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Preface 

We are delighted to present the proceedings of 2023 the International Conference 
on Geosynthetics and Environmental Engineering (ICGEE2023), which was held 
successfully on Jeju Island, South Korea, from March 30–31, 2023. We hope you 
will find it useful, interesting, and encouraging. 

The proceedings contain papers submitted to ICGEE2023, which is organized by 
Inha University, ASGES, and co-organized by the Korean Geosynthetics Society. 
The conferences’s main objective is to bring together leading academic scientists, 
researchers, and research scholars to exchange and share their experiences and 
research results in all geosynthetics and environmental engineering. It also provides 
a premier interdisciplinary platform for researchers, practitioners, and educators to 
present and discuss the latest innovations, trends, and concerns, as well as prac-
tical challenges encountered and solutions adopted in the field of geosynthetics in 
geotechnical, civil, and environmental engineering. 

This conference proceedings collect the accepted papers and represent an inter-
esting outcome of this conference, which covers geosynthetics applications and 
sustainability, civil and structural engineering, environmental engineering, and 
science. 

We would like to extend our heartfelt appreciation to everyone who contributed 
to the success of ICGEE2023. We are grateful for the invaluable support of each 
individual and institution that played a significant role in making the conference a 
grand success. We also express our sincere gratitude to the organizing committee 
for their valuable guidance on the conference organization and peer review of the 
papers. 

We are confident that ICGEE2023 has provided an excellent forum for discussion, 
fostering new ideas and collaborative research. We believe that these proceedings 
will serve as an essential research reference and knowledge source that will help

vii



viii Preface

advance scientific and engineering innovations and foster the development of new 
products and processes. 

Michuhol-gu, Incheon, South Korea Prof. Han-Yong Jeon 
ICGEE General Chair 

On behalf of ICGEE2023 committee
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An Innovative Technology 
for Overloading Microshoots 
in the in Vitro 

Suleimen Kaimov , Talgat Kaiym, Abylay Kaimov, Amandyk Tuleshov , 
Aidarkhan Kaimov , Zarina Saurova, Nurzhan Aimbetov, 
Kalimagul Bakhyieva, Orken Mamyrbayev , Maksat Kalimoldayev , 
and Ualikhan Karymsakov 

Abstract Industrial development of cities is the main cause of destruction and degra-
dation of natural resources around the world. Urbanization negatively affects the 
species composition of plants, the atmosphere, and the land cover in the populated 
areas of the world’s major cities. Tree plantations are the main mechanism for stabi-
lizing the ecological situation in large cities and arid areas in countries around the 
world. To obtain a large number of genetically identical plants through microprop-
agation, it is necessary to automate the main stages of this technological process. 
The result of the study is the creation of a robotic complex with a phalanx pincer to 
automate the technological process of transshipment operations in the microclonal 
propagation of a plant. This will have a positive impact on solving the urgent problem 
of greening large cities and arid areas not only in the Republic of Kazakhstan, but 
also in other countries of the world, and represents a fundamentally new approach to 
solving the environmental problems of the Earth (Kaimov et al. Eastern-European 
Journal of Enterprise Technologiesthis link is disabled, 2022, 1(7–115), pp. 48–58). 
In the article, different variants of the structural-kinematic schemes of the robot

S. Kaimov (B) · A. Kaimov · A. Kaimov · K. Bakhyieva · O. Mamyrbayev · M. Kalimoldayev 
Kazakh National University Named After Al-Farabi, Almaty, Kazakhstan 
e-mail: kayim.suleimen@gmail.com 

T. Kaiym 
Military Engineering Institute of Radio Electronics and Communications of the Ministry of 
Defense of the Republic of Kazakhstan, Almaty, Kazakhstan 

A. Tuleshov 
Institute of Mechanics and Engineering Named After U. A. Joldasbekov, Almaty, Kazakhstan 

Z. Saurova 
Kazakh Medical University of Continuing Education, Almaty, Kazakhstan 

N. Aimbetov 
Halyk Bank of Kazakhstan, Almaty, Kazakhstan 

U. Karymsakov 
International Educational Corporation, Almaty, Kazakhstan 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
H.-Y. Jeon (ed.), Proceedings of the International Conference on Geosynthetics and 
Environmental Engineering, Lecture Notes in Civil Engineering 374, 
https://doi.org/10.1007/978-981-99-4229-9_1 

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4229-9_1&domain=pdf
http://orcid.org/0000-0002-4255-6926
http://orcid.org/0000-0001-9775-3049
http://orcid.org/0000-0002-9737-9605
http://orcid.org/0000-0001-8318-3794
http://orcid.org/0000-0003-0025-8880
mailto:kayim.suleimen@gmail.com
https://doi.org/10.1007/978-981-99-4229-9_1


2 S. Kaimov et al.

gripper are justified taking into account the stochastic conditions of its interaction 
with the loaded object. Currently, we have introduced 280 seedlings. Since 2019, we 
have been working to increase the size of the planting material that we began to grow 
in the field. Thanks to this technology, we have planted 6,102 seedlings in the forest 
nursery (Kaimov et al. Eastern-European Journal of Enterprise Technologiesthis link 
is disabled, 2022, 1(7–115), pp. 48–58). 

Keywords Microshoots · Microsprouts · Robotic complex · Kalman coefficient ·
Adaptive gripper 

1 Introduction 

As you know, in December 2015, a United Nations conference was held in Paris, 
where all the countries of the world were recommended to adopt their national 
programs to reduce greenhouse gas emissions into the earth’s atmosphere in order to 
improve the climate and solve the urgent modern problem of improving the climate. 
As you know, planting trees is one of the ways to improve the environmental situation 
in the settlements of big cities and arid areas of the countries of the world [1]. 

In the last 15–20 years, active greening of urban areas has been carried out in large 
cities and arid areas of countries around the world. For example, in the Re-public of 
Kazakhstan alone, a large-scale greening of areas is planned by 2025: the planting of 
two billion trees in forests and 15 million in large cities and dry settlement areas. The 
green massif will not only improve the ecological situation in the country, but also 
make Kazakhstan more aesthetically attractive, both for tourists and for the citizens 
of the country itself [1]. 

It is known that micropropagation of plants has a number of advantages: high 
multiplication factor; restoration; the possibility to work throughout the year and 
plan the release of plants until a certain date; preservation of valuable genotypes; 
obtaining homogeneous clones [1]. 

Currently, in Kazakhstan, the technological process of microclonal propaga-tion 
of plants is carried out with human manual labor, which makes large-scale land-
scaping in large cities and in areas with dry soils in the Republic of Kazakh-stan 
impossible. The effect of micropropagation of plants on an industrial scale depends 
on the degree of automation of the transfer of the microsprouts of plants from the 
transport container in vitro to the working container with soil [1]. 

In this context, the article proceeds from the solution of an extremely urgent task, 
namely, automation of the main stages of the technological process of mi-croclonal 
propagation of plants to solve the problem of landscaping of settlement areas in 
the Republic of Kazakhstan and other countries of the world. The study deals with 
the development of an innovative robotic complex of a manipulation device with 
a gripper for automating the handling processes of plants during their microclonal 
propagation. Mathematical methods for selection and justification of geometrical, 
structural-kinematic and dynamic parameters of grippers for over-loading of plant
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microshoots and their 3D computer models were developed. Different variants of 
structural-kinematic schemes of the gripper of this robot were justified taking into 
account the stochastic conditions of its interaction with an overloaded object. Soft-
ware for modeling the operation of a remote-controlled prototype of a mobile robot 
with an adaptive gripper for overloading plant microshoots from a transport container 
into a loading tank was developed [1]. 

Please note that the first paragraph of a section or subsection is not indented. The 
first paragraphs that follows a table, figure, equation etc. does not have an indent, 
either. Subsequent paragraphs, however, are indented [1]. 

Please note that the first paragraph of a section or subsection is not indented. The 
first paragraphs that follows a table, figure, equation etc. does not have an indent, 
either. Subsequent paragraphs, however, are indented [1]. 

2 Proposal for Problem Solution 

The aim of the study is to create a robotic complex with a phalanx tong to automate 
the technological process of handling operations of micropropagation of plants. To 
achieve this goal, the following tasks must be solved: 

• selection and justification of the concept of a robotic complex with a phalanx tong 
for automating the transfer operations of plant micropropagation shoots from a 
transport container to a working container with soil; 

• selection and justification of the structural parameters of the actuator of the 
phalanx gripper of the robot; 

• determination of the parameters of the gripper taking into account the stochastic 
conditions of its interaction with the microshoot surface; 

• experimental studies of the prototype of an innovative robot with a phalange 
gripper. 

3 Proposal for Problem Solution 

Selection and justification of the concept of a robotic complex with a phalanx pincer 
for automating the transfer of plant microshoots from a transport container to a 
working container with soil. 

Selection and justification of the general concept of a robot complex of a manip-
ulation device with a phalanx gripper for automating the transfer operations of 
microsprouts from a transport container to a working container with soil in the 
microclonal propagation of plants. 

The technological process of plant microcloning consists of the steps shown in 
Table 1. In vitro introduction; animation of plant microsprouts; rooting of plant 
microsprouts; adaptation of plant microsprouts in soil; obtaining plant seedlings and
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miniature plants of plants. Currently, they are carried out with human manual labor, 
which makes it impossible to solve the urgent problem of greening settlements in 
many parts of the world. In this context, a solution to this problem is proposed by 
creating a robotic complex consisting of a manipulation device with a gripper for 
transporting plant microshoots from an in vitro transport container to a working 
container with soil [3]. 

Figure 1 shows the conceptual image of an innovative robotic complex of a manip-
ulation device with a phalanx gripper for transporting plant microshoots from an 
in vitro transport container to a working container with soil at the stage of their 
adaptation in the soil during microclonal propagation [1]. 

The functioning of this robotic complex is described in the articles [2–5].

Table 1 The main stages of plant microcloning 

Time Stages 

15 days Introduction to in vitro culture to obtain the main shoot from the 
auxiliary bud 

Introduction to 
in vitro culture 

40 days Animation of microshoots (10 plants in one jar). From one 
microshoot, on average, 20 additional microshoots are formed 

Microshoots 
cartoon 

50 days Rooting of microshoots (10 plants in one jar) on average, 10 
additional microshoots are formed 

Rooting 
microshoots 

30 days Adaptation of microshoots in the soil Adaptation of 
microshoots 

90 days Adaptation seeding 25–50 cm Obtaining 
seeding up to  
50 cm 

90 days Adaptation seeding 50–150 cm Seeding up to  
150 cm 

Total It takes 315 days to obtain seeding up to 150 cm 

Fig. 1 Scheme of transshipment of plant sprouts from a shipping container into a cargo container 
with soil using an innovative phalanx gripper of an industrial robot manipulator: 1—support 
post; 2—horizontal crossbar; 3—vehicle; 4—manipulator; 5—innovative phalanx tong; 6—plant 
microshoot; 7—transport container; 8—cargo container with soil 
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3.1 Selection and Justification of the Structural Parameters 
of the Actuator of the Phalangeal Gripper of the Robot 

A model of a thin-walled ring, which most accurately represents the outer “sensi-
tive” surface of a plant microsprout, was used to investigate all major methods of 
possible grasping options for elastic and fragile thin-walled manipulation objects. 
When grasping plant microsprouts, the limitations on the magnitude of the grasping 
forces imposed by the conditions for ensuring the required reserves of grasping 
safety and the insignificance of the elastic movements at the points of contact of the 
grasping jaws of the phalangeal gripper with the area of the outer surface of the plant 
microsprout must be taken into account. 

An increase in the number of working elements of the handle leads to a widening 
of the range of allowable values of gripping forces of a large diameter ring under 
the conditions of absence of deformation and tension in the contact area of the 
working element of the phalange handle with a plant microsprout. Therefore, in this 
study, cases of grasping the ring-shaped structural element of a plant microsprout 
at four, six, and eight contact points of the inner surface of the working element of 
the phalanx grasp with the outer surface of the plant microsprout are considered. 
In [1, 2], the following formulas for calculating the maximum and minimum allow-
able values of the gripping force of a thin-walled ring were justified from the condi-
tions for ensuring the reliability of the grip and the insignificance of the values of 
elastic displacements at the points of contact of the working element of the gripper 
with the ring. 

The value of the contact force of the outer inner surfaces of each phalanx 3–5 with 
the retaining teeth 8 of each gripper lever attached to them on the outer boundary 
surface of the upper part of the plant microsprout body 10 (Fig. 1) is determined by 
the formula: 

Pmax = 
σ∂ lt2 

0.3967 
, (1) 

and 

Pmin = 
G + FI 

8 f 
, (2) 

where Pmax the value of the maximum permissible gripping force of the gripper ring 
when performing minor elastic movements at the points of contact of the working 
element of the gripper with the ring; σadd—the value of the allowable normal voltage 
of an object having an annular cross section; l and t are the width and thickness of 
the ring; Pmin the value of the minimum allowable gripping force on the outer surface 
of the ring for reliable retention of the plant microshoot; G is the weight of the ring 
and FI—the magnitude of the inertial force acting on the ring (Fig. 2).
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Fig. 2 Three-phalange adaptive gripper of the robot manipulator for reloading plant microshoots 
from the transport container into the working container with soil: 1—tile-base for attaching the 
main phalanx of the gripper lever; 2—mounting arm of the manipulator; 3—main phalanx; 4— 
middle phalanx; 5—pointed phalanx; 6—hinge for fastening adjacent phalanxes to each other; 
7—tightening spring; 8—gripping sponge; 9—flexible traction element, 10—plant microshoot 

The rotation of the phalanges of the grapple levers should be done using the two 
most effective options for the placement of the retaining teeth of the phalanges of 
the grapple levers near the upper part of the plant microsprout body [6]: 

• Fig. 3a shows two gripping jaws located on the inner surface of the phalanges of 
the gripper levers, located on one side of the outer surface of the plant microshoot 
body section, one retaining tooth, located on the outer inner surface of the gripper 
phalanx, is located near the opposite side of the outer surface of the body section 
plant microshoot;

• Figure 3b shows two gripping jaws located on the outer inner surface of the 
phalanges of the gripper lever, located on None side of the outer surface of the 
plant microshoot body section and two retaining teeth located on the outer inner 
surfaces of the phalanges of the gripper lever, located near the opposite side of 
the outer surface part of the plant microshoot body.
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Fig. 3 Different options for capturing an object: a variants of the scheme of loading the gripping 
jaws of the phalanxes of the gripper lever (view along the longitudinal axis of the gripping jaw); 
b when clamping a part of the plant microshoot body from above and below with gripping sponges. 
1, 2, 3, 4—gripping jaws; 5—plant microshoot b is the length of the holding tooth; h is the width 
of the gripping jaw

3.1.1 Determination of Gripper Parameters Taking into Account 
Stochastic Conditions of Its Interaction with the Microshoot 
Surface 

The magnitude of the force P, i.e. Pk, with which the gripper interacts with the upper 
part of the body of the captured object, is determined from the following system of 
equations:

{
Pk+1 = Pk + uk + γk 
zk = Pk + δk 

, (3) 

where Pk—the magnitude of the force P, determined taking into account the random 
error of its deviation in the “ideal model”; xk + 1—the magnitude of the force P, 
determined taking into account the random error of its deviation in the “ideal model” 
in a different time interval; uk—the magnitude of the force P, which controls the 
evolution of the state matrix of its change, with which the gripper interacts with the 
surface of the upper part of the body of the manipulated object, which is determined 
analytically by formula (1) or (2); zk—the magnitude of the force P, determined 
experimentally, taking into account the systematic error caused by the accuracy of 
the measuring instruments; γk and δk—accordingly, the errors of the mathematical 
model of the analytical calculation and experimental determination of the magnitude 
of the force P, measured by technical means of measurement, and the analytical 
values of the force P are determined by (1) or (2). 

In this case, random errors caused by the deviation of the designed three-phalanx 
adaptive gripper of the manipulator from its “ideal” model are determined by statis-
tical moments Mγi whose values and their distribution laws do not depend on time 
(iteration numbers i); mean error values are zero: Mγi = Mδi = 0. The law of distri-
bution of random variables of the force of grasping an object with a gripper may not 
be known, but their dispersions are known σ 2 γ and σ 2 δ . It is assumed that all random
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errors in determining the magnitude of the gripping force of an object with a gripper 
are independent. 

It is assumed that at the i-th step the filtered value from the sensor is found Popt 
i , 

which approximates the true coordinate of the system Pi. The unknown value Pi+1 is 
determined by the formula: 

Pi+1 = Pi + ui + γi , (4) 

where ui is the value that controls the evolution of the state matrix of the change in 
force P. 

Therefore, having not yet determined the value of the grasping force of the gripper 
object from the sensor, it is assumed that at step i + 1 the system evolves according 
to this law and the sensor will show the grasping force of the object by the gripper 
close to the value Popt 

i + ui . Simultaneously with this circumstance, at step i + 1, 
there is an inaccurate reading from the sensor zi+1. The idea is that in order to get the 
best approximation to the true coordinate xi+1 the so-called “golden” mean between 
the indication zi+1 source from the sensor and Popt 

i + ui being his prediction. The 
sensor reading is given a Kalman weight K, and the predicted value (1 − K) is given 
a value Popt 

i+1 is determined by the formula: 

Popt 
i+1 = K · zi+1 + (1 − K ) · (Popt 

i + ui ), (5) 

where K is the value of the Kalman weight coefficient, which is chosen such that 
the resulting optimal value of the coordinate Popt 

i+1 P
opt 
i+1 would be closest to the value 

of the true coordinate Pi+1. For example, if it is known that the readings from the 
sensor are very accurate, then the degree of confidence in it will be greater and the 
value will have a greater weight (K is close to one). If the sensor is estimated with 
significant errors, then it is necessary to focus more on the theoretically predicted 
value Popt 

i + ui . In general, to find the exact value of the Kalman coefficient, it is 
necessary to minimize the magnitude of random and systematic errors γk and δi. 

To determine the exact value of the Kalman coefficient, it is necessary to minimize 
the value ei+1, which is the mathematical expectation of the square of the error: 

ei+1 = Pi+1 − Popt 
i+1, (6) 

After substituting formula (4) into Eq. (5), it turns out: 

ei+1 = (1 − K ) · (ei + γi ) − K · δi+1 (7) 

The average value of the mathematical expectation from the squared error is 
minimized: 

M(e2 i+1) → min . (8)



An Innovative Technology for Overloading Microshoots in the in Vitro 9

The mathematical expectation of the value of the square of the error in determining 
the force P of interaction of the adaptive three-point gripper of the industrial robot 
with the object to be manipulated during transfer from the transport container to the 
work container is determined by the formula: 

M(e2 i+1) = (1 − K )2 (Me2 i + σ 2 γ ) + K 2 σ 2 δ . (9) 

According to formula (9), the minimum value of the mathematical expectation of 
the squared error is determined under the condition: 

Ki+1 =
Me2 i + σ 2 γ 

Me2 i + σ 2 γ + σ 2 δ 
. (10) 

To determine the value of the Kalman weight coefficient, it is necessary to calcu-
late the values of the statistical moments of the random errors of the mathematical 
model and the systematic errors in the measurement of the gripping force P of the 
adaptive three-point gripper of the robot when interacting with the upper part of 
the manipulated object. Thus, the algorithm for solving the developed mathematical 
model, for estimating the stochastic system of the dynamic process of interaction of 
the adaptive three-halanx gripper of the manipulator with the object to be manip-
ulated is implemented using an iterative formula for calculating the value of the 
Kalman weight coefficient. 

During an experimental study of the operation of pressing each phalanx of the 
gripper, with the gripping jaws of each gripper lever attached to each of them, to the 
surface of the upper section of the object of manipulation, an experimental relation-
ship was obtained between the value of the force P and the length of each phalanx. 
The found Kalman coefficient made it possible to reduce the errors in the indication 
of the grip force sensor. The maximum and minimum errors of the sensor in esti-
mating the value P of the gripping force of the phalangeal tong were respectively 
εmax = 5·10–2 and εmin = 0,09·10–2 [1]. 

3.1.2 Experimental Studies of the Prototype of an Innovative Robot 
with a Phalangeal Gripper 

The prototype three-finger gripper was tested in several different gripping events, 
e.g., with the tennis ball and the ripe tomato. Figures 4, 5, 6, 7, 8 and 9 show the 
results of experimental studies of tested grippers on the amount of gripping force 
and energy consumed, measured by FSR sensors, e.g., for a tennis ball, immature 
tomatoes, and ripe tomatoes. These graphs show the time history of the gripping 
force measured by each sensor and the energy consumed, which is obtained by 
multiplying the measured current by the supply voltage of 6 V. The time was taken 
from the internal clock of the Arduino Nano and measured in milliseconds.
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Fig. 4 Grip force test results measured by FSR sensors for a tennis ball [2] 

Fig. 5 Results of testing the power consumption [W] for a tennis ball [2] 

Fig. 6 Results of a test of change in grip force measured by FSR sensors for an immature tomato 
[2]
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Fig. 7 Test results of the power consumption [W] for an unripe tomato [2] 

Fig. 8 Results of the grip force test, measured by FSR sensors for a ripe tomato [2] 

Fig. 9 Test results of the power consumption [W] for a ripe tomato [2]
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Figures 4, 5, 6, 7, 8 and 9 show the results of experimental studies of tested 
grippers on the amount of gripping force and energy consumed, measured by FSR 
sensors, e.g., for a tennis ball, immature tomatoes, and ripe tomatoes. These graphs 
show the time history of the gripping force measured by each sensor and the energy 
consumed, which is obtained by multiplying the measured current by the supply 
voltage of 6 V. The time was taken from the internal clock of the Arduino Nano and 
measured in milliseconds [2]. 

Figures 4 and 6 show the change in grip force during the test, for example, for 
a tennis ball and an unripe tomato. The shape of the function again approximates a 
square wave, with the average gripping force for a tennis ball and an unripe tomato 
being 3.25 N and 1.42 N, respectively. The evolution of energy consumption is shown 
in Figures 4, 5, 6, 7, 8 and 9. For a tennis ball and an immature tomato, the maximum 
energy consumption is 12.8 and 9.8 watts, respectively, at the peak of release. Thus, 
the value of the force is approximately constant during the grip and averages 3.12 N 
(Fig. 5). The power consumption is characterized by three peaks, as shown in Fig. 6: 
the first peak during the gripping process, the second peak at the end of the gripping 
process when the stop switch is triggered, and the last peak when the gripper releases 
the object. The value of the maximum power consumption is 12.1 W [7]. 

4 Conclusions 

1. In this article, an innovative robotic complex with a pincer for automating the 
transloading process of plant microsprouts of the technological process of their 
microcloning was created. Different variants of structural-kinematic schemes of 
the robot gripper and its structural elements for overloading a plant microsprout 
were selected and justified. Mathematical methods for selection and justifica-
tion of geometrical, structural-kinematic and dynamic parameters of structural 
elements of phalanx grapple are presented. 

2. The formulas for calculating the maximum and minimum permissible values 
of the gripping force of a thin-walled ring are derived from the conditions for 
ensuring the reliability of the grip and the insignificance of the values of elastic 
displacements at the contact points of the working element of the gripper with 
the ring. On the basis of these requirements, the geometrical parameters and the 
strength parameters of the structural elements of the pincers of the gripper—the 
gripping jaws—and their positioning on the upper part of the microsprout body 
of the plant were determined. The rotation of the pincers of the grapple levers 
should be carried out using the two most effective options for the location of the 
pincers of the grapple levers near the upper part of the plant microsprout body. 
According to the variants of the loading scheme of the gripping sponges of the 
pincers of the gripping levers when they pinch a part of the plant microsprout 
body.
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3. A mathematical method was developed to increase the reliability of the evaluation 
of the main parameters of the structural elements of the gripper of a robot for 
automating the overloading of a plant microsprout. Analytical and experimental 
studies were conducted to determine the relationship between the gripping forces 
of the phalanx pincers and their geometric parameters. During the experimental 
studies, errors were found between the values of the gripping force measured by 
three sensors in each test. These errors are due to the need to improve the accuracy 
of the estimation of the gripping force parameters of the gripped object by the 
robotic gripper. The obtained experimental data were refined by determining the 
Kalman coefficient, which ensured an increase in the accuracy of the estimate of 
the gripping force parameter of the robot gripper. 

4. A prototype of a three-manipulated robotic gripper was developed to automate 
the handling of various objects, such as a tennis ball or a ripe tomato. It was 
tested under laboratory and production conditions at the International Scientific 
Center in Cassino (Italy). The obtained empirical results were refined based on the 
developed method for selecting and reasoning about the geometrical, structural-
kinematic and dynamic parameters of the adaptive gripper, taking into account 
the stochastic conditions of its operation. Software was developed to simulate 
the operation of a remotely controlled prototype of a mobile robot with adaptive 
gripper for overloading a plant microshell. 

Based on the research conducted, an innovative robotic complex with a phalanx 
gripper was created to automate the technological process of transloading plant 
microsprouts during their microclonal reproduction. These stages of the techno-
logical process are currently carried out manually or using complex robotic gripping 
systems in a number of countries around the world, including the Republic of Kaza-
khstan, resulting in higher product costs. The concept of creating a perspective image 
of a controlled mobile robot with a gripper for automating reloading operations. The 
concept of creating a perspective image of a controlled mobile robot with a gripper 
for automation of reloading operations and a method of improving the accuracy of 
estimation of geometric, structural-kinematic and dynamic parameters of an adaptive 
gripper taking into account the stochastic environment of its operation are new, of 
scientific and practical interest and can be directly applied in engineering not only 
in the Republic of Kazakhstan, but also in other countries of the world. 
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Investigation into Mechanical Behaviour 
of Tin Tailing Considering Incremental 
Loading Oedometer 

Ismail Adeniyi Okewale and Hendrik Grobler 

Abstract Due to tremendous engineering applications of tin worldwide, tin ores are 
mined and processed, and these processes generate a left-over materials called tin 
tailings. Tailing dam failures have led to studies on some tailings because of their 
adverse environmental, social and economic implications. However, there is hardly 
any study investigating the mechanical behaviour of tin tailings and the knowledge 
about these materials is few and very scanty. Here, the mechanical behaviour of 
tin tailing was investigated through one-dimensional compression. In addition to 
carrying out of series of oedometer tests, index and physical, microstructural, chem-
ical and mineralogical analyses were also conducted. Tin tailings are poorly graded 
in nature. The microstructure is characterised by agglomeration of particles to form 
continuous clusters with few inter and intra-cluster pores. The fabric is heteroge-
neous. Cassiterite, ilmenite and quartz dominate the mineralogy. The compression 
paths are parallel and the normal compression lines are not unique. The mode of 
behaviour in tin tailing is transitional in nature and the behaviour is therefore initial 
state dependent. 

