Decyl Glucoside ratio to see their influence on the
mechanical and physical properties by making various cellular concrete mix designs
with decyl glucoside to analyze the results obtained.
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2 Development

The project started with the acquisition of a foam-generating hydro washer, which
expels water under pressure and when mixed with a foaming agent causes very dense
foam to be generated, and also an industrial cement mixer which generates up to 750
rpm which would help mix the foam with the agregates.

In this way with the hydro washer and the mixer, different tests were carried out
with different foaming liquids to find one that meets the characteristics required for
project development, experimenting with the following products: dishwasher foam
of different brands, glycerin, Decyl glucoside and bath bubble oil. In this process
it was concluded that the liquid that generated much more foam and has better
adhesion with the mixture was the Decyl glucoside, with which he proceeded to
continue experimenting, since the other products did not generate much foam or
they were not finished because they did not adhere properly with the mix, generating
a settlement of the sand or that the concrete block did not have sufficient porosity.

After this process, the different mix designs began to be developed which were
based on having as reference the ACI 523-3R, articles and theses. 7 different mix
designs were carried out (Table 1; Fig. 6). Which were carried out with the following
materials: water, cement, fine sand, coarse sand and a foaming agent; they were
worked with different mix designs (Fig. 1). Having the aim of achieving better
consistency, and good porosity distribution; so that, the reduction of weight, but
which meets the Peruvian standard of a masonry unit in compressive resistance.
In the mixing process, a mechanical beater was used to obtain better adhesion of
the materials (Fig. 2). During the foam manufacturing process it is recommended to
produce foam for 10 s before adding it to the mixture, to let out part of the foam which
does not have the proper density. After this time it is expected that the consistency
of the foam will be sufficiently dense to prevent the air cells from bursting earlier
than expected during the mixing of the materials [13]. In this way the mixtures were
brewed with the whisk obtaining different consistencies (Fig. 3), once homogenized
the mixture was poured into the probetes measuring 30 cm (Figs. 4 and 5).

3 Tests and Set-Up

The seven samples which fabricated to see their mechanical and physical properties;
the drying time was seven days, then the measurements were recorded (Table 2) the
weight, volume and compressive resistance were measured (Table 3). Whose results
analyzed were the most important to define the most optimal mix design for the
realization of masonry units.
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Table 1 Mix design for 7 different probes of cellular concrete

ID Specimen | Mix design for 1m?
Portland Fine sand Gross sand | Water with
cement foam
m? % m? % m3 % m? %

0.25 |25.00 |0.13 [12.50 |0.13 |[12.50 |0.50 |50.00
0.20 |{20.00 |0.10 {10.00 |0.10 |[10.00 |0.60 |60.00
0.40 |40.00 |0.10 |10.00 |0.10 | 10.00 |0.40 |40.00

Cellular concrete for | 1
2
3
4 0.33 33.33 |0.83 [8.33 |0.83 |833 |0.50 |[50.01
5
6
7

masonry units

0.16 |16.50 |0.91 [9.10 |0.91 [9.10 |0.50 |65.30
0.27 |27.27 [0.90 |{9.09 [0.90 |9.09 |0.54 |54.54
0.23 |23.07 |0.76 |7.69 |0.76 |7.69 |0.46 |46.15

Fig. 1 Materials cement,
fine and coarse sand, water
and foaming agent
(Hydro-Washer)

Fig. 2 Mix the materials
with the whisk
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Fig. 3 Mix ready for the
probes

Fig. 4 Used probe of 30 cm

Fig. 5 Mixture poured to
the probes
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Fig. 6 7 probes with

different blends
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Table 2 Factory date data, average diameter and area of the cross section

ID Specimen | Age (days) | Rehearsal date | Average Cross sectional
diameter (mm) | area (mm?)

Cellular 1 7 24/10/2022 151.40 18,002.90
concrete for | 5 7 24/10/2022 151.20 17,955.30
masonry units

3 7 24/10/2022 151.30 17,979.10

4 7 24/10/2022 151.40 18,002.90

5 7 24/10/2022 151.20 17,955.30

6 7 24/10/2022 151.10 17,931.60

7 7 24/10/2022 151.30 17,979.10

Table 3 Weight, density and compressive resistance results
ID Specimen | Weight (Kg) | Density (Kg/ | Compession | Compession
m3) resistance resistance (Kg/
(Mpa) cm?)

Cellular 1 7.37 1389.81 4.60 46.90
concrete for | 551 1038.68 1.20 12.00
masonry units

3 10.04 1893.40 26.00 260.70

4 8.17 1541.89 8.30 83.30

5 7.33 1383.02 2.30 23.30

6 7.44 1404.53 5.70 57.80

7 5.51 1038.87 1.20 12.10
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Table 4 Characteristic . .
. Denomination Unit
resistance of masonry Mpa
(kg/cm?)—National building ~ Type P block concrete 4.9 (50)
regulations E.070 2021 [12] 6.4 (65)
7.4 (75)
(35)

Bold indicates the minimum required in compressive strength
according to the national building regulations

4 Aim

The main objective of this project is to find a suitable mix design that complies with
standard 0.70 of the national strength building regulation for masonry joints having
a lower weight, thus reducing the dead load.

The minimum compressive resistance for P-type block concrete masonry units is
50 kg/cm? (Table 4).

5 Results

The obtained results are favorable and achieve the proposed objectives, it is possible
to generate stable foam produced by a hydro washer (Fig. 7), different mix designs
were carried out and cellular concrete of different consistencies (Fig. 8), densities,
weights (Figs. 9 and 10) and resistors (Figs. 11 and 12).

Fig. 7 Hydro-washer foam
generator
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Fig. 8 Cellular concrete of
different consistencies

Fig. 9 Density and weight

The laboratory trials were carried out in “C3—Specialized Engineering” giving
the following result:

The results show the trial of seven different mix designs, cellular concrete is very
sensitive to dosages of foaming additive, regarding its properties in fresh state [4],
the decrease in unit weight not only depends on the dosage of the additive foaming
but also of the time that the cellular concrete is mixed, the longer the mixing time
the lower the unit weight of the mix, but a prolonged mixing time results in the
disappearance of the bubbles and an increase in the unit weight [4].
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Fig. 10 Density and weight

Fig. 11 Resistance test e —

5.1 Weight

The weight results show that the specimen with the highest weight is number 3 with
a weight of 10.04 kg at the same time being the one with the highest % of cement in
the design. And the one with the least weight is specimen number 2 with a weight of
5.51 kg (Table 5; Fig. 13). The cell concrete with foaming additive can be defined as
a type of concrete with an expanding agent that increases its volume while gaining
work-ability qualities and weight loss [5], the bubbles remain stable and maintain
their shape throughout the setting process and become discrete air cells in the cement
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Fig. 12 Resistance test

Table 5 Weight results per

specimen ID Specimen | Weight (Kg)

1 7.37
2 5.51
3 10.04
4 8.17
5
[§
7

Cellular concrete for masonry units

733
7.44
5.51

matrix. The presence of air bubbles gives the aerated concrete its lightweight property

[6].

5.2 Density

The density results show that design number 3 has the highest density with
1893.40 kg/m? and the one with the least density is design number 2 with 1038.68 kg/
m? (Table 6; Fig. 14)., the density can vary from 300 to 2000 kg/m?® on comparison
with normal concrete which has a density of around 2300-2400 kg/m? [6].
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WEIGHT PER SPECIMEN (KG)
12.00
10.00 [
8.00
S so0
4.00
2.00
0.00
0 1 2 3 4 5 6 7 8
SPECIMEN
Fig. 13 Weight results by probeta
Table 6 Density results per specimen
ID Specimen Density (Kg/m?)
Cellular concrete for masonry units 1 1389.81
2 1038.68
3 1893.40
4 1541.89
5 1383.02
6 1404.53
7 1038.87
DENSITY (KG/M?%)
2000.00
1800.00 °
1600.00
1400.00
= 1200.00
& 1000.00
< 800.00
600.00
400.00
200.00
0.00
0 1 2 3 4 5 5 7 8

SPECIMEN

Fig. 14 Density results
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Table 7 Specimen compressive resistance results.

ID Specimen Compression resistance (kg/cm?)
1 46.90
2 12.00
3 260.70
4 83.30
5
6
7

Cellular concrete for masonry units

23.30
57.80
12.10

5.3 Compressive Resistance

The compressive resistance results show that test number 3 has a higher resistance
with 260.70 kg/cm? (Table 7) for a lightweight concrete having structural applica-
tions, its compressive resistance must be greater than 176 kg/cm? at 28 days and
its weight should not exceed 1920 kg/m? [7], cellular concrete offers physical char-
acteristics and mechanical properties, apart from compressive resistance and water
absorption, such as: thermal conductivity, acoustic characteristics, resistance to fire

[7].

5.4 Resistance to Compression in Relation to Weight

The results show that weight and compressive resistance go in a direct relation, so
greater weight greater resistance, as shown the specimen weighing 10.04 kg has a
strength of 260.70 kg/cm? (Figs. 15 and 16), and the lightest specimen weighing
5.51 kg has a strength of 12.00 kg/cm? because when applying cellular concrete in
structural support areas the addition of foam would be minimal, since by adding
more foam the density of concrete lowers and its resistance as well [8].

The results show that specimens 3 and 4 exceed the minimum required widely
being very optimal for their manufacture, specimen 6 also exceeds the minimum
required being optimal for their manufacture, specimen 1 is unoptimal by not reaching
a 93.8% of the required, specimens 2, 5 and 7 are not optimal for being below the
required minimum (Table 8; Fig. 17).
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COMPRESSION RESISTANCE (KG/CM?)
300.00

250.00 o
200.00

150.00

KG/ICM?

2 100.00
50.00

0.00

-50.00

SPECIMEN

Fig. 15 Compressive resistance results

RESISTANCE TO COMPRESSION IN RELATION TO WEIGHT
300.00

- L L
8§ 8 8
8 8 8

COMPESSION RESISTENCE (KG/CM?)

100.00
50.00
(&)
0.00
4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00
WEIGHT (KG)

Fig. 16 Results of compressive resistance about weight

Table 8 Status results by specimen

Specimen | Required Compression Percentage of | Specimen status
compressive resistance (Kg/cm?) | required
strength (kg/cm?) compressive
strength (%)
1 50 46.90 93.8 Less than optimal
2 50 12.00 24 Not optimal
3 50 260.70 521.4 Very optimal
4 50 83.30 166.6 Very optimal
5 50 23.30 46.6 Not optimal
6 50 57.80 115.6 Optimal
7 50 12.10 24.2 Not optimal
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Percetange of required compressive strength (%)
600

500
400
300
200

100

1 2 3 5 - 7

Fig. 17 Percentage results of required compressive resistance (%)

6 Conclusion

The research proved that it is possible to make cellular concrete with decyl glucoside
with the help of a hydro washer and a cement mixer. For making cellular concrete
it is suggested to make a proper mix design and control the quality and quantity of
materials in work, as well as the use of an additive in amounts recommended by the
manufacturer [9].

The research proved that the weight and compressive resistance in a cellular
concrete specimen has a direct proportion, that is if the weight is higher the compres-
sive resistance is higher, and the hardened mix presents a reduction in density, so
that the fresh density of CCA mixture will increase, knowing that to higher density
higher compressive resistance [10].

The research proved as a result that cellular concrete loses compressive capacity
so it is not recommended for structures, when applying cellular concrete in structural
support areas foam addition would be minimal, so when adding more foam the density
of concrete is low and hence its resistance [8].

The research showed that changed in dosage can generate large changes in weight,
density and compressive resistance. In the design of concrete mixes many factors are
involved, among the most important can be mentioned: the type and consumption
of cement by cubic meter, the ratio of water, cement, types of aggregates and their
characteristics, gravel sand ratio, characteristics and amounts of the additives used,
etc., to obtain concrete mixtures with certain desired characteristics of the economy,
revening, volumetric weight, compressive resistance, indirect stress resistance, etc.
[11].
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Compressive Strength Performance )
of 7-Day Non-load Bearing Concrete i
Hollow Blocks with Pili Shell as Partial
Replacement to Sand Using

Box-Behnken Design

Rizza Mae T. Rea, Jonille S. Soriano, James Paul Ramos,
April Noemi Q. Opinaldo, Marian Capito, and Manny Anthony Taguba

Abstract The Philippines is one of the leading distributors of Pili (Canarium
ovatum) nut worldwide. Along with the rise of production of pili nut is the increase
in the generation of residual waste specifically the pili nutshell. The present study
aims to investigate the compressive strength of 7-day of non-load bearing concrete
hollow block (CHB) using waste pili nutshell as partial replacement to sand in the
production of non-load bearing concrete hollow block (CHB) using Box-Behnken
design. The compressive strength blocks made with varying proportion of waste pili
shells for fine aggregates, pili shell size, and cement-sand ratio were also evaluated
for a constant curing day of seven days. The Pili shell proportions used were 3%, 6%
and 9% of total sand volume. Pili shell size retained at sieve no.10, no.20 and no.30
were used. And lastly a cement-to-sand ratios of 0.5:7, 1:7, and 1.5:7 were adopted.
Compressive test results showed that most of the CHB with Pili shells possessed
higher compressive capacity compared to the ordinary CHB. Among the prepared
7-day composites, the highest compressive strength was 671.28 pound per square
inch (psi) that was obtained by the sample with 6% pili shells that retained at sieve
#10 with a mix ratio of 1.5: 7. Moreover, the present paper examines the interaction
among the three parameters using Response Surface Methodology—Box Behnken
Design (RSM-BBD) using three level factorial designs was used in this study. Sigma
XL software suggested fifteen (15) experimental runs. Statistical testing such as
Variance Inflation Factor (VIF) and ANOVA revealed the adequacy of the generated
model to describe the fit of experimental data to predictor model.
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1 Introduction

Construction material cost, on a global market platform, has been rising and inflating
which leads to expensive housing, building, and real estate development. Because
of this, for most members of the middle and lower socioeconomic sector of the
society, home possession has been becoming a luxury. Scarcity of the raw materials
(or sustainability of the construction materials) and continuous upsurge of material
cost drive researchers and engineers to explore for alternative, innovative and rela-
tively affordable construction materials. Researchers and scientists are committed
to utilizing local materials to substitute these costly traditional materials partially or
fully. Moreover, attention has been drawn to waste reusability thru incorporation of
agricultural wastes and residues to some construction materials. The use of agricul-
tural wastes to supplement other conventional materials in construction offers both
practical and economical gains. These wastes commonly have no commercial value
and being locally available generation and transportation cost become minimal [1].

Concrete with oil palm shells as coarse aggregate and the effect of fly ash as
partial cement replacement was examined by [2]. Osei and Jackson investigated
the effects of replacing crushed granite in concrete with palm kernel shells on the
strength and workability of concrete [1]. Moreover, Emiero examined the compres-
sive strength and workability of concrete using palm kernel shell and palm kernel
fiber as a replacement for coarse aggregate [3]. A synthesis of study on the perfor-
mance of coconut shell as coarse aggregate in concrete was summarized by Kanojia
and Jain and reviewed the works done on the use of waste coconut shell for concrete
production [4].

In the Philippines, Bicol region is the leading distributor of pili nuts (Canarium
ovatum) worldwide. Some of these trees can also be found in some parts of Visayas
and Mindanao since it has wide adaptations to varying agro-climatic condition which
can be grown alone or intercropped with other crops. Like the coconut tree, pili nut
is also regarded as tree of life with all its parts being valuable. However, along with
the rise of pili nuts production rate is the increase also of the agricultural wastes
produced by pili, and one of the residual wastes is the nutshell.

On the other hand, concrete hollow block (CHB), which forms significant part of
buildings and engineering structure, is one of the most widely used walling materials
in the Philippines. Sometimes called concrete masonry unit (CMU), CHB is a mixture
of Portland cement, sand, and gravel. Lower density blocks may use agricultural or
industrial wastes, such as fly ash, post-consumer glass and recycled aggregate [5].

The present study aims to investigate the suitability of using waste pili nutshell
as partial replacement to sand in the production of non-load bearing concrete hollow
block (CHB). The compressive strength blocks made with varying proportion of
waste pili shells for fine aggregates, pili shell size, and cement-sand ratio were also



Compressive Strength Performance of 7-Day Non-load Bearing ... 119

Fig. 1 A Preparation of ;
waste Pili shell by manual i
crushing of waste pili shell

using hammer

evaluated. Moreover, the interaction of the variables was examined using Sigma XL
software (version 7.0) adopting the Response Surface Methodology (RSM).

2 Methodology

2.1 Materials Preparation

Waste Pili nutshells used in this study were sourced from various pili nut production
sites at Sorsogon, Albay, Philippines. Collected pili shells were flushed with running
water to remove dust and other impurities that could influence the concrete. They
were sun-dried for a day, crushed manually using a hammer and then sieved, as
shown in Fig. 1. Pili shells retained at Sieve number 10, 20, and 30 were collected
and packed in plastic sheets to prevent contact with water (see Fig. 2).

2.2 Batching and Casting of CHB

The cement used in this study was Ordinary Portland Cement (OPC), purchased in
a local hardware in Manila, was fresh, of good quality, and without lumps. The fine
aggregate used for the experiment were manufactured sand obtained also from local
hardware in Manila. Potable water that is clean and free from visible impurities was
used for mixing. Cement, sand, sieved waste pili shell, and water were mixed on a
mixing tray until it reached a good consistency (plastic state). The study utilized three
control mix ratios (cement: sand) namely: 0.5:7, 1:7, and 1.5:7 batched by volume.
Moreover, the percentage replacements of sand by waste pili shells were 0, 3, 6 and
9% of total sand volume. The casting was done in a semi-automatic CHB molding
machine with mold dimension of 400 x 93 x 194 mm. The concrete mixture was
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Fig. 2 Sieved and
categorized crushed waste
Pili nutshells (Sieve No. 10,
20, and 300)

cast into machine and compacted. A straight edge tool was used to level off the
concrete.

The CHB specimens were then stored in a room free from vibration and outside
dust, not exposed to direct sunlight, and then subjected to curing for 7 days. The
curing was carried out by wetting the specimens with water twice a day to promote
hydration and absorb heat of hydration until the age of test.

Determination of Compressive Strengths. Measurement of compressive
strength of CHB was done by crushing the block specimens. The CHBs were crushed
using the Universal Testing Machine which gauges the compression load and the
compressive stresses at failure and shows the results on the gauge screen. The blocks
were properly centered under the compression equipment before the load was applied
(shown in Fig. 3). The dimension and the mass of the specimens were measured
before crushing. For all tests, each value was taken as the average of three samples.
Compressive strength tests were performed at 7 days after casting. All tests were
carried out at the Bureau of Research and Standards (BRS) of Department of Public
Works and Highways- National Capital Region (DPWH-NCR).

Statistical Design of Experiment. In order to evaluate the interaction of operating
parameters, design of experiment using Box-Behnken Design was utilized. It uses the
three-level incomplete factorial design at its basis [6]. Moreover, BBD requires only
12 runs plus a replicate at center point for a three-factor design. Three levels (three
values) would be assigned for each factor which is a vital feature in experimental
situations [7]. In the present study, operating parameters such as waste pili percentage,
pili size, and cement: sand ratio are assigned as independent variables. The optimum
values were generated by Response Surface Methodology (RSM) using Sigma XL.
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Fig. 3 Placement of the
CHB specimen for
compressive strength test

3 Results and Discussion

3.1 Parametric Study

Effect of varying percentage of crushed pili shell by volume for different pili shell
size and cement: sand ratio to compressive strength were investigated in this study.
The effects of replacement of sand by pili shell on compressive strengths of the
specimens are shown in Figs. 4, 5 and 6, respectively.

Compressive strength was determined for CHB after 7 curing days. It is seen from
the figures (Figs. 4, 5 and 6) that compressive strength of all design mixtures for all
particle sizes increases from 3 to 6% and dropped when 9% total volume of sand
replacement by pili shell was made—a pattern that is observed for all mixtures. The
compressive strength of all design mixtures is maximum at 6% replacement of sand
by pili shell for all pili shell sizes. The 7-day compressive strength obtained from 6%
replacement CHB samples were within the range of 299.38 psi to 671.28 psi. Thus,
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Fig. 5 Variation of 1.5: 7 RATIO
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waste pili shell, at 6% volume replacement, is an effective substitute for fine aggre-
gate. An increase in compressive strength is due to the effective bonding of pili shell
(as fine aggregate) and cement. However, as pili shell content continuous to increase,
the specific area increases, hence requiring more cement paste to bond effectively
with the shells. Subsequently, with constant cement concentration, the bonding is
inadequate resulting to decrease in the compressive strength at 9% replacement of
sand by pili shell. The compressive strength diminishes as a consequence of the
continuous increase in percentage replacement of sand.

Summary of data obtained from compressive test on volume batched CHB are
presented in Fig. 7 and Table 1 It is notable that even though the curing was only
set to seven (7) curing days only, five (5) samples already passed the minimum
requirement for 600 psi non-load bearing capacity. Furthermore, as depicted in Fig. 8,
the compressive strength attained by 1.5: 7 mixture is higher than that of 0.5: 7 and 1:
7 mixtures at seven curing days. It is therefore advisable to use 1.5: 7 cement-to-sand
mixture for the production of CHB with waste pili shell as partial replacement to
sand.

The effect of varying the size of pili shell was also examined by the proponents
at sieve numbers 10 (2 mm), 20 (0.85 mm), and 30 (0.60 mm). As shown in Fig. 8,
the CHB with pili shell size of sieve # 10 experienced the highest compressive
strength at 6% replacement of fine aggregate with 1.5:7 mixture recorded at 671.28
psi which passed the minimum compressive strength for non-load bearing block. For
6% replacement, it was observed that for 1: 7 and 0.5: 7 cement-sand ratio, as the
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Compressive Strength Summary
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Fig. 7 Development of compressive strength (psi) for each proportion (cement: sand ratio) at
different pili shell concentration (% replacement by volume) at varying pili shell sizes

Table 1 Compressive strength performance of CHB with pili shells of varying sieve sizes, %
replacement of total sand volume by pili shell and cement-sand mixtures

Cement: | Compressive strength (psi)
sand
ratio

0% 3% Replacement 3% Replacement 9% replacement

Sieve |Sieve |Sieve |Sieve |Sieve |Sieve |Sieve |Sieve |Sieve
#10 [#20 |#30 |#10 |#20 |#30 |#10 |[#20 |#30

0.5:7 161.32 | 279.56 | 223.21 | 260.02 | 301.28 | 299.33 | 303.43 | 160.33 | 233.38 | 240.27
1: 7 221.18 | 447.80 | 328.48 | 361.89 | 615.06 | 498.96 | 399.66 | 522.19 | 466.40 | 279.99
1.5:7 437.41 | 595.26 | 523.00 | 540.68 | 671.28 | 641.66 | 600.44 | 602.23 | 466.43 | 438.50

Fig. 8 RSM contour plot of RSM Contour Plot: compressive strength
interaction between % pili

and pili shell size in the . BT m540-560
development of compressive
strength of CHB with pili 25 520540
shells #500-520
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size of pili shell decreases, the compressive strength of the samples also decreases.
Hence, given a constant cement-to-sand ratio at 6% replacement of fine aggregate by
waste pili shell, it was found out that the mean compressive strength of the pili shell
increases with the increasing aggregate size which supports the result of a published
study of Roy et al. [8]. Moreover, the relationship between the compressive strength
and aggregate size is due to the fact that aggregate size influences the workability
[9] and is directly proportional to aggregate size [8].

3.2 Statistical Analysis Using Box-Behnken Design

To evaluate the interaction among the chosen independent variables, Response
Surface Methodology (RSM) is utilized in this study as a tool in the laboratory
analysis or statistical design of experiment (DOE). RSM is an empirical model that
covers mathematical and statistical technique and optimization is one of its features.
Sigma XL software (version 7.0) was employed to determine the number of runs
(series of tests). Since the study examined three independent variables, the experi-
mental design used is Box-Behnken Design (BBD) which adopts three factors. From
the BBD of Sigma XL, fifteen (15) runs were suggested to evaluate the interactions
of these independent variables and to determine the optimize model, as shown in
Table 2. Runs were carried out in duplicate to optimize the level of chosen variables.

Table 2 Summary of experimental runs with experimental values of compressive strength

Run Order |A: % pili |B: pilisize |C: cement-sand ratio | Compressive strength (psi)
1 3 20 1.5 523

2 6 10 0.5 301.28
3 6 20 1 498.96
4 3 30 1 361.89
5 6 30 0.5 303.43
6 6 20 1 498.96
7 6 20 1 498.96
8 9 20 0.5 466.43
9 3 10 1 447.8
10 6 30 1.5 600.44
11 9 20 1.5 466.43
12 6 10 1.5 671.28
13 3 20 0.5 22321
14 9 30 1 279.9
15 9 10 1 522.19
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The minimum and maximum value for % pili as sand replacement and pili size
used in the parametric study was adopted. Since the compressive strength continues
to rise as the cement-to-sand ratio increases, the values used for optimization were
in the range of 0.5-1. The encoded compressive strengths of all runs in the design of
experiment were mean values of three samples per run. RSM can predict the model
equation using multiple regression analysis. The Eq. (1) is the fundamental equation
for multiple regression observation:

f(%) =By+ B1A+ BB+ B5C (D

where Bo, B1, B2, and B3 are the regression coefficients, while A, B, and C are pili
proportion, particle size, and cement-sand ratio, respectively.

Based on the experimental data, an empirical relationship between the response
was generated by Sigma XL (version 7.0) that relates the compressive strength to
the independent variables and is presented in Eq. (2).

RSM Regression Model : Y = (481.9014286) + (22.38125)*A : Percent pili
+ (—49.61125)*B : pili size + (120.85)*C : cementratio 4+ (—39.095)*AB
+ (—74.9475)* AC + (—70.54517857)* AA 2)

where Y is the predicted response (compressive strength), and A, B, and C are the
coded values for the three independent variables as mentioned previously.

From the generated model equation, displayed in Eq. (2), the positive coefficients
indicate the favorable effect of independent variables on the compressive stress of
CHB with pili shell. Hence, the percentage of pili shell and the cement-to-sand ratio
are significant in prediction of compressive stress.

Among the significant factors, the ratio of cement to sand is highly significant
exhibited by low p-value (0.0007), as shown in Table 3. This implies that the compres-
sive strength of CHB with pili nut is highly influenced by the cement-to-sand mixture.
As shown in the generated model equation, a high positive coefficient of cement-to-
sand ratio was produced implying that independent variable contributed greatly to the
compressive stress of CHB. This is attributed to the excellent bonding of cement and
sand that contributes to workability and compressive strength of the block. Moreover,
it was found also that there is a synergistic interaction between the percentage of pili
as partial replacement to sand and the cement-sand ratio displayed by low p-value
(<0.05).

Another statistical criterion that most regression analyst relies on is the variance
inflation factor or VIF which measures whether factors or independent parameters are
correlated to each other (i.e., multicollinearity) which could affect the p-value [10].
It is imperative that the operating parameters or input variables are not correlated
so as not to cause “tipping effect” of error or amplified standard error of estimates
[11]. If the VIF is equal or closer to 1, then the model is much stronger and reliable,
implying the factors re not impacted by correlation with others. From Table 3, all
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Table 3 Box-Behnken design’s parameter estimates of the surface quadratic model

Term Coefficient p VIF
Constant 481.9014286 0.0000

A: Percent pili 22.38125 0.3560 1

B: pili size —49.61125 0.0617 1
C: cement-sand ratio 120.85 0.0007 1
AB —39.095 0.2609 1
AC —74.9475 0.0490 1
AA —70.54517857 0.0680 1

factors acquired a value of 1.0 which means factors are not correlated. Hence, the
parameters are proven to be independent with one another.

Result of summary of analysis of variance (ANOVA) revealed a p-value of 0.0061
of the model. The smaller the value of the p-value (<0.0001), the more significant is
the model [7]. Hence, the generated model is significant in describing the compres-
sive strength of CHB with pili shell. On checking the coefficient of determination
or R? of the model, it was found out to be 0.8489 and an adjusted R? of 0.7355,
suggesting a satisfactory predictor model performance. It shows that 15.11% of
the variations cannot be explained satisfactorily by the model. Hence, the gener-
ated model and the corresponding actual measurements showed and established an
acceptable satisfactory correlation.

Additional elucidation was carried out using RSM plots and contour plots. Inter-
action between factors % pili replacement of total sand volume and the pili shell
size and compressive strength (in psi) of CHB with pili shells as the response are
established in the contour plot and three-dimensional response surface plots in in
Figs. 8 and 9, respectively.

The compressive strength of CHB with pili shells increases as the percentage of
pili shell size increases from 3 to 6% indicating this range of value was favorable to
for the enhancement of compressive strength. Moreover, the compressive strength
improved when the pili shell size used larger particle size (or smaller sieve number).
As shown in Fig. 12, the relationship among these three variables is curvilinear
relationship showing regions of high and low values.

On the other hand, for the RSM contour plot and 3D surface plot of the interaction
between cement: sand ratio and % pili replacement of sand, as depicted in Figs. 10
and 11, the progress in compressive strength of CHB with pili shells happened
with increasing cement: sand ratio at growing percentage of pili from 3 to 6% of
total volume. However, the result showed that the maximum point is outside the
experimental region. Hence, a research extension on exploring higher cement: sand
ratio with sand replacement by pili shells in the range of 3-6% is recommended.

Lastly, the interaction of pili shell size thru sieve number and cement: sand ratio
was investigated and the result is displayed in Figs. 12 and 13. It was viewed that the
maximum compressive stress was produced from larger pili shell (as fine aggregate)
size.
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RSM 3D Surface Plot: compressive strength
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RSM 3D Surface Plot: compressive strength
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4 Conclusion

In this work, the possibility of using pili (Canarium ovatum) nutshell as partial
replacement to sand in non-load bearing concrete hollow blocks batched at 7th day
was investigated by evaluating the compressive strength of synthesized CHB with
pili shells. The following conclusions are drawn from the output of the present study
and can be summarized as follows:

The possibility exists for the partial replacement of sand with waste pili shells to
produce non-load bearing CHB. Considering a constant seven (7) day curing period
only, majority of the synthesized CHBs with pili shells surpassed the control sample
in terms of compressive strength. It is also worth note taking that despite of short
curing period, five batched samples passed the minimum requirement of 6,000 psi
for non-load bearing blocks.

Waste pili shell at 6% volume replacement, is an effective substitute for fine
aggregate. Compressive strength of CHB increases with the size of pili shells as
partial replacement to sand. A significant rise in compressive strength of samples as
the cement-to-sand ratio increases.

The use of Response Surface Methodology (RSM) has facilitated the evaluation
of the compressive strength optimization of CHB with pili shell in this study. Box-
Behnken Design (BBD) produced the suggested number of runs to investigate the
interactions of three factors (i.e., % pili shell by volume as replacement to sand, pili
shell size expressed in terms of sieve number, and cement-to-sand ratio) and their
influence on the compressive strength of CHB with pili shells.

Contour-response surface plots and three-dimensional surface plots clearly
demonstrate the effect of increasing the percentage of pili shell as replacement to
sand, cement-to-sand ratio, and pili shell size on the compressive strength. The vari-
able cement-to-sand ratio exhibited the highest influence in the increase of compres-
sive strength as suggested by its high positive coefficient value in the generated
model, low p-value, and high coefficient value.

Statistical testing such as Variance Inflation Factor (VIF), and ANOVA revealed
the adequacy of the generated model to describe the fit of experimental data to
predictor model. Moreover, the coefficient of determination (R?) of the predictor
model implies that the quadratic model utilized is satisfactory in predicting the
performance of the compressive strength of CHB with pili shells.

From the result of the study and the inference made from the result, possible
research extensions can be made by future researchers. Moreover, regarding various
constraints and limitations incurred in the study, there will be numerous opportu-
nities to improve the validity of the study. Thus, the following considerations are
recommended:

(1) Consider more variations in the cement-to-sand ratio. From the RSM plot of the
study, it was found out that the optimized compressive strength influenced by
cement: sand ratio is outside the set maximum value.

(2) From the results of this preliminary study suggested the possible use of waste
pili shells as a replacement to fine aggregates in CHB, it is recommended to
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observe the development of compressive strength of CHB with pili shells in 14,
21 and 28 curing days. Furthermore, the long-term behavior of pili shells should
be investigated to strengthen the feasibility of utilizing and incorporating pili
shells to CHB.

Effect of using plasticizers and its influence to compressive strength should be
considered since it is well known that it aids in workability.

Additional significant independent variables can be considered in the optimiza-
tion study to improve the value of R? and other statistical parameters.

Itis recommended that broader parametric study and further validation of the inter-
action between percent pili by volume and cement-sand ratio should be conducted in
order to achieve an optimized condition. Other operating parameters such as effect
of heat and chemical treatment should be investigated to evaluate their effect to
compressive strength of composite.
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Circular Economy in Buildings: Service )
Life Considerations of Paint oo

Abdul Rauf, Attoye Daniel Efurosibina, Malik Khalfan,
and Shafiq Muhammed Tariq

Abstract Buildings and built environment are responsible for 40% of global CO,
emissions and resulting in climate change and other environmental issues. Life cycle
research is a vital tool in understanding and resolving the myriad of multifaceted
challenges which have made addressing the status quo complicated. Previous studies
show that embodied energy research provides an opportunity to investigate the envi-
ronmental impact of building materials. However, the emerging field of circular
economy has recently presented a platform for a critical appraisal of the association
between the lifespan of a material and the potentials for its circularity, as a means of
increasing its sustainability. This paper embraces this challenge but further argues
that extending the lifespan of a material has quantifiable benefits. The aim of this
paper is to explore how the service life considerations of paint as a finishing material
in buildings, can help to achieve the goals of circular economy and help reduce the
life cycle embodied energy of buildings. The assessment was carried out using an
input—output based hybrid approach (IOBHA) to calculate the life cycle embodied
energy of the building with a service life of 50 years, and 10 years for the paint. Next,
a sensitivity analysis was carried and it was assumed that the MSL was increased by
20% up to 100%, and then the LCEE was recalculated. The findings show that while
the LCEE of the paint was 161.8 GJ, increasing the MSL by 80-100% can lead to
a drop in the LCEE of the paint by up to 40%. Specific strategies were also recom-
mended to facilitate the extension of the service life and enhance the circularity of
paint.

A. Rauf () - A. D. Efurosibina - S. M. Tariq
Architectural Engineering Department, United Arab Emirates University, Al Ain, UAE
e-mail: a.rauf @uaeu.ac.ae

A. D. Efurosibina
e-mail: danielattoye @uaeu.ac.ae

S. M. Tariq
e-mail: muhammad.tariq@uaeu.ac.ae

M. Khalfan
Department of Management Science and Engineering, Khalifa University, Abu Dhabi, UAE
e-mail: malik khalfan@ku.ac.ae

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 131
M. Casini (ed.), Proceedings of the 3rd International Civil Engineering and Architecture
Conference, Lecture Notes in Civil Engineering 389,
https://doi.org/10.1007/978-981-99-6368-3_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-6368-3_12&domain=pdf
mailto:a.rauf@uaeu.ac.ae
mailto:danielattoye@uaeu.ac.ae
mailto:muhammad.tariq@uaeu.ac.ae
mailto:malik.khalfan@ku.ac.ae
https://doi.org/10.1007/978-981-99-6368-3_12

132 A. Rauf et al.

Keywords Service life + Circular economy - Embodied energy - Paint -
Input—Output Based Hybrid Assessment

1 Introduction

Buildings and built environment are responsible for 40% of global CO, emissions and
resulting in climate change. This situation requires urgent actions. Circular economy
(CE) encourages the use of strategies such as reducing, reusing and recycling that
eliminate waste, lower resource consumption and reduce greenhouse gas emissions.
One of the most prominent definitions of CE is a statement by the Ellen MacArthur
Foundation [1, 2]. It reads, “/ CE] an industrial system that is restorative or regener-
ative by intention and design. It replaces the ‘end-of-life’ concept with restoration,
shifts towards the use of renewable energy, eliminates the use of toxic chemicals,
which impair reuse, and aims for the elimination of waste through the superior design
of materials, products, systems, and, within this, business models.” [3]. Geissdoerfer
et al. examined 114 definitions of CE and found that the most common component in
the definitions was recycling (79%), then reuse (74%) and reduce (54-55%) [1]. The
literature also supports strategies that aim to extend the useful life of a product with
strategic gains such as economic benefits [4], future reusability [5], reduction of a
product’s environmental footprint [6, 7] and overall sustainability to advance the
CE agenda. CE replaces ‘end-of-life’ product concept with reducing, or reusing,
recycling and the recovering materials and at its core, is targeted towards sustain-
able development. This bridges key issues relating to good environmental quality,
economic prosperity and equity in the social/community sphere.

Several authors have corroborated the 3Rs of CE: reduction, reuse, and recycling
[1, 8—11] with the goal of promoting cyclical resource usage in connection with CE
[10]. Generally, broad discussions of CE resonate with an identification “indicators”
which mostly prioritize material preservation with “recycling” notably mentioned in
the literature [ 1, 10]. Though several other indicators have been mentioned, this paper
is primarily focused on one which fits the broad dimensions of life cycle assessments
in association with CE. Our attention, therefore, is given to embodied energy (EE).
Although EE is a fundamental part of life cycle assessments -which predates the
current CE awareness, the association between CE and life cycle embodied energy,
is ahealthy reasoning. There are, however, gaps in the knowledge within the construc-
tion industry which quantitatively justify and establish this relationship and proceed
to explain how this can be operationally carried out using actual case examples. This
is important since at its core, circularity requires quantifiable metrics that allow us
to track our progress [12].

This investigation is part of a larger project to investigate the critical importance of
embodied energy assessment in the construction industry of the United Arab Emirates
(UAE), investigating variations in the service life and renewable energy integration
[13, 14], and deriving adaptable lessons for wider regional and global applications.
The current study provides a connection between embodied energy research and
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circular economy. Our focus within the purview of the 3R concept is not simply to
reduce, reuse, recycle but to justify and engage in strategies that extend the useful
life of the selected wall finish as a means of ensuring material and environmental
sustainability. This resonates with the concepts of lifetime extension and closed-
loop recycling which are vital two circular economy approaches that aim to reduce
exploitation of virgin materials, environmental demand, and life cycle waste [15].

2 Background

2.1 Circular Economy: A Working Definition

The construction industry is the one of the major economic driving forces within
the UAE. But the industry has been criticized for unsustainable practices and
low resource efficiency. One of the ways to deal with the above criticism is to
move towards a Circular Economy (CE) approach that promises streamlining prac-
tices to be more sustainable, better resource-efficient, and environmentally-friendly
[16, 17]. The European Parliament defines CE as a production and consumption
model that relies on ‘sharing, leasing, reusing, repairing, refurbishing and recycling
existing materials and products as long as possible’, hence lengthening products’
and materials’ life cycles [18].

Within the context of construction industry, the CE is referred to as ‘an economic
system that supersedes the conventional ‘end-of-life’ ethos; the focus of its strategies
is on minimizing, creatively repurposing, recycling and salvaging materials from
manufacturing or distribution and consumption practices to retain the materials for the
longest possible time in the cycle, thus limiting the exploitation of natural resources
in projects’ [17]. Figure 1 shows some of these strategies and the connection between
CE, embodied energy assessment and the objective of this investigation.

2.2 Embodied Energy: An Overview

With growing interest in embodied energy research, there have been several factors
identified which have a definitive impact on the associated embodied energy of
a building, either at the initial stage (cradle to site) or over the life cycle (cradle
to cradle). Some other factors investigated include: material service life [19-21],
building service life [20, 21], assessment method [20, 21], material specification,
[22], energy source, [23], and the construction method [24]. In our previous studies,
the service life of both materials and buildings were reported as having a definitive
impact on the embodied energy of buildings; noting however, that the service life
of materials is very different [19-21]. While a material life concrete may last up to
50 years, paint may last only 10 years.
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Fig. 1 Annotated CE strategies in line with LCEE objectives (Adapted from [10])

From a comparative point of view, some authors have reported that it is possible
to reduce the embodied energy of a representative case study by up to 20% [25]
and up to 50% [26] when then building materials used are changed for alternative
options. Thus, it stands to reason that if the variation in service life of different
materials impacts their total embodied energy, extending the service life of a single
material would have a similar positive effect on the goal to reduce embodied energy.
This standpoint directs the current investigation, and this is clearly expressed in the
research design (See Sect. 3).

2.3 United Arab Emirates: Study Context

In the UAE, there is a growing awareness of shifting to the CE approach. The govern-
ment, practitioners and university researchers agree on the benefits of adopting CE
within the construction industry and recognize its potential for moving the industry
towards sustainable practices [27]. However, there is no substantial research done in
this area and hence some initial work is presented in this paper.

While the concept of recycling of a material is considered as a one-off activity, the
CE concept takes it to the next level, that is a never-ending circle of use, reuse, repair
and recycling of material where waste is considered as commodity and reinjected
into the economy as useful resource. In addition to the above, CE also looks at the
design phase of construction activity, where the materials and resources are being
specified and procured, in order to make sure that the circularity is kept in mind
whilst specifying and procuring construction materials.
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2.4 Paint as a Building Material

Paint is used in large quantities in buildings as a finishing material, and can have
significant environmental impacts. On average, the embodied energy for paintis about
117 MJ/kg compared to 3.5 MJ/kg for clay bricks and 263 MJ/kg for wallpaper [28].
Therefore, it is important to investigate the way to improve its circularity and extend
its usefulness. Re-using, extending the life of materials and recycling are among
important strategies for a material to secure the benefits of circular economy. Unused
water-based and latex paints can be recycled to manufacture new paint products.
Unused Oil based paints can be used as a source of energy. However, unlike most
materials used in buildings, paint which has been used once, cannot be re-used or
recycled. In this scenario, extending the service life of paint becomes extremely
important to improve its circularity and reduce its environmental impacts.

The manufacture of paint is mostly carried out in coordinated batch processes.
There are two major steps which make up the production, there are the premix and
dispersion, and then, the finishing and tinting (See Fig. 2). In some cases, these steps
are done in one tank, or divided up in two consecutive tanks: a disperser or mixer
tank, and a let-down tank [29].

In general, there are few to no chemical reactions which occur as the operations are
mostly mechanical. Once the assembling of raw materials is done, mixing, dispersing,
and the thinning/adjusting are concluded; final filling into containers and batching
into warehouses comes last [31]. As per the raw materials used in paint manufacture,
they are a range of solids, liquids, powders, pastes and slurries. The pigments used
are titanium dioxide, zinc oxide, mineral solvents such as turpentine, as well as resins
and some additives [32]. By-products and waste produced include Volatile Organic
Compounds (VOCs), wastewater, waste solvents, and sludge. These have negative
environmental effect and need various systems and strategies implemented to reduce
their impact [33].
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Fig. 2 Manufacture of paint [29, 30]
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There is a close association between a systematic review of the sub-processes
critical in any manufacturing process, and the steps leading to an assessment of
the circularity of the product. Fundamentally, both allow for evaluating strengths
and weaknesses across the production line. But circular economy encourages the
shifting of material use from linear to circular by using materials again and again, a
concept known as closing the loop [34, 35].

Circular strategies also encourage narrowing or slowing resource loops with the
objective of maintaining the value of materials or extending their usefulness [36].
This strategy is applied for as long as it is practically possible and is intended to
maximize the material’s primary use before it is reused or recycled into another
product. It has been argued that the disadvantages of material recovery associated
with recycling may be addressed by extending a product’s service life of products
before attempts to repurposing or recycle it [37, p. 2]. Furthermore, when materials
are used to their maximum extent, there are several benefits such as avoidance of
resource losses, savings on raw materials and energy, reduction of emissions and by-
products by significantly reducing in the volume of material waste generated [38].
These in-turn lead to, low embodied energy consumption and resource intensive
construction activities, as well as less dependency on virgin materials, and material
extraction from primary sources [36].

3 Research Method

As stated earlier, this study focuses on assessing the embodied energy of paint, as
the selected building material, extending its service life, and then re-evaluating the
life cycle embodied energy impacts to assess the applicability of benefits the aim as
a circular economy strategy.

3.1 Case Study Villa

This investigation was facilitated by using an already-built residential villa in the
UAE to provide real-world material usage based on the actual bill of quantities used
in the construction. The representative case study building selected is located in Al
Ain, UAE. It is a two-storey house with a Floor area of 532 m? (See Fig. 3).

The bill of quantities was used to quantify the life cycle embodied energy of the
house by extracting the following: material unit and quantity delivered. The material
quantities of the paint used in the villa extracted are listed in Table 1 below. The
wastage factor was derived from literature [19, 20], and the Energy intensity (EI) unit
was extracted from the Environmental Performance in Construction (EPiC) database
[28].
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Fig. 3 Floor plans of the view of representative case study villa
Table 1 Material quantities and embodied energy assessment data for paint
Item Unit Qty Wastage Delivered EI GJ/unit
factor quantity
Interior
1 Wall finishing kg 169 1.05 177.7191 0.111
(W2) (Washable
emulsion paint)
1530 m?
2 Ceiling finishing | kg 354 1.05 37.17 0.111
(C2,C3)
(Washable
emulsion paint)
320 m?
3 Ceiling finishing | kg 1.77 1.05 1.8585 0.111
(C6, C7)
(Washable and oil
paint) 16 m?
4 Ceiling finishing | kg 1.70 1.05 1.78416 0.124
(C6,CT7)
(Washable and oil
paint) 16 m?
Exterior
1 Acrylic paint 70 kg 7.744 1.05 8.130938 0.111
2
m
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3.2 Embodied Energy Assessment

The assessment protocol used for the quantification of both the embodied energy of
the villa and the paint was a rigorous input—output based hybrid approach (IOBHA).
In previous studies, this approach has been presented as the most comprehensive
and procedurally reliable method for such assessments [19, 21, p. 206], [21]. A full
breakdown of the steps for the IOBHA is provided in referenced literature. The
critical formula used -for each material and component of the villa, is as shown
below:

Process — based hybrid embodied energy (PB) =
Delivered quantities of materials + Hybrid embodied energy (1)

The process-based (PB) hybrid embodied energy value is then added to the results
of a series of mathematical investigations to account for embodied energy consumed
by non-material inputs. These are the provision of finance, insurance, transport etc.,
which are needed supporting measures to facilitate the villa construction. This addi-
tion was done to complete the system boundary for the assessment and is called
the “remainder” which is then added to the PB value to arrive at the comprehensive
IOBHA value of the associated embodied energy.

3.3 Base Case and Alternative Scenarios

The current investigation was designed to provide an extension of our on-going
research trajectory to cover the much spoken and critical aspect of Circular Economy.
In order to apply the listed steps above in connection with the objective of this study
on “service life extension”, this study adopts a scenario approach. Using the average
service life of paint at 10 years as the base case, we projected possible variations
which will lead to an extension of the service life. These may include improved
product quality, better manufacturing processes or maintenance. These factors are
elaborated in Sect. 4.2.

To create an analytical basis for these scenarios, we assumed an incremental vari-
ation in the service life. Table 2 shows these scenarios and service life improvements
which were investigated in details and the results presented in the next section.
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Table 2 Base case and service life scenarios

Material under review: paint Material service life (MSL) in years
Base case 10
Scenario 1 (+20%) 12
Scenario 2 (+40%) 14
Scenario 3 (+60%) 16
Scenario 4 (+80%) 18
Scenario 5 (+100%) 20

4 Results and Discussion

The findings of this study are presented on two levels. Firstly, the life cycle embodied
energy of the case study villais presented relative to the initial and recurrent embodied
energies. Next, the selected building materials, paint, is focused on. A similar presen-
tation of its LCEE is provided as well as an extended investigation of five (5)
scenarios; this is the sensitivity analysis where the material service life of the paint
is varied as explained in the previous section. As stated, Fig. 4 shows the results of
the IOBHA for the villa; its LCEE over 50 years was 13,096.5 GJ which is made up
of the IEE which was 7390.5 GJ (56%) and the REE which was 5690.01 GJ (43%).

4.1 Life Cycle Embodied Energy of the Paint Used in the Villa

With specific reference to the focus of this paper, Fig. 5 shows the combined IEE and
REE of all the paint used in the finishing of the villa. This figure represents the base

Covers the all
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embodied BY In

on the villa
pair, and

ent over the building

Includes all associated

® Initial Embodied Energy

Covers the Initial
construction of the
villa

N

Includes all associated
embodied energy from
material extraction and
processing to transportation
and installation

® Recurrent Embodied Energy

Fig. 4 Annotated LCEE of the case study villa
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Fig. 5 IEE and REE of the
paint used in the case study
villa

= |nitial Embodied Energy (IEE)

= Recurrent Embodied Energy (REE)

case where the average material service life of the paint used is 10 years. It shows
that the IEE was 32.5 GJ (20%) while the REE was 129.4 GJ (80%).

Recurrent embodied energy for the paint is assumed to be the same for all types of
paint used for the purpose of simplifying this investigation. The figure shows that the
REE of the paint is 4 times its IEE at a MSL of 10 years and a BSL of 50 years. This
implies that there will be 4 replacements (or repainting) over the building’s useful
life span. There are some factors, which may however, alter these projections. For
example, socially, a change in the resident; a new tenant may prefer a different colour
of the walls even if the initial paint does not need any maintenance; environmentally,
weathering and climate change rates may quite easily vary in the next 50 years,
leading to a faster rate of degradation of both the exterior walls, and the paint used
on it. Also, economically, the cost of paint and affordability may significantly drop or
rise which may make the occupants decide to repaint villa before its MSL (10 years)
or not repaint even after 10 years, if too expensive. Due to these unforeseen scenarios,
it is important to have a well-understood assessment of how the service life of the
paint, may or may not impact its circularity.

4.2 Sensitivity Analysis

Based on the foregoing, this section investigates the impact of improvement in the
service life of the paint used, as a strategy to increase its useful life, reduce its
environmental impact, and extend the timeline of its circularity and value. Thus, the
MSL was increased by 20, 40, 60, 80 and 100%. For each scenario, the corresponding
LCEE of the paint was recalculated. Figure 6 visually shows the impact of the MSL
variations, as well as the incremental reduction in the LCEE relative to the base case
for each scenario.

The figure shows that when the service life of paint is increased by 100%, there
is a 40% reduction in its LCEE. This confirms that there is a significant advantage in
extending the loop and increasing circularity by improving the service life of building
materials. While this finding resonates with the objective of the paper, practical
strategies which allow for this to be achieved need to be investigated. In previous
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studies, the factors method or ‘factoring’ has been presented, debated and positioned
as a possible approach or strategy to accomplish this [20]. It is associated with the
ISO 15686-1 (2000) and ISO 15686-2 (2003) which set standards for service life
planning in relation to both buildings and building components. Based on the factors
approach, some possible strategies are recommended below for each “factor”:

1.

2.

Quality of materials: proper selection of water- or fire- resistant materials where
needed

Design level of a component’s or an assembly’s installation: reduce design
complexity

Installer skill level: ensure installation in made by certified, competent and well-
trained painters

Indoor environment: Protection of painted areas from immediate negative indoor
impact such as water spills, extreme friction, wear and tear, and loading
Outdoor environment. Protection of painted surfaces from direct or indirect
outdoor impact from the environment (sun, rain or snow) or human activity
In-use condition: Advocate for trained or mature handling of product or
component

Maintenance level: Provide planned periodic maintenance

For each factor, further research may reveal other strategies which may be applied.

Although this lies outside the scope of the current paper, it is important to state that
such strategies may be investigated either qualitatively based on industry trends,
or quantitatively to evaluate LCEE aspects, financial expenses or environmental
impacts.
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5 Conclusion

This research was carried out to investigate the benefit of extending the service life
of building materials as a circular economy strategy. To explore this objective, an
IOBHA was carried out on a representative case study villa to calculate the associated
embodied energy. Next, the service life was gradually increased, and the embodied
energy recalculated. The results showed that for the selected case, the life cycle
embodied energy of the paint was 161.8 GJ, IEE was 20% and REE was 80% of the
LCEE. For the sensitivity analysis, the various scenarios show that when the MSL
of paint is increased by 20% there is no change in LCEE. But when it increases by
40-60%, the LCEE drops by 20% and when the MSL is increased by 80-100%,
LCEE drops by 40%.