Keywords Tailing · Tin · Fabric · Non-convergent · Regularity 

1 Introduction 

Tin ores are mined in order to obtain pure tin for various industrial and engineering 
applications. In order to obtain the end products, tin ore minerals are mined and 
processed, and these processes produced the inevitable unwanted materials called 
tailings. Due to these processes, the materials vary widely in their mineralogy and 
grading. Tailings are stored in tailing dams or dumps and due to previous failures in 
tailing dams, the importance of investigations into their mechanical behaviour have 
received more attention [1–5]. Furthermore, the stability of tailing dams and their

I. A. Okewale (B) · H. Grobler 
Department of Mining Engineering, University of Johannesburg, Johannesburg, South Africa 
e-mail: iaokewale@futa.edu.ng 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
H.-Y. Jeon (ed.), Proceedings of the International Conference on Geosynthetics and 
Environmental Engineering, Lecture Notes in Civil Engineering 374, 
https://doi.org/10.1007/978-981-99-4229-9_2 

15

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4229-9_2&domain=pdf
http://orcid.org/0000-0003-1115-7479
mailto:iaokewale@futa.edu.ng
https://doi.org/10.1007/978-981-99-4229-9_2


16 I. A. Okewale and H. Grobler

susceptibility to failure have been investigated [6–10]. This is because the run out 
of tailings from dam is fast and mortally fatal. In fact, more than 240 incidents of 
catastrophic tailing dam’s failure were reported between 1912 and 2014 [5]. The most 
recent incident is diamond tailing dam failure in South Africa in 2022. Therefore, it 
is very crucial to obtain more intuition into the mechanical characteristics of tailings. 

Although, some tailings (e.g., iron, gold) mechanical characteristics has been 
studied, the knowledge about this material is still limited. For example, there is hardly 
any study investigating the characteristics of tin tailings. Mechanical behaviour of 
tin tailings is presented in this study. Series of oedometer tests were conducted in 
conjunction with physical and index tests, microstructural and chemical analyses 
and mineralogical analysis. The work is new for tin tailing and it is also novel the 
manner in which the features of tin tailings are compared with other tailings. It is 
also interesting the way in which the evolution of shape descriptors with effective 
vertical stress is investigated. 

2 Materials and Methods 

Disturbed tin tailings were the materials used. The samples were collected from 
Kuza tailings dump in Bauchi State, North East Nigeria. The coordinate of sample 
location is 10° 58, 11.8,,N and 9° 53, 55.8,,E. However, natural grading was used for 
the samples tested. Grading of the specimens was determined using a combination 
of wet sieving and sedimentation technique [1]. A Phenom ProX scanning electron 
microscope (SEM) equipped with an energy dispersive spectrometer (EDS) was used 
for the microstructure and geochemical analyses. For the EDS analysis, air-dried and 
pulverized specimens were placed in specimen holder for testing [11]. 

A Shimadzu XDS 2400H diffractometer that was equipped with JCPDFWIN soft-
ware was used for the mineralogy test [1]. The minerals were recognized within 5° ≤ 
2θ ≤ 90° with Cu-Kα radiation and the machine operated at 40 kV and 55 mA. The 
powdered form specimens were scanned at an interval of 0.02°/0.30 s. Sphericity (S), 
roundness (R) and regularity (ρ, arithmetic mean of S and R) were the shape descrip-
tors used. They were estimated from the specimen’s image from the petrographic 
microscope. The values for different particle shapes were determined using empirical 
chart proposed by Krumbein and Sloss [12]. However, fifty particles were selected 
randomly and observed under an optical microscope to determine the repeatability 
of the particle shape for different samples. 

The compression behaviour of the specimens was investigated using a conven-
tional front loading oedometer. The closed base confining ring of height 20 mm was 
utilized. Incremental loading was adopted and the maximum load was 65 kg. Dry 
compaction (DC), wet compaction (WC) and slurry (SL) were the sample prepara-
tion methods used. The specimens were mixed and then vibrated for about 1 h for 
air bubbles to escape. Specimens were then placed in the oedometer ring and height 
carefully taken under a small surcharge load. To allow for saturation, the specimens 
were flooded for about 12–24 h.
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Different measurements were taken to determine the specific volume (v = e + 1, e 
is void ratio). To improve the confidence, several methods were used [13–15]. Initial 
height, diameter, water content and specimen mass were used to estimate initial v. 
Final height, diameter and water content were utilized for confirmation by back-
calculating the initial v using the vertical strains obtained. Similar to other studies, 
different equations were used [16–18]. 

3 Results and Discussions 

Figure 1 shows the grading of the specimen. The specimen is poorly graded in 
nature and it is characterised by horizontal tail in the earlier section followed by 
almost vertical which constitutes the substantial part. This feature is comparable to 
what was found by similar studies [1, 5, 19]. The grading characteristics in terms of 
coefficients of uniformity (Cu) and curvature (Cc), mean particle size (D50), grain 
size index (IGS), fines content (Fc) and clay fraction (CF) are given in Table 1. The  
D50 is 0.23 and this is similar to other tailings [1, 5, 8]. However, the value is higher 
than some tailings [3, 8] and this indicates that tin tailing is coarser. The Cu and Cc 
are 1500 and 540 respectively and these seem to show that the specimen is well-
graded but this results from long tail and vertical section in the grading curve. The 
IGS value of 0.002 is similar to other studies [3, 8]. 

The CF of 14.80 is very low which shows the tailing is non-clayey material similar 
to other materials [1, 3, 5, 20, 21]. The Fc is 22 and in comparison to other tailings, 
the value is very small and this further confirms the coarser nature of the sample.
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Fig. 1 Grading of the sample
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Table 1 Characteristics of different samples 

Sample D50 (mm) Cu Cc IGS CF 
(%) 

Fc (%) LL 
(%) 

References 

Tin 0.23 1500 540 0.002 14.8 22 – This paper 

Iron top1 0.22 27 2.1 0.008 10 28 – Okewale and 
Grobler [1] 
and Okewale 
et al. [2] 

Iron base1 0.9 112 68 0.008 8 18 – Okewale and 
Grobler [1] 
and Okewale 
et al. [2] 

Iron top 2 0.31 84 19 0.003 10 18 21.7 Okewale et al. 
[2] 

Iron 
middle 2 

0.26 70 6.7 0.003 10 14 19.8 Okewale et al. 
[2] 

Iron base 
2 

0.25 55 9. 9 0.004 10 18 20.3 Okewale et al. 
[2] 

Iron (UB) 0.22 10.4 2.6 0.021 1 16 – Li et al. [5], Li 
and Coop 
(2019) 

Iron (MB) 0.035 10 1.1 0.003 2 62 – Li et al. [5], Li 
and Coop 
(2019) 

Iron (PO) 0.023 6.7 2.2 0.003 2 92 – Li et al. [5], Li 
and Coop 
(2019) 

Gold 0.065 7.0 2.3 0.009 4 68 – Bedin et al. [4] 

Gold 0.011 7.3 1.4 0.001 10 94 – Li et al. [5] 

Gold (UB) 0.096 24.1 2.2 0.003 7 33 – Chang et al. 
(2011) 

Gold 
(MB) 

0.053 10.5 0.8 0.005 3 53 – Chang et al. 
(2011) 

Gold (PO) 0.006 2.6 1.6 0.002 8 98 – Chang et al. 
(2011) 

Copper 0.031 5.1 1.5 0.006 2 92 – Li et al. [5] 

Fluorite 
sand 

0.180 2.5 1.1 0.072 – – – Carrera et al. 
[8] 

Fluorite 
silt 

0.026 9.7 2.6 0.002 8 92 – Carrera et al. 
[8] 

Cu coefficient of uniformity, Cc coefficient of curvature, D50 mean particle size, IGS grain size 
index, FC fines content, CF clay fraction, LL liquid limit, UB upper beach, MB middle beach and 
PO pond
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Figure 2 shows the microstructure of the sample with the field of view of image of 
200 μm. Fabric is dominated by agglomeration of particles to form clusters. The 
particles are fairly angular with intra-particle and inter-particle pores. The fabric is 
isotropic and heterogeneous. Table 2 shows the details of the chemical composition 
of the specimen. This is dominated by silica followed by heamatite and alumina. 
Also available is titania and other oxides. Table 3 presents the mineralogy of the 
sample and the spectrum is presented in Fig. 3. This comprises quartz, cassiterite, 
ilmenite, pyrite, mullite and xenotime. 

Figure 4 presents the oedometer test data for the specimens. One-dimensional 
compression behaviour of dry compacted (DC) specimens is presented in Fig. 4a. 
The compression curves of the DC specimens are stiff and they are diverging from 
a unique line, similar to other studies [1]. The paths of the wet compacted (WC) 
specimens (Fig. 4b) are variable but unlike DC specimens, the curves are slightly 
steeper but, the paths are diverging. Figure 4c shows the compression paths of the

Fig. 2 Microstructure of the 
sample 

Table 2 Chemical compositions 

Oxide 
symbol 

SiO2 Fe2O3 Al2O3 TiO2 K2O SO2 Ag2O Nb2O5 CaO MgO Na2O 

Weight 
(%) 

54.2 14.5 7.2 6.5 2.8 3.7 1.2 1.2 0.7 0.3 0.2 

Table 3 Details of mineralogy 

Minerals Quartz Cassiterite Ilmenite Pyrite Mullite Xenotime 

Amount (%) 9.16 58.52 19.12 16.41 4.06 6.48
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Fig. 3 Spectrum of the sampler showing the mineralogy

slurry (SL) specimens and it can be seen that the curves are less steep than the WC 
specimens. Again, the compression curves are diverging from a unique line. This 
indicates that the samples with different initial specific volumes are not converging 
to a unique line. This feature has been termed transitional mode of behaviour and it 
is present in tin tailing, similar to other tailings [5].

Figure 5 presents the overall degree of convergence. This was estimated using the 
parameter m proposed by Ponzoni et al. [22]. The m value of 0.79 shows that the 
degree of transitionalty in the specimen is very strong.

Figure 6 presents the evolution of particle shape of specimens from natural to the 
compressed. For the original specimen (Fig. 6a), the values of sphericity, roundness 
and regularity are 0.66, 0.64 and 0.65 respectively. This shows that the specimen 
is fairly angular which also confirms what was seen in the fabric. Furthermore, the 
shape of the specimen after compression to 8237 kPa is presented in Fig. 6b. Again, 
the values of sphericity, roundness and regularity are 0.66, 0.58 and 0.62 respectively. 
The particle shape is again fairly angular and very close in value and similar to original 
specimen. This also shows that the particle breakage in the specimen is insignificant.
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Fig. 4 Figure 4 Oedometer 
test results of the samples; 
a Dry Compaction, b Wet 
compaction and c Slurry
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Fig. 5 Overall degree of convergence

Fig. 6 Evolution of particle shape; a original shape and b shape after compression 

4 Conclusions 

Mechanical behaviour of tin tailing has been studied by conducting oedometer 
tests, physical and index tests, chemical and microstructural analyses, mineralogy 
and particle shape analyses. Specimens were prepared using wet compaction, dry 
compaction and slurry methods. The specimen is poorly graded and non-clayey in 
nature. The fabric is characterised by particle agglomeration, heterogeneity, isotropic 
and variable inter and intra particle voids. Silica, heamatite and alumina dominate the
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chemical composition and the mineralogy is dominated by cassiterite and quartz. The 
compression behaviour shows that the specimen has transitional mode of behaviour. 
At different initial states, the specimens do not converge to a unique line and this 
could be linked to heterogeneous fabric. The shape of the particles are fairly angular 
and no significant particle breakage in the specimens. 
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An Alternative Scheme to Estimate 
Displacement from Earthquake-Induced 
Acceleration for Building Structures 

Shieh-Kung Huang 

Abstract Story drift plays an important role in the safety assessment of building 
structures as well as the rapid assessment after a seismic event once structural 
displacement can be properly measured or estimated. For structural health moni-
toring (SHM), considering their cost, accelerometers are generally used to measure 
the responses instead of using displacement meters. During the past decade, different 
techniques have been developed to provide displacement estimation using integra-
tion but the conventional integration scheme relies on baseline correction methods 
to have a reasonable result and none of these techniques can properly estimate the 
residual displacement. Nevertheless, few of them can have great performance on the 
structural responses. This study proposes a combination of singular spectrum anal-
ysis (SSA) and an integration scheme to estimate the structural displacement directly 
from the recorded acceleration. Moreover, the proposed method is verified by using 
the roof responses of the RC specimen recorded during the shaking table test. SSA 
decomposes the acceleration measurement into approximation and detail parts; the 
first part are used as weighting factors, and the detail part are integrated twice to 
have the temporary displacement. Finally, the structural displacement is correctly 
estimated as well as the induced residual displacement during earthquake excitation. 

Keywords Residual deformation · Displacement estimation · Inter-story drift ·
Singular spectrum analysis · Damage assessment 

1 Introduction 

In damage assessment of building structures under earthquakes, story drift plays an 
important role once structural displacement can be measured or estimated. Accord-
ingly, three performance levels regarding drift limits for reinforced concrete (RC) 
structures and steel structures are addressed in the Prestandard and Commentary
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for the Seismic Rehabilitation of Buildings from the Federal Emergency Manage-
ment Agency (FEMA 356), including immediate occupancy, life safety, and collapse 
prevention [1]. Although story drift serves as a guideline for a safety assessment of 
building structures as well as a rapid assessment after a seismic event, direct measure-
ment of structural displacement is inaccessible in most field applications and, there-
fore, structural acceleration is suggested as an alternative. Furthermore, considering 
the cost, displacement meters are generally replaced by accelerometers to collect 
the structural responses for building seismic monitoring. As the result, estimation of 
structural displacement using acceleration measurement can be helpful for a rapid 
assessment. 

The displacement estimation through the recorded acceleration directly is a chal-
lenging topic. In the conventional integration scheme, the recorded acceleration is 
integrated twice to estimate displacement; however, a trend is always induced (in the 
integrated velocity and displacement) and baseline correction methods are required 
all the time to have a reasonable estimation. For example, in the field of seismology, 
Housner suggests a correction scheme while integrating ground displacement from 
the acceleration [2]. Then, Berg and Housner further discuss the integrated velocity 
and displacement during a strong ground motion to improve the scheme [3]. Later, 
in the field of structural engineering, a successive study pointed out that the displace-
ment error obtained through the double integration of the linear acceleration response 
can be as low as 5% of the peak value; however, the one for a nonlinear accelera-
tion response might be higher than 12% [4]. Recently, Liao et al. try to improve the 
displacement estimation by using the complementary filter [5]. In recognition of the 
importance of the structural displacement associated with assessing structural condi-
tions, some novel sensors designed for directly measuring the relative displacement 
of a building structure through the composition of a laser light source and a photo-
transistor array have been developed [6]. With advances in optics and electronics, 
several displacement measurements have been also proposed [7]. 

Despite the advances of those novel sensors, signal processing techniques 
are developed correspondingly and the conventional integration scheme is still 
promising. Although baseline correction methods, such as lowpass filter, can be 
adopted to eliminate the undesirable trends, the residual displacement (or drift as 
well) that is inherent in the uncorrected data is inevitably wiped out [4]. Other signal 
processing techniques are developed to correct the baseline drift under some assump-
tions and limitations [8–11]. Since the residual displacement after a seismic event 
describes very useful information for damage assessment of building structures, a 
different approach needs to be developed to estimate a reliable displacement without 
the lack of residue. 

In this study, the scheme combining the techniques of singular spectrum analysis 
(SSA) and the double integration is developed to estimate the structural displacement 
directly from the recorded acceleration. In the proposed method, SSA is implemented 
to decompose the recorded acceleration into approximation and detail parts and the 
structural displacement, as well as the residual displacement, can be correctly repro-
duced by fusing the information. The performance of the proposed scheme is veri-
fied by using the seismic responses of specimens recorded during the shaking table
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test. In the meanwhile, the effects of the parameters are studied to provide reliable 
displacement estimation. Finally, the study is summarized and a brief conclusion is 
drawn. 

2 Estimation of Structural Displacement 

In the conventional integration scheme, a trend always appears in the integrated 
displacement due to unknown initial conditions, errors aggravated with an increase 
of time, transducer noise, and, especially mechanical or electrical hysteresis of the 
sensors. Iwan et al. have introduced the hysteresis problem within the accelerom-
eters and the occurrence of baseline drift as a small step function [8]. Besides the 
accelerometers, the baseline drifts can also be observed from the geophones and seis-
mometers, so the displacement estimation through the recorded acceleration directly 
is a difficulty both in the field of structural engineering and earthquake engineering. 

2.1 Singular Spectrum Analysis (SSA) 

The baseline shifts in the recorded data produce trends after integration. Hence, SSA 
is implemented in this study to extract the shifts which are so small to extract using 
conventional signal processing techniques. It is a novel technique for time series 
analysis incorporating the elements of classical time series analysis, multi-variate 
statistics, multi-variate geometry, dynamic systems, and signal processing [12–14]. 

The basic procedure of SSA consists of four steps: (1) embedding Hankel matrix, 
(2) applying singular value decomposition (SVD), (3) grouping, and (4) recon-
structing signal [15]. Generally, the first two steps are considered as decomposition 
stage and the last two steps are named as reconstruction stage. 

X = USV∗ (1) 

where U is a L × L unitary matrix, S is a L × K diagonal matrix with non-negative 
real numbers on diagonal, and V* (the conjugate transpose of V) is a  K × K unitary 
matrix. The diagonal entries of S are known as singular values of matrix. L columns 
of U and K columns of V are called left singular vectors and right singular vectors 
of matrix, respectively. Furthermore, by applying SVD, it is possible to write the 
Hankel matrix, X, as a sum of L elementary matrices, Xn, which are composed of 
the left singular vectors and the principal components of the time delay series. 

Grouping is the first step in the reconstruction stage. This procedure partitions the 
above-mentioned elementary matrices into several subsets as 

X = X1 + X2 + . . .  + XD (2)
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The question about how to group the elementary matrices depends on the targets 
of SSA. For example, if one wants to extract non-periodic trends, the elementary 
matrices can be grouped into two subsets where the first subset only includes only 
the first elementary matrix. After the subsets are grouped, the k-th element of the 
time series, xn, can be reconstructed by skew-diagonal averaging of each elementary 
matrix 

xk = s.d.a.{NXk} =  

⎧ 
⎪⎨ 

⎪⎩ 

1 
k

∑k 
j=1 

NXk− j+1, j for 1 ≤ k < K 
1 
K

∑K 
j=1 

NXk− j+1, j for K ≤ k ≤ L 
1 

K +L−k

∑K 
j=k−L+1 

NXk− j+1, j for L < k ≤ N 
(3) 

where L is assumed to be larger than K. Equation (3) refers to average the matrix 
elements along the anti-diagonal direction (or positive sloping skew-diagonals). For 
K is larger than L, the expression is analogous; the only changes are the substitution 
L ↔K and the use of the transposition of the matrix, X. The reconstructed time series 
produced by the elementary grouping is called elementary reconstructed series. 

These components can be further used to identify trends, smooth data, extract 
periodic signals, detect cycles, forecast tendency, and so on and so forth. A possible 
application is the removal of the trend appeared in the integrated responses. 

2.2 Trend Removal via SSA 

To remove the trend that appears in the integrated velocity and displacement, a 
constant, c, is added to amplify the small shifts included in the recorded accelera-
tion. The constant and can be assigned by multiplying the peak amplitude with an 
amplification factor, ca, as  

c = ca max{|xn|} (4) 

Then, SSA is implemented to extract the added constant as well as the amplified 
distortion (baseline shifts). Because the combination is significant, the extraction can 
simply select the largest singular value during the third and fourth steps. 

The reconstructed acceleration using the largest singular value is called approx-
imation part, xapprox, while the one using the rest of singular values is called detail 
part, xdetail. Hence, a temporary displacement can be integrated from the detail part 
since most of the distortion is decomposed through SSA. Repeat the works iteratively 
by using the ascending size, L, each temporary displacement, which corresponds to 
each size of Hankel matrix, can be obtained. To generate the estimated displacement, 
the temporary displacements are summed up with the weighting factor, wi, which is 
the linear correlation between the uncorrected acceleration and the approximation 
part.
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Fig. 1 Flowchart of the displacement estimation using recorded acceleration 

ci = corr
{
xn, xapprox,i

}
(5) 

wi = ci
∑

ci 
(6) 

where ci is the correlation coefficient, corr{,} denotes as linear correlation operator, 
and i is the number of the size It is important to note that by using a smaller L in 
the Hankel matrix, the approximation part, xapprox, reconstructed contains not only 
the distortion (the combination of the small shifts and the added constant) but also 
the waveform of the dominant frequency in the recorded acceleration; therefore, the 
correlation between xn and xapprox,i is stronger. On the contrary, when using a larger 
L to reconstruct the approximation part, only the added constant is extracted. Finally, 
the estimation of the displacement can be calculated as 

dn =
∑

wi ddetail,i (7) 

where ddetail,i is the temporary displacement integrated from the detail part. 
Figure 1 shows the flowchart on estimating the displacement using the recorded 

acceleration. Obviously, some key parameters are needed to produce a realistic esti-
mation. For example, the amplification factor, ca, the sizes of the Hankel matrix, i, 
the necessary number of the detail parts, and so on. Fortunately, the effects of those 
parameters are examined and studied in the previous study [16]. 

3 Verification Using Recorded Acceleration 

In an ideal world, integrating acceleration could be simple and easy to deal with; 
however, it is a complex one in the real measured data. Many researchers proposed 
different schemes to correct the baseline drifts, trying to avoid serious trends for 
the integrals of velocity and displacement [11, 17–20]. Nevertheless, few of them 
can have great performance on the structural responses. And, the baseline correction
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applied to the estimated displacement, generally, may remove some critical informa-
tion, which then leads to missing some of the displacement components, particularly 
the low-frequency components (or residual displacement) of the structural response. 
In this study, the SSA scheme is proposed to estimate the displacement via integra-
tion. To verify the proposed schemes, a shaking table test is conducted to simulate 
seismic events. 

3.1 Experimental Setup 

A series of shaking table tests were conducted at National Center for Research on 
Earthquake Engineering (NCREE) to verify the estimation of structural displacement 
using acceleration measurement during earthquake excitation. Four identical speci-
mens are tested on the shaking table, as shown in Fig. 2, and they are subjected to the 
same earthquake excitations with different intensities to produce different damage 
as well as residual displacement. 

The input of the shaking table is scaled from 1999 Taiwan Chi-Chi earthquake at 
station TCU082 and the target excitation levels are selected as 600 gal, 840 gal, 1100 
gal, and 1300 gal (named RCF6, RCF2, RCF4, and RCF3, respectively). Those inten-
sities can provide different structural behaviors from no damage to severe damage 
according to the numerical simulation before the formal tests. As the result, the 
specimens can generate different displacements; consequently, the severely damaged 
one could leave a larger residual displacement and the final displacement of the no 
damaged one could return initial position. Furthermore, several accelerometers and 
linear variable differential transformers (LVDTs) are installed to measure the acceler-
ation and displacement responses on the structural roof and the shaking table. Those 
structural responses are digitalized and collected by the default DAQ system of the 
shaking table system with a sampling rate of 200 Hz.

Fig. 2 Sketch of the test specimen for the shaking table test 
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Fig. 3 Integrated velocity and displacement from recorded acceleration 

3.2 Preliminary Analysis 

Since the inter-story drift is a relative response, the relative acceleration in between 
the structural needs to be calculated first instead of using absolute accelera-
tion directly measured from the accelerometers. Even so, the structural velocity 
and displacement cannot be integrated from the relative acceleration directly. For 
example, Fig. 3 shows the integrated results from the relative acceleration between 
the structural roof and the shaking table during the test of RCF2. Obviously, Fig. 3a 
contains two straight lines intersected around 40 s and produces a second-order 
polynomial line in Fig. 3b. This observation indicates some baseline shifts within 
the recorded acceleration. 

The baseline shifts are non-periodic signals and the assumption suggested by Iwan 
and Boore works well [8–10], especially for the acceleration measured from the test 
of RCF2. Figure 4 shows the extracted shifts and displacement estimation using Iwan 
and Boore’s scheme. The threshold used in this figure is the one proposed by Iwan 
et al. and the optimized interval is the best fit for the filtered acceleration. Indeed, the 
threshold removes some baseline shifts, resulting that the corrected velocity is around 
zero near the end of the recorded acceleration. However, as shown in Fig. 4d, the 
optimized interval provides even better performance and the well-corrected velocity 
seems to remove all the shifts successfully. But none of them produce a realistic 
estimation of displacement. This scheme fails because the baseline shifts brought by 
hysteresis aren’t simple step functions, as shown in Fig. 4c, e.

3.3 Proposed Method 

The estimation of the shaking table test is generated following the flowchart shown in 
Fig. 1. To evaluate the estimation, the absolute errors of the overall displacement, the 
peak displacement, and the residual displacement are provided, as shown in Fig. 5,
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(a) comparison between filtered acceleration and extracted shifts 

(b) integrated velocity with threshold (c) integrated displacement with threshold 

(d) integrated velocity with optimized interval (e) integrated displacement with optimized 
interval 

Fig. 4 Extracted shifts and displacement estimation using Iwan and Boore’s scheme

and the performance of the proposed procedure is excellent. First, the absolute errors 
of the overall displacement are calculated by using the root mean square (RMS) 
value and the removal of the baseline shifts using SSA performs quite well. The errors 
ranged only from 1.6 to 4.0 mm. Then, if the inter-story drift is considered for building 
seismic monitoring, the absolute errors of the peak displacement demonstrate that 
this procedure can provide a good index. The peak displacement of the four tests is 
27.00 mm, 48.59 mm, 65.62 mm, and 89.06 mm, respectively; however, the absolute 
errors only range from 6.2% to 12.6%. On the other hand, the absolute errors of 
the residual displacement exhibit that the estimated displacement can include the 
permanent deformation for the damage assessment of building structures. In the four 
tests, the residual displacement is 0.84 mm, 8.45 mm, 18.03 mm, and 41.69 mm,
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(a) Absolute Errors of Overall 
Displacement 

(b) Absolute Error of Peak 
Displacement 

(c) Absolute Error of Resid-
ual Displacement 

Fig. 5 Errors of displacement under different earthquake excitations 

respectively. The absolute errors are 22.5, 17.5, and 2.5% for RCF2, RCF4, and 
RCF3. In RCF2, the absolute error of the residual displacement is slightly larger 
because the residual displacement is relatively small. 

To compare the estimated and measured displacement under different earthquake. 
To compare the estimated and measured displacement under different earthquake 

excitations, the similarity is also studied using correlation coefficient and Euclidean 
distance. The minimum correlation coefficient which is up to 93% displays that the 
estimation is consistent well with the measurement, especially the response phase. 
The maximum Euclidean distance is down to 0.6 and most of them are under 0.3, 
meaning that the response amplitude fused by SSA scheme is accurate even the 
structural displacement contains residue. Figure 6 shows the estimated displacement 
of the four tests. It’s clear that the residual displacement increases as the intensities, 
meaning that different damages are generated to the specimens. From the shaking 
table test of the four RC specimens, it is verified that a good estimation of the inter-
story drift can be obtained using the proposed method. The relative displacement, 
as well as the residual displacement, can be correctly reproduced by fusing the 
approximation and detail parts. 

Fig. 6 Estimated displacement for the shaking table test
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4 Conclusions 

Estimating displacement by using recorded acceleration directly is useful to investi-
gate the inter-story drift or roof drift of a building during earthquakes, allowing 
for a rapid assessment of building structures. In this regard, the undesired baseline 
shifts within the recorded acceleration are the major difficulty if the conventional 
integra-tion scheme is applied. In this study, SSA scheme for the estimation using 
the record-ed acceleration was proposed and verified using the shaking table test. 
The results prove the proposed method for estimating the relative displacement and 
residual displacement during earthquakes. For comparison, Iwan and Boore’s scheme 
was also applied to estimate displacement; however, it fails because the baseline shifts 
brought by hysteresis aren’t simple step functions. For field application, the type of 
multi-story structures and the combination of complex noises are still challenging, 
so seismic response data, especially the responses of inter-story drift or roof drift, is 
needed to further verify this proposed scheme. 
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The Determination of Plumb Line 
Deviation Using Satellite/Levelling 
Technique 

Murat Gazizovich Mustafin and Hiba Moussa 

Abstract The article deals with adopting the GNSS/levelling technique to calculate 
the plumb line deviation. The topic focuses on the possibility of determining normal 
heights using satellite measurements. Even though there are many local algorithm 
models of plumb line deviation, finding the model parameters is not an easy task, 
especially for large coverage areas, and the calculation accuracy is hard to be attained 
as well. The distance between any two baselines, the azimuth and geodetic height 
differences can be easily obtained using GNSS relative positioning technology; while 
the normal height difference can be obtained using precise trigonometric leveling 
method. Therefore, it is an ideal way to use GNSS/levelling technique to determine 
the deviation along the plumb line in small study areas. This technique is mostly 
suitable for countries where a local geodetic network doesn’t exist, which in turns 
prevents finding a full-fledged solution of many practical engineering problems. 
An example of testing the described methodology in Lebanon is presented, where 
the results show the superiority of GNSS/levelling technique as it is applicable to 
calculate accurately the influence value of error affected by the plumb line deviation. 

Keywords Satellite leveling · Plumb line deviation · Geodetic networks 

1 Introduction 

Currently, global navigation satellite systems (GNSS) play a vital role in the wide 
field of human life security. In principle, GNSS is introduced in almost every area of 
human activity systems such as mining, energy or construction, etc. However, its vast 
applications could be restricted by certain constraints where in urban canyons the 
traditional positioning techniques could become a necessity to enhance the quality 
of GNSS that was affected or blocked by multipath effect. Moreover, there are some 
applications where GNSS observations have to be integrated with traditional geodetic
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measurements, such as underground engineering surveying. In order to integrate the 
GNSS observations with traditional measurement techniques, it is necessary to obtain 
the value of plumb line deviation. 

However, in regions where gravitational information are unknown, it makes it 
more challenging to obtain the plumb line deviation using gravitational method. 
Lebanon, one of these regions, lacks such gravitational information which in turn 
forms many obstacles in the way of estimating the vertical deflection along the plumb 
line, thus the whole reliance will be on the use of geometric methods. [1–3]. 

The deflection of the vertical is an angle that describes the deviation of the true 
vertical, as defined by the direction of Earth’s gravity vector, with respect to some 
reference direction. The reference direction may be defined purely geometrically or 
physically. The classic geometric definition of the reference direction identifies it 
as the perpendicular to an ellipsoid (a geodetic datum) that approximates the geoid, 
either locally or globally. The deflection of the vertical has two components: north– 
south component or meridional component (ξ) and east–west component or prime 
vertical component (η) [4–6]. The meridional component (ξ) component is positive 
when the astronomical zenith is north of the geodetic zenith, and the prime vertical 
component (η) is positive when the astronomical zenith is east of its geodetic zenith. 
The vertical deflection is classified as absolute when it refers to a geocentric ellipsoid 
and relative when it refers to a local ellipsoid (Figs. 1 and 2). 

Fig. 1 Physical height systems and Deflection of the Vertical along the Plumb Line. https://www. 
icsm.gov.au/sites/default/files/2021-04/AVWS%20Technical%20Implementation%20Plan_V1.5. 
pdf

https://www.icsm.gov.au/sites/default/files/2021-04/AVWS%20Technical%20Implementation%20Plan_V1.5.pdf
https://www.icsm.gov.au/sites/default/files/2021-04/AVWS%20Technical%20Implementation%20Plan_V1.5.pdf
https://www.icsm.gov.au/sites/default/files/2021-04/AVWS%20Technical%20Implementation%20Plan_V1.5.pdf


The Determination of Plumb Line Deviation Using Satellite/Levelling … 39

Fig. 2 Control Point, check point, and stations distribution. [contributed by authors] 

Historically, determination of deflection of the vertical was an astronomic or gravi-
metric geodesy application. This has not been a problem for the typical land surveyor 
until the recent introduction of the Global Navigation Satellite Systems (GNSS). 
Now, surveyors must integrate the geodetic coordinate system used by GNSS with 
the astronomic coordinate system from traditional terrestrial observations. 

Astrogeodetic method is the foremost method for determining the components of 
the Deflection of Vertical, it is based on the comparison between astronomical coor-
dinates and geodetic coordinates at a point. However, gravimetric method is based 
on the using of worldwide gravity measurements to compute the deflection of the 
vertical. The surface gravity measurements are reduced into free-air gravity anoma-
lies to take into account the elevation at which a measurement is made. The first paper 
that discussed the expansion of GNSS applications towards estimating the deflection 
of vertical was published by Tomas Soler who experimented the determination of 
deflection of the vertical using geodetic coordinates and orthometric heights in the 
year 1989. He has supported his study by comparing the Geometric method with 
Astrogeodetic method [7–10]. 

2 Research Methodology 

The study area included a control point with auxiliary stations located in Beqaa 
Valley, Lebanon, where the covered area was 36,700 m2. 

The variations of the gravitational field on the specified area will be priori small. 
At the same time, the methodological aspect is important, which can be extended 
to large areas. In addition, for certain tasks, for example, irrigation or high-rise 
construction, it is very important to refine the picture of the distribution of normal 
heights. As seen (Fig. 3), the points are well distributed over the four quadrants.

The GNSS observations were performed using four receivers and carried out in 
static mode with two receivers fixed at the control and the central stations. The main
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Fig. 3 The three measured leveling routes. [contributed by authors]

purpose of GNSS Observations is to obtain Azimuth, position, ellipsoidal height and 
distance for the central and the auxiliary stations with their variances. 

In contrast, a leveling network was created to determine the orthometric height 
differences for the allocated stations. Double-run leveling was initiated along the 
leveling routes. The irregular mass distribution inside the earth leads to uneven grav-
itational pull, because of these variations in gravitational force, the geoid undulation 
is always changing, moving up and down in response to gravity. So, in order to indi-
cate whether there is a noticeable change in geoid undulation or not and determine 
if gravitational measurements are required, measurements between each two points 
were accomplished along three different routes then the elevation differences were 
compared [11–13]. The systematic errors, that can’t be sufficiently controlled by 
instrumentation or observational techniques, were minimized by applying appro-
priate corrections to the observed data in order to achieve the highest possible 
accuracy. 

The Raw data obtained from GNSS static observations have been transferred 
from the receivers to the computer. After that the data was processed and adjusted 
to obtain the geodetic coordinates, geodetic azimuth, ellipsoidal height, ellipsoidal 
distance and variances of the stations [14–19]. The fully constrained adjustment 
was performed using the control points. Fixing the control points led to shifting 
the observations to the correct location within the chosen datum. Subsequently, the 
adjusted coordinates for all other points in the network can be determined with respect 
to the project datum (Tables 1, 2 and 3).

The leveling misclosures of the double run level routes were compared with the 
Standards and Specifications for Geodetic Control Networks, FGCC, 1984 to identify 
the leveling order of each section and the results are shown in the charts below (Fig. 4).

An adjustment was done to the leveling sections to minimize systematic errors. 
The Corrections in mm of the collimation error (CE), atmospheric refraction and earth 
curvature (AREC), and rod temperature (RT) were applied to the raw observations to
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Table 1 The adjusted geodetic coordinates of the stations. [contributed by authors] 

Station ϕ λ h in m  

S1 N33°31,04.23088,, E35°40,19.02209,, 879.954 

S2 N33°31,01.24131,, E35°40,19.23139,, 881.054 

S3 N33°31,00.71578,, E35°40,05.80162,, 885.348 

S4 N33°31,05.25177,, E35°40,08.02764,, 885.476 

A N33°31,01.69385,, E35°40,13.54181,, 882.446 

Table 2 Geodetic Azimuth and ellipsoidal distance of the baselines. [contributed by authors] 

Baseline Geodetic Azimuth Ellipsoidal distance (m) 

A–S1 61°04,22,, 161.593 

A–S2 95°25,25,, 147.495 

A–S3 261°25,21,, 202.016 

A–S4 307°36,21,, 179.628 

Table 3 Check point coordinates (I47). [contributed by authors] 

Axis True coordinates (m) Calculated coordinates (m) Difference (cm) 

X −324,931.79 −324,931.834 4.4 

Y −70,058.13 −70,058.085 −4.5 

Z 1001.9 1001.941 −4.1

indicate the adjusted elevation difference between the central point and the auxiliary 
stations [20, 21] (See Table 4).

The orthometric height differences obtained using high-precision leveling were 
compared with data from the Earth model EGM2008. The results are close to each 
other, the differences are within 1–2 mm. Thus, based on the results presented in the 
chart below, it is not necessary to include gravity measurements in the local areas 
where this project was carried out (Fig. 5).

The components of the vertical deflection of the study area were calculated based 
on theoretical models using the MATLAB software. In addition, the residuals, poste-
rior variance, posterior standard deviation, and standard deviation of each of the 
unknown components were calculated based on theoretical models calculated using 
MATLAB software. The following formulas were used in MATLAB: 

The components of vertical deflection at the surface of the Earth and in direction 
of the prime vertical η and meridian ξ are defined as following: 

η = − 1 

(N + h)cosϕ 
· ∂N 

∂λ 
ξ = −  

1 

(M + h) 
· ∂N 

∂ϕ 
(1)
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Fig. 4 Calculated misclosure and distances for the baselines along the three measured routes. 
[contributed by authors]

where (ϕ, λ) are the geodetic coordinates, N is the geoid undulation, N is the prime 
vertical radius of curvature, M is the meridional radius of curvature and h is the 
ellipsoidal height. 

The deflection of the vertical ( 1) along a geodetic azimuth direction α, is defined 
as following: 

ε = ξ · Cosα + η · Sinα (2)
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Table 4 Applied corrections to the elevation differences. [contributed by authors] 

Section Route CE AREC RT Adjusted
ΔE 

Average LS 
adjustment 

A–S1 1 0.046 0.026 −0.548 −2.499 −2.500 −2.501 

2 0.161 0.058 −0.595 −2.500 

3 0.506 0.181 −0.799 −2.500 

A–S2 1 0.176 0.069 −0.247 −1.401 −1.401 −1.401 

2 0.653 0.218 −0.467 −1.400 

3 0.482 0.172 −0.248 −1.401 

A–S3 1 −0.083 0.002 0.436 2.912 2.913 2.913 

2 0.0189 −0.003 0.596 2.914 

3 0.191 0.036 0.970 2.913 

A–S4 1 −0.089 −0.018 0.754 3.037 3.037 3.038 

2 0.041 0.015 0.607 3.037 

3 0.267 0.057 1.095 3.038 

S1–S2 1 0.127 0.040 0.241 1.100 1.100 1.100 

2 −0.037 −0.01 0.262 1.099 

3 0.202 0.052 0.352 1.102 

S2–S4 1 −0.196 −0.056 0.975 5.540 5.540 5.539 

2 0.147 0.065 1.845 5.539 

3 0.17 0.059 0.979 5.540 

S3–S2 1 0.075 0.038 −0.645 −4.313 −4.314 −4.314 

2 0.068 0.038 −0.883 −4.315 

3 −0.178 −0.089 −1.437 −4.313 

S3–S4 1 0.058 0.023 0.031 0.123 0.124 0.124 

2 −0.011 0.009 0.025 0.124 

3 0.154 0.064 0.045 0.125

where α is the geodetic azimuth, ξ (xi) is the north–south component (meridional 
component) and η (eta) is the east–west component (prime vertical component). 

The differential relationship between geoid height and deflection of the vertical 
at the surface of geoid is defined through the following formula: 

ε = −  
dN  

dS  
(3) 

where dN  is the variation in geoid height and dS  is the ellipsoidal distance (Tables 5 
and 6).

After combining these formulas, the result is as follows: 

− 
dN  

dS  
= ξ · Cosα + η · Sinα (4)
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A - S2 A - S3 A - S4 S1 - S2 S1 - S4 S3 - S2 S3 - S4 
ΔH (Leveling) m -1.401 2.913 3.038 1.1 5.539 -4.314 0.124 
ΔH (EGM2008) m -1.399 2.913 3.037 1.102 5.537 -4.312 0.123

-6
-4
-2 
0 
2 
4 
6 
8 

Difference Between Precise Leveling and EGM2008 

ΔH (Leveling) m ΔH (EGM2008) m 

Fig. 5 Difference between measured orthometric height and EGM08 orthometric height. 
[contributed by authors]

Table 5 DOV components at the surface of earth and the surface of geoid. [contributed by authors] 

DOV components Earth surface (s) Geoid surface (s) Difference (ms) 

ξ −3.4138 ± 0.1163 −3.4144 ± 0.1163 0.6 

η −10.7876 ± 0.0487 −10.7886 ± 0.0487 1.8 

Table 6 DOV at the surface of earth and the surface of geoid. [contributed by authors] 

DOV components Earth surface (s) Geoid surface (s) Difference (ms) 

ε 11.3149 11.3160 1.1

After computing the components, the magnitude of the vertical deflection can be 
computed as follows: 

ε =
√

ξ2 + η2 (5) 

3 Results 

As for the check point (I47), the difference between the true and calculated coor-
dinates are in centimeters because of the lack of updates on the Lebanese state 
geodetic network, for instance the control point 8F3Z is established in 1951, without 
any later updates, thus the effect of continental drift alone can be responsible for 
such difference.
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The vertical deflection was calculated relative to the local ellipsoid (Clarke, 1880), 
so it is classified as a relative value. Both the meridional component ξ and the main 
vertical component η are negative, so the astronomical zenith is south-west of the 
geodesic zenith. The resulting standard deviations of the vertical components are 
within fractions of an arc second, allowing it to be used in theodolites and total stations 
with high angular accuracy (0.5 inches), so it can be used in projects requiring high 
accuracy. The results obtained are consistent with the topography of the study area. 
The summit of the mountain is located about 1150 m west of the central station. The 
negative value of the η component indicates that the plumb line is attracted towards 
the mountain. This lateral pull is due to the gravitational pull of the mountain. 

4 Conclusion 

The obtained results showed that leveling according to the program of classes I 
and II in combination with one-hour GNSS observations is sufficient to calculate 
the exact values of the vertical deviation components. If high-resolution quasi-geoid 
models doesn’t exist in the region under consideration, the presented approach allows 
the determination of heights [22, 23]. The geometric method can be applied to a 
geodetic network by solving for all stations having normal heights. However, since 
long baselines are common in GNSS surveys, it is not always desirable to have every 
normal height station computed for vertical deviation components or included in 
other station solutions. Stations outside the allowable limits of the model should be 
removed or a weighting function should be used to give the most influence to the 
closest stations. 

Determining the vertical deviation components is important for a country like 
Lebanon due to the lack of a high-resolution quasi-geoid model. Thus, this method 
can be used to determine the marks, as well as to check: the unevenness of the field 
of normal heights (differences in reference surfaces). It is necessary to emphasize the 
importance of determining deviations from the plumb line, which is of high practical 
importance. For example, the definition of slopes for supplying water to arid regions, 
or in high-rise construction. In this case, the absolute marks of the quasi-geoid may 
not be so important, but the deviation from the vertical is extremely important. In 
fact, during the construction of various objects, we rely on the results of geometric 
leveling, which ensures the verticality of the marks [24–28]. 
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Abstract This article shows the results of research on the use of digital technologies 
in urban areas of Kazakhstan. Digitalization has become quite a new technology for 
the country and it has become widespread in the last 6–7 years. The implementation of 
the government digitalization program in Kazakhstan affects all areas of the national 
economy and the life of the main population. Nowadays, it is not possible to imagine 
a country with no usage of digital technologies. The results of the author’s research 
are shown in the form of an analytical review of the digitalization of urban facilities, 
in particular, the housing and communal sector of the country. Programs for the use of 
digital technologies in construction have also been considered since the construction 
industry creates the majority of the country’s housing stock. The effectiveness of 
digitalization of housing and communal services is given in a predictive assessment. 
The effectiveness of the introduction of digitalization in energy supply is given in the 
context of the main cities of Kazakhstan, whereas the effectiveness of digitalization 
of the water supply sector is regarded for the country as a whole. These two utility 
sectors have quite a few problematic issues, which have also been disclosed in this 
article. The results of research on the implementation of the Smart city concept are 
presented. Rating estimates are given for the areas of urban economy before and after 
the use of digital technologies. 
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1 Introduction 

The modern world nowadays is represented by cities that have been rapidly devel-
oping in the recent years. According to the United Nations, by 2050, urbanization 
will reach about 70% [1]. The migration of the population to the large cities is 
increasingly causing various problems related to the provision of housing and the 
effective management of the urban economy, mainly housing and communal services. 
Preserving the comfort of living in the city, ensuring the availability of all the social 
needs of the population today is possible thanks to the use of Smart city elements. 
The use of digital technologies allows to provide the progressive development of the 
cities in Kazakhstan. 

It is known that in the next 10–15 years, Smart city elements will accompany resi-
dents of Kazakhstan cities everywhere. First of all, it applies to public transportation, 
to the social sphere (hospitals, educational institutions, sports, culture, recreation), 
parking areas, housing and communal services, retail outlets and other facilities. But 
today, residents of the country widely use various universal city applications, by 
using which they save time and increase the level of comfort of their lives. 

However, there are still a lot city management and urban construction areas, where 
innovative digital technologies could be used. For example, in the cities of Kaza-
khstan, it is planned to use smart outdoor lighting, which is currently in its initial 
stage. There are some significant problems with the disposal of municipal solid 
waste, because so far, there are no “smart points” for garbage collection anywhere. 
A small number of fire detectors installed in private housing stock leads to frequent 
fires, especially during heating periods. Moving wireless networks and data trans-
mission through visible light are still new, not implemented digital technologies for 
Kazakhstan. 

But, nevertheless, digitalization is dynamically developing in Kazakhstan, and 
almost all residents of the country are in contact with it. Digital technologies are 
increasingly taking their place in many areas of the population’s daily lives. There 
is also a place for technology transfer. Kazakhstan is trying to adopt the experience 
of Seoul, Singapore, San Francisco, Barcelona, Singapore, Amsterdam, Tianjin and 
other developed megapolises. According to the Smart centers index—SCI 6 rating, in 
2022, Astana, the capital of Kazakhstan, ranks 64th and is considered as an attractive 
city for investing in digital technologies [2]. 

A lot of scientists, researchers, authors have been turning to the topic of Smart 
city in the last decade. The results of research in various areas of science, such as 
engineering, information technology, architecture, jurisprudence, natural sciences, 
various areas of social sciences have been published. Many works are devoted to 
managing a smart city, raising the social level of city residents, and city security. The 
authors present achievements in the implementation of the global Smart city concept 
in a particular country or city. 

The Smart city concept appeared at the end of the last century, relatively recently 
in history. The emerging problems of urban overcrowding, environmental disasters, 
rising poverty, social inequalities have led to the ideas of using digital technologies.
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An analysis of various concepts of Smart city is given in the studies of Cocchia A., 
where two concepts “Digital city” and “Smart city” are substantiated [3]. Kummitha 
and Crutzen revealed the processes of Smart city formation in the Indian economy [4]. 
Some aspects of the Smart city that need to be taken into account when planning and 
implementing a smart city, what risks may be in the operation of smart cities are given 
in the work of Reem and Shaligram [5]. Leonidas Anthopoulos determines the future 
of cities, analyzes 10 precedents—cities for the title of Smart city [6]. The influence 
of the Smart city on the ecology of the city, the desire for low-carbon, economical 
consumption of resources through the use of “smart technologies” on the example of 
China are analyzed in the work of Shuping Wu [7]. Quite a lot of Chinese scientists 
are addressing various issues of development and implementation of the Smart city 
concept, since this country is now one of the leaders in technological development 
[8, 9]. Bitkom collected a whole atlas of Smart city in Germany, considering the 
advantages and disadvantages of each city [10]. 

The main directions of digitalization in the sector of housing and communal 
services are presented in the article by Bannykh and Kozhevnikova, who define the 
range of applied technologies for automating various processes in this urban sector 
[11]. The problems of the functioning of the housing and communal services sector, 
digitalization at the level of individual areas of the city’s public utilities are explored 
by Voevodkin [12]. Dmitrieva, Ganchenko, and Bodrov have also devoted their works 
to digitalization in housing and communal services [13, 14]. A review of the literature 
provides a considerable number of research results in this area. But the effects of 
the introduction of digital technologies in the development of the Smart city, the 
digitalization of urban sectors are practically not reflected in the scientific literature. 

The purpose of this article is to present the effectiveness (efficiency) of using 
individual elements of the Smart city in the urban economy of Kazakhstan, namely, 
in housing and communal services; to show what digitalization programs are being 
implemented to transform the construction industry, in particular, in the construction 
of housing in Kazakhstan, since the study of digitalization of housing and communal 
services and the housing stock should be carried out in conjunction. 

2 Results 

The introduction of digital technologies in the urban economy, firstly, allows creating 
a work transparency and providing a comfortable environment for the urban popula-
tion. The benefits of using digital technologies in urban management will also help 
to increase the level of production of enterprises serving the city itself. 

The digitalization of housing and communal services has several goals: cost reduc-
tion, financial management efficiency, ensuring transparency for public monitoring, 
lowering rates by creating a competitive environment, and improving the quality 
of public services. In addition, there are opportunities to increase the attraction of 
investment resources to expand the digitalization of urban housing and communal 
services.
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The authors conducted various studies in the field of modernization and appli-
cation of innovative technologies in the housing and communal services of Kaza-
khstan. Table 1 presents selected urban and construction digitalization programs in 
Kazakhstan.

Programs for the introduction of digital technologies, given in Table 2, are prac-
tically working today in most of Kazakhstan. In addition to the functioning of 
these programs, residents of Kazakhstan use only digital format to make all types 
of payments for housing and communal services, Internet communications and 
public transportation. Many types of public services, including queuing for conces-
sional financing (obtaining a mortgage) for the purchase of an apartment under 
state housing programs for providing the population with affordable housing, for 
obtaining a rental apartment from the state housing stock, for receiving subsidies for 
paying rental housing to individual categories of the population, to obtain a land plot 
for private housing construction are currently carried out in digital format on-line 
through the official websites of organizations or through the platform of the “E-gov” 
program—the Electronic Government of the Republic of Kazakhstan.

A review of the state of the housing and communal and urban economy in Kaza-
khstan revealed a number of significant problems (see Fig. 1). Despite the devel-
opment of technologies, the urban economy in Kazakhstan, housing and communal 
services are still the weakest links in the national economy. Many networks for the 
supply of heat, electricity, water is simply worn out. In recent years, as part of the 
implementation of modernization programs, work has been carried out on recon-
struction, the creation of new communal infrastructure facilities using the latest 
materials and the installation of innovative, information technologies for control and 
accounting.

Among all utilities, one of the most expensive ones is the provision of elec-
tricity. One of the ways to solve problems in the housing and communal and urban 
sectors is the installation of smart sensors, which can save up to 40% of electricity. 
Table 2 presents a forecast for a decrease in energy consumption with the maximum 
digitalization of this sector of the economy for the main cities of Kazakhstan. 

The widespread installation of electronic sensors for water consumption by the 
population also gives a reduction in payment, since information is transferred aromat-
ically from the consumer to the water supply organization through the cloud system. 
Forecast performance indicators as a result of digitalization of water supply are given 
in Table 3.

In Kazakhstan, all “Smart Homes” and high-class luxury housing houses have 
automatic water transfer sensors that allow, in case of sudden pipe damage, to protect 
apartments from water leakage, thereby preventing flooding, damage to furniture, 
carpets and other household items. Thus, these sensors act as savings, since after the 
flood, additional repairs often have to be carried out. 