This research was carried out as the first step in providing evidence to show that
service life extension of paint can be used in reducing their embodied energy but
also improving their circularity. This is because, the longer a material is useful, the
greater the economic and environmental benefits, less resources extraction needed,
and thus, promotes the transition towards the circular economy in the construction
industry for sustainable development. It also serves as a vital step in promoting
material sustainability by improving waste generated and closing the loop.
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Development of Rapid-Setting Repair )
Materials Through One-Part L
Geopolymer Technology

Wei-Hao Lee, Ying-Kuan Tsai, Chien-Chin Chen, and De-Wei Gao

Abstract The development of geopolymer materials has been over 35 years.
Compared with ordinary portland cement (OPC), geopolymer materials have many
excellent properties such as high-early strength, nice durability, low carbon emis-
sion...etc. Therefore, geopolymer materials have great potential to replace OPC. In
particular, geopolymer’s high early strength characteristics are very suitable as repair
materials. However, the traditional geopolymer manufacturing process is mixed alka-
line solution and aluminosilicate materials. The transportation and storage of alkaline
solution will cause a significant burden on the factory, limiting the application and
market willingness of geopolymer material. This study focuses on using solid-state
activator to develop one-part geopolymer, which is “only adding water” to produce
geopolymer. This study will try to develop [Rapid-setting repair geopolymer paste]
and [Rapid-setting repair geopolymer mortar] and discuss the effect of solid acti-
vator dosage amount, type of solid activator, and solid activator fineness on the
mechanical and workability properties of geopolymer materials. According to the
experiment results, after curing for 2h, the compressive strength of [Rapid-setting
repair geopolymer paste] can reach over 30 MPa, and the compressive strength can
reach 100 Mpa after curing for 28 days. The compressive and flexural strength of
[Rapid-setting repair geopolymer mortar] can reach over 60 and 10MPa, after curing
for the day. The shrinkage rate can be controlled at lower than 0.1%. This study
succeeded in developing a suitable repair material using one-part geopolymer tech-
nology. It is hoped that the practical application can be carried out after more testing
in the future.
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1 Introduction

Cement manufacturing is one of the highest carbon dioxide emission industries.
It releases 880 kg carbon dioxide for every ton of cement produced. The annual
global cement production has reached 2.8 billion tonnes [1]. The OPC production
contributes approximately 5-8% of global CO, emissions [2].

Geopolymer materials have been developed for over 30 years. Until recently,
geopolymer have been heeded by global research institutes and many countries
due to geopolymers containing excellent properties, simple production equipment,
and fabrication process at room temperature. It has good development potential for
replacing OPC cement to use in engineering applications [3-9].

In the traditional way of making geopolymers, it is necessary to mix reactive
binder materials with alkaline solutions [10, 11]. However, there are many limitations
in transporting and storing a large amount of alkaline solution, which limits the
application and market willingness of geopolymer material.

Therefore, this study uses solid-state activator and aluminosilicate material to form
geopolymer. It is expected to improve the current way of adding alkaline solution
by mixing it with water. This study will discuss the effect of solid-state activator
dosage amount, type of solid-state activator, and solid-state activator fineness on
rapid-setting repair geopolymer material’s mechanical and workability properties.

At the same time, this study will discuss the influence of various parameters on the
workability and mechanical properties of rapid-setting repair geopolymer materials
when made into mortar.

2 Material and Experiment Method

This study uses sodium metasilicate anhydrate (SMA) and sodium carbonate (SC)
as solid-state activators to prepare the geopolymer. The chemical composition of
sodium metasilicate anhydrate (Na,;Si03) is 46 wt.% of SiO, and 51 wt.% of Na,O.
The purity of sodium carbonate is 99%. All the solid activators were purchased from
Emperor Chemical Co., Ltd.

In this study, Ground granulated blast furnace slag (GGFBS) has been selected
as binder material. China Steel produced GGBFS in southern Taiwan. The chem-
ical composition and particle size of the GGBFS are in Table 1. The crystal phase
of GGBFS, shown in Fig. 1a, reveals that GGBS is almost amorphous. To form
geopolymer mortar, this study purchased natural sand as fine aggregate, and the F M.
of natural sand is 3.0.

Table 1 Chemical composition of GGBS
Oxide CaO Si0, AL O3 MgO Other D5y of GGBFS
Wt.% 40.2 34.7 14.1 7.1 3.9 12.02pm
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Fig.1 a The XRD pattern of the GGBFS. b The XRD pattern of the natural sand

The experiment procedure and parameters of this study can be divided into two
part to discuss. The first part is [Rapid-setting repair geopolymer paste], experimental
procedure and parameters were shown in Fig. 2 and Table 2. The second part is
[Rapid-setting repair geopolymer mortar], experimental procedure and parameters
were shown in Fig. 2 and Table 3.

The setting times analysis method of geopolymer paste were followed by CNS
786 and determined through Vicat equipment. The setting time analysis method
of geopolymer mortar were followed by CNS 14,220. The compressive and flexural
strength analysis method of all specimens were followed by CNS 1232 and CNS 1234
The shrinkage analysis method of all specimens were followed by CNS 14,603.¢ Size,
Margins and Font.
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Fig. 2 Overall experiment procedures
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Table 2 [Rapid-setting repair geopolymer paste] experiment parameters

Mix ID Solid activator Binder (wt. %)

grinding time SMA SC GGBFS

12-0-15 15 12 0 88
15-0-15 15 15 0 85
18-0-15 15 18 0 82
20-0-15 15 20 0 80
15-10-15 15 13.5 1.5 85
15-15-15 15 12.7 2.3 85
15-20-15 15 12 3.0 85
15-30-15 15 10.5 45 85
15-50-15 15 7.5 7.5 85
15-15-0 0 12.7 2.3 85
15-15-30 30 12.7 2.3 85

Table 3 [Rapid-setting repair geopolymer mortar] experiment parameters

Mix ID Solid activator | Binder (wt. %) Fine aggregate to binder
grinding time SMA sC GGBFS ratio

12-15-0-1.2 0 10.2 1.8 |88 12

12-15-15-1.2 15 10.2 1.8 |88 1.2

12-15-30-1.2 30 10.2 1.8 |88 1.2

12-15-15-1.5 15 10.2 1.8 |88 1.5

12-15-15-2.0 15 10.2 1.8 |88 2.0

12-15-15-2.75 15 10.2 1.8 |88 2.75

3 Result and Discussion

3.1 Effect of Various Factors on the Setting Time
of [Rapid-Setting Repair Geopolymer Paste]

Table 4 shows the influence of each factor on [Rapid-setting repair geopolymer paste]
setting time. According to the experimental results, it is found that the three factors
have a significant effect on the initial setting time of [Rapid-setting repair geopolymer
paste]. The main factor was the SC replacement amount.

In addition, through the experimental results, it is found that the amount of SC
replacement amount and the solid-state activator dosage amount has a significant
effect on the final setting time of [Rapid-setting repair geopolymer paste], while the
grinding time of the solid activator has no apparent effect; based on the above-related
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3;‘:554013;}11; esleczft(zicrigoltci:/na:g;ls Mix ID Initial setting time (min) | Final setting time (min)

[Rapid-setting repair 12-0-15 |17 32

geopolymer paste] 15-0-15 7 11
18-0-15 6 11
20-0-15 5 8
15-10-15 | 8 15
15-15-15 |17 23
15-20-15 |15 32
15-30-15 |24 40
15-50-15 |45 80
15-15-0 |17 38
15-15-30 |11 25

results, it is found that the SC replacement amount is the main factor affecting the
setting time of [Rapid-setting repair geopolymer paste].

3.2 Effect of Various Factors on the Compressive Strength
of [Rapid-Setting Repair Geopolymer Paste]

The influence of various factors on the compressive strength of [Rapid-setting repair
geopolymer paste] is shown in Fig. 3. The experimental results show that the solid
activator grinding time and the amount of sodium carbonate substitution significantly
affected the 4-h compressive strength of the [Rapid-setting repair geopolymer paste].
In addition, according to the results of 1-day compressive strength, only the solid-
state activator dosage amount significantly affect the 1-day compressive strength of
[Rapid-setting repair geopolymer paste], and the solid-state activator dosage amount
is the only one that affects [Rapid-setting repair geopolymer paste] 1-day compres-
sive strength. The analysis results of the [Rapid-setting repair geopolymer paste]
7-day compressive strength show that the solid-state activator dosage amount and
the grinding time of the solid activator significantly affect it.

The influence of various factors on the 28-day compressive strength of [Rapid-
setting repair geopolymer paste] was found that only the solid-state activator dosage
amount significantly affects the 28-day compressive strength of the [Rapid-setting
repair geopolymer paste. The main factor of the 28-day compressive strength of the
slurry is the amount of solid activator added.

Therefore, based on the above results, it is found that the main factor affecting the
development of compressive strength of [Rapid-setting repair geopolymer paste] is
the solid-state activator dosage amount.

In addition, this study conducted experimental tests on the short-term compressive
strength development of [Rapid-setting repair geopolymer paste], and the related
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Fig. 3 Effect of various factors on the compressive strength of [Rapid-setting repair geopolymer
paste]. a The solid-state activator dosage amount. b SC replacement amount. ¢ Solid activator
grinding time. d Development of compressive strength (cured from 1 h to 28 days)

results are shown in Fig. 3d. The compressive strength of [Rapid-setting repair
geopolymer paste] developed in this study develops rapidly, and it only needs two
hours of curing to exceed the 28 Mpa required by general engineering. It can be seen
from this that the [Rapid-setting repair geopolymer paste] developed in this research
has the feasibility of a practical application.

3.3 Effect of Various Factors on Flexural Strength
of [Rapid-Setting Repair Geopolymer Paste]

The influence analysis of various factors on the flexural strength of [Rapid-setting
repair geopolymer paste] is shown in Fig. 4. The experimental results showed that
the solid-state activator dosage amount and SC replacement amount significantly
affect the 4-h flexural strength of the [Rapid-setting repair geopolymer paste], and
the influence of the solid-state activator dosage amount is higher than that of the SC
replacement amount. The experimental results also found that the three factors have
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no significant influence on the 1-day flexural strength of the [Rapid-setting repair
geopolymer paste].

In addition, according to the 7-day flexural strength results of [Rapid-setting repair
geopolymer paste], only the solid activator’s grinding time significantly affects the
7-day flexural strength. Regarding the 28-day flexural strength, the experimental
results found that none of the three factors significantly affected [Rapid-setting repair
geopolymer paste].

In addition, this study conducted experimental tests on the short-term flexural
strength development of [Rapid-setting repair geopolymer paste], and the relevant
results are shown in Fig. 4d. The flexural strength of [Rapid-setting repair geopolymer
paste] developed in this study also developed rapidly. It can be seen from this that the
[Rapid-setting repair geopolymer paste] developed in this research has the feasibility
of a practical application.

Therefore, based on the above results, it is found that the main factor affecting the
development of compressive strength of [Rapid-setting repair geopolymer paste] is
the solid-state activator dosage amount.

In addition, this study conducted experimental tests on the short-term compressive
strength development of [Rapid-setting repair geopolymer paste], and the related
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Fig. 4 Effect of various factors on the flexural strength of [Rapid-setting repair geopolymer paste].
a The solid-state activator dosage amount. b SC replacement amount. ¢ Solid activator grinding
time. d Development of flexural strength (cured from 1h to 28 days)
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results are shown in Fig. 3d. The compressive strength of [Rapid-setting repair
geopolymer paste] developed in this study develops rapidly, and it only needs two
hours of curing to exceed the 28Mpa required by general engineering. It can be seen
from this that the [Rapid-setting repair geopolymer paste] developed in this research
has the feasibility of a practical application.

3.4 Effect of Various Factors on Shrinkage of [Rapid-Setting
Repair Geopolymer Paste]

The influence analysis of various factors on the shrinkage of [Rapid-setting repair
geopolymer paste] is shown in Fig. 5. The results show that the shrinkage will
decrease when the solid-state activator dosage amount increases.

When the solid-state activator dosage amount is higher enough, the shrinkage
of the specimen can be controlled at around 0%. However, these two factors will
not significantly affect the shrinkage, including SC replacement amount and Solid
activator grinding time.

01 0.0

TN TN T i
0.0 - 01 ") | o o t
NS = o % | 3
o1 % 02 : 2 :d 5 2
£ N £ N OB N
] = i 4 g
;.n.&- \ ; 0.4 1 1
é 041 g E 05 \
E Th f [ l4hour if
0.5 ‘; 0.6 1 day l

0.6 07

(a) (b)
0.7 08

15015 151015 151515 152015 1530-15 15.50-15

2
EEE
2
€
T 0.4+
z
E 0.5 )
f [ |4 hour
0.6 201 day
R 7 days
iy (771 28 days
(C) [sxd
08 T T T
15150 151515 151530

Fig. 5 Effect of various factors on the shrinkage of [Rapid-setting repair geopolymer paste]. a The
solid-state activator dosage amount. b SC replacement amount. ¢ Solid activator grinding time
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gz;ilt)(iissonEthcste(t)tfi:;rtii?rllls of Mix ID Initial setting time (min) | Final setting time

[Rapid-setting repair 12-15-0-1.2 17 31 min

geopolymer mortar] 12-15-15-12 |11 25 min
12-15-30-1.2 |11 23 min
12-15-15-15 |11 23 min
12-15-15-2.0 |23 54 min
12-15-15-2.75 | 65 193 n

3.5 Effect of Various Factors on the Setting Time
of [Rapid-Setting Repair Geopolymer Mortar]

Table 5 shows the influence of various factor on [Rapid-setting repair geopolymer
mortar] setting time. According to the experimental results, it is found that the fine
aggregate amount have a significant effect on the initial and final setting time of
[Rapid-setting repair geopolymer mortar]. Because when the additional amount of
fine aggregate increases, the overall content of the paste will decrease, thereby
delaying the overall reaction rate and achieving the effect of retarding the setting
time.

In addition, through the experimental results, it is found that the grinding time of
solid-state activator also slightly affects setting time. As the grinding time increases,
the overall reaction speeds up. But when the grinding time exceeds 15 min, there
will not have any change.

3.6 Effect of Various Factors on the Compressive Strength
of [Rapid-Setting Repair Geopolymer Mortar]

The influence of various factors on the compressive strength of [Rapid-setting repair
geopolymer mortar] is shown in Fig. 6. According to the experimental results, as
the Solid activator grinding time prolongs, the compressive strength of the specimen
cured for 4 h increases. The reason is speculated because when the Solid activator
grinding time is extended, the particle size of the Solid activator becomes finer. The
specific surface area increases, which makes the Solid activator react better, thereby
increasing the compressive strength of the specimen. However, as the curing age was
prolonged, the compressive strength was not significantly affected by it.

In addition, as the proportion of fine aggregates increases, the 4-h strength will
decrease. This trend is mainly because the fine aggregates themselves cannot partic-
ipate in the reaction and can only provide the strength of the aggregate itself. There-
fore, when the proportion of fine aggregates increases After that, the early strength
decreases, but as the curing time elongated, the proportion of fine aggregates had no
significant effect on the compressive strength.
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Fig. 6 Effect of various factors on the compressive strength of [Rapid-setting repair geopolymer
mortar]. a Solid activator grinding time. b Fine aggregate to Binder ratio

3.7 Effect of Various Factors on the Flexural Strength
of [Rapid-Setting Repair Geopolymer Mortar]

The influence of various factors on the compressive strength of [Rapid-setting repair
geopolymer mortar] is shown in Fig. 7. According to the experimental results, the
flexural strength trend of [Rapid-setting repair geopolymer mortar] increases with
the increase of Solid activator grinding time. In addition, it is known that when fine
aggregates are added to the material, the fine aggregates can effectively inhibit the
shrinkage of the specimen and then promote the development of the flexural strength
of [Rapid-setting repair geopolymer mortar]|, compared with [Rapid-setting repair
geopolymer paste] is stable. The trend is similar to the compressive strength results
for the proportion of fine aggregate added.
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Fig. 7 Effectof various factors on the flexural strength of [Rapid-setting repair geopolymer mortar].
a Solid activator grinding time. b Fine aggregate to Binder ratio
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Fig. 8 Effect of various factors on the shrinkage of [Rapid-setting repair geopolymer mortar].
a Solid activator grinding time. b Fine aggregate to Binder ratio

3.8 Effect of Various Factors on the Shrinkage
of [Rapid-Setting Repair Geopolymer Mortar]

The influence of various factors on the shrinkage of [Rapid-setting repair geopolymer
mortar] is shown in Fig. 8. According to the experimental results, the shrinkage
becomes smaller as the solid activator grinding time increases. It is speculated that
the reason is that when the solid activator grinding time is prolonged, the particle
size of the solid activator becomes finer, and the specific surface area increases,
which makes the solid activator reaction better. The test body’s structure developed
completely, and the shrinkage properties declined.

In addition, as the additional amount of fine aggregate increases, the shrinkage rate
will also decrease. The additional amount of fine aggregates can inhibit the shrinkage
of the specimen, and there is no obvious change in shrinkage after curing 7 days.
However, although the addition of fine aggregates will help inhibit the specimen’s
shrinkage, it still needs to be considered carefully because of its poor early strength
development.

4 Conclusion

According to the experimental results, it is found that the workability properties and
mechanical properties of [Rapid-setting repair geopolymer paste] can be adjusted
by adjusting the different parameters. When the solid-state activator dosage amount
is too much, there is no obvious effect on the specimen’s early compressive and
flexural strength. Still, as the age is extended to 28 days, the surface of the test body
will produce white blooms of carbonates to reduce the strength of the specimen.
When sodium carbonate replaces sodium metasilicate =215%, the setting time of
[Rapid-setting repair geopolymer paste] is prolonged.
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According to the test results, [Rapid-setting repair geopolymer paste] No. 15—
15-15, its setting time can meet the target range of repair material requirements,
and the compressive and flexural strength can also reach the target strength of the
repair material. In addition, through relevant data analysis, the main factor affecting
the setting time is SC replacement amount, followed by solid-state activator dosage
amount; the main factor affecting the early compressive strength is Solid activator
grinding time; the main factor affecting the development of the compressive strength
of the specimen is solid -state activator dosage amount.

About [Rapid-setting repair geopolymer mortar], according to the experimental
results, it is found that through the adjustment of the different parameters, the work-
ability properties and mechanical properties of [Rapid-setting repair geopolymer
mortar] can be adjusted so that [Rapid-setting repair geopolymer mortar] can achieve
repair the target strength and working performance of the material. The different ratio
of fine aggregate significantly affects the setting time and early strength development
of [Rapid-setting repair geopolymer mortar]; according to the current experimental
results, the setting time can be controlled within the target range of the repair material
demand, and the compressive and flexural strength can also reach the target strength
of the repair material.
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Reducing Embodied Energy of Floor )
Assembly: A Case for Using CLT L
in Mid-Rise Residential Buildings

Abdul Rauf and Muhammed Tariq Shafiq

Abstract Buildings’ energy consumption is estimated between 30 and 40% of its
global use, resulting in various environmental impacts. There is a need to reduce the
energy consumption by buildings in the construction phase, along with the operation
phase, which is well-studied. Concrete is a construction material that is being used
widely in the construction industry but has high embodied energy. In the move
towards using low-energy materials, new materials and construction technologies
are being developed and studied. In this regard, Cross lamented timber (CLT) can be
a sustainable alternative due to its excellent load-carrying capabilities, and therefore
has become an emerging choice in buildings as a low embodied energy material
alternative. This paper aims to explore the potential initial embodied energy reduction
benefits by comparing the initial embodied energy consumption of concrete floor
systems and CLT floor systems for mid-rise residential buildings. An eight-story
apartment building was used for this analysis. This study shows that replacing the
reinforced concrete floor with a CLT floor results in more than four times reduction in
embodied energy associated with floor construction. This demonstrates the need for
careful selection of materials in buildings at the design stage to reduce their embodied
energy and consider the use of CLT instead of reinforced concrete in this context.
Results from this initial study also indicate the need for more studies to address the
challenges associated with the adoption of this low embodied energy material.
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Input—output based hybrid assessment - Construction materials

A. Rauf (<) - M. T. Shafiq

Department of Architectural Engineering, College of Engineering, United Arab Emirates
University, 15551 Al Ain, Abu Dhabi, UAE

e-mail: a.rauf @uaeu.ac.ae

M. T. Shafiq
e-mail: muhammad.tariq@uaeu.ac.ae

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 157
M. Casini (ed.), Proceedings of the 3rd International Civil Engineering and Architecture
Conference, Lecture Notes in Civil Engineering 389,
https://doi.org/10.1007/978-981-99-6368-3_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-6368-3_14&domain=pdf
mailto:a.rauf@uaeu.ac.ae
mailto:muhammad.tariq@uaeu.ac.ae
https://doi.org/10.1007/978-981-99-6368-3_14

158 A. Rauf and M. T. Shafiq

1 Introduction and Background

There is aconsensus among researchers about the contribution of energy consumption
to global warming and climate change. Increasing heat waves, more frequent floods,
and other weather-related catastrophes show the extent of climate change. Atmo-
spheric CO, concentration has now reached well above the upper safety limit with a
value of 419 parts per million [1]. Buildings consume significant amounts of energy
during their life cycle. This includes the energy required for their initial construction
including the energy required for the production of materials, as well as the oper-
ation of buildings during their use phase [2, 3]. Energy is also consumed through
maintenance activities during a building’s lifetime. Multidimensional approaches are
required to minimize energy consumption across all life cycle stages of buildings.

Buildings-related energy consumption is estimated between 30 and 40% of global
energy consumption [4]. A significant share of building-related energy is attributed
to residential buildings. Growth in the global population and rapid urbanization is
resulting in a strain on the housing needs in cities. This situation is resulting in the
construction of more and more mid-rise residential projects in urban and suburban
areas. There is an urgent need for action from all the stakeholders in the construction
industry to form strategies for the reduction in energy consumption by the building
sector. Energy associated with the operations of buildings is well understood and
significant work has been done in this area [3].

A considerable amount of energy is associated with the manufacture of materials
and products. This includes the energy consumed in the extraction of raw materials,
their processing, manufacturing, transportation to the site, and construction and is
known as Initial embodied energy [5]. Due to the large amounts of energy inputs,
this phase of the building life cycle may potentially cause the greatest environmental
impacts. An understanding of the impacts associated with this phase is essential in the
selection of suitable materials at the design stage in efforts to reduce the greenhouse
gases associated with the building sector.

Within this context, timber is one of those materials which is considered low
energy material. As a building material, timber requires significantly less production
energy compared to other major building materials, such as concrete and steel [6].
Significant amounts of greenhouse gases are emitted due to the large amount of
energy required for the manufacturing of cement and steel. Therefore, timber is
considered a key component of more environmentally conscious buildings.

Mid-rise residential buildings are gaining popularity in urban areas around the
world. The overall trend of mid-rise residential buildings is due to the rising popula-
tion and rapid urbanization sustained by a widespread shift from low-rise buildings.
Therefore, reducing the energy embodied in the materials of mid-rise residential
buildings is becoming important [7]. Using timber as a construction material in these
types of buildings may offer an opportunity to reduce embodied energy of materials.
In addition to the environmental benefits, timber as a building construction mate-
rial offers many advantages in terms of cost, ease of construction, time savings in
construction time, and safety of the workforce during construction [8].
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Until recently, timber has been used for low-rise buildings only, with concrete and
steel frames the dominant types for medium-rise buildings worldwide [9]. Massive
timber construction is an emerging technology, which offers the construction industry
a viable alternative to steel and concrete [10]. The use of massive timber construction
and cross-laminated timber has recently started to grow around the world, particu-
larly in the developed world [11]. Many buildings have been constructed in Europe,
America, Canada, and Australia. The use of massive timber construction is expected
to grow significantly in the coming years and decades [6], as shown in Fig. 1.

Massive timber construction is a method that makes use of large solid timber
sections and panels to replace concrete slabs and steel framing for walls and floors
[10]. Cross-laminated timber is the main type of ‘massive timber construction’ which
has become increasingly popular in the last decade. The use of massive timber for
walls, floors, and roofs in the form of CLT in medium-rise buildings results in a
considerably lower weight of the building as compared to concrete and steel. This
means there may be huge cost savings associated with foundation systems [8]. Other
cost advantages come principally from reduced build time with the lighter prefabri-
cated material [6]. Compared to steel or concrete, massive timber is reasonably easy
to work with on-site. Prefabricated sections arrive on a truck, are quickly craned
into place, and simply joined together with a skeleton crew [11]. Improved safety
during construction is also a significant advantage. The two key drivers behind the
wide use of massive timber in Europe for more than a decade are undoubtedly its
cost-effectiveness and sustainability.

This study takes the position that there is a need to better understand the energy
associated with the construction materials and initial construction of buildings at
the design stage. A better comprehension of embodied energy consumption can
help professionals in the construction industry to make informed decisions leading
to a reduction in energy associated with the initial construction of buildings [12].
Therefore, this study aimed to explore the potential initial embodied energy reduction
benefits by comparing the initial embodied energy consumption of concrete floor
systems and CLT floor systems for mid-rise residential buildings.
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2 Research Method

A typical eight-story apartment building was created in Autodesk Revit. The model
consists of a CLT floor (without floor finishes). Floors were supported by 135 mm
thick CLT wall panels. Quantity of the CLT floor panels calculated by material takeoff
in Revit. A hybrid analysis is considered the most appropriate method for the calcu-
lation of embodied energy [13]. The embodied energy of these CLT floor panels was
calculated using the input—output-based hybrid analysis method. Embodied energy
co-efficient for CLT was used from the EPIC database [14] and multiplied by the total
quantity of CLT used in the apartment building, resulting in a process-based hybrid
embodied energy figure. To complete the system boundary, the energy embodied in
non-material inputs was calculated, referred to as the remainder of energy inputs, and
added to the process-based hybrid embodied energy figure. More detail about using
input output-based hybrid analysis method can be found in the previous publications
by the author [15-17].

The same apartment building was then recreated in Revit with reinforced concrete
floors and a concrete frame structure, with a slab thickness of 150 mm. The floor
was supported by concrete columns. Quantities of the floor materials for this model
were also extracted and embodied energy of the concrete floors was calculated as
per the method described for CLT floors. Embodied energy results for both the CLT
and concrete floor assembly were compared.

3 Results and Discussion

This section presents the embodied energy results of CLT floors and reinforced floor
systems for the apartment building.

The embodied energy of CLT floors. The total volume for CLT for floor assembly
with a panel thickness of 175 mm on a typical floor was 75.3 m*. Embodied energy
associated with the initial construction of a typical floor with was found to be 162
GJ (0.321 GJ/m2). For the seven floors of the apartment building assumed to be built
by CLT, embodied energy was 1134 GJ, as shown in Fig. 3.

The embodied energy of reinforced concrete floors. The total volume of concrete
for floor assembly with a floor panel thickness of 200 mm on a typical floor was
100.7 m3. Embodied energy associated with the use of concrete for the initial
construction of a typical floor with was found to be 388.6 GJ (0.77 GJ/m?). For the
seven floors of the apartment building, embodied energy associated with concrete
use was 2720.6 GJ, as shown in Fig. 2. The amount of steel used for reinforcement
of the floor slab was calculated by using the thumb rule of 1% steel for the consumed
volume of concrete. This amount resulted in 7905.6 kg of steel per floor. Embodied
energy associated with this amount of steel was 298.5 GJ (0.59 GJ/m?). For the seven
floors of the apartment building, embodied energy associated with the use of steel
was found to be 2089.64 GJ. Combined embodied energy associated with the use of
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concrete and steel for the reinforced concrete floor system was found to be 4810.3
GlJ.

Embodied energy results for the floor assembly of both construction systems
show that the reinforced concrete floor system is responsible for significantly higher
embodied energy consumption as compared to the CLT floor system. The individual
amount of embodied energy for Concrete (2720.6 GJ) and steel (2089.6 GJ) is more
than double the amount for CLT (1134.1 GJ). The combined embodied energy of both
materials in a reinforced concrete floor system (4810.3 GJ) is 4.24 times more than
the embodied energy associated with the use of CLT. As embodied energy results
in a significant amount of GHG emissions and related environmental impacts, the
use of CLT in mid-rise buildings can help to significantly reduce the environmental
impacts of buildings.
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Fig. 2 a Floor plan of the apartment building b Cross section of the apartment building showing
the floors (in red) under investigation for embodied energy analysis
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Fig. 3 Embodied energy of CLT and reinforced concrete floor systems for the apartment building

By replacing the reinforced concrete system for floor construction with a CLT
floor system, this apartment building can reduce 3676.1 GJ of embodied energy.
Using the Emission rate of 70 kg CO,-e/GJ [12, 13], this reduction in embodied
energy amounts to 52.52 t CO,-e. This saving of greenhouse emissions is equal to
the emissions by a bus passenger traveling 299,656 km, based on 159 g CO;-e per
passenger km in Melbourne [12, 18]. In addition to these benefits of using CLT as a
construction material, its use in mid-rise buildings results in a reduction of building
weight significantly. This may result in further embodied energy savings due to the
reduced size of the foundation/footing system as a result of less building weight.

Keeping in mind the environmental impacts of embodied energy associated with
the construction of buildings, and embodied energy reductions associated with the
appropriate selection of materials and construction systems as shown by this study,
all stakeholders in the building industry need to make efforts to reduce the embodied
energy. Policymakers should encourage the use of low-embodied energy mate-
rials through incentives and embed embodied energy into building codes incremen-
tally. Similarly, designers and developers should exploit any opportunity to reduce
embodied energy including the careful selection and efficient use of materials.

4 Conclusion

This study compared the embodied energy associated with the CLT floor system and
reinforced concrete floor system for an eight-story apartment building. Both floor
systems were modeled in BIM and quantities were extracted. These quantities were
used to calculate the embodied energy using input—output-based hybrid analysis.
Results show that the CLT floor system consumed significantly less amount (4.24
times less) of embodied energy than the reinforced concrete system. This study also
shows appropriate materials selection is important at the design stage to reduce the
embodied energy consumption and related environmental impacts of the buildings.
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The Relationship Between the Surface )
Characteristics and Corrosion Properties | @&
of Carbon Steel Affected by Abrasive

Water-Jet Treatment

S. Park, S. Kainuma, T. Ikeda, Y. Toyota, and T. Arakawa

Abstract Abrasive water-jet treatment (AWT) is applied in this study as a promising
surface cleaning method for steel structures. This study aimed to evaluate the effect of
changes in the surface properties of steel on the corrosion characteristics of the base
steel plate by AWT. The changes in the surface configuration and microstructure of the
steel plate obtained at different standoff distances from AWT were compared to those
of abrasive blasting. The surface characteristics of the specimens were evaluated for
their roughness and micro-structural features. The test results showed that the smaller
the standoff distance, the changes in microstructures generated from the increased
plastic deformation layers during the AWT became distinct. As the energy reaching
the substance during the AWT increased, found the increased surface hardening
and the reduced grain size on the plastic deformation sections, which resulted in
enhanced corrosion resistance. Hence, it was verified that AWT has a positive effect
on the corrosion properties of the base metal as a surface cleaning technic for steel
structures.
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1 Introduction

Surface cleaning is a significant procedure to maintain the quality of steel structures
and their lifespan. The durability of painting and under coating corrosion mainly
depends on steel surface conditions after treatment. In current, abrasive blasting is
one of the most widely used methods for steel surface preparation. However, it still
has poor cleaning efficiency in the bottom of the corrosion pit of severely corroded
steel members. The initial corrosion under the painting and film occurred due to
chloride or corrosion products that have not been removed is another disadvantage
of blast treatment. On the other hand, abrasive water-jet developed originally as a
new type of special steel cutting technology is a potential surface cleaning method
to break through such problems. A recent study showed that abrasive water-jet was
used for polishing steel surfaces by adjusting the various operating parameters [1].
The abrasive water-jet which provided the Mach 2 level of ultra-high pressure water
to abrasive materials allowed to make large energy penetrate to the compact rust
layer. During the high-pressure process of abrasive water-jet, the water temperature
raised to more than 60 °C washed away the residue on the surface without the risk
of fire and dust generation. Due to these benefits, the abrasive water-jet was more
excellent than typical surface treatment methods in relation to the removal of thick
rust as well as the cleaning of surface residues in narrow areas such as crevices
between structures Furthermore, the abrasive water-jet was shown to modify the
surface characteristics of the substance because the huge energy from the abrasive
water-jet produces alterations in surface hardening and microstructure [2]. Changes
in surface properties were generally due to plastic deformation layers that have
a positive effect on corrosion resistance [3]. This study aimed to investigate the
changes in steel surface properties and their effects on corrosion properties according
to standoff distances during abrasive water-jet treatment (AWT) with the convergent
nozzle. The surface roughness and microstructures after AWT were evaluated and
compared with the electrochemical test results to establish the effects of AWT on
the corrosion properties of carbon steel plates. To assess treatment efficiency, results
were compared to blast treatment.

2 Experimental

2.1 Specimens

The material used for AWT and blast treatment was JIS G 3106 SM490A steel
(carbon steel) specified by Japanese Industrial Standard, and the dimensions of the
test samples were 70 x 70 x 6 mm. AWT and blast treatment were conducted with
Australian garnet of which mesh size is #30-60. AWT and blast treatment conditions
are listed in Tables 1 and 2, respectively. The nozzle used in the AWT was set in one
direction at a speed of 1 m/min by selecting a water-jet conversion nozzle used for
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Table 1 AWT processing parameters

Specimen | Standoff | Abrasive Pressure | Garnet | Traverse Nozzle Water
distance | supply (g/ | (MPa) mesh speed AWT | diameter | flow (L/
(mm) min) size (#) | machining |(mm) min)
(m/min)
AWT100 | 100 600 230 30-60 1 2 11.9
AWT200 | 200
AWT300 |300

Table 2 Blast treatment parameters

Specimen | Standoff | Abrasive Pressure | Garnet Blasting | Nozzle Blasting
distance | supply (g/ | (MPa) mesh size |time (s) |diameter |angle (°)
(mm) min) # (mm)

Blast200 | 200 1,740 0.7 30-60 5 8 90

metal cutting, and in the case of blasting, it was projected for 5 s at a 90° angle. AWT
specimens according to standoff distances 100, 200, and 300 mm are nominated as
AWT100, AWT200, and AWT300. A blasted specimen corresponding to a standoff
distance of 200 mm is labeled as Blast200. Prior to the surface treatment, all surfaces
of the samples were polished to remove the mill scale on the surface and provide
cleaned surface conditions.

2.2 Surface Profile and Roughness

The surface morphology after both types of treatments was measured by microscope.
Those properties are described by surface profiles. The surface profile is referred to
as the treatment range and maximum erosion depth after surface treatment. Hereby,
the treatment range illustrates the affected area and eroded area. The affected area
has a surface condition analogous to the blasted surface. The eroded area is a fully
treated area, placed on the track of AWT or blasting. The maximum erosion depth
is the depth from the eroded area. Figure 1a shows a detailed overview of the AWT
process applied to steel plate. Figure 1b exhibits the surface profile of the surface
after blast treatment and AWT as a 3D image. Figure 2 presents the morphology of
the treatment range as an actual processed photo and a 2D image.

After AWT and blast treatment, the cross-sectional profile and roughness of the
test samples were performed by laser scanning microscope and the calculation of
the affected area and eroded area can be determined using the inflection point of the
mapping graph, which is the maximum curvature [4]. Surface roughness was assessed
for the arithmetic mean roughness (Ra) and the mean width of the roughness (RSm)
calculated based on an average of 11 lines with a base length of 10 mm. the Ra is the
most commonly used parameter for general engineering purposes [5].
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Fig. 2 Surface conditions of carbon steel plate by blast treatment and AWT

2.3 Hardness and Microstructure

The microhardness values of the treated steel specimens were measured using a
Vickers hardness test. In order to analyze changes in the microstructure, the cross-
section of the treated sample was investigated with a microscopic photograph.
The cross-section of the samples was prepared, etched with 2% nital, and the
microstructure of the samples was examined under a microscope.
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2.4 Electrochemical Test

Electrochemical tests were measured using a potentiostat. All electrochemical tests
were conducted on the reference electrode (Ag/AgCl) and counter electrode (plat-
inum foil) with a measurement area of 100 mm?. Open circuit potential (OCP), polar-
ization curve (PC), and electrochemical impedance spectroscopy (EIS) measure-
ments were tested in a 3.5 wt% NaCl aq for all treated samples. The OCP of the
test sample was measured with an AC amplitude of 10 mV for 24 h, and the PC was
tested in the range of &= 250 mV at a scanning speed of 10 mV/min. Corrosion current
(icorr) and corrosion potential (E.o) were measured using Tafel extrapolation. EIS
was performed in the range of 10 MHz to 100 kHz with respect to OCP.

3 Test Result

3.1 Surface Profile in the Treated Surface

Figure 3 shows the quantitative values of the surface profile after blast treatment
and AWT. In Fig. 3a, for the treatment range, the blasted specimen was larger than
the AWT specimens, whereas, in Fig. 3b, the maximum erosion depth tended to be
larger in AWT specimens. In particular, under the same standoff distance of 200 mm
condition, the Blast200 specimen was 1.5 times larger than the AWT200 specimen
for the treatment range, while the maximum erosion depth was 2 times smaller. This
means that although the entirely treated for blast treatment had a larger treated area
than the AWT due to the influence of the divergent nozzle, the maximum erosion
depth during AWT was greater because the energy that touches the substrate was
significantly larger than the blast treatment. Hence, the larger erosion depth of AWT
could be ideal for the removal of the thick rust and inside chlorides than blasting.
During AWT, as standoff distance increased, the treatment range tended to increase,
while the maximum erosion depth decreased. This is because the larger the standoff
distance during AWT, the wider the injection angle due to the divergent of the jet,
and the kinetic energy of the particle is gradually lost when the abrasive materials
particles collide with the jet entry and move toward the jet exit [6].

Figure 4 exhibits microphotographs of the surface morphologies of the specimens
after blasting and AWT. The AWT specimens had a surface peak to the valley two
to three times higher than the blasted specimen. In particular, the AWT100 spec-
imen had the largest peak value of 300 wm, and the peak tended to increase as the
standoff distance decreased during AWT. As the standoff distance decreases, the
kinetic energy transmitted to the target substance increases, leading to increase the
density of energy, amplifying the force for erosion. Consequently, as the standoff
distance decreases, the impact force on the target substrate increases, the existing
peak is destroyed on the surface particle impact and the groove deepens because
of creating a new groove [7]. Figure 5 presents the actual roughness values in the
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Fig. 3 Surface profile of Blasted and AWT specimens

corresponding treated specimens. It was exhibited that all AWT specimens had 1.5—
2 times greater roughness (Ra, RSm) than the blasted specimen. In addition, for
the AWT specimens, the roughness decreased as the standoff distance increased.
Distinctly, the greater the energy reaching the substrate allowed for the increase of
the roughness.
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Fig. 4 Surface morphologies of a Blast200 specimen, b AWT100 specimen, ¢ AWT200 specimen,
and d AWT300 specimen
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3.2 Changes in Hardness and Microstructure of AWT
Specimens According to Standoff Distance

Figure 6 shows the microhardness value graph of the specimens. It can be seen in
this graph that the untreated specimen (base material) had an average hardness value
of 150-200 HV. All specimens after both types of treatment had increased hardness
and observed the maximum value on the treated surface. Especially, the AWT100
specimen which is the smallest standoff distance obtained the largest value of 268
HV. AWT200, AWT300, and Blast200 obtained 253, 242, and 224 HV, respectively.
The improvement in microhardness values can be attributed to the hardening of the
surface of steel plates.

The change in surface deformation after treatment is shown in Fig. 7. After both
types of treatment, a plastically deformed surface layer was formed in each specimen,
and the depth of the modified layer was 90 wm, 40 wm, 25 pum, and 10 wm for
AWT100, AWT200, AWT300, and Blast200 specimens, respectively. Especially,
the plastically deformed layer was the densest in the AWT100 specimen, followed
by the AWT200 specimen, and less dense in the case of the AWT300 specimen and
the Blast200 specimen. For the blast treatment, the plastic deformation layer was the
smallest. In addition, it was shown that the plastic deformation layer and the surface
hardness increase section were almost the same. As a result, it was indicated that the
energy strength of AWT reaching the surface is higher than that of the blast treatment,
and as the standoff distance is decreased during the AWT, the energy strength of the
surface is increased to form the maximum depth and section of the plastic deformation
layer. It was also deduced that maximum compressive residual stress is generated in
the maximum plastic deformation part [8]. Therefore, it was inferred that the energy
absorbed in the steel plate during AWT influenced the increase in microhardness
below the sample surface and the change in microstructure.
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Fig. 6 Microhardness
Va1U§S of the treated Hardness O AWTI100
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Fig. 7 Microscopic images of microstructure on the cross-section of the treated specimens

3.3 Difference in Corrosion Properties

The OCP values for all specimens are shown in Fig. 8a. AWT100 specimen possessed
the highest OCP value, thus it was obvious that this specimen was the noblest potential
value. The blasted specimen exhibited the most cathodic potential value. Figure 8b
presents the PC values obtained using the Tafel extrapolation method of all speci-
mens. E., values of the AWT100 specimen reached the highest stable value of —
707 mV pg/agci, followed by the AWT200 of — 736 mV sg/agci, AWT300 of — 748
mV ag/agct, and Blast200 of — 814 mV ag/agci. When the icor values were investi-
gated, the blasted specimen had the highest icor; (1.56 LA/cm?) than those of AWT
(0.3—1 wA/cm?). In addition, in the case of AWT specimens, those of AWT speci-
mens had tend to decrease slightly as the standoff distance decreased. Particularly,
the AWT100 specimen was the lowest at 0.37 wA/cm?. Generally, ico is one of the
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most important parameters for evaluating corrosion performance. A lower i, indi-
cates better corrosion resistance. Therefore, the AWT specimens had better corrosion
resistance than that of the blasted specimen, and the smaller the standoff distance
during AWT, the higher the corrosion resistance of the treated specimen. The EIS
results of all specimens are shown in Fig. 8c. The diameter of the Nyquist loop in the
AWT specimens was larger than that of the blasted specimens, indicating that AWT
had positive effects on corrosion resistance rather than blast treatment. Notably, the
AWT100 specimen possessed the largest semicircle, followed by the AWT200 spec-
imen, AWT300 specimen, and Blast200 specimen. Thus, the AWT100 specimen had
the largest capacitive loop diameter which manifests the highest corrosion resistance.
EIS data were fitted by adopting an electrical equivalent circuit as shown in Fig. 8d.
Randles circuit is adequate for representing the situation of the steel surface without
the film [9]. The equivalent circuits were composed of solution resistance (R;), the
constant phase element of the double electrical layer (CPEq), and the charge transfer
resistance (R). Table 3 lists the results of R values of the AWT specimens and the
blasted specimen. The AWT specimens had larger R values than those of the blasted
specimen and for AWT, the R value reduced as the standoff distance increased at
AWT100, AWT200, and AWT300 specimens, respectively. It can be said that the
larger the R value, the greater the corrosion resistance value.

Generally, as the roughness of the steel surface increases, the corrosion rate
increases [10]. However, in Fig. 5 the roughness of the AWT-treated specimens
was more than three times that of the blasted specimen, but as illustrated in Fig. 8,
the corrosion resistance of the AWT specimens was higher than that of the blasted
specimen. In terms of AWT, roughness and corrosion resistance also increased as
standoff distance decreased. The result was contrary to conventional literature and
indicated that factors other than roughness among surface properties have a greater
influence on the corrosion resistance of specimens treated in this study. Changing
corrosion resistance could be ascribed to the plastic deformation layer of the surface
after the treatment. Namely, it can be seen that corrosion resistance improved after
AWT, due to as the section of the plastic deformation layer increases, the compres-
sive residual stress increases. The result was coherent with studies by Wang et al.
[3]. Therefore, it can be indicated that the formation of a deformed surface layer and
hardening in the AWT has a desirable influence on corrosion resistance.

4 Conclusion

To identify the effect of AWT on the corrosion characteristics of carbon steel plates,
the surface roughness, hardness, microstructure, and electrochemical properties were
investigated. The main conclusions obtained from this study are as follows.

(1) AWT-treated steel plate exhibited a lower treatment range, and larger maximum
erosion depth under the same standoff distance in comparison to blasted steel
plate.
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Table 3 Fitted impedance parameters from EIS of the treated specimens

Specimen | Ry CPEy Re Chi-squared %2 (x1073)
(Qcm?)  [(Q's"em™2) x 1072 | (Qcm?)

AWT100 8.05 1.62 2640 431

AWT200 10.0 1.58 2600 5.52

AWT300 7.16 1.40 2090 6.38

Blast200 8.19 372 1650 2.58
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Surface roughness of AWT-treated steel plates was larger than that of the blast
treatment. The roughness of the treated surface with respect to AWT processing
is reduced as increasing standoff distance.

AWT-treated steel plates had larger hardness and plastic deformation in compar-
ison with blasted steel plate. Those properties in relation to AWT processing
increased as the standoff distance decreased.

Electrochemical test results indicated that AWT improved the corrosion prop-
erties more than those of the blast treatment. The improvement in corrosion
resistance is due to the modified microstructure by increasing surface hardness
and plastic deformation according to an increase in energy received from the
surface of the specimen.

Future studies should investigate a surface physics analysis to assess the quanti-

tative values of changes in microstructure under the surface of the steel plate during
AWT. Additionally, the assessment of coating qualities for AWT-treated steel plates
is also essential for actual structure application.
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Study of Mechanical Properties )
of Solvent Cement Connection for PVC Gedida
Pipes

Tao Wang and Shaowei Hu

Abstract For the mechanical properties of pipe joints, existing studies have mainly
focused on flexible joints of ductile iron pipes and concrete pipes, and there is a lack
of research on the mechanical properties of adhesive bonded joint of PVC pipes. By
combining axial pullout prototype tests and numerical simulations using ABAQUS,
this study investigated the effects of pipe diameter, socket gap, and loading rate on
the axial mechanical properties of PVC pipe adhesive joints. Moreover, by building
a buried PVC pipeline with 4 pipe sections, this study investigated the dynamic
response of the adhesive bonded joint under different load amplitudes and different
travel directions. The results showed that the seismic performance of the adhesive
bonded joint is weak, and its axial pullout force is inversely proportional to the socket
gap and proportional to the pipe diameter, while the loading rate has limited effect
on it; under buried conditions, the longitudinal stress distribution at the top of the
pipe is highly discontinuous, and the maximum stress in the socket is proportional
to the traffic load amplitude, and the longitudinal travel direction is more likely to
cause the failure damage of the buried PVC pipeline with adhesive bonded joint.

Keywords PVC pipes * Solvent cement connection + Parametric analysis *
Numerical simulation - Adhesive bonded joint - Experiments

1 Introduction

Underground pipeline system is the infrastructure for transporting water in cities,
and is the underground lifeline to ensure residents’ life and production [1]. Polyvinyl
chloride (PVC) pipes, as a national effort to promote the development of eco-friendly
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pipes, have the advantages of flexibility, low flow resistance, reliable sealing, and
corrosion resistance [2]. Many studies have pointed out [1, 3-5] that the interface
area of pipes is the weak part in the mechanical properties of buried pipelines and is
more prone to damage during earthquakes, so it is crucial to effectively improve the
mechanical properties of water pipeline interfaces.

Currently in the Chinese standard regarding PVC pipes [6, 7], the interface connec-
tions of PVC pipelines are mainly divided into two types of flexible connections and
rigid connections. And rigid connection mainly includes solvent cement connection,
flange connection and other connection methods, of which the most applied is the
solvent cement connection (adhesive bonded joint, or adhesive interface), whose
applicable range is less than 225 mm nominal diameter.

A major evaluation indicator for buried pipelines is seismic capacity, Chen et al. [§8]
concluded that the flexible interface has good seismic energy dissipation capability by
conducting axial pull-out test on foot-rule cast iron pipeline; Han et al. [3] pro-posed
the axial stiffness equation of socketed flexible interface by conducting axial pull-
out test on ductile iron pipeline; Ren et al. [4] studied the damage form of flexible
interface of ductile iron pipeline under eccentric stretching; Li et al. [9] obtained
the hysteresis curves of flexible interfaces of ductile iron pipes under reciprocal
loading and found that the magnitude of seismic capacity was positively correlated
with the size of pipe diameter through tests; Zhong et al. [5] studied the bending
performance of the flexible interface of ductile iron pipeline; Duan [10] studied the
seismic performance of the socket interface of cast iron pipeline by bending test;
Wang et al. [11, 12] investigated the mechanical response of flexible interfaces of
buried concrete pipes under coupled traffic and operational loads through three-
dimensional numerical simulations; Zhai et al. [13] studied the failure mode of the
socket of PCCP pipes and found that the increase of joint gap is not conducive to
socket joint protection; Chen et al. [14] compared the seepage resistance of flexible
and rigid interfaces through the leakage test of concrete drainage pipes and found
that flexible interfaces such as rubber rings have better impermeability; Zhang et al.
[15] obtained the analysable solution of internal force and displacement of arbitrary
cross-section of gas transmission pipeline under rainfall conditions; Wu et al. [16]
established the calculation model and calculation method of vertical displacement
of flexible interface pipeline under vertical load.

The above-mentioned studies in the field of buried pipes are more on the mechan-
ical response of the interfaces of cast iron and concrete pipes, but rarely on the
interfaces of PVC pipes, and mostly focus on the flexible interface as the connection
form, lacking studies on the adhesive connection form.

In this study, based on the previous studies, the axial mechanical properties of PVC
pipes with adhesive bonded joints under different pipe diameters, loading rates, and
socket gaps by means of a three-dimensional solid numerical model established by
ABAQUS software were investigated. Further, the three-dimensional solid model of
the interaction between the road structure and the buried PVC pipeline with adhesive
bonded joint of multiple pipe joints is established, and the mechanical response of the
buried PVC pipeline with adhesive interface is studied by applying different traffic



Study of Mechanical Properties of Solvent Cement Connection for PVC ... 179

load amplitudes and different travel directions. The results of this study will pro-vide
guidance for practical engineering.

2 Axial Mechanical Properties

The seismic data over the years show that the bending deformation of buried pipes
caused by seismic wave propagation can be almost negligible compared to the axial
deformation [3], so it is necessary to study the axial mechanical response of PVC
pipes with adhesive bonded joints.

2.1 Finite Element Model

To investigate the mechanical response of the adhesive interface under different
loading regimes, the 3D solid model of the adhesive bonded joint is established in
ABAQUS as Fig. 1, which consists of three components: bell, spigot and adhesive
layer [17, 18]. In this simulation, the end of the bell is fixed while the end of the
spigot is loaded according to the displacement to simulate the pulling process of the
adhesive interface.

The material of the PVC pipe composed of bell and spigot was set as an elasto-
plastic material, and the elastic modulus and Poisson’s ratio were respectively set to
0.3 GPa and 0.35 [3], with C3DS8R cell type and hourglass control.

The finite element model approach for the adhesive interface is mainly surface-
based cohesive and using solid cells, among which the simulation results obtained
by using the solid cell approach are more realistic and accurate compared to the
former [19, 20]. For the above reasons, this study adopted the method of establishing
solid cells for finite element simulation of PVC adhesive interfaces, and its intrinsic
model is the BK composite mode under energy-based damage evolution [21-23].
The adhesive layer was processed using the COH3DS cell type as shown in Fig. 2 in
ABAQUS software, where the upper surface of the adhesive layer was designated as
the top surface. Connect the outer wall of the spigot to the inner wall of the adhesive

Fig. 1 Structure of solvent
cement connection

adhensively bonded joint
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layer and the inner wall of the bell to the outer wall of the adhesive layer using a Tie
connection in ABAQUS.

At present, research on the performance of adhesive interface materials is mainly
focused on the aerospace and chemical industry, and less research has been conducted
on the adhesive layer used for PVC adhesive interfaces. The bonding properties
of different base materials and adhesives are not consistent, to obtain the material
parameters for characterizing the adhesive layer, the material property tests were
carried out according to the standards [24-26], and the normal tensile test and shear
test were performed as shown in Fig. 3. According to the stress—strain curve obtained
from the test results, the values of the material parameters used in this paper are shown
in Table 1.

Fig. 2 Orientation of the adhesive layer mesh

(a) normal tensile test (b) shear test

Fig. 3 Adhesive mechanical properties materiality test
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Table 1 Parameters for characterizing adhesive materials in ABAQUS

Emn Ess Ey Onn Oss o Gic Cic Guic
0.671 2.143 2.143 0.612 5.892 5.892 1.365 10.178 10.178

2.2 Results and Discussion

The response of the axial mechanics of the PVC pipe line was accessed by simulating
the pulling process of adhesive bonded joint. To verify the accuracy of the numerical
simulation and ensure the validity of the subsequent results, a proposed static test
of the axial pullout of the adhesive interface is designed in this paper, and the test
setup and procedure of this test are shown in Fig. 4 where bell and spigot of the
pipeline were fixed at the two ends of the loading device respectively. A universal
testing ma-chine was used for displacement loading, and the axial pulling force
and displacement of the specimen during the press-pulling process were collected
by force and displacement sensors. The experimental results are compared with the
results of the numerical simulation in Fig. 5, from which it can be seen that the results
of the simulation are quite consistent with the experimental ones, which ensures that
the finite element model used in this simulation is valid.

Loading Rate. The relationship between the measured axial pullout force and socket
displacement (F-D curves) is shown in Fig. 6 when different loading rates (10 mm/s,
20 mm/s, 50 mm/s) were applied to a socket with DN200 and a socket gap of 1 mm. In
Fig. 6, for PVC pipelines with adhesive bonded joints, increasing the pullout rate does
not change the nominal stiffness of the interface to resist pullout, but can increase the
maximum failure load to some extent, although the change was relatively small and
its effect can be ignored in practical engineering applications. In the early pulling

(a) Prototype test site (b) The pipeline prepared for the test

Fig. 4 Prototype test of PVC pipeline with solvent cement connection
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period, the adhesive interface in the axial pulling force basically maintained linear
elasticity, when the ultimate load was reached, rapid tearing damage occurred and
the interface collapsed. This explained that the change in velocity of seismic waves
in earthquake was less influential in producing damage to the adhesive interface.
Nevertheless, the PVC pipe with adhesive interface of DN200 failed by pull-out
damage after 12 mm of socket displacement, which indicated that the resistance
of interface to seismic damage is very weak and much lower than that of flexible
interface. But compared to the flexible joint, DN200, socket gap of 1 mm adhesive
bonded joint limited pullout force of about 250 KN, while the same specifications of
the flexible joint limit pullout force were often only about 600 N, which makes the
adhesive bonded joint has a much higher than the flexible interface stopping ability.
Therefore, for the buried PVC pipeline with adhesive interface, it is not necessary to
set up sup-port piers along the laying direction, which will greatly save the project
cost in the short and medium distance water transmission project with small diameter
requirements.

Pipe Diameter. To study the effect of pipe diameter size on the mechanical properties
of the interface, three nominal diameters of PVC pipes, DN200, DN160 and DN110,
were taken for simulation in ABAQUS, and the obtained F-D curves are shown in
Fig. 7.

FromFig. 7, for PVC pipelines with adhesive bonded joints, not only the maximum
pullout force would increase significantly with the increase of pipe diameter, but also
the nominal stiffness of the interface to resist pullout could be increased. Further,
the maximum pullout force does not simply increase linearly with the increase in
pipe diameter. The maximum pullout load per week increased with the increase
of pipe diameter, which indicated that the increase of pipe diameter changes the
mechanical mechanism of the adhesive interface. Since the bonding force of the
adhesive interface comes from the cohesive force of the adhesive and the bonding
force between the adhesive and the pipe wall, the increase of the pipe diameter did
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not change the cohesive force of the adhesive, which indicated that the increase of

the pipe diameter will increase the bonding force between the adhesive and the pipe
wall and there was a size effect.

Socket Gap. In the assembly process, the socket gap of the adhesive interface will
affect the bonding ability between the adhesive and the bonding interface, so the
size of the socket gap is an important factor affecting the mechanical properties of
joint. To investigate the effect of different gap sizes on the axial pullout force of the
adhesive interface, different assembly gaps were set as variables in this section, and
the F-D curve about axial mechanical response of the adhesive interface is shown in
Fig. 8. As it can be seen from Fig. 8, for the adhesive interface, the increase of the
socket gap did not change the magnitude of the nominal stiffness of the interface to
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resist pullout, while its maximum pullout force decreased with the increase of the
socket gap, which led to the forward shift of the appearance of the maximum pullout
force. Although increasing the socket gap means using more adhesive to bond bell
and spigot, it reduced the tensile strength of the socket, so it was more economical
and beneficial to avoid using adhesive interfaces with large socket gaps in the project.
The increase of the socket gap did not change the adhesive mechanics of the adhesive
interface, but only makes the bonding force between the adhesive and the pipe wall
reduced, thus weakening the working ability of the adhesive interface.

3 Buried Pipeline Mechanical Properties
3.1 Finite Element Model

The whole model consists of two major parts: the pipeline model and the road model.
The pipeline model consisted of 4 sections of the same length connected to each
other, and the two adjacent sections were connected by adhesive joints, each with an
effective length of 2 m and a nominal diameter of DN 200. The material parameters
of the PVC pipeline and adhesive joints were set as before. The overall model of
the pipeline is shown in Fig. 9 (P1, P2, P3, P4 represent the 1st, 2nd, 3rd, 4th pipe
sections, S1, S2, S3 represent the 1st, 2nd, 3rd adhesive bonded joint).

The road model consisted of three parts: road surface, roadbed and sand subcrust,
and the overall model size is 7 m x 8 m x 8 m. The thickness of the road surface
was 0.25 m and adopted the linear elastic principal structure. The thicknesses of
roadbed and sand subcrust were 6.75 m and 0.25 m respectively, and the width of
sand sub-crust was 0.60 m. Both the roadbed and sand subcrust used the Moore
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P1 P2 P3 P4

Fig. 9 Modeling of pipeline entities

Coulomb elastoplastic principal structure model. The relevant material parameters
are shown in Table 2 [11, 12, 27], and the overall mesh is divided as shown in Fig. 10.
To simulate the boundary conditions of the buried pipeline more realistically, the
displacement degrees of freedom of the bottom 3 directions and the displacement
degrees of freedom of the 4 lateral normal directions are constrained in the road
model.

Table 2 Material parameters of road structures

Material Density p/ | Elastic Poisson’s ratio | Cohesive Angle of
(kg.m*3) modulus E/ | force c¢/(kPa) | internal
(MPa) friction ¢/(°)
Road surface 2400 240 0.3 - -
Roadbed 2000 15 0.26 20 254
Sand subcrust | 2200 1400 0.25 1x1073 37

5 AT
i i

Fig. 10 Meshing of the overall structure
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Frictional contact was set at the intersection of roadbed and pipeline, tangentially
as a penalty contact and normally as a hard contact. The friction coefficient of the
pipe and soil contact surface was taken according to the following equation [28].

A

:4H/D—B+C D

"

where, H is the embedment of the pipe from the mudline to the upper of pipe, A, B
and C are fitting constants, depending on the undrained shear strength of the soil,
which were taken as 0.756, 0.461 and 0.204 in this study [27], respectively.

3.2 Analysis and Discussion

On the established preface of road model, the impulse load measurement curve of the
falling hammer bending instrument is used with an action area of 0.4 m x 0.2 m and
a wheel spacing of 1.2 m, acting directly above and on both sides of S2, respectively,
with reference to the literature [11, 12]. To make the simulation results of the road
structure more realistic, the soil structure has been equilibrated before loading in this

paper.

Comparison of Mechanical Response of PVC Pipelines under Different Load
Magnitudes. The traffic load was applied to the road surface at the point directly
above the pipe section S2, and the mechanical response of the buried pipeline with
adhesive interface was studied under three different magnitude sizes of traffic load
(0.6, 0.8 and 1.0 MPa). The longitudinal Mises stress distribution curves are shown
in Fig. 11 for a point at each end of the pipe top to determine the path. To study the
circumferential stress distribution of the pipe, the circumferential paths of the bell
and the spigot at S2 were taken and the Mises stresses of the socket are analyzed
under the action of traffic loads of three amplitudes. The stress comparison curves
are shown in Fig. 12.

Due to the geometrical asymmetry of the socket structure, the Mises stresses at
the top of the pipe in Fig. 11 were not symmetrical about the longitudinal centerline
of the pipe and were highly discontinuous at the pipe joints. With the increase of
the traffic load, the longitudinal Mises stresses of P2 and P3 pipe joints showed a
significant increase, while the longitudinal Mises stresses of P1 and P4 pipe joints
did not change significantly, which indicates that the influence of traffic load on the
adhesive bonded joint was about 2 pipe joints (4 m).

As can be seen from Fig. 12, the stress distribution of the buried adhesive bonded
joint of PVC pipe line bell and spigot had obvious peaks and valleys. The peaks of
Mises stress distribution for the socket appeared at the top (0°) and the side (90°,
270°) of the pipe, and the valleys of Mises stress distribution are located at the
shoulder (45°, 315°) and the bottom (360°) of the pipe. From the top to the bottom
of the pipe, the Mises stress showed the distribution characteristics of first falling,
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Fig. 12 Mises stress comparison curves for bearing sockets in the circumferential direction under

different traffic load magnitudes

then rising and then falling. The maximum Mises stress appeared at the side of the
pipe (90°, 270°) and the minimum Mises stress appeared at the bottom of the pipe
(180°). Comparing the Mises stress distribution in the bell and the spigot, it can be
found that the minimum and maximum Mises stresses in the spigot are smaller than
those in the bell, but the minimum Mises stresses in the spigot are larger than those
in the bell at the tube side (90°, 270°), where the spigot is at the valley. In addition,
with the increase of the traffic load amplitude, the circumferential Mises stress of the
socket increased, and the effect of the Mises stress distribution law was especially
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obvious for the lower part of the pipe (90°-270°), while the effect of the Mises stress
distribution law was relatively small for the upper part of the pipe, especially the
pipe shoulders.

Comparison of Mechanical Response of PVC Pipelines under Different Traffic
Direction. The direction of the traffic load may be either perpendicular to the buried
pipeline (transverse) or parallel to the buried pipeline (longitudinal). The traffic load
in two different traffic directions is now applied to the road surface at the point directly
above the pipe joint S2 to study the mechanical response of the buried pipeline with
adhesive interface. The longitudinal Mises stress distribution curves are shown in
Fig. 13 for a point at each end of the pipe top to determine the path. To study the
stress distribution around the pipe perimeter, the circumferential paths of bell and
spigot at S2 are taken, and the Mises stresses generated at bell and spigot by the
traffic load under two traffic directions are analyzed. The stress comparison curves
are shown in Fig. 14.

From Fig. 13, the direction of travel changed from transverse to longitudinal, the
distribution pattern of Mises stress at the top of the pipe did not change significantly,
but the magnitude of its stress increased significantly which was most obvious at
the interface and smaller at the body of the pipe. This indicates that, under the same
conditions, buried pipes laid along the road are more prone to rupture failure than
buried PVC pipes with adhesive bonded joints across the road. In addition, the change
in the direction of traffic did not significantly affect the Mises stresses at the top of
the two pipe sections P1 and P4, which again indicates that the mechanical response
of the traffic load on the buried pipeline is limited to the middle two pipe sections
(4 m).

As can be seen from Fig. 14, the direction of travel had a greater effect on the
circumferential dynamic response. When the direction of travel changes from trans-
verse to longitudinal, the valley of the Mises stress distribution changed, and the

Fig. 13 Comparative Mises 0.6 i
stress curves at the top of the 3 Transverse
pipeline under the traffic load 0s - Longitudinal

in different traffic directions

Mises Stress (MPa)
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Fig. 14 Mises stress comparison curves in the circumferential direction of the bearing socket under
traffic loads in different directions of travel

shoulder (45°, 315°) and the bottom (180°) are no longer the minima, but the minima
fell symmetrically near the shoulder (30°,75°,285°, 320°) and near the bottom (145°,
215°). In addition, the change in the direction of travel caused the Mises stress in the
upper part of the pipe to increase significantly, and the increase was much higher than
that in the lower part of the pipe, which indicates that the Mises stress distribution
pattern in the upper part of the pipe is more sensitive to the longitudinal direction of
travel.

As can be seen from Fig. 13, the direction of travel has a greater effect on the
circumferential dynamic response. When the direction of travel changes from trans-
verse to longitudinal, the location of the valleys of the Mises stress distribution were
relocated, and the number of both valleys and peaks both changed from three to six.
The shoulders (45°, 315°) and the bottom (180°) were no longer the minima, but
the new minima fall symmetrically on both sides of the shoulders (30°, 75°, 285°,
320°) and on both sides of the bottom (145°, 215°), which makes the weakest point
of the interface that the lowest value of the circumferential stress distribution of the
interface, became the hips (145°, 215°) of pipe. The Mises stress at the bottom of the
pipe under the longitudinal direction of travel is higher than that under the transverse
direction of travel. In addition, the change in the direction of travel caused a signifi-
cant increase in the Mises stress in the upper part of the pipe, which is much higher
than that in the lower part of the pipe, indicating that the Mises stress distribution
pattern in the upper part of the pipe was more sensitive to the longitudinal direction
of travel, which is opposite to the effect of the transverse direction of travel on the

stress distribution pattern.
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4 Conclusion

In this study, the axial mechanical performance and buried mechanical response of
the adhesive bonded joint of PVC pipes were calculated numerically on basis of
existing studies, the following conclusions were obtained.

1. The seismic performance of PVC pipe adhesive interface is poor, and the axial
pullout displacement is very small, so it is difficult to resist the axial deformation
under seismic damage like the flexible interface; the ultimate axial pullout force
of adhesive interface is inversely proportional to the socket gap and proportional
to the pipe diameter, while the influence of loading rate on the pullout force is
limited and can be negligible.

2. Under the action of traffic load, the stress on the top and side of buried PVC
adhesive bonded joint is obviously larger and prone to damage. And the maximum
Mises stress by circumferential distribution of the bell is larger than that of the
spigot, so bell is more susceptible to damage than the spigot in buried situations.

3. Different traffic directions have a greater influence on the mechanical response
of the adhesive bonded joint. In the longitudinal traffic direction, the maximum
circumferential Mises stress on the interface is significantly greater than that
in the transverse traffic direction, and the location of the circumferential stress
valley is relocated. The number of valleys is increased to 6 from 3, but it does
not change the location of the circumferential stress Mises peak, so it does not
change the location of damage accordingly.
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Abstract This research reports the applicability of the produced graphene-phase
biochar (GPB) adsorbent in the treatment of actual wastewater contaminated by fats,
oil, and grease (FOG) through the process of packed-bed column adsorption. The
GPB was synthesized using acetic acid pre-treatment and heat treatment from biochar
generated from the pod husks of Theobroma cacao. Column adsorption studies were
performed by modification of the column parameters, specifically: the flow rate, bed
height, and the initial influent concentration. The highest percentage removal was
99.70% which was recorded by employing the 20 ml min~! flow rate, 150 mm bed
height, and 78,880.0 mg L' of influent concentration. With these findings, it can
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1 Introduction

Fats, oil, and grease, collectively referred to as FOG, are one of the principal causes
of problems in sewer systems, which continues to be a global challenge. FOG is
toxic organic waste that has a low affinity to water and is used in or is a by-product
of cooking or any food preparation processes. FOG exists in various forms: animal
and vegetable fats, butter, margarine, and lard. These organic substances appear
harmless because they liquefy at high water temperature, a reason it is usually poured
directly into the drain. However, once FOG enters the sewer system, it cools down
and accumulates within the pipes. Over time, this accumulation restricts flow and
leads to sewer blockages [1]. Blockages result in raw sewage backups and sanitary
sewer overflows (SSO) into public areas and other bodies of water posing severe
environmental threats and health hazards [2].

FOG in wastewater generated by Quick Service Restaurants (QSRs) in the country
often causes sewer blockages [3]. FOG is challenging to treat since they are insol-
uble in water [4]. Also, oil and grease are considered “one of the most complicated
pollutants to remove” in wastewater [5].

FOG-containing wastewater has no currently acceptable treatment technology
[3]. However, there have been growing bodies of literature on the application of
biochar produced from several types of biomasses in water treatment, specifically
in removing various contaminants in water through adsorption processes. Organic
sorbents in the form of biochar have long been used in water treatment due to their
abundant source, cheap cost, adsorptive abilities, economic advantages, and reduced
environmental impact [6].

Meanwhile, graphene, isolated in 2004, has received a great deal of attention in
the field of science and technology since first reported. Graphene is an allotrope
of carbon, and one of the most promising nanomaterials. The potential of graphene
applications includes photoelectric elements, various medical applications, semicon-
ductor materials, and adsorbents for environmental pollutants. Due to its nanopores,
or sieve-like form, it can filter and adsorb contaminants in water. Graphene is a mate-
rial that provided both functional adsorptive capacity and good kinetics, implying
that it could be used as a sorbent for soluble oil removal from wastewater [7].

To take advantage of the advancements in both graphene and biochar technolo-
gies, this study used graphene-phase biochar. The said biochar was produced from
the waste biomass of Theobroma cacao pod husks. Cacao is an important crop at the
industrial level since cocoa beans are the main ingredient of chocolate [8]. Subse-
quently, cocoa beans only represent 25-30% of the whole weight of the cacao fruit,
only 10% of which are commercially valuable beans [6]. And because only a few
percent of the fruit is utilized, results in cacao plantations having extensive quantities
of waste, which makes the cacao pod husks a significant biomass source.

This study aims to evaluate the applicability of graphene-phase biochar derived
from Theobroma cacao pod husks as an adsorbent to FOG from wastewater of quick-
service restaurants (QSRs).
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2 Materials and Methods

2.1 Synthesis of Adsorbent

The utilized biomass material, Theobroma cacao pod husks (TCPH), was obtained
from San Jose City, Nueva Ecija. Collected TCPH were cut into pieces at approxi-
mately 30 by 20 by 3 mm? in length, width, and height, respectively, and sundried for
four days to remove all moisture content present. Afterward, these TCPH pieces were
loaded into a muffle furnace and were heated at 350 °C for an hour to convert them
into biochar materials. Consequently, the produced biochar was immersed under the
CH;3COOH solution for pretreatment at room temperature for 14 days.

For the heat treatment process, this CH;COOH-pretreated biochar was dried at
105 °C for an hour. It then underwent slow pyrolysis using a muffle furnace at 1100 °C
under a vacuum for another hour. The pyrolyzed GPB was powdered using mortar
and pestle and sieved between Sieve No. 30 and 40 meshes to obtain the desired
particle size. This method is an operative procedure in preparing high rapheme-sheet
content carbon materials [9].

2.2 Packed-Bed Column Adsorption Experiments

A glass column of 20 mm internal diameter and 400 mm height was used in carrying
out the continuous packed-bed column adsorption experiments as shown in Fig. 1.
The bed was supported by layers of glass wool and glass beads to prevent the distribu-
tion of beds throughout the column and to ensure uniform inlet flow. The experiments
were performed using actual wastewater containing FOG, which was then pumped
continuously, through the column, in an up-flow mode using an adjustable peristaltic
pump. Effect of adjustment of parameters, namely the bed height (50, 100, and
150 mm), initial FOG concentration (2,551.6, 16,996.8, and 78,880.8 mg L1, and
flow rate (20, 40, and 60 ml min~!), were studied for the filtering of FOG using the
synthesized GPB. Experiments were executed by varying the parameter under study
and holding the other parameters constant. All the experiments were employed at
room temperature. Samples of filtered wastewater were withdrawn at specific time
intervals, and the concentrations of effluents were analyzed using the U.S. Environ-
mental Protection Agency, Method 1664, Revision B: n-Hexane Extractable Material
(HEM; Oil and Grease) by Extraction and Gravimetry (US EPA 1664B) [10]. The
effluent volume can be calculated using Eq. (1),

(Q)torar) = Veff (])

where Q is the volumetric flow rate in ml min~!, and t,, is the total flow time in
minutes. By calculating the area under the curve multiplied by the flow rate, the total
FOG adsorbed FOG,y (mg) in the fixed bed can be determined using Eq. (2),
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Fig. 1 Packed-bed column adsorption experimental setup

Q t=total
m Z[O Ceffdt == FOGad (2)

where C,q is the concentration of FOG removal (mg L~"). The total amount of FOG
entering the column (FOGqy,) is calculated from Eq. (3),

(Ctn)(Q) (ttotal)

=F ota
1000 OG oral (3)

and the total FOG removal percentage can be obtained using Eq. (4),

FOG,
(1~ #o..

— ——= )(100) = % Removal “)
FOGtotal

2.3 Analysis of FOG in Wastewater

To measure the amount of FOG present in the wastewater sample to be used, the
researchers adopted the standards mandated by the U.S. Environmental Protec-
tion Agency (U.S. EPA), Method 1664, Revision B: n-Hexane Extractable Material
(HEM; Oil and Grease) by Extraction and Gravimetry. This analysis determines the
amount of FOG present quantitatively on the sample based on its mass.
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Wastewater containing FOG was obtained from a local fast-food chain. Amber
bottles were used for the storage of the wastewater to avoid oil accumulation along
the surface of the container. The collected wastewater underwent acidification by
mixing an amount of hydrochloric acid needed to obtain a sample having a pH of
not greater than 2.0.

A 250 ml of acidified sample was poured into the sample bottle of the separatory
funnel. Then, 7.5 ml of n-Hexane was mixed with the sample by manually shaking it
for two minutes. Thereafter, the layers of water and oil-hexane solution were allowed
to settle for 10 min for them to separate. After 10 min, the water was drained from
the separator. This process was repeated two more times totaling three separations
to ensure that no water was left in the solution. After the third time of draining water
out of the separatory funnel, only the n-Hexane and oil were left in the separator.
The mixture left was then poured into a flask with a predetermined tare weight.

Using a rotary evaporator, the n-Hexane was efficiently removed from the mixture.
This equipment vaporized the n-Hexane out of the mixture, having a boiling point
of approximately 70 °C. Subsequently, what was left was the fats, oils, and grease
in the flask. Finally, the flask containing the FOG obtained from this process was
then weighed. The amount of FOG concentration in mg L' was obtained based on

Eq. (5),

Wros _ FOG(mgL™") (5)

s

where Wrgog is the weight of FOG and Vy is the sample volume.

3 Results and Discussion

3.1 Parametric Studies

The influence of varying the three process parameters, namely, flow rate, bed height,
and influent concentration, were determined in this study. The column sorption data
at different varied factors were presented in tables and were used to plot the Ceg/
Cin versus time graphs of the packed bed column adsorption experiments. Ceg is
the concentration of FOG analyzed in the effluent sample taken at specific time
intervals while Cj, pertains to the influent concentration entering the packed-bed
column adsorption system.

Effect of Flow Rate. One of the most critical parameters to be studied in packed
bed column adsorption is the flow rate of the influent used in the study. Figure 2
shows the plot of the C./C;, versus time obtained for different flow rates of the
influent, and sorption column data are presented in Table 1. From the results, it can
be observed that as the flow rate increased from 20 to 60 ml min~!, the total FOG
removal percentage substantially decreased. This reduction in percentage removal
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can be attributed to the decrease in the residence time of the adsorbate. At lower flow
rates, the influent had greater chances of contact with the adsorbent which resulted in
higher removal of adsorbate in the column [11]. This phenomenon can be explained
that as the rate of mass transfer gets increased, the amount of adsorbate adsorbed
onto unit bed height (mass-transfer zone) gets increased with increasing flow rate
leading to a lower removal rate of the contaminant.

Effect of Bed Height. The effect of bed height on the percentage removal of FOG is
shown in Fig. 3 and the sorption column data are presented in Table 2. With an increase
in bed height, the removal rate of FOG also significantly increased; this is due to more
contact time at a greater bed depth. The increase in percentage removal at higher bed
heights is due to the availability of a greater number of surface sites [12]. Since the
flow rate is optimized prior to bed height, the lower flow rate facilitates increased
residence time for the adsorbates at higher bed depths. These results indicated that
the bed height of 150 mm offered the highest removal percentage among the three
tested bed depth values. Therefore, subsequent experiments were carried out with
this bed height.

Effect of Influent Concentration. The effect of varying influent concentrations was
investigated using actual wastewater samples with resulting FOG concentrations of
2,551.6mg L', 16,996.8 mg L', and 78,880.0 mg L. At the same time, the flow
rate of 20 ml min~' and a bed height of 150 mm were kept constant. The impact on the
removal percentage of FOG at various influent concentrations was shown in Fig. 4 and
sorption column data are presented in Table 3. Generally, and as proven in previous

Table 1 Maximum percentage removal on flow rate variation

Flow rate (ml min~!) Time (min.) Maximum percentage removal (%)
20 15 88.59
40 15 74.71
60 15 50.43
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Table 2 Maximum percentage removal on bed height variation

Bed height (mm) Time (min.) Maximum percentage removal (%)
50 15 55.71
100 15 88.59
150 15 94.14

studies, decreasing influent concentration lowers the removal percentage of the adsor-
bent. This can be explained by the fact that a higher concentration gradient caused
faster transport due to increased mass transfer [12]. As expected, the loading capacity
also increased with an increase in initial concentration. The percentage removal of
FOG was found to increase with a gradual increase in initial inlet concentration.
Similar observations have been reported by other researchers [13].

Fig. 4 Effect of influent
concentration variation on
the percentage removal of
FOG
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Table 3 Maximum percentage removal on influent concentration variation

Influent concentration (mg L) Time (min.) Maximum percentage removal (%)
78,880.0 15 99.70
16,996.8 15 94.14
2,551.6 15 88.72
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4 Conclusion

To sum up, the study has successfully demonstrated the applicability of the produced
graphene-phase biochar (GPB) adsorbent in the treatment of actual wastewater
contaminated by fats, oil, and grease (FOG) through the process of packed-bed
column adsorption.

a. The GPB was synthesized via a two-step process (CH3;COOH pretreatment
followed by heat treatment) from biochar generated from the pod husks of
Theobroma cacao.

b. The percentage removal of FOG was found to increase with a gradual increase
in initial inlet concentration. The highest percentage removal was 99.70% which
was recorded by employing the 20 ml min~! flow rate, 150 mm bed height, and
78,880.0 mg L~! of influent concentration.

c. Meanwhile, the results of the performed parametric runs showed that the column
adsorption performance of GPB is influenced by the studied operating parame-
ters, namely inlet flow rate, bed height, and influent concentration. The adsorp-
tion of FOG via a packed-bed column adsorption process is largely influenced
by the inlet flow rate. As the flow rate increased from 20 to 60 ml per minute,
the percentage removal also substantially decreased. The depth of the adsorbent
bed has a significant impact on the adsorption ability of the synthesized GPB
on FOG. With the increase in bed height, the removal percentage of FOG also
increased significantly. Influent concentration also affects the FOG removal rate
of the adsorbent. Increasing the concentration of the influent that passes through
the column resulted in a gradual increase in the removal efficiency of GPB.
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Abstract This study aims to quantitatively evaluate the repair of deteriorated RC
beams for reuse through natural frequency and proposes a method that describes the
mechanical behavior of structures. A static loading test was conducted to determine
the load-carrying capacity and deformation performance of structures. To investigate
the soundness of the RC beam based on the change of the natural frequency at each
load stage, an impact vibration test (IVT) was conducted. Then, a higher vibration
mode of natural frequencies, which can better reflect the degree of damage of a frame,
was used as an evaluation index to represent the mechanical behavior of structures.
The result confirmed that, although in case where IVT is challenging to perform due
to location limitations, the damage condition can be estimated from the axial stiffness
(EA) of RC beams by axial impact to measure the natural frequencies. Regarding
the defined model of mechanical behavior, the results in each deteriorated pattern
or load stage to be organized by level of damage. Accordingly, the reliability of
the quantitative evaluation of repair effectiveness using the proposed method was
verified.
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1 Introduction

Recently, with aging of structures, especially in developed countries, maintenance
and repair of structures has become a major problem. As structures and their compo-
nents age, deterioration risks increase, such as corrosion of reinforcing steel and
sectional defects of concrete depending on service conditions and environments.
The potential risk is extremely high because these changes have a strong influence
on the deterioration related to safety. In the current maintenance systems in Japan, for
example, general inspections of railroad bridges are carried out once every 2 years
through visual inspection, but subsequent detailed inspection are carried out if neces-
sary [1, 2]. However, some cases emerge wherein the scale of inspection becomes
enormous due to the aging of bridges and the rapid response sometimes required
after disasters (e.g., large earthquakes). Accordingly, to ensure safety and realize
efficient maintenance management plans at the relevant sites, the life cycle manage-
ment concept has been considered; this concept includes an evaluation of the damage
level of a structure and a quantitative evaluation of the required repair and reinforce-
ment [3]. Meanwhile, from the sustainability viewpoint, problems related to main-
tenance automation (e.g., investigation, monitoring, diagnosis, and assessment) and
life extension of concrete and structures have recently received lots of attention [4].
Further, the lifecycle management frameworks, which focus on preventative mainte-
nance, have been considered for quick implementation [5]. Due to the characteristics
of structures and their preventative maintenance, both the stages from the start of
service to repair or reinforcement and the stages of reuse after repair or reform should
be discussed [6, 7]. To restart service for repaired structures, understanding and quan-
titatively evaluating the mechanical behavior are necessary. To grasp the mechanical
behavior of structures after repair, static loading experiments must be conducted.
However, from a practical perspective, a nondestructive inspection method for accu-
rately investigating the effects of repair or reinforcement in a relatively easy process
at maintenance sites should be used. Moreover, an inspectable evaluation index that
can clearly express the effects of repair with quantifiably high reliability is required
[8].

To quantitatively evaluate the repair effects of RC beams, including the case
wherein the condition of boundaries (e.g., conditions of support) are difficult to
investigate (Fig. 1), first, the beams are repaired. Subsequently, the strength of the
repaired beams is examined through concrete core tests. In this process, static loading
experiments were carried out after the repair to understand the bearing capacity and
deformation performance. As a nondestructive test method, impact vibration tests
(IVTs), commonly used by railway companies in Japan, were conducted at each
loading stage to measure the bending and axial natural frequencies by impact vibra-
tion test. Moreover, the effectiveness of repair to the deteriorated beam was quanti-
tatively evaluated in terms of natural frequencies at each load stage and mechanical
behavior [9-11].
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Fig. 1 Example for the damaged RC beam wherein the condition of the support is difficult to
investigate

2 Experimental Method

2.1 Details of the Experiment

Due to corrosion induced by salt, RC beams become severely deteriorated (e.g.,
falling concrete covers and exposure of reinforcing rebars, including a decrease in
the cross-sectional area. In the case of moderate deterioration (e.g., exfoliation of
the concrete cover caused by corrosive expansion of rebars), structures’ safety is
severely compromised. However, to plan the maintenance work with high accuracy
and efficiency, the effectiveness of the repair should be evaluated. To evaluate the
effects of the repair on the model beam from the aspects of mechanical behavior and
material strength, the sound model beam (Case 1) and the model beam with moderate
(Case 2) and severe (Case 3) deteriorations were created (Fig. 2). The concrete core
test applied for Case 2. The mechanical behavior was observed for Cases 1 and
3, Case 3-D for the deteriorated condition case, and Case 3-R for after the repair.
To artificially present deteriorated model beams, based on the sound model beam
(Case 1), we removed part of the bottom concrete cover in Case 2, and additionally
removed part of stirrup rebars in Case 3-D [12]. Then, the load-carrying capacity
and deformation performance in each case could be clarified under a static loading
experiment. Table 1 presents the details of the experimental case.
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Fig. 2 Elevation view and section view of the RC model beam

Table 1 Details of the experimental cases

Case No. | Level of deterioration Condition
Removal of the bottom concrete cover | Removal of stirrups (mm)
(mm)
Case 1 0 0 Sound
Case 2 800 0 Moderate
Case 3-D | 1200 800 Severe
Case3-R |0 0 Repaired

2.2 Repair Method

For the repair method of the deteriorated model beams for Cases 2 and 3-D, we
selected the inside pressure hardening (IPH) method, which is considered effective
when the damage level is high [13]. In the repair process (Fig. 3), we first checked
whether a sectional defect occurs in the member, repaired the defective part if neces-
sary, and sealed the crack. Then, the repair area was drilled, and resin was injected
using a specifically built tool. Tables 2 and 3 present the conditions in repair and the
repair overview of experimental cases, respectively. Case 3-D has wider and deeper
cracks than Case 2. Therefore, more epoxy resin is used.

The IPH method is adopted by using a high-fluidity epoxy resin and dedicated
injection tool to control the injection pressure to an ultralow level of 0.06 = 0.01
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Step 1: Repairing the cross section

<P

Fig. 3 IPH procedure to repair the RC beam

Table 2 Conditions of the experimental cases before repair

Case Load stage Load deflection relationship (P-3) Residual deflection (mm)
Load (kN) Deflection (mm)
1.63y 175 8.83 4.77
3-D dy 160 5.63 1.87

Table 3 Repair overview of the experimental cases

Case Sectional repair Consumption of epoxy resin (g) Curing Period (hrs.)
2 Yes 180.3 48
3-D Yes 236.9 48

to 0.02 N/m?. Simultaneously, the injected resin is replaced with the air inside the
concrete. Thereafter, capillary action occurs inside the sealed member, and the resin
diffuses radially from the inside of the drilled hole. Accordingly, a high-density
filling can be achieved. Table 4 presents the material details and testing results of
IPH epoxy resin.

2.3 Method of the Material Test

To confirm the concrete strength in the model beams, concrete-compression tests
were conducted using the collected test specimens, whereas the model beams were
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Table 4 Material property of IPH epoxy resin

Y. Cao et al.

Items Main agent Curing agent
Component Epoxy resin Metamorphic polyamines
Appearance Transparent Pale yellow

Viscosity at mixing

550 4 200 (mPa s 23 °C)

Mixing ratio (main/curing)

2:1

Usable time

60 =+ 20 (min 23 °C)

Specific gravity

1.150.1

created. Their curing period was 28 days. Tables 5, 6 and 7 present the details of test
specification and results. To confirm the yield and tensile strengths of the main and
stirrup rebars, tensile tests of the main rebar were conducted in advance. Table 8 and
9 provide the specifications and results. To confirm the strength of the concrete after
repair, concrete cores were extracted for the model beam of Case 2, and the same

equipment and procedures were used.

Table 5 Results of the concrete-compression test

Specimen size (Cube in mm)

Compression strength (kN/m?)

150 4.01 x 10* 2.74 x 107

Table 6 Results of the rebar tensile test

Type Spec. Strength (kN/m?) Ey (kN/m?)
Yield Tensile

Main HRB400-D16 448 x 10° 6.19 x 10° 2.05 x 108

Stirrup HRB400-D10 5.65 x 10° 7.35 x 10°

Table 7 Specification of the accelerometer (for the bending impact vibration test, IVT)

Type Specifications

Type of sensor Piezoelectric accelerate type
Charge sensitivity 6.42 pC/(m/s?)

Max acceleration measurement + 5000 m/s?

Frequency range of measurement 1-7000 Hz

Size

17.5 mm (Hex.) x 18 mm (H)

Young’s module (kN/m?)
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Table 8 Specification of the accelerometer (for the axial IVT)
Type Specifications
Type of sensor Piezoresistance accelerate type
Voltage sensitivity 0.44 mV (m/s?)
Max acceleration measurement + 5000 m/s?
Frequency range of measurement 3 Hz ~ 20,000 Hz
Size 7 mm (Hex.) x 11 mm (H)
Table 9 Result of the core compression test of Case 2
No. Dimensions of Pressure receiving | Ultimate load (kN) | Strength (N/mm?)
specimens (mm) area (mm?)
Diameter | Height
53-1 98 98 7543 395.27 439
53-2 99 99 7697 302.22 41.5
10-1 99 99 7697 330.78 51.4
106-2 |98 98 7543 319.48 40.1
196-1 |99 99 7697 296.78 45.0
196-2 |98 98 7543 342.70 439

2.4 Procedure of the Static Loading Test

For the static loading test, the loading device comprises a loading frame and oil jack
with a maximum loading capacity of 500 kN. The loading force on the model beam
was applied at the center position, and the load value was recorded by an electric
load cell. Displacement sensors were installed at the center position and fulcrums of
the frame (Fig. 4). At each load stage, the deflection value was calculated from the
relative displacements between the center and ends of the beam.

Loading force

E— A
Backing plate " Load cell

=
i Displacement sensors
L

=

==
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A

L300

i

Regid fixed point 24:00
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Fig. 4 Installing condition of the displacement sensors in an elevation view
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Subsequently, the relationship between the damage (in each load stage) and deflec-
tion was determined using to the following processes. Both sides of the beam was
observed at an elevated view to determine the crack occurrence point. To determine
the deflection at the time of yielding (yield point), the load—displacement relationship
for each loading step and the measured values of strain gauges attached to the main
bars when the model beams were created in advance were considered. The value was
an integer of the yield strain in the design calculated using Eq. (1). Further, it was
set at the point when the strain reached 2200 . (main bar) and was obtained from
the result of the tensile strength testing. Here ¢, is the yield strain in the design, Fy
denotes the yield strength of the main bar, and E; is Young’s modulus of the main
bar.

(D

The subsequent load stages after the yield point, which are multiples of the yield
deflection value (8y), were used for the target loading deflection. At a load stage of
the yield point or after this stage, the loading force was controlled according to the
deflection. Further, three-time cyclic loadings were performed in each load stage. To
ensure that the damage of the model beams did not exceed the condition for reuse after
repair, the end of loading was determined by decreasing the load-carrying capacity
three times that of cyclic loading, amount of residual deflection, and progress of
cracks in each experimental case.

2.5 Method of the IVT

To understand the bending stiffness (EI) of a member when the support conditions
are difficult to investigate, a simply supported beam with a low degree of fixation
of the sup-port points and a large influence of instability of the support conditions
was formed. IVTs were conducted to clarify the relationship between the degree
of damage and natural fre-quency of the model beam before and after different
deterioration degrees and at each load stage from the beginning to the end of loading.
In this static loading experiment, the load is applied from the perpendicular direction
of the frame of model beam. Further, the EI of the member is considered to decrease
as the load stage progresses. Therefore, as this ensures an accurate estimation of
the EI from the natural frequency, the pulse should be applied from the vertical
direction. Specifically, Since the weight of the model beam to be measured is not
large, the input of impact was applied using a hammer. Pulse inputs from small
hammer to a structures or members can easily be collected by the accelerometer over
a wide range of frequencies. Then, a Fourier spectrum analysis is performed on the
measured waveforms to determine the prevailing frequency from the amplitude and
phase spectrum, which is available used as the natural frequency. The case of IVT in
this study, the mass of the simply supported beam is constant, the natural frequency
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is only affected by the stiffness. Unless the condition of frame or support is changed
(e.g. crack occurred) by pulse input in measurement, the ratio between acceleration
and displacement which depending on the stiffness does not change. Therefore, there
are differences with force input to be acceptable in applying the IVT.

Previous studies have shown that the lower vibration mode (1st mode of vibration)
is affected by boundaries (e.g., the spring constant of the fulcrum), whereas the higher
vibration modes are less affected and tend to reflect the EI of the model beam frame
[14, 15]. The support conditions or further information regarding boundaries may
difficult to investigate in certain maintenance sites. Therefore, we decided to focus
on the high vibration modes of natural frequencies, which are considered to be less
affected by the boundary conditions (up to the fourth vibration modes, including the
lower mode o). To measure these modes of natural frequencies, five accelerometers
were installed to record the response waveforms to follow the central axis of the
top of the beam within the supports of the model beam when installed on the load
frame. The impact positions were set at the center of the beam support to measure
the lower or higher odd-modes, as well as at 1/4 of the beam support distance for the
measurement of higher even-modes. Table 7 presents the details of the accelerometer.

In case IVTs in the vertical direction impact are difficult to conduct due to location
limitations on maintenance sites, axial natural frequencies to be measured can verify
the reliability by applying an impact to the axial direction of the member.

The axial IVT was used to measure the axial natural frequencies to estimating the
axial stiffness (EA) [16]. For the model beam in the sound condition, the transmission
speed of axial vibration is fast up to 3000-4000 m/s. In this case, accelerometers
with very high accuracy should be required in measurement. In a static load test,
the EA of the member is considered to decrease as the load stage progresses caused
by crack expanding and main bars yielded. However, for the deteriorated model
beam, the transmission speed is reduced due to detouring or reflection at the defect
positions (e.g., crack or bottom concrete cover removal). Basis on this characteristic,
the response acceleration of the axial impact can be accurately calculated from the
natural frequencies to estimate the defect of the model beam. The natural frequency
of the axial impact is expressed in Eq. (2).

. Ui )
fi=i3 ik 2
where f; is the natural frequency in the i mode of vibration, / is the axial length, and
v; is the response velocity in the i mode of vibration. Then, the response velocity is
transformed in Eq. (3).

o =2l 3)
l

Young’s modulus E can be expressed in Eq. (4), where v; is the response velocity
of concrete, p is the density, and v is Poisson’s ratio.
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For the axial IVT (Fig. 5), the accelerometers were placed at both ends of the model
beam, and the center of the beam was hammered in axial manner. As a relatively
higher range of natural frequencies was measured in the test, a wider range of
accelerometers were installed. To control the impact, a smaller hammer be used
in this test. Table 8 provides the specifications.

3 Result of the Experiment

3.1 Result of the Concrete Core Test

The results of the material test after the repair are described as follows. Figure 6
displays the conditions of resin injection in each specimen and the positional relation-
ship between the model beam. To check the condition of the injection, we extract the
core from areas where cracks were concentrated and where without cracks, respec-
tively. Table 12 presents the results. Among these specimens, core specimen #53,
without cracks, was not injected with epoxy resin, core specimen #106 was obtained
from the location where the cracks were relatively concentrated, and core specimen
#196 was obtained from the location where the cracks were relatively sparse. There-
fore, the injection of epoxy resin contributes to the strength at the core specimen level.
Through visual inspection by ultraviolet irradiation, epoxy resin was confirmed to
have been injected into specimens #106 and #196 without any gap space across the
rebar.

A compressive strength test of Case 2 was conducted using a square specimen.
However, compressive strength tests conducted on cylindrical cores were removed
from the Case 2. According to Kikuta et al., the size effect was equal between the



An Experimental Study on the Repair Evaluation of Deteriorated RC ... 215

I Core Specimen #196 ‘ 7ot R Core Specimen #106 i
I—-__""j--_;_ . A il ; E “ ,4__---"'__-—. = 6 ;
- ol j '+ Casd (Rgpaired) C - 2 _

Core Specimen #53 ! :

#106

#196
Jnjected part

Injected part
far o 5= 5

-

Fig. 6 Positioning of the model beam and specimens in Case 2

square and cylindrical specimens, although the effect of the cross-sectional shape
requires correction [17, 18]. Accordingly, through a comparison between the results
of pre- and post-repair, it can be considered that all core specimens, namely, #1061,
#106-2, #1961, and #1962, in Case 2 are partially in equivalent level or above
compared with the sound condition.

3.2 Result of the Static Loading Test

For the overview of the static loading test, the envelope diagram in Fig. 7 shows the
first load deflection relationship in each experimental case. Evidently, the 1200 mm
concrete cover and 800 mm stirrup rebars of both the sound model beam (Case 1) and
severely deteriorated (Case 3-D) were removed, and the yield deflection value (3y)
was reached at a load stage of 160 kN. These results are consistent with the analysis
of Case 1. Tables 10 and 11 present the physical properties used in the analysis.
Meanwhile, the yield point of the repaired model beam Case 3-R was measured at
175 kN.

Then, the inelastic characteristics of the experimental cases, showing the rate of
decrease when the load-carrying capacity of the first-time loading after yielding in
each case and the third-time loading in a cyclic loading (including the yield strength
reduction at a yield deflection point in Case 3-D), were compared. The decrease
rate of the first- and third-time loading at the same load stage when deflection was
controlled was compared. The sound model beam (Case 1) exhibited a reduction rate
(4%) in the load capacity at a load stage of 178 kN in equivalent 2 8y. However,
at this load stage, the residual deflection was 7.83 mm, the crack width was 5 mm,
and the cracks progressed to a deeper position. The load test terminated at this stage
considering the aim of reuse. Case 3-D designed the condition of severe deteriorations
created at the bottom, where the concrete cover and stirrup rebars were removed. The
deflection measurement at the yield deflection value in 5.63 mm and was the same
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Fig. 7 Load deflection diagram in the envelope diagram

Table 10 Characteristics value of the concrete and main bar

Items Indexes Unit Value

Concrete-compression strength e kN/m? 4.01 x 10*
Concrete Young’s module E. 2.74 x 107
Main bar tensile strength fy 448 x 10°
Main bar Young’s module E; 2.05 x 108

Table 11 Bending moments and curvatures at the load stage

Items Indexes Unit Value
Bending moment of crack occurrence M. kN m 19.50
Bending moment of yield deflection (3y) M, 96.00
Bending moment of correspond to Max. loading M, 120.00
Curvature of crack occurrence D 1/m 3.88 x 1074
Curvature of yield deflection (3y) ®y 322 x 1073
Max curvature Om 6.00 x 1072

as that in Case 1. Meanwhile, an intense reduction in the load-carrying capacity was
measured at this timing using three times as that of the cyclic loading. The reduction
rate was 18%, the cracks progressed to the same depth as that in Case 1 at equivalent 2
dy, the residual deflection was 1.87 mm, and the load test was terminated. Compared
with that in Case 1, the deflection measurement at the yield deflection value 5.69 mm
was in Case 3-R after repair. When the test developed to a load stage 2 3y, the load
force was 188 kN with 11.54 mm deflection. The residual deflection was 8.57 mm
at the end of the test. Combining the results of the material test after repair and static
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Table 12 Result of the IVT in the vertical impact

Case | Load deflection Load stage (condition of | 4th mode in the vertical impact
relationship (P-3) damage) (Hz)
Load Deflection
(kN) (mm)
1 0 0 Sound 422
160 5.53 Yield point (8y) 360
177 11.50 Equivalent 28y 327
End 7.83 / /
3-D 0 0 Sound 422
0 0 Deteriorated 388
160 5.63 Yield point (3y) 363
End 1.87 / /
3-R 0 0 Repaired 401
185 11.54 Equivalent 28y 330
End 8.57 / /
2 ' 00os0o® ©
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Fig. 8 Load capacity drops in the third-time test during cyclic loading

loading tests, it was found that the Case 3-R after repair could achieve a mechanical
behavior comparable to Case 1 (Fig. 8).

3.3 Result of the IVT and Quantitative Evaluation for Repair

Table 12 presents the relationship between bending natural frequency and deflection.
This study aims to estimate the damage of frame (Fig. 9). The discussion here focuses
on the higher mode (4th mode) of natural frequencies, which is less influenced by
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boundary conditions and better represents the degree of damage. At the initial loading
stage, the natural frequency was 424 Hz in Case 1. Case 3-D has a natural frequency
of 388 Hz due to severe sectional defects. In comparison with the obtained main
bars, a natural frequency of 363 Hz was obtained for Case 3-D. This value is lower
when compared to the natural frequency of 375 Hz for Case 1, as measured at the
yield deflection value. Therefore, a beam with a severe deterioration level, as in
that in Case 3-D, has already lost the carrying capacity in the initial stage or earlier
stage of loading without reaching the yield deflection value, it is consisting with
the previous study [19]. The natural frequency of Case 3-R after repair in the initial
stage was 401 Hz, which was almost 5% lower compared with Case 1. The reason
for this phenomenon is because Case 3-R is in a yielded condition and involves
a condition of the yielded main rebars after repair. This result is consistent with
other conclusions of existing studies [20]. As the relationship between the deflection
and natural frequency is almost linear, when estimating the natural frequency that
corresponds to the yield deflection, Case 3-R and Case after repair 1 have a close
value. Therefore, the target should be set to more than the value of 95% in the residual
natural frequency if epoxy resin injection (e.g., IPH) is implemented as the method
of repairs. Here, the carrying capacity and deformation performance are equivalent
to the sound beam.

In the results of the axial IVT provided in Table 13, the natural frequency of the
severely deteriorated model beam, Case 3-D, at a yield deflection value 5.63 mm was
1874 Hz. The value of Case 3-R after repair recovered to 1939 Hz. Then, the value
in the load stage 2 3y was 1585 Hz in the end of the static loading test (Fig. 10).
From the result of axial natural frequency before and after repair, Table 14 presents
the value comprising the bending natural frequency with Case 3 in the reduction rate
from the natural frequency perspective. Based on those result, the reduction rate of
axial natural frequencies are consist with bending natural frequencies in each level
of damage. As simply supported beams were used in this study, the vibration overall
in frame as first vibration mode are not observed in this case. The considered reason
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Fig. 9 Comparison rate of the decreasing natural frequency in experimental cases
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for the small difference in axial natural frequencies before and after the repair is

because the static loading test for Case 3-D was terminated only after the yield point
for reuse. In this case, the residual deflection was relatively in a smaller level.

Table 13 Result of the IVT in the axial impact

Case | Load deflection relationship Load stage (condition of | 4th mode in axial impact
(P-3) damage) (Hz)
Load (kN) | Deflection (mm)
3-D |0 0 Deteriorated /
160 5.63 Yield point (3y) 1874
End 1.88 / /
3-R |0 0 Repaired 1939
185 11.54 Equivalent 28y 1585
End 8.57 / /

fc\'cnlf f;‘mmd ratio (%)

‘ damage equivalent in 23y ?

70

Initial 26,
Event in static load experiment
< Case 3-R bending -~Case 3-R axial

Fig. 10 Comparison rate of the decreasing natural frequency in vertical and axial impact of IVT

Table 14 Comparing of the IVT result using the event sound ratio in natural frequency

Event Case 1 Case 3-R Deviation (% in Case 3-R)
Bending Axial

Initial 100 92 / /

Yield point (3y) 85 87 90 3%

Repaired / 95 95 0%

Equivalent 23y 79 78 78 0%
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4 Conclusion

This study quantitatively evaluated the repair effect using natural frequency as the
evaluation index, and an RC beam with severe deterioration was used as an example.
To evaluate the repair effect in the RC beam by natural frequency, an appropriate
vibration mode of natural frequency should be determined depending on the boundary
condition and purpose when selecting the type of IVT as the nondestructive inspection
method. The results indicate that, when beam damage is determined from the EI of the
frame, the natural frequency in a higher vibration mode (4th natural frequency) can
alsoreflect the yield condition and repair effect. Additionally, although abending IVT
was difficult to conduct, damage condition can be estimated from the axial stiffness
of RC beams, which is determined by decreasing the natural frequencies through the
axial IVT. This study is expected to contribute to the quantitative evaluation of the
soundness in structures and members, as well as the repair effect in the perspective of
seismic design and disaster prevention (e.g., earthquakes or flood). However, the axial
natural frequencies before and after repair have a small difference. It was considered
that condition with small cracks and relatively small residual deflection reflected
the axial natural frequency in a small difference between before and after repair in
the RC beam. In a future study, an eigenvalue analysis is required to elucidate the
mechanism of axial IVTs. Further, as this study was conducted with only one sample,
more data should be collected to improve the accuracy.
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Finite Element Simulation )
of Externally-Prestressed Concrete e
Girders

Said Elkholy, Ahmed Godat, and Saif Elabsi

Abstract The external prestressing (EP) technique has been noticeably used in
either the strengthening of deteriorated reinforced concrete (RC) structures or the
construction of long-span girders. This technique has many advantages in terms of its
contribution to both flexural and shear capacity of RC girders, the ease of installation,
and more convenient maintenance for tendons’ inspection and replacement. Consid-
erable number of research have been experimentally investigated the contribution of
EP tendons to enhance the capacity of RC girders. However, numerous factors were
found to affect the performance of EP RC girders that require further investigation.
The main purpose of this study is to develop a three-dimensional finite-element model
that is able to simulate the entire behavior of EP RC girders. In this model, appro-
priate geometrical elements are used to represent the behavior of the concrete, steel
reinforcement and EP tendons. The EP tendons are modelled with truss elements
connected to the concrete at specific locations, as was the case for the laboratory
experiments. Sensitivity analysis is performed for finite element modelling of spec-
imens in order to optimize the mesh size and the number of nodes per element. The
numerical predictions of the finite element model are compared with various config-
urations and materials of EP tendons. It is shown that the numerical predictions
compare very well with experimental measurements in terms of ultimate loading
capacities, load—deflection relationships and failure modes. The numerical predic-
tions are used to provide useful information of the cracking progress and strain
profiles of the simulated girders.
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1 Introduction

External prestressing is considered as an effective option for design and strength-
ening of RC girders due to its great contribution to both flexural and shear capacities
since the EP tendons force are applied to the concrete girders [1]. Moreover, the EP
technique is characterized with the ease of installation, and convenient of tendons’
inspection and replacement without affecting the use of the structure. However,
limited number of studies were carried out to investigate the behavior of EP girders
compared to the internally-prestressed ones. EP girders exhibit complex behavior
that is controlled by many parameters. As summarized in the existing literature,
these parameters are the contact bond between the reinforcing steel and concrete,
contact bond between the EP tendons and concrete, tendon profile, prestressing
losses, anchors deviators [2—-7].

In this study, a versatile three-dimensional finite-element model is developed in
this research to accurately predict the response of EP girders using the ATENA finite-
element package [8]. The proposed three-dimensional numerical model is applied to
several cases of EP girders having various configurations. The accuracy of the model
is evaluated by comparing the numerical predictions with the experimental results.
Once the accuracy of the model is established, the numerical predictions are used to
provide useful information of the cracking progress and pattern of the girders. The
significance of the present findings with respect to the various results is discussed.

2 Finite Element Model

The numerical analysis was carried out using the finite-element software package
ATENA [8] to simulate the entire nonlinear load—deflection behavior of EP girders.
The model was modified to accommodate different characteristics and schemes of
tendons. The software formulations for the concrete, steel and FRP tendons are
detailed in the software guide, and summarized below.