Another problem in urban areas in Kazakhstan is outdoor lighting. For example, 
in the capital of Kazakhstan, more than 200,000 outdoor lighting points have been 
installed, of which only about 50,000 are energy efficient. In many developed coun-
tries of the world, 100% of urban spaces are equipped with inefficient street lighting.
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Table 1 Separate areas of digitalization of housing and communal services and the construction 
sector of Kazakhstan 

Program Contractor Efficiency 

Creation of a single platform 
for digitalization of housing 
and communal services 

JSC Kazakhtelecom, 
JSC “Kazakhstan Center for 
Modernization and 
Development of Housing and 
Communal Services” 

1. Increase the installation of 
base stations—up to 400 
units. 2. In Kazakhstan, the 
level of installation of IT 
devices—information 
transmission sensors are 
45% (8000 devices in the 
country), to install at least 
60 thousand devices. 3. The 
presence of common house 
meters reduces the cost of 
utilities by 36%. 4. Long 
Range technologies have 
been introduced in the cities 
of Astana, Almaty and 
Aktobe 

“E-Shanyraq” intelligent 
information system 

JSC “Kazakhstan Center for 
Modernization and 
Development of Housing and 
Communal Services” 

1. Implementation of a unified 
system of intelligent 
management of apartment 
buildings. 2. 
Self-monitoring by 
residents: general income 
and expenses at home, the 
activities of the 
management company, the 
correctness of calculations 
and charges for utility bills 

“Open source” 
program-project 

JSC “Kazakhstan Center for 
Modernization and 
Development of Housing and 
Communal Services” 

1. Management of an 
apartment building 

2. Information system for 
centralized collection and 
storage of electronic 
resources in the housing 
sector 

Republican situational center 
using Big Data 

JSC “Kazakhstan Center for 
Modernization and 
Development of Housing and 
Communal Services” 

The state will be able to control 
the problems of housing and 
communal services, respond in 
a timely manner to the accident 
rate of utility networks, 
depreciation of the housing 
stock, the condition of 
infrastructure facilities

(continued)
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Table 1 (continued)

Program Contractor Efficiency

The electronic program on the 
“I-Qala” portal—an element of 
the “Smart Astana” program 

Astana city government body 
(capital of Kazakhstan) 

The program is up and 
running. Through a single 
window, individuals and legal 
entities can conclude contracts 
for the receipt of 134 different 
services (mainly housing and 
communal services) around the 
clock on the website www.iqa 
la.kz 

“BI-Ecosystem” program “BI Group” construction 
company 

1. BI Click is the first online 
real estate store in 
Kazakhstan. 2. BIG App 
provides all the necessary 
services for a comfortable 
life from paying household 
bills to calling an electrician 
or plumber. 3. A platform 
for partners of the 
BI-Partners company for 
the purchase of raw 
materials and materials in 
digital format 

“E-Qurylys” system—“State 
Bank of Information Models” 
system 

Ministry for Investment and 
Development of the Republic 
of Kazakhstan 

1. Modeling of building 
objects in online format. 2. 
Application of information 
modeling 
technologies—BIM 
technologies. 3. Monitoring 
of all stages of the 
construction of the facility 
online 

4. Transparency of payments 
for construction works—out 
through the Blockchain 
platform 

Note Compiled by the authors according to sources [15–18]

Table 4 gives a forecast of the effectiveness of installing digital technologies on street 
lighting in the capital of Kazakhstan, in the city of Astana.

The analysis of survey data from the “Smart city” internet portal, which was 
carried out a parts of research, allowed the authors to identify the main directions for 
the development of the “Smart City” (Table 5).

In the process of selecting innovative projects or forming a portfolio of projects 
for the implementation of the Smart City program in various regions of Kazakhstan, 
it is recommended to use indicators of the level of the project’s rating indicator.

http://www.iqala.kz
http://www.iqala.kz
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Table 2 The effectiveness of the introduction of digital technologies for energy supply in the cities 
of Kazakhstan (forecast) 

№ City Year 2021 
before the introduction 
of digital technologies 
(kW × h/m2 × year) 

Year 2022 (forecast) 
after the introduction of 
digital technologies 
(kW × h/m2 × year) 

Economy growth rate 
(%) 

1 Almaty 253,38 207,28 77,75 

2 Astana 285,95 229,40 75,34 

3 Karaganda 251,05 175,10 56,62 

4 Atyrau 284,03 194,25 53,78 

5 Oskemen 321,82 234,38 62,69 

6 Aktobe 325,77 265,63 77,35 

7 Oral 340,39 234,86 55,06 

8 Kyzylorda 191,24 119,62 40,12 

9 Taldykorgan 201,21 108,02 13,72 

10 Kokshetau 300,98 220,80 63,68 

11 Kostanay 308,65 196,50 42,92 

12 Shymkent 205,73 114,74 20,69 

13 Turkestan 204,90 116,87 24,67 

14 Petropavl 298,84 210,83 58,25 

15 Taraz 220,60 173,95 73,18 

16 Aktau 254,62 169,80 50,04 

17 Pavlodar 333,53 265,17 74,22 

Total 269,57 190,42 58,43 

Note Compiled by the authors according to the source [19]

The implementation index of the Smart City project can be determined by the 
following method: 

I = Si /
∑

Ni (1) 

where: 
I—“Smart City” project implementation index, Si—number of implemented 

projects in Kazakhstan,
∑

Ni—total number of implemented projects for each 
direction of digitalization of the urban economy (urban environment). 

Of course, a project is selected for investment, which has the largest areas of 
digitalization with rating indicators. 

Not too far from the capital of Kazakhstan (100 km) in 2005, the first “Smart 
City” was created—Smart Aqkol, with 14 thousand population. All information is 
sent to a single digital platform for city management. You can view all the infor-
mation in hospitals, schools, businesses, roads, public utilities in an online format. 
The main implementers of the project are the Tengri Lab IT company together with
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The main problems of the urban economy 

Water 
supply 

Energy City 
roads 

Insuffici 
ent 
number 
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n, lack of 
a unified 
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Fig. 1 Problematic areas of urban economy in Kazakhstan. Note Compiled by the authors

Table 3 Efficiency from the introduction of digital technologies in water supply in Kazakhstan 
(forecast) 

1 m3 water usage The cost of water per 1 m3 (in KZT) 

Year 2021 Year 2022 Year 2023 Year 2024 

Individuals 44,81 44,14 43,48 42,82 

Legal entities 195,60 192,66 189,78 186,93 

Note Compiled by the authors according to the source [19]

Table 4 Efficiency from the 
introduction of digital 
technologies for street 
lighting in the city of Astana 

Funding amount (bln.KZT) 

Year 2021 Year 2022 Year 2023 Year 2024 

1,7 1,66 1,632 1,60 

Note Compiled by the authors

Kazakhtelecom, ERG, BTS Digital, the Akmola Electricity Distribution Company 
and the leadership of the Akmola region [20]. Smart water meters (4,500 units) and 
smart electricity meters (6,000 units) have been installed in buildings and residential 
buildings. Outdoor lighting is equipped with 250 automatic lamps. Digital recogni-
tion cameras, fire alarm sensors, transport tracking systems, health care and school 
performance monitoring systems are installed everywhere. The whole city is covered 
by 4G networks on LoRaWasn.
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Table 5 The main directions of development of the “Smart city” in Kazakhstan 

Direction of 
digitalization 

Number of 
the 
implemented 
projects 

Share of the 
implemented 
projects (%) 

Implementation 
plan for the 
most effective 
projects, 
number 

“Smart city” 
projects 
implementation 
index (%) 

“Smart city” 
projects 
implementation 
rating, quality 
and rating 
number 

Energy 
saving 

41 11.3 140 3,41 High (1) 

Digital city 
and 
information 
systems 

180 49,5 87 0,48 Low (9) 

Transport 40 11,0 20 0,5 Low (8) 

Municipal 
solid waste 

5 1,4 10 2,0 High (2) 

Heat supply 11 3,0 7 0,64 Low (7) 

Construction 6 1,6 2 0,33 Low (10) 

Water supply 14 3,9 25 1,79 High (3) 

Ecology 10 2,7 12 1,2 Average (5) 

Safety 47 12,9 43 0,91 Average (6) 

Power 
supply 

10 2,7 15 1,5 High (4) 

Total 364 10 361 – – 

Note Compiled by the authors

3 Conclusion 

The results of the study showed that the introduction of digitalization in energy supply 
in Kazakhstan as a whole can save energy consumption above 50%, the installation 
of smart meters for monitoring water supply can lead to a decrease in the cost of water 
supply services. According to rating indicators, energy supply and water supply have 
high scores, which shows the effectiveness of digitalization. 

The annual growth of investment in digitalization projects makes Astana, the 
capital of Kazakhstan, even more attractive for inviting external investors. Digital-
ization is also on the same level in other large cities like Almaty, Shymkent, Aktobe, 
Karaganda. 

In Kazakhstan, Smart Aqkol is the first experimental area, where smart city smart 
systems are used to the maximum. 

The first author has been conducting research on this topic for a long time. In 
addition, two co-authors, PhD students, are working on doctoral dissertations on the 
digitalization of urban farms and the construction industry. Research on this topic 
will continue in the future.
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Experimental Investigation of Sand Seam 
Effects on Consolidation Behavior 
of Vertical Drain-Installed Soft Soils 

Chau Phuong Ngo, Kien-Tai Do, Daeho Yun, Yun-Tae Kim, 
and Ba-Phu Nguyen 

Abstract Thin-layered sand seam in soft deposits can be formed artificially or natu-
rally. It affects significantly the consolidation behavior of subsoil. To investigate the 
consolidation settlement of soft deposits with thin-layered sand seam, a series of 
consolidation tests of the layered soft soil-sand systems improved by prefabricated 
vertical drain (PVDs) is performed. To estimate the effects of thin sand layers, three 
cases of consolidation tests are carried out as follows: in Case 1, the PVD-soil column 
is tested without thin sand layer; one and two thin sand layers were placed between 
the soft soil layers in Case 2 and Case 3, respectively. The experimental results indi-
cate that the rate of consolidation settlement of PVD-installed soft deposit with the 
thin sand layers is faster than that of the case without sand seam, because the thin 
sand layers can provide a shorter drainage path for consolidation of the soft soil. As 
expected, this result is obviously appeared in Case 3. However, the final settlement of 
PVD-installed soft soil with thin sand layers is smaller than that of the case without 
sand seam. It can be seen that the existence of thin sand layers interbedded with soft 
soil layer can improve the strength of soft soil. 

Keywords Geosynthetics · Soft soil · Sand seam · Consolidation · Settlement ·
Vertical drain

C. P. Ngo 
Campus in Ho Chi Minh City, University of Transport and Communications, No. 450−451 Le 
Van Viet Street, Tang Nhon Phu A Ward, Thu Duc City, Ho Chi Minh City 700000, Vietnam 

K.-T. Do · B.-P. Nguyen (B) 
Department of Civil Engineering, Industrial University of Ho Chi Minh City, Ho Chi Minh 
City 700000, Vietnam 
e-mail: nguyenbaphu@iuh.edu.vn 

D. Yun · Y.-T. Kim 
Department of Ocean Engineering, Pukyong National University, Busan 608−737, Korea 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
H.-Y. Jeon (ed.), Proceedings of the International Conference on Geosynthetics and 
Environmental Engineering, Lecture Notes in Civil Engineering 374, 
https://doi.org/10.1007/978-981-99-4229-9_6 

61

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4229-9_6&domain=pdf
http://orcid.org/0000-0001-8937-6335
mailto:nguyenbaphu@iuh.edu.vn
https://doi.org/10.1007/978-981-99-4229-9_6


62 C. P. Ngo et al.

1 Introduction 

Due to the rapid economy development and booming population, more land is 
required to develop the systems of infrastructure, residential and commercial build-
ings, railways and airport. In the land reclamation projects, the layer clay-thin sand 
model was typically applied as an alternative to the conventional full sand reclama-
tion model as a result of the reduction of usage intensity of natural sand. The thin 
sand layers have been applied for horizontal drains in reclaimed lands with clay fill 
and in clay fill embankment [1–4]. These sand layers provide lateral drainage for the 
soft soil in the consolidation process. Based on the field observation of land recla-
mation project using the clay-sand systems, Lee et al. [3] indicated that provision 
of horizontal thin layers of sand between sedimented marine clay layers will make 
the later settle faster and gain strength more rapidly. The consolidation coefficient 
estimated using the field settlement of layer clay-sand scheme was larger than that 
of soft clay from the laboratory consolidation test. Specifically, the consolidation 
coefficient estimated using the field settlement readings ranges from 7–18 m2/year, 
where these values from consolidation test for soft clay ranged from 0.5–4 m2/year. 
The field test also presented that the field settlement was smaller obviously than 
settlement of soft clay calculated from compression data of laboratory consolida-
tion test. With sufficient discharge, the sand seam layers can change the hydraulic 
gradient of vertical flow of pore water in the soft soil. This results in the complex 
coupled behavior of the consolidation of clay and horizontal drainage of discharge 
pore water in the thin sand layers [5]. Therefore, the estimation of effects of sand 
layer discharge capacity on consolidation behaviors is required in practice. 

Moreover, the thin-layered sand seam in soft deposits can be also formed naturally 
in glacial lakes and postglacial clays, which were often formed with a varved or 
layered structure due to seasonal variation in deposited particle size [5–7]. In practice 
engineer, the thin sand seam which is embedded in soft ground can be identified by 
Piezocone test or using sampler [8]. The piezocone penetration test (CPTu) can detect 
the sand same based on the results obtained from this test. Some characteristics of 
thin sand seam embedded in soft clay from CPTu test is as increase of cone resistance 
and decreases of friction ratio and pore water pressure, can help us to evaluate the 
thickness of those sand seams [8]. 

Generally, sand seam embedded in soft clay layer may affect consolidation settle-
ment. In an ordinary soil exploration, a thin sand seam sometimes goes unnoticed. 
However, if the sand seam allows free drainage, this overlooking causes a great error 
in settlement-time prediction [9]. Asaoka [9] assumed that the settlement of the layer 
clay-thin sand seam was equal to total settlement of each clay layer. The average 
degree of consolidation can calculate simply by average mathematical procedure. 
However, this is just simple estimation in engineering practice, because consoli-
dation rate and deformation of soft clay with embedded sand seams depends on 
hydraulic conductivity, stiffness and thickness of those thin sand layers. Therefore, 
these effects should be considered to predict consolidation behavior of sand seam 
embedded in soft deposits.
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Nowadays, the prefabricated vertical drains (PVDs) are typically applied in soft 
soil improvement in the land reclamation projects with soft soil. PVDs were typically 
used to accelerate the consolidation phase for the soil improvement. In the combi-
nation of PVDs and horizontal drains (i.e., thin sand seam, prefabricated horizontal 
drains), the role of horizontal drains is to discharge the pore water in soft soil to 
vertical drains and the pore water can then squeeze out [10]. Moreover, as thin sand 
seam layers are deposited naturally in soft soil such as marine clay. Generally, the 
horizontal drains in soft ground require some means to take the collected water out. 
Therefore, a combination of PVDs and horizontal drains is a favorable condition for 
increasing consolidation process in soft deposits. 

The prediction of consolidation settlement behavior of PVD-improved soft 
deposits is still difficult and challenging problem in geotechnical engineering. More-
over, the consolidation settlement behavior of PVD-installed soft deposits is affected 
by many factors [7]. Therefore, performance of vertical and horizontal drain systems 
(e.g., thin sand layers) in soft deposits has to be investigated through the experimental 
and field tests. Although the layered clay-thin sand model of land reclamation has 
been successfully tested in a small field trial conducted at Palau Tekong Basar [3], 
the experimental test with the number of thin sand layers have not been attended. 
In the previous studies [7, 11], the experimental test of PVD-improved soft deposit 
consolidation was performed on a single stage to investigate the effects of factors 
on behavior of soil consolidation process. These parameters, such as smear zone, 
discharge capacity, non-Darcian flow, artesian pressure, was then determined by the 
back analysis approach. Deng et al. [11] carried out the laboratory model tests for 
soft soil deposits with and without PVD to consider the consolidation and long-
term performance of PVDs. The settlement consolidation behavior of soft deposits 
and excess pore water pressure were then estimated using a general back-analysis 
method. When subsoils are a layered inhomogeneous medium as the layered clay-thin 
sand systems, it is very difficult to develop analytical solutions for its consolidation 
behavior. Thus, the experimental investigation of consolidation settlement behavior 
of the layered clay-thin sand systems should be performed. 

The aim of this paper is to carry out a series of consolidation tests of the layered 
clay-thin sand systems to investigate the effects of thin sand layer on the consoli-
dation behavior. Three consolidation tests of the soil column with thin sand seam 
are performed, in which the one and two of thin sand layer is embedded in first and 
second column test, respectively. The another one is carried out without thin sand 
layer.
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2 Experimental Test 

2.1 Test Program 

In this test program, three acrylic columns with the same dimensions were designed 
for the experimental tests. This is convenient to compare the consolidation behavior 
of soft deposits. The cases of experiment test are design as follows: Case 1 without 
thin sand layer; Case 2 and Case 3 with one and two of thin sand layer, respectively. 
Figure 1 presents a test set-up using a large one-dimensional (1-D) column equip-
ment. The inside diameter of the columns was 0.16 m, and the length of the columns 
was 0.5 m. Because of high stiffness of acrylic columns, it was ensured that the 
horizontal deformation was fixed to create one dimension (1-D) deformation model. 
Soil layers consisted of top sand with 0.05 m thick and soft clay with 0.45 m thick. 
The soft soils were poured to bottom of column; therefore, the drainage boundary 
at bottom of column is impervious. The top sand layer was to provide a drainage 
boundary of consolidation model. The thin sand seam layer with 0.01 m thick was 
embedded in soft soils. The soft soil and sand layers were separated by filter papers, 
which can prevent intrusion of sand into soft soil. In this experiment, the external load 
is a dead load system which was made by plate cuprum. Settlement was measured 
by a vertical displacement sensor (LVDT) at the top of the loading system. 
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Fig. 1 Layered soft soil-thin sand model: a without sand seam; b with one sand seam layer and 
c with two sand seam layers (Unit: mm)
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Table 1 Geotechnical 
characteristics of the soft soil 
using in the experimental test 

Properties Symbol/unit Values 

Field water content % 88.3 

Void ratio e0 2.369 

Unit weigh kN/m3 14.5 

Specific gravity Gs 2.59 

Atterberg limit LL (%) 73.4 

PL (%) 45.4 

PI 28 

2.2 Materials Using in the Experimental Tests 

The soft soil samples used in this experimental test were taken from a depth of 3– 
5 m from the Kenh 2 bridge at Km 18 + 850, Ho Chi Minh City 3rd Ring Road 
project, Vietnam. The geotechnical properties of the soft clay samples are presented 
in Table 1. Because the soft soil samples contained many crushed shell fragments, 
the soft clay was prepared as homogeneous clay. After preparation, the water content 
of the soft soil using in the experimental tests was set at 110%. The sand material 
was applied as a drainage material. It was placed above the soft clay layer. This sand 
material had a unit weight of 20 kN/m3 and hydraulic conductivity of 1 m/day. The 
sand passed through a No. 4 (4.75 mm). This means that the grain-size limit of sand is 
4.75 mm. The prefabricated vertical drains used in this study were of the harmonica 
type with the actual size of 100 mm wide and 4 mm thick. However, the diameter 
of test column is relatively small. Therefore, the original size of PVD was reduced 
down to the used size with 50 mm wide, 4 mm thick, and 0.5 m long for each column 
test. 

2.3 Method and Procedure of Test 

After setting up the necessary apparatus of test program, the soft soil and sand material 
were poured sequentially into the test columns. In the first step, the soft soils were 
filled carefully into the test column using a 0.1 m diameter tube. To reduce any air 
trapped during pouring process, the lower end of the tube should be immersed in 
the soft soils. After the soft soil had been placed in the column, the prefabricated 
vertical drains were installed in the columns center with a small-diameter rod of high 
stiffness. The top sand layer with 50 mm thick was then poured on top of the clay 
layer. Before carrying out the 1-D consolidation test for soil columns, the period with 
2 weeks were given to wait for self-weight consolidation of the prepared soft soil. 
Three soil columns with the same conditions except existing the thin sand layer for 
Case 2 and Case 3. For Case 2, one of thin sand layer was embedded at middle of soft 
soil layer. For Case 3, two of thin sand layers were embedded in the soft soil layer,
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as shown in Fig. 1. The filter papers were used to prevent intrusion of sand into soft 
soil. Three step loadings were applied: 1.492, 2.984, and 4.476 kPa. These loading 
values are used to ensure that the hydraulic gradients in the experimental test always 
less than 1. This is due to the initial discharge capacity of PVD was performed under 
hydraulic gradients of 1 [12]. The duration of consolidation process was 7 days for 
the first and second loading phases, and 20 days for the third phase. This ensures 
that the consolidation settlement process of soft soil in columns can completely 
occurred. During the experimental tests, the settlement data was observed by LVDT. 
After consolidation test, the water contents of soft soil were also investigated. 

3 Experimental Results and Discussion 

In the soft soil improvement engineering, the settlement is an important factor to 
investigate in consolidation characteristics in soft soil deposits. In this study, the 
settlement results were measured by the LVDT during consolidation. The settlement 
due to the self-weight consolidation settlement before loading phases was neglected 
in the observation process. Moreover, the compression properties of sand layers due 
to external loading were neglected. This means that the observed results of settlement 
in experimental tests were just considered for soft soil layers. Figure 2 shows the 
variation in the measured results of settlement of soft soil in the three cases. According 
to these experimental results, the observed settlement of soft soil without sand seam 
layer (Case 1) was larger than that with existence of thin sand seam layers (i.e., Case 
2, 3). The final settlement in Case 1, Case 2 and Case 3 was 10.25 cm, 10 cm and 
9.75 cm, respectively. The experimental results show that the long-term settlement of 
soft soil without the sand seam layer was larger than that of soft soil with sand seam 
layer because the thin sand same layers contributed to the increase of foundation 
stiffness. Generally, these results are completely consistent with the previous studies 
[3, 5]; however, the rate of consolidation of the subsoils depend on the drainage 
efficiency provided by the sand layers. Moreover, the settlement rate of soft soil with 
sand seam layers in early stage is faster than that without sand seam layer. It could 
be explained that the thin sand layer can play a role as drainage boundary in soft soil; 
forcedly, this depend on the characteristics of thickness and hydraulic conductivity 
of thin sand layers which will be discussed in next study.

4 Summary and Conclusion 

This paper presents a series of experimental tests of the layered clay-thin sand systems 
to investigate the effects of thin sand layers on the consolidation settlement behavior 
of soft soil deposits. The results obtained from the experimental test show that the 
rate of consolidation settlement (vertical deformation) of vertical drain-installed soft 
soil deposits with the thin sand layers is faster than that of the case without sand seam,
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Fig. 2 Loading schedule and observed data of settlement during consolidation process

because the thin sand layers can provide a shorter drainage path for consolidation of 
the soft soil. The stiffness of soft soil ground is improved and increased due to the 
existence of thin sand layers. Therefore, the final settlement of vertical drain-installed 
soft soil in the cases with thin sand layers is reduced, comparing with the case without 
sand seam. 
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Research on the Treatment Process 
of Fracturing Flowback Fluid 
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Yang Hao, H. U. Jing-Yu, L. I. Ding, and Ming Shuang 

Abstract With the continuous advancement of global industrialization, the demand 
for energy in various countries is increasing year by year. In order to meet this chal-
lenge, various development technologies came into being. As one of the important 
stimulation and transformation measures, hydraulic fracturing technology is widely 
used in conventional and unconventional oil and gas reservoirs such as shale oil and 
gas reservoirs, tight oil and gas reservoirs and coalbed methane reservoirs to improve 
the recovery of oil and gas reservoirs. After hydraulic fracturing, the fracturing fluid 
is gradually discharged along with other impurities such as formation water. The frac-
turing flowback fluid has a large amount and complex components. The flowback 
fluid generally has the characteristics of high salinity, high hardness, high bacterial 
content, high COD value, high suspended solids content, high viscosity, oil and so 
on. Flowback fluid treatment is a difficulty and challenge for major oilfield units 
around the world. In order to avoid pollution, the local laws of various countries 
have formulated relevant laws and regulations on the reinjection and discharge of 
oil and gas field flowback liquid. Due to the characteristics of flowback liquid, its 
treatment cost is high and it is difficult to discharge. In order to reduce the treatment 
cost of flowback liquid, various universities, scientific research institutes and oil and 
gas field units have carried out various research on flowback liquid treatment tech-
nology, and various physical, chemical and biological treatment methods came into 
being. This paper investigates the treatment technology of fracturing flowback fluid 
in various oilfields at home and abroad, expounds various treatment processes of 
fracturing flowback fluid, and finally prospects the treatment method and direction 
of fracturing flowback fluid, which can be used as a reference for scholars in the 
industry. 
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1 Fracturing Flowback of Oil Fields Around the World 

With the rapid development of economy and the increasing demand for energy, the 
reserves of conventional oil and gas reservoirs and backward exploitation and devel-
opment methods can no longer meet the needs of countries [1]. The exploration of 
various unconventional oil and gas reservoirs has become an indispensable part of 
the sources of oil and gas resources in the world. Among them, unconventional gas 
reservoirs represented by shale gas, shale oil, tight gas and tight oil are important 
targets for oil and gas exploration and development in various countries, mainly 
distributed in North Africa, China, Central Asia, Latin America, the Middle East, 
North America and Russia [2]. Sand fracturing has become an effective development 
method for such reservoirs with low permeability and strong heterogeneity. Among 
them, shale gas development in North America and shale gas and tight gas devel-
opment in China are the largest and most representative. Around 2012, the United 
States basically realized large-scale commercial production of shale gas, shale oil 
and gas, tight oil and gas and other resources in China are gradually being exploited, 
and the scale of fracturing construction is increasing year by year [3]. The research 
shows that for unconventional gas reservoirs such as shale gas and tight gas, the water 
required for fracturing construction of a well is about 4000−3000m3, and the flow-
back liquid rate is about 10−80% [4]. Every 10000m3 of flowback liquid contains 
about 60t of benzene, methanol, fungicide, oxidant, reducing agent, polymer and 
other chemicals, with a salinity of about 5 to 10 times that of seawater. Fracturing 
flowback fluid in various countries, blocks and reservoirs is characterized by large 
amount and complex composition [5, 6]. 

1.1 Analysis on the Backflow of Fracturing Fluid in North 
America and the Quality of Backflow Fluid 

Under the background of industrialization promotion and technological change in the 
upstream of energy production, North America has witnessed a shale gas revolution, 
and its shale gas output has grown rapidly in the past 30 years [7]. Currently, fracturing 
means in North America are mainly used for shale gas development. By about 2020, 
shale gas production in the United States will account for about 40% of its natural 
gas production [8]. 

According to the statistics of the US Environmental Protection Agency, the water 
consumption of shale gas single wells in North America is generally 7000−27000m3, 
and the flowback rate is 15−80% [9]. The fracturing backflow fluid in North America 
is mainly shale gas fracturing backflow fluid, accounting for more than 70% of the 
backflow fluid. Many shale gas blocks in North America are represented by Barnett, 
Woodford, Fayetteville, Haynesville and Marcellus gas fields. The annual flowback 
volume of shale gas fracturing in North America is more than 2 million m3. Taking 
Marcellus and Barnett shale gas flowback fluid as examples, the water quality of
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Table 1 Overview of water quality indicators of main flowback fluid in Marcellus shale area and 
Barnett shale area in the United States 

Water quality index Fluid flowback in marcellus 
shale area on the 14th day 

Fluid flowback in Barnett shale 
area in the 10th to 12th days 

Range Median value Range Median value 

pH 4.9–6.8 6.2 6.5–7.2 7.1 

Total alkalinity 26.1–121 85.2 215–1240 725 

Total suspended solids content 17–1150 209 120–535 242 

Chloride content 1670–181,000 78,100 9600–60,800 34,700 

Total dissolved solids content 3010–261,000 120,000 16,400–97,800 50,550 

Total organic carbon content 1.2–509 38.7 6.2–36.2 9.75 

Oil content 7.4–103 30.8 88.2–1430 163.5 

Sulfide content 1.6–3.2 2 Not measured Not measured 

Sulphate content 0.078–89.3 40 120–1260 709 

Total barium content 133–4220 1440 0.93–17.9 3.6 

Total strontium content 1220–8020 3480 48–1550 529 

Total calcium content 8500–24,000 18,300 1110–6370 1600 

Total magnesium content 933–1790 1710 149–755 255 

Total iron content 69.7–158 93 12.1–93.8 24.9 

Total manganese content 2.13–9.77 4.72 0.25–2.20 0.86 

Total boron content 13–145 25.3 7.0–31.9 30.3 

flowback fluid is analyzed. The composition of flowback fluid from each well in 
North America varies greatly, and the content of each component fluctuates greatly 
with time. Table 1 lists the water quality indicators of the backflow fluid of Marcellus 
and Barnett shale gas, and the specific parameters are shown in the table below. 