2.1 Concrete

The three-dimensional nonlinear cementitious material model of the FE package
(CC3DNonLinCementitious2) was used to simulate the behavior of concrete. The
concrete model combines three features to simulate the basic characteristics of
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the concrete: (i) a nonlinear stress—strain relation to allow for the strain softening
behavior of the material under increasing compressive stresses; (ii) a failure fracture
for concrete is used to define the cracking stress in tension and the failure envelope in
compression, and (iii) the failure envelopes account for multiaxial stress conditions
and a fixed smeared crack model is used to describe the post-cracking behavior of
the concrete. The compressive model consists of an ascending branch that represents
the hardening phase, as shown in Fig. 1a, and a descending branch that represents
the softening phase. In the hardening phase, the material behaves linearly up to a
certain value; then, the hardening phase become nonlinear and is governed with the
following equation:

0c = feo + (fe! — feo) (D

where o . is the compressive stress in the nonlinear hardening part; f . is the cylinder
compressive strength; g, is plastic strain; €., is the plastic strain corresponding to
the compressive strength. In the softening phase, the material is assumed to behave
linearly, as depicted in Fig. 1a. The tension model is assumed linear elastic up to the
material tensile strength (f;), followed by an exponential softening response after
the peak point at which concrete has cracked, as presented in Fig. 1b. The slope of
the linear ascending branch is taken equal to the material elastic modulus. For the

) 292 f;
o
Material state number
_ 4 L 3 X R e We w {crack width )
(a) (b)
3
7 : 5
Attan
8 6

(c)

Fig. 1 Typical finite element model [8]: a concrete stress—strain relationship; b concrete softening
behavior under uniaxial tension, and ¢ concrete brick element
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Fig. 2 ATENA constitutive laws [8]: a bilinear stress—strain relationship for steel reinforcement,
and b linear stress—strain relationship for external tendons

finite element implementation, the values of the f*., f; and E. (MPa) were taken from
the relevant set of experimental data.

The concrete behavior was simulated using a hexahedron brick elements that was
defined by height-node element, as shown in Fig. 1c. The element has the ability
to simulate the nonlinear behavior of the concrete due to its cracking capability in
tension, in the three orthogonal directions, and crushing in compression. Each node
in this element has three translational degrees of freedom in the x, y and z-directions.

2.2 Steel Reinforcement

The steel reinforcement was represented by a bilinear elastic—plastic constitutive
relation with linear strain hardening (Fig. 2a). The ratio between the slopes in the
elastic range to the plastic range was taken from the corresponding experimental
results. The steel reinforcement embedded in the concrete was modelled using two-
node truss elements with three degrees of freedom at each node. A perfect bond was
assumed between the steel elements and the concrete elements, since no debonding
was experimentally observed between the two components.

2.3 External Tendons

The steel and FRP external tendons were simulated as linear elastic up to failure,
as shown in Fig. 2b. A rupture point on the stress—strain relationship was provided
to define the maximum stress and strain of the tendons. The response of the two
materials was identical in tension and compression. For structural modelling, the
external tendons were simulated as truss elements that were directly connected to
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the concrete elements at specific locations following the experimental tests. It is of
interest to mention that one end of the external tendons (called anchors) was subjected
to prestressing force, whereas the other end was passive force. At the location of the
deviator, zero friction coefficient was assumed between the cables and the concrete.

2.4 Loading Conditions, Mesh Size and Steel Plates

The loading type employed in this study was displacement-based until failure in
order to represent the actual loading scheme as performed experimentally. The
displacement-based loading allows to capture the entire load deflection plateau. For
the numerical simulation of EP girders, the symmetry of the girders is neglected and
the entire girder was considered in order to maintain the stability of the girder and
to avoid having numerical errors.

The mesh size at the state of accuracy verification was varied to accommodate the
numerical predictions. For each set of experimental tests, mesh sensitivity study was
performed in order to examine the effect of the mesh size on the loading capacity
of the specimens. Once the accuracy of the model was established for the control
specimen, the mesh size was maintained identical for the rest of the specimens. In this
study, steel plates located at the loading points, supports and anchorage zones were
modelled as an isotropic linear elastic material. Perfect connection between the steel
plates and the concrete was assumed, whereas the thickness of the steel plates was
taken from the corresponding experimental tests. Monitoring points were determined
at the top surface of the loading plate under the applied load, where the prescribed
displacements were applied. Another point was specified at the beam mid-span at
the bottom surface of the concrete to record the mid-span deflections. In this study,
the EP tendons were assumed fully bonded to the concrete at the points of contact
as experimentally described. It is necessary to note that no debonding failure was
experimentally observed between the EP tendons and the concrete.

2.5 [Investigated Specimens

In this study, the numerical investigation involves eight specimens tested: five speci-
mens were tested by Bennitz et al. [9] and three specimens were tested by Wang
et al. [10]. Complete details of the specimens considered can be found in their
corresponding references. These specimens were selected for numerical analysis to
cover various ranges of EP girders. All specimens were simply supported T-section
girders, with girder height ranged between 300 and 500mm, and girder span length
of 3.30-6.00 m.

The girders were EP with carbon or basalt FRP tendons having prestressing level
between 14 and 50% of the tendons’ ultimate tensile strength. The numerical simula-
tion considered specimens having three different tendon configurations: no deviator,
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one deviator, and two deviators. Table 1 summarizes the mechanical properties of the
specimens, and Fig. 3 presents a typical presentation of experimental tests’ configu-
rations. It should be emphasized that for a given set of specimens with and without
EP, the same values of the various material properties were used.

Table 1 Mechanical Properties of simulated specimens

Beam Type of Type of Concrete | External | Ultimate | Tendon | Number of

support cross-section | comp tendon strength | profile | deviations
Strength | material | (MPa)
(MPa)

B2[9] Simply T-section 352 CFRP 2800 Straight |1
supported

B3[9] Simply T-section 334 CFRP 2800 Straight | 1
supported

B4[9] Simply T-section 359 CFRP 2800 Straight | 1
supported

B5[9] Simply T-section 28.4 CFRP 2800 Straight | 1
supported

B6[9] Simply T-section 40.6 CFRP 2800 Straight | 0
supported

B7[9] Simply T-section 359 CFRP 2800 Straight |0
supported

BD Simply T-section 40.5 BFRP 1192 U shape |2

0.38[10] | supported

BD Simply T-section 40.5 BFRP 1192 U shape |2

0.5[10] | supported

BS Simply T-section 40.5 BFRP 1192 Straight |0

0.5[10] | supported

*CFRP indicates the carbon fiber reinforced polymers; BFRP indicates the basalt fiber reinforced

polymers

L3

L3

L3

Ih = 300 : 500 mm

L= 3000 :5700 mm

Fig. 3 Geometry and load location of tested beams. (% indicates beam height; f';;, indicates tensile
strength of prestressing tendons)
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3 Numerical Results and Discussions

The primary objective of the numerical investigations is to establish the ability of the
proposed model to simulate the behavior of EP girders. The accuracy of the numerical
model is evaluated by comparing the numerical predictions to experimental results.
Then, having verified the accuracy, the numerical model is utilized to obtain some
information of the girders that are difficult to measure experimentally.

3.1 Ultimate Loading Capacities and Failure Modes

Table 2 summarizes the predicted loading capacities compared to the experimental
results for the various specimens. The table shows that the finite element model was
able to accurately predict the loading capacities for the simulated specimens. The
predictions for the ultimate load ranged between -12.2 to 12.9% with an average of
-5.1% and a standard deviation of 8.2%. This indicates the high agreement between
the numerical predictions and the experimental results. It can be observed that the
numerical results are, in many cases, lower than the experimental ones. This can be
attributed to the assumptions applied for the concrete cover, percentage of prese-
tressing force, concrete tensile strength and percentage of presetressing losses. It
should be mentioned that reasonable assumptions were made when any of these
values were not provided in the relevant set of experimental data. For the mid-span
deflection values correspond to the ultimate loading capacity, the predicted deflec-
tions were always lower than those obtained experimentally, as shown in Table 2.
The average numerical-to-experimental mid-span deflection is -6.9% with standard
deviation of 4.7%. The lower numerical deflection magnitudes can be explained
based on the fact that the experimental deflection at failure may not be accurate due
to the full bond assumption in the numerical model that produced stiffer results. As
shown in Table 2, the numerical model is able to predict failure modes identical to
those observed experimentally. The position of the failure in the numerical model
corresponds to experimental observations.

3.2 Applied Load-Midspan Deflection Relationships

The numerical model used to simulate the experimental beams proves to be capable
of correctly modelling general trends and behavior of the applied load-midspan
deflection relations with very good accuracy for the specimens considered, as shown
in Fig. 4a—h. As it can be observed in the figures, the numerical model shows very
good agreement with experimental results. In the initial elastic stiffness and before
the cracking appearance, identical curves of the experimental and the numerical
results are obtained. It is clear that there is small discrepancy between the stiffness of
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Table 2 Comparison between experimental and numerical results

Number |Beam | Experimental results | Numerical results Num. / Exp. Results | Mode
of . label Ultimate | Midspan | Ultimate | Midspan | % of % of Of.
deviators load deflection | load deflection | ultimate | midspan failure
(kN) (mm) (kN) (mm) load deflection
No BS 0.5 | 189 81 166 74.6 —12.17 | = 7.90 Flexure
[10]
B6[9] | 140 65 158 56 12.86 — 13.85 | Flexure
B71[9] |153 42.6 143 385 — 654 | —9.62 Flexure
One B21[9] |147.09 |454 146.5 45 —040 |—0.88 Flexure
B31[9] |171 39.6 162.6 38.5 —491 |—-2.78 Flexure
B5[9] |178 60 161 53 —9.55 | —11.67 |Flexure
Two BDO0.35 | 204 90 185 84 —-931 |—-6.67 Flexure
[10]
BDO0.5 | 220 101 196.17 |99 —10.83 | — 1.98 Flexure
[10]

the experimental curves and numerical predictions. For the post-yield behavior, the
numerical model does not accurately describe the applied load-midspan deflection
relations. This can be attributed to the failure mode, which occurs earlier in the
numerical model compared to the experimental results. Indeed, this phenomenon
affected numerical predictions of the maximum deflections.

3.3 Crack Pattern at Failure

Since the numerical model proved its capability to simulate the behavior of EP
tendons, the model is used to obtain the crack pattern at failure. The experimental
results of the crack pattern was compared to the numerically predicted ones in Fig. Sa,
b for girders BD0.5 and BD 0.35, respectively. A very good agreement between the
predicted and experimental crack patterns can be observed in the figures. Both the
experimental and predicted crack patterns indicate that the failure mode of these
girders is flexural failure, which is yielding of longitudinal reinforcement followed
by concrete crushing. As can be seen in the figure, vertical cracks are located in
the region between the points of applied loads. The cracks’ heights and widths are
increased as the applied load increase. The cracks extend up to the flange before the
failure. This finding indicates that the presence of EP does not change the ductile
mode of failure of the girders. It is necessary to mention that few shear cracks
appeared in the region between the applied load and the support. As experimentally
reported, the failure was characterized by concrete crushing under the points of
applied load, which is captured by the numerical model.
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(a) BD 0.5 [10]
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(b) BS 0.38 [10]

Fig. 5 Numerical and experimental crack patterns at failure

Since the numerical model proved its capability to simulate the behavior of EP
tendons, the model is used to obtain the crack pattern at failure. The experimental
results of the crack pattern was compared to the numerically predicted ones in Fig. 5a,
b for girders BD0.5 and BD 0.35, respectively. A very good agreement between the
predicted and experimental crack patterns can be observed in the figures. Both the
experimental and predicted crack patterns indicate that the failure mode of these
girders is flexural failure, which is yielding of longitudinal reinforcement followed
by concrete crushing. As can be seen in the figure, vertical cracks are located in
the region between the points of applied loads. The cracks’ heights and widths are
increased as the applied load increase. The cracks extend up to the flange before the
failure. This finding indicates that the presence of EP does not change the ductile
mode of failure of the girders. It is necessary to mention that few shear cracks
appeared in the region between the applied load and the support. As experimentally
reported, the failure was characterized by concrete crushing under the points of
applied load, which is captured by the numerical model.

4 Conclusion

This study investigated the numerical modelling of EP girders, which has been rarely
examined in the literature, using a non-linear finite-element model that was devel-
oped using the ATENA finite element package. The accuracy of the model was
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validated using two sets of experimental results having various mechanical proper-
ties, prestressing levels and tendon profiles. The numerical predictions for the ulti-
mate loading capacities, load—deflection relationships, and crack patterns at failure
were compared to the experimental results. Based on the comparison between the
experimental and numerical results, the following conclusions can be proposed:

The ratios of the predicted-to-experimental ultimate loading capacities at failure
of the tested girders ranged between — 12.2 and 12.9% with an average and
standard deviation of — 5.1% and 8.2% respectively. These results indicated the
high accuracy of the numerical models to predict the performance of EP girders;
The numerical model was successful to predict the general trends of the applied
load-midspan deflection relations for the experimental results. The predicted
mid-span deflections corresponding to the ultimate loading capacity at failure
were smaller than the experimental results with an average of 6.9% and standard
deviation of 4.7%;

Both the experimental results and numerical model showed a flexural failure mode.
In addition, the numerical model was able to track the failure progress with similar
cracking scenario as the ones observed experimentally. It is necessary to indicate
that the use of deviator with no friction had neither effect on the failure progress
nor on the ultimate loading capacities compared to the experimental ones.
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Dilated Brick Masonary Infills to Avoid )
the Diagonal Compression Struts During | @i
Lateral Reversed Cyclic Load

Jafril Tanjung, Maidiawati, Yulia Hayati, and Masrilayanti

Abstract Inhigh seismicity areas such as Indonesia, brick masonry has been widely
applied as a partition as well as infills in reinforced concrete (RC) buildings. One
of the disadvantages of using brick masonry infilled in RC buildings is that the
diagonal compression struts may occur during the earthquake shaking, which may
influence the seismic performance of its structure. Due to its diagonal strut, the
columns will undergo additional axial and shear loads. The situation may collapse
columns early. This study proposes the dilated brick masonry infill to overcome
the above disadvantage. The advantage of its dilated brick masonry was obtained
through structural testing of three 1:4 scaled-down RC frame specimens applied to
lateral reversed cyclic loading. The specimens include one bare frame, one with
full masonry infill, and one with dilated masonry infill. For the specimen with the
dilatation masonry, there was a dilatation of about 20 mm between the masonry and
columns. During structural testing, the deformations of specimens were measured.
The cracks pattern of the columns and masonry was also drawn to observe the failure
mechanism of the specimens. Comparing the experimental results shows that the
dilated masonry infill has suitably avoided the diagonal strut on the masonry infill.
As we predicted, the ductility of the frame with dilated masonry was similar to
the bare frame without significantly reducing its seismic capacity. The observation
during the test showed that the interface between masonry infills and the beams
was weak. The applied static reversed lateral loading made the area experience shear
stress—the cracks on the masonry started from its area. Strengthening of its interface
areas is required to apply this proposed dilated masonry infill.

Keywords RC building - Masonry infill - Seismic performance - Cyclic loading
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1 Introduction

Indonesia is known as one of the most earthquake-prone areas in the world. The
United States Geological Survey (USGS) recorded that Indonesia experiences earth-
quakes with a significant magnitude [1]. During 2016 and 2018, for instance,
Indonesia experienced several major earthquakes, such as the 2016 Pidie Jaya earth-
quake (M6.5) [2], the 2018 Lombok earthquake (M6.4, M7.0, M6.9) [3], and the
2018 Palu earthquake (M7.4) [4]. These earthquake shocks have caused damage to
many residents and buildings, including those supported by RC frame structures.

Several researchers have conducted post-earthquake observations to determine
the cause of damage to RC buildings due to earthquake motions. For instance, the
EERI [5] conducted observations after the 2009 West Sumatra earthquake, and Choi
etal. [6] predicted the structural response of the damaged RC building due to the 2009
West Sumatra earthquake. Maidiawati et al. [7] analyzed the causes of the collapse of
the RC buildings due to the 2018 Palu earthquake. The main reasons for damage and
collapse to the buildings were dominated by using low-quality construction materials
and poor detailing of reinforcement of the RC frame structures; the detailing rein-
forcement has inadequate earthquake-resistant building standards. Despite having
experienced a major West Sumatra earthquake in 2009, the RC buildings’ construc-
tion processes have not yet wholly followed the current Indonesian provisions, as
observed by Wardi et al. [8]. They observed the construction process of almost one
hundred RC buildings in West Sumatra several years after the 2009 earthquake. Based
on the authors’ experience when observing damages to the buildings after the 2009
West Sumatra, 2016 Pidie Jaya, 2018 Lombok, and 2018 Palu earthquakes have also
concluded similar results.

In Indonesia, burned red brick masonry is commonly used as the infill walls in
RC buildings. The walls are used for partitioning between rooms and as the exterior
walls of the buildings. Because the final stress distribution of the masonry infill to the
RC frame structure has not been unknown in many cases, engineers have not taken
it into account in the design process of the buildings. The masonry was assumed
to be non-structural components, where their interaction with the columns was not
considered. Therefore, the structure response may deviate from what we expected in
design. However, the post-earthquake observation and laboratory tests conducted by
Maidiawati et al. showed that masonry infills increase the capacity of RC structures
[9, 10]. Their test used the cropped brick masonry wall from the surviving building
due to the 2007 West Sumatra earthquake to search for the advantage of the masonry
infill when shaken by the earthquake.

Indeed, experimental research regarding the effect of brick masonry infills on RC
frame structures has been performed and well documented by the researchers, see
Tanjung et al. [11], Maidiawati et al. [12], and Cavaleri et al. [13]. They tested several
scaled-down RC frame specimens subjected to lateral static monotonic and cyclic
loadings, including full and partial infill, where the bricks were produced locally.
Most of their experimental results arrive at the masonry infill plays an important role
in the performance of the RC frame structures when subjected to lateral cyclic loads.
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The existence of the infills has completely changed the responses of the RC frame
structure. The lateral strength, ductility, and failure modes of the structures depend on
the properties of the infills. Particularly related to the failure modes of the infill in RC
frame structures were explained by Cavaleri et al. [13]. Meanwhile, the research on
how to derive the mathematical expression for the infill in the RC frame structure has
been well explained by Catherin et al. [14] and Durai et al. [15]. Tanjung et al. [16]
also conducted an analytical study to determine the seismic capacity of a multistory
RC frame structure infilled with brick masonry to verify the results obtained from
the post-earthquake observation.

Although the infills contribute to the excellent performance of the RC building
during the earthquake, however, the infill causes several undesirable effects such as
short columns, soft story, torsion, and out-of-plane collapse. When the infill failed
and collapsed, it often caused fatalities. The researchers developed and proposed
strengthening methods to overcome the disadvantage of the infill in RC structures.
Akhoundi et al. [17] strengthened them using textile-reinforced mortar. Tanjung et al.
[18] proposed the strengthening method by embedding the plain steel bars on the
masonry infill and subjecting them to lateral monotonic static loading. Tanjung et al.
[19] and Maidiawati et al. [20] have extended their previous research by applying
cyclic static lateral loads to the specimens. Another simple strengthening method
has also been proposed by Tanjung et al. [21]. They skew the chicken wire mesh on
the diagonal area of the masonry infill. This wire mesh is cheaper and easy to find
in the local market in Indonesia. Their study aims to define a strengthening method
that an effective, cheaper, and easy to apply.

Post-earthquake observation and experimental results showed that the infill inter-
feres with the deformation of the RC frame structures. Tensile will take along one
diagonal of the infill, causing the separation between the infill and RC frame compo-
nents. Meanwhile, the compression strut forms take place along the other diagonal.
Consequently, the infill will add lateral stiffness to the structure. Load transfers of the
structures will change from frame action to predominant truss action. The columns
experience increased axial forces, reduced bending, and shear forces. This situation
may cause the premature collapse of the columns.

This paper presents the experimental study to avoid the diagonal struts in the infill
during lateral loading of infilled RC frame structures. The dilated brick masonry
infill is proposed. The works used structural testing facilities at the Structure and
Construction Material Laboratory of Syiah Kuala University, Banda Aceh, Indonesia.
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2 Materials and Methods

2.1 The Specimens

Figure 1 depicts the geometry and reinforcement arrangement of the RC frame speci-
mens. Yield in flexure before shear failure was designed into the columns. Following
the 1:4 scaled-down of the low-rise building in West Sumatera, INDONESIA, the
cross-section of the columns was set to 125 mm x 125 mm, and the height of the
columns was 750 mm. The reinforcement of 4D 10 longitudinal bars and 4@50 trans-
verse hoops were installed on these columns. A beam on the top of the specimen was
constructed 200 mm x 200 mm and 1550 mm long, where the loading will apply.
Its beam used 4D13 and ¢ 6@50 longitudinal bars and transverse stirrups, respec-
tively. A beam supported the specimen with a 700 mm x 150 mm cross-section and
a span 1650 mm long. Its reinforcements were 12D 16 longitudinal bars and ¢ 6@50
transverse stirrups. Standard laboratory testing procedures were applied to obtain the
material properties for constructing the specimens. Table 1 tabulates the compressive
strengths of the cylindrical concrete and the brick masonry. The concrete cylinder
was tested 28 days after casting. For the reinforcements, standard tensile testing was
operated. The testing results are shown in Table 2.

Figure 2 shows the sketch of the specimens tested for this study, i.e., bare frame
(Fig. 2a), frame with full infill (Fig. 2b), and frame with dilated infill (Fig. 2c). For a
frame with dilated infill specimen. There was a dilatation of about 20 mm between
the infill and columns.

2.2 The Experimental Setup, Instrumentation, and Loading

At first, a specimen was positioned on the rigid floor. We fastened the lower beam to
the rigid floor using six post-tensioning rods to keep the specimen in position during
structural testing. A double-action lateral actuator force equipment, including a built-
in load cell, was attached and fastened to the strong wall using four post-tensioning
rods—the actuator was directly connected to a portable data logger for recording the
applied load to the specimen. A manual jack pump was used to supply the pressure to
the actuator. The double steel beams were horizontally installed on the top beam to
prevent the specimen deforms out-of-plane when the lateral force was applied during
testing. These horizontal double steel beams were linked to the actuator, which was
mounted on the strong wall. The schematic experimental setup for the current study
is shown in Fig. 3a. For measuring the deformation of the RC frame specimen during
testing, the displacement transducers (LVDTs) have been installed at certain points,
as shown in Fig. 3b.

The lateral static reversed cyclic loading was subjected to the top beam of the RC
frame specimens. The loading procedure has followed FEMA461 [22]. The lateral
displacement control with a loading speed of approximately 0.05 mm/s was applied.
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Fig.1 The geometry and reinforcements of the RC frame specimen
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Table 1 Mechanical

properties of concrete and Material Compressive strength (MPa)
brick masonry Concrete 30.6
Brick 9.40
Table 2 Mechanical . .
properties of reinforcements Type Yield strength (MPa) Tensile strength (MPa)
b4 390.20 574.90
$6 346.80 446.30
D10 324.60 449.50
D13 374.30 535.40
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(a) (b)

(c)

Fig. 2 The RC frame specimens, a Bare Frame (BF-S), b Frame with Masonry Infill (IF-SW),
¢ Frame with Dilated Masonry Infill (IF-DL)

STRONG WALL

(b)

Fig. 3 The Experimental setup and its instrumentation, a the experimental setup, b the arrangement
of LVDTs

An LVDT apparatus on the top beam’s bottom face was used as a displacement
control point. The lateral static loading on the top beam was controlled by the drift
ratio of the column R = &/H, where 3 is the lateral displacement at the center of the
top beam measured by the displacement transducer, and H is the distance between
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the transducer and the bottom of the column. The loading program was R = 1/800, R
= 1/400, R = 1/200, R = 1/100, R = 1/50, R = 1/25, and R = 1/12.5 rad, followed
by a pushover to R = + 1/10. Except for the first drift ratio R = + 1/800, two
cycles were applied for each drift ratio. Incremental lateral static load and specimen
deformation were monitored and recorded throughout the tests. An initial crack and
crack propagation was drawn on the RC frame and brick masonry infill in every
loading cycle to recognize the failure mechanism of the specimens.

3 Results and Discussion

Figure 4 shows a comparison of the experimental results. The figure includes the
crack pattern after the first cycle of drift ratio R = 1/25 (Fig. 4a) and the hysteresis
loop displaying the relation between applied lateral load and displacement on the
top beam (Fig. 4b). The drift ratio R = 1/25 was considered for an observation
comparison because the collapsed pattern of the test object could be observed.

For the BF-S specimen, an initial flexural crack appeared at the top side of the
tensile column after the drift ratio R = 1/400 (0.25% radian), approximation at about
the lateral displacement of 1.2 mm. An initial shear crack on the compressive column
occurred during the drift ratio R/200 (0.5% radian); the lateral displacement at that
time was 3.8 mm. The ultimate lateral strength was 51.3 kN. The compressive column
experienced shear failure at the lateral displacement of 57.8 mm after the last cycle of
drift ratio R = 1/12.5 (8% radian). As we expected, the RC columns in the specimen
exhibited flexural failure before experiencing the shear failure.

In the IF-SW specimen, the brick masonry infill causes a significant increase in its
lateral strength. The increase of the lateral stiffness was indicated by increasing the
lateral strength of the specimen, i.e., 127.7 kN, as shown in Fig. 4b. It Increased about
2.5 times compared to the bare-frame specimen BF-S lateral strength. The column
and brick masonry infill separation started at the applied loading (R = 1/800). The
initial flexure crack on the column was observed at the lateral displacement of about
1.3 mm within the drift ratio R = 1/400 (0.25% radian). When reaching the lateral
displacement of about 3.4 mm, the brick masonry began to crack on the diagonal area
of the infill, which was within the drift ratio R = 1/200 (0.5% radian). The diagonal
crack developed and failed at the drift ratio R = 1/50 (2% radian). After that, the
lateral strength of the specimen was significantly degraded, and the path of lateral
strength seemed to follow the bare frame specimen.

One of the disadvantages of brick masonry infilled in the RC frame is the exis-
tence of diagonal compression struts on the brick masonry during loading. These
compression struts caused diagonal shear cracks on the diagonal area of the brick
masonry infills, and the column suffered additional axial and shear loads. Comparing
the experimental results of the BF-S and IF-SW specimens after the drift ratio R =
1/25 shows that the columns in the IF-SW specimen resisted larger forces than that
of the BF-S specimen, as indicated by cracks that occurred in these columns.
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Fig. 4 The comparison of experimental results, a crack pattern after 1st cycle of 1/25 rad,
b hysteresis curves

For the IF-DL specimen case, the dilatation of the masonry infill did not signifi-
cantly increase the lateral strength and stiffness of the RC frame structure compared
to the bare frame specimen. The maximum lateral strength was 67.8 kN. The lateral
strength was much lower than the infilled frame without dilatation (IF-SW). Signifi-
cant differences in crack patterns and failure mechanisms between IF-DL and IF-SW



Dilated Brick Masonary Infills to Avoid the Diagonal Compression ... 243

specimens, as shown in Fig. 4. An initial flexural crack occurred at the top tensile
column at a drift angle of 1/800 of cyclic lateral load. The initial shear crack appeared
at the tensile column at 1/400 of the cyclic loading. The shear cracks were developed
at the ends of both columns. Finally, the columns failed in shear during the loading
cycles of R = 1/12.5. The brick infill began to crack during the cyclic loading of R
= 1/12.5. It failed in shear in these cycles.

The ultimate lateral strength of the BF-S specimen was 51.0 kN, and the average
lateral strength in each cycle was about 49.5 kN. Similar behavior was also seen in the
test results of the IF-DL specimen, where the ultimate strength was 67.8 kN, and the
average lateral strength for each cycle was about 65.5 kN. These results indicate that
the masonry infills in the RC frame specimen of IF-DL did not affect the performance
of the specimen. In contrast to the IF-SW test results, the masonry infill significantly
increases the lateral strength of the specimen, and the lateral strength decreases after
the masonry infills cracks. The lateral strength path BF-S and IF-DL will eventually
be similar after the masonry infills collapse.

Based on the hysteresis loop and crack propagation of the IF-DL specimen, its
performance was very different from the IF-SW specimen but similar to the bare
frame specimen (BF-S), as shown in Fig. 4. The results indicate that the masonry
infilled RC frame structure using dilatation spacing has no significant effect on the
performance of the RC frame. Therefore, this method may ignore the existence of
masonry infill in the seismic design calculation.

4 Conclusion

An experimental study to evaluate the performance of the brick masonry-infilled
RC frames with and without dilatation spacing was performed under a cyclic lateral
loading test. The testing specimens include RC bare frame, brick masonry infilled
frame, and brick masonry infilled frame with dilation spacing. Comparing the exper-
imental results of these specimens concluded that the brick masonry infill does not
affect the performance of the RC frame when the masonry infill dilatates to the
columns. Therefore the existence of masonry infill may be ignored in seismic design
calculation.
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Effect of Longitudinal Tension Bars )
on Performance of Composite Light L
Gauge Steel and Concrete of a Plate

Structure

Sabril Haris, Rendy Thamrin, Mutia Fitriani, and Syukriati

Abstract This paper studied the performance of composite light gauge steel and
concrete applied on a plate structure. A light gauge steel section is initially proposed
to replace longitudinal bars on resisting tension stress at the lower zone of the plate
section. Experimental tests have been conducted for six specimens: three specimens
of composite light gauge steel and concrete and three other composite specimens
with longitudinal reinforcing bars, which were so-called hybrid specimens. A static
monotonic load was applied to each specimen until the ultimate condition reached. It
was observed that the first crack occurred at the bending moment zone for the hybrid
section and around the two-point loads. Compression crashes on the top fiber and
diagonal shear failure resist the specimen to obtain a higher capacity. The structural
stiffness decreased for additional tension bars within the range of 10.2-20.8%. About
the structural ductility, the hybrid specimens had 1.55-1.71 lower than the composite
specimens.

Keywords Composite structures + Hybrid section - Ultimate condition - Crack
pattern - Ductility

1 Introduction

Light gauge steel materials have been applied primarily on roof structures and wall
partitions. This material has some advantages in its strength, lightweight section, and
installation convenience. However, the use of light gauge steel materials for other
structural applications, for example, for composite structures, has been studied by
some researchers.

One of the pioneers in the studies of composite light gauge steel and concrete
beams was reported in [1]. It was found that the lip part of the lip-channel section
steel plays a significant role in resisting the slip between concrete and light gauge steel
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material. Therefore, the composite beams had significant bending moment capacity
with good bond strength. In [2], the channel sections with circular embossments were
observed to increase the slip resistance between concrete and light gauge steel mate-
rial. Based on the test results of 32 specimens, simplified formulations to calculate
the shear-bond resistance and the flexural capacities were proposed.

Tsu et al. [3] investigated another composite structural system. Light gauge steel
beams supported the reinforced concrete structural plate on a corrugated cold-formed
metal deck. Meanwhile, the channel section in reversed position was studied in [4];
this was opposite to the light gauge steel arrangement in [1, 2]. Stand-off screws
as shear connectors played a significant role in providing sufficient resistance for
composite action. In [5, 6], light gauge steel and concrete are also investigated for
a column element. It was found that light gauge steel can be used to substitute the
steel bar reinforcement.

In this paper, the effect of longitudinal tension bars on performance of composite
light gauge steel and concrete of a plate structure was studied for a plate structure.
Six specimens were tested in this experimental study: 3 specimens of composite
light gauge steel and concrete and 3 other specimens with additional longitudinal
bars. The plate width was 300 mm, which was wider than the specimen used in the
previous study [7]. Section depths of the plate structures were 80, 100, and 120 mm,
which are within the range of typical plate thickness. A standard channel section of
light-gauge steel, denoted as C.75.35.075, was used in the composite specimen.

2 Methodology

Experimental tests for six specimens were conducted at the Material and Structures
Laboratory, Department of Civil Engineering, Universitas Andalas, Indonesia. All of
the specimens were subjected to a static monotonic load. Behavior of the specimens
were observed until the ultimate load obtained.

2.1 Specimens

This study tested two types of plate specimens, as illustrated in Fig. 1. The first type of
specimen was a composite of light gauge steel and concrete structures. Four-channel
sections of light-gauge steel were put on the bottom of the specimen, and arranged
side by side. Dimension of the channel section was 75 mm in height, 35 mm in width,
and 0.75 mm in thickness resulting in the total area for four-channel sections being
468 mm?2.

The second type of specimen was named the hybrid section. Along with the light
gauge steel section, four longitudinal tension bars were placed 25 mm from the
bottom of the specimen. Therefore, there was a contribution from both the tension
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Fig. 1 Specimen: a light gauge steel section, b composite section, and ¢ hybrid section

Table 1 Data of specimen

Type Specimen’s name Specimen’s 1d Reinforcement Depth (mm)

Composite Comp-80 CR0.h80.b300 - 80
Comp-100 CR0.h100.b300 - 100
Comp-120 CR0.h120.b300 - 120

Hybrid Hybrid-80 CR10.h80.b300 4D10 80
Hybrid-100 CR10.h100.b300 4D10 100
Hybrid-120 CR10.h120.b300 4 D10 120

bars and the light gauge steel section in the tension zone. The diameter of tension
bar is 10 mm.

All plate specimens had the same total length of 2300 mm and width of 300 mm.
The plate depth (h) was varied for 80, 100, and 120 mm for each type of specimen.
Data of specimens are given in Table 1. A commercial ready mix concrete company
supplied concrete material with a target strength of 35 MPa. However, the compres-
sion test gave a slightly lower result at a strength of 33 MPa. For the longitudinal
tension bars, the average yield stress from three tensile specimens was 515 MPa.
Meanwhile, the average yield stress for the light gauge steel material was 481 MPa,
less than expected at 550 MPa.

2.2 Experimental Setup

Figures 2 and 3 show the experimental setup scheme and a photo of the typical tested
specimen. The specimen was placed on the pin and rolled supports with a clear
distance of 2000 mm. With the 2300 mm length of the specimen, it will be 150 mm
remaining length for end anchorage at each support. A 500 kN capacity hydraulic jack
loaded the specimens monotonically until the ultimate condition occurred. The load
cell, placed under the hydraulic jack, measured the monotonic load. The monotonic
load was transferred to the specimen using a steel spreader beam and steel saddles to
produce two points loading scenario. The pure bending moment span between two
steel saddles was 400 mm, leaving 800 mm of the shear span length. Three LVDTs
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measured displacements in three locations: at the mid-span and the two-point loads.

A data logger recorded all deflection data from the and the load data from the load
cell.

hydraulic jack

steel spreader beam

plate specimen—\ steel saddel
pin support LVDT roller support
150 800 400 800 150
2000

Fig. 2 Experimental setup
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Fig. 3 Photo of hybrid specimen CR10.h100.b300
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3 Result and Discussion

The load and displacement curves for composite and hybrid specimens are shown
in Fig. 4. As expected, structural stiffness and the ultimate load were consistently
increased for the thicker specimens. In each curve, the first crack and the ultimate load
are denoted, marked by a circle and a triangle, respectively. The values of those loads
are given in Table 2. The hybrid specimen exhibited later crack than the composite
ones; the first crack occurred within the range of 67.2-96.3% of the ultimate load.
The composite specimens cracked earlier at the 36.6-53.6% of the maximum load.
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Fig. 4 Load and displacement curves: a composite specimen, b hybrid specimen
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Table 2 First crack and the ultimate load (in kN)

Type Specimen’s name First crack Ultimate %

Composite Comp-80 13.24 36.20 36.6
Comp-100 20.20 52.06 38.8
Comp-120 34.38 64.14 53.6

Hybrid Hybrid-80 43.00 44.64 96.3
Hybrid-100 56.20 67.28 83.5
Hybrid-120 53.06 79.00 67.2
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3.1 Crack Pattern

The first crack occurred at the pure bending moment zone or area around two-point
loads location. For composite specimen with the thickness of 120 mm, the first crack
was at 34.38 kN and located about 340 mm from the center point of the specimen,
outside the pure bending moment zone (Fig. 5a). Crack at this point developed
significantly became a diagonal shear failure. More several cracks were founded on
the area around two-point loads. However, there was no crack founded at the support
zone. As shown in Fig. 5b and c, significant diagonal shear failure and compression
crash at the top fiber resisted the specimen to obtain a higher resistance. It stopped
at 64.14 kN.

N e T

(b)

(©)

Fig. 5 Crack pattern composite specimen with thickness of 120 mm: a first crack, crack pattern at
the ultimate condition, ¢ compression crash at the top fiber
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diagonal shear
failure

(@) (b)

Fig. 6 Crack pattern hybrid specimen with thickness of 120 mm: a first crack, crack pattern at the
ultimate condition, ¢ compression crash at the top fiber

For the thickest hybrid specimen, the first crack was founded at 170 mm from
the center point of the specimen at at 53.06 kN (Fig. 6a). At the ultimate condition,
additional cracks were founded on the area around two-point loads. There was also
no crack founded at the support zone. The push-over loading process was stopped
79.00 kN due to compression crash at the top fiber around steel saddle and significant
diagonal shear failure.

3.2 Structural Stiffness

In Table 3, the structural stiffness for the composite and hybrid section are given.
Additional tension bars to composite section may increase the stiffness of the
specimen within the range of 10.2-20.8%.
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'(I]‘;ble 3 Structural stiffness Thickness k (KN/mm) Increment %
(mm) Composite Hybrid
80 1.37 1.51 10.2
100 2.40 2.90 20.8
120 3.56 4.07 14.3
Table 4 Ductility of the specimen
Type Specimen’s name Displacement Ductility
Yield Ultimate
Composite Comp-80 22.72 49.40 2.17
Comp-100 14.06 42.70 3.04
Comp-120 11.32 32.90 291
Hybrid Hybrid-80 27.56 35.08 1.27
Hybrid-100 18.80 33.94 1.81
Hybrid-120 14.62 27.36 1.87

3.3 Ductility

The ductility of the specimens are listed in Table 4. The displacement yield for
different types of specimens with same thickness were almost similar, but the
displacement at the ultimate load differed. At average, the composite specimen could
displace 1.3 larger than the hybrid specimen. Thus, the ductility decreased within
the range of 1.55—1.71 due to the addition of tension bars.

4 Conclusion

Experimental tests of the composite and hybrid sections of plate structures have been
conducted in this study. The crack was initiated at the bending moment zone and
around two-point loads for six observed specimens. No crack founded at the support
zone. A similar ultimate condition is denoted by compression crash at the top fiber of
the specimen. Additional tension bars can increase the load capacity of the specimen
as well as the stiffness of the structures. On the contrary, the structural ductility will
decrease at about 1.55-1.71 times.
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Influence of Axial Load on the Ductility )
of Type “C” Reinforced Concrete Walls oo
with Longitudinal Reinforcement

Variation in the Cores

Meyer David Hilario Martel, Jhon Josue Canchanya Taipe,
Janela Azucena Condor Gonzalez, and Johan James Hinostroza Yucra

Abstract Type “C” shear walls are structural elements with a great capacity to
absorb seismic forces that are commonly used in elevator boxes. The present research
aims to show the effect of the axial load from 980.6 to 7844.8 KN on the ductility of
the walls called (M1) and (M2), also evaluating the ductility in relation to variation
of reinforcement longitudinal in the cores, for which trilinear diagrams of moment—
curvature of both walls were generated. The results showed that the increase in axial
load is inversely proportional to the ductility of the wall. On the other hand, the
increase in axial load is directly proportional to the values of moments at each point
of the moment—curvature diagram, but inversely proportional to the curvature at the
points of the yield of steel and exhaustion of the maximum capacity. The increase in
the amount of steel in the cores in the M1 was not optimal, since when comparing
the ductility in both walls, the M1 presents less ductility because there is more steel
in the traction zone.
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1 Introduction

The shear walls have been used especially in high-rise buildings to resist seismic loads
[1]. These walls are critical in seismically active areas since there is an increase in
shear force in the structure [2]. Which are designed to have a no-linear behavior in
severe seismic, where the input seismic energy is absorbed [3].

Likewise, the design of shear walls requires to estimate of their load capacity
as well as their resistance for lateral displacement; in addition, the seismic events
raised have highlighted their seismic performance [4]. However, pre-existing build-
ings show that shear walls lack some ductility [5]. One of the most appropriate
options for concrete structures against seismic loads is to increase their ductility [6].
Due to this, it is necessary to simulate its behavior with greater precision, where
the curvature moment relationship of concrete elements is considered as well as the
stress-deformation relationship of confined and unconfined concrete [7].

Studies of shear walls have been observed in which the curvature moment
decreased when the axial loads increased, resulting in the concrete’s immediate
deformation. Likewise, parameters such as material properties, amount of reinforce-
ment and geometry of the section influence the calculation of the curvature moment
diagram [8].

2 Methodology

In this study, the “C” shaped reinforced concrete walls M1 and M2 were analyzed
with variability in the longitudinal reinforced of the cores. With the intention of
comparing the ductility of both walls with a variation of axial loads from 980.6 to
7844.8 KN, also evaluating the ductility in relation to the change of longitudinal

reinforced in the cores. With a positive “y” eccentricity. Considering f’c 2059.4 N/
cm? and the perfect elastoplastic model of steel with fy 41,187.93 N/cm?.

3 Construction of the Curvature Moment Diagram

The models of idealization of curvature moment allow validating the behavior of
the wall, therefore, in the present study the proposed model from the Book of Eng.
Ottazzi was used, which details the cracking point of the concrete and limits the yield
point that requires variability of the stiffness of the section in study [10]. (See Fig. 1).
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Fig. 1 Curvature Moment M
Diagram. Adapted of
“Apuntes del Curso de Mmax
Concreto Armado 1” [10]
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Trilinear Diagram

3.1 Hypothesis to Consider Generating
the Moment—Curvature Diagram

The following points were taken into consideration for the numerical analysis
proposed by the research: The section under analysis is flat and remains flat. There
is no early failure by cutting, or by lateral buckling. The bending tensile strength

of concrete can be estimated as 2+/ f/c(i%ﬁ). There is a perfect adhesion between
concrete and steel [10].

3.2 Cracking Point (Point A—Mcr)

The point at which the section under analysis reaches the maximum tensile strength
of the concrete, thus initiating the cracking of the concrete. After this point, the
cracked area of the concrete was neglected in the numerical analysis, so the only
one that provides tensile strength is steel [10]. When comparing the moment of
cracking and the last moment of a wall this is significantly greater than the moment
of cracking which demonstrates low plasticity or seen otherwise allows very little
inelastic deformation [11]. Minimal reinforcement in concrete walls can increase the
cracking moment up to 1.5 times its value [11].

3.3 Creep Point (Point B—My)

Steel creep starting point, the unit deformation of the steel reaches ey =
0.0021(0.21%). One of the most representative states of a moment—curvature
diagram, which precedes the failure point of the section and in turn represents the
end of elastic behavior, relating the yield moment (My) and the creep curvature (@y)
[10].
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To appreciate the behavior of the concrete wall depends on variables such as the
form of application of loads, and the relationship between steel and concrete, which
is the reason for the existence of several constitutive laws, therefore, we worked with
the constitutive law of Hognestad that represents the model of stress deformation
related to maximum effort and with a deformation of exhaustion of o = 0.002 [9].
“Eq. (1) and (2)” defines Hognestad’s proposed constitutive law.

2 2 kef
fo= flex| = - (‘9—0) 8. 0 < ec < 0.002 (1)
e0 €0 cm?
where:
2% "¢
= 2
&0 Ec )

When performing tests on columns placed vertically with eccentric loads, an
average value of maximum bending stress, f”’, which is equal to 0.85f’c (kgf/cmz)
[9] was found.

Point of Depletion (Point C—Mmax). After exceeding the admissible stresses, the
section does not fail, it still has a reserve that is used in the design for resistance which
we call a point of exhaustion or maximum capacity. The ACI and Peruvian regulations
accept the simplification of an equivalent block of compressions or Whitney rectangle
[10].

3.4 Ductility

Ductility is the property that allows deforming the plastic state without reaching
the fault. Consequently, the ductility of curvature is the ratio of the curvature of
the concrete at its point of exhaustion, which means the concrete has reached a
deformation Ec = 0.003 without any steel failing by breakage and the first creep
of the steel to tension [10]. Ductility is the ability of a material or structure under
inelastic conditions to withstand loads [12]. During an earthquake, the energy is
absorbed by the structure which will be dissipated by the plastic deformation of the
components [13]. “Eq. (3) defines the ductility of the section under analysis”.

pmax
ne =
vy

3)



Influence of Axial Load on the Ductility of Type “C” Reinforced ... 261

4 Results

The following figures show the reinforcements used in the M1 and M2 walls (see

Figs. 2 and 3).

The following table shows the summary of the values calculated at each point of
the Moment—curvature of the M1 Diagram (see Table 1).

The following figure shows the moment—curvature diagram as a function of the

variation of the axial load on wall M1 (see Fig. 4).
The following table shows the summary of the values calculated at each point of

the Moment—curvature of the M2 Diagram (see Table 2).
The following figure shows the moment—curvature diagram as a function of the

variation of the axial load on wall M2 (see Fig. 5).
The following tables summarize the ductility calculations in walls M1 and M2 as

a function of the variation of the axial load (see Tables 3 and 4).
The following figure shows the comparison of ductility in walls M1 and M2 as a
function of axial load variation (see Fig. 6).
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Table 1 Result of generating the moment—curvature diagram with axial load variation of wall 1
Type C

Wall 1 Type C

Axial load Concrete cracking point | Steel creep point Point of failure o
maximum capacity
Mcr ¢ My Qy M max pmax
KN KN m 103 L |KNm 1031 'KNm 1073 1
980.6 1716.05 0.25 4095.38 1.32 5141.38 23.59
1961.2 2036.80 0.33 5114.71 1.38 6169.74 20.23
3922.4 2678.31 0.49 7114.74 1.51 8186.83 15.23
5883.6 3319.76 0.65 9063.59 1.64 10,114.30 12.11
7844.8 3961.23 0.81 10,961.74 1.77 11,950.33 9.88

5 Discussion of Results

When performing an analysis of the formulas used and the results obtained in the
research it was observed that the parameter “c” represents the distance or compressed
area in the direction in which the analysis was performed, when increasing its value
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Momentum variation - curvature with axial load variation in M1
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Fig. 4 Result of generating the moment—curvature with axial load variation of the M1 type C

Table 2 Result of generating the moment—curvature diagram with axial load variation of M2 Type
C

Wall 2 type C

Axial load Concrete cracking point | Steel Creep Point Point of failure o
maximum capacity
Mecr 0] My @y M max pmax
KN KN m 103 L KNm 103 L KNm 1073 1
980.6 1700.93 0.26 3683.23 1.30 4441.94 28.36
1961.2 2021.64 0.34 4720.07 1.37 5500.34 22.98
3922.4 2663.07 0.50 6752.58 1.50 7542.79 17.08
5883.6 3304.49 0.66 8731.02 1.63 9514.16 13.25
7844.8 3945.92 0.82 10,656.90 1.76 11,413.58 10.69

this inversely influences the curvature, in the same way to ductility; In other words,
if the compressed area is larger the ductility will be lower. To increase the ductility
in any section you have to reduce the value of this parameter, for which you had
to increase the amount of steel in the compressed area and increase the f’c, another
option was to increase the width of the compressed area.

The proposal to place more steel in the compressed area is not possible in all cases
since many of the structural elements in which they act forces in flexion or flexo-
compression, these forces act in different directions, which can vary the compressed
area making the steel that was placed to decrease the parameter “c” in that direction
of analysis, It can be more detrimental in a reverse direction since the parameter
“C” depends not only on the width of the compressed zone and the steels in it, but
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Momentum variation -curvature with axial load variation in M2

12000
11413.58
.90
10000
9514.16
< 8731.02
= 8000 7542.79
= 6752758
+ 6000
S —@® 5500.34
€
S 4000 —141.94
2 3300,
2663.07
2000 2021.64
1700.93
0@ 0
0 5 10 15 20 25 30
Curvature - 10°-3 (1/m)
—@— P =980.6 KN —@— P =1961.2 KN P =3922.4 KN
P =5883.6 KN —@— P = 7844.8 KN

Fig. 5 Result of generating the moment—curvature diagram with axial load variation of wall 2
type C

wall ettty 1 Type ¢ Avial load (KN) Ducily
980.6 17.88
1961.2 14.61
3922.4 10.08
5883.6 7.39
7844.8 5.58

wall ductlty 2 Type ¢ Avial load (KN) Ducily
980.6 21.85
1961.2 16.83
3922.4 11.42
5883.6 8.15
7844.8 6.08

also the steels that are in the tensile zone. Seen another way if there is more steel in
the traction zone, the parameter “c” must have a higher value to balance the internal
forces in the section.
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Ductility vs Axial Load
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Fig. 6 Comparison of the ductility of both diagrams moment—curvature with respect to the
variation of the axial load

6 Conclusion

To sum up, the axial load significantly influences each point of the Moment — Curva-
ture diagram, since in both analyzes as the axial load increases it is necessary to
apply a greater moment to reach the cracking points of the section (Mcr), the yield
point of the steel (My) and point of exhaustion or maximum capacity (Mmax).

(1) In M1 and M2 the (Mcr) with axial load of 980.6 KN. is 1716.04 KN.m and
1700.93 KN.m for axial loads of 1961.2, 3922.4, 5883.6, 7844.8 KN the value
of (Mcr) for M1 increases by 18.69%, 56.07%, 93.45% 130.84% respectively
and for M2 the increase is 18.86%, 56.57%, 94.28% 131.99% respectively.

(2) In M1 and M2 the (My) with axial load of 980.6 KN. is 4095.42 KN.m and
3683.23 KN.m, for the axial loads of 1961.2, 3922.4, 5883.6, 7844.8 KN. the
value of (My) for the first wall increases by 24.89%, 73.72%, 121.31% 167.66%
respectively and for the second wall the increase is 28.15%, 83.33%, 137.05%
189.34% respectively.

(3) In M1 and M2 the (Mmax) with axial load of 980.6 KN. is 5141.35 KN.m
and 4441.94 KN.m, for the axial loads of 1961.2, 3922.4, 5883.6, 7844.8 KN.
the value of (Mmax) for the first wall is increased by 20%, 59.23%, 96.72%
132.44% respectively and for the second wall the increase is 23.83%, 69.81%,
114.19% 156.95% respectively.

(4) Itcan also be observed that the greater the axial load, the cracking points (Mcr),
and the steel yield point (My) have greater curvature as the axial load increases.

If the diagrams of both walls in the analysis are compared with the same axial load,
the wall with less longitudinal reinforcement in the cores requires a lower moment
value to bring to each point of the diagram, but the curvature at the points of cracking
of the section and of exhaustion or maximum capacity is greater except for the yield
point at which the wall with the greatest reinforcement in the cores has a greater
curvature.

When increasing the value of the axial load the ductility of the wall decreases,
since, for an axial load of 980.6 KN the ductility of the first and second wall is 17.88
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and 21.85, for the axial loads of 1961.2, 3922.4, 5883.6, 7844.8 KN the ductility
in the first wall decreases by 18.28, 43.63, 58.64, 68.77% and in the second wall
decreases by 22.96, 47.73, 62.70 and 72.19%.

Finally, the way in which the amount of steel in the core was increased was not

optimal, since it did not help greatly to increase the ductility of wall 1, and even
this was more harmful. Thanks to the analysis of formulas used and results, it was
concluded that it is necessary to increase the steel in the cores in such a way that,
when performing the analysis in opposite directions, the wall presents a balanced
ductility in both directions.
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Study on Masonry Soil Joint Adding )
Rock Salt oo

Masashi Ouji

Abstract This study is about strengthening joints in masonry construction,
commonly used in Nepal’s mountainous areas. Generally, mud mortar has been used
for joints of masonry buildings in Nepal. However, after the 2015 Gorkha earth-
quake, the use of cement is recommended to ensure earthquake resistance, but it
has not been widely used due to the high cost of the material. Therefore, we are
attempting to strengthen the earthquake resistance of masonry buildings by rein-
forcing locally available soil with inexpensive materials. We have already reported
on the joint properties using soil and lime in a separate paper. In the present paper, the
addition of rock salt in addition to soil and lime has been used, and a large increase in
strength was observed. Although the strength increase was more pronounced when
red soil was used, the strength increase due to rock salt was also observed for other
soils. This is different from the effect of lime. This paper reports the results of the
strength increase when rock salt and other materials were added.

Keywords Rock-salt - Masonry joint - Reinforced soil - Magnesium + Red soil -
Yellow soil

1 Introduction

This study is a follow-up to a report presented at ACE 2018. The Nepal Gorkha
earthquake in 2015 caused significant damage to masonry buildings in mountainous
areas. This major earthquake revealed a lack of seismic resistance in masonry build-
ings built using traditional methods in Nepal [1]. The Nepalese government took
measures to improve earthquake resistance, such as limiting the number and size of
stories in masonry buildings and requiring the use of cement mortar as a jointing
material [2]. This is correct as a measure to mitigate damage to masonry build-
ings. However, in mountainous areas where many residents have low incomes,
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cement itself is not easy to obtain economically, and there are limits to the spread of
government-recommended methods unless the income problem is solved. There is
also the problem that modern materials such as cement are discouraged in masonry
buildings with historical value. To address both of these issues, we planned to use
locally available soil as the main material and to add lime to the joints to ensure
water resistance and to improve the strength of the joints by adding easily available
materials.

The idea of using improved soil as joints are based on “Tataki,” a type of improved
soil traditionally used in Japan for flooring. “Tataki” is a traditional ground improve-
ment method that is made by adding sand, slaked lime, and bittern to decomposed
granite soil. Although not used frequently in modern times, it boasts high durability
despite using only traditional materials. Before the start of this study, we surveyed
“Tataki” in Japan. The ratio of soil to slaked lime is generally considered to be about
2:1, although there are some differences depending on the type of soil. The amount
of bittern added is generally about 10% by weight, and the amount of moisture is
about the same as that of a loose mass when held in the hand. Although the amount
of moisture is a matter of feelings, we decided to follow the traditional Japanese
method as closely as possible in the beginning.

Compression test pieces were produced using paper mold (50¢, H = 100 mm)
formwork and compacted in the three parts by a 1.5kgf rammer. This is by the
compaction test method of improved soil testing commonly performed in Japan.
After compaction, the test was conducted after a curing period of at least 2 months
in a cool and dark place.

The test results for the case without rock salt addition have already been published
but will be briefly reviewed for reference. Red soil was commonly used as joints in
mountain villages in Sindhupalchowk District, northeast of Kathmandu, the capital
of Nepal, or other readily available soil, and the effect of varying the ratio of lime
in addition to the compressive strength was checked (N1). Compression tests were
also conducted to verify the effect of adding straw (N2) and sand and straw (N3) in
the same manner. In addition, direct shear tests were conducted using brick blocks
(N4). From this series of results, the following was found [3].

e The best mixing ratio of soil and quicklime is about 3:1. When slaked lime is
used, a ratio of 2:1 is best.

e Compared to the soil-only case, the lime-added case showed a slight increase in
compressive strength, but this increase was 20-50%.

e Cracking failure was more common than shear failure.

e In the case of lime-added lime, the compressive strength increased slightly, but
by 20-50%, and the cracking failure was more frequent than the shear failure.
However, the deformation capacity was doubled.

e No significant increase in strength was observed even when sand was mixed in.

e When only straw was added without lime, the compressive strength increased to
the same level as when lime was added.

A similar use of “Tataki” for joints exists in Japan, where a man-made
stonework method called “Choshichi-Tataki” existed nearly 100 years ago. Although
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“Choshichi-Tataki” disappeared with the spread of cement, traces of it can still be
seen in Japan today, and it retains its durability for more than 100 years. However, the
details of its manufacturing process have been lost, and although component analysis
has been conducted, it is unknown.

Similarly, at Pashupatinath, one of the World Heritage sites in Kathmandu, Nepal,
we have confirmed that a material similar to “Tataki” was used as the surface finish
of the masonry structure. Although the analysis has not yet been conducted at this
stage due to the difficulty of traveling to Nepal due to corona infection, we intend to
proceed with it in the future.

2 Rock Salt Addition Case (N5)

Next, the following experiment was conducted to see how the compressive strength
of the improved soil changes with the addition of rock salt in addition to soil and
lime, using the aforementioned traditional Japanese Tataki as a reference.

The various parameters are as follows. However, in the experiments reported here,
the moisture content was not yet treated as a parameter, and the moisture content was
adjusted by human senses following the traditional method. The amount of rock salt
added was determined on a trial basis and has no basis.

2.1 Parameters of N5 Case (Fig. 3)

Date of production: 26-27/Mar/2018

Date of test: 16/Sep/2018

Soil type (1: common Red Soil that can be collected in the village, 2: fine Red
Soil)

e Wet Soil Condition

The weight ratio of soil to Lime (1: [2:1], 2: [1.5:1], 3: [3:1], O: [No Lime])
Weight of straw added (A: [0 g], B: [15 g]/1000 g: [Soil + Lime])
Weight of rock salt added (1: [0 g], 2: [15 g], 3: [30 g]/1000 g: [Soil + Lime])

The following findings were obtained from the experimental results by adding
rock salt.

e The strength of the case without rock salt is slightly lower than that of the case
with rock salt compared to the N1 result because the moisture content was not
controlled.

e The strength of the case with rock salt was 1.5-5.0 times higher than that without
rock salt (2.78 times higher on average) under the same conditions (Tables 1, 2
and 3).
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Table 1 NS5 case: average of maximum intensity per case

N/mm?

Adding rock salt Str. average Case A without Case 0-A 1.892 (a)

Str. average Case B 1.333 (b)

Str. average Case 0-A 1.639 (c)
No rock salt Str. average Case A 0.653 (d)

Str. average Case B 0.779 (e)
Average strength increasing ratio | (a)/(d) 2.897

(b)/(e) 1.712

(©)/(d) 2.509

e The case of adding straw also increased strength by rock salt, but at a lower rate
than without the addition of rock salt (Figs. 1, 2 and 4).

e The strength increased significantly with the addition of rock salt even in the case
where lime was not added, and lime did not contribute significantly to the increase
in strength (Table 2).

e In the range of the amount of rock salt added (15 and 30 g), there is no clear
tendency to say that the strength increases with increasing the amount of rock salt
added (Figs. 1, 2 and 4).

Even when all cases are compared, the strength-enhancing effect of rock salt is
evident. And the most stable ratio of soil to quicklime is 3:1 (Figs. 1 and 5).

3 Magnesium Addition Case (N6)

Since the strength enhancement by rock salt was found in N5, we decided to inves-
tigate which substances in rock salt have an effect. Rock salt generally contains
Na, Mg, K, Ca, and other ions. First, we focused on magnesium, examining the
strength change due to the addition of magnesium hydroxide (MgCl,), magnesium
oxide (MgO), and the addition of both. In addition, following traditional Japanese
methods, the test specimens were produced while considering the minimum amount
of water to be given in this case, especially in a sticky situation. Therefore, the amount
of water added per 1070 g of soil and lime was set at 80 g. However, the amount
was changed to 90 g and 100 g during the creation of the test specimens because of
a perceived lack of adhesion due to insufficient moisture. Rock salt was also added
for comparison with N5. The amount of rock salt added was less than in the case of
N5 to check the effect of rock salt.
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Table 2 Result of reinforced soil test within rock salt (Case: N5)
Soil | Mixing | Straw |Rock | Average |Standard |Adopted |Remarks Strength
No. |ratio case salt max deviation | value N/ increasing
case strength N/mm? mm? ratio
N/mm?
(1 1 A 1 0.508 0.024 0.496 No rock 1.000
[2:1] Og salt
1.742 0.032 1.726 15¢ 3.480
1.907 0.526 1.644 30¢g 3.315
B 0.351 0.056 0.323 1 piece 1.000
15¢ defective
2 NG NG NG All pieces | NG
defective
3 1.434 0.096 1.386 4.291
2 A 1 0.688 0.015 0.681 1.000
[1:5:1] 2 1385 0276 1.247 1.832
3 2.577 0.164 2.495 3.666
B 1 0.419 0.108 0.365 1.000
2 1.303 0.049 1.279 3.503
3 1.062 0.152 0.986 2.701
3 A 1 0.428 0.067 0.395 1 piece 1.000
[3:1] defective
2 1.343 0.206 1.240 3.143
3 1.739 0.136 1.671 4.236
B 1 0.794 0.094 0.747 1.000
2 1.514 0.091 1.469 1.966
3 1.128 0.201 1.028 1.376
0 A 2 2.015 0.097 1.967 4.985
3 1.551 0.122 1.490 1 piece 3.777
defective
2) 1 A 1 1.266 0.044 1.244 1.000
2 2.042 0.064 2.010 1.616
3 1.927 0.076 1.889 1.518
B 1 1.371 0.016 1.363 1.000
2 1.228 0.071 1.193 0.875
3 2.014 0.019 2.005 1.471
2 A 1 0.604 0.084 0.562 Water too | 1.000
much
2 1.392 0.158 1.313 Water too | 2.336
much
3 1.405 0.184 1.313 2.336

(continued)
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Table 2 (continued)
Soil | Mixing | Straw |Rock | Average |Standard |Adopted |Remarks Strength
No. |ratio case salt max deviation | value N/ increasing
case | strength |N/mm? mm? ratio
N/mm?
B 0.864 0.145 0.792 1.000
1.286 0.161 1.206 1.523
0.870 0.136 0.802 Water too | 1.013
much
3 A 1 0.596 0.107 0.543 1.000
2 3.207 0.328 3.043 5.609
3 3.219 0.201 3.119 5.748
B 1 1.211 0.257 1.083 1.000
2 1.864 1.039 1.345 1.242
3 2.008 0.083 1.967 1.817
0 A 2 1.846 0.060 1.816 3.347
3 1.369 0.169 1.285 2.368

The strength increasing ratio compares the no rock salt case with adding case italic is 3 times higher
on the no rock salt case

Table 3 NS5 case: strength

increasing ratio average

3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00

Max Stress N/mm?

SIR average Case A without Case 0-A 3.236
SIR average Case B 1.980
SIR average Case 0-A 3.619
SIR average All Case 2.781
N5 [Soil : Quick Lime =3 : 1 Case]
) /.
% —

15¢g 30g Og 15g 30g
(1) (2)

Soil Number - Adding Rock Salt

«=@==No Straw  ==@==Straw

Fig. 1 Rock salt effect: N5[Soil: Lime = 3:1] case

Soil on

ly
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N5 [Soil : Quick Lime =2 : 1 Case]

2.50
€
E 2.00 /7‘
= ——

1.50
ﬁ \/
5 1.00
(%]
% 0.50
=

0.00

Og 15g 30g Og 15g 30g
(1) (2)

Soil Number - Adding Rock Salt

«=@==NO Straw  ==@==Straw Soil only

Fig. 2 Rock salt effect: N5[Soil: Lime = 2:1] case

Fig. 3 N5-(2)-3-B-3-1

3.1 Parameters of N6 Case

Date of production: 16—-19/Nov/2018
Date of test: 23-25/Mar/2019
Soil type (Fixed: common Red Soil that can be collected in the village)

e Dry Soil Condition

The weight ratio of soil to Lime (Fixed: [3:1])
Weight of Water (Fixed 80 g: But increasing to 100 g on the way to testing)
Weight of straw added (A: [0 g], B: [15 g]/1000 g: [Soil + Lime])
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N5 [Soil : Quick Lime = 1.5 : 1 Case]

3.00
€ 2.50
£
> 2.00
w
g 1.50 ~
& 1.00
& 0.50 o
o
0.00

Og 15g 30g Og 15g 30g

(1) (2)
Soil Number - Adding Rock Salt

==@==No0 Straw  ==@==Straw Soil only

Fig. 4 Rock salt effect: N5[Soil: Lime = 1.5:1] case
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Fig. 5 Rock salt effect: total case [4]

Weight of adding Materials (1: [Nothing], 2: [Rock Salt 5 g], 3: [Rock Salt 10 g],
4: [MgCl, 1 g], 5: [MgCl, 5 g], 6: [MgCl, 10 g], 7: [MgCl, 20 g], 8: [MgO 10 g],
9: [MgO 30 g], 10: [MgO 50 g], 11: [MgO 100 g], 12: [MgO 150 g], 13: [MgO
25 g+ MgCl, 5 g], 14:
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N6 : Soil(1) [Rock Salt and Magnesium Addition Case]

0.35
t 0.30
EE“ 0.25
w 0.20
@ No Addition(No Straw) Level
g 015 e e .-——;‘-(A —————————
¥y
E O 7 N e—e—*NoAddtion(straw) Levele
0.00
Og 5g 10g 1g 5g 10g 20g 10g 30g 50g 100g 150g25g + 50g +50g +
Sg Sg 10g
No | Rock Salt MgCl2 MgO MgCl2 + MgO

Adding Material
e N0 Straw  ==@==Straw

Fig. 6 Magnesium effect: total case

In the N6 case, both specimens had lower compressive strength than the soil-only
case due to insufficient moisture content. For verification, a comparison with the
rock salt identified in NS5 is shown in the table above. It was found that the amount
of water had a significant effect on the strength development of the improved soil
(Fig. 6).

Although it is not clear because the amount of water used during mixing was
small, it is clear again that the strength is improved by rock salt. On the other hand,
the strength of MgCl, decreased in proportion to the amount of magnesium added,
while the strength of MgO increased with the amount of MgCl, added, but even at
the maximum amount of 150 g, the strength reached only that of case where nothing
was added.

The strength is also considerably lower when both MgCl, and MgO are added.
However, a separate test should be conducted to determine the situation when
moisture is increased.

4 Effect of Water Ratio (N7)

The effect of moisture content is verified after the results with N6. The soil used in
this study was somewhat dry as in N6.
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4.1 Parameters of N7 Case

Date of production: 26/Mar/2019
Date of test: 23/May/2019
Soil type (Fixed: common Red Soil that can be collected in the village)

e Dry Soil Condition

The weight ratio of soil to Lime (Fixed: [3: 1])

Weight of Rock Salt added (Fixed: [10 g])

Weight of straw added (A: [0 g], B: [15 g]/1,000 g: [Soil + Lime])

Weight of Water (1: [80g], 2: [100g], 3: [120g], 4: [150g], 5: [200g], 6: [250g],
7: [300g], 8: [350g])

Essentially, the amount of moisture to be added varies depending on the wetness
of the soil being used. To be accurate, the moisture content of the soil should be
measured each time, but this is not practical. Therefore, we believe it is desirable to
classify the soil into two broad categories: wet and dry soil.

On the other hand, it was found that the moisture content significantly affects the
strength of the improved soil, including the results of the experiment presented here.
Moreover, it is taking a clear peak. Solidification does not progress if too little, and
strength is reduced due to cracking during drying (Fig. 7, Table 4).

It can be assumed that the amount of moisture is not specified in traditional
Japanese methods because the appropriate amount of moisture may vary depending
on the moisture content of the soil used in this way. In addition, it was understood
that “Tataki” is used for ground-level floors, so a lower moisture content is easier to
improve quality, but when used as joints, sufficient moisture content is required to
the extent that it does not become too much and does not increase adhesion.

Fig. 7 Water effect: total N7 : Water Effect
case [5] ~  4.00

£

£ 300

3

a

g 2.00

= ~

:% 1.00 7

= —

0.00
80g 100g 120g 150g 200g 250g 300g 350g
Water

=@ straw straw straw straw
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Table 4 Water effect: strength increasing ratio

Water Straw
Og S5¢g 10¢g 15¢g
80¢g 1.000 1.000 1.000 1.000
100 g 1.496 0.904 1.369 1.591
120 g 2.909 1.142 1.826 1.788
150 g 4.326 2.897 3.330 2.566
200 g 9.560
250 g 6.356
300 g 4.385
350 g 4.565

Strength increasing ratio

5 Yellow Soil Case (N9)

In Durbar Square at Patan, one of the World Heritage Sites, yellow clay is used for
joints. Therefore, this experiment was conducted as a case other than red clay. Other
N8 experiments have been conducted to explore the potential of recycled soil, but
they are omitted in this report.

5.1 Parameters of N7 Case

Date of production: 18—19/Sep/2019

Date of test: 5/Dec/2019

Soil type (Fixed: Patan Yellow Soil)-Wet Soil Condition

The weight ratio of soil to Lime (Fixed: [3: 1])

Weight of Rock Salt added (Fixed: [10 g])

Weight of straw added (A: [0 g], B: [10 g]/1,000 g: [Soil + Lime])

Weight of rock salt added (1: [0 g], 2: [10 g], 3: [20 g]/1,000 g: [Soil + Lime]
Weight of Water (1: [80g], 2: [100g], 3: [120g], 4: [150g], 5: [200g])

Although the basic strength of Yellow Soil is lower than that of the Red Soil case
in this test, the effect of the rock salt addition is evident. Moisture content also peaked
at approximately 100 g (/1000 g: [soil + lime]) (Figs. 8 and 9).
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N9 : Yellow Soil Case [Effect of Rock Salt]
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Max Stress N/mm?
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Fig. 8 Rock salt effect: yellow soil case

N9 : Yellow Soil Case [Effect of Water]
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Water Ratio
e=@==Straw 0g e=@==Straw Og Straw 0Og

Straw 10g ==@==Straw 10g ==@==Straw 10g

Fig. 9 Water effect: yellow soil case

6 Conclusion

The effect of water added during mixing is very significant, and strength development
is considerably worse with less water. The amount of water added is influenced by
the moisture content of the original soil. Based on the results of this study, 150-200 g
of water was appropriate for dry soils, and 80-120 g for wet soils.
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e Rock salt increased the compressive strength of the soil by a factor of 2 or more
in many cases.

e We are currently verifying which components in the Rock Salt are causing the
strength increase.

e We are also continuing to test the behavior of Red Soils from outside Nepal using
Japanese Red Soils.
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Abstract The goal of this study is to propose an approximate equation to evaluate
the global buckling load of dome grid shell. For considering the influence of overall
stiffness for grid shells, the effective stiffness is defined according to past research.
Different from conventionally mechanical methods, this study adopts regression anal-
ysis based on a software named “1stOpt” to forecast the relationship between buck-
ling load factors A, geometric parameter and effective stiffness. Through the linear
buckling analysis, the dome grid shell models with different geometric parameters, in
a total of 1225 cases, are analyzed to build the relationship and establish the dataset.
By inputting the dataset into the 1stOpt, a suitably approximate equation is fitted
with high precision.
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1 Introduction

Currently, there are two kinds of primary methods to evaluate global buckling load of
grid shells or space frames, which are the continuum shell analogy [1] and the finite
element method [2]. The continuum shell analogy is suitable for manual calculation,
which provides a basis for some researchers to propose the evaluation equations of
the dome grid shells [3-5]. But as a kind of approximate method, it can only be
used with specific shapes and grids. The finite element method applied in buckling
analysis can analyze the buckling characteristics of space frames exactly, however,
it is complex and inconvenient to be used for common engineers and/or designers.
Therefore, the authors devote to searching a method to evaluate the buckling load of
dome grid shells easily.

In the research by Aitziber Lopez [6], Altuna Zugasti [7], etc., the authors notice
that a clear statistical relationship can be found between the buckling load and
geometric parameters of grid shells. Moreover, regression analysis, which associates
with large scales of statistical data analysis, is applied more and more in the eval-
uation of global buckling load for space frames [8]. Accordingly, the author LIU
assume that within the conventional structural design (conventional shape, span,
height and so on), the relationship between geometric parameters and buckling loads
may be expressed into formulations and/or equations. The past research by authors
realized that assumption which fitted an approximate equation for the single-layer
space frames [9]. Based on the same method and principle, an equation are proposed
to evaluate the buckling loads for dome grid shells in this paper.

For the early stage of this study, this paper mainly introduces the methodology with
dome grid shells with pipe-shaped members, and consider the analytical models as
ideal linearly elastic structures. The geometric parameters are introduced as grid-
density n, arc-angle 0, span L, and diameter of member section {J. In addition,
the influence of initial imperfection, non-linear buckling features et cetera will be
investigated as effect factors to adjust the evaluation equation in the next stage.

2 Design Parameters and Analytical Cases

2.1 Geometric Parameters and Effective Stiffness

In this study, the design parameters for a dome grid shell are separated as the
geometric parameters and effective stiffness. Figure 1 introduces the geometric
parameters as span L = L, = L,, angle 0 (related to Rise h), grid-density n =
ny = ny, and the diameter of pipe members ¢J.

As well known, the overall stiffness significantly affects the buckling capacity
of a grid shell dome. For considering the influence of overall stiffness, the authors
have compared the previous studies on the equivalent/effective stiffness related to
the buckling characteristics of single-layer grid shells [10-12], and consequently
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Fig.1 Geometric parameters and grid for a dome

adopt the effective stiffness proposed by Dong [12], which is separated as membrane
stiffness B and flexural stiffness D.

B, = B, = 1
I, YT %
_EI _EI,

D, = D, === )

I, I,

where the subscripts x, y indicate the directions shown in Fig. 1, I, I, are the second
moment of area of members, A, A, are the area of members, [, [, are the spacing of
members, E is Young’s modulus of members. In this study, B, = B,, D, = D,, because
the spans and grid density are set as the same in x and y directions, respectively, L,
=Ly, n, =n,.

2.2 Analytical Cases

As shown in Fig. 2, 5 kinds of span L, 7 kinds of angle 6, 7 kinds of grid-density n, and
5 kinds of diameters ¢, in a total of 1225 cases for linear buckling analysis are carried
out. In addition, the diameters of member sections are uniformed as pipe for each
analysis case (for each diameter case), and the pipe thickness is kept as a constant of
t = 6 mm. The member material is assumed as SS400 (JIS) with Young’s modulus
of E = 2.05 x 10° N/mm? and Poisson’s ratio v = 0.3. The vertical distributed
load acting on the horizontal projection plane is 1 kN/m?. The boundary condition is
pin-supported at four edges. In addition, the analysis models are set as ideal linearly
elastic structures, all initial imperfections are ignored.
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Fig. 2 A hierarchical tree for illustrating the analysis cases

3 Principle of Fitting Method

In this study, to build the relationship among the buckling load factors A, geometric
parameters and effective stiffness, a large number of linear buckling analyses are
carried out. Linear and non-linear buckling analysis are contacted well by pioneer
researchers. Nevertheless, nonlinear buckling analysis is associated with incremental
convergence analysis and bifurcation searching, which will cost much CPU time.
Moreover, many researchers like S. Kato discussed and verified the effectiveness of
linear buckling analysis [5]. Accordingly, a buckling analysis program “CPS” [13]
developed by author Chen is used for the linear buckling analysis in this study. In
general, the linear buckling analysis can be handle as eigenvalue problems [14]:

(KL +17Kg)UY =0 3)

where K, and K ; are the matrices representing the linear and geometric stiffness,
respectively,A ") is the linear buckling load parameter associated with the i;, buckling
mode U, In this study, the authors use the first eigenvalue value A as the buckling
load factor.

In subsequence, the buckling load factors A, geometric parameters and effective
stiffness are set as the variables to compose a dataset for being inputted into the
1stOpt, which is a powerful software that can conduct statistical analysis and regres-
sion analysis [15]. This study applies two kinds of internal functions of 1stOpt: the
function of mathematical formulation generation and the regression analysis based
on the optimization algorithms. The function of mathematical formulation genera-
tion can randomly combine ten thousand kinds of mathematical formulations via its
database. According to the dataset, the regression analysis fits the formulations one
by one to output the regression equations with coefficients, where the optimization
algorithms optimize the coefficients in the fitting process. The outputted equations are
ranked according to the coefficient of determination R? which is defined as following
[16]:
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R = 1= (= hapi)’ / D (i =) @)

where A; is the buckling factors gained by linear buckling analysis, A is the average
value of A;, A4p; are the results calculated by the regression equations, and i indicate
the analytical case number. For the best case, the A,p; should exactly match the A;,
while the R? should be almost equal to 1.

4 Numerical Analysis

In this section, the influence of geometric parameters on buckling load factors A
and effective stiffness is first demonstrated. Subsequently, the process of fitting the
approximate equation by 1stOpt is introduced.

4.1 Analytical Results

Figure 3 shows the influence of span L, grid-density n, angle 6, and diameter J on
buckling load factors A, where the 5 lines with colors in every figure correspond to 5
kinds of diameter @. It can be found that only the trends of & on A is non-monotonic
changed, span L has negative correlations on A, while the influence of grid-density
n and diameter ¥ on X is oppositive. In order to build the dataset of 1stOpt for fitting
the equation, same as past research by authors [9], the present study also sets K =
~/BD x 1013, n, sinh 6, L as independent variables, and buckling load factors A as
dependent variables. As illustrated in Fig. 4a shows the relation of A between sinh 6
and K with different n for span L = 20 m; (b) is the perspective of (a). Through the
1stOpt, the distribution of Fig. 4 is projected into A-N plane as shown in Fig. 5 (a),
the distribution of analysis results for all spans can be found in Fig. 5 (b), where the
horizontal axis N represents the analysis case number (referring to Fig. 2).

Fig. 3 Influence of geometric parameters on buckling load factors A
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Fig. 5 The projection of distribution of analysis result in A-N plane

4.2 The Fitting of the Approximate Equation

In Fig. 5b, it can be found that the same variation trends of analysis results appear
for different spans from span 20-30 m. When carrying out the regression analysis,
the internal algorithm of 1stOpt automatically ignores the precision of the smaller
values for span 30 m. Therefore, the authors divide the distribution of all analysis
results into six parts corresponding to six kinds of spans respectively, and use the
distribution of L =20 m shown in Fig. 5a as a foundational dataset to fit a foundational
equation. As a result, a concisely and precisely foundational regression equation for
the foundational dataset of L = 20 m is found as expressed in Eq. (5) with R*> =
0.9771, where its high compatibility is shown in Fig. 6a.

Ao = —5.578 — 0.554K sinh 6 + 0.499K? sinh & + 0.235Kn + 0.0215K sinh 6n
+6.699K — 0.0821K? sinh? 6 (5)
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Fig. 6 Calculating results comparing with linear buckling analysis results

Table 1 Attenuation coefficient oy and R?

L(m) 20 22 24 26 28 30
oL 1 0.788 0.631 0.512 0.421 0.350
R? 0.9771 0.9785 0.9790 0.9787 0.9779 0.9767

Then through a series of statistical analyses and regression analyses, the approx-
imate equation is fitted as Eq. (6). The attenuation coefficients oy and R? for each
span L are shown in Table 1.

Aap = apA2g (6)

As illustrated in Fig. 6b, the calculating results of span 30m by Eq. (6) match
the linear buckling analysis result very well, while Fig. 7 shows all cases from span
20m to 30m. It should be noted that the A calculated by Eq. (6) is the multiplier of
the vertically distributed load p acting on the horizontal projection plane. This study
carries out buckling analysis with setting p = 1 kN/m? as a standard load, so that the
buckling load P., of a single-layer grid shell is calculated as P., = A kN/m?.
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Fig. 7 Calculating results comparing with linear buckling analysis results for all cases

5 Conclusion

This study analyzes 1225 cases of dome grid shells with various geometric parameters
by linear buckling analysis. According to the regression analysis based on 1stOpt,
an approximate equation for estimating the global buckling load is fitted as Eq. (6),
which consists of foundational equations Eq. (5) and attenuation coefficient &r; shown
in Table 1. The high coefficient of determination R? illustrates that the proposed
equation is enough to evaluate the global buckling load factors for the dome grid
shell with pipe-shaped members, where its buckling load P, can be calculated as
P, = A kN/m>.

However, though the influence of span L and grid-density n are considered in
this paper, the buckling evaluating equations for structures with different spans and
meshing-density in x and y directions, L, # L, and n, # n, are expected to be
reported in coming issue. Moreover, the influence of initial form imperfection and
verification and validation for non-linear buckling analysis remains an interesting
topic. In addition, the authors will extend this research to the other grid shells with
various shapes and boundary conditions.
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Experimental Test of Perforated Steel )
Plate Shear Wall Under Cyclic Load L

Nidiasari, Rendy Thamrin, Sabril Haris, and Ronny Purba

Abstract Steel Plate Shear Wall is a steel frame system with stiffeners that are
effective in resisting lateral forces. The shear wall functions as a fuse, so the failure
mechanism is expected to occur in the plate first. The shear wall plate is designed
to be relatively thin to achieve this mechanism, but the appropriate thickness will be
challenging in low-rise buildings. The perforations given to the shear wall panels aim
toreduce the shear capacity and stiffness of the plate. This research is an experimental
test on three specimens of shear wall plates. Tests are only carried out on shear
wall plates without beams and columns. Variations in the form of the percentage of
perforation area are given to the specimen to see the cyclic behavior of the plate when
receiving lateral loads. The percentage is obtained from the ratio of the perforation
area to the total plate area. The type of perforation used is circular, with a diameter
of 65 mm. The test results show that the shear wall plate has a stable hysteresis curve
for all specimens. The different inelastic behavior can be seen from the hysteresis
curve pattern formed during the test.

Keywords Steel plate shear wall - Lateral load - Perforation - Experimental
study - Cyclic load + Hysteretic curve

1 Introduction

Earthquakes are an unavoidable natural phenomenon. The structural system receives
the effects of an earthquake. Most of the structural damage caused by earthquakes
is the result of the structure’s response to ground shaking [1]. Earthquakes that
can damage structures demonstrate the importance of improving design quality in
earthquake-resistant construction [2]. Structural damage due to the earthquake, in
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addition to impacting high-rise buildings, also affects low-rise buildings and residen-
tial houses. Data on the damage caused by the earthquake that hit West Sumatra due
to the September 30, 2009 earthquake shows that the types of buildings that suffered
the most were government offices, schools, and shop houses [3]. The building is
generally classified as a low-rise building. Low-rise buildings are buildings with a
number of story less than four [4] or have a height of less than 60 ft (18.3 m) [5].

Earthquake forces are called lateral forces, these forces are applied horizontally to
the structural system. For the structure to withstand earthquake forces, the structure
must have adequate lateral stiffness. Shear walls have stiffness in a relatively high to
withstand lateral forces [6]. The type of shear wall used in steel structures is Steel
Plate Shear Wall/Special Plate Shear Wall (SPSW). SPSW consists of thin steel plates
framed by Vertical Boundary Elements (VBE) and Horizontal Boundary Elements
(HBE). The plate is installed in one or more cavities along the structure’s total height
to form a cantilevered wall [7-9]. The characteristics used as infill panels in steel
plate shear walls are very slender plates and are prone to diagonal buckling [10].
SPSW mechanism in resisting lateral loads through diagonal stress on the web plate
[11,12].

The difficulty in plate selection in the SPSW system is that the available plate
material may be stronger or thicker than the required design. This will increase the
size of the structural members (beams and columns) and the foundation, as these
structural components are generally designed for plate strength. The application of
the SPSW system to withstand lateral loads due to earthquakes is not only limited to
high-rise buildings; this system can also be applied to residential houses and low-rise
buildings [11]. In the design of low-rise buildings, the required steel plate is thinner
than in high-rise structures. One way to reduce the capacity of the plate is to give
perforations (holes) on the plate. Tests on web plates with perforations show that
the plates have adequate ductility. So the plate with perforation can be used as an
alternative to reduce the capacity of the plate [7]. This study aims to obtain the effect
of the percentage of perforation area on the SPSW plate on the shear capacity through
experimental testing.

2 Methodology

Experimental testing was carried out at the Department of Civil Engineering, Univer-
sitas Andalas, at the Materials and Structures Laboratory. In this study, only the
infill plate was tested. The plate was tested without vertical and horizontal boundary
elements. The dimensions of the plate used were 900 x 900 mm. These dimen-
sions follow the availability of space that can be accommodated by the main frame
available in the laboratory.
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2.1 Experimental Setup and Loading Protocol

The test setup in this study is a modification of the shear wall test carried out by
Setiawan et al. [13]. In that study, the testing set follows the research conducted
by Egorova et al. (Fig. 1) [14]. Modification is done by changing the orientation of
the direction of the load given by the load cell. In the previous, the load cell was
placed vertically, while in this study, the load cell is placed in the horizontal direction
(Fig. 2). This modification makes the plate installation and disassembly work easier.

To model the relationship of the plate to the support, VBE, and HBE, the four
sides of the plate are clamped by canal steel sections. So that the plate is free to
experience translation, the four corners are given a pin mechanism. In addition to
avoiding displacement in the out-of-plane direction, steel turnbuckles were placed at
four positions of the top beam. Each side has two slings placed at the left and right
corners. So that the sling mechanism does not interfere with the movement in the
system, the connecting plate between the sling and the upper beam must be ensured

DINDING GE
{ SEBAGAI SISTEM F
YANG EFEKTIF DAN
MERUSAMAN STRUNKTL
RTINGKAT RENDAH

Load cell |
L

Fig. 2 Experimental setup
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Fig. 3 Sling connection

to be able to move freely to the right or the left according to the direction of loading
(Fig. 3). To monitor the out-of-plane condition during loading, two water passes are
placed.

Loading considers the provisions of AISC 341-16 [15]. In the first cycle, the load
is applied until a drift of 0.25% or equivalent to a displacement of 2.25 mm, and then
the load is continued until the maximum drift. The maximum drift applied in this
test was 11% drift of the specimen. Figure 4 shows the loading protocol used during
the test.

2.2 Specimens Detail

The plates tested in this study were made of steel plates with a thickness of 2 mm. The
dimensions and thickness of the plate refer to the research conducted by Setiawan
et al. [13]. The test variable in this study was the perforation area. Three specimens
were designed to study the shear capacity under the cyclic load and the effect of the
perforation area observed. The perforation on the plate is a circle with a diameter of
65 mm. Different percentages of area are obtained by placing a different number of
holes in each specimen. The details of the plate test specimens can be seen in Table 1.

Each specimen has an ID indicating the specimen type, thickness, perforation
layout, diameter, and several perforations on the plate (Fig. 5.). The S notation in
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Table 1 Specimen size

AR
MBIRAGABARALY

8 10 12

14

16 18

Number of Cycles, N

20

22

-1%%

Dt ratio (%)

-2%
-3%
4%
-54%
-6%
79
-8%
4 9%
4 -10%

4 1%

Model D (mm) Npr % of perforation
P2S.65.25 65 25 10.25
P2S.65.81 65 81 33.20
P2S.65.121 65 121 49.59

P2S indicates the hole arrangement in the specimen, which is parallel in a straight

configuration.

The perforation pattern is made on the plate using a waterjet cutting machine to
ensure the holes are neatly formed and have a smooth surface. The specimens are
shown in Fig. 6. The plates are painted white, so it is easy to observe.

Fig. 5 Description of
specimen ID

rP2S.65.25

Plate

Plate
thickness (mm.)

Perforation

_|—' layout

Dia. (mm.)

Number of
perforation,
N
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Fig. 6 Specimen object

3 Result and Discussion

The test results were obtained based on the loading protocol applied to the specimen.
The initial loading was at a drift of 0.25% and continued until the test object expe-
rienced a decrease in strength. Observations were made during the loading process.
The paint on the specimen surface begins to peel off as the plate begins to deform.
The tension field action can be seen from the formation of a diagonal line on the
surface of the plate. During the loading cycle, buckling occurs parallel to the diag-
onal direction. The loading cycle is stopped if there is an indication of a decrease in
the load or the stroke of the load cell has reached 99 mm (Figs. 7, 8 and 9a). At the
end of loading, tears appeared in the center of the plate in specimen P2S.65.25 and
the upper and lower right corners of the plate in specimen P2S.65.121. There are no
tears in specimen P2S.65.81.

The data obtained from the experimental tests are shown in a hysteresis curve
(Figs. 7, 8 and 9b). From this curve, it can be seen the maximum shear capacity
in each cycle, as well as the inelastic behavior during the loading protocol. Spec-
imen P2S.65.25 has the highest shear capacity for each loading cycle. The inelastic
behavior of the plate became more ductile in the P2S.65.81 and P2S.65.121.
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Fig. 8 a Specimen at max drift 11% and b hysteresis curve of P2S.65.81
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Conclusion

The experimental study was carried out on three SPSW specimens. The following

arc

1.
2.

some conclusions obtained from the test results:

Perforation percentage affects the plate’s shear capacity and inelastic behavior.
The larger the percentage of perforations, the smaller the shear capacity of the
plate.

The plate with a 33.2% perforation proportion exhibits inelastic behavior and
has more ductile than the other two specimens.
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Identification of Column Bases’ )
Stiffnesses in Steel Moment-Resisting ek
Frames Based on Fishbone Model

and Bayesian Inference

Jing He and Xiaohua Li

Abstract This paper presents a method of identifying the stiffness of column bases
in steel frames based on the fishbone model and the hierarchical Bayesian update
method. In this study, the fishbone model considering the flexibility of column bases
can be used to update the rotational and shear stiffness of the column base, which
is impossible in the traditional model updating method because the previous model
assumes that the column bases are fully rigid. First, the steel frame is simplified
into a fishbone model considering the flexibility of the column bases, and thus the
eigenvalue problem of the fishbone model is established. Then, the shear stiffness
and rotational stiffness of the column base of the fishbone model are identified using
incomplete modal data based on the hierarchical Bayesian model updating algorithm.
The effectiveness of this method is numerically studied by using a 5-story steel frame
model using the first fourth frequencies and the corresponding lateral components
of the mode shapes.

Keywords Stiffness identification + Column base + Fishbone model - Hierarchical
Bayesian update algorithm - Steel frame

1 Introduction

The steel moment-resisting frame structures used in earthquake-prone areas can
reduce damage caused by earthquakes [1]. Previous earthquakes [2, 3] and experi-
ments [4, 5] showed that local buckling and cracks could be observed at the beam
ends and column bases of steel frames due to the accumulation of plastic strain under
strong earthquakes.

So far, most studies have focused on identifying damage at beam ends. Li et al. [6]
proposed a method to assess post-earthquake damage of beam ends in steel frames
based on the fishbone model with column bases assumed to be fully rigid. Wang
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et al. [7] proposed a method based on convolutional neural networks (CNN) using
acceleration response to detect fractures at beam ends. However, this method required
acceleration sensors arranged at each beam end. Iyama et al. [8] proposed a method
to detect cracks at the beam ends after earthquakes. The local stiffness calculated
from the measured acceleration and strain response data was compared with the
local stiffness estimated from Pushover and modal analysis, and the result was used
as a detection threshold to determine if cracks were present, but the stress transfer
mechanism of this method might not always be similar to that of actual structures.

Although many studies have proposed methods to identify damage at beam ends,
most were limited to the assumption that the column bases were rigid or semi-
rigid. However, since the dynamic properties are sensitive to changes in the support
conditions and it is difficult to estimate the initial state of the support conditions
[9], the accuracy of the identified results is low, so it is important to consider the
flexibility of the column bases.

This paper proposes a method for identifying the stiffness of column bases. The
steel frame is simplified as a fishbone model considering the flexibility of the column
bases. Then, the stiffnesses of the column bases can be identified using incomplete
modal data based on the hierarchical Bayesian algorithm. The effectiveness of the
presented method can be verified by the numerical results of a 5-story, 2-bay steel
frame model.

2 Column Base Stiffness Identification Method

2.1 Shear and Rotational Stiffness of the Column Base

The embedded column can be idealized as a Bernoulli-Euler beam, which is placed
on an elastic base with a rotational spring, as shown in Fig. 1. The equations for the
shear stiffness and rotational stiffness of the column base are

Veolu
ktt: column (l)

\)

M
koo = —* )

o

where Myp and V ¢oumn are the moment and shear at the top of the base [10], respec-
tively, calculated by idealizing the force transfer of the column base based on exper-
imental observations and finite element simulations [11]. s and « are the horizontal
displacement and the rotational displacement at the top of the column base, respec-
tively, which can be solved by summing the horizontal and rotational displacements
at the top of the column base caused by the three loads Myg, Mpyse and Veoumn [12],
respectively, depicted in Fig. 1. My, is the moment at the bottom of the base, which
can be obtained from the rotational spring stiffness kg [13].
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Fig. 1 Simplified model of the embedded column

2.2 Eigenvalue Problem of Fishbone Model

An n-story r-bay steel frame can be simplified to a fishbone model considering the
flexibility of column bases, which is a solution to the problem of assuming fully rigid
column bases in previous studies, as shown in Fig. 2.

The lumped mass of the ith floor m; is obtained by adding half of the mass of the
ith column and i 4 1th column to the mass of the beam on the ith floor. The lumped
mass of the column base my, is half of the mass of the column on the first floor.

The shear stiffness of the column base k, and the rotational stiffness of the column
base can be respectively calculated as

r+1

ko= ky, 3)
j=1
ko = Zkooj 4)

where ky; and ko are the shear stiffness and rotational stiffness of the jth column
base given by Egs. (1) and (2), respectively.
The stiffness of the rotational spring located at the ith story k; is calculated as

6E1p,

ki _ZZkBU_ZZ (5)

where kg;; is the stiffness of the jth beam on the ith floor; E is the elastic modulus
of the steel; Ig; and L;; are the moments of inertia and the length of the jth beam on
the ith floor, respectively.



304 J. He and X. Li
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The flexural rigidity of the representative column on the ith floor k; is expressed
as

r+1 r+1

ki =) ke, =) Elc, (©6)
j=1 j=1

where kc;; is the flexural rigidity of the jth column on the ith floor; I¢;; is the moment
of inertia of the jth column on the ith floor.

Considering the lateral displacements u, € R"*! and the rotational displacements
u, € R™!, the undamped free vibration equation of the fishbone model can be
established as [14]

MR + Ku = 0 7
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where u = [u," u,"]" € R?"*? is displacement vector; M = diag (mq, m, ..., my, 0,
..., 0) € RZm#2) x (2n42) g the mass matrix established by the lumped mass method;
K e R@™2) x (n+2) ig the stiffness matrix.

Then frequencies and mode shapes could be obtained by solving the eigenvalue
problem in Eq. (8).

Ky, = oMy, ®)

where w;? and @; € R*"*? represent the ith frequency and the corresponding mode
shapes, respectively.

2.3 Fishbone Model Updating

It is assumed that the flexural rigidities of the column are known, because they can
be obtained from theoretical calculation. The stiffnesses to be updated are the shear
stiffness and rotational stiffness of the column base and the stiffness of the rotational
springs located at each story. Therefore, the vector for the unknown stiffness is
defined as = [0, 01, ..., 2] T = [k, ko, k1, ..., ky] T € R™2.

Then, the stiffness matrix of the fishbone model can be parameterized by 9 as

n+2
K®) =Ko+ Y 0K ©)
=1

where K| is the stiffness matrix of the substructure for the /th stiffness parameter;
K is the stiffness matrix after removing the parameters 6; (i = 1,2, ..., n + 2).
Assume that the currently known data have the first m(< 2n + 2) orders of

T
2 2 2 2 )

frequencies ® = |:a)1, Wy, ..., wm] € R™ and the corresponding mode shapes

i T T Rad )

o=|¢,05,...,9,| €R™, where s is the number of observed components.

The parameters to be obtained are frequencies w? € R?**2, the corresponding mode
shapes @ € RZ™#2x(2m42) anq the stiffness parameters 6 € R"*2.,

According to Bayes’ theorem, the posterior probability density function for the
unknown parameters wZ, ¢ and 0 is given as [15]

p(©%, ¢,810%, §,0) = kp(d*, §l6, 9,8, C)p(w?, ¢, 8]C) (10)

where k is a constant. p(c?)z, (Z)|w2, ¢, 0, C) is a Gaussian likelihood probability
density function with mean [(w?)T, (L, )T and covariance matrix of the measure-
ment errors X, and L, € R™ % 2™ js the “1 s” or “0 s” observation matrix that
selects the components of ¢ in correspondence to the s measured degrees of freedom,
p (w2, @l 0, C) is a prior probability density function whose expression is
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p(@?, 9,0|C) = p(w?, 9]0, C)p(8]C) (11)

where p (w2, @l 0, C) is a prior probability density function conforming to the Gaussian
distribution with a prescribed equation error variance o¢q%, p (81 C) is a Gaussian
prior probability density function with the nominal value of the unknown stiffness
parameter 0, € R"*2 as the mean and the covariance matrix of the unknown parameter
Xy € R*2Dx42) a5 the covariance.

The objective function of independent variables w2, ¢ and 0 is the negative loga-
rithm of the posterior probability density function p (w2, ¢! 0, C) excluding «, obtained
as

—1 m

I 8) (0 8)T Y (0 ) + - " (K®) - M) |

0 €q =1

T
1| &? — w? & — w?
+o| - N (12)
2l o —Lop | = | ¢—Lop
The optimum values of the shear stiffness and rotational stiffness of the column

base can be determined by minimizing the objective function J (w2, ¢, ) until the
specified convergence criterion is met.

3 Numerical Example

A 5-story 2-bay moment-resisting frame model with column bases’ embedded depth
of 0.5 m, the width of 0.7 m and the flange width of 0.4 m was considered. The mass
density of beams and columns was 2 x 10* kg/m. For the beams, the length was 6 m,
and the stiffness values were kgi; = kp3; = kps; = 80 MN-m/rad and kgy; = kpy; =
70 MN-m/rad. For the columns, the heights were iy =3.5m, h, =5m, hs = hy =
hs = 4 m, and the flexural rigidities were kci; = kco; = 150 MN-m?, kcsj = kcgj =
120 MN'm?, k¢cs; = 100 MN-m? (j = 1, 2).

The model could be simplified to a fishbone model considering the flexibility of
the column bases with lumped masses of my = 1.05 x 10° kg, m; = 4.95 x 10° kg,
my =5.1 x 10° kg, m3 = 4.8 x 10° kg, my = 4.8 x 10° kg and ms = 3.6 x 10° kg,
flexural rigidities of representative columns of k.; = 450 MN-m?, k¢, = 450 MN-m?,
kez = 360 MN-m?, kcs = 360 MN-m? and ks = 300 MN-m? and rotational springs
stiffness values of k; = 320 MN-m/rad, k, = 280 MN-m/rad, k3 = 320 MN-m/rad,
k4 = 280 MN-m/rad and ks = 320 MN-m/rad. The shear stiffness and rotational
stiffness of the column base were k, = 3.667 x 10* MN/m and k, = 644 MN-m/rad,
respectively. The first four orders of the model were w12 =1.63 Hz, ;% = 5.67 Hz,
w32 = 10.68 Hz and w4? = 15.56 Hz.
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The shear stiffness of the column base of the fishbone was supposed to be constant
and could be calculated from Eq. (3). Then the first four frequencies and the corre-
sponding lateral components of the mode shapes were known. The nominal value of
each stiffness parameter was chosen to be 400 MN-m/rad with a standard deviation
of 400 MN-m/rad. The covariance matrix X . of the measurement errors was set to
1.0% for the measured frequencies and the diagonal standard deviations of the mode
shapes. The variance of the equation error aeqz was 0.01.

Figure 3 shows that the lateral component and rotational component of the modal
shapes could be accurately identified by the limited lateral component of modal
shapes by the proposed method. The method can be used to obtain the rotational
component of mode shapes with high accuracy by using a limited number of the
lateral components. The identified stiffness values are compared with the actual
stiffness values, as shown in Fig. 4. The identified rotational stiffness of the column
base was 666.75 MN-m/rad with an error of 0.02%, which verified that the purposed
method could accurately identify the rotational stiffness of the base column using
the first fourth frequencies and the corresponding lateral components of the mode
shapes.

4 Conclusion

This paper proposed a method for identifying the stiffness of the column bases based
on fishbone model and Bayesian inference. The frame structure was simplified to
a fishbone model considering the flexibility of column bases. The shear stiffness
and rotational stiffness of the column bases could be identified using incomplete
modal data based on hierarchical Bayesian update algorithm. The effectiveness of
the method was verified by a numerical model of a 5-story steel frame.
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A Finite Element Analysis on Behavior )
of a T-stub Type Gusset Plate in Different | <o
Bolted Connection Configurations

Ruoyu Zheng and Zeyu Zhang

Abstract Configurations play a crucial role in the mechanical behaviors of bolted
connections in steel structures. This study provides a visual characterization of the
influence of different configurations on the bolted connection by introducing three
configurations, namely the collinear, rectangular, and circular bolt configurations.
A popular T-stub type steel gusset plate is introduced, and three types of loading
conditions are implemented. A three-dimensional numerical analysis is comprehen-
sively developed in a linear elastic framework, followed by a mathematical deriva-
tion to interpret the results. Instead of a one-rules-all condition, the results imply that
different configurations excel under different loading conditions. The study provides
an instructive guidance in choosing the most effective bolted connection configura-
tion in the practical field of resisting the corresponding primary loading condition
for connecting different structural components.

Keywords Bolted connection - T-Stub type gusset plate + Bolt configuration -
Three-dimensional modeling - Finite element analysis (FEA)

1 Introduction

Bolt connections are widely used in connecting structural or mechanical members
such as columns to columns, columns to beams, and beams to girders via gusset plates
or endplates. In typical circumstances, bolt connections will withstand tensions or/
and shear forces that come from different loading scenarios acting on structures.
However, bolt connections may undergo severe shear force loadings caused by axial
torsions under some unusual situations, such as seismic activities causing structural
members to develop lateral buckling deformation. During such geological events,
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the structure needs to remain as integrated as possible. However, structural designs
should also follow the principles of economics. It is unreasonable and unacceptable
to design all buildings as strong as fortresses. Therefore, when the number of bolts
is a determining parameter, the configuration pattern of the bolted connection will
play a crucial role in the mechanical behavior of the gusset plate, such as stress
concentrations and displacements. Smaller stress concentrations and displacements
at the bolted connections imply less possibility of reaching the ultimate capacity of
the connections, which reduces the likelihood of the building to fail at these critical
structural nodes.

Numerous researchers have conducted various studies on bolt connections in
steel structures using experimental methods, finite element simulation analysis, or a
combination of both. Pawar and Waghmode [1] used the finite element method to
study several T-stub connections connected with various bolt configurations: circular,
rectangular, and inline. They applied tensile force to each model and recorded the
separation distance data of the two paired gusset plates. Kim and Kuwamura [2]
used the finite element analysis method to investigate the structural behavior of
bolted shear connections with thin-walled stainless steel plates. Non-linear material
and non-geometric analysis were carried out to predict the load—displacement curves
of bolted connections and the ultimate behaviors. Crosti and Duthinh [3] used the
finite element analysis to predict the behavior of gusset plates in tension, resulting
in possible failure by block shear after the Federal Highway Administration issued
guidelines for the load rating of bolted and riveted gusset plates in truss bridges.
Rogers and Hancock [4] described the failure behavior of bearing and net sections of
bolt connections under shear load. El-Hadary et al. [5] conducted a parametric non-
linear finite element study on the apex knee connection of a portal frame constructed
with cold-formed back-to-back double-lipped C sections for both the rafter and the
column and identified five failure modes. Francavilla et al. [6] developed a simple
simplified finite element model of a bolted T-stub with only one bolt row, which
was developed using the SAP2000 computer program aiming to show how even a
widespread commercial software could be used to estimate the plastic deformation
capacity of bolted joints’ components. Prinz et al. [7] experimentally studied the
strengthening of bolted beam-column connections without column web stiffeners
using multiple bolts on each side of the column web. Godrich et al. [8] focused on
the design approach of T-stub components, which played a consequential role in the
analytical and numerical prediction of the behavior of bolted end plate connections by
the component-based finite element method. Swanson and Leon [9] conducted tests
on 48 T-stub specimens, which were carried out as part of a SAC Phase II project, to
provide insight into the behavior, failure modes, and ductility of these components.
Tartaglia et al. [10] studied the bolts and their arrangements that strongly influenced
stiffness, strength, and ductility of T-stub connections. Saberi et al. [11] presented a
paper that aimed to compare the sensitivity of the bolted connections to the thickness
of the end plate and T-stub flange using a numerical method. Bezerra et al. [12] inves-
tigated the effect of the thickness of T-stub connections fixed to a rigid support base
using non-linear finite element models. Hu et al. [13] developed mechanical models
used to simulate the complete behavior of full-scale bolted T-stub connections under
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cyclic loads. Bezerra et al. [14] again presented a comprehensive experimental and
numerical study on the structural behavior of bolted T-stub connections when fixed
onto a rigid base. Liu et al. [15] investigated failure modes, and their corresponding
tension strengths of thread-fixed one-side bolted T-stub both experimentally and
theoretically. Lemonis and Gantes [16] developed and studied an incremental model
for predicting the mechanical characteristics of T-stub steel connections. Latour and
Rizzano [17] aimed to enhance the energy-dissipation capacity of classical rectan-
gular T-stubs by recommending an hourglass shape for the T-stub flange. Wang et al.
[18] investigated the behavior of the blind-bolt Hollobolt when used in moment-
resisting connections. Coelho et al. [19] investigated a finite element model for the
characterization of the non-linear behavior of bolted T-stub connections that ideal-
ized the tension zone of bolted joints. Gil and Goiii [20] aimed at beam to column
connections subjected to loads in the beam minor axis direction and their behavior
that relied mainly on the characterization of the components acting on the T-stub
under out-of-plane bending. Yuan et al. [21] conducted a comprehensive experi-
mental study on the structural behavior of stainless-steel bolted T-stub connections.
A total of 27 stainless steel bolted T-stubs with various geometric configurations were
fabricated from hot-rolled stainless-steel plates and assembled with stainless steel
bolts. Abidelah et al. [22] investigated the impact of the bolt bending on the behavior
of the T-stubs. Gantes and Lemonis [23] presented the development and implemen-
tation of a finite element model for simple T-stub steel connections with parameters
of material and geometric non-linearities as well as contact and friction. Spyrou
and Davison [24] described the use of an image acquisition and processing tech-
nique for the measurement of deformations in steel T-stub connections, representing
the tension component in a steel joint. Zhang et al. [25] experimentally studied
the ultimate tensile behavior of 16 bolted T-stub connections and 2 bolted angle
counterparts, regarding horizontal plate thickness, bolt diameter, bolt pitch, and bolt
preload. Bravo and Herrera [26] presented a part of a research program conducted to
study the response of built-up T-stubs under cyclic loadings. Hantouche et al. [27]
investigated experimental and finite element studies that built-up T-stub connec-
tions could be successfully detailed for use in special and intermediate moment
frames in seismic areas. Hu et al. [28] presented the development of refined three-
dimensional finite element models with the ability to reliably simulate the mechanical
behavior of full-scale bolted T-stub connections. Herrera et al. [29] investigated the
behavior of built-up T-stubs subjected to tensile loading through the stem through
both numerical and experimental models. Anwar et al. [30] studied the behavior of
T-stub components of beam to column end plate bolted connections under large defor-
mation demands associated with column loss scenario. Xu et al. [31] investigated
the performance of steel frames with partially restrained connections fabricated from
bolted T-stubs following damage to load-bearing columns. Girdo Coelho et al. [32]
presented simplified methods for determining the monotonic deformation response
of T-stub connections.