1.2 Domestic Fracturing Backflow Fluid Drainage and Water 
Quality Analysis 

The largest fracturing scale and the largest water consumption areas in China are 
Sichuan Basin and Ordos, accounting for more than one-third to half of the fracturing 
wells in China. The backflow rate of shale fracturing in China is extremely low. In 
most areas, the backflow rate of fracturing fluid is less than 50%, some even less than 
5%, and the backflow rate of tight gas is about 30 to 80% [10]. 

At present, unconventional natural gas fracturing fluids such as shale gas and 
tight gas mainly include slippery water and gel fluid, which are mainly composed 
of thickener, drag reducer, anti swelling agent, surfactant, gel breaker, etc. [11]. 
Sampling and water quality analysis of flowback fluid from some domestic shale 
gas wells and unconventional fracturing wells in Zhongyuan Oilfield (Table 1), its
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Table 2 Water quality analysis of shale gas and tight gas flowback fluid in China 

Test items 1# 2# 3# 4# 5# 

pH 6 7 7 6 8 

Calcium ion content/(mmol L−1) 4.60 5.20 12.31 45.26 53.21 

Magnesium ion content/(mmol L−1) 0.68 0.84 3.23 6.26 8.52 

Aluminum ion content/(mmol L−1) 0.04 0.10 1.16 0.09 0.24 

Sodium ion content/(mmol L−1) 89.41 63.20 113.02 58.19 97.36 

Chloride ion content/(mmol L−1) 152.20 72.54 93.13 412.58 341.07 

Sulfate ion content/(mmol L−1) 1.81 1.38 1.52 20.00 23.00 

Barium ion content/(mmol L−1) 0.30 0.40 0.35 52.00 64.00 

Total iron content/(mmol L−1) 0.03 0.18 0.08 0.45 0.52 

TSS/(mg L−1) 65 73 56 23 31 

Turbidity/NTU 189 165 ≥ 200 ≥ 200 ≥ 200 
SRB/(pet ml) 700 2500 1600 3600 4100 

TGB/(pet ml) 1200 8500 3600 12,000 15,000 

FB/(pet ml) 2500 4300 2900 11,000 12,000 

basic characteristics are high turbidity, high salinity, high solid content and high 
bacterial content [12]. Table 2 lists the specific indicators of water quality analysis of 
flowback fluid from several domestic shale gas and tight gas wells, and the parameters 
are shown in the table below. 

2 Treatment Technology and Status Quo of Fracturing 
Flowback Fluid in North America 

The disposal of fracturing flowback fluid in North America mainly includes the 
following methods. It mainly includes deep well injection, discharge after treatment 
by municipal sewage treatment plant, reuse or discharge after treatment by on-site or 
central plant [13]. Among them, the U.S. Environmental Protection Agency stipulates 
that only the second type of injection wells that meet the requirements can be used for 
reinjection of fracturing flowback fluid. By the end of 2020, the reinjection proportion 
of shale gas produced water in deep wells in the United States has reached 95%, 
among which Barnett has more than 20,000 reinjection wells, and Marcellus has 
only more than 10 reinjection wells [14]. There are two types of efflux: ➀ efflux after 
treatment by municipal sewage treatment plant. With the improvement of sewage 
discharge standard, the flowback liquid simply treated by municipal sewage treatment 
system can no longer meet the relevant requirements, so this method is no longer 
applicable to the treatment of fracturing flowback liquid; ➁ After the site or treatment 
center is built and treated, it will be discharged. The one-time investment of this 
method is large, but the treated flowback liquid that cannot be reinjected can meet the
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discharge standard [14]. With the expansion of unconventional oil and gas reservoir 
development scale, the improvement of environmental protection requirements and 
the shortage of water resources, the reuse of flowback fluid is becoming a new 
trend [14]. 

2.1 Ozonix Water Treatment Technology 

Hydrozonix water treatment vehicle adopts Ozonix water treatment technology, 
which combines four technologies of hydraulic cavitation, ozone, ultrasonic cavita-
tion and electro oxidation to treat wastewater in a synergistic way [15]. The four treat-
ment mechanisms of hydraulic cavitation, ozone, ultrasonic cavitation and electro 
oxidation work together in the main reactor to generate efficient free radicals to 
degrade pollutants in water, precipitate hard salts and suspend them in the form of 
nano particles. The treated water in the main reactor flows through a set of static 
mixers and electrodes for further purification, and finally is discharged from the 
water outlet at the tail of the treatment truck to complete the purification treatment 
of fracturing flowback fluid [15]. 

From its establishment in 2011 to 2020, Hydrozonix will process about 20 million 
cubic meters of water on site [15]. The bactericidal efficiency of Hydrozonix water 
treatment vehicle reaches 99%, and the water treatment speed during construction is 
12.8m3/min, and the device has excellent scale inhibition performance. It is also found 
in field application that Hydrozonix treatment water has better resistance reduction 
performance [16]. 

2.2 CLEANWAVETM Processing Technology 

The mobile CLEANWAVETM water treatment system developed by Halliburton 
Company adopts water quality regulation-electro flocculation process-fine filtration 
and other processes. The treatment flow can reach 4m3/min, which can remove 99% of 
the total suspended solids and 99% of the total iron, and adapt to the inlet water quality 
with a total dissolved solids content of 100−300000 mg/L [17]. Combined with the 
company’s CleanStreamTM ultraviolet sterilization process equipment, it can form a 
full set of technical solutions for treatment and reuse of shale gas fracturing flowback 
fluid, which has been applied in the Haynesville shale area and other unconventional 
natural gas fields. The Multiflo technology provided by Veolia can simultaneously 
complete suspended particle removal and chemical softening. The treatment flow 
can reach 4.5m3/min, the effluent hardness is less than 20 mg/L, and the turbidity 
is less than 10NTU. It meets the actual needs of most treatment and reuse. It is one 
of the main providers of fracturing flowback fluid treatment services in shale areas 
such as Marcellus [17].
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3 Treatment Technology and Status Quo of Fracturing 
Flowback Fluid in Domestic Oilfields 

In early China, fracturing flowback fluid was treated as waste fluid from oil and gas 
fields. Generally, oilfield waste fluid refers to waste fluid from drilling, acidizing, 
fracturing, well washing and other operations. In fact, these waste fluids have different 
properties [18]. In recent years, technical research on fracturing flowback fluid treat-
ment has begun. The treatment process of flowback liquid is different due to different 
objectives. There are four disposal methods of fracturing flowback fluid in China: 
external discharge, reinjection, reinjection and reuse [18]. Among them, efflux is to 
treat the effluents until all indicators meet the national or local discharge standards. 
At present, there are 69 effluent quality indicators, and the water meeting the stan-
dards can be directly discharged into the environment, which is the most difficult 
and costly; There is no technical difference between reinjection and tank reinjec-
tion. Reinjection is to treat the flowback fluid to the oil and gas field water injection 
standard. There are only 7 reinjection standard indicators. The water meeting the 
standard is directly injected into the reservoir for oil production or gas production; 
For reinjection, the treated water is directly injected into non oil and gas reservoirs, 
which has nothing to do with oil production and gas production. It is just to find a 
formation with good water absorption for special disposal of sewage [19]. Reuse is 
to use the treated water for the next fracturing fluid preparation, which can make 
full use of the useful components in the flowback fluid. This is the most ideal treat-
ment method, but there is no recognized water quality standard for fracturing fluid 
preparation. Before using the fracturing fluid, 16 indicators such as standard base 
fluid density, apparent viscosity, cross-linking time, temperature resistance, shear 
resistance, viscoelasticity, fluid loss, permeability damage rate, gel breaking perfor-
mance, slag content and resistance reduction rate need to be tested. The fracturing 
fluid can be used after passing the test [19]. 

3.1 Sinopec Coagulation Sedimentation Fine Filtration 
Membrane Advanced Treatment Fracturing Flowback 
Fluid Treatment Process 

The Environmental Protection Technology Service Company of Sinopec Jianghan 
Petroleum Engineering Co., Ltd. treats COD, suspended solids, petroleum, bacteria, 
iron, magnesium, calcium and other high valence cations in fracturing flowback fluid 
through the process of coagulation sedimentation fine filtration membrane advanced 
treatment. According to the treatment process of fracturing flowback fluid, four treat-
ment modules are designed, namely, coagulation unit, inclined plate sedimentation 
unit, fine filtration unit and membrane advanced treatment unit, The whole unit is 
designed as a truck mounted skid with a processing capacity of 20~30m3/h, which 
can flexibly meet the fracturing flowback fluid treatment requirements of different 
well locations [17].
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3.2 Northeast Oil and Gas Field Mobile Sewage Treatment 
Unit 

Fracturing flowback fluid contains a large number of complex components such as 
sludge, suspended solids, oil, organic matter and soluble salts. Northeast Oil and Gas 
Field has designed and developed a mobile sewage treatment device for the recovery 
and reuse of fracturing flowback fluid [20]. The unit is composed of three operation 
containers: high-efficiency destabilizing device (treatment agent: destabilizing agent, 
alkalizing agent, bridging agent), solid–liquid separation device and deep purification 
device. After treatment, the removal rate of solid particles in the flowback liquid 
reaches more than 99%, and the transparency of the treatment liquid is significantly 
improved [18]. 

3.3 Changqing Oilfield Calcium Ion Treatment Agent 

PetroChina Changqing Oilfield has developed a treatment agent capable of 
complexing free Ca2+ to form water-soluble chelates and eliminate the influence of 
metal ions on the solubility of hydrophobically associated polymers [15]. The treat-
ment agent is compounded with sodium hydroxyethylidenedipho sphonate (HEDP 
· Na4) and polyaspartic acid (PASP) as the chelating agent and triethanolamine as 
the stabilizer. Its chelating agent molecule has a number of atoms that can provide 
coordination lone pair electrons, high complexing capacity and large complexing 
stability constant. After Ca2+is complexed, a stable water-soluble chelate is formed, 
thus eliminating the influence of Ca2+on the swelling and viscosity of hydrophobic 
association polymer [15]. It has been applied in 15 wells in Changqing Oilfield, and 
the treated fluid has been recovered 3900 m3 [15]. 

4 Conclusion 

The fracturing flowback fluid, as the product of reservoir fracturing, is difficult to 
be treated and expensive due to its characteristics, which seriously restricts the effi-
ciency of modern oil and gas field development. According to its characteristics and 
local laws and regulations, various countries and regions have carried out research 
on different treatment processes of fracturing flowback fluid, and also carried out 
research and development on treatment equipment for impurities with different 
components in the flowback fluid. The treatment methods of fracturing flowback 
fluid at home and abroad can be roughly divided into three categories: treated efflux, 
treated reinjection and treated reuse. In North America, fracturing flowback fluid 
is discharged after treatment and reinjected after treatment. However, due to the 
increasing production of fracturing flowback fluid year by year and the continuous
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revision of local laws, these two methods become increasingly unsuitable for the 
exploitation of unconventional oil and gas reservoirs such as shale gas. After treat-
ment, reuse becomes the most popular and promising treatment method. In China, 
fracturing construction started late, but developed rapidly. The fracturing flowback 
fluid is also the first choice for major domestic oilfields to reuse after treatment. The 
main idea for reuse after treatment is to remove impurities in fracturing flowback 
fluid, such as suspended solids, oil, salts and bacteria. To sum up, it is basically no 
more than physical, chemical, biological and other methods. By comparing the treat-
ment methods of fracturing flowback fluid at home and abroad, there is no efficient, 
systematic and universal treatment method and equipment in China. Most of the 
domestic treatment methods focus on each indicator, and no mature fracturing flow-
back fluid treatment technology has been developed. In the future, domestic research 
in this field is needed to reduce the difficulty of fracturing flowback fluid treatment in 
major oil and gas fields, reduce the treatment cost and improve the treatment effect. 
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Exploratory Application of Bacteria: 
A Self-Healing Concrete Review 

Eunice R. Berina and Orlean G. Dela Cruz 

Abstract Self-healing concrete is one of the practical and effective ways to intelli-
gently respond to cracks and lessen or even completely fix the crack. This method aids 
in crack repair by generating calcium carbonate crystals from bacteria that obstruct 
the pores and microcracks in concrete. A critical review of the self-healing technique 
will narrow down the different methods and approaches to utilizing this technique 
which is the objective of this paper. The family Bacillus genera are the most used 
bacteria in the literature review. It is utilized by the method of direct application and 
immobilized encapsulation. Therefore, various types of experiments on specimens 
of varying sizes have been used by various researchers for their study of bacterial 
concrete in comparison to conventional concrete. However, the self-healing tech-
nique is still new due to a lack of introduction and exposure in the civil engineering 
industry. Therefore, the proper procedure or standard should be established for proper 
application in practical engineering. 

Keywords Self-healing · Bacteria · Construction · Building materials · Crack 

1 Introduction 

Concrete is still the most famous building material in the world. However, they are 
relatively brittle and must be applied appropriately to avoid cracking when move-
ments due to drying shrinkage or thermal changes are restrained [1]. To solve the 
cracking problem in civil engineering, researchers present the biological approach as
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an environmentally benign and alternative method for ensuring the long-term dura-
bility of concrete structures [2]. The self-repairing technique based on microbial 
mineralization provides unique advantages because microbial spores have excep-
tional resistance to hostile environments and may be kept for an extended period 
which is the primary goal in the application of bacteria as self-healing concrete which 
is to enhance the longevity of structures because cracks may shorten the lifespan of 
concrete structures [3]. The paper aims to review the performance of different bacteria 
as crack remediators that the re-searchers have explored in self-healing concrete to 
identify the most frequent, easy-to-use, and effective remediators of cracks. In the 
realm of civil engineering, researchers present the biological approach as an envi-
ronmentally benign and alternative method for ensuring the long-term durability 
of concrete structures. Bio-healing materials are based on the field of bacteriology, 
which is a subset of microbiology. Providing bacteria with nutrients and acquiring 
precipitated calcium carbonate as a result of metabolic processes such as photosyn-
thesis, sulfate reduction, and urea hydrolysis generation is one method for bacterial 
healing. 

2 Methodology 

The objective was to determine the self-healing concrete trends in research. 
The following research questions were developed and applied to each identified 
publication to guide this goal:

• (RQ1): What bacteria are used for self-healing?
• (RQ2): What specific methods apply bacteria as self-healing concrete?
• (RQ3): What are bacteria’s possible effects on concrete compressive strength?
• (RQ4): What is the performance of bacteria as crack remediators?
• (RQ5): What are the gaps in the study of applying bacteria as self-healing 

concrete? 

Peer-reviewed bibliographic databases were looked at utilizing a three-step 
process: (1) exploratory search, (2) systematic selection, and (3) classification to 
answer the research questions of this study. To record this technique, the PRISMA 
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) procedure 
was used (see Fig. 1).



Exploratory Application of Bacteria: A Self-Healing Concrete Review 81

Database searching with keywords: 
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Fig. 1 Literature selection following preferred reporting item for systematic reviews and meta-
analyses (PRISMA) guidelines 

3 Discussion 

3.1 Different Bacteria Are Used for Self-Healing 

Microorganisms can grow anywhere, such as in soil, acidic springs, water, oil reser-
voir, etc., to fill the cracks and voids of concrete. However, bacteria of strain are the 
most effective for self-healing concrete because of their ability to precipitate certain 
beneficial chemicals to be used in designing self-healing concrete. The calcium Ca2+ 

concentration, the concentration of dissolved inorganic carbon, the pH (pK2(CO) 
= 10.3 at 25 OC), and the availability of nucleation sites are all simple chemical 
processes that should be present in bacteria [4]. Table 1 lists the bacteria that are 
frequently employed in research. Bacillus sphaericus produces carbonic anhydrase, 
which catalyzes the conversion of CO2 to HCO3, which subsequently reacts with Ca2+ 

in mortar cracks to precipitate CaCO3, which was observed using Scanning Elec-
tron Microscopy (SEM) [5–7]. Bacillus pasteurii in Recycled Coarse Aggregates 
(RCA) showed that the microbial-induced precipitates in the crack were CaCO3 [8]. 
According to X-ray diffraction (XRD) and scanning electron microscopy (SEM) 
data, the precipitate mineral was calcium carbonate in the calcite phase, and Bacillus
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Table 1 Types of bacteria used as a self-healing remediator 

Bacteria name Application References 

Bacillus sphaericus Direct and encapsulation Erşan et al. [5–7] 

Bacillus pasteurii Encapsulation Liu et al. [8] 

Bacillus subtilis Direct and encapsulation Feng et al. [4, 7, 9–11] 

Bacillus megaterium Encapsulation Su et al. [13] 

Deinococcus radiodurans Direct Mondal and Ghosh [10] 

Sporosarcina pasteurii Direct Amer Algaifi et al. [12, 14, 15] 

Bacillus cohnii Encapsulation Rauf et al. [7, 16–18] 

Lysinibacillus sphaericus Direct Amer Algaifi et al. [12, 19] 

Bacillus pseudofirmus Direct and encapsulation Erşan [5] 

Fig. 2 CaCO3 in concrete scanned using scanning electron microscopy (SEM) [7] 

subtilis was employed for the biomineralization test. It was discovered that calcite is 
the dominating mineral phase, with some bacterial fingerprints on the crystal surface 
[4, 7, 9–11]. In the series with Ca2+ concentrations of 50 mM, Sporosarcina pasteurii 
hydrolyzed around 40% of the urea, and after seven days, all urea was hydrolyzed 
entirely [12] (Fig. 2). 

3.2 Methods of Applying Bacteria as Self-Healing Concrete 

Microorganisms are included in concrete in various ways, including microbial broth 
in freshly formed concrete, spores, immobile form on silica gel, encapsulation, and 
direct application, according to the literature. Comparing the performance of Bacillus 
sphaericus using direct and encapsulation [6]. The vegetative cell-dropping (direct) 
method was more effective than immobilized microencapsulated bacterial spores for 
mortar repair. Even by using Bacillus subtilis, where the comparison between direct 
and immobilization of bacteria by using Bentonite nano/microparticles (BNMP), 
shows that the direct induction of bacteria in concrete healed the cracks up to 0.44 mm 
compared to healing efficiency up to 0.2 mm by immobilization using BNMPs [11].
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However, the microencapsulation method in UK field applications to eval-
uate its self-healing performance on-site is already applied [20]. The researchers 
also highlighted the challenges and improvements in producing next-generation 
microencapsulate-based self-healing systems. Even the tunnel project at Qianhai, 
Shenzhen, which uses encapsulation, was investigated through field and laboratory 
tests [21]. The results indicated that this self-healing technology is feasible and 
is expected to improve the durability of concrete structures, especially in coastal 
civil engineering [21]. Also, it highlighted that one obstacle that impedes the direct 
application of bacteria in concrete is its harsh environment, i.e., high shear strength 
and temperature during mixing, high alkalinity (pH > 12), and minimal space (pore 
size < 0.1 µm) after hardening [15]. Unprotected bacteria cells could not survive 
directly mixed with fresh concrete. Thus, protective carriers must be used along 
with bacteria. In short, bacteria should be wrapped in encapsulation materials. Recy-
cled coarse aggregates (RCA) were useds an encapsulation for bacteria, and after 
28 days of healing, the crack of the concrete prepared was healed [8]. Bacillus 
pseudofirmus bacteria spores and nutrients were encapsulated using polyurea without 
affecting its chemical reaction. It was found to be a practical approach to protecting 
bacteria included in cementitious material for self-healing [22]. Expanded Perlite 
(EP) wrapped with various materials as a bacterial and nutrient carrier and found to 
enhance the healing process of mixing with concrete [16, 18]. In particular, the crack-
healing of concrete peaked when EP particles immobilized with bacterial spores were 
wrapped with a low-alkaline material (potassium magnesium phosphate cement). 
This result was also validated by the water permeability experiments [10]. EP is a 
low-cost material; thus, it can be used as a bacterial carrier for large-scale self-healing 
concrete applications. Moreover, the study on the effects of the core–shell bacterial 
carriers showshat the batch-prepared carrier has good quality stability, can achieve 
strong growth, has low porosity and small pore size, and can significantly extend the 
survival time of microorganisms [23]. 

3.3 Effects of Bacteria on Properties of Concrete 
Compressive Strength 

The compressive strength test is the most essential of the various tests performed 
on concrete since it provides information about the concrete’s qualities. It shows the 
capacity of concrete to withstand loads before failure. The application of bacteria 
based on calcite precipitation has influenced the strength of structural concrete. Using 
Bacillus sphaericus bacteria by direct applying bacteria cells and nutrients results 
in 46% more strength than specimens without bacteria [6]. It was also supported 
by bacteria B. subtilis and D. radiodurans, which after 28 days of curing the mortar 
samples increased their compressive strength by 29% and 45%, respectively, with 103 

cells/ml of bacterial concentration where the bacteria were sterilized by autoclaving 
for 30 min at a temperature of 130 °C. The bacteria were inoculated in the nutrient
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Fig. 3 Example of self-healing concrete with the use of bacteria 

broth inside a laminar flow chamber after chilling to ambient temperature (27 C). 
About 10µ from each culture medium were taken on a hemocytometer after 5–6 days 
of inoculation. And the number of bacterial cells was counted under a microscope 
[10]. With a cell concentration of 2 × 107 cells/mL, the L. sphaericus and S. pasteurii 
enhance strength by 15 and 11% compared to control concrete by incorporating 
bacteria by direct application [12]. Sporosarcina pasteurii gives the highest results 
in compressive strength recovery, which is over 87% of the original value [24]. Higher 
compression strength values also indicate that healing processes were not restricted 
to the surface but occurred in deeper parts of the cracks. This result was due to the 
precipitation of microbial calcium carbonate inside the concrete, which was proven 
using a Scanning Electron Microscope (SEM) [6, 9, 10, 12, 24]. Evaluating the 
effects of multi-varied atmospheric curing conditions on the compressive strength 
of bacteria Bacillus Subtilis, finding that higher temperatures, relative humidity, and 
the wind speed increased compressive strength [9]. See Fig. 1 as an example of the 
Self-repairing technique using bacteria (Fig. 3). 

3.4 Performance of Bacteria as Crack Remediator 

The most common method for designing self-healing concrete in the literature is 
bacterial calcium carbonate precipitation utilizing ureolytic bacteria. The urease 
enzyme from bacteria catalyzes the hydrolysis of urea to carbon dioxide and 
ammonia. According to the microbiological pathway for calcium carbonate precip-
itation, urea must be present in the self-healing concrete to activate the neces-
sary biochemical events. To detect the biological calcite precipitation needed in 
self-healing concrete, X-ray diffraction (XRD) is commonly used. 

Bacillus subtilis is the most frequently used in the related literature. With a cell 
concentration of 105 cells/ml of concrete in direct application, calcite was the most 
predominant mineral phase of calcium carbonate in precipitation, which was proven 
by a Scanning Electron Microscope (SEM) [4, 10]. However, the healing decreases
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as times go by [4]. With 5.9L/m3 of cell concentrate, it can heal cracks up to 
1.2 mm widths if incorporated by encapsulation/immobilization using iron oxide 
nano/microparticles (INMPs) [11]. The presence of calcium carbonate (CaCO3) is  
also observed in the bacteria Bacillus sphaericus with 106 cell/mL cell concentra-
tion which is dropped directly at the surface of cracks twice a day for seven days, 
and 100% of cracks are healed [6]. Bacillus conhii can also be immobilized in these 
fibers, where massive rhombohedral crystals of size more than 20 µm can be seen 
using SEM, indicating that Bacillus conhii integrated with concrete mix has adequate 
bacterial activity for crack healing [18]. 

Using Expanded Perlite (EP) [25], where Bacil lus conhii is encapsulated with 
3.9 × 109 cell/cm3 completely healed crack width up to 1.24 mm after 28 days [16]. 
Bacillus conhii degrades organic molecules into CO2 and H2O, which results in the 
formation of CaCO3 [16]. Bacillus pseudofirmus was also encapsulated at Expanded 
Perlite (EP), where calcium carbonate was detected using Fourier transform infrared 
spectroscopy (FTIR) with 4.1× 109 spores per g, and healing occurred after 165 days 
[26]. However, heat (45 °C for 4 h) and pH (12.9 for 4 h) treatments of the bacteria had 
a significantly lower impact on the viability and urea hydrolysis using Sporosarcina 
pasteurii [14]. Tables 2 and 3 summarize a few researchers’ previous research on 
self-healing concrete.

4 Conclusion 

This review paper examines the biological approach’s potential to create biologi-
cally self-healing concrete by employing microorganisms that can precipitate calcite. 
Understanding the application of urease-producing bacterium isolates, such as those 
from the Bacillus species, in the repair of concrete fractures is crucial to our effort. 
The study examined various bacterial species that can be employed to repair cracks. 
The proposed assortment in this study helps the researchers better understand the 
self-healing concrete road map. The realization paves the way for future studies on 
developing biological techniques for self-healing concrete on the amount of Bacillus 
subtilis to be applied in concrete mixture using direct application of bacteria’s urea.
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Shear and Flexural Performance 
of Reinforced Concrete Beams 
with Modified Shear Reinforcement: 
A Literature Review 

Bonjoebee R. Bello and Orlean G. Dela Cruz 

Abstract Shear failure is undesirable to any structural engineer due to its occurrence 
without warning. Such loss must be avoided in the design of any structure. Conse-
quently, there has been a significant urge to improve and strengthen the behavior of 
RC beams. Researchers have innovated various approaches, encompassing additives, 
partial or full replacement of fundamental concrete materials and explorations into 
size effects. Conversely, changing the con-figurations of the typical stirrups emerges 
as a new and promising technique for improving the strength of RC beams. This paper 
reviewed different literature on modifying beams’ shear reinforcement in terms of 
geometry, inclination, and spacing. The literature revealed that RC Beams with spiral 
and truss reinforcement increased shear capacity by 18.148%, flexural capacity by 
13.08%, and reduced deflection by 80mm to 150mm. Due to challenges and gaps, this 
area of research is still an open field for study. Therefore, to further study this area, 
it is recommended to use FEM as an alternative to design complex FE models and 
analyze complicated structural members to obtain safe and accurate results with less 
cost and time. This paper may contribute to future studies to evaluate the best design 
demonstrating exemplary performance for RC beams’ shear and flexural behavior. 