The purpose of this study is to find the most relatively effective bolted connection
configurations to serve for different structural purposes in the engineering application
by understanding the mechanical behaviors of each type of bolted configurations
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under typical and severe loading scenarios. Three-dimensional numerical analysis
is conducted using the finite element analysis package ABAQUS/CAE ver. 2022.
Three common bolt configurations, namely the circular, collinear, and rectangular
configurations are applied to the gusset plates. To study the mechanical behaviors of
the bolted connections undergoing typical and severe circumstances, three principal
types of loading scenarios are considered. The typical loading conditions studied
are tension and shear forces, while the severe loading condition is axial torque. To
simplify the analysis and make the results straightforward, each loading condition is
applied to the bolted connection individually.

2 Numerical Modeling

The bolted connection is composed of one base plate and two identical T-stub type
gusset plates on each side of the base plate, connected with bolts. A total of 12 bolts
are on the connection, as shown in Fig. 1. Both the X- and Z- axes of the Cartesian
coordinate system are perpendicular to the thickness of the base plate. The X-axis is
parallel to the short side of the base plate, and the Z-axis is parallel to the long side
of it. The Y-axis is parallel to the thickness of the base plate.

The base plates are 500 x 300 x 15 mm in dimensions, and the gusset plates
are 200 x 200 x 15 mm in dimensions. The bolts are 45 mm in length, 12.7 mm in
diameter, 8 mm in both heads and nuts, 22.23 mm in across corners, and 19.25 mm
in across flats. The base plate employs A50 steel which Young’s modulus, yield
stress, and Poisson’s ratio are 210,000 MPa, 345 MPa, and 0.3, respectively. The
gusset plates employ A36 steel which Young’s modulus, yield stress, and Poisson’s
ratio are 200,000 MPa, 270 MPa, and 0.3, respectively. The bolts are A325 steel
which Young’s modulus, yield stress, and Poisson’s ratio are 210,000 MPa, 660 MPa,

T-Stub Gusset Plate

Base Plate

Fig.1 Primary view of the bolted connection with transparency
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and 0.36, respectively. The three-dimensional numerical models are assembled with
everything identical to each other except for the bolt configurations, making it a total
of three separate models. The plan view of the numerical models with different bolt
configurations are illustrated in Fig. 2.

In the numerical analysis, the shear force applied on the corresponding models is
75,000 Newtons which is on one side of the T-stub gusset plate and develops along
the Z-axis. The tensile force is 240,000 Newtons which is on the upper end of the
T-stub gusset plate web and develops along the Y-axis. The torque is 3,000 N-meters
applied at the geometric center of the web of the T-stub gusset plate around the
positive Y-axis. To ensure control variables, all gusset plates are set as fixed ends on
the other end (Ul = U2 = U3 = UR1 = UR2 = UR3 = 0). A three-dimensional
hexahedral eight-node linear block with reduced integration, also known as C3D8R
element, is applied to properly mesh all components in the numerical model. This
type of element has proved to be suitable for simulating lap-bolted connections.

(@ ()

(©
Fig. 2 Plan views of the numerical models with different bolt configurations: a circular; b collinear;
¢ rectangular
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3 Result and Comparison

Data acquired from the three-dimensional models in different bolt configurations
under different loading conditions were collected, processed, and compared. Figure 3
is an example of the visualization of the end result of the circular bolt configura-
tion under tensile force loading. By focusing on the nodes with maximum stress,
displacement, and rotation behaviors on each gusset plate, the stress—strain, time-
displacement, and time-angle curves are plotted. Figure 4a—c illustrate the stress—
strain curves of the selected nodes under shear, tension, and axial torque, respectively.
The same rule applies to the time-displacement curves for shear and tensile load cases
in Fig. 5 and the time-angle of rotation curves for the axial torque load case in Fig. 6.

Due to the fact that the thickness of the gusset plate is comparatively much smaller
than the length and width of the plate, and for simplicity of mathematical derivations,
it is fair to assume the bolted connection is in a plane stress condition when individual
one-dimensional loads are applied.

In the case where the three bolted connections are subjected to shear forces, the
models can be viewed as a “competition” between the forces and number of bolts. In
the circular bolt configuration, there are two bolts that are collinear with the applied
shear force in the Z-axis direction. In the rectangular configuration, three bolts are
collinear with the shear force in the Z-axis direction. In the collinear configuration,
six bolts are collinear with the shear force in the Z-axis direction. As a result, the
reaction force acting at each bolt interface is ideally equal to the applied force divided
by the number of bolts.

Therefore, the largest stress concentration in the bolt interface occurs in the
circular bolt configuration, followed by the rectangular configuration, and the

Fig. 3 Visualization of circular bolt configuration under tensile force
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Fig. 4 Stress—strain curves for three bolt configurations under: a shear force; b tensile force; ¢ axial

torque
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Fig. 5 Time-Displacement curves for three bolt configurations under: a shear force and b tensile
force

collinear configuration. The following diagram (Fig. 7) can be more concise and
clearly illustrate the above “competition” theory. As shown in the diagram, the bolt
in “competition” to withstand the load is highlighted by the red dashed rectangle.

In the case where the three bolted connection configurations are subjected to
tensile force, the geometric center of the bolt configuration plays a chief role in
interpreting the experiment results. The geometric center of each configuration can
be calculated according to the following formula:

( Xi A
-5 "

Xc
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where A; is the bolt area, and x; and y; are the z- and x- bolt locations, respectively.

The geometric center coordinates of the circular, rectangular, and collinear bolt
configurations are (100, 58.94), (100, 52.53), and (100, 35.02), respectively. Figure 8
presents the relative positions of the geometric centers to the center line (Z-axis) on
the gusset plate for the three bolt configurations.

When the gusset plate begins to deform along the Y-axis direction due to the tensile
force, the magnitude of the vertical component stress acting on the bolt hole along
the Y-axis is proportional to the distance from the geometric center of the bolt config-
uration to the center line. This explains that the further away the geometric center of
the bolt configuration is from the centerline, the greater the stress concentration is,
and vice versa.

The same theory can be applied when the three bolted connection configurations
are subjected to axial torque. From the above formula for calculating the geometric
center of the bolt configuration, it can be known that the distance between the
geometric center and the center line of the collinear bolt configuration is the shortest,
the circular one is the longest, and the rectangular one is in between. Based on the
principle of static equilibrium of moment, the sum of the moment is equal to zero.
The shorter the moment arm, the greater the force. Therefore, the geometric center
of the collinear bolt configuration is closest to the center line, and its stress concen-
tration is the largest. According to the finite element analysis results, the magnitude
of stress is ranked from high to low: collinear, rectangular, and circular. The math
derivation agrees with the finite element analysis results.

@)
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4 Conclusion

This study aims to investigate the mechanical behaviors of T-stub type gusset plates
connected in circular, collinear, and rectangular bolt configurations under shear,
tension, and axial torque, facilitated with a three-dimensional finite element anal-
ysis in a linear elastic framework. By summarizing and analyzing the results of
this experiment, when the gusset plate is subjected to shear or tensile force, the
collinear bolt configuration will produce less stress concentration at the bolt hole,
and the maximum displacement developed on the gusset plate will be smaller. Both
the smaller stress concentrations and displacements indicate that the collinear bolt
configuration will make the connections more stable during severe geological activ-
ities. However, when the gusset plate is subjected to axial torque, the circular and
rectangular bolt configurations perform better than the collinear ones. Therefore, it
is reasonable to use circular or rectangular bolt configurations at the joints where the
members are prone to axial buckling deformation due to eccentric loads. Structural
engineers should reasonably select the appropriate bolt configuration to connect the
members according to the specific situation.

This research is limited to one assembly of bolted connection with only three
bolted configurations, and the numerical analysis is conducted within the linear
elastic framework. The effects of various parameters such as number of bolts, bolt
spacing, edge spacing, etc., are not taken into considerations. These effects will be
systematically investigated in the next paper. The shear, tension, and torsion loads are
applied to the bolted connection individually without eccentricity. Future research
will be made on the mechanical responses of the bolted connection under combined
loading conditions, with proper discussion on the influence of eccentricity in the
plane and normal to the plane. In future works, the mechanical framework should
also expand to non-linear elastic and plastic ranges with power laws and yield criteria
involved.
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Abstract Acknowledging the responses of a structure under a particular type of
loading is the utmost importance aspect of structure’s designing and analysing.
Seismic load are one of the most important type of loading, therefore dynamic anal-
ysis should be performed in order to evaluate the performance of a structure which is
subjected to earthquake load. Among all the dynamic analysis methods, non-linear
time history seismic analysis method is more accurate, because it generates a real
earthquake load on a structure and analyzes the response of the structure. In this
study, the structural behavior of reinforced concrete building is observed subjected
to an earthquake motion by nonlinear time history analysis method. Different para-
metric studies have been performed to investigate its responses during an earthquake.
An eight storeys hotel building is analyzed using finite element analysis software.
Two earthquakes ground motion, namely El Centro (1940) and Kobe earthquake are
applied at the base of the structure and the seismic capacities at structural and element
levels are evaluated according to the guideline of ATC-40. Formation of plastic hinges
is used as the basis of local performance evaluation and storey drift is used as the
basis for evaluating global performance. It has been observed that for Kobe and El
Centro earthquake ground motions, the structure meets the performance objective in
serviceability of ATC-40 as Immediate Occupancy (I0) and Damage Control (DC).
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1 Introduction

1.1 Background of the Study

Indonesia is a country located at the confluence of three tectonic plates, namely the
Eurasian plate, the Pacific plate and the Indian plate. These plates keep moving to
collide with each other or move away from each other, the result could be that one
of the plates will break or even stick out above the earth’s surface, resulting in an
earthquake.

Earthquakes become dangerous if they occur in areas that have life and liveli-
hoods where activities are very dependent on buildings. Building collapse due to
earthquakes is the most real threat from the impact of earthquakes. As a solution, a
building is needed that can withstand earthquake loads with minimal damage so as
to ensure the survival and livelihood of its inhabitants. Therefore it is necessary to
design buildings that have resistance to earthquake loads [1].

According to the National Earthquake Information Center, there are an average
of 20,000 earthquakes each year—16 of them being major disasters. On August 14,
2021, a magnitude 7.2 earthquake struck the southwest region of Haiti and killed
over 2000 people. As with other earthquakes, much of the damage was caused by
buildings collapsing with people inside them, making earthquake-proof buildings a
must.

West Sumatra is one of the provinces that is prone to earthquakes. According to the
BMKGQG, in 2019 alone there have been recorded 460 earthquakes. The largest earth-
quake that ever occurred in West Sumatra occurred in 2009. According to Satkorlak
PB data, as many as 1117 people died as a result of this earthquake spread over 3 cities
and 4 districts in West Sumatra, 1214 people were seriously injured, 1688 people
were slightly injured, the victims missing 1 person. Meanwhile, 135,448 houses were
heavily damaged, 65,380 houses were moderately damaged, and 78,604 houses were
slightly damaged [1, 2].

Based on those facts, many researches have been conducted in West Sumatera
to ensure that the victims can be reduced if the dreadful disaster occurs again in
that province. One of the researches is this study which tries to acknowledge the
performance of a ten stories building under three different ground motions by using
nonlinear time history analysis.

2 Literature Review

Buildings are physical forms resulting from construction work that are integrated with
their domicile, partly or wholly located on/or in the ground/or water, which functions
as a place for humans to carry out their activities, whether for residence or residence,
religious activities, business activities, social, cultural and special activities. It gener-
ally accepted that most building structures shall exhibit a nonlinear response when
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subjected to medium-high intensity earthquakes. It is currently known, however, that
this phenomenon is not properly modelled in the majority of cases, especially at the
design stage, where only simple linear methods have effectively been used [3, 4].
The response of a building to an accelerated ground motion is carried by a number
of physical mechanisms developed by a complex association of structural elements.
These elements are assembled together to grant civil engineering structures with
three fundamental components: stiffness, resistance and ductility [5, 6].

Performance-based seismic design concept with Performance Based Earthquake
Engineering (PBEE) is a combination of aspects of custody and aspects of service.
PBEE concept can be used to design new as well as evaluation of existing buildings.

According to ATC-40, the criteria for earthquake resistant building structures are
as follows [7]:

1. Immediate Occupancy (IO) is the condition of the building when an earthquake
occurs, the structure is able to withstand the earthquake, the structure does not
experience structural damage and does not experience non-structural damage so
that it can be directly used.

2. Life Safety (LS) is the condition of the building when an earthquake occurs,
the structure is able to withstand earthquakes, with little structural damage, the
people who live or are in the building are kept safe from earthquakes.

3. Collapse Prevention (CP) is a condition where the building structure experiences
very heavy structural damage but does not collapse.

4. Structural Stability (SS) is where the structure has suffered partial/total damage,
the damage that occurs causes a degradation of the strength and stiffness of the
lateral force resisting system.

The performance level of structures based on total lateral shear forces and lateral
displacement at roof can be seen from the Fig. 1.
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g Immediate Occupancy ”l’ Life
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Lateral Displacement at Roof

Fig. 1 Performance level of structures based on ATC-40
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Earthquake loads are function of time, so that the response that occurs in the
building structure also depends on the loading time.

Time history dynamic analysis is amethod of analysis to determine the time history
of the dynamic response of building structures that behave linearly or nonlinearly
to ground motion due to an earthquake. Dynamic response in each time interval
is calculated using the step-by-step integration method. As a result of the design
earthquake load, the structure will still behave elastically for linear analysis and
inelastic for nonlinear analysis. Usually time history analysis is more often used for
nonlinear conditions, but not infrequently it is also used for linear conditions only.
To get the response of the structure due to loading from Accelerograms records,
(accelogram; recording the acceleration of the movement of the earth’s base when an
earthquake occurs) the use of modal analysis cannot be carried out, direct numerical
integration with respect to the structure as a couple equation is the basis of Time
History analysis where the integration method that is generally used is the Newmark
method [3].

3 Methodology of Research

Indonesia standard of earthquake-resistant building designs refer to SNI 1726 2019
Concerning Procedures for Planning Earthquake Resistance for Building & Non-
Building Structures. The analytical method used in this study is the nonlinear time
history analysis method. In this study the object of the building to be studied is eight
storeys hotel located in Padang City.

The building is modelled by using structural analysis software, and then assess
with nonlinear time history analysis. Based on ATC-40, maximum displacements
and interstory drift of the structure due to different earthquake are analysed and
discussed.

3.1 Structural Modelling

The object of this research has eight storeys which has been modelled based on the
dimensions and quality of materials in accordance with the shop drawings that have
been obtained. The calculated load is the weight of the building itself and shearwall
is taken into account as a building structural element. Nonlinear response analysis is
conducted using ETABS software according to ATC-40 code. The input earthquake
parameters that used are accelerogram data from the El Centro, California (1940) and
the Kobe, Japan (1995) earthquakes. The reason for choosing these two earthquakes
is to see how these earthquake ground motions with different characteristics will
affect the deviations that occur in the structure.

Figure 2 describes the modelling of the eight floors of building. This reinforced
concrete building has 45 m height, 26 m length, and 28 m width. The function of
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Fig. 2 Structure modelling

the building is as a hotel which is classified as a structure risk category II and the
priority factor of the earthquake (Ie) is 1.0.

The plan of fourth floor of the building is can be seen in Fig. 3.

The acceleration earthquake groundmotions used is as below:

From Fig. 4, it can be observed that the pattern and the value of the earthquakes
are different, so that from that it can be suggest that the pattern and the value of
response structure will also be different.

4 Results and Discussion

The stages of dynamic time history analysis include two stages, these are response
spectral analysis and time history analysis. Spectral response analysis refers to SNI
1726:2019 concerning the procedures for planning earthquake resistance for building
and non-building structures by the Indonesian Standardization Agency. According to
SNI 1726-2019 the ultimate limit performance of a building structure is determined
by the maximum inter-storey deviation of the building structure due to the influence
of the planned earthquake in conditions the building structure is on the verge of
collapse, namely to limit the possibility of a collapse of the building structure which
can cause human casualties.

In Indonesia Standard for Earthquake Design, Article 5.6, it is stated that the
fundamental natural period must be limited to prevent the use of building structures



332 Masrilayanti et al.

26m | 26m  26m | 32m 22m 22m' 32m 26m | 26m | 26m

i i m gl
35m
i
<) i N |
35m
35m
B i + 8
26m
26m
[ H m M

Fig. 3 Layout of fourth floor

i 1 1 i 1
0.0 4.0 8.0 12.0 18.0 20.0 240 28.0 320 38.0 0.0

i 1 {
0.0 4.0 8.0 12.0 18.0 20.0

1 1 1
240 280 320 38.0 40.0

Fig. 4 Groundmotion of El-Centro (above) and Kobe (below)



Displacement Performance of 8 Storeys Hotel Building Using Nonlinear ... 333

that are too flexible with the requirement T < ¢n, where n is the number of floors, T,
is the period at mode shape 1, and the coefficient ¢ depends on the earthquake zone.
T, is obtained from the structural analysis and it is defined that the natural period of
the structure is 1.359.

For Padang City, the value of ¢ is 0.18, so that:

Tl <g xn.

1.359<0.18 x 8 > 1.359< 1.44

From the results it can be seen that the natural period of the structure is not
beyond the limit value. Results also show that the displacements obtained from
dynamic analysis using time history analysis is quite different among those two
ground motions. These graphs below (Figs. 5, 6 and 7) are the behaviour at the top
roof of the building under the earthquake ground motions.
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Fig. 7 Differences of roof top displacement time history due to the earthquake groundmotions

From Fig. 7, it can be seen that the patterns and the values of roof top displacement
of the building are not the same. The pattern is related to the earthquake acceleration

ground motions.

When a high-scale earthquake hits a building, the structure of the building will
experience plastic hinges in several places, and the building no longer behaves
linearly but behaves nonlinearly. Thus, nonlinear analysis is needed to determine
the behavior of the structure when experiencing a large earthquake.

The amount of horizontal drift (drift) must be considered in accordance with appli-
cable regulations, namely service limit performance and ultimate limit performance.
According to [7] structural drift can be expressed in the form of index drift, as:

Maximum Drift = ——
Htotal

Maximum In Elastic Drift =

(M

Dt — D1

2
Htotal @)

As Dy is maximum displacement, and D, is known as minimum deformation.
As the results of this study, it can be seen that the performance of the structure
based on ATC-40 due to ground motion of Kobe and El-Centro are as can be seen in

Tables 1 and 2.
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Table 1 Performance of building (X direction) based on ATC-40

G. motion | Maximum frift | Maximum in-elastik | Drift performance | In-elastic drift
drift performance

El-centro 0,00,227,586 0,002 10 10

Kobe 0,00,216,092 0,001,885,057 10 10

Table 2 Performance of building (Y direction) based on ATC-40

G. motion | Maximum drift | Maximum in-elastik | Drift performance | In-elastic drift
drift performance

El-centro 0,000,712,644 0,00,062,069 10 10

Kobe 0,009,126,437 0,008,505,747 10 LS

5 Conclusion

Assessing a structure relating to its performance under earthquake loads is very
important to be conducted especially for high risk earthquake area. From the analysis
of the building, it can be concluded that:

a. According to ATC-40, if a building is subjected to El Centro earthquake loads,
the building’s performance comes into the IO (Immediate Occupancy) category.
This means that if it is hit by an earthquake, the building structure is safe, the risk
of casualties from structural failure is insignificant, the building does not suffer
significant damage, and can immediately function or can operate again.

b. According to ATC-40, if a building is subjected to the Kobe earthquake load, the
building’s performance is included in the LS (Life Safety) category. This means
that if an earthquake hits the structure is able to withstand an earthquake, with
little structural damage, the people who live or are in the building are still safe
and protected from earthquakes effects.
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Analysis of Energy Dissipation Structure )
of Reinforced Concrete Frame L
with Additional Metal Damping

Fangqian He, Ting Zhang, and Yuchen Jiang

Abstract The seismic performance curve of single-particle-system is used to inves-
tigate the damping amount of additional dampers for reinforced concrete frame struc-
tures. The damping amount of the additional metal damper is researched and calcu-
lated. First, the original structure is simplified to a single-particle-system. The inter
displacement angle of the structure is calculated according to the response spec-
trum. Then the target interlayer displacement angle of the original structure is set,
the damping of the single-particle-system is calculated according to the target inter-
layer displacement angle. Finally, the damping amount of the multi-particle-system
is derived from the damping amount of the single-particle-system, and the damping
amount of the additional metal damping required for the multi-particle-system struc-
ture is calculated. The time history analysis of seismic response of the calculation
model is carried out by Wilson-0 method, and the response value is obtained. At
the same time, the hysteretic curve of the damper under earthquake action is drawn,
the energy dissipation capacity of the damper is researched by the hysteretic curve.
Some considerations are put forward for the design of reinforced concrete energy
dissipation frame structures in the future.

Keywords Reinforced concrete frame - Energy dissipation - Metal damper + Time
history analysis + Performance design

1 Introduction

Energy dissipation structures and technologies are more and more widely used due to
their good seismic performance. Domestic and foreign scholars have done relevant
researches on the damping amount of additional dampers for energy dissipation
structures.
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XU calculated the additional damping ratio of the optimized scheme based on
the method of determining the reasonable location of the additional viscous dampers
in the steel structure according to the structural static analysis [1]. Zhao studied
the seismic reduction effect of different optimal arrangement methods of mild steel
dampers in frame structures by using the layer-by-layer arrangement method, the
location parameter method and the genetic algorithm, and found that the hysteretic
curves of the three methods of dampers were relatively full [2]. Li studied the energy
dissipation and damping system through the design concept of “energy dissipation
as strength supplement”, and obtained the method to determine the relevant param-
eters of the damper [3]. Le used the energy method to study the distribution ratio
of the total energy consumption of dampers between floors in energy dissipation
and damping, and obtained the distribution ratio of the total energy consumption of
dampers between floors with dampers [4]. Cheng used the concept of reliability to
study the arrangement scheme of energy-dissipation braces, and reached the conclu-
sion that the optimal arrangement scheme of energy-dissipation braces was deter-
mined according to the sequential approximation method [5]. Milman used simulated
annealing algorithm to study the arrangement of dampers, the opimal arrangement
scheme of dampers is obtained by using annealing algorithm [6]. Li studied the
arrangement of metal dampers by using genetic algorithm and SAP2000 applica-
tion program interface, and concluded that the arrangement of dampers can be more
efficient by reading the hysteretic energy dissipation curve data of dampers [7]. Pan
studied the energy dissipation and damping structure system with metal dampers,
and obtained the design principle of equal damping ratio of energy dissipation and
damping structure [8]. Zhang studied the position of VED in the non-uniform shear
structure, the design method of optimizing the position of VED in the structure is
obtained by taking the maximum value of the root mean square of the interlayer
displacement of each floor as the objective function [9]. Singh study the damping
distribution of the structure by using gradient method and genetic algorithm, and the
optimal arrangement method of dampers was obtained [ 10]. Bei studied the optimiza-
tion of damper, and the damper position optimization method was obtained based
on improved genetic algorithm and equivalent quadratic performance index method
[11].

Great progress has been made in the research and application of energy dissi-
pation technology. However, the technology needs to be further improved in the
damping amount of the energy dissipation, vibration reduction effects of different
structural forms with different dampers, and the optimal damping amount. In addi-
tion, the damping amount study of additional dampers for concrete frame structures
is also to be carried out. Based on the above situation, the method of combining
the seismic performance curve of single-particle-system with the response spectrum
used in China’s design is adopted to conduct the damping amount, which should
be installed on the reinforced concrete frame structure. It establishes a foundation
for the standardized design of the design method of additional metal damping of
reinforced concrete structures. This method reduces the repeated trial calculation
and design process, and the time history analysis is only used as the verification of
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the final damping effect, which not only reduces the difficulty, but also improves the
efficiency. It has a broad prospect.

2 Damping Performance Curve of Single-Particle-System
with Metal Damping

The damping performance curve shows the reduction degree of the maximum
response value of the single-particle-system structure with and without dampers
[12]. The damping effect is expressed by the displacement reduction rate (R;) and
the acceleration reduction rate (R,). The damping performance curve of the structure
with additional metal damping is a function of the displacement reduction rate (R;)
and the acceleration (shear) reduction rate (Ra) expressed by the two basic param-
eters of the system, which are ductility coefficient (1) and the elastic stiffness ratio
of the additional system (K ,/K). It is shown in Fig. 1. The maximum displacement
and shear force of the energy dissipation system can be obtained by multiplying
the reduction rate of displacement and shear force with the maximum displacement
and the shear force of the original structure. The calculation formula of displace-
ment reduction rate Rd, acceleration reduction rate Ra and ductility coefficient u,
the elastic stiffness ratio of the additional system (K ./Ky) is in the literature [13].

Fig. 1 The seismic 44
performance curve
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3 Computational Mode

The 10-story reinforced concrete frame structure model is established. The structure
plan is shown in Fig. 2. The bottom floor is 3.6 m high, and the rest floor is 3 m high.
The concrete grade is C40. Rectangular section is adopted for beam and column
sections. The section sizes of beams and columns are shown in Table 1. The mass of
the bottom floor is 600 tons, and that of the rest is 558 tons.

The frame model is designed with structural design software, and the structural
design meets the requirements. The calculation period is T = 1.2 s. According to
the empirical formula of the basic natural vibration period of high-rise structures, T
= (0.1-0.15) n, (n is the number of floors), the calculation period conforms to the
empirical value.

Two artificial seismic waves are used to analyze the elastic—plastic time history
of the structure, which are KOBE wave and TOHOKU wave. Their acceleration
time-history curves are shown in Fig. 3. The seismic fortification intensity is set
as 8°, the design earthquake group is Group I, and the site category is Class II.
The acceleration conversion value is set as 70 cm s> when considering frequent
earthquakes and 400 cm s~2 when considering rare earthquakes. The time interval
of seismic wave is 0.01 s, and its action time is 30 s.
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Fig. 2 Structure layout plan
Table 1 Dimensions of . .

Storey Structure member Section size (mm)
frame structure members

1-10 storey | Column 800 x 800

1-10 storey | Peripheral transverse beam | 300 x 850

1-10 storey | Internal transverse beam 250 x 700
1-10 storey | External longitudinal beam | 300 x 700

1-10 storey | Internal longitudinal beam | 300 x 750
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Fig. 3 Seismic waves

The static nonlinear analysis of the structure is carried out by using Pushover
method, and the relationship between the interlayer shear force and the interlayer
displacement of the structure is shown in Table 2.

The time history analysis of the original structure is carried out, and the response
values under the action of two waves are obtained, as shown in Fig. 4. The overall
change trend of the structure is relatively close in the action of two waves.

Table 2 The elastic lateral

. [t Elastic lat tiff] K
stiffness of the structure Storey astic lateral stiffness K

10 1.17E + 08
3.85E + 08
4.80E + 08
4.89E + 08
4.96E + 08
5.10E + 08
5.30E + 08
6.04E + 08
8.45E + 08
1.22E + 09

— N W | A W | Q|0 |0
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Fig. 4 Response value under the action of two seismic waves

4 The Calculation Process of Additional Metal Damping

The reinforced concrete frame structure with additional metal damping is called
energy dissipation damping structure. It consists of energy dissipation and shock
absorption system and the main structure. The energy dissipation and damping system
is composed of supporting member, damper and the main structure. The support and
damper constitute the structural additional system, the additional system and the main
structure constitute the energy dissipation and the damping system; the stiffness of
the additional system is K, the stiffness of the main structure is K, the stiffness of
the energy dissipation and damping system is K, the stiffness is calculated as shown
in Egs. (1) and (2).

1

= 1
1/Kb+1/Kd M

K,

K=K, +K; 2)
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The damping amount of additional metal damping required by the structure is
calculated by using the method of energy dissipation and shock absorption based on
the damping performance curve. The main calculation process is as follows:

Firstly, the elemental point system is converted into a multi-particle-system. The
total height of the multi-particle-system is 30.6 m. Its effective height is 20.87 m after
converting the multi-particle-system into the single-particle-system. The response
value of displacement response spectrum of the single-particle-system is 0.15 m.
The interlayer displacement angle of the single-particle-system is 1/140. Based on
the performance design, the target interlayer displacement angle can be set as 1/300
of the target displacement value. The ratio of the target interlayer displacement angle
to the calculated interlayer displacement angle is the target displacement reduction
rate.

Secondly, the damping amount of the additional system of metal dampers, which
are required for the structure to achieve the target displacement reduction rate, is
calculated by using the damping performance curve method of the single-particle-
system in the early stage.

Thirdly, the value of ductility coefficient () is been set and continuously adjust
the elastic stiffness ratio (K /K y) until the difference between the calculated displace-
ment reduction rate and the target displacement reduction rate is zero, which is the
value of ductility coefficient and elastic stiffness ratio meet the requirements. When
the ductility coefficient () is 4 and the elastic stiffness ratio (K, /Ky) is 3.3, the
requirements are met. At this time, the displacement reduction rate (R;) is 0.46, and
the shear reduction rate (R,) is 0.66. The calculated stiffness of the additional system
of the structure is shown in Table 3.

Table 3 Damping of additional system of concrete frame structure

Storey | Additional system yield | Elastic stiffness of additional | Additional system yield
displacement gy ; (1) system K,; (N/m) strength Fy ;i (N)
10 0.0025 3.86E + 08 9.65E + 05
9 0.0025 8.43E + 08 2.11E + 06
8 0.0025 1.47E 4 09 3.67E + 06
7 0.0025 2.01E + 09 5.02E + 06
6 0.0025 2.34E + 09 5.84E + 06
5 0.0025 2.53E+ 09 6.32E + 06
4 0.0025 2.63E 4 09 6.58E + 06
3 0.0025 2.55E + 09 6.38E + 06
2 0.0025 2.02E + 09 5.04E + 06
1 0.003 6.83E + 08 2.05E + 06
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Fig. 5 The displacement, interlayer displacement, velocity and acceleration response of KOBE
wave

At last, take the elastic stiffness of additional system (K ,;) as the optimal damping
amount of the additional system with metal damping. The calculated damping amount
is added to the main structure, and the total damping amount of each floor is evenly
distributed to each frame. One damper is respectively set for AB span and CD span
of each frame.

The time history analysis of the energy dissipation and damping structure with
metal dampers is carried out, and compared with the original structure. The seismic
response values are shown in Figs. 5 and 6. The displacement response values and
the interlayer displacement values have greatly decreased. The speed response values
decrease significantly on the upper floor, while the reduction in the bottom floor is not
significant. The acceleration response values decrease slightly, even exceeding the
original structure on some floors. This is because the additional system with metal
damping increases the stiffness of the energy dissipation structure.



Analysis of Energy Dissipation Structure of Reinforced Concrete Frame ... 345

4 =
] . =
. =
. - o 3 -
L] . L]
’ L] -
. L ]
[ . " ] ¢ L L]
E { . g . [
S 4 - a4 L] -
’ . L1 -
i{ s = 24 L =
ot —&— The original structure I L] - —8—Thé ONgRI ETUCLTE
e 2 —#—The eneroy 58 STuchrs
0 T T T T 1 : T T T
0 0.08 a1 s 03 Lt 0000 0005 OO0 0SS QOO0 OR2S  00M QO3S
Daplacement (m) Interlayer dsplacement (m)
(a) Displacement (b) Interlayer displacement
"7 ] L ]
24 .. ] *
. - M " .
L] - -
L} -
- -
& " o T & - -
3 * -
5 © . 3
W oa . - * - o
. L=
2 > 2 L
- —=— The onginal stucture: . —&— The onginal structurs
o —+—The -2 siructure —+— The energy dessapabon struchure
8 82 @3 04 @88 o8 @7 sl ! 1 H ! .3 H 1
Velooty (mvs) 3
Acceleraion (m/s’)
(c) Velocity (d) Acceleration

Fig. 6 The displacement, interlayer displacement, velocity and acceleration response of TOHOKO
wave

The energy consumption of additional metal damping in each floor is researched.
The energy dissipation hysteresis curve of each damper is shown in Figs. 7, 8 and 9.
LINK-1, LINK-3, LINK-5, and LINK-19 correspond to the 1st, 2nd, 3rd and 10th
floor respectively. It can be seen that the hysteresis curve of dampers form the 1st
to 5th floors is fuller than that of the upper part from the hysteretic curve of the
additional system. It means that the absorption capacity of the lower damper of the
structure is higher than that of the upper floor. The energy dissipation curves of the
7th and 10th floors are approximate straight lines, it means that the dampers of these
two floors consume less energy.
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Fig. 9 Hysteresis curve of dampers form the 5th to 6th floors

5 Conclusion

The damping amount of additional metal damping of reinforced concrete frame
structure is calculated. The main methods and conclusions are as follows.

First, a reinforced concrete frame structure is designed to meet the specification
requirements, which meets the specification requirements through structural design.
The static nonlinear analysis is carried out and the stiffness of each floor is obtained.
Then the time history analysis is carried out under the action of two kinds of seismic
waves, the response values of the structure are obtained. The change trend of displace-
ment and velocity of the original structure is relatively close under the action of two
kinds of seismic waves.

Second, the multi-particle-system is converted into a single-particle-system. The
displacement angle of the single-particle-system is calculated through the displace-
ment spectrum, and the target interlayer displacement angle of the structure is set.
The damping amount of additional metal damping required is calculated to achieve
the target displacement reduction rate according to the damping performance curve
of additional metal damping. The damping amount is converted into a single damper
and added to the structure, and the energy dissipation structure of reinforced concrete
frame with metal damping is analyzed. It is found that the displacement response
values and the interlayer displacement values have greatly decreased. The speed
response values decrease significantly on the upper floor, while the reduction in the
bottom floor is not significant. The acceleration response values decrease slightly,
even exceeding the original structure on some floors. This is because the additional
system with metal damping increases the stiffness of the energy dissipation structure.

At last, the energy consumption of additional metal damping in each floor is
researched. It is found that the energy dissipation curve of the additional system is
plump at the bottom floor than at the upper floor, it means that the metal dampers
at the bottom consumes more energy, while the damper at the top consumes less
energy. In addition, the damper energy dissipation curve area of the second floor is
the largest and the energy dissipation is large, however, the energy dissipation curves
of the 7th and 10th floors are approximate straight lines, and the dampers of these
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two floors consume less energy. The damping amount of additional metal damping
at the upper part can be appropriately reduced in the later optimization design, so
that the upper damper can also give full play to its damping efficiency. The study of
the hysteretic curve of the additional system establishes a foundation for the further
optimization design of the additional damping in the later stage.
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Discussion of “Strong Column—Weak )
Beam” in Capacity Design Method L

Lv Tao, Li Yingmin, Li Feng, Li Feng, Pan Cunrui, and Feng Ligiang

Abstract The ideal failure mode of structures under strong earthquakes is one of
the key factors to achieve the seismic fortification goal. The capacity design method
is an important tool to ensure the failure mode of “strong column—weak beam”
in different country design codes, but there are various differences in the design
application, as well as in the observed failure modes after earthquake disasters.
In terms of structural damage, this failure mode advocated by the capacity design
method has not been totally realized. In order to explore the reasons, this paper
takes the reinforced concrete frame structure as an example, sorts out the relevant
provisions on “strong column—weak beam” in the capacity design method in New
Zealand, the United States, Europe, Japan and China, summarizes the similarities and
differences. Additionally, this paper also reflects on the inadequacies about design
method of column moment magnification in China.

Keywords Capacity design method + Seismic code * Strong column—weak beam

1 Introduction

The “capacity design method” proposed by Paulay et al. [1-4] describes how to make
the RC frame structure have good ductility deformation capacity, and to form the
failure mode of beam end hinge under strong earthquakes. This method is widely
used in different country design codes. However, many earthquake disasters show
that the failure mode of RC frame structure is still dominated by the column hinge or
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the beam-column mixed hinge, so the column end moment amplification coefficient
method adopted in China still needs to be further improved. This paper will summa-
rize the characteristics of the capacity design method, compare the similarities and
differences of design codes among New Zealand, the United States, Europe, Japan
and China, and re-examine the shortcomings of the column end moment amplification
coefficient method in China.

2 Capacity Design Method

Based on the ductility design idea, the capacity design method is the main design
tool to control the nonlinear response and ensure the realization of the preset failure
mode. In detail, the concept of the capacity design method [1] is: firstly, determine the
energy dissipation mechanism of the structure, specify the ductile member (beam) to
dissipate the earthquake energy, take strict structural measures, and then calculate the
internal force demand of the ductile member based on the reduced seismic action. At
the same time, the bearing capacity of the non-ductile member (column) is amplified
to a certain extent, so that the non-ductile member has sufficient strength reservation
and always remains elastic without yielding, whereas the ductile member is close to
the ultimate strength level in the process of sufficient energy dissipation.
The capacity design method has the following characteristics [2—4]:

(1) Clarify the energy dissipation mechanism of the structure. Firstly, the plastic
hinge position of the building structure is specified, and the section of the plastic
hinge area is designed based on the reduced seismic action, and strict structural
measures are taken to ensure that the ductile members can meet the expected
ductility requirements and energy dissipation capacity. In addition, ductile
members should be easy to be repaired and have little effect on the stability
of non-ductile members or the integrity of the system. Take a typical multi-
story frame structure as an example, the energy dissipation mechanism of beam
hinges has better ductility or lower ductility requirements than the energy dissi-
pation mechanism of column hinges, and the corresponding structural measures
are easier to implement [5].

(2) Avoid unexpected brittle failure modes of ductile members. In order to achieve
the expected ductile failure mode of the whole structure, all members should
have sufficient strength reservation to avoid the occurrence of brittle failure
mode, such as ensuring that the beam is “strong shear—weak bending” and
avoiding shear failure before the plastic hinge is formed at the beam end.

(3) The capacity of non-ductile members is not obtained by the structural anal-
ysis of reduced seismic action, but by enlarging the bearing capacity of ductile
members. In Chinese code, the flexural bearing capacity of the beam calculated
from the reduced seismic action is amplified, and then the flexural bearing
capacity of the non-ductile component column is obtained from the beam
capacity. The resistance of non-ductile members comes from ductile members
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with plastic hinges. The design is carried out by keeping the strength of non-
ductile members in a certain proportion to the internal forces that may occur
when the plastic hinge section exceeds the expected strength. Therefore, no
matter how strong the ground motion intensity is under earthquakes or how large
the degree of nonlinear deformation of the structure is, non-ductile members
can always maintain elastic and reduce the sensitivity of the structure to ground
motion characteristics.

3 The Concrete Practice of Capacity Design Method
in National Codes

At the end of the twentieth century, European and American scholars fully studied
the R-u-T relationship of single-degree of freedom systems [6—8]. Based on this,
the seismic codes of various countries generally accepted the R-u seismic design
criteria. The capacity design method is the main design tool to achieve structural
ductility and seismic fortification objectives. At present, the codes of various coun-
tries have applied the concept of capacity design method more or less. The following
summarizes the provisions on “strong column—weak beam” failure mode in New
Zealand, the United States, Europe, Japan and China.

3.1 New Zealand Code

In the Appendix CD of “Concrete structures standard: Part 1- The design of concrete
structures” (NZS 3101) [9], measures are taken to ensure that the bearing capacity
of the structure with column hinge failure mechanism is greater than that with beam
hinge failure mechanism, and two design methods (A and B) are provided. The
difference between the two methods is that method A only allows plastic hinges at
the bottom of column in the first floor and the top of column in the top floor, and does
not allow plastic hinges at the column ends of other floors; method B does not allow
premature plastic hinges at the column end, but allows the structure to eventually
have a failure mechanism of beam-column mixed hinges. This method is stricter with
the structural measures of the column. Both methods do not allow the structure to
appear the story yield failure mode.

In method A, the failure mode of “strong column—weak beam” is mainly achieved
by calculating the design bending moment of the column end section (M), Eq. (1)
defines the design bending moment of the column end section, where R, is the
reduction coefficient of the design value of the bending moment of the column end.
When the axial compression ratio of the column is small or under tension, the column
is similar to the beam placed vertically, and the ductility is better. Considering the
economy, the design moment can be minimized.
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My = Ru(BogoMg. — 0.3hy V) (1)

The dynamic amplification coefficient @ and the correction coefficient 8 are
considered when the structure enters the nonlinear state. The analysis results of the
column end moment under the dynamic force and the static condition are different.
@o.fy 18 the over strength ratio; Mgc is the sum of the bending moments at the column
end at the center of the joint under the combined seismic action, Ay, is the height of
the beam, and V[ is the maximum design shear force of the column.

The New Zealand code comprehensively considers the contribution of the actual
reinforcement in the floor to the flexural bearing capacity of the beam end, the
reinforcement material overstrength, the dynamic response of the structure, the axial
force in the column, the economy and other factors. The above factors are transformed
into a series of bending moment amplification factors and then the design moment
of the column end is multiplied by these factors. In addition, the difference between
the bending moment at the column end at the center of the beam-column joint and
the bending moment at the column end section is also considered.

3.2 American Code

In Sect. 21.6 of the “Building code requirements for structural concrete and commen-
tary” (ACI318-11) [10], the minimum bending capacity of the column is specified,
inequality (2) defines he minimum bending capacity of the column, so that there is a
difference between the bending capacity of the column and that of the beam, which
reduces the possibility of yielding at the end of the column and avoid the failure
mode of yielding at the lower story of the column hinge mechanism.

> M= (6/5)> My 2

where, Y M, is the sum of nominal flexural strengths of columns framing into the
joint, evaluated at the faces of the joint. The flexural capacity of the column should
be calculated under the axial pressure of the coefficient multiplied by the minimum
flexural capacity which is consistent with the direction of the lateral force considered.
>~ My is the sum of nominal flexural strengths of the beams framing into the joint,
evaluated at the faces of the joint. The nominal strength is roughly equivalent to
the standard value of material strength in China. In addition, for structures using
T-section beams, the contribution of slab reinforcement to M, within the effective
width of the floor should be considered.

The American code mainly considers the contribution of the steel bar in the floor
to the bearing capacity of the beam end, the reinforcement material overstrength,
and the influence of the axial force on the reduction of the flexural bearing capacity
of the column. The actual flexural bearing capacity of the column end is moderately
increased based on the actual flexural bearing capacity of the beam end, so that it
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forms a clear flexural bearing capacity difference to avoid the column hinge yield
mechanism.

3.3 European Code

In Euro Code 4.4.2 Ultimate limit state of Euro Code 8 [11], it is emphasized that the
structure should have good ductility, mainly through the bearing capacity difference
between different types of components to avoid brittle failure mode. For the frame
structure, the plastic hinge should appear at the beam end. Or it should first appear
at the beam end before the plastic hinge appears at the column end to avoid the story
yield mechanism dominated by column hinge.

Considering the combination of seismic action, the flexural capacity of beams and
columns is checked by inequality (3).

ZMR(-EI.?)ZMRb (3)

where, Y Mg, is the sum of the design values of the bending capacity of the column
at the center of the frame joint, and the minimum bending capacity of the column in
the range of axial force variation under the combined action of earthquake is taken.
> Mgy is the sum of the design values of the flexural capacity of the beam at the
center of the frame joint. The > Mg, and ) Mgy, are calculated according to the
standard value fy and the partial coefficient yy; of the material, and the contribution
of the steel bar to the flexural capacity of the beam within the effective width of the
floor needs to be considered.

The European code mainly considers the reinforcement material overstrength, the
contribution of the steel bar to the flexural capacity of the beam in the effective width
range of the floor flange, and the influence of the axial force change in the column
on the flexural capacity of the column. It ignores the difference between the bending
moment at the center of the joint and the section. Through the calculation of the
bearing capacity of the beam and column and other components, in order to achieve
the bearing capacity difference between different components, so as to avoid the
brittle failure mode dominated by column hinge. It is worth noting that the European
code uses the material design value rather than the standard value to calculate the
bearing capacity.

3.4 Japanese Code

At present, several seismic design methods in Japan are implemented at the same
time. The new seismic design method [12—15] is one of them. The core content is
the second design stage which is divided into two steps: “design limit state” and
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“safety limit state”. The corresponding calculation processes are “yield mechanism
design” and “yield mechanism guarantee design”. “Design limit state” refers to the
requirement that the structure still has sufficient bearing capacity when it reaches the
design limit deformation (1/100) under the action of large earthquakes. The bearing
capacity is guaranteed by the expected bearing capacity of the plastic hinge. “Safety
limit state” refers to considering the randomness of ground motion, the possible
strengthening of the plastic hinge and the inaccuracy of the elastic—plastic model.
When the safety guarantee deformation (1/67) is achieved, it is required to ensure
the bearing capacity of the non-plastic hinge area of the component, and to ensure
that all components do not appear failure modes other than bending failure.

The Japanese code is to design and calculate the overall yield mechanism of
the structure, rather than to calculate the difference of the bearing capacity of the
joints. For the frame structure, the overall yield mechanism is the beam hinge yield
mechanism, and all plastic hinges are required to be flexural plastic hinges with suffi-
cient ductility. In addition, plastic hinges are allowed to appear at the bottom end
of column in the first floor and the top of column in the top floor, and some frame
columns that do not bear the horizontal action of the earthquake are also allowed
to appear plastic hinges, forming the overall yield mechanism of the beam-column
mixed hinge. Japanese new seismic design method is a direct quantitative calcula-
tion under the level of large earthquakes, including bearing capacity requirements
and deformation capacity requirements. This method comprehensively considers the
factors such as the reinforcement material exceeds expected strength, and the influ-
ence of axial force changes on the bending capacity of the column, which needs high
requirements for designers.

3.5 Chinese Code

The provisions of Article 6.2.2 of Chinese “Code for seismic design of buildings” (GB
20011-2010 (2016 Edition)) [ 16] indicate that the seismic collapse resistance of frame
structures is closely related to its failure mechanism. The beam-end yielding frame
has a large internal force redistribution and energy dissipation capacity. The seismic
performance is good, and the column end yielding collapse mechanism should be
avoided. “Strong column—weak beam” refers to the actual flexural bearing capacity
of the beam end at the joint M, and the actual flexural bearing capacity of the column
end M, satisfies the inequality (4):

> oM =DMy )

It is stipulated in Article 6.2.2 of the specification as follows:

At the beam-column joints of the first, second, third and fourth-level frames,
except that the axial compression ratio of the top layer of the frame and the column
is less than 0.15 and the joint of the frame-supported beam and the frame pillar,
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Eq. (4) defines requirements of the bending moment design value of the column end
combination:

Y Me=n) M, ©))

The first-level frame structure and the first-level frame in the regions of seismic
intensity 9 degrees may not meet the requirements of the above formula, Eq. (5)
defines the requirements that should also be met:

Y M =12 My, (6)

where, Y M, is the sum of the bending moment design values of the upper and
lower column ends in the clockwise or counter clockwise direction, and the bending
moment design values of the upper and lower column ends can be distributed
according to the elastic analysis. Y My, is the sum of the bending moment design
values of the anticlockwise or clockwise combination of the left and right beam
sections of the joint. When the left and right beam ends of the first-stage frame joint
are negative bending moments, the bending moment with smaller absolute value
should be zero. Y My, is the sum of the bending moment values corresponding to
the bending capacity of the normal section of the anticlockwise or clockwise section
of the left and right beam ends of the joint, which is determined based on the area
of the actual reinforcement (including the compression reinforcement of the beam
and the related floor reinforcement) and the standard value of material strength; 7.
is column end moment amplification coefficient. For the frame structure, the first,
second, third and fourth levels can be taken as 1.7, 1.5, 1.3 and 1.2 respectively.

Chinese code mainly calculates the design value of the column end moment
through column end moment amplification coefficient. It is expected that the frame
structure can realize the beam hinge yield mechanism of “strong column—weak
beam”, and take different column end moment amplification coefficients for different
seismic intensities. It should be said that Chinese code is convenient for engineering
design and use. In addition to the first-level frame, different factors such as the
reinforcement material overstrength, the contribution of floor slabs to the flexural
capacity of beam ends, and the difference in bearing capacity between the center of
beam-column joints and the interface are all considered uniformly and roughly by the
column end moment amplification coefficient. In addition, the sum of the bending
moment design value of the beam end is different from the sum of the bending
capacity of the beam end, and the actual bending capacity of the beam-column
section at the joint is not checked.
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3.6 The Similarities and Differences of National Codes

In the process of applying the capacity design method, there are many similarities and
differences between the codes among various countries, which are compared from
the aspects of yield mechanism type, different influencing factors and methodology.

In terms of yield mechanism: all national codes emphasize the avoidance of
column hinge-based story yield mechanism, which is a brittle failure mode. The
difference is that the New Zealand code method B and the Japanese code allow the
mixed hinge yield mechanism of beam hinge + partial column hinge; the codes of
Europe, the United States and China are not clear, but it is required to reduce the
possibility of the hinge at the column end, or the plastic hinge should first appear
at the beam end before appearing at the column end. In addition, the New Zealand
code and the Japanese code allow plastic hinges at the bottom of column in the first
floor and the top of column in the top floor, but the European and American codes
are not clear, and the Chinese code allows plastic hinges at the top of the column. It
should be said that the complete beam hinge yield mechanism is ideal and perfect,
but it is difficult to achieve. Plastic hinges are allowed at the bottom of column in
the first story and some column ends, but it is necessary to ensure that the bearing
capacity cannot be reduced after the column ends hinges appear.

In terms of influencing factors: the reinforcement material overstrength, the contri-
bution of steel bar to the flexural bearing capacity of beam within the effective width
of floor flange, and the influence of axial force in column on the reduction of flexural
bearing capacity of column are considered in the codes of various countries, but the
consideration methods are different. New Zealand, European and American codes
consider different factors separately; the Japanese code is directly calculated under
large earthquakes, and the above factors can be directly considered. Chinese code is
relatively rough on various influencing factors and do not determine the degree of
each influencing factor separately.

From the perspective of methodology, both the New Zealand code and the Chinese
code consider the seismic load combination conditions in the design process, and
amplify the bending moment internal force values of the column end and the beam
end respectively, so as to obtain the design value of the column end moment, in
order to achieve the bearing capacity difference between different components. Both
American and European codes check the bending capacity of beams and columns
to ensure that the sum of the bearing capacity of columns is greater than the sum of
the bearing capacity of beam ends. The American code calculates the actual bending
strength or nominal bending strength by using the standard value of the material, and
the European code adopts the bending strength design value considering the reduction
coefficient for the bearing capacity. The Japanese code is a nonlinear calculation
under large earthquakes, which directly analyzes the overall yield mechanism of the
structure, rather than designing the moment amplification of the column end under
small earthquakes or simply comparing the flexural capacity of the joints.
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4 The Influence of Column End Moment Amplification
Coefficient on the Difference of Bending Capacity
Between Beam and Column

Chinese code adopts the column end moment amplification coefficient for seismic
design, but the actual bending capacity of the column end under strong earthquakes
will change due to the change of axial force. Whether the column end moment
amplification coefficient can achieve the capacity difference of beam-column bearing
capacity remains to be investigated. The ratio of the sum of the seismic bearing
capacity of the normal section of the column end and the beam end is analyzed when
parameter of the column end moment amplification coefficient changes.

4.1 Typical Frame Design

In this paper, a typical RC frame structure is designed by using YJK structural design
software. The design seismic acceleration is 0.20 g, class II site, earthquake group is
the first group, the basic wind pressure is 0.45 kN/m?, the ground roughness is class
B, class C building, the floor height is 3.3 m, the number of floor is 7, the total height
is 23.1 m, the seismic grade is two, the axial compression ratio of the column and
the maximum interstory drift ration are close to the code limit, the axial compression
ratio of the model is 0.74, less than the axial compression ratio limit of 0.75, the
maximum displacement angle is 1/573, less than the limit of 1/550, which meets the
code requirements. The section size of the middle column is 450 mm x 450 mm,
the side column is 400 mm x 400 mm, the section size of the beam is 250 mm x
600 mm, the thickness of the slab is 120 mm, the thickness of the protective layer of
the beam and column is 20 mm, the steel bar of the beam and column is HRB400,
the steel bar and stirrup of the floor are HPB300, the strength grade of the beam and
column concrete is C35, the strength grade of the slab concrete is C30, the dead load
of the roof is 1.5 kN/m?, the live load of the roof is 2.0 kN/m?, and the linear load
of the parapet wall is 3.5 kN/m. The dead load of the standard floor is 2.0k N/m?,
the live load is 2.0 kN/m?, and the linear load of the outer partition wall is 7.0 kN/
m. Figure 1 shows the structural plan layout, Fig. 2 shows the elevation.

Through the OpenSees structural analysis platform, a frame of the structure is
modeled, and the elastic—plastic analysis of the large earthquake is carried out. The
load combination condition is: 1.0 times of constant load + 0.5 times of live load
+ 1.0 times of horizontal seismic action (rare earthquake). The cross-section size of
the beam and column of the model are unchanged, by adjusting the seismic grade
and construction measures in the YJK seismic parameters, whereas the column end
moment amplification coefficient 7, is changed.
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4.2 Calculation of Flexural Bearing Capacity of Column
End and Beam End

The calculation method of the ratio of the sum of the flexural bearing capacity of the
normal section of the column end and the beam end is as follows: Corresponding to
the O node in Figs. 2 and 3 shows the bearing capacity of the beam and column, and
the flexural bearing capacity of the beam end is ) ° M}, , and ) Mj, ,, respectively,
calculated by the area of the actual reinforcement in the beam, and considering
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the reinforcement overstrength. The flexural bearing capacity of the column end is
> M, and )" M¢ ,, respectively. The column is a compression-bending member,
and its flexural bearing capacity is closely related to the vertical axial force. Figure 4
shows the M-N bearing capacity curve of the column. The axial force and internal
force bending moment coordinates of the column are (N, M), and the corresponding
flexural bearing capacity is M7 . Equation (7) defines the ratio of the sum of the
flexural bearing capacity of the column end to the beam end, without considering

the improvement of the flexural bearing capacity of the beam by the floor.

Z ng _ ngl + ngZ (7)
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Fig. 3 Bending bearing N]
capacity of beam and column
. .. 3 a
at the middle joint O /'t\ "V‘(cul
[ | coihlmn
[—— + __beam;
2 | |
a
Mblll J| ‘ () Mbuza
\P ‘M‘NEu
J'l\}rz
Fig. 4 Relationship curve of 3.0
column M and N :
__ 60
Z.
= 4.0
x
~ 20 (M"ND
=
0.0
-2.0

6.0 40 20 00 20 40 6.0
M/ (<10°kN-m)



360 L. Tao et al.

4.3 The Ratio of Flexural Capacity of Column End to Beam
End Under Strong Earthquake

Figure 5 shows the initial ratio of the sum of the bending capacity of the column end
and the beam end of the frame under different column end moment amplification
coefficient 7.. It can be seen from the diagram that when 7, increases from 1.2 to
1.7, the ratio of the flexural bearing capacity of the column end to the beam end
increases, but it is still not fully guaranteed that the bearing capacity of the column
end is greater than that of the beam end. The flexural bearing capacity of the column
end of most joints is less than that of the beam end, and the expected bearing capacity
difference is not formed. The side joint is only connected to one beam, so it is often
easy to meet the bearing capacity ratio greater than 1, and the ratio is greater than
the middle joint.

It should also be noted that the example in this paper does not consider the strength-
ening effect of the floor on the beam. In practical engineering, the flexural capacity
of the beam will be further improved, and the ratio will be reduced to a certain extent.

5 Thoughts on the Column End Moment Amplification
Coefficient Method

Whether the column end moment amplification coefficient can achieve the bearing
capacity difference remains to be discussed. This paper analyzes the reliability and
deficiency of the “strong column—weak beam” provisions of Chinese code from the
perspective of methodology. As shown in Fig. 6, under the combined conditions of
frequent earthquakes, the sum of the design values of the bending moment at the
column end ) M, is the product of the sum of the design values of the bending
moment at the beam end ), M}, and the bending moment increase coefficient 7, ,
in order to realize the structure encountering strong earthquakes (rare earthquakes
or earthquakes with larger acceleration peaks). During the process, the sum of the
flexural bearing capacity of the column end Y M2 (¢) is always greater than the sum
of the flexural bearing capacity of the beam end ), M} (7). The code transforms
the difference of bending capacity into the relationship between the design value of
beam and column internal force. With the increase of seismic grade, the column end
moment amplification coefficient needs further increase.

(1) Under strong earthquakes, the difference of flexural bearing capacity between
beam end and column end needs to be further investigated. If the column end
moment amplification coefficient can realize the equivalent transformation of
bearing capacity, the failure mode of the structure “strong column—weak beam”
can be effectively guaranteed. However, from the perspective of seismic damage
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and the numerical simulation results of Sect. 3.3, in order to meet the require-
ments of “strong column—weak beam”, the column end moment amplification
coefficient needs to be further improved.

The reduction of flexural capacity of columns under strong earthquakes is
not fully considered. The bending capacity of the column ) M2 (¢) changes
under strong earthquakes, that is, the bearing capacity ) M2 corresponding
to different time is not the same. Under strong earthquakes, the axial force in
the column may change dramatically, resulting in a decrease in the flexural
capacity. References [17-19] studied the influence of vertical ground motion
on the seismic performance of RC frame structures. It is found that the vertical
seismic action has a significant effect on the axial force distribution of concrete
frame columns. When the vertical seismic action intensity is large, the maximum
axial pressure of the frame column can reach 2-3 times of the initial axial pres-
sure, and tension appears in some floor frame columns. In addition, for the
frame structure with a large height-width ratio, the horizontal seismic action will
produce a large overturning moment, which will have a great influence on the
axial force of the side column. The above reasons will lead to a significant reduc-
tion in the bending capacity of the column ) M2 (¢), so it is difficult to ensure
that the structure meets the requirements of “strong column—weak beam” under
strong earthquakes. Although the European, New Zealand and American codes
consider the influence of the axial force in the column to varying degrees, they
only consider the influence of the maximum axial force of the design condition
combination, not the axial force in the column under strong earthquakes.

In summary, “Code for seismic design of buildings” attempts to achieve the differ-

ence in flexural capacity between the column end and the beam end under strong
earthquakes through the method of increasing the bending moment coefficient of the
column end under small earthquakes. This method may have some shortcomings.
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6

By

Conclusion

summarizing the concept and characteristics of the capacity design method and

comparing the relevant provisions of the “strong column—weak beam” in the codes
of various countries, the following conclusions are obtained:

ey

@)

3

At present, all countries have adopted the capacity design method to ensure that
the ductile members fully dissipate energy while the non-ductile members are
not damaged, but the specific application methods are different, and the practical
effects are also different.

Whether the column end moment amplification coefficient method used in China
can realize the difference of flexural bearing capacity of beams and columns
needs to be verified.

At present, the reduction of the flexural capacity of columns under strong earth-
quakes is not fully considered, and it is difficult to ensure the realization of the
failure mode of “strong column—weak beam”. There may be some deficiencies
in the method of column end moment amplification coefficient.
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Experimental Study of Cylindrical Steel )
Slit Damper for Passive Energy L
Dissipation

Shuai Feng, Hiroshi Tagawa, and Xingchen Chen

Abstract This paper presents a novel cylindrical steel slit damper, named the CSSD,
designed for passive energy dissipation. The CSSD consists of a steel cylinder with
multiple axial slit cuts to form strips, which dissipates energy by flexural yielding
under the torsional deformation of the cylinder. In this study, we derived formulas
to evaluate the initial torsional stiffness and torsional yield strength of the device.
We then conducted cyclic loading tests on three specimens to verify the device’s
performance, and found that all specimens exhibited stable hysteretic behavior. The
relationships between torque moment and torsional angle for the three specimens
were discussed. The torsional stiffness and yield strength showed good consistency
with the theoretical prediction. Results of this study indicate that the stiffness and
strength of the CSSD can be easily modified or scaled up to meet actual structural
requirements.

Keywords Slit damper - Structural control - Energy dissipation + Cyclic loading
test

1 Introduction

Increasing interest in the structural control systems has been leading significant
progress to energy dissipation devices in the last decades [1]. Metallic dampers are
a highly effective and cost-efficient means of passive energy dissipation, which has
attracted the attention of many researchers [2]. Metallic dampers have been devel-
oped in various forms including, such as ADAS [3], buckling restrained braces [4],
honeycomb dampers [5], U dampers [2] and steel slit dampers (SSD). Among them,
SSDs have the potential to significantly dissipate energy through flexural yielding
[6].
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In 2008, Chan and Albermani studied the hysteretic behavior of SSD made
from wide flange sections by cyclic loading tests [7]. Ghabraie et al. utilized a
topology optimization technique to optimize the shape of the slit damper [8]. In
2015, Teruna et al. demonstrated that SSDs with convex-shaped edges exhibit more
stable hysteresis cycles, which helps to prevent low cycle fatigue [9]. In 2017, Lee
et al. proposed a novel box-shaped steel slit damper composed of four steel slit plates
for the seismic retrofitting of structures [ 10]. Amiri et al. further extended the concept
of slit dampers to those with a very low height-to-thickness ratio, introducing the
block slit damper and conducting hysteretic behavior tests [11]. Mohamed et al.
investigated the seismic capacity of a hybrid damper consisting of a steel slit plate
damper and two shape memory alloy bars through fragility analysis and life-cycle
cost evaluation [12]. Naeem et al. proposed multi-slit damper by combining weak
and strong steel slit dampers in series [13]. Oh and Park examined the effect of
unexpected additional tensile loads on a flexural yield-type steel slit damper [14].

Given the aforementioned information, this study develops the cylindrical steel
slit damper (CSSD), a novel device designed to dissipate energy through torsion. The
CSSD is fabricated from a steel cylinder with a specific number of axial slit cuts. The
proposed device arranges the strips in a circular form, which is the first application
among slit dampers. The mechanical characteristics and configuration of the CSSD
are presented, along with derived formulas to evaluate its initial torsional stiffness
and torsional yield strength. Cyclic loading tests with increasing amplitudes on three
specimens were conducted to investigate the hysteretic performance of the proposed
CSSD. The accuracy of the evaluation formulas was confirmed by the test results.

2 Theoretical Study of CSSD

2.1 CSSD Configuration

Figure 1 shows the geometric design of the novel CSSD. The cylindrical steel slit
damper (CSSD) is fabricated by cutting a series of slits into a steel cylinder, resulting
in a specific number of strips that are arranged in a circular pattern. To connect
the device, two end plates are welded to the ends of the cylinder. The strip ends
are rounded to prevent stress concentration. Each end plate features bolt holes for
connection, eliminating the need for in-situ welding and enabling easy replacement.

2.2 Torsional Stiffness and Strength of CSSD

Consider CSSD, the energy is dissipated through torsion of the device. It is worth
mentioning that slight deformation occurs in the bases.
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Fig.1 Geometric design of CSSD

The total deformation of each strip can be separated into bending and shearing
components as the two end plates rotate relative to each other. Due to the round ends,
the strip should be calculated in equivalent strip length I’ (Fig. 2a) [15, 16]. The
moment increases linearly from the midpoint of the strip to its two ends (Fig. 2b).

Equations (1, 2) define the stiffness of each strip ks and the plastic yield strength
of each strip F'; respectively.
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Fig. 2 The strip: a equivalent length; b bending moment distribution
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(a) (b)

Fig. 3 Configuration of CSSD: a initial configuration; b deformed configuration

The initial configuration and deformed configuration of the damper are shown in
Fig. 3.

Equations (3, 4) define the initial torsional stiffness of the damper S.y, and the
torsional strength of the damper T'eyy;.

D—1\*
Seval :ans( B ) (3)

D —1t
Teva = nFsT €]

where E and G represents Young’s modulus and shear modulus respectively, Mp
means the full plastic moment of the strip section, the stiffness reduction factor ¢
reflects the deformation of the bases, which will be determined by experiments, o
signifies the material yield stress, ¢ denotes the thickness, b denotes the strip width,
n is the strips number, D represents the outside diameter of CSSD.

3 Cyclic Loading Tests

3.1 Test Setup

The experimental setup for the loading test is depicted in Fig. 4. To test the CSSD,
a twisting system was employed, which was derived from a seesaw system. The
loading frame had a span and height of 2200 and 1568 mm, respectively, and all
connections in the loading system were fully hinged to facilitate free movement. A
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Fig. 4 Test arrangement: a elevation; b damper connection details (units: mm)

horizontal load denoted as “F” was applied at the right beam-to-column connection,
and the brace members were made of steel rods with a diameter of 25 mm and steel
grade SS400. Axial forces of the brace members were measured during the loading
process using strain gauges. To restrain any out-of-plane displacement of the loading
system, a larger support frame was employed.

Figure 4b provides details on the connection of the damper. The red bottom
member is securely fixed to the beam, with a pin passing through it to serve as the
rotation center. The green upper member is free to rotate around this center. To install
the CSSD, one side of the device is connected to the bottom member, while the other
side is screwed to the upper member. Brace members are used to connect the edges of
the upper member to the opposite beam-column joint. In addition, a support member
is added to prevent any warping of the CSSD. When a lateral load is applied to the
frame, the resulting lateral displacement causes the upper member to rotate, leading
to torsion of the specimen.

3.2 Test Specimens and Loading Histories

Figure 5 and Table 1 present the specifications of the CSSD used in this experi-
mental study. Three specimens were utilized to investigate the hysteretic behavior
of the damper. The aspect ratio of each strip is denoted by column /’/b. All dampers
had the same diameter of 146 mm and thickness of 8 mm, with a weight of approx-
imately 11.6 kg each. Specimen T-A had longer strips compared to T-B, whereas
T-C had wider strips. The material properties for all specimens were the same, with
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a yield stress of 267 N/mm?, ultimate stress of 472 N/mm?, and elongation of 39%.
During the experiment, two sides of the specimens were fastened to the stationary
bottom member and the upper member, respectively. The braces’ reciprocal traction
facilitated free rotation of the upper member around the pin, inducing torsion in
the specimen. Remarkably, the installation of the damper did not require any in-situ
welding, making it easy to replace after a severe earthquake. During the loading
program, the braces were pre-tensioned to maintain their tensile state throughout the
loading process.

In accordance with the experimental setup illustrated in Fig. 4, the lateral load
was applied to the beam-column connection on the right side, where the convention
of setting rightward loading and displacement as positive. Figure 6 illustrates the
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Fig. 5 Damper dimensions (units: mm)
Table 1 Specifications of CSSD (units: mm)
Specimen D t 1 b I U'/b n
T-A 146 8 83.5 12.0 84.3 7 18
T-B 146 8 59.2 12.0 60.2 5 18
T-C 146 8 82.0 16.7 83.4 5 13
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Fig. 6 Loading history

loading history, where the story drift angle R (=§/1568 mm) increased from 0.005 to
0.04 in increments. At each amplitude, two full cycles were repeated.

3.3 Test Results and Discussion

Figure 7 shows the relationships between the torque moment and torsional angle for
the three specimens. The torque moment exerted on the specimens was calculated
by analyzing the brace forces.

All specimens completely experienced the experiments and maximum torsional
angle exceeds 0.12 rad without fracture. The hysteresis curves obtained in this exper-
iment exhibited a plump spindle shape. Notably, the torsional strength of specimens
T-B (which had shorter strips) and T-C (which had wider strips) was found to be
greater than that of T-A.

Table 2 shows the initial torsional stiffness Sy and torsional strength T
measured in the tests. The strength was determined as the torque moment at which
the stiffness decreased to one-third of the initial value. The theoretical stiffness
Seval and strength Ty are obtained by Eqgs. (3, 4). For the stiffness calculation, the
stiffness reduction factor ¢ determined by the experiments is 0.7. As shown by the
ratios between the theoretical values and test values, the theoretical evaluation is in
satisfactory correspondence with the experimentally measured values.
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Table 2 Test and theoretical results (units: kKN-m/rad, kN-m)
S eval S test S eval/ S test Teval Ttest Teva]/T test
T-A 270 250 1.28 2.3 2.6 0.89
T-B 700 562 1.24 32 3.6 0.89
T-C 505 381 1.33 32 34 0.94

4 Conclusion

In this paper, a novel cylindrical steel slit damper (CSSD) was proposed, and the
formulas for its torsional stiffness and strength were derived. The damper’s hysteretic
performance was validated through cyclic loading tests on three specimens. The
primary findings of this study could be summarized as follows:

1. The device exhibited highly stable hysteretic behavior across various specifica-
tions.
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2.

The theoretical formulas demonstrate a good agreement with the experimental
results for the initial torsional stiffness and torsional strength.

Adjusting the width, length, and thickness of the strips allows for easy customiza-
tion of the torsional stiffness and strength of the damper, providing flexibility in
the design process. Additionally, this approach enables the stiffness and strength
to be independently tailored to meet specific project requirements.
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Lintel Type Damping Device for Seismic )
Retrofit of Shear Wall Structure oo

GeeCheol Kim, YouSeong Kim, and Joonho Lee

Abstract The methods for improving the seismic performance of the structure are
the increasing the strength or the ductility capacity of the structure. In order to
increase the strength of the shear wall structure, there are methods to increase the
cross section of the structural member as like the shear wall or beam, and increase
the rebar amount, but these are unreasonable in terms of design and construction.
Therefore, in order to improve the seismic performance of the shear wall structure, it
is reasonable to improve the ductility capacity by using the damping device. In this
study, the seismic performance of shear wall structures with the lintel type damping
device was analyzed. It can be seen that the energy dissipation of the damping device
is greatly increased after the nonlinear behavior of the shear wall structure, thereby
reducing the damage of the main structural members.

Keywords Damping device - Lintel beam + Shear wall structure + Nonlinear static
analysis

1 Seismic Behavior of Shear Wall Structure

In the seismic design of shear wall structure, the plastic hinge generation of coupling
beams (lintel beams) connecting shear walls is generally allowed. Therefore, in the
case of shear wall type structure, it is possible to apply the lintel type damping
device using the plastic hinge characteristic of lintel beam subjected to seismic load
as shown in Fig. 1 [1, 2].

The behavior of the parallel shear wall system is greatly influenced by the behavior
of the entire structural system according to the behavior of the coupling beams. As
shown in Fig. 2a, if wall A and wall B are connected by a pin joint, each wall resists
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Fig. 1 Seismic behavior of shear wall structure

the external moment while acting as a cantilever. Therefore, the stress of the wall is
linearly distributed in each individual wall, and the neutral axis of the bending stress
is located at the center line of each individual wall. In contrast, As shown in Fig. 2b,
if the ends of wall A and wall B are connected by a strong joint, the entire left and
right walls resist external moment while acting as a single cantilever structure. In
this case, the stress is linearly distributed throughout the entire parallel shear wall
system, and each wall acts as a ‘tension wall’ and a ‘compression wall’ and forms
a couple force. The behavior of the actual parallel shear wall system is shown in
Fig. 2c will behave between the two cases described above in Fig. 2a, b [3, 4].
Since the lintel beam yields due to the shear force and bending moment caused by
the earthquake, it is possible to dissipate a lot of energy in the lintel beam where shear

commo D =N

(a) Pin connection

(b) Fixed connection

| A

(c) Actual connect:

Wall “A” Wall ‘B’

7

Fig. 2 Coupling effect of shear wall system
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Fig. 3 Behavior of lintel beam

force and bending moment occur a lot. Therefore, the lintel type damping device is
developed to have plastic behavior of the damping device in the center of the lintel
beam by the shear force and the bending moment.

This lintel type damping device has elastic behavior under wind load conditions
and plastic behavior under seismic load conditions to dissipate energy as shown in
Fig. 3.

2 Hysteric Characteristic of Lintel Type Damping Device

Experiments were conducted to analyze the ductility of lintel type damping device.
This device is composed of steel plate and steel wire as shown in the Fig. 4a. As shown
in Fig. 4b, the lintel type damping device has a nonlinear hysteric characteristic.
This device exhibits plastic behavior and excellent ductility after the displacement
of 2 mm. This nonlinear hysteric characteristic is applied to evaluate the seismic
performance of the shear wall structure having the lintel type damping device [5, 6].

” Foreefiont) |
- i A
N
e
i |
jasl
(a) Lintel type damping device (b) Hysteric loop by experiment

Fig. 4 Lintel type damping device
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3 Numerical Analysis of the Shear Wall Structure

Nonlinear analysis of shear wall structure was performed by using Perform 3D
program. In case of the damping device is applied to the lintel beam connecting
the shear walls, the shear wall structures have nonlinear behavior.

This shear wall structures model is 19 stories and dimension of each floor are 36.2
x 9.5 x 3.0 m.

Due to the lintel type damping device, the ductile capacity of the shear wall
structure increases, thereby minimizing damage to the main structural members such
as the shear wall or beam. In order to analyze the seismic performance of shear wall
structure having the lintel type damping device, the nonlinear static analysis of the
shear wall structure as shown in Fig. 5 was performed. Figure 5b shows the location
of the lintel beam. The hysteric loop in Fig. 4b was applied to the nonlinearity of the
lintel beam of example structure.

Figure 6 shows the performance curve of the example shear wall structure by
nonlinear static analysis (pushover analysis). The performance point and the ductility
of the shear wall structure having the lintel type damping device is excellent. In the
case of shear wall structures without damping device, the seismic behavior of the
shear wall structure depends on the stiffness and strength of the shear wall after the
lintel beam is broken. However, the shear wall structure having a lintel type damping
device exhibits a coupling effect of shear walls due to the plastic behavior of the
lintel type damping device. Therefore, the shear wall structure resists seismic load
due to the interaction of shear wall and shear wall.

Figure 7 shows the performance points for MCE Level and DBE Level. The base
shear for the performance point was 10.6 and 9.4% lower for the shear wall structure
having the lintel type device than the shear wall structure at the DBE Level and MCE

(a) ISO view of example structure (b) Lintel beam location

Fig. 5 Shear wall structure example
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Fig. 6 Performance curves of shear wall structure

Level, respectively. This is considered to be because the demand spectrum is lowered
by the effective damping ratio considering the damping ratio of the lintel type device.

Figure 8 is showing the wall axial strain and rotation angle for the performance
point at the MCE level. The CP level criteria for the axial strain and rotation angle of
the shear wall structure were set to 0.004 rad and 0.2%, respectively, and red color is
the member exceeding the CP level. The shear wall structure did not satisfy the CP
level in the axial strain and rotation angle in the 1st to 4th floor, but the axial strain
and rotation angle of the shear wall structure having the lintel type device satisfied
with the CP level.

Figure 9 is a graph showing the story drift ratio at the performance point. The LS
level and CP level standards for the story drift ratio of shear wall structures were set
at 1.5 and 2%, respectively. The story drift ratio for the performance point was 46.1,
47.7% lower for the shear wall structure having the lintel type device than the shear
wall structure for the DBE Level and MCE Level, respectively, but the acceptance
criteria for the DBE Level and MCE Level for both analytical models were satisfied.
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Fig. 7 Performance point of analytical model
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(a) Axial strain of w/o lintel type (b) Axial strain of w/ lintel type
damping device damping device

(c) Rotation angle of w/o lintel type (d) Rotation angle of w/ lintel type
damping device damping device

Fig. 8 Axial strain and rotation angle of shear wall

Figure 10 shows the energy dissipation capacity from the nonlinear time history
analysis of shear wall structure having the lintel type damping device. The red color
shows the energy dissipation of the entire shear wall structure, and the yellow color
shows the energy dissipation of the lintel type damping device.

As shown in Fig. 10, the energy dissipation of the lintel type damping device
increases significantly after the nonlinear behavior of the shear wall structure. This
means that energy is dissipated by the additional damping caused by the nonlinear
behavior of the lintel type damping device. It can be seen that about 75% of the total
energy dissipation is dissipated by the lintel type damping device. In case of the shear
wall structure having a lintel type damping device, the energy is almost dissipated
by the lintel type damping device, thereby reducing damage to the main structural
members as like shear wall or beam. damping device.
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4 Conclusion

In this study, nonlinear static analysis and nonlinear time history analysis were
performed to evaluate the seismic performance of shear wall structure with the
lintel type damping device. The shear wall structure having the lintel type damping
device has more excellent performance point and ductility compared with the general
seismic design structure. In addition, it can be seen that the damage of the main struc-
tural members is reduced due to the great energy dissipation capacity of the lintel
type damping device.
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Simulation Analysis of Steel Frames )
Supported by Foundations at Different oo
Ground Levels with the Self-Centering

Column Base Joints on the Upper

Ground

Yang Zhenyu and Li Yingmin

Abstract Due to the strong constraint conditions, the column on the upper ground
of frames supported by foundations at different ground levels will have large residual
deformation after the earthquake, the self-centering structure is useful to reduce the
residual deformation. At present, there is no research on the application of self-
centering structure to the structures supported by foundations at different ground
levels. Therefore, in this paper, the self-centering structure is applied to the upper
grounding to study the seismic performance of the steel structures supported by
foundations at different ground levels. The seismic performance of the frame is
simulated by finite element software and the results are analyzed. To study the seismic
performance of steel frames, the structure of the self-centering column base joints
and the form of steel frames are designed. Considering three design parameters,
including the size of the slotted hole of the buckling restrained steel (BRS) plate
and the connecting plate on foundation, the width of the dissipated section of the
BRS plate and whether the connecting plate on foundation is arranged, five frame
models are established by using the finite element software ABAQUS to simulate
under the lateral cyclic loading. The effects of hysteretic curves, stiffness degradation,
energy dissipation capacity, residual deformation and other seismic properties of each
specimen were compared and analyzed. Research results show that the steel frame
with the self-centering column on the upper ground has good self-center ability.
However, the parameters of the steel frame with the self-centering column on the
upper ground will affect the self-centering ability and seismic performance. The
slotted hole can delay the plastic time of BRS plate, but has little effect on the overall
residual deformation. The width of the dissipating position has a great influence
on the self-centering effect and energy-dissipating capacity of the whole specimen.
With the increase of the width, the dissipating capacity and stiffness of the structure
increase, but the self-centering effect decreases. The connecting plate on foundation
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can provide certain energy dissipation capacity and stiffness under earthquake, but
the overall residual deformation will increase.

Keywords Steel frames supported by foundations at different ground levels -
Self-centering - BRS plate - Seismic performance

1 Introduction

Structures supported by foundations at different ground levels is representative struc-
ture of mountain building structure, refers to the same unit with two partial fixing
is not in the same plane, as shown in Fig. 1. Due to the existence of two different
grounding points. The stress characteristics and seismic performance of the column
on the upper ground are significantly different from that of the ordinary structure.
The rigidity of the column on the upper ground is much larger than that of the
step-terrace position due to the restriction of the ground. Structures supported by
foundations at different ground levels may not collapse after the earthquake of forti-
fication intensity, but the column on the upper ground cannot be repaired and reused
due to large residual deformation, resulting in huge waste [1]. Therefore, in order to
reduce the residual deformation of the column on the upper ground after the earth-
quake and not affect the normal functions, the column on the upper ground is set
as self-centering structure to reduce the cost of repairing the structure and ensure
the seismic performance of the structure. By adding the prestressed bar and energy-
dissipating elements on the main components, the self-centering structure can realize
self-centering after the earthquake, significantly reduce the residual deformation and
have good energy-dissipating capacity.

So far, there have been many research results about self-centering structural
systems. Chi et al. [2] proposed a kind of column base joints form of replaceable
energy-consuming components, which is provided with prestressed bar inside the
column to provide self-centering capability, and a slab with weakened section is
set at the column base joints. After the lateral cyclic loading of the column base
joints, the research results show that the column base joints can withstand the lateral
displacement under 4% displacement angle, and the cover plate with weakened
section shows the deformation characteristics of tension and compression without
breaking, and the replacement of the cover plate after earthquake can restore the
seismic performance of the column base joints. Mirzaie et al. [3] proposed a new
type of self-centering steel frame column base joints, which concentrated the defor-
mation on T-stubs energy dissipation device, effectively avoiding the occurrence of
plastic hinge at the column base joints, and used Open SEES software to accurately
predict the characteristic behavior of the self-centering column base joints like that
of the common self-centering column under the lateral cyclic loading. Fabio et al.
[4] proposed the bidirectional friction energy dissipation self-centering rocking steel
column base joints, and carried out the lateral cyclic loading simulation and nonlinear
elastic—plastic time-history analysis on it. The results show that the self-centering
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Fig. 1 Elevation of frame on
slope

IS P

column base joints remains elastic under the rare earthquake, and effectively dissi-
pates the seismic energy through the friction plate. Kamperinis et al. [5] proposed the
composite steel frame structure with self-centering column base joints, and carried
out quasi-static test loading on it. The research results show that the steel frame
structure has good functional recoverability, and the overall damage is small. Cui
Y et al. [6] carried out shaking table test on the controlled self-centering reinforced
concrete frame with self-centering column base joints, and the results show that
under the rare earthquake, the structure only suffered small damage, and had good
self-centering ability. Liu Yang et al. [7] proposed a column base joints form with
core square steel pipe connectors and replaceable energy consumption parts. Due to
the existence of core square steel pipe, it can be better applied to various forms of
column members. Combined with the low cycle reciprocating load test, the research
results show that the column base joints have good ductility and hysteretic energy
dissipation performance, and the plastic deformation is concentrated on the replace-
able energy dissipation components. After the earthquake, the seismic performance
can be better restored by replacing the damaged replacement parts.

In order to study the self-centering effect and energy dissipation capacity of the
steel frame supported by foundations at different ground levels with self-centering
column on the upper ground, the finite element parameter analysis is carried out by
considering the width of the energy dissipation section of the buckling restrained steel
(BRS) plate, the size of the slotted hole of the BRS plate and the connecting plate
on foundation, and whether the connecting plate on foundation is set, to design the
specimen model. ABAQUS software can display the deformation and stress changes
at the self-centering structure better. Therefore, ABAQUS software is used to analyze
the parameters and study the seismic performance of the frame.
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2 Structural Design of Steel Frames Supported
by Foundations at Different Ground Levels
with Self-Centering Column Base Joints on the Upper
Ground

2.1 Structure of Self-Centering Column Base Joints

The column body of the self-center column base joint is disconnected from the foun-
dation, an H-shaped steel foundation is set at the bottom of the column to contact the
column bottom, and energy dissipation is set at the joint between the top of the foun-
dation and the column body to prevent the column body from lateral displacement
under horizontal load. In the middle of the column, an unbonded prestressed bar is
set up that runs through the column body until the base. When the column moves
sideways, the contact surface at the bottom of the column rotates to open, and the
tensile force of the steel strand increases. The self-centering function of the column
base joints is realized by using the tensile force of the steel strand.

The BRS plate is used as energy dissipating element, and the cover plate is
arranged on the outside of it. The dissipating element is closely connected with
the column body through bolt connection. The connecting plate is arranged on the
foundation, and bolts are used to connect the column on the upper ground and the
foundation, which provides certain energy consumption for the frame. When the
bottom of the column rotates, one side of the BRS plate is tensioned and the other
side of the BRS plate is compressed to yield, realizing energy consumption. As shown
in Fig. 2.

Fig. 2 Self-centering
column base joints

prestressed bar

| __— BRS energy-dissipating
~

connecting plate __|
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Fig. 3 Horizontal load—displacement curves of self-centering column base joints

2.2 Force Mechanism of Self-Center Column Base Joints

The mechanical properties of the self-center column base joints are mainly deter-
mined by the prestressed bar, energy dissipation elements and steel columns. During
the whole loading process, the prestressed bar is always in elastic state, and the
energy-dissipating element and column steel produce plastic deformation. The whole
loading process of column base joints can be divided into 6 stages, and the specific
load—displacement relationship is shown in Fig. 3.

The OA section is only subject to axial force, and the bending stiffness K; is
provided by the column itself; the bottom of the column in section AB and the
foundation have openings, and the bending stiffness K is provided by the energy
dissipation element and steel strand, and the energy dissipation element yields at point
B; the energy dissipation element of BC section has been in tension strengthening
state, and the bending stiffness K3 is provided by the prestressed bar; the energy-
consuming elements and prestressed bar in CD section are in elastic unloading state,
and the energy-consuming elements yield under compression at point D; the energy
consuming elements of DE section are strengthened under pressure, and the column
and foundation openings are closed at point E [8]

2.3 The Structure of the Steel Frames Supported
by Foundations at Different Ground Levels

The steel frame supported by foundations at different ground levels with two layers
and three spans is taken as the research object, and a self-centering column on the
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Fig. 4 Structural component

upper ground is set. Both beams and columns are made of H-shaped steel, and an
H-shaped steel beam is set at the lower end of the column on the upper ground to
replace the foundation. Beams, columns, BRS plates and cover plates are made of
Q345 steel; using 10.9 M20 high strength bolts to connect the column on the upper
ground, BRS plate, cover plate and foundation; the two prestressed bar are 7 strands
of wire which the diameter is 15.2 mm. The standard value of ultimate strength
is 1860 MPa and the initial stress is controlled at 150 kN. The design drawing of
each component is shown in Fig. 4, and the steel frame supported by foundations at
different ground levels is shown in Fig. 5.

3 Finite Element Model

3.1 Model Design

According to the material selection of each member and the detailed design drawing,
the beam section size is H250 x 250 x 14 x 14, the length is 6 m; the cross-section
size of the foundation beam is H400 x 400 x 20 x 20; the section size of the column
on the upper ground is H300 x 300 x 10 x 15, and the length is 3.3 m. The section
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The column in the
upper ground
Fig. 5 Design of test specimens
Table 1 Main design parameters of specimens
Test specimens | Size of slotted hole (mm) | Width of BRS The number of
energy-dissipating (mm) | connection plate
A-DCKIJ1 Fixed connection
B-DCKIJ2 10 80 1
B-DCKI3 15 80 1
B-DCKIJ4 10 60 1
B-DCKI5 10 80 0

size of the other columns is H350 x 350 x 12 x 19, and the length is 3.3 m. The self-
centering column on the upper ground considers three design parameters, including
the slotted hole size of the lower end of the BRS plate and the connecting plate of
the foundation, the width of the dissipated section of the BRS plate, and whether the
connecting plate of the foundation is arranged. By using the finite element software
ABAQUS, a fixing frame model and four self-centering frame models are established,
and the seismic performance under the cyclic loading is numerically simulated. The
specific parameters of specimens are designed in Table 1. Main design parameters
of specimens.

3.2 Geometric Model

The finite element software ABAQUS was used to establish 6 finite element models.
Firstly, each component is created through the component module. Each compo-
nent is a deformed solid component, and then the material property of each compo-
nent is given. Then the component is assembled into a whole through the assembly
module. In the mesh Module, the cell types of components were all C3D8R. In order
to improve the efficiency of finite element, only half of the models were built by
symmetric operation. XY symmetric planes were defined in the boundary conditions
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Fig. 6 The geometrical model of specimens

Fig. 7 The geometrical model of column base joints

manager of the load module, and YSYMM constraints were set. The finite element
geometric model is shown in Fig. 6, and the geometric model column base joints on
the upper ground is shown in Fig. 7.

3.3 Steel Constitutive

The steel is simplified as an ideal homogeneous and isotropic material. Because the
high-strength bolts and prestressed bar are always in the elastic stage during the
actual loading process, the constitutive models of other steel members, except high-
strength bolts and pretensions, adopt the linear strengthening elastoplastic model [9],
and the specific expression is as follows:
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where E; is the elastic modulus of steel; oy is the yield stress of steel; €y is the yield
strain of steel; Ey; is the strengthening modulus of steel.

3.4 Interaction

Binding and surface—to—surface contact are two types of interaction. All welding
parts are bound. The friction coefficient between steel and steel is set at 0.3 [10]. Four
contact surfaces are set between BRS plate and cover plate, BRS plate and column,
BRS plate and foundation and column and foundation.

3.5 Loading Scheme

The horizontal load is applied by displacement loading, and the loading point is the
coupling point at the top of the column on the upper ground. The first eight loading
stages are respectively increased by 0.125% of the height of the column on the upper
ground until 1%, and then each stage is increased by 0.25% of the height until 2%.
The loading scheme is shown in Fig. 8.

(=]

JEn

Displacement (mm)
é

Fig. 8 Loading protocol of the specimens
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4 Analysis of Simulation Results

4.1 Hysteretic Properties of Specimens

Through processing the simulation results of the finite element software ABAQUS,
the hysteretic curves of the column on the upper ground of each specimen were
obtained, using these data to study the seismic performance of the steel frame
supported by foundations with the self-centering column on the upper ground. The
hysteretic curves of specimens are shown in Fig. 9.

Analysis of the results in Fig. 9 shows that:

(1) In the whole loading process, A-DCKJ1, whose column on the upper ground
is fixing joined, relies on the column itself for energy dissipation. The overall
lateral stiffness and bearing capacity are large, and the residual deformation is
large. At the end of loading, the maximum forward bearing capacity reaches
450.16 kN and the maximum reverse bearing capacity reaches 447.85 kN.

(2) The specimen B-DCKIJ1, which is set with the self-center column on the upper
ground, overcomes the preloading force of the prestressed steel bar at the initial
loading stage, and the energy dissipation of the hysteretic curve of the specimen
is not obvious until the preloading force is completely cancelled out. When
the load reaches 8.25 mm, the lower row bolts of the BRS plate reach the
top of the slotted hole, and the BRS plate is stretched and begins to produce
elastic deformation. When the loading reaches 33 mm, the BRS plate enters
the yield state, and the energy consumption begins to increase. As the loading
continues, the residual deformation of the frame also gradually increases. During
the unloading process, when the displacement reaches 33 mm in reverse, the

(a) A-DCKJ1 (b) B-DCKJ1 (¢) B-DCKJ2

A

(d) B-DCKJ3 (e) B-DCKJ4

Fig. 9 Hysteresis curves of the specimens
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BRS plate will yield under compression and consume energy. Compared with
A-DCKI1, the residual deformation of the frame is smaller, but the energy
dissipation capacity is lower. At the end of loading, the maximum forward
bearing capacity reaches 350.07 kN and the maximum reverse bearing capacity
reaches 347.63 kN.

The hysteresis curve of specimen B-DCKJ?2 is basically the same as that of
specimen B-DCKIJ1, because the BRS plate and the column body are connected
by circular bolt holes, and the BRS plate and the foundation are also connected
by circular bolt holes. As a result, the effect of slotted holes at the BRS plate is
not obvious, and the energy dissipation is basically the same.

The specimen B-DCKJ3 reduces the width of the dissipating section of BRS
plate, which reduces the dissipating capacity, but improves the self-centering
ability, which can effectively reduce the residual deformation of the frame. When
loading to 41.25 mm, the bearing capacity increases, the maximum positive
bearing capacity reaches 420.61 kN, the maximum negative bearing capacity
reaches 419.54 kN.

Compared with B-DCKIJ1, the specimen B-DCKIJ4, which does not have a
connection plate between the column on the upper ground and the founda-
tion, the result show that its energy dissipation capacity and maximum bearing
capacity are weakened, but the residual deformation is reduced.

Stiffness Degradation

th the continuous increase of horizontal cyclic load, the lateral stiffness of the

specimen gradually degrades, which further reflects the damage of the structure. The
peak stiffness curve of the specimen is shown in Fig. 10.

by

As can be seen from Fig. 10, the stiffness of the laminar-steel structures supported
foundations at different ground levels fixed with the column on the upper ground

kN mm!

Muatimum stiffness

Horizontal displacement (mm)]

Fig. 10 Maximum stiffness curves of the specimen
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remain basically unchanged under the pre-loading condition, but the stiffness degra-
dation is faster than that of other specimens after the displacement is loaded to
41.25 mm, while the stiffness degradation of the specimen set with the self-centering
column on the upper ground become slower after the displacement is loaded to
33 mm, indicating that the fixed connection can ensure the seismic performance
under small deformation. However, if it exceeds a certain limit value, it will lose
great seismic performance. Setting self-centering can effectively improve the stiff-
ness degradation ability. Changing the slotted hole size has little effect on the stiffness
change because the bolt has not reached the edge of the slotted hole when loading
the 66 mm horizontal displacement. The larger the width of the dissipated section of
the BRS plate, the larger the initial stiffness will be. When the BRS plate with the
dissipated section width of 60 mm is used, the bolt will reach the edge of the slip
hole when the horizontal displacement of 33 mm is loaded, resulting in the increase
of the stiffness.

5.1 Energy Dissipation Capacity

The area of the hysteresis loop of the specimen under the horizontal cyclic load
reflects its energy dissipation capacity. The energy dissipation curves of each spec-
imen are obtained by processing the hysteresis curves. The energy dissipation curves
of specimens with different parameters are shown in Fig. 11.

According to the analysis of the energy dissipation of each specimen, the spec-
imen with the column on the upper ground fixed is always elastic in the early loading,
and no energy dissipation occur. When the loading displacement reaches 41.25 mm,
the energy dissipation begins to increase, and the increase amplitude is larger than
that of the structure with self- center. Compared with DCKJ2 and DCKJ4, the larger
the width of the dissipating section of BRS plate, the better the dissipating capacity.
In addition, setting the connecting plate on foundation can also improve the energy

—t— A-DCKJ1

16 == B-DCKI1
B-DCKJ2
12 B-DCKI3

10 — B-DCKI4

y dissipation (kj)

Horizontal displacement (mm)

Fig. 11 Hysteretic energy-dissipation curves
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dissipation capacity, but the energy dissipation capacity provided by the connecting
plate on foundation is limited. The energy dissipation capacity of DCKJ4 is larger
than that of DCKIJS5 before the loading displacement of 66 mm, but the energy dissi-
pation capacity of the two specimens is basically the same when the displacement
reaches 66 mm.

5.2 Residual Deformation

The size of the residual deformation of the specimen reflects the size of the self-
centering ability. The residual deformation curves of each specimen are obtained by
processing the finite element results, as shown in Fig. 12.

The specimen with self- center column on the upper ground increases gently with
the gradual increase of loading, while the specimen with fixed column on the upper
ground has no residual deformation at the initial loading stage. After the loading
displacement reaches 41.25 mm, the residual deformation increases rapidly and the
structural deformation is large. When the loading displacement reaches 66 mm, the
residual deformation of the specimens with the self-centering column on the upper
ground is only 40% of that of the specimens with the column on the upper ground
fixed, showing good self-centering ability. Comparing the four specimens with the
self- center column on the upper ground, the larger the width of the dissipating
section of BRS plate, the larger the residual deformation; The slip hole size has little
effect on the residual deformation. A small amount of residual deformation will be
increased if a connecting plate is set on the foundation and connected to the column
on the upper ground.

—A-DCKI1

1 ——B-DCKI1 /
10 B-DCKJ2
: B-DCKI3

B-DCKI4 /

w@ton (mm)

Residual defor
E el

80 60 40 20 0 20 40 60 80

Horizontal displacement (mm)

Fig. 12 Residual displacement curves
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5.3 Stress Distribution

The 4 specimens with self-center column on the upper ground all consume seismic
energy through BRS plate and reduce residual deformation through prestressed bar
to achieve self- center capability. There is little difference in the stress conditions of
the self-centering specimens. The overall stress nephogram of specimen B-DCKJ1
is intercepted to analyze the stress conditions, as shown in Fig. 13.

By analyzing the overall stress nephogram, the column on the upper ground of
the steel structures supported by foundations at different ground levels is damaged
first, and the BRS plate enters plastic yield to consume energy, and the stress of the
frame node and the column base joint on the lower ground is relatively large.

(a) frame

i

&

33 S5y
BRESRERIERARNE

g5

T

i

(b) column base joints (c) BRS plate

Fig. 13 Mises stress distribution of the specimens
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5.4 Application Limitations

Comparing specimens, A-DCKJ1 and B-DCKIJ3, the maximum bearing capacity,
stiffness and energy dissipation capacity of the frame are reduced by setting the self-
centering structure. With the increase of the number of layers, the seismic perfor-
mance of the frame will be further reduced. If the self-centering structure is applied to
the high-rise frame structure, the seismic performance of the frame may not meet the
requirements. Therefore, the high-rise frame structure needs to be further analyzed.

6 Conclusion

In this paper, a steel structures supported by foundations at different ground levels
with a self-centering column on the upper ground is taken as the research object.
Firstly, compared with the ordinary steel structures supported by foundations at
different ground levels with fixing joint, then the three design parameters of slotted
hole, the width of the dissipated section of BRS plate and the connecting plate on
foundation in the self-centering structure are considered. Then, the finite element
software ABAQUS is used to model and simulate the seismic performance. The
comparative analysis draws the following conclusions:

(1) When the column on the upper ground of the steel structures supported by
foundations at different ground levels is set as a self-centering structure, the
bearing capacity and stiffness will be slightly reduced, but the overall residual
deformation can be greatly improved. Finally, the residual deformation after
a large earthquake does not exceed the limit of 0.5%, achieving a good self-
centering effect.

(2) Setting slotted holes can delay the plastic entry of BRS plates. Energy dissipation
is mainly provided by prestressed bar in the early stage of loading. However,
the change of the size of slotted holes has little influence on the overall energy
dissipation and residual deformation within the specified range.

(3) During the whole loading process, the plastic deformation is mainly concen-
trated at the BRS plate. The BRS plate has a great influence on the self- center
effect and energy-dissipating capacity of the whole specimen. Increasing the
width of the energy-dissipating section of the BRS plate increases the energy-
dissipating capacity and stiffness of the specimen, but the overall residual
deformation increases.

(4) Because of the slotted holes, the connecting plate on foundation can guarantee
the seismic performance of the specimen and provide certain energy dissipation
capacity and stiffness in the event of an earthquake, but the overall residual
deformation will increase.

(5) With the increase of the number of layers, the seismic performance of the
frame will be further reduced. If the self-centering structure is applied to the
high-rise frame structure, the seismic performance of the frame may not meet
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the requirements. Therefore, the high-rise frame structure needs to be further
analyzed.
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Derivation of Response Spectra )
and Hysteretic Energy: A Case Study L
on 2023 Turkey-Syria Earthquake

in Consideration of Structural Ductility

Weiyi Shao

Abstract Structural response under strong ground motion has always been of
concern in engineering seismology due to low predictability of seismic events and
their devastating impact. The energy-based seismic design (EBSD) is proposed to
capture the cumulative damage of the structure in terms of evaluating hysteretic
energy, which is a more reasonable design method considering inelastic deformation
of structures. On the other hand, structural ductility demand is another significant
aspect of design. In this paper, the response spectra and hysteretic energy under
different ductility factors are derived and quantified based on a selection of ground
motion records from the recent 2023 Turkey-Syria earthquake mainshock (M7.7)
and aftershock (M7.6). The results show that for the selected data, the peak value
of acceleration response spectra significantly exceeds the design acceleration, and
the hysteretic energy for M7.7 presents a relatively high value while the value for
M7.6 is comparatively lower. Even if the evaluation for the M7.6 event is minor, it is
worth considering the structural vulnerability under cumulative damage and residual
influence from the mainshock.

Keywords Response spectra « Hysteretic energy - Energy-based seismic design -
Structural ductility - Single-degree-of-freedom system

1 Introduction

Structural response under strong ground motion is acknowledged as one of the most
significant issues in engineering seismology due to the low predictability of seismic
events and their destructive impact on structures. The mainstream of structural relia-
bility and performance assessment is probabilistic seismic hazard analysis (PSHA),
which is extensively used as method for potential damage estimation under earth-
quakes, and its efficiency and accuracy have been proved over the past few decades
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[1]. The dedication that has been devoted to this topic is prominent, and the works
of performing simulation on models, creating design spectra and hazard maps based
on specific events have improved the seismic risk assessment at design stage as well
as in post-hazard investigation.

On the one hand, the code-based seismic design mainly targets on elastic response
of structures. For instance, force-based seismic design and displacement-based
design, which are the most commonly used method for earthquake-resistant struc-
tural design [2, 3]. However, it has been conventionally acknowledged that structures
not only suffer from elastic displacement under ground motion, but also experi-
ence inelastic hysteretic deformation which is closely associated with energy-based
seismic design (EBSD) [2, 4]. The application of EBSD which takes the impact of
cumulative damage into account in design codes is less prevalent, but has gradually
been adopted in seismic design and risk assessment, and this design method can
better predict the structural response compared with ordinary code-based seismic
design under some circumstances, where the energy spectra present distinctive peak
response while the spectral acceleration would probably fail to capture [4].

From seismic input energy perspective, the total input seismic energy can be
classified into recoverable energy and dissipated energy, while recoverable energy
consists of elastic strain energy and kinetic energy, and dissipated energy can be
further classified into damping energy and hysteretic energy [2, 4]. The hysteretic
energy, in particular, is related to the inelastic behavior that may cause permanent
damage to the structure. Consequently, in EBSD, the priority of design resides in the
overall hysteretic energy demand and corresponding inelastic deformation [2].

On the other hand, structural damage is correlated with ductility demand, and it
is stressed in seismic design codes that the ductility demand is vital in seismic-prone
regions; therefore, the investigation of desired ductility level of structures resisting
strong ground motion is critical [S]. Hatzigeorgiou evaluates the ductility demand
of single-degree-of-freedom (SDOF) systems under multiple near-fault and far-fault
earthquakes, and it has been concluded that the design earthquake is insufficient to
estimate structural performance under real earthquake sequences [5]. Therefore, as
a complementary aspect, the hysteretic energy for different structural ductility under
real earthquake records can provide a better quantification of seismic demand.

In general, this paper presents the conventional response spectra and the estima-
tion of hysteretic energy for SDOF system of the recent Turkey-Syria earthquake
(2023) in order to quantify the difference between the code-based seismic design
and EBSD. In Sect. 2, a brief introduction of this seismic event is stated, and the
formulation of calculating hysteretic energy as well as the selection of ground motion
records is clarified in Sect. 3. The result is discussed in Sect. 4 in order to compare the
acceleration spectra and hysteretic energy for different categories. Finally, conclu-
sions are drawn in Sect. 5 based on the results obtained, the scope of the analysis
and proposal of future research directions.
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2 Case-Study Event: 2023 Turkey-Syria Earthquake

On February 6th, 2023, a strong earthquake with magnitude 7.8 (M7.7 for AFAD
inspection) struck south-eastern Turkey with thousands of aftershock sequences,
influencing north-western Syria as well [6]. According to the engineering report
and Turkish database AFAD, the earthquake is featured with 3 major events: first
and mainshock with Mw of 7.7 (01:17 UTC), second event which happened closely
after the mainshock with Mw of 6.6 (01:28 UTC) and another unexpected strong
aftershock happened within 12 h with Mw of 7.6 (10:24 UTC) [6, 7]. All of them are
caused by strike-slip mechanism. The epicentre of the M7.7 earthquake is 37.288°N,
37.043°E with a depth of 8.6 km, while for the M7.6 earthquake, the epicentre is
around 10 km away with depth of 7 km (38.089°N, 37.239°E) [7].

Despite that it is suggested to evaluate the impact of the second M6.6 earthquake,
the main analysis relies on the first M7.7 and the third M7.6 ground motion. Never-
theless, the acceleration time-histories of the M7.7 and the M6.6 earthquakes for
station 2708 (37.099°N, 36.648°E) are illustrated in Fig. 1. For each ground motion,
the station recorded the data in 3 directions: east-west (EW), north-south (NS) and
up-down (UD). For the M7.7 earthquake, the peak ground acceleration (PGA) values
reach 0.93, 1.32, and 0.69 g for the three components respectively, but for M6.6 event,
the PGA value is lower (0.36, 0.32, and 0.22 g). However, the latest 2019 Turkish
earthquake code TEC 19 indicates design acceleration at 0.3 g, and it is unreasonable
to design structures at high acceleration level even in earthquake-prone region [8].
As a result, the impact on structure is severe, including demolishment of buildings,
inundation in coastal area and small tsunamis [9, 10].
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Fig. 1. Acceleration time-history at Station 2708 (37.099°E, 36.648°N): a Mw 7.7, 01:17 (UTC)
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3 Methodology

3.1 Estimation of Seismic Input Energy and Hysteretic
Energy

The first theoretical identification of seismic energy concept is proposed by Housner
[11], followed by several studies on analysis of SDOF systems evaluating the damage
from energy perspective (e.g. Akiyama (1985), Fajfar and Vidic (1994)) [12, 13]. The
formulation that has been used in this paper to estimate the total input and hysteretic
energy is proposed by Khashaee (2004) [14]. For the total input seismic energy EI
per unit mass m, the formulation is shown as Eq. 1:

2
E’:?.fT.l.<S_a> (1)

m 2 w

where % is the pseudo-spectral velocity (evaluated with 5% damping ratio), f and
fr can be calculated as follow (Eq. 2-3):

fr = 057242300 1 0.6 forpn = 1 )
fr=1forp=2,3,4,5

f= 4256 +0.3181 (3)
Jw=05 ¢

where u is the ductility of structure, and I, is the intensity index which can be
calculated as Eq. 4:

Lo = (@rms) " (i)™ )

where a,,, 1s the root-mean square ground acceleration and z,; is the 5-95% duration
n of strong motion (Eq. 5-6).

| " 0.5
s = - [la(t))?dt 5
Arms <T2—T1 %[a()] ) &)

tai = To.95 — To.05 (6)

Eventually, the hysteretic energy Ep can be evaluated as Eq. 7:

: Eg=0foru=1 7

Ey =072(1 — u= ") E; forp =2,3,4,5
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The benefit of these formulae is the efficiency and accuracy of predicting input
and hysteretic energy based on regression analysis of 160 accelerograms, and it does
not involve the cyclic ductility variable [14].