Keywords Shear reinforcement configurations · Spiral stirrups · Truss 
reinforcement system · Finite element method · RC beam

B. R. Bello 
Tarlac State University, Romulo Blvd., San Vicente, Tarlac City, 2300 Tarlac, Philippines 
e-mail: brbello@tsu.edu.ph 

B. R. Bello · O. G. Dela Cruz (B) 
Graduate School, Polytechnic University of the Philippines, 1016 Sta. Mesa, Metro Manila, 
Philippines 
e-mail: ogdelacruz@pup.edu.ph 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
H.-Y. Jeon (ed.), Proceedings of the International Conference on Geosynthetics and 
Environmental Engineering, Lecture Notes in Civil Engineering 374, 
https://doi.org/10.1007/978-981-99-4229-9_9 

91

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4229-9_9&domain=pdf
mailto:brbello@tsu.edu.ph
mailto:ogdelacruz@pup.edu.ph
https://doi.org/10.1007/978-981-99-4229-9_9


92 B. R. Bello and O. G. Dela Cruz

1 Introduction 

Shear failure is the most dangerous and complex failure mode on reinforced concrete 
(RC) beams [1]. It is unfavorable for engineers because of its sudden occurrence with 
a brittle failure approach [2, 3]. Furthermore, such failure would lead to the crushing 
[4] of concrete before the tensile reinforcement yields, making it critical and unsafe 
for the occupants of any structures. 

Modifying the traditional steel reinforcement of RC beams regarding the geom-
etry, inclination, and spacings is a promising technique to improve their strength 
[5−11]. Various researchers have studied and shown the effectiveness of using the 
modified configuration of shear reinforcement in beams’ shear and flexural behavior. 

Most of the studies about shear reinforcement modification are experimental 
approaches that use additional laboratory testing that is costly and not immediately 
accessible [12] to researchers. This problem makes the research expensive and time-
consuming. However, the Finite Element Method (FEM) uses less effort and budget 
to evaluate and understand the RC beams’ behavior [13]. 

FEM is one of the most precise and efficient advances to analyze complicated 
structural engineering problems like reinforced concrete, which gives a convenient 
and flexible tool for solving the difficulties related to the RC members’ analyses 
[14]. This study aims to identify different designs of modified configurations of 
shear reinforcement that significantly affect RC beams’ shear and flexural behavior. 
Moreover, this study reviews how useful FEM is in analyzing the effect of modified 
shear reinforcement in beams. Finally, this study seeks to find gaps and challenges 
that may need to address in the future by conducting a review. 

2 Methodology 

A comprehensive literature review (refer to Fig. 1) has been done to collect and 
present data by the following procedures: (1) collecting of published journals by 
searching thru keywords such as shear reinforcement configurations; (2) screening of 
relevant journals by title, abstract, introduction and conclusion; and (3) evaluating the 
eligibility of the collected literature. Forty-seven published journals were collected 
and selected for screening to acquire four topics.
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Fig. 1 Systematic review flow chart 

3 Discussion 

3.1 Shear Reinforcement Modification of RC Beams 

RC beams need shear reinforcement, and theoretically, it is required when an external 
force exceeds the member’s design shear resistance. Nevertheless, minimum shear 
reinforcement is necessary to avoid brittle failure [7]. Shear failure is brittle and, 
therefore, must be avoided in the design of RC beams [15]. Many researchers modi-
fied the conventional stirrups into spiral and truss reinforcement to address such 
failure. 

Spiral Stirrups. Spiral reinforcements are closely spaced continuous spirals that 
encircles the main bars in the forms [16]. It is not new in reinforced concrete members, 
as columns have already used this reinforcement. These columns provide greater 
load-bearing capacity since the energy transfers continuously in the spiral reinforce-
ment, making it more malleable and flexible [17]. In RC beams, vertical stirrups are 
replaced by spiral reinforcement to increase flexural and shear carrying capacity and 
in the ductile behavior of beams [18].
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a. Spiral Reinforcement b. Truss Reinforcement System 

Fig. 2 Sample design of modified shear reinforcement 

RC beams with spiral reinforcement are designed according to the following: 
beam dimension, material properties, stirrup geometry, stirrup diameter, stirrup incli-
nations, and spacings (refer to Fig. 2a). The beams have rectangular cross-sections 
with different compressive strengths ranging from 25 to 60 MPa [7, 8, 10, 15, 19, 
20]. The stirrups are continuous rectangular & circular spiral reinforcement ranging 
from 3 to 6 mm∅ in diameter [7, 8, 10, 15, 19, 20] with yield strength going from 
290 to 540 MPa [8, 10, 20]. 

The spacing of the spiral stirrups varies from a minimum of 14 mm to a maximum 
of 200 mm [7, 8, 10, 15, 19, 20]. If the stirrup’s size is 8 or 10 mm∅, the spacing 
should be 250 or 400 mm to acquire a desirable transverse reinforcement ratio but 
should not exceed 0.75d [21, 22]. More importantly, the design of the beams with 
spiral reinforcement that shows a significant effect on the beams’ behavior is the 
inclination [10], and the tendency used differs from 72.5° to 85° concerning the 
horizontal axis [7, 8, 10]. 

Truss Stirrups. A truss is a triangulated arrangement of straight, slender members 
linked together [23]. Many researchers adopted the conceptual design of the truss to 
replace the shear reinforcement to strengthen the load-carrying capacity of beams. A 
special steel–concrete composite beam known as Hybrid Steel Truss Concrete Beams 
(HSTCBs) was recently introduced in the construction industry, with prefabricated 
truss reinforcement embedded into the concrete [24−27]. 

RC beams with truss reinforcement are designed according to the following: 
beam dimension, material properties, stirrup geometry, steel type and sizes, and 
stirrup inclination and spacings (refer to Fig. 2b). The beams have rectangular cross-
sections with different compressive strengths ranging from 18.5 MPa to 38.83 MPa 
[28−32]. The stirrups are truss reinforcement composed of round bar, 8 mm [28−31] 
and 16 mm in diameter [32], and steel strips, 2 mm thick and 14, 25, and 40 mm 
wide [29] with yield strength ranging from 300 to 479 MPa [28−32]. 

The spacing of the different truss stirrups varies from 83 to 450 mm [28−32]. 
Some designs in spacing are based on 25, 50, and 75% of the adequate depth of the 
beam [28]. Moreover, the inclination is based on the spacings of the truss stirrups. 

The closer the spacing, the stiffer the tendency of the stirrups.
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3.2 Finite Element Method 

The experimental approach to evaluating the mechanical behavior of RC beams is 
considered helpful in developing results [13]. However, this approach has disadvan-
tages in terms of time and budget, as laboratory testing is costly and not immediately 
accessible [12] to researchers and requires more labor. The numerical method, in 
contrast, expends less cost and time and can also assist in obtaining an excellent 
understating of the behavior of RC beams [13]. 

The Finite Element Method, or FEM, is a numerical analysis methodology that 
provides approximate solutions to various engineering problems. It gives a nonlinear 
analysis of the system of equations to the finite element (FE) model problems [33]. 
FEM has made significant promises in several mechanical applications associated 
with civil engineering structural modeling [12]. The core premise of FEM is a solution 
zone that can be analytically described by replacing discrete elements known as 
discretization. Furthermore, these components can be combined to create highly 
complicated geometrical shapes or forms [33]. These features of FEM help any 
researcher to design complex FE models. It is one of the most precise and effective 
ways to analyze complicated structural engineering issues like reinforced concrete; 
moreover, it provides a straightforward and adaptable tool for resolving RC member 
analysis difficulties [14]. Comparing the available experimental and numerical data 
with the analytical calculation reveals that a proposed model from FEM can provide 
a safe and reasonably accurate evaluation of the RC beam behavior [34]. 

Six leading companies offer commercial software for finite element analyses, such 
as ABAQUS, ANSYS, SDRC-Ideas, RASNA, and MSC/NASTRAN [33]. ABAQUS 
[13, 35] and ANSYS [36, 37] are used by various researchers for modeling and 
studying the effect of spiral and truss reinforcement in RC beams. 

3.3 Effects of Modified Shear Reinforcement 

The products of modified shear reinforcement in RC beams are presented based on 
the shear, flexural strength, and midspan deflection. These results are reviewed based 
on the relations with the inclinations and spacings of stirrups. 

Spiral Stirrups. RC beams with spiral reinforcement are setups (refer to Fig. 3a 
and b) in three-point [20] and four-point bending tests [7, 8, 10, 15, 19]. These testing 
exhibited an average 18.148% increase in shear capacity [7, 8, 10, 15]. It is shown 
that the most remarkable difference between the beams tested with spiral reinforce-
ment configurations is the ability to sustain the shear force for more considerable 
deflections [20]. Moreover, spirals with spacing ranging from 80 to 120 mm showed 
these positive results [12, 13, 17, 18, 20], and 85° being the optimum angle that 
presents optimum performance [10].

Truss Stirrups. For the beams with truss reinforcement, the three-point [32] and 
four-point bending tests [28−31] are used. These testing exhibited an average of
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a. Three-Point Bending Setup 

b. Four-Point Bending Setup 

Fig. 3 Testing setup

13.08% increase in flexural capacity [28–30]. It is also shown that the beams with 
truss reinforcements sustain remarkable deflection [30]. Moreover, truss stirrups with 
spacing ranging from 83 to 150 mm showed these positive results [28−32]. 

Modified Stirrups in FEM. FE models are designed in numerical software and 
tested through three-point [34, 35, 37, 38], and four-point bending tests [13, 36]. After 
the testing, it is shown that ultimate shear strength increased compared to control 
beams [13, 35, 36]; the load carrying capacity of the model with inclined stirrups is 
increased by 28 to 83% [37]. In addition, all RC beams using embedded steel angle 
trusses showed a reduction in deflection [13, 37].
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3.4 Effectiveness of Modified Shear Reinforcement 

The strength of any structural member, such as beams, must be enough to resist all 
the effects caused by loadings during its lifetime without failure [10]. Most structural 
design specifications suggest RC beams’ ductile failure to guarantee structures’ safety 
[39]. 

Replacing traditional stirrups with spiral reinforcement showed a promising result 
in the RC beams’ behavior. Beams reinforced with rectangular spiral stirrups are more 
effective than regular and circular spiral stirrups [15]. Spirals are recommended in 
beams because they improve the shear capacity and ductility of beams [7, 8, 10, 
19] and minimize construction time and costs [10]. Test findings demonstrate that 
introducing rectangular spiral reinforcement improves the tested beams’ bearing 
capacity and shear performance [8]. 

Meanwhile, beams with truss reinforcement systems also demonstrated a positive 
conclusion about the RC beams’ behavior. Beams reinforced with trussed steel strips 
had higher shear performance in both ultimate capacities and developed significant 
shear crack width than beams reinforced with equivalent trussed bars. This is due 
to the larger surface area of the internal trussed strips compared to round bars, that 
reinforced beam could keep the concrete core within the section, reducing the primary 
shear fracture width and increasing the final strength of the reinforced concrete beam 
[29]. Flexural capacity [28, 30, 31], shear capacity [28, 31], and stiffness [30] of the  
concrete beams increased compared to the standard steel reinforced concrete beam. 
It is also noticeable that an increase in the shear capacity of beams can be achieved 
by using inclined stirrups in a suitable direction and arrangement [32]. 

In FEM, favorable results from the RC beams’ behavior are also found. The 
embedment of steel trusses in RC beams improved the structural behavior of RC 
beams [13]. Beams with embedded trusses or providing inclination to the vertical 
stirrups significantly increased the ultimate shear strength [13, 37] and increased 
ductility [34] compared with traditional RC beams. Furthermore, the shear rein-
forcement has a negligible effect on the failure and midspan deflection of the RC 
beam by using steel trusses [13]. Therefore, truss reinforcement is comparatively 
more significant than conventional beams [35]. 

4 Challenges and Gaps 

The literature revealed that modifying the traditional shear reinforcement into spiral 
and truss systems increased RC beams’ shear and flexural behavior. However, it 
is also shown that designs in the shear reinforcement’s geometry, inclination, and 
spacings are limited to continuous rectangular or circular spiral and truss systems. 

Promising results are obtained by using spiral and truss systems in beams. Never-
theless, authors do not often compare the behavior of RC beams between these two 
technologies.
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Most studies only focused on either the shear or flexural performances of RC 
beams with modified reinforcement. 

The FEM is a beneficial approach to obtaining and understanding the results 
of any structural analysis due to its safe and accurate outcomes. But authors in 
experimental and descriptive studies only compared data between the control and 
independent specimens. 

References Challenges and Gaps Imposed 

[7, 8, 10, 15, 19, 20, 28–32] Limited design in stirrup modifications 

[7, 8, 10, 13, 15, 19, 20, 34–38] Lack of research in comparing different spiral, truss, and 
other designs of stirrup modification 

[8, 10, 13, 19, 20, 28–32, 35–37] Limited research in evaluating both shear and flexure 

[7, 8, 10, 13, 15, 19, 20, 34–38] Lack of statistical analysis in result assessment 

5 Conclusions 

The effects of using modified shear reinforcement in RC beam’s shear and flexural 
behavior have been well-reviewed. The change in the stirrups’ geometry, inclina-
tion, and spacings significantly affected RC beams’ shear and flexural capacity and 
reduced deflection. Although this promising technique tends to increase the beam’s 
load-carrying capacity, several gaps and challenges still exist, such as limited designs 
in the modification of shear reinforcement, lack of research in comparing different 
spiral, truss, and other design of stirrup modification, limited research in evaluating 
both shear and flexure, and lack of statistical analysis in result assessment. 

Consequently, this area of research is still an open field for study. Therefore, to 
further study this area of research, FEM is an alternative and a very useful tool to 
design complex FE models and analyze complicated structural members to obtain 
safe and accurate results with less cost and time. 

To conclude this paper, exploring the modification of beams’ shear reinforce-
ment in terms of geometry, inclination, and spacing is significant and recommended 
since this will help future studies to evaluate the best design that shows relative 
improvement in RC beams’ capacity. Moreover, assessment and comparisons of the 
outcomes between spiral, truss, and other modification designs are necessary to show 
which method demonstrates significant strength for beams. Furthermore, it is vital 
to study both the shear and flexural performances of beams since beams may fail 
both in flexure and shear [39]. Finally, investigation and assessment of the results 
through statistical analysis are essential to describe the significance of modifying the 
shear reinforcement in RC beams since the statistical analysis helps the researcher 
understand the results to provide confident recommendations and conclusions.
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Mechanical Coupler as an Alternative 
Rebar Splicing: A Review 

Jhun M. Jacinto, Felix Paul C. Rabago, Antonio D. Bolivar III, 
Ernie D. Tombado, and Orlean G. Dela Cruz 

Abstract The world is searching for innovative technologies that can lessen the 
hardship of traditional work. Construction is one of the industries in search of new 
technology that can be used in every aspect of its operations, as well as cutting-edge 
technology for a wide range of construction materials. Using a mechanical coupler 
is one of the advancements in building materials. Utilizing mechanical couplers in 
construction is a creative and potentially industry-altering innovation. By generating a 
more robust and practical link between reinforcing bars, these devices could increase 
the safety and durability of construction projects. Furthermore, since there is a limited 
length of available reinforcing bars on the market, the mechanical coupler provides an 
alternative to the traditional splicing method. One of the study’s goals is to determine 
the benefits and disadvantages of using this mechanical coupler in the building. In 
addition, this paper illustrates a discussion of the many applications and types of 
mechanical couplers.
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Keywords Mechanical coupler · Innovative material · Construction · Lap 
splicing · Rebar splicing 

1 Introduction 

The world is continuing to expand and progress. It accompanies the technological 
advancement of different everyday materials. The challenge of water supply shortage 
has been addressed, as well as the shortage of food. The use of innovative mate-
rials and modern technology in construction is in high demand due to the world’s 
increasing population and limited resources. Whenever load path continuity is essen-
tial in prominent members such as beams, slabs, and columns, lap splicing has become 
the standard way of connecting two steel reinforcing bars [1]. Due to bar length 
constraints, splicing of reinforcing bars is unavoidable in reinforced concrete (RC) 
structures [2]. Within standards, codes of practice, and regulations that set parame-
ters for the dimensioning of structural elements in reinforced concrete, the steel bar 
splicing zone is always given particular attention [3]. Lap splicing is a conventional 
method of transferring load, tension, moment, and shear stresses between steel rein-
forcing bars used in concrete structures [4]. Lap splices are ineffective for longer 
spans, are not regarded as reliable under cyclic pressure, and have a lot of hidden 
expenses [1]. Rebar congestion at the lap zone is increased by lap splicing. It is one 
of the most common reasons for forming rock pockets and voids in concrete. There 
are a few other hidden costs associated with providing lap splices: the time spent 
preparing lap splices, the necessity for additional transverse reinforcement, the tools 
used in forming the lap splice, and the cost of rebar replacement [4]. Due to this 
reason, the contractor and engineers turn to use mechanical couplers to address the 
apparent issues of bar length limitations. The steel bar splicing zone is always given 
special consideration in guidelines, codes of practice, and standards that set param-
eters for dimensioning structural elements in reinforced concrete [5]. Due to the 
mechanical joint, spliced rebar operates like continuous reinforcement as opposed 
to lapping, which is dependent on the concrete; this prevents mistakes brought on 
by providing the incorrect lap length, decreasing the grade of the concrete, problems 
with compaction or segregation, deterioration of the concrete over time, or due to an 
immediate impact that reduces the strength of the lap joint [6]. Couplers, particularly 
threaded ones, can simplify the design, constructing with reinforced concrete and 
utilizing less reinforcement required [5]. 

The design and arrangement of anchorages and splices in any reinforced concrete 
structural design require a unique combination of art and science. Well-designed 
splices are an essential component of every well-executed strategy. In terms of 
design and implementation, the usage of laps might be time-consuming because of the 
higher number of rebar used; the installation can generate more congestion within the 
concrete [5]. When seismic detailing requirements combine with the issue of rein-
forcement congestion, mechanical reinforcement couplers can provide significant 
constructional and financial advantages over traditional techniques of lap splicing
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[7]. Mechanical couplers, an alternative to lapping rebars, are cylindrical elements 
that link the two revolving edges of reinforcing bars. The coupler’s grade should be 
the same as the reinforcing bars to ensure maximum load stress distribution from 
one bar to the next. 

2 Methodology 

The section of this research study focuses on the outline of journal results obtained 
from a website such as Scopus and Google Scholar on the relevance of the research 
topic. Figure 1 shows the systematic procedure for finding and choosing the relevant 
articles and journals needed in this review. Google Scholar and Scopus support 
Boolean syntax, a search strategy that enables users to integrate keywords using 
operators such as “and,” “not,” and “or” to generate more precise findings from 
research papers and publications [8]. It tracks citation data for other journals and 
provides access to the system’s databases for its journal impact measures (SNIP 
and SJR) [9]. The Boolean Syntax keywords used to find a theme or journal are 
mechanical couplers and the design of mechanical couplers. These keywords help 
supply different papers and journals related to the researcher’s topic of interest. The 
main goal of this literature review is to figure out and tell the researcher’s questions 
which are summarized as follows: 

RQ 1: What are the advantages and disadvantages of using a mechanical coupler 
for building structures? 

RQ 2: What quality testing is required to ensure a mechanical coupler is a reliable 
alternative to conventional lap splicing? 

RQ 3: What are the different types and usages of mechanical couplers? (Fig. 1)

3 Discussion 

3.1 Advantages and Disadvantages of Using Mechanical 
Coupler 

Mechanical Rebar connections are increasingly being specified instead of lap splices 
by engineers. Mechanical connections, they have discovered, provide a level of 
uniformity and reliability that lap splicing cannot match. The design process assumes 
that a mechanical splice between two reinforcing bars will not reduce the spliced bar’s 
structural strength, stiffness, or ductility. Guidelines, codes of practice, and norms 
that set requirements for dimensioning structural elements in reinforced concrete 
always pay special attention to the steel bar splicing zone. These splices must be 
done in a way that does not conflict with the structural element’s original intended
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Fig. 1 Systematic related literature selecting process

behavior in the region where they are present [3]. Table 1 shows the different advan-
tages and disadvantages of using a mechanical coupler. With tabulated benefits and 
drawbacks, most engineers now use this innovation in the construction industry.

3.2 Mechanical Testing Requirement 

Because there are no national standards regulating coupler behavior, we relied on 
other international standards such as AC133, ISO 15835:2009, and IS 16172:2014, 
as well as published consultant requirements. In addition, couplers should be made 
of a material that meets the minimum strength requirement (125 percent of the rebar 
yield strength) [1]. Couplers are typically mild steel; however, other metal alloys can 
be utilized in specific instances.
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Table 1 Common advantages and disadvantages of the mechanical coupler 

Reference Advantages Disadvantages 

Jain et al. [1–3, 5–7, 
10–16] 

– It is a practical and 
economical alternative 
to lap bars 

– There is a possibility of misalignment in 
the connection of two shafts which can 
cause excessive force on the coupling, 
shaft, and bearing that may cause them to 
fail prematurely 

– Reduce the 
dependency on the 
concrete for load 
transfer 

– Availability of couplers in the local market 
for above 32 mm diameter 

– Easy to install and 
assemble; no torque 
wrench is required 

– It may create structural damage if the 
coupler grade is not equivalent to the 
reinforcing bars 

– Shorten construction 
schedule and offers 
greater structural 
integrity 

– Skilled personnel are required in the 
assembling process 

– It eliminates the 
reinforcement 
congestion and thus 
reduces the material 
cost by eliminating the 
length of laps 

– Larger diameter rebar 
in a smaller column 
while minimizing 
congestion

3.2.1 Strength Test 

The ACI 318–2008 code is the most referenced code for mechanical couplers. It 
is a performance-based code that divides splicing into two categories: Type 1 and 
Type 2. A Type 1 joint must reach a minimum of 1.25Fy, while a Type 2 joint must 
meet both the 1.25Fy criterion and the rebar’s stipulated tensile strength [6]. Table 2 
summarizes the test result conducted for the mechanical coupler strength test.

3.2.2 Sip Test 

The average slip must be 0.25 mm for bars with 25 mm diameter and more minor 
and 0.75 mm above 25 mm diameter bars. In addition, the reference points must be 
established with a distance of 10 and 40 mm from the coupler to connecting bars 
[17]. To ensure that the protocol used was reliable, the methodology laid out in ISO 
15835:2009 was used, and took the slip reading at the end of the third cycle of 0.6fy. 
Table 3 shows the summary of the test results.
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Table 2 Control bar test [18] 

Bar dia 
(mm) 

Yield range 
to comply 
with ASTM 
a706 (MPa) 

Actual 
yield 
from 
the test 
(MPa) 

Min ultimate 
tensile 
strength to 
comply with 
ASTM a706 
(MPa) 

Actual 
max 
stress 
from test 
(MPa) 

Min 
elongation to 
comply with 
ASTM a706 
(%) 

Definite 
elongation 
(%) 

Pass or 
fail 

25 420–550 460 550 611 12 22.5 PASS 

28 420–550 469 550 620 12 19.8 PASS 

32 420–550 439 550 639 12 9.4a PASS 

36 420–550 466 550 642 12 11.4a PASS 

a These bars ruptured the gauge length, so the ductile necking phase was not recorded, only the 
elongation at maximum load (Agt). The actual extension was much higher and most likely complied 
with the requirements of ASTM a716

Table 3 Slip test requirement [18] 

Bar Test Max allowable slip Actual slip after three cycles PASS/FAIL 

Dia (mm) Number 

25 1 0.2 0.047 PASS 

2 0.2 0.05 PASS 

28 1 0.2 0.2 PASS 

2 0.2 0.017 PASS 

32 1 0.2 0.197 PASS 

2 0.2 0.019 PASS 

36 1 0.2 0.057 PASS 

2 0.2 0.083 PASS 

3.2.3 Cyclic Fatigue Test 

The reverse cyclic elastic test of 100,000 load cycles with a stress range of −173 to + 
173 MPa determines fatigue suitability. To accommodate available test equipment, 
the maximum frequency may vary depending on ASTM E466, “Standard Practice for 
Conducting Force Controlled Constant Amplitude Axial Fatigue Tests of Metallic 
Materials,” or ASTM E606M, “Standard Test Method for Strain-Controlled Fatigue 
Testing”. [17] 

In the study conducted by Pochara Kruavit, Anat Ruangrassamee, and Qudeer 
Hussain, Experimental and Analytical Study on Reinforcing Steels with Threaded 
Mechanical Couplers under Monotonic and Cyclic Loadings [19]. The cyclic loading 
test was carried out according to the loading scheme shown in Fig. 2 and 3 after test 
specimens failed because of low-cycle fatigue fracture. Figure 2 depicts the hysteretic 
loops for each model. The buckling of reinforcing bars causes the compression 
strength to be decreased. In addition, explicit pinching behavior occurred during
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the transition from tension to compression. For bars with a larger L/D, the hysteretic 
loop is smaller. 

Fig. 2 Cyclic loading scheme 

Fig. 3 Fracture failure
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Table 4 Summary of types and usage of the mechanical coupler 

Item no Type of mechanical 
coupler 

Usage References 

1 Shear screw couplers To shear off at a specified torque Himanshu [6, 10] 

2 Headed bar couplers Alternative to hooks and long 
development length 

Himanshu [6, 10] 

3 Grouted sleeve 
couplers 

Precast connection Himanshu [6, 11–13] 

4 Threaded couplers Connect two threaded bars Jain [1, 6, 10, 12, 
14–18] 

5 Swaged couplers Produce mechanical interlock dela Cruz [10, 12] 

6 Taper threaded couplers To account for the defects in rebar dela Cruz [10, 12, 16, 
18–20] 

3.3 Mechanical Coupler Types and Usage 

When working with smaller diameter reinforcing bars, more significant column 
dimensions may be required to accommodate more bars. Therefore, structural engi-
neers can use larger diameter rebars in the smaller column while limiting congestion 
using mechanical splices. In concrete construction, mechanical splices connect rein-
forcing bars by establishing a mechanical connection between two pieces of rein-
forcing steel. Mechanical splices are divided into three categories: tension–compres-
sion, compression-only, and tension-only. The mechanical splicing attaches various 
and secures the joined rebar ends in an in-line connection that satisfies the splice spec-
ifications. There are several types of mechanical couplers available on the market. 
However, only a specific mechanical coupler can be used as an alternative to lap 
splicing. Table 4 shows the summary of recent research and study regarding the 
types and usage of mechanical couplers. 