3.2 Selection of Ground Motion Records

The selection of ground motions was made based on the nearest stations for each
event listed in preliminary engineering report, and corresponding acceleration time-
history was available on AFAD [6, 7]. For the mainshock (M7.7) and aftershock
(M7.6), 20 records are selected from the database respectively in terms of source-
to-site distance and availability of record data to proceed further analysis. The basic
information of the stations is shown in Table 1.

Table 1 Selected stations and basic information (adapted from Baltzopoulos et al. [6])

M7.7,01:17 (UTC) M7.6, 10:24 (UTC)
Station No | Vs3g (m/s) / EC8 | Rep; (km) | Station No | Vs3g (m/s) / EC8 | Rep; (km)
Ground type Ground type
0201 391 (B) 120.12 0129 965 (A) 91.84
2703 758 (A) 37.34 0141 / 161.28
2704 721 (B) 74.10 0213 / 68.73
2708 523 (B) 40.77 3802 305 (C) 77.41
2709 555 (B) 37.45 3803 499 (C) 157.41
90
2712 / 29.79 3804 637 (B) 102.93
3123 470 (B) 143.00 4405 579 (B) 100.81
3125 448 (B) 142.15 4406 815 (A) 70.17
3126 350 (O) 143.54 4408 654 (B) 56.74
3129 447 (B) 146.39 4409 / 56.86
3135 460 (B) 142.15 4410 / 94.59
3137 688 (B) 82.48 4412 / 99.89
99.89
99.89
3141 338 (O) 125.42 4611 731 (B) 38.21
3142 539 (B) 106.49 4612 246 (O) 66.68
4615 484 (B) 13.83 4614 671 (B) 67.35
4616 390 (B) 20.54 4617 574 (B) 66.50
4629 382 (B) 22.50 4620 484 (B) 63.46
4630 347 (O) 21.89 4628 186 (C) 32.41
4632 428 (B) 24.09 4631 543 (B) 21.43
NAR / 15.35 5807 445 (B) 70.94
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4 Results and Analysis

4.1 Response Spectra

The response spectra are illustrated in Fig. 2 for M7.7 and M7.6 event, and each
component, respectively. The preliminary acceleration time-history was downloaded
from AFAD [8], and processed in MATLAB [15] and SeismoSignal [16]. It should
be noted that the damping ratio ¢ equals to 5% as it is generally defined in pseudo-
spectral acceleration (PSA) calculation. For PSA spectra, the mean value as well
as plus/minus one standard deviation is evaluated for each event and component in
order to assess central tendency as well as the variability and significance range of
each sample.

From Fig. 2a, c, and e, it can be observed that the mean value and plus/minus
standard deviation is similar for EW and NS with maximum mean value of 1.42 and
1.54 g, but relatively lower for UD especially after T = 0.3 s, where the mean value
of UD only presents half of the mean value for EW and NS. This minor PSA value
indicates less significance of acceleration in UD direction compared with EW and
NS component, however, the peak mean value for UD still reaches 1.18 g which is
far more notable with respect to the design acceleration level (0.3 g).

The comparison between Fig. 2a—f is made, and the differences between two
events are prominent. Even though the mean value and plus/minus standard deviation
falls beneath 0.4 g, the maximum value of sample mean for EW (0.32 g) and NS
(0.29 g) is close to design acceleration. In addition, the damage that structures suffered
from the mainshock is not negligible, which suggests that the structures are much
more vulnerable when experiencing this strong aftershock. As a result, the impact of
the spectral acceleration for M7.6 is also pronounced and destructive.

4.2 Hysteretic Energy

Having the PSA values, the mean value and plus/minus standard deviation of
hysteretic energy per unit mass (Ey/m) for each ductility category (u = 2, 3, 4
and 5) is derived using the equations mentioned in Sect. 3.1.

The results are shown in Fig. 3, where for both two events NS component presents
higher average hysteretic energy than EW and UD, and M7.7 event apparently
possesses larger hysteretic energy for all of the components. The maximum value
of mean for M7.7 usually appears within the period range of T = 1.0-2.3 s, but for
M7.6 this range as well as the variability range is narrower (T = 1.3-1.7 s). Specifi-
cally, for UD component of M7.7 and M7.6, the peak falls in T = 2.0-3.0 s, and its
value is excessively lower than EW and NS. In terms of different ductility level of
SDOF systems, lower ductility presents higher hysteretic energy under most of the
scenarios, however, for M7.7 EW and NS (Fig. 3a, c), the most distinct hysteretic
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Fig. 2 Response spectra (acceleration) (¢ = 5%) for: a M7.7, EW; b M7.6, EW; ¢ M7.7, NS;
d M7.6,NS; e M7.7, UD and f M7.6, UD

energy is observed in p = 3 rather than p = 2. It is true as the ductility level indi-
cates the ability of structures withstanding large displacement under strong ground
motions, and also the ability to dissipate seismic energy during an earthquake. Conse-
quently, a higher ductility level usually suggests better performance. However, for
SDOF systems under actual scenario, the overall stiffness would be higher than
MDOF systems using the same material, so the ductility level is more essential to
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prevent brittle structures. With a certain capacity of deformation defined by struc-
tural ductility, the energy dissipation is in direct proportion to ductility, so it is more
profitable to improve the ductility to achieve better energy dissipation.

25 0.6 - - -
[—u=2 pu=3 —— =4 u=5| |—u=2 p=3 —— p=4 p=5
2 : 0.5
N: [ '\'.-. ":_ .
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Fig. 3 Hysteretic energy spectra for SDOF systems with different ductility p ({ = 5%): a M7.7,
EW; b M7.6, EW; ¢ M7.7, NS; d M7.6, NS; e M7.7, UD and f M7.6, UD
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5 Conclusion

In this paper, general information on EBSD and empirical formulation on hysteretic
energy estimation as well as geotechnical details of 2023 Turkey-Syria earthquake
is introduced. PSA and Ey/m are chosen as intensity measures to describe M7.7
and M7.6 events. The implementation of response spectra shows an excessive high
maximum value of average PSA for M7.7 (1.42, 1.54, and 1.18 g for EW, NS and
UD) compared with design level (0.3 g), and the maximum value of average PSA
reaches design acceleration for M7.6 (0.32, 0.29, and 0.24 g for EW, NS and UD).
However, the residual effect of the mainshock should be taken into account when
evaluating the second major aftershock M7.6 for potential damage and vulnerability
(e.g. interior cracking) of structures.

In terms of hysteretic energy, higher energy level is observed in NS component,
while the M7.7 earthquake presents larger hysteretic demand than M7.6 earthquake.
The peak value of average Ey/m depends on the event and component, for UD
shows late peak value which falls in medium-to-long period (T = 2.0-3.0 s), and the
period range in which peak value appears for M7.6 (T = 1.3—1.7 s) event is more
concentrated than M7.7 (T = 1.0-2.3 s). The overall tendency of ductility-related
analysis on SDOF systems is as expected, for the hysteretic energy decreased as
ductility increased for most of the cases except for some individual cases, in which
distinction is subtle to be visualized between u = 2 and u = 3.

Even though the study is carried out based on the formulation with great accuracy
and efficiency of predicting input and hysteretic energy based on regression analysis
of 160 accelerograms without the requirement of considering cyclic ductility vari-
ables, a comparison between total input and hysteretic energy expression proposed
by different scholars and the real earthquake scenario was made, and the results
indicated that the ratio of hysteretic energy over input seismic energy generally over-
estimates the real energy demand [2]. However, conservative prediction is necessary
in determining structural response, for rationally raised seismic demand can better
ensure the safety of structures under ground motions which are extremely intensive.

Despite the fact that the consistency between the data obtained from PSHA and the
actual response caused by real earthquakes is controversial, it is comparatively reli-
able if the derivation and assessment process has taken various factors into consider-
ation (e.g. site condition, geotechnical and rupture mechanism, etc.) [17]. For further
work orientation, the selection of 20 records for each event is insufficient due to the
deficiency of stations, unavailability of records and limitation of database. There-
fore, a more extensive selection of ground motion records should be made and data
that shows low consistency should be eliminated. Moreover, the pulse-like ground
motions can cause more severe damage to structures than ordinary records, and the
identification of pulse-like content in this seismic event has been carried out [18].
Further investigation into the influence of pulse-like records on different structural
systems should be simulated and evaluated, and the potential inadequacy of the model
or analysis should be discussed.
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Dynamic Seismic Analysis and Design )
of the Clock Tower Structure oo

Osorio Lobaton Gianpol Samuel, Castafieda Avila Jhiiviana Jhasmin,
and Mamani Huaman Rolando

Abstract The project includes the analysis and structural design, according to the
National Building Regulations of a building of 06 levels, the construction of a
clock tower located in the district of Huaro—Province of Quispicanchi- Department
of Cusco-Peru. The building has the following structural elements: The structure
consists of reinforced concrete elements. It is a structure with a system of aporticado
in the longitudinal and transversal directions. The roof system consists of columns,
reinforced concrete beams, lightened slabs, stairs and masonry partitions. For the
seismic analysis a three-dimensional model was elaborated considering all struc-
tural elements representing the beams and columns as linear elements (Frame), the
lightened slabs as membrane elements (Membrane). Three degrees of freedom were
considered at each level of the building (two translational and one rotational). The
design spectrum of the seismic standard was used and a dynamic spectral analysis
was performed. For the design of the elements, the values obtained in the dynamic
analysis were scaled up to values equivalent to 80-90% of the static analysis using the
regulatory formula H = ZUCS/R multiplied by the total weight of the building. The
required design combinations are established according to the RNE Standard E.060
for reinforced concrete elements, being that the structure complies with symmetry,
both in the distribution of masses and in the stiffness, adequate resistance, continuity
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in the structure, both in plan and in elevation, ductility of the connections, hypersta-
bility and monolithism, lateral stiffness and rigid diaphragm. It is concluded that the
design of the structure complies with all the regulatory bases of the RNE and also of
the seismic-resistant analysis that is zoned according to its location.

Keywords Seismic analysis * Structure - Construction

1 Introduction

Dynamic seismic analysis carried out in the clock tower of the main square of the
district of Huaro, province of Quispicanchi, Cusco region. The loads in a building
are vertical loads that interact throughout the useful life of the building and hori-
zontal loads, these loads are transferred from the slabs to the beams and then to the
columns that go to the foundations and finally to the ground [1]. The behaviour of
structures in buildings under the action of seismic loads can sometimes be modi-
fied by taking into account the Dynamic Ground-Structure Interaction [2]. Structural
element that transfers seismic waves into a building, which could cause damage to
the structure leading to instability and deterioration [3]. A method for seismic design
of buildings that considers shear deformations, it is a new method with respect to
the traditional method, used to study any structure that is subjected to the ground. A
typical reinforced concrete section is composed of unconfined concrete fibres plus
confined concrete fibres and steel fibres [4]. Dynamics is the behaviour of structures
subjected to dynamic forces (actions that have high acceleration) [5]. Dynamic loads
can be people, wind, traffic, waves, explosions and earthquakes [6]. Dead loads are
the weight of the structural and non-structural elements of a building [7]. Gravity
loads from objects external to the structure, working personnel, equipment, among
others, are defined as live loads [8]. Earthquake loads generate higher axial force
values in the elements in all cases of two-way combinations [9]. Soil conditions
and topographical characteristics change with earthquakes and are decisive for the
seismic-resistant design of buildings [10]. Generation of a building project in which
cost and time are related, these parameters being important for decision making
[11]. The design of a building project in which cost and time are related, being these
parameters important for decision making [12]. The design of a building project
in which cost and time are related, being these parameters important for decision
making [13]. The design of a building project is based on the following parameters.
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2 Methodology

2.1 Standards Used

The standards used for the preparation of the following document are: standard RNE
E020: Loads, standard RNE E050: Soils and Foundations, standard RNE E030:
Earthquake Resistant Design and standard RNE 060: Reinforced Concrete [12].

2.2 Design Loads

For the design of the reinforced concrete elements of this building we will mainly
consider three types of loads: Dead Cargo (D).

2.3 Dead Cargo (D)

Made up of the self-weight of the structural elements: slabs, beams, plates and
columns. Considering the weight of: Ceiling First Level to Sixth Level

2.4 Ceiling First Level to Sixth Level

Floor finishes = 100 kg/m?
Movable partitioning = 100 kg/m?

2.5 Live Cargo (L)

It is that which is generated by the weight of occupants, furniture, equipment and
other movable elements that together are called overload.

2.6 Ceiling First Level to Sixth Level

Overload = 200 kg/m?
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Table 1 Seismic loads COMBI — 14D + 1.7L

COMB2 = 1.25 (D + L) + SX
COMB3 = 1.25 (D + L) — SX
COMB4 = 1.25 (D + L) + SY
COMB5 = 1.25 (D + L) — SY
COMB6 = 0.9 D + SX
COMB7 = 0.9 D — SX
COMBS8 = 09D + SY
COMB9 =0.9D — SY

Table 2 Reduction factor

Application Reduction factor (P)
Pure flexion 0.90
Flexure with axial tensile load 0.90
Shear and torsion 0.85

Compression and flexo compression

Elements with spirals 0.75

Elements with stirrups 0.70

2.7 Earthquake Load (Sx, Sy)

These are those generated by the seismic action on the structure through a dynamic
spectral analysis. The Design Combinations required according to the E.060 Standard
for reinforced concrete elements, for the purposes of this project, Table 1 are shown
below:

Where: Dead loads (D), live loads (L) and seismic (Sx, Sy).

Reinforced concrete structures and structural elements shall be designed to obtain
in all their sections resistances at least equal to the required or ultimate resistances
(Ru) calculated for the amplified loads in the combinations stipulated in NTE E060,
this method is called Design by Ultimate Resistance (Design Resistance > Required
Resistance).On the other hand, in order to take into account the effects of variability of
the nominal resistance (Rn), resistance reduction factors (@) are introduced according
to the stress to which the element is subjected, Table 2 shows factors that are:

2.8 General Conditions for Design

The structural modelling will be based on a three-dimensional modal analysis with
the seismic spectrum that governs the Seismic Resistant Standard, which will be
scaled to the minimum static force required by the standard (See 29.4.1 Minimum
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Shear Force—Standard E 0.30). With the results of the forces on each element, the
reinforced concrete elements are designed according to the RNE E060 Reinforced
Concrete Standard, with which the reinforcement required by the structural element
under evaluation to resist the loads in demand is designed.

2.9 Structuring

Structural design seeks to locate and orient the structural elements such as beams,
columns, lightened slabs and solid slabs on the basis of the architectural plans, so
that the building can perform well under gravity or seismic loads (see Figs. 1 and 2).
It is recommended to take into account the following criteria for the structural design
that is displayed in the following Tables 3 and 4. Symmetry, both in the distribution
of masses and in the stiffnesses, selection and adequate use of construction materials,
adequate resistance, continuity in the structure, both in plan and in elevation, ductility
of the connections, hyperstability and monolithism, lateral stiffness, rigid diaphragm.

Therefore: S2 = 1,2

Then you have: TP = 0.60 TL = 2.00

Fig. 1 Floor Ist level to 4th
level

WD fas

T AN 30 X 630
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Fig. 2 Floor 5th level to 6th
level
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Table 3 Geotechnical condition periods
Soil factor “S”
Soil and area SO S1 S2 S3
74 0.80 1.00 1.05 1.10
73 0.80 1.00 1.15 1.20
72 0.80 1.00 1.20 1.40
Z1 0.80 1.00 1.60 2.00
Table 4 Geotechnical condition factor soil
Periods “TP” Y “TL”
Soil profile
SO S1 S2 S3
TP (S) 0.3 0.4 0.6 1.0
TL (S) 3.0 2.5 2.0 1.6

2.10 Seismic Amplification Factor

The indications of Standard E-030 for the fundamental period shall be considered,
considering the provisions of chapter “2.5 Seismic Amplification Factor (C): This
coefficient is interpreted as the amplification factor of the structural acceleration with
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respect to the acceleration in the ground. According to the site characteristics, the
seismic amplification factor (C) is defined by the following expressions:

T< TpC=2,5 (1)
Tp
Tp<T<TLC=25( 2)
Tp.T,
T>TLC:2,5.( PTZL) 3)

where: T is the fundamental period of the structure.
As stipulated in Standard E-030 number 4.5.4 Fundamental Period of Vibration,
for each direction it shall be estimated with the following expression:

T=_"1 )

CT = 35 For buildings whose resistant elements in the direction considered are
only reinforced concrete frames without shear walls.

hn = 18.20Tx = 0.52Ty = 0.52 (5)
Therefore, we have the following fundamental periods of vibration:

Tp = 0.6 > Tx = 0.52; por lotanto, Cx = 2.50 (6)

Tp = 0.6 > Ty = 0.52; por lo tanto, Cy = 2.50 @)

2.11 Building Category and Use Factor

Buildings where large numbers of people gather such as cinemas, theatres, stadiums,
coliseums, shopping centres, passenger terminals, correctional facilities or those
housing valuable heritage such as museums and libraries. These are in category B of
important buildings with a U-factor of 1.30.
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2.12 Structural Configuration of the Building

According to Chap. 3.5 of the E.030 Seismic Resistant Design Standard: “struc-
tures must be classified as regular or irregular in order to determine the appropriate
analysis procedure and the appropriate values of the seismic force reduction factor”.
According to the above, we must analyse the structure and determine whether it qual-
ifies as regular or irregular, for which we must evaluate the building both in height
and in plan. A regular behaviour is estimated, which will be determined later with
the dynamic seismic analysis.

2.13 Structural System and Seismic Reduction Coefficient

According to the reinforced concrete structural system, the frames have a basic
reduction coefficient RO (*) of 8 (ROX = 8 ROY = 8), (see Fig. 3).

SLISMIC SPLECTRUM (L-030)

Spectrum with Irecgularities
— — Spectrum without lrregularities

a2 B %

[

Pseudo Acceleration (S AQ)

0 g 1 15 A 2.5 3 1.5 4 4.3 5
Pcriod (SLG)

Fig. 3 Seismic spectrum for X, Y directions
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3 Results

3.1 Weight of the Building

It will be considered what is indicated in the Standard E-030 for the weight of the
structure we consider what is established in the chapter “4.3 Estimation of the Weight
(P)” for which: “b. In category C buildings, which indicates that 50% of the live load
shall be taken”, for which the following estimated weights shown in Table 5 are used:

Weight Structure = 100% (Own Weight + Finishes + Partitioning) 50% (C. Viva).

Weight Structure = 1.00 (245.93) + 0.50 (37.04).Statistical data is displayed in
the following Table 6, also the first 3 data are displayed in (Figs. 4, 5, and 6) as an
example.

Table 5 Results of gravity loads
Story Load P (ton) Load P (ton)
Base Dead 245.93 LIVE 37.04

Table 6 Periods and modes of vibration

Case Mode | Periodo(s) |UX 1006 RZ SumRX | SumRY |SumRZ
Modal |1 0.540 0.777 10.000 |0.000 |0.777 0.000 0.000
Modal |2 0.538 0.000 |0.777 [0.001 |0.777 0.777 0.001
Modal |3 0.471 0.000 |0.001 [0.189 |0.777 0.777 0.789
Modal |4 0.131 0.123 |{0.000 |0.000 |0.899 0.777 0.789
Modal |5 0.131 0.000 |0.122 |0.000 |0.899 0.899 0.790
Modal |6 0.117 0.000 |0.000 |0.108 |0.899 0.899 0.898
Modal |7 0.055 0.033 |0.000 |0.000 |0.932 0.899 0.898
Modal |8 0.055 0.000 [0.032 [0.000 |0.932 0.931 0.898
Modal |9 0.052 0.000 |0.000 [0.030 |0.932 0.932 0.928
Modal |10 0.030 0.011 ]0.000 [0.000 |0.943 0.932 0.928
Modal |11 0.030 0.000 [0.011 [0.000 |0.943 0.943 0.928
Modal |12 0.029 0.000 [0.000 [0.011 [0.943 0.943 0.940
Modal |13 0.019 0.000 |0.005 [0.000 |0.943 0.948 0.940
Modal |14 0.019 0.005 [0.000 |0.000 |0.948 0.948 0.940
Modal |15 0.018 0.000 |0.000 [0.006 |0.948 0.948 0.945
Modal |16 0.013 0.000 [0.003 |0.000 |0.948 0.950 0.945
Modal |17 0.013 0.003 |0.000 |0.000 |0.960 0.950 0.945
Modal |18 0.013 0.000 [0.000 |0.003 |0.960 0.950 0.949
Modal |19 0.010 0.000 [0.000 |0.000 |0.960 0.950 0.949
Modal |20 0.010 0.050 [0.000 |0.000 |1.000 0.950 0.949
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Fig. 4 Deformation of the
structure due to the mode 1

Fig. 5 Deformation of the
structure due to the mode 2

Fig. 6 Deformation of the
structure due to the mode 3

0. L. G. Samuel et al.

MODE 1 — (T =10.54)

MODE 2 — (T = 0.538)

MODE 3 — (T = 0.471)
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Fig. 7 Maximum Maxi: Story Displ
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3.2 Lateral Displacement Control

The Standard establishes that the calculation of lateral displacements for regular
structures shall be done by multiplying by 0.75 times the value of R the results of the
displacements obtained in the analysis, and for irregular structures by multiplying
by 0.85 times the value of R the results of the displacements obtained in the analysis.
The Standard also establishes that the maximum relative displacement of the floor-
to-ceiling ratio shall not exceed the fraction of the floor-to-ceiling height, which for
reinforced concrete structures is equal to 0.007. the resulting graphs can be seen in
(Figs. 7 and 8).

3.3 Foundation Design

In (Fig. 9a) shows the soil pressure diagram for the in-service case S1(D + L). The
maximum pressure is 1.0 kg/cm? < 1.25 kg/cm? (Soil pressures case S1 in kg/cm?).
(Fig. 9b) shows the soil pressure diagram for the service case S2 (D + L + 0.8.SX).
The maximum pressure is 1.16 kg/cm? < 1.25(1.3) = 1.63 kg/cm? (Soil pressures
case S2 in kg/cm?). (Fig. 9c) shows the diagram of soil pressures for the in-service
case S3 (D + L + 0.8.SY). The maximum pressure is 1.16 kg/cm? < 1.25(1.3) =
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Fig. 8 Maximum Maximum Story Displacement
displacement per level per Legend
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1.63 kg/cm? (Soil pressures case S3 in kg/cm?). (Fig. 9d) bending resistance (bending
moment (tonf-m/m) of footing).

The design of the footing foundation is based on the combination of several
processes, including: soil investigation, structural analysis, foundation design [13].
In (Fig. 10) it can be seen that the construction project of the clock tower ends based
on this investigation.
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Fig. 9 Soil pressure diagram

Fig. 10 Clock tower
completed
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4 Conclusion

Required Design Combinations are established according to RNE Standard E.060
for reinforced concrete elements. of the RNE for reinforced concrete elements, for
the purposes of this project was designed and reinforced concrete structural elements
with the Ultimate Strength Design method with sections of required strengths calcu-
lated for the amplified loads in the combinations that are stipulated in the NTE E060.
That it was demonstrated under the structural modeling based on a three-dimensional
modal analysis with the seismic spectrum that governs the Seismic Resistant norm
in mention, that will be scaled to the minimum static force that demands the norm
Norm E 0.30 of the RNE, being that the structure fulfills the symmetry, as much in the
distribution of masses as in the rigidities, adequate resistance, continuity in the struc-
ture, as much in plant as in elevation, ductility of the connections, hyperstaticity and
monolithism, lateral rigidity and rigid diaphragm. In addition, it is established that
the displacement control shall not exceed the fraction of the floor-to-ceiling height
that for reinforced concrete structures, which is complied with in the regulations.It is
concluded that the design of the structure complies with all the regulatory bases of the
RNE and also of the seismic-resistant analysis that is zoned according to its location,
therefore this dynamic seismic analysis in the structure of the clock tower according
to the type of soil, the Clock Tower which was executed and designed satisfactorily
for the locals of Quispicanchi, being this a convenient background of the importance
of a well-designed structure according to the regulations in the location of the land
above all the welfare of the population.
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A Case Study on the Design Model )
of Sunroom in the New Rural Houses oo
in West China from the Perspective

of Carbon Emission

Yiming Zhang, Yu Liu, Minmin Yang, Yufei Zou, Jie Song, and Wengqiang Li

Abstract In the solar radiation enriched areas of west China, solar heat gain has
a significant impact on the heating demand of houses, thus the application of solar
energy technology in new rural houses is becoming popular. Taking a new rural house
project in west China as a case, this paper studied a number of factors influencing
solar energy utilization in sunroom with Design Builder software and came up with
some results and recommendations for the design of sunroom from the perspective of
carbon emission reduction: (1) If local new rural house has the attached sunroom and
it is oriented to south direction, the carbon emissions of rural house can be reduced
by about 20% per unit area. (2) Sunroom roof with southward slope can well reduce
the heat load of the rural house. (3) Height of the sunroom should be not higher
than that of its adjacent back wall, otherwise opaque partition structure is preferable
to be used. (4) With the same land area and construction area of the case project,
the recommendable width and depth of the south-facing sunroom is 4.8 and 3.9 m
respectively.
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1 Introduction

Solar energy utilization in buildings can improve their thermal comfort in winter
and effectively reduce carbon emissions during operation [1]. Literature review also
shows that “carbon emission” has become a new perspective on the research of
passive solar energy utilization.

Qinghai locates in a cold & severe cold climate zone in west China. It is rich
in solar energy resources with long and cold winters and large daily temperature
differences, so has a good potential for solar energy utilization. Passive solar energy
utilization in Qinghai rural houses has the advantages of low cost and high efficiency.
With increasing emphasis on green energy-saving technologies, there is a trend to
develop passive solar energy utilization for buildings in west China. Among different
types of passive solar energy utilization in buildings, sunroom is more commonly
used in west China.

In 2008, Liu et al. [2] tested and analyzed the solar house performance in the
Qinghai-Tibet Plateau region and found that the collector-storage wall solar house has
good heat collection and storage performance, and calculated the optimal use pattern
of the collector-storage wall. In 2017, Bai Yang et al. [3] from the perspective of solar
energy utilization potential, several settlement forms in severe cold regions were
measured and simulated, and the solar radiation intensity distribution was analyzed
with EnergyPlus software and IESVE software. In 2019, Weixian Jiang [4] used
Designbuilder to analyze the solar energy consumption of three regions of Qinghai
Xining, Tibet Lhasa and Xinjiang Turpan, so that the solar energy utilization of the
scheme could be improved. In 2022, Yang Xiaojing [5] carried out post-use evaluation
on the 24 Zhuangkuo Profiles under the Riyueshan Mountains (hereinafter referred
to as Project) in Qinghai Province, she obtained the environmental performance
data analysis and post-use subjective evaluation of the project, and explored the
relationship between typical sunroom scale and indoor thermal environment.

While existing studies have already improved the research tools and pathways for
passive solar energy utilization, with the emergence of the “double carbon” target,
“carbon emission” has become a new perspective for measuring building energy
consumption. Therefore, in this paper, from the perspective of “carbon emission”,
we extract the typical house types of new rural houses in Qinghai Province,west
China from “24 Zhuangkuo”, and study the effect of the orientation, depth, and
height of additional sunrooms and atrium sunrooms on the energy consumption of
buildings using the Design Builder dynamic simulation analysis technology. Based
on the results of the analysis, we further propose the design pattern of sunrooms in
West China.



A Case Study on the Design Model of Sunroom in the New Rural Houses ... 429

Fig. 1 Number and location
of buildings. Source Edited
by the author based on the
UAV photos of the project
team

2 Project Overview

The project is located in Huangyuan County, Qinghai Province, with a continental
monsoon climate and annual average temperature of 3 °C. The project site is flat
with no obvious sunlight shading around.

There are 10 buildings on the site, including 24 rural houses, 1 restaurant, 1 art
center, and 1 activity center (Fig. 1), in which two rural houses (building 4# and 5#)
with different type of sunrooms are analyzed in this paper.

3 Typical Buildings

Two typical buildings (4# and 5#) were selected according to the form and shape
coefficient of their sunroom, more information of which is shown in Table 1.

4 Software Simulation

4.1 Tool Selection

There are many software for building energy simulation, and most of these software
are based on OpenStudio, EnergyPlus kernel, which can derive the annual heat/
cooling load, energy consumption and carbon emission of the building through the
input of building information, thermal information and human activities. This paper
focuses on the impact of sunroom on carbon emissions in the process of building
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Table 1 Basic information of the two typical buildings

Building 4# Building 5#
First floor plan
T
Eo s
TALE T
=T
: T~ e
=A% =

Building 1471.08 1306.20
volume/m?
Building area/ | 433.6 466.4
m2
Building surface | 915.72 782.3
area/m>
Body shape 0.622 0.599
factor
Sunroom area/ | 32.44 16.69
m?2
Form of Atrium-type sunroom Attached sunroom
sunroom

operation. Through comparative analysis, DesignBuilder was finally selected for
simulation and calculation.

4.2 Model Setting

The above two building units were simulated using DesignBuilder software. Param-
eters of the buildings construction were set as follows: the heat transfer coefficient
of exterior wall (80 mm concrete slab 4+ 130 mm graphite polystyrene b1l 4 240 mm
modified rammed earth wall) was 0.32 W/m?-K, the south window-wall ratio was
0.25. The parameters of the indoor environment were set as follows: air changes in
the building was 0.5 times/h, heating temperature of bedroom was 20°C, heating
temperature of living room, dining room and bathroom was 18°C, starting temper-
ature of heating system was 0.5 times/h. 18°C, starting temperature of heating was
12°C. Sun room was not heated. According to the Thermal Design Code for Civil
Buildings (GB 50,176-2016) in China, the number of air-conditioning degree days
in Qinghai Province is 0, so the air-conditioning in summer was not considered in
the setting. Original model based on the above setting is shown in Table 2.
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Table 2 Design builder

model Building 4# Building 5#

4.3 Results of Simulation

Two Representative time period were selected: (1) the heating period (October 15th—
April 15th); (2) the Big Cold Day (January 20th, a solar term in the traditional
Chinese calendar) to further analysis. Results of a preliminary simulation based on
the original model and typical scenario is shown in Table 3.

The following conclusions are drawn:

The daily CO; emissions per unit area on the Big Cold Day are basically consistent
with that in the heating period, with a difference within + 5%.

Table 3 Preliminary results of simulation

Big cold day (January 20th) Heating period (October 15th—April 15th)
Carbon Daily carbon emission per | Carbon Daily carbon emission per
emission/kg | unit area/kg-(m>-d)! emission/kg | unit area/kg-(m>-d)!

4# | 167.76 0.386900369 27,642.47 0.348366579

S# | 136.04 0.291680961 25,172.44 0.294927781
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The per unit energy consumption of building 4# is higher than that of building
5#, the reason of which need to be further explored.

5 Correlation Analysis

5.1 Orientation

To study relationship between sunroom and CO, emissions of rural houses, it is
necessary to first determine the optimal orientation of them. Based on the typical
model, orientation of the building was set at 45°SW, 30°SW, 15°SW, S, 15°SE,
30°SE, and 45°SE for the simulation. The result shows that (Fig. 2):

(1) When the building is facing due south, the sunlight is best utilized and the CO,
emission per unit area of the building is the least.

(2) Taking 15° as a step, the CO, emission per unit area of the building is approx-
imately parabolic with the angle. The larger the angle of orientation offset, the
larger the CO, emissions per unit area for each step.

Therefore, further study was conducted based on the due south orientation
of the building.

5.2 Sunroom

With or Without Sunroom. Experimental models were established to determine
whether the presence or absence of sunroom has an impact on building’s CO, emis-
sions. The original sunroom of building 4# and 5# were deleted and set as unheated
indoor space, and the rest of the conditions remained unchanged (Table 4).

Fig. 2 Relationship between CO; emissions and building orientation
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Table 4 Experimental modeling with and without sunroom simulation comparison

With sunroom Without sunroom

Building 4#

Building 5#

The results show that the CO, emissions of building 4# and 5# increased by 16.67
and 28.80% respectively after deleting their sunroom (Table 5).

Slope of Sunroom Roof. The slope of sunroom roof can affect the angle
of sunlight incidence, thus affecting the heating load of the building. Different slope
of roof of sunroom were set and with the rest conditions remained unchanged. Result
are shown in Table 6 and Fig. 3.

Table 5 Experimental results of comparison between with and without sunroom

With sunroom Without sunroom
Carbon Carbon emission per | Carbon Carbon emission per | Percentage of
emission/kg | unit area/kg/m> emission/kg | unit area/kg/m? change (%)
4# | 167.76 0.386900369 195.74 0.451429889 +16.67
5# | 136.04 0.291680961 175.21 0.375664666 +28.80

Table 6 Sunroom roof slope simulation experiment grouping and modeling

Sunroom roof | 0° 15° 30°
slope

4# East

S5# East

elevation I E
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Fig. 3 Analysis of the relationship between CO, emissions and the slope of the sunroom roof

The slope of the sunroom roof is negatively correlated with the CO, emissions
of building 4# (Fig. 3). There are user activities in the atrium sunroom, a larger
transparent roof can provide better lighting conditions of such space and effectively
reduce heating load of the building. On the contrary, roof slope of sunroom has little
impact on building 5#, and only exists as a buffer cavity between the building and
the outdoor environment, which would not affect indoor environment.

Height of Sunroom. Height of sunroom can affect indoor ventilation and lighting
and indoor flow of hot and cold air, which affects the heating load and CO, emissions
of buildings. In this study, height of sunroom was changed, with other conditions
remain. Detailed settings are shown in Tables 7 and 8.

The height of sunroom may be higher than that of the main building envelop. In
such case, the north direction can be a glass or a solid wall, the former of which will
let in more light, and the latter can reflect more sunlight to the interior (Fig. 4).

Results shows that: (1) Decreasing height of sunroom could increase heating load
of south-facing rooms, thus increase CO, emission of the building. (2) Increasing
height of sunroom could increase heating load and CO, emissions of the building.
(3) When height of sunroom is equal to that of the building envelop at the same side,
heating load and CO, emissions of the building are the least (Fig. 4). When height
of the sunroom is higher than that of the building envelop, heating load and CO,

Table 7 Sunroom height simulation experiment grouping and modeling of building 4#

Sections

DLl
_._1—1 ‘—: =
L. s, -

Sunroom height/m | 4.4 5.8 7.2
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Table 8 Sunroom height simulation experiment grouping and modeling of building 5#

Sections _
m — ]
e Il ' t-r
‘[m' I! II_,_F TE
— ) e il
Sunroom height/m | 2.8 4.2 5.6 7 8.4
i i
TR . 11

4# transparent north-facing envelope

S# transparent north-facing envelope

4# opaque north-facing envelope

- I T‘H
it
- & —L

5# opaque north-facing envelope

Fig. 4 Material comparison test group for the northward part of the sunroom

emission of the north-facing space enclosed with solid walls is smaller than that of

the enclosed with glass (Figs. 5 and 6).

Width of Sunroom. Width of the sunroom has the potential to directly affect the
floor area of the sunroom, and thus the sun’s heating of the adjacent room in the
sunroom and the flow of hot air in the sunroom. The atrium sunroom of building 4#
would also change the user activities inside it if it was changed, so experiment was
conducted only for the south-facing sunroom of building 5#. While keeping the total

Fig. 5 Building 4# CO,
emissions versus height of
sunroom
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Fig. 6 Building 5# CO; emissions versus height of sunroom

floor area unchanged, the width of the sunroom was changed, and five experimental
groups of 3.6,4.2,4.8, 5.4, and 6 m were set up in 0.6 m steps respectively (Table 9).

Results show that, with the same total floor area, the building heating load and
CO; emission per unit area is the lowest when the width of south-facing sunroom is
4.8 m (Fig. 7).

The Depth of Sunroom. This experiment is conducted only for the south-facing
sunroom of Building 5#. First, keep the total floor area and change depth of the
sunroom. Detailed setting are shown in Table 10.

Results of analysis shows that, the south-facing sunroom with a depth of 3.9 m
has the lowest heating load and CO, emissions per unit area (Fig. 8). The changes
of carbon emission per unit area for the remaining four control groups were +7.32,
+8.50, 4-0.23, and 4-2.54% respectively, compared with the original model.

Then, keep living space area and change depth of the sunroom to 2.7, 3.3, 3.9,
4.5, and 5.1 m respectively. Detailed setting are shown in Table 11.

Results shows that, with the same living area, the south-facing sunroom with a
depth of 3.9 m has the lowest heating load and CO, emissions. Changes of carbon

Table 9 Experimental grouping of sunroom width

Plans

| : [ .- | ___; - | At : | B
Sunroom | 3.6 42 4.8 5.4 6
width/m
Sunroom | 12.30 14.49 16.69 18.89 21.08
area/m?>
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Fig. 7 CO; emissions versus width of sunroom

Table 10 Experimental grouping of sunroom depth (building area remains unchanged)

437

Plans

B
l“ !

Sunroom | 2.7 33 3.9 4.5 5.1
depth/m
Sunroom | 11.22 13.95 16.69 19.94 22.16

area/m?

——

Fig. 8 CO; emissions versus depth of sunroom (building area remains unchanged)
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Table 11 Experimental grouping of sunroom depth (living space area remains unchanged)

Plans

MI—T o | w-f-f_]- ]%L-} —]

aaa - it F 1S LoAum—" B G 7T L. 1 Ins_xl_ "

1 — | 1 l - | J_l ‘_
Sunroom | 2.7 33 3.9 4.5 5.1
depth/m
Building | 460.9 463.7 466.4 469.7 471.9
area/m?

Sunroom | 11.22 13.95 16.69 19.94 22.16
area/m?
e

Fig. 9 CO, emissions versus depth of sunroom (living space area remains unchanged)

emission in the remaining four control groups are +2.08, +0.72, 0.24, and 1.51%,
respectively (Fig. 9). Compared with the previous analysis, change of depth has
smaller impact on carbon emission.

6 Conclusion

Compared with rural houses without sunroom, the rural houses with sunroom can
reduce winter heating load Carbon emission by about 20%.

For the atrium sunroom, it is recommended to increasing the southward slope
of sunroom roof to provide better daylight conditions, at the same time to reduce
the heating load of the building. For the south-facing sunroom, the roof slope has
little impact on the building’s carbon emissions, so can be set at the same angle of
geographic latitude to facilitate installation of solar panels at a later stage.

The height of the sunroom is not recommended to be higher than the back wall.
If the sunroom has to be higher than the back wall, it is recommended to extend the



A Case Study on the Design Model of Sunroom in the New Rural Houses ... 439

solid wall upwards to improve the thermal performance of the building, instead of
using transparent envelope.

Keep current building construction area, the width and depth of the south-facing
sunroom are recommended to be 4.8 and 3.9 m respectively, its outer contour is
recommended to be in a relatively straight line with the building’s outer wall so that
the body shape factor it not too large while volume of the sunroom can be expanded
as much as possible.
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(BIPV) Roofs
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Abstract Building integrated photovoltaic (BIPV) roof technology is gaining popu-
larity and its durability is of concern to different interest groups—watertightness is an
important aspect. This study proposes an optimized solar panel structure for BIPV
roofs, which aims to achieve watertightness performance; further, watertightness
experiments with static and dynamic rainfall (the max wind speed level was 12)
were conducted based on GB/T 15227-2019 standard through third-party testing.
The results show that the BIPV roof system proposed has good watertightness perfor-
mance; the water leakage grade is “not severe”. In addition, this study compares the
technology application differences of three BIPV roof prototypes and discusses the
effectiveness of red dyed test strips in characterizing water leakages. The proposed
structure can be a reference for architects and engineers in the early design stage
of BIPV roofs, which effectively enhances the durability and the cost investment of
waterproofing materials.

Keywords Building integrated photovoltaic (BIPV) - Watertightness
performance * Design optimization + Third-party testing
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1 Introduction

As global warming caused by climate change becomes more and more severe, coun-
tries begin to pay attention to energy saving and emission reduction in various fields
[1]. The building sector accounts for more than 30% of the world’s total primary
energy consumption [2], and the application of renewable energy integration tech-
nology in buildings provides an effective solution path. Building integrated photo-
voltaic (BIPV) roof technology has received a lot of attention from researchers
in recent years [3], which is especially valid in nearly zero energy buildings [4].
Compared to BIPV facades [5], PV roofs have many advantages and potential for
development because they receives higher radiation intensity and do not affect the
view of building users, which also reflects significant economic advantages.

The construction design and shape parameters of BIPV roofs determines the
performances of building envelopes [6], which include building energy balance, PV
panel heat dissipation, thermal insulation factor, waterproofing, sound insulation,
etc. Correspondingly, countries have codes and standards to qualify the structure
design of BIPV roofs. Waterproofing of buildings has always been an issue of close
attention for architects and engineers—in particular, it affects the energy, economic
and safety performance of BIPV roofs.

Building waterproofing usually has two technical paths: building construction
design [7] and building advanced material integration [8]. Typical BIPV roof
construction design solutions include ventilated BIPV roofs, BIPVs tile products
and BIPV skylights (Table 1). In addition, there are differences between BIPV roofs
in terms of the heat dissipation effects of PV collectors and whether the angle of
PV panels can be adjustable. Ventilated BIPV roofs can reduce excessive PV panel
temperatures through thermal convection, which can effectively reduce the power
generation losses due to photovoltaic efficiency decreasing when heated up.

The building advanced material applied in roof systems achieves waterproofing
through the hydrophobic nature. Gongalves et al. [11] compared the life-cycle perfor-
mance of different flat roof waterproofing solutions, considering environmental and
economic aspects; this study found that the bituminous membranes were the best
option for all roof types. But if the weight of cost is reduced, then Thermoplastic
polyolefin (TPO) film will be the best choice. Talib et al. [12] investigated water-
proofing materials in real buildings in Malaysia and the UK; based on the results
of case studies, this study found that the causes of the building water leakage are
basically the same in both countries, although the climatic zones are different. The
study also noted that most contractors have a 10—15 years warranty on waterproofing
materials and that choosing the best solution during project construction stage will
ensure the best performance. Building waterproofing materials are usually utilized
in BIPV roof systems, however, they are also usually affected by aging (leading to
loss of effectiveness), short service life, material cycling stability, material defor-
mation due to temperature increase and high maintenance costs [13]. By choosing
a reasonable construction design solution in early design stage, the costs of roof
system maintenance can be reduced, thus providing advantages from economic and
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environmental perspectives. Among the various BIPV roofs, ventilated BIPV roofs
have better heat dissipation (higher energy production under the same solar radia-
tion) and flexible construction for the parameter shape design—it is worth exploring
waterproofing construction design for this type of BIPV roof. In summary, there is
a research gap on how to better the waterproofing of BIPV roof systems through
PV panel structures without relying on advanced building materials such as TPO or
sealing glue.

Therefore, this study proposes a new PV panel structure which can ensure roof
waterproofing for ventilated BIPV roofs (Fig. 1). This solar panel structure has the
following features (1) the angle of the PV panels can be flexible according to the
local sunlight conditions in the early design stage and not same as roof slopes—this
makes sure improving the energy efficiency of the PV system and also enhance the
roof drainage; (2) Through natural convection flow, the ventilated BIPV roofs can
avoid the loss of power generation efficiency due to the high temperature of the PV
panels, which ensure a long service life of the PV system; (3) This PV structure is
of lightweight, which can save labor and material costs in the construction process.

In this study, a PV panel structure was developed for watertightness purposes,
and then a prototype (scale 1:1) was constructed. Subsequently, third-party testing
experiments were introduced, and the testing party was China Academy of Building
Research Testing Center Co., Ltd. Finally, the watertightness of the proposed BIPV
roof system was discussed based on the experiment results.

Design

Expenments

Wind and rain experiment

Performance analysis

Watertightness evaluations

Fig. 1 Research framework
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2 Materials and Methods

2.1 Related Codes and Standards

BIPV roofs of different constructions have restrictions in the early design stage by
corresponding codes and standards. For example, when PV products act as skylights,
they need to meet safety glass codes. The relevant standards include GB 15,763.3—
2009 “Safety glazing materials in building—Part 3: Laminated glass” in terms of
stiffness requirements, etc., which makes roof constructions costly. For ventilated
BIPV roofs, this study uses GB/T 29907 “Test method for watertightness of curtain
walls under dynamic wind pressure” to investigate the watertightness performance of
the PV panel structure. The dynamic rain experiment results are determined according
to GB/T 15227 “Test method of air permeability, watertightness, wind load resistance
performance for curtain walls”. In addition, the observation and recording method
is used to determine whether there is water leakage [14]; the leakage status of the
structure for experiments includes five levels (Table 2).

2.2 Case Description and Watertightness Experiments

In this study, a third-party test was introduced to verify the watertightness perfor-
mance of the BIPV roof with the proposed PV panel structure of water conductor
(Fig. 2). This test is conducted to investigate the watertightness of the PV panel
structures by simulating dynamic rainfall in the laboratory, so as to evaluate the
durability of the proposed structure against rain of different levels. The wind speed
in the experiment gradually increased from 0 to 12 wind levels, where the wind
speed value corresponding to 12 wind levels reached 32.7 m/s or more. When water
leakage occurred in the BIPV roof during experiments, the corresponding wind level
would be recorded, and the water leakage would be judged as severe or non-severe
grade according to leakage grade determination method in Table 2; meanwhile, the
number of water leakage points would be recorded.

The workflow of the experiment was performed in the following procedure: (1)
Preparation of BIPV roof specimen integrated with PV panel of water conductors.
The BIPV roof specimen in experiments was built 1:1, and the structure from top

Table 2 Leakage level of the

test structure Number | Leakage situation Leakage degree
1 Appearance of water droplets -
2 Water droplets are linked in a line |—
3 Small amount of water splashing | —
4 Continuous splashing of water Severe
5 Continuous water outflow Severe
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Fig. 2 Water conductors for PV panel in BIPV roof experiments, a structure design of the horizontal
water conductor for PV panel, b structure design of the longitudinal water conductor for PV panel

to bottom included PV panels (including water conductors), BIPV roof cavity, steel
frames, roof structure with insulation layers, the fixing bracket for specimen, etc. (2)
The BIPV roof specimen is fixed at the test height, where the wind simulator fan
(Fig. 3a)is directly in front of the BIPV roof (Fig. 3b). (3) Equipment arrangement and
experimental staff work assignment. Third-party experimental staff set up the rain
simulator equipment on top of the BIPV roof specimen parallelly. It was ensured
that cameras, monitors and other auxiliary recording tools were set up in place.
Meanwhile, third party staff (fan controllers, rain sprinkler controllers, water leakage
observation recorders, video monitors, etc.) were ready in place. (4) Subsequently,
static rainwater and dynamic rainwater experiments would be conducted; the wind
speed is continuously increased during dynamic rainwater experiments. The water
leakage conditions on the back of the BIPV panel (Fig. 4) was recorded by HD video
recorder (Fig. 5) in real time to determine which type of leakage exists in the BIPV
roof; experiment results were recorded qualitatively and quantitatively at the same
time.
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a b
Fig. 3 a Wind simulator fan in experiments; b relative positions of fan and BIPV roof

Fig. 4 The view of the back
of the BIPV roof system

Fig. 5 Video-recording
interface
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3 Results and Discussions

3.1 Watertightness Experiments with Dynamic Rain

Watertightness experiments’ results can be seen in Table 3. Experiments with static
and dynamic rainwater were conducted and no leakage occurred in the BIPV roof
specimen when the wind speed degree was under 6 (the corresponding wind speed
was less than 11.1 m/s) according to the experimental results. When the wind speed
of dynamic rain is 6 degree, there was a water leak and the corresponding leakage
degree is minor; when the wind speed of dynamic rain is 9 degree or more (the
corresponding wind speed was greater than 20.8 m/s), the second water leakage
appears, and the corresponding leakage degree is minor. It can be found that the
BIPV roof with proposed PV panel structure design has a good water insulation
capacity.

3.2 Watertightness Performance Comparison of Different
BIPV Roofs

For BIPV skylights, light and radiant heat can be collected, but the cost is relatively
high and the waterproof sealant is easy to deteriorate. For BIPVs tile products, water-
tightness is usually achieved by using TPO waterproofing membrane in the roof, and
it is suitable for energy-saving renovation of existing buildings; this technology is
relatively flexible because the total area of PV panels is not necessarily the same as
the total area of roofs. However, the disadvantage of BIPVs tile products is that it
is less effective to dissipate heat and may lose solar energy utilization under high
PV panel temperature conditions. In this study, proposed ventilated BIPV roofs have
great heat dissipation effects and the water conductors designed for PV panels can
effectively achieve the watertightness purpose and effectively improve the service
life of BIPV roof systems. Therefore, this kind of structure watertightness design for
PV panels has the value of promotion.

Table 3 Results recorded of dynamic rainwater experiments

Rainfall Wind speed Number of leakage locations Leakage degree
Static 0 - -

Dynamic 4 - -

Dynamic 6 1 Not severe
Dynamic 9 2 Not severe
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(a) (b) (c)

Fig. 6 The color change process of the test paper that turns red in water, a no water on the red dyed
test strip, b a drop of water on the red dyed test strip—after several seconds, ¢ a drop of water on
the red dyed test strip—after several minutes

3.3 An Experimental Method to Mark Water Leakage

In GB/T 15227-2019 “Test method of air permeability, watertightness, wind load
resistance performance for curtain walls”, the observation and recording method is
required for the determination of the degree of water leakage. This study proposes
an optimized experimental method to detect water leakage by means of red dyed test
strips (Fig. 6). At the same time, the location of water leakage can be marked.

4 Conclusion

This study proposed a solar panel structure for building integrated photovoltaics
(BIPV) roofs and conducted an experimental study for this structure; this experi-
ment investigated the watertightness performance of this BIPV roof based on static
and dynamic rainfall. The wind speed level increased continuously during experi-
ments. The results show that the degree of water leakage is minor according to GB/T
15227-2019 “Test method of air permeability, watertightness, wind load resistance
performance for curtain walls”—the proposed solar panel structure has great water-
tightness performance for BIPV system. In summary, the main research highlights
are as follows:

(1) Anew PV panel structure was proposed with the aim of achieving watertightness
reaching the degree of minor water leakages. The BIPV roof specimen was built
and experiments were conducted under static and dynamic rainfall (the max wind
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speed level is 12); after experiments, the expected watertightness performance
was proven.

Through case studies, the characteristics of several types of BIPV roofs are
compared, including application scenarios, installation methods and durability.
Based on GB/T 15227-2019, a discussion of marking water leakage by red
dyed test strips is presented, which provides a new path to make the recording
of water leakage more visual and permanent.

This research also provides insights for architects and engineers that building
structure design can effectively improve building performance. In future studies, the
application of artificial intelligence technology is also of research value to monitor
of BIPV system risks [15] or track maximum power point [16].
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Evaluation of PV Ultilization Potential )
of University Building Roofs Based L
on PVsyst Software Simulation

Yufei Zou, Yu Liu, Jie Song, Yiming Zhang, Minmin Yang, and Wenqiang Li

Abstract Solar energy utilization is an important way to reduce energy consumption
of university buildings and build a green low-carbon campus environment. With
usually large and plain form, the roofs of college bulidin (CB) in universities may
possess good basic conditions for PV utilization. To explore the actual potential of
PV utilization of the roofs of existing FBC, this paper takes a FBC in a university in
Xi’an area as an case for analysis. First of all, a CB close to the campus center with
a moderate total area was selected as a typical research object; second, a roof PV
utilization scheme was proposed