3.4 Mechanical Coupler for Splicing Precast Member 

Precast concrete’s adaptability allows for practically any shape element, including 
curved and radial portions, and freedom in connecting points and load routes. 
Compared to other structural systems, prestressed concrete structural elements 
provide great load-carrying capacity, allowing for smaller sections, longer spans, 
or both. Using precast members provides for a rapid, long-lasting, and labor-saving 
construction approach [20]. The connection of the structural system, the linkages, 
and the individual components all play a role in the design of precast, prestressed 
concrete structures. Each element must consider the others and the practical limita-
tions of the building’s intended purpose. Mechanical reinforcement couplers (MRCs) 
are one of the critical options for strengthening the strength and energy absorption
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in the precast connection zone [14]. Prefabricated elements are frequently united 
by splicing or coupling steel reinforcement. Mechanical splicers/couplers can join 
prefabricated elements [20]. Because of its distinct advantages, such as lowering 
construction time, cutting costs, reducing energy consumption, and boosting the 
quality of the members due to higher quality control, precast concrete (PC) structures 
outperform traditional concrete buildings [16]. By applying different approaches 
categories: (a) shear screw couplers, (b) headed bar couplers, (c) grouted sleeve 
couplers, (d) threaded couplers, and (e) swaged couplers. The most effective used 
method of splicing precast members is the grouted sleeve. Different grouting defects, 
insufficient grout strength, the bonding strength between the steel bar and grout, the 
bonding strength between the grout and the inner surface of the sleeve of the steel 
pipe or coupler, embedded length of steel bar inside the sleeve, and the alignment of 
a bar in a splice connector in-line or adjacent leading to the offset of the steel bar are 
all factors that can affect the performance of the grouted sleeve [16]. 

3.5 Mechanical Coupler for Reinforcement 

Steel reinforcement has been extensively utilized in constructing concrete struc-
tures to transfer tension and shear pressures [5]. If needed to reinforce a structure, 
lap splicing has become the conventional way of connecting two steel reinforcing 
bars to provide load path continuity; prominent elements such as beams, slabs, and 
columns are used [1]. Couplers, precisely threaded ones, could make the design 
process more accessible and reduce the reinforcement needed in reinforced-concrete 
construction; the coupler system is designed to rapidly and easily join two pieces of 
rebar in the field [5]. Mechanical splices like threaded couplers can be particularly 
effective since they simplify design parameters, are simple to install, and lower the 
required reinforcement, resulting in maximum cost savings [1]. The design assumes 
that a mechanical splice between two reinforcing bars will not reduce the spliced 
bar’s structural strength, stiffness, or ductility [3]. Increasing the embedding bar 
length will improve the couplers’ ultimate tensile load capacity [16]. It can be deter-
mined that using a tube coupler to attach rebars in compression members, such as 
columns, is more successful than lap splicing in carrying greater axial loads [21]. In 
the construction industry, couplers have recently been utilized to ensure compliance 
with structural strength and ductility criteria; it is required to keep proper checks on 
this product [6]. 

4 Research Gap 

Reinforced Concrete (RC) structures, such as buildings and infrastructure, consume 
a lot of concrete and rebar during construction. Steel bars are deformed bars, plain 
bars, wire, and steel products, all of which help concrete carry more tensile and
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Table 5 Challenges and limitations of the study 

Challenges and limitations References 

Lack of reliable information on their inelastic performance Dahal and Tazarv [2, 3, 7, 13, 15] 

Testing standards currently do not specify any requirements 
to explore the post-yield cyclic behavior of couplers 

Chiari [3, 6, 11, 16] 

The behavior of couplers is mainly unknown in the plastic 
hinge region of RC ductile members in the high seismic zone 

Dahal and Tazarv [2, 11, 14] 

compressive stress. The steel reinforcing is also critical in concrete construction 
crack control [10] (Table 5). 

As previously stated, couplers gained appeal in the building industry after the sharp 
increase in steel reinforcing prices. On the other hand, the mechanical splice consists 
of the coupler and the spliced rebar to establish the connection. The performance of 
the coupler is affected by several factors: (1) rebar grade, (2) ductility of the rebar, 
(3) size and shape of the rebar, and (4) under-sizing of the rebar for threading or rib 
size. Therefore, another consideration is to have a group of competent personnel uses 
these threading machines to ensure that the joints are prepared within the permitted 
tolerances, as well as a group of fitters familiar with splice installation on the project 
[6]. 

5 Conclusion 

It has been observed that limited resources and studies support the mechanical 
coupler’s capacity and structural integrity. This literature review reveals many advan-
tages and disadvantages to using the mechanical coupler as an alternative for lap 
splicing. A comprehensive study should provide a national code and precise method 
and approach to designing the mechanical coupler concerning its location, strength, 
and behavior. Furthermore, detailed research on how well the mechanical coupler 
will react to different loading and forces when applied to the structure—an innova-
tive and comprehensive approach in load application testing. Moreover, combining 
other structural materials with the mechanical coupler enhances its capability. 
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Behavior of Two-Tiered Mechanically 
Stabilized Earth Retaining Wall 
with Bamboo Reinforcement Under 
Isolated Footing Load 

Jlxeondyke Drie L. Ifurung, Matthew Travis M. Alcantara, 
and Giancarlo P. Ventura 

Abstract A numerical analysis was conducted to determine the behavior of a two-
tiered MSE wall subjected to an isolated footing load with varying tier offset distances 
and reinforcement types. A displacement-based footing load was performed to eval-
uate the wall’s response at the serviceability limit state of the varied design parame-
ters. Moreover, the viability of bamboo reinforcements was determined by comparing 
how they performed at the allowable and ultimate settlement of the footing against 
commercially available reinforcements. In terms of serviceability, the bamboo rein-
forcements were at par with the chosen commercially available reinforcements since 
none of the bamboo reinforcements yielded from the 1 inch (25 mm) allowable 
settlement of the footing proving that it can be used as a support for resisting vertical 
loads from a footing in a two-tier MSE wall. The results suggested that bamboo 
reinforcements exhibit brittle behavior due to their high tensile modulus but still 
displayed sufficient performance with regards to allowable settlement and footing 
settlement before initial reinforcement yielding. Increasing offset distance reduced 
the reinforcement loads in the lower tier by 12% from no offset to 1.2 m. 

Keywords Two-tier MSE wall · Isolated footing · Failure mechanism · Bamboo 
reinforcement · Tier offset distance 

1 Introduction 

MSE walls are widely used due to their advantages under static and dynamic loading, 
cost-effectiveness, ease of construction, and aesthetics. These are built with soil 
reinforcements which increase the load-bearing capacity and overall stability of
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the retaining structure [1]. It is also able to sustain large horizontal and vertical 
displacements. 

Increasing the wall height increases the tensile stresses experienced by the lower 
layers of reinforcements which requires decreasing the spacing between reinforce-
ments to reduce tensile stresses at the bottom of the wall [2]. Consequently, this raises 
the cost of construction due to the necessity for more reinforcements. Tiering of walls 
addresses this issue as it can alleviate the tensile stresses on lower reinforcements. 

Unlike conventional geosynthetic reinforced soil retaining walls which are typi-
cally used for earth retention, geosynthetic reinforced soil retaining walls for bridge 
abutments or any other applied loading from an overlaying structure are subjected to 
higher surcharge loads. Thus, the allowable bearing pressure and resulting deforma-
tions are crucial considerations for design [3]. Producing a proper design for support 
of footings on walls, such as bridge abutment design, provides a cheaper alternative 
compared to conventional pile-supported design and is able to reduce differential 
settlements between bridge and approach embankments [4]. 

A study by Xiao et al. [5] analyzed the relationship between different wall design 
parameters, including footing width and location. It was observed that a transition 
in the failure mechanism and the lateral deformation was greatly influenced by the 
offset distance of the footing. 

Bamboo is an abundant plant in the Philippines, which is easily accessible and 
versatile with numerous possible applications. It is a traditional source of construction 
materials, wherein five bamboo species in the Philippines have been documented for 
empirical use in construction [6]. Recently, sustainable and natural materials such as 
bamboo drew the attention of soil engineers since it is deemed to be very effective as 
a reinforcement because of its mechanical and engineering properties [7]. Ahirwar 
and Mandal [8] were also able to prove that bamboo-reinforced soil significantly 
improved the bearing capacity and reduced the settlement of soil with improvement 
in the bamboo reinforcement with changes in aperture shape, placement depth, and 
width of reinforcement. Due to its easy workability, it is simple for bamboo to be 
modified for a specific purpose such as soil reinforcements weaved as grids, meshes, 
and mats. 

MSE walls have numerous parameters for consideration in design which conse-
quently raises uncertainties in the relationship of these parameters. In addition, the 
behavior and failure mechanisms are heavily dependent on footing and MSE wall 
parameters. Current two-tier design guidelines are also considered to be conserva-
tive and overestimate surcharge load-induced strains [9–12]. MSE walls are generally 
used as soil retaining structures, but the performance of the wall is of concern when 
used as a structure to resist loading from vertical loads with great surcharge. 

The performance of bamboo reinforcements is generally analyzed in small-scale 
laboratory tests [7, 8, 13]. Studies with MSE walls using bamboo reinforcements are 
scarce and bamboo may have different responses and performance when installed 
in this type of structure and when subjected to high surcharge loading. Lastly, the 
utilization of eco-friendly materials such as bamboo for an alternative reinforce-
ment will greatly benefit the economic factors and environmental impact in design 
considerations.
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The general objective of this paper is to numerically analyze the behavior and asso-
ciated failure mechanisms of a two-tiered bamboo reinforced MSE wall subjected to 
a surcharge load from an isolated footing. This paper aims to (1) develop a 2D model 
following the Mohr–Coulomb soil constitutive model that captures the behavior of an 
MSE wall subjected to surcharge loading from an isolated footing load; (2) determine 
the suitability of bamboo reinforcements as a viable alternative by the comparison 
of reinforcement loads and failure mechanisms at allowable and ultimate settlement 
with commercially available reinforcements; and (3) conduct a parametric study to 
analyze the effects of the variation of upper tier offset distance with regards to its 
serviceability limits. 

2 Methodology 

The numerical simulation of the behavior of the two-tiered MSE wall was performed 
using the program RS2 by Rocscience. Prior to carrying out the simulation, a model 
verification phase was performed using RS2 by attempting to replicate the results 
of Damians et al. [16] in terms of the behavior of a reinforced wall which used 
PLAXIS. This allows a layer of model validation in the absence of a physical model 
or an in situ MSE wall. The verification phase resulted in a general agreement in 
the results in terms of facing displacements and reinforcement loads. The results of 
which are omitted in this paper. 

The parametric study was performed using the test cases shown in Table 1. The  
parameters that were varied for this study were the reinforcement type and the tier 
offset distance. The offset distance was measured from the front of the lower tier wall 
facing until the front of the upper tier wall facing. The tier offset distances were based 
on the study by Bhattacharjee and Amin [2] while following AASHTO’s guidelines 
of tiered MSE walls such that the cases suppose that the tiers are not independent of 
each other. The reinforcements were collected from commercial brands of geogrids. 

Table 1 Test cases for the study 

Parameter Case 

1 2 3 4 

Reinforcement type Bamboo ACEgrid GG 40-I Maccaferri paragrid 
30/5 

Tencate miragrid 
GX 110/30 

Offset distance (m) 0 1.2 2.0 3.0
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Fig. 1 Base model 

2.1 Wall Geometry and Construction 

The base model is a 6 m high MSE wall with 3.0 m high 
tiers as shown in Fig. 1. It was constructed with 45 stages of 
bottom-up construction for the trials with a footing displacement of 
1-inch. The first 20 stages were for the wall construction with an 8 kPa compaction 
load while the remaining 25 stages were for surcharge loading. Additional stages 
were included for surcharge loading for the model to fail depending on the maximum 
allowable footing load displacement until the reinforcements yield and show a clear 
failure surface. A total of 19 reinforcements layers at length of 4.2 m each, vertically 
spaced at 0.3 m, with 9 reinforcements in the lower tier and 10 reinforcements in 
the upper tier were installed. 

2.2 Footing Geometry and Load Application 

The surcharge load application was applied as displacement controlled with uniform 
settlement along the bottom of the footing. Its width was 1.5 m and was located 
1.65 m from the facing of the upper tier. 

A set displacement of 1-inch was programmed for the footing and was chosen as 
Terzaghi [14] mentioned that settlements of shallow footings are generally limited to 
25 mm only. Therefore, the service state of these models is being tested and analyzed. 
For the test on the reinforcement types which aim to reach failure, additional stages 
were added with 10 mm footing displacement per stage to find the displacement of 
the footing that caused reinforcement yielding and formation of the failure surface.
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Table 2 Reinforcement strength parameters 

Type Tensile modulus (kN/m) Ultimate tensile strength (kN/m) 

Bamboo grid 865 28 

ACEGrid GG 40-I 444.44 40 

Maccaferri paragrid 30/5 333.33 30 

TenCate miragrid 110/30 1049.52 110.2 

2.3 Material Properties 

The bamboo reinforcement properties were taken from a study by Ahirwar and 
Mandal [8]. Bamboo strips were collected from Dadar, Mumbai which were then 
interwoven together to form reinforcements with an orthogonal and hexagonal aper-
ture. On the other hand, the geosynthetics used in this paper were collected from 
the library of RS2. The summary of the material properties of the reinforcements is 
shown in Table 2. 

The soil backfill was clean washed sand with D50 = 0.34 mm, coefficient of 
curvature Cc = 2.25, and coefficient of uniformity Cu = 1.09. The constitutive model 
used was the linear elastic-perfectly plastic Mohr–Coulomb model. 

The wall facing was constructed using commercially available solid masonry 
concrete blocks. The properties were obtained from a study by Damians et al. [16]. 

Huang et al. [17] provided interface properties for soil-block, block-block, and 
backfill-reinforcement as summarized in Table 3. The reinforcement backfill inter-
face possessed a high value of adhesive strength to prevent slipping. In this study, the 
reinforcement-soil interface was assumed to be perfectly bonded, and no slip would 
occur.

3 Results and Discussion 

3.1 Reinforcement Types at Allowable Settlement 

On the loading of 1 inch footing settlement, bamboo reinforcements were observed 
to have the second least maximum facing displacement which was due to the high 
tensile modulus of the bamboo reinforcements. A higher tensile modulus requires 
more force for the material to deform since it is less flexible compared to those 
with a lower tensile modulus. Additionally, walls with bamboo reinforcement did 
not exceed the FHWA limit for facing displacement equal to 50 mm. The facing 
displacements are shown in Fig. 2.

No yielding of reinforcements occurred for the allowable settlement of the footing. 
Moreover, no clear failure surface was defined in this loading case. From a service-
ability standpoint, bamboo reinforcements are suitable to be used as a support in an
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Table 3 Wall material properties 

Material Parameter Value 

Soil backfill Unit weight (kN/m2) 16.8 

Young’s modulus (MPa) 40 

Poisson’s ratio 0.3 

Friction angle (°) 44 

Dilatancy angle (°) 11 

Cohesion (kPa) 0.2 

Block facing Young’s modulus (MPa) 23,000 

Poisson’s ratio 0.15 

Unit weight (kN/m3) 22 

Soil-block interface properties Friction angle (°) 44 

Cohesion (kPa) 0 

Normal stiffness (MPa/m) 100 

Shear stiffness (MPa/m) 1

Fig. 2 Facing displacements for each reinforcement type
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Table 4 Maximum reinforcement load at allowable load 

Reinforcement type Max reinforcement load (kN) % of ultimate tensile load (%) 

Bamboo 6.77 24 

ACEGrid 5.10 13 

Maccaferri 4.61 15 

TenCate 7.54 7

MSE wall to resist vertical loading from an isolated footing using only a fraction of 
the tensile strength in carrying the required reinforcement load as shown in Table 4. 

3.2 Reinforcement Types at Failure 

The ultimate settlement of the footing was tested to analyze the performance of the 
bamboo reinforcements as the MSE wall approached yielding. In this case, failure 
is identified by yielding of any portion of the wall reinforcements. 

Figure 3 shows the maximum shear strain contour plots during the first stage of 
reinforcement yielding. The red portion on the reinforcement denotes the reinforce-
ment elements that yielded. The footing settlements when the first set of reinforce-
ments yielded are given in Table 5. Hence, bamboo reinforcements started to yield 
at the lowest reported footing displacements from the other 3 reinforcements. For all 
cases, the yielded reinforcements would first appear at the farther edge of the footing. 

The top layers of the reinforcement always yielded first as they carry the most 
reinforcement loads. Reinforcements with higher tensile modulus (i.e. bamboo and 
TenCate) tended to yield multiple layers simultaneously. The yielded reinforcements 
of these types already reached the lower tier. On the other hand, reinforcements with

Fig. 3 Maximum shear strain contour plots at failure
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Table 5 Footing settlement at yield 

Reinforcement type Footing settlement at first yield (mm) Ultimate footing settlement 

Bamboo 110 130 

ACEGrid 140 200 

Maccaferri 130 200 

TenCate 190 210

lower tensile modulus (i.e. ACEGrid and Maccaferri) only had yielded reinforce-
ments at the top 3 layers of the wall. The strains were already concentrated where the 
reinforcements failed for bamboo and TenCate while the strains for ACEGrid and 
Maccaferri were still distributed throughout the wall. 

Further increase in the footing load was performed to see higher strains to reach 
wall failure. All the failure shapes that developed for all the reinforcement types 
resulted in a log-spiral failure. The properties of the reinforcements, specifically the 
tensile modulus and ultimate tensile strength, did not seem to affect what failure shape 
developed. Bamboo reinforcements yielded at the lowest reported footing displace-
ment and reached the ultimate settlement at the lowest reported footing displacement 
compared to the commercially available reinforcements. The difference between 
ultimate settlement to allowable settlement for bamboo, TenCate, ACEGrid, and 
Maccaferri reinforcements are 105 mm, 185 mm, 175 mm, and 175 mm, respec-
tively. Bamboo reinforcements exhibit the lowest gap between the allowable and the 
ultimate footing displacement. 

The step by step loading also showed brittle failure in reinforcements with higher 
tensile moduli. Reinforcements with lower tensile modulus had about 1.5 times 
greater plastic strength allowance compared to reinforcements with lower tensile 
modulus. 

3.3 Offset Distance at Allowable Settlement 

The variation of offset distance and the resulting facing displacements are shown in 
Fig. 4. It is noticeable that tiering reduces the facing displacement of an MSE wall. 
Additionally, all offset distances were acceptable since all the resulting displacements 
conformed to the FHWA standards which required the maximum allowable facing 
displacement to be less than or equal to 50 mm.

A decrease in the maximum upper tier facing displacement occurred until the 2.0 m 
offset distance since an increase was noticed for the 3.0 m offset. The following are the 
percentage difference in the displacement between the offset distances, 32% decrease 
from no offset to 1.2 m, 3% decrease from 1.2 to 2.0 m, and 1% increase from 2.0 
to 3.0 m. After the 1.2 m offset, the displacements of the upper tier of the walls with 
offset distances started to behave similarly to a wall with no offset. This was observed 
in the trend of the graphs and where the maximum displacement occurred. The 1.2 m
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Fig. 4 Facing displacement at different offset distances

offset would have its upper tier maximum displacement occurring approximately in 
the middle of the facing while the 2.0 and 3.0 m offset occurred at higher elevations 
of the wall, similar to the wall with no offset. 

A continuous flow of strain from the footing until the toe of the lower reinforce-
ment was observed for the model with no offset and 1.2 m offset (Fig. 5). On the 
other hand, the strain was discontinuous from the upper tier to the lower tier for 
the 2.0 m offset and 3.0 m offset. The strain flow for the greater offset distances is

Fig. 5 Shear strain plots at allowable settlement (offset distance) 
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Fig. 6 Reinforcement load distribution at different offset distances 

Table 6 Maximum reinforcement load at allowable load (offset distance) 

Offset distance (m) Max reinforcement load (kN) % of tensile strength (%) 

0 8.25 29 

1.2 6.77 24 

2.0 7.38 26 

3.0 7.58 27 

directed towards to toe of the upper tier instead of the lower tier which was the case 
for 0 m offset and 1.2 m offset. Following AASHTO’s guidelines, two tiers that are 
3.10 m apart will act as independent walls. 

Greater offset distances resulted in less reinforcement load experienced by the 
reinforcements in the lower tier. Tiering was beneficial for walls as no offset to 1.2 m 
offset decreased the maximum reinforcement load by 18%. (Fig. 6) An increase was 
observed, however, for the offset distance from 1.2 to 2.0 m. This may be due to the 
underutilization of the lower tier reinforcements in helping carry the load induced 
by the footing (Table 6). 

4 Conclusions 

The behavior and failure mechanism of a two-tiered bamboo reinforced MSE 
retaining wall subjected to an isolated footing load was evaluated using a numerical 
approach by utilizing the 2D finite element program RS2. The following conclusions 
are drawn from the results of the study:
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1. Reinforcements with higher tensile modulus such as bamboo and TenCate exhib-
ited somewhat of a brittle failure as observed from its rapid or sudden failure 
after a small footing settlement from initial reinforcement yielding to wall 
failure. The opposite was true for reinforcements with smaller tensile modulus 
such as ACEGrid and Maccaferri which yielded slower as footing settlement 
depth increased. Generally, reinforcements with lower tensile modulus are safer 
since there is more allowance before the structure fails, meaning larger footing 
settlements must occur after initial reinforcement yielding before failure. 

2. All reinforcement types developed a log-spiral shape of the failure plane. This 
was observed when the slip began at the farther edge of the footing which exited 
through a critical point on the wall facing. Reinforcement properties, specifically 
the tensile modulus and ultimate tensile strength, did not affect the failure shape 
that occurred, at least for the geometry and properties of the wall in this study. 

3. Initial bamboo reinforcements yielded at the lowest reported footing displace-
ment and reached the ultimate settlement at the lowest reported footing displace-
ment Bamboo reinforcements were able to withstand the allowable footing settle-
ment without any reinforcements yielding and no development of failure surface. 
From a serviceability standpoint, bamboo reinforcements are viable to be used 
as a support for resisting footing loads since the bamboo garnered more than a 
100 mm difference from allowable settlement to ultimate settlement. 

4. Tiering is beneficial for MSE walls for a range of offset distances. Introduction 
of an offset reduces the load carried by the upper reinforcements, distributing the 
strains throughout the wall in a log-spiral distribution. At greater offset distances, 
the load reduction effect gradually lessens with each tier acting as its own MSE 
wall. 
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A Review of the Effect of Mixing Water 
Quality on Concrete 

Francis Cayanan, Orlean G. Dela Cruz, Aldrine Paul P. Bornales, 
Romeuel M. Domalaon, and Janecca B. Marbella 

Abstract In many developing nations worldwide, building disasters have occurred 
over time, resulting in lost lives and property. However, most investigations on the 
reasons for construction collapses have pointed to poor design, insufficient moni-
toring, and the use of substandard materials as the causes of the disasters. This study 
examined how various water sources affected the concrete’s properties. Different 
water sources that are being considered as possible alternative mixing water in 
concrete production have been explored in this review. Many beneficial and detri-
mental effects were discovered in the literature presented. Therefore, it is imperative 
to carefully examine the elements in the water to be used in mixing concrete, espe-
cially if it is not recommended for drinking water. First, the permitted chemical 
and physical contaminants and their evolution methodology are gathered. Next, each 
alternative water source’s beneficial and detrimental effects (aside from the suggested
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potable water) were thoroughly examined. Finally, the challenges and gaps encoun-
tered by the existing studies were compiled to guide future research in searching for 
potential substitutes for mixing water amid rising global difficulties in supply. 

Keywords Mixing ·Water quality · Fresh concrete · Potable water · Slump test ·
Water standard 

1 Introduction 

Concrete is the material used in construction the most widely [1]. Cement (typi-
cally Portland cement and other cementitious materials like fly ash and slag cement), 
aggregate (typically a coarse aggregate made of gravels or crushed rocks like lime-
stone or granite plus a fine aggregate such as sand), water, and chemical admixtures 
make up the construction material concrete [2]. Hence, the mixing water used for 
concrete production must have a quality that will remain the preferred performance. 

A significant amount of freshwater appears to be utilized by the building sector, 
even though freshwater is Earth’s most often used natural resource [3]. According 
to global data, compared to other industries, concrete manufacturing uses the most 
water [4]. Approximately 2.15 to 2.6 billion tons of water are used in concrete 
manufacturing annually [5]. As everyone is aware, water is a crucial component of 
concrete since it chemically combines with cement (hydration) to give the material 
the desired qualities [6]. Water is used in the building sector for the following reasons: 
(a) Because cement paste attaches to aggregate surfaces more rapidly and satisfacto-
rily when they are wet than when they are dry, it is necessary to wet the surface of the 
aggregates to promote adhesion, (b) creating a plastic mixture of the various mate-
rials and giving concrete workability to make positioning it in the correct position 
more accessible, and (c) For the cementing ingredients to set and solidify during the 
curing process, water is also required for hydration [7]. According to ASTM C1602, 
combining “potable” water without testing or verification is allowed in structural and 
non-structural concrete. 

In concrete manufacture, non-potable sources of water can also be used, provided 
that the source does not negatively affect the qualities of concrete [6]. The type of 
water used and its quantity in the concrete mix are believed to impact the concrete’s 
rates significantly. However, the effects of several alternative water sources still need 
to be understood. Many water types unsuitable for drinking, such as well water, 
may be satisfactorily utilized in concrete when potable water is not readily available. 
Based on Hassan et al. (2014), it was determined as a possible choice to use well 
water as mixing water in concrete after fulfilling concrete mixing-water requirements 
by evaluating it chemically and comparing it with the specification [8]. 

Similarly, using seawater to mix concrete is considered to have potential benefits 
from a sustainability standpoint [9]. The recovered washout water that batch plants 
already utilize as concrete mixing water is also gaining popularity. Water used onsite 
for various tasks, such as washing truck agitator bowls, moistening aggregate, and
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runoff, is known as recycled washout water. Allowing washout water to be reused in 
successive batches of concrete affects the strength qualities of the concrete. There-
fore, reducing wash water as a waste product is a practical way. Comparatively, it was 
discovered in a different study that the compressive strength of concrete is signif-
icantly impacted by sewage water. This impact is evident after 7, 14, and 28 days 
and the values obtained are almost one-third lower than those found for a concrete 
constructed with drinking water [10]. 

The market for ready-mixed concrete worldwide was estimated at USD 451.1 
billion in 2021. Furthermore, it is anticipated over the forecast period (2022–2028) to 
have grown to USD 571.46 billion, with a CAGR of 4.6%, as SkyQuest Technology 
Consulting Pvt reported. Ltd.; consequently, an increase in the need for mixing water 
used in concrete production is expected; therefore, this literature review searches 
the recommended quality of possible alternative mixing water and their effect on 
the concrete properties. Furthermore, to search for ways to improve the sustain-
ability of the environment, this paper is anticipated to become a reliable reference 
for construction industry professionals in selecting their next possible option. 

2 Methodology 

This literature review’s objective is to compile all of the studies that have been done 
on the impact of Mixing Water Quality on Concrete Properties. Science, technology, 
medicine, social sciences and humanities research are covered by the multidisci-
plinary, peer-reviewed journal article database ScienceDirect. The database’s “Key-
word" feature was used to search. The following keywords were used to obtain the 
most relevant articles: "reinforced concrete," "properties," "water type," "mixing," 
and "effect." There are 91 documents found; 27 publications were found relevant by 
manually reading the abstracts and some of the full articles. Additional 14 papers 
were found using Google Scholar. Figure 1 shows the selection process flowchart, 
which follows the PRISMA (Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses) procedure. PRISMA is an evidence-based minimum set of items 
for reporting in systematic reviews and meta-analyses that primarily focuses on the 
reporting of studies evaluating the effects of interventions but can also be used as a 
basis for writing systematic reviews with objectives other than evaluating interven-
tions (e.g., assess an etiology, prevalence, diagnosis or prognosis). Table 1, on the  
other hand, shows the summary of all Reviewed Papers and Outcomes Measured.

Software called NVivo is used for mixed-methods and qualitative research. In 
particular, it is used to analyze the unstructured text, audio, video, and image data 
from sources such (but not restricted to) interviews, focus groups, surveys, social 
media, and journal articles. One of the advantages of this software is the use of Word 
Frequency queries, which are valuable for identifying potential themes, especially 
in the early stages of a project, and for examining the most commonly used terms 
in specific demography. The software can also generate visuals after the query that 
could be useful for writing, such as a Word Cloud (also known as a tag cloud or text
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Fig. 1 Systematic related literature selecting process

cloud), which is a graphic representation of a text in which the words are sized up 
according to how frequently they are used in the collection of articles. The Word 
Cloud shown in Fig. 2 can be used as a guide in selecting the possible themes to be 
emphasized in the study.

3 Effect of Mixing Water Quality on Concrete Properties 

High demand for and continuous mismanagement of water resources has exacerbated 
widespread hazards of water stress. Water stress occurs when the need for water 
exceeds the available amount. This stress frequently happens during a specific time 
or when the water quality is low, limiting safe water usage [29]. Water is a crucial 
resource for human existence, but potable water is scarce in some places [6]. A 
cement paste is created when water and a cementitious substance are combined during 
hydration [2]. Water suitable for human consumption, often potable, is typically 
acceptable for mixing water [6]. However, Ojo (2019) has found that water from 
sources other than potable water can make concrete [17]. Table 2 below shows the 
World Health Organization (WHO) drinking Water Standards Table, which contains 
some parameters’ highest desirable and maximum permissible levels.

3.1 Fresh Concrete 

Concrete Slump (Workability). A study carried out by Asadollahfardi et al. [30], 
where 300, 350, and 400 denote the kg/m3 of cement in one cubic meter of concrete 
and A300, A350, and A400 labels were used to identify the concrete samples created 
and cured by drinking water as the control samples.



A Review of the Effect of Mixing Water Quality on Concrete 129

Table 1 Reviewed paper and outcomes measured 

Source Year Outcomes measured 

Nikhil et al. [7] 2011 • Compressive strength at 7, 14, and 28 days 

Mama et al. [11] 2019 • Compressive strength of concrete 

Kokoszka [10] 2019 • Consistency 
• Compressive strength after 7, 14, and 28 days 
• Density  

Awoyera et al. [12] 2020 • Fresh properties of concrete, such as setting time and slump 
• The hardened properties of concrete, such as strength and 
durability 

Younis et al. [9] 2018 • Slump flow 
• Density  
• Yield  
• Air content 
• Setting time 
• Compressive strength 

• Splitting tensile strength 
• Shrinkage 
• Rapid chloride 
permeabil-ity 

• Chloride migration 
• Water absorption 

Kumar [13] 2000 • Strength of concrete exposed to seawater attack 

Emmanuel et al.  [14] 2012 • Compressive strength of concrete cast with fresh water, 
ocean water, and lagoon water 

Farid et al. [15] 2019 • Compressive, tensile, and flexural strength 

Mangi et al. [16] 2020 • Effects of natural seawater on the properties of concrete 

Ojo [17] 2019 • Compressive strength of concrete 

Meena and Luhar [18] 2019 • Compressive strength 
• Flexural strength 
• Chloride penetration 
resistance 

• Carbonation resistance 
• Abrasion resistance 

Su et al. [19] 2002 • Compressive strength 
• Setting times 

• Workabil-ity 

Saputra and Sulistyo [20] 2018 • Strength of concrete after 28 days 
• The strength of concrete after 90 days 

Shafaq Bazaz [21] 2020 • Compressive strength of concrete cubes 

Tarak and Saxena [22] 2022 • Compressive strength 
• Setting time 
• Workability 
• pH  value  

• Strength 
• Sieve analysis 
• W/C ratio 

Al-Jabri et al. [23] 2011 • Compressive strength 
• Tensile strength 

• Flexural strength 
• Initial surface absorption 

Shafaq Bazaz [21] 2014 • Compressive strength 
• Concrete 

• Mixing water 

Ganesh Naidu et al. [4] 2019 • Workability 
• Compressive strength 

Gupta et al. [3] 2022 • Compressive and tensile strength of hardened cement cubes 
• Compressive strength of concrete cubes

(continued)



130 F. Cayanan et al.

Table 1 (continued)

Source Year Outcomes measured

Kucche et al. [24] 2015 • Setting time 
• The compressive strength 
• The softening of concrete 

Moinul Islam et al. [25] 2012 • Compressive strength of concrete when mixed with 
seawater 

• Compressive strength of concrete when cured with 
seawater 

Chatveera et al. [26] 2006 • Properties of dry sludge 
powder 

• The properties of fresh 
concrete 

• The mechanical properties 
of concrete 

• The durability aspects of 
concrete 

Ojo [17] 2021 • Compressive strength properties of concrete 

Dhondy et al. [27] 2020 • Heat of hydration 
• Shrinkage 

• Compressive strength 
• Modulus of elasticity 

Hasan et al. [28] 2020 • Compressive strength of concrete

Fig. 2 Word cloud showing the most commonly used terms in the reviewed literature

The concrete examples made with drinking water and cured with wastewater treat-
ment were given the B300, B350, and B400 labels. To depict the concrete samples 
made and cured using treated wastewater, C300, C350, and C400 labels were utilized. 
As shown in Table 3, compared to concrete prepared with drinking water, the work-
ability of concrete made with treated wastewater remained relatively high [30]. On
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Table 2 World Health Organization (WHO) drinking water standards 

Parameter Highest desirable level Maximum permissible level 

Total solid 500 1500 

Color (pt co) 5 50 

Taste Unobjectionable – 

Odour Unobjectionable – 

Turbidity (NTU) 5 25 

Chlorine 200 600 

Iron 0.1 1 

Manganese 0.05 0.5 

Copper 0.05 1.5 

Zinc 5 15 

Calcium 75 200 

Magnesium 30 150 

Sulphate 200 400 

Total hardness (CaCO3) 100 500 

Nitrate 45 500 

Ammonium – – 

pH (unit) 7–8 Min 6.5 
Max 9.2

the other hand, according to Farid et al. (2019), groundwater or tap water produced 
a shear slump, while wastewater and surface water had true slumps for both mix 
proportions [15]. 

Setting Time. When seawater was used in concrete, there was a noticeable decrease 
in workability, workability retention, and initial setting time assessments. The initial 
setting time of the fresh concrete was decreased by around 30% by the addition 
of seawater. These findings may be explained by the seawater-induced acceleration 
of cement hydration, which reduces slump, slump retention, and setting time [9]. 
Additionally, treated wastewater raised the initial time setting compared to drinking 
water. As a result, the final setting time for samples made with drinking was 180

Table 3 Slump test results 
[30] Water Slump (mm) 

A300 110 

C300 99 

A400 90 

C400 82 

B350 117 

C350 105 



132 F. Cayanan et al.

min, while the last time for samples made with treated wastewater was 240 min. The 
samples from treated waste also required a more extended final setting period [30]. 
Moreover, Tarak et al.’s research findings in 2022 support this, where groundwater 
samples from various districts demonstrate that the water quality used to mix concrete 
significantly impacts cement’s initial and final setting times [22]. 

3.2 Hardened Concrete 

Compressive Strength. Significantly, it was found by Nikhil et al. (2019) that the 
compressive strength of concrete made using potable water increased by 33.34% 
compared to concrete made with sewage water [7]. Additionally, when comparing 
the compressive strength of concrete built with drinking water to that made with 
sewage water after 7, 14, and 28 days, it was discovered that the compressive strength 
had decreased by 29.8%, 25%, and 33.4%, respectively [10]. 

Further research utilizing seawater in concrete produced a similar impact to 
sewage water. It initially caused a slight rise in the compressive and tensile strength 
of the hardened concrete until Day 7 after mixing. After 28 days, there was a 7– 
10% decline in the compressive and tensile strength results of Mix B compared to 
Mix A. (Mix A represents the conventional concrete mixed with fresh water and is 
considered as a reference. Mix B is made with the use of seawater) [9]. The overall 
compressive strength behavior for both concrete mix ratios was compared using 
line graph analysis. It can be shown that wastewater significantly impacted concrete 
compressive strength compared to groundwater and surface water [15]. Moreover, 
the Compressive Strength of concrete built using rainwater grew with age at 7 and 14 
days. Still, it dramatically decreased at the 28-day mark, indicating no solid assurance 
of the long-term strength of concrete made with this water source [11]. Meaning the 
tests shows that Sewage water, in general, consistently decreases the capacity of the 
concrete in terms of compression in almost the same amount concerning the results 
of two independent experiments presented. 

Tensile Strength. According to several studies, concrete made with potable water has 
a 14.89% higher split tensile strength than concrete made with sewage water [7]. In 
contrast, the impact of water type on the tensile strength of concrete at intervals of 7– 
28 days concerning both of the experiment’s concrete mix ratios. The graph’s general 
trend shows that using wastewater and surface water in equal amounts improved 
the tensile strength of concrete; however, wastewater demonstrated a tremendous 
improvement in tensile strength compared to the other two types [15]. Interestingly, 
the tensile strength of cement made using treated sewage water is 1.63% higher than 
that of freshwater-made cement [3]. It shows that sewage water, in its nature, usually 
harms concrete properties, but effective treatment can offer a positive benefit. 

Flexure Strength. When compared to concrete made using sewage water, it was 
found by Mama et al. (2019) that the flexural strength of concrete made with potable 
water increased by 11.12% [11]. Another study shows flexure strength increased
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when wastewater and surface water were used instead of groundwater [15]. Another 
finding from another study is that the proportion of sludge water used to substitute 
tap water tends to reduce the compressive strength, flexural strength, and elastic 
modulus of concrete [26]. 

4 Research Gap and Further Studies 

Currently, only comparison tests have been devised to determine the acceptability of 
mixing water. In most comparison tests, it is necessary to compare the strength of 
the concrete made with the unknown water to the power of the concrete made with 
water that is known to be suitable [22]. Because potable water is scarce, it is advised 
that additional water sources be used to mix concrete to lessen the strain on the 
insufficient water supply. However, before casting, the water supply utilized to make 
concrete should be investigated and approved by the appropriate authorities [17]. In 
2001, Mehta et al. mentioned that the concrete consumption rate had not changed 
significantly during the past 30 years. It is believed that the current consumption of 
substantial worldwide during those times is of the order of 55 billion tons every year 
[1] (Table 4). 

Table 4 Challenges to mixing water quality 

References Challenges/gap 

Olugbenga [2] Long term performance and durability of concrete made from alternative 
mixing water used 

Younis et al. [9] Permeability 

Kokoszka [10] Durability and porosity 

Asadollahfardi 
et al. [30] 

Parameters and acceptable limits to be acquired when treating wastewater 

Farid et al. [15] Impact analysis of changes in the chemical 
Parameters of water samples on the development of concrete 

Tarak and 
Saxena [22] 

Different mix design 

Awoyera et al. 
[12] 

Compacting factor, hydration mechanism, mineralogical changes, crack 
integration, porosity 

Al-Jabri et al. 
[23] 

Durability 

Moinul Islam 
et al. [25] 

The extent of strength deterioration of concrete in seawater environment 

Hasan et al. 
[28] 

Impact of the greywater on other important characteristics of concrete and the 
consequent changes in the phase-structural parameters of the material
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5 Conclusion 

This review explores various water sources that could serve as alternative mixing 
water in concrete production. The literature presented reveals multiple beneficial and 
detrimental effects associated with these sources, highlighting the need to carefully 
evaluate the water’s constituent elements, primarily if it is not intended for drinking. 
Based on the findings, it is clear that the quality of water used significantly affects the 
workability, setting time, compressive strength, tensile strength, and flexure strength 
of the concrete. For example, drinking water remains the optimal choice to meet 
standard slump requirements. At the same time, seawater reduces the initial setting 
time of the concrete, making it ideal for faster setting times, meaning we can take 
advantage of this effect for conditions that require a quicker setting time. However, 
the effects of salt on other properties need further study. In addition, potable water 
is the best option for achieving the expected compressive strength, while wastew-
ater acquires more tensile strength than other alternatives. Finally, flexure strength 
decreases when additional water sources, except potable, are used. 
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A Review on Processing Techniques 
and Building Methods of Engineered 
Bamboo 

Francis Cayanan, John Robert D. Gabriel, Carlito H. Pantalunan, 
Orlean G. Dela Cruz, and Irene R. Roque 

Abstract The unstoppable growth of civilization and the unending process of the 
Industrial Revolution led people to search for high-strength materials that are strong 
enough to build skyscraper infrastructures and different venues, leaving the tradi-
tional Bamboo behind the innovations. Moving faster towards a more futuristic envi-
ronment, we feel the negative impacts of harmful chemicals, non-eco-friendly mate-
rials, and pollution-emitting activities worldwide. That is why, Engineers, Architects, 
Builders, Scientists, and Researchers revisit the materials and methods that will lessen 
the greenhouse gas and carbon emissions we produce. Bamboo has several advan-
tages and provides both strength and aesthetic value. Even though it was evident 
that there is still a long way to the perfection of Engineered Bamboo (EB) appli-
cation in many construction fields, especially in structural engineering, the tireless 
effort being exerted by the researchers interested in its development is considered 
contributing and substantial. This paper will describe and summarize the current and 
related information on using engineered Bamboo as a construction material. 
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1 Introduction 

The majority of modern construction materials require a lot of energy and environ-
mental harm to make. They must be mined, processed, heated, or given various chem-
ical treatments [1]. Greater than one-fourth of primary resource extraction, around 
20% of CO2 emissions, and 35% or so of the world’s electrical use are all related 
to manufacturing. Reducing the materials used in construction (or using reason-
ably priced low-carbon substitutes) could lower building costs and reduce emissions 
during manufacturing [2]. Although timber is a low-cost building material, deforesta-
tion and rising urbanization have exhausted tropical resources. Timber forests need 
30 to 50 years, with European oak requiring up to 80 years [3]. The projection is that 
oil, bauxite, iron, and copper will become scarce within this century, and soon after, 
there will be a shortage of tropical hardwood [4]. Due to rapid urbanization’s growing 
demand for sustainable building materials, Bamboo has gained more attention and 
has been developed for use in modern construction [3]. 

Bamboo’s mechanical strength, usability attributes, and anatomical features stabi-
lize and develop in 3–5 years, making it appropriate for various uses [5]. According to 
test results, Bamboo may replace wood in structural applications from a load-carrying 
perspective because its strength and stiffness are comparable [6]. However, despite 
having natural qualities relatively similar to wood, Bamboo’s original geometrical 
shape makes it challenging to use in modern construction [7]. Additionally, because 
Bamboo has an irregular cross-section and is not perfectly straight, it has prob-
lems with squeaky joints and thermal bridges [6]. Reduced variability of the natural 
material is the goal of Engineered Bamboo (EB) [8]. It represents bamboo products 
processed primarily to create a uniform, straight-edged building components from 
rounded, asymmetrical culms. It is a terminology that refers to a wide variety of 
reconstituted composite products made by cutting the complete element into smaller 
pieces, known as furnishing, and then fusing them together to make composite panels 
or shaped lumber stock using modern adhesives used in the wood industry [9]. Engi-
neered bamboo products have the advantage of allowing for the creation of standard 
sections for members and connections and the reduction of variability within a single 
member [8]. 

Analysts anticipate that the bamboo market will increase between 2022 and 2030, 
at a Compound Annual Growth Rate (CAGR) of 4.5% after being valued at USD 
59.30 billion in 2021, as stated by Grand View Research. This paper investigates 
the literature published regarding the improvements of EB as a building material 
through its manufacturing processes and construction methods. Furthermore, related 
applications, challenges to standardization, and future studies recommendations are 
to be discussed.
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Connected Papers online 
Application “Engineered Bamboo” 

Database searching with keywords: 
“engineered” AND “bamboo” AND “struc-

tural” AND “application” 

Total number of relevant papers 
through database searching (n= 70) 

Papers excluded: 
Duplicate Paper (n= 0) 

Records screen by title, abstract, in-
troduction, and conclusion (n= 70) 

Papers excluded: 
Not Related (n= 17) 

Full text obtained and reviewed for 
eligibility (n= 53) 

Number of included papers (n= 32) 
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Fig. 1 Systematic method for selecting relevant literature 

2 Methodology 

The keywords used to find an article or journal are engineered, Bamboo, struc-
tural, and application. To determine the full potential of Bamboo as an innovative 
construction material. 

The researcher uses the online application “Connected Papers” to answer the 
above-stated research questions. First, after reading the abstract to filter the papers 
directly connected to the topic, documents were searched using different online 
sources. Secondly, Fig. 1 shows the Systematic related literature selection process. 
Lastly, Fig. 2 shows the Topic Modelling of all related literature using Orange Data 
Mining Software, which shows the most used words from all the documents.

3 Discussion 

3.1 Bamboo Physical and Mechanical Properties 

Bamboo has different mechanical properties in the transverse, longitudinal, and 
radial directions because it is an anisotropic material. A large grass with hollowed 
culms and horizontal fibers oriented within lignin arrays split by solid diaphragms 
(nodes) makes up the raw material for bamboo. The bamboo fibers, vary within the 
wall of the culm, becoming less dense as they advance within, and the thickness, like-
wise, decreases from the bottom to the top [10]. Depending on its age, bamboo can 
be utilized for a variety of purposes, including: (a) eating (less than thirty days), (b) It 
takes six to nine months, to make a basket, (c) Making bamboo boards or laminations
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Fig. 2 Topic modelling from selected related kinds of literature

Table 1 Properties of bamboo, wood, concrete, and steel 

Property Bamboo [12] Wood [13] Concrete Steel 

Density (kg/m3) 620 – 2240–2400 7800–8000 

Compressive strength (MPa) 51–56 43 20–40 ≈172 

Tensile strength (MPa) 150–264 89 2–5 350–420 

Young’s modulus (GPa) 11.219– 11 14–41 200 

Poisson’s ratio – – 0.20–0.21 0.25 

takes two to three years, (d) Three to five years, for Construction use, (e) Bamboo 
rapidly loses strength from 6 to 12 years old (if not harvested). It’s interesting that 
it can compete with steel in terms of tensile strength while outperforming wood, 
brick, and concrete in terms of compressive strength [11]. Some of the mechanical 
and physical features of bamboo, wood (spruce), steel, and concrete are included in 
Table 1. 

3.2 Structural Grade Bamboo Species 

Although there are more than 1200 species of Bamboo around the globe, the variety 
in geometric and mechanical qualities restricts the use of complete culm bamboo 
construction [10]. Table 2 shows the bamboo species with Structural Grade under 
the “Heavy Construction” category selected from an article by Stéphane Schröder.
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Table 2 Structural grade bamboo species 

Species ML MD CW Species ML MD CW 

B. balcooa 25 15 v.thk D. peculiaris 18 15 Thick 

B. bambos 30 18 v.thk D. sikkimensis 18 13 Thick 

B. polymorpha 25 15 Thick D. sinicus 30 30 Thick 

B. spinosa 25 12 Thick D. xishuangbannaensis 28 22 Thin 

B. valida 16 12 Thin D. yunnanicus 25 18 Thin 

D. asper 30 20 Thick Gi. levis 20 13 Thin 

D. barbatus 18 15 Thick Gi. pruriens 15 12 Thin 

D. brandisii 33 20 Thick Gi. scortechinii 20 12 Thin 

D. copelandii 30 25 Thin Gu. aculeata 25 18 Thick 

D. dianxiensis 28 18 Thick Gu. amplexifolia 20 10 Solid 

D. giganteus 30 30 Thick Gu. angustifolia 25 15 Thin 

D. hamiltonii 23 18 Thick Gu. chacoensis 20 15 Thin 

D. hookeri 20 15 Thick Gu. superba 20 15 Thick 

D. jianshuiensis 18 12 Thin P. edulis 23 18 Thin 

D. latiflorus 25 20 Thick 

*ML—Maximum length (in meters); *MD—Maximum diameter (in centimeters); *CW—Culm 
wall; B—Bambusa; D—Dendrocalamus; Gi—Gigantochloa; Gu—Guadua; P—Phyllostachys; v— 
very; thk—thick 

3.3 Common Types of Engineered Bamboo 

Bamboo is gaining popularity in contemporary buildings and bridge structures as part 
of the sustainable development trend [7]. Bamboo boards, reconstituted densified 
bamboo, and laminated bamboo are the three main categories of EB products [9]. 

Glue Laminated Bamboo (Glubam). The “thin layer bamboo strips” are laminated 
into mats using Glubam or ply bamboo sheets, which use the original method of 
plywood production [7]. A “strip” is a split that has been solidified into a rectan-
gular cross-section after being dried out. After the outer and inner culm wall layers 
are removed, it is only three(3) to ten(10) millimeters thick in the circumferen-
tial(radial) direction and up to twenty-five(25) millimeters wide in the tangential 
direction [9]. In the main fiber direction, according to a recent study, Glubam has 
an average compression value of 51 MPa and a tension strength of 82 MPa, while, 
a 10,400 MPa Elastic Modulus is recorded. Also, it was found that Glubam has a 
parallel to the grain mean shear strength of about 7.2 MPa, a Modulus of Rupture of 
9400 MPa, and a mean static bending strength of 99 MPa according to the results of 
the bending test [7]. An insightful study used the well-known Hankinson’s equation 
to try to estimate the off-axis tensional strength of Glubam with a longitudinal and 
transverse fiber ratio of 4 to 1. Yet, the model continually overpredicts the results
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Fig. 3 Process of glued laminated (Guadua) bamboo [16] 

regardless of the variations of the characteristic coefficient “n” proving that the orig-
inal version of Hankinson’s equation cannot correctly predict the strength of the 
material [14]. Typically, organized bamboo strips in a way called 4:1 sheets, with 
80% of the strips oriented longitudinally and 20% oriented transversely. Bamboo 
curtains typically have 15 layers or fewer, with a 2 mm thickness between each layer 
[15]. Figure 3 shows the Glubam production process [16]. 

Laminated Bamboo Lumber (LBL). One of the most innovative composite materials 
is created by binding thin and flat bamboo culms next to each other [18]. The bamboo 
plant’s stem, or “culm,” is made up of several segments (internodes) that are spaced 
apart by diaphragms (nodes) [9]. Because LBL possesses the mechanical proper-
ties of bamboo yet can be made with well-defined shapes, similar to the available 
commercial wood products, it has drawn the interest of both academics and practi-
tioners in particular [6]. Brittle tensile failure, which begins at the tensional face of 
the beam, is what causes LBL beams to fail. Moreover, stress concentrations in areas 
where defects are present can affect its tensile strength [18]. Figure 4 shows the LBL 
production process [17].

Reconstituted Densified Bamboo—(Scrimber). Bamboo Scrimber (BS), often 
referred to as parallel-strand bamboo or strand-woven bamboo, is created from 
crushed fibers which have been pressed into a solid mass after being soaked with resin 
[10]. Cold molded, hot cure, and high-temperature pressing are the three primary 
forming processes [19]. Fiber Bundles are the pieces of crushed culm walls that 
can be gathered and used to make reconstituted lumber. In the scrimber process,
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Fig. 4 Laminated bamboo lumber (LBL) [17]

these are made by roughly splitting the culm wall with chopper-rolling, crushing it 
through a series of closely spaced rollers, and brooming (for elements with smaller 
diameter) [9]. The unprocessed culm of bamboo was turned into EB scrimber, a 
laminated (with resin which is thermosetting) or crushed product with a density 
of 800–1200 kg/m3 [20]. A separate experiment found that the bending specimen 
resin did not experience compression failures, but the bamboo scrim material did. 
This outcome might have been influenced by the resin’s tendency to be more rigid 
than Bamboo when fully cured, even at 4% resin loading [19]. Figure 5 illustrates 
the BS manufacturing process [21], while, Fig. 6 presents the detailed process of 
mechanically rolled bamboo fibers [22].

3.4 Adhesives 

Any organic material, whether natural or artificial, containing a viscous liquid or 
non-crystalline is referred to as resin. Natural resins are often transparent or translu-
cent organic materials with a yellowish-to-brown appearance that is combustible and 
fusible. A broad category of synthetic products with some physical features of natural 
resins but different chemical compositions are referred to as synthetic resins. Plastics 
and synthetic resins cannot be distinguished with certainty. Glubam sheets are made 
using phenol–formaldehyde, just like plywood in North America [15]. An exper-
iment showing superior technical properties for the bamboo scrimber made from
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Fig. 5 Manufacturing process from full-culm rolled Bamboo to BS [21]

processed bamboo bundles (180 °C), combined dry air treatment and 18% PF resin 
loading, yielded favorable results. The binding performance of the bamboo scrimber 
slightly increased with greater PF resin loading, whether or not it underwent heat 
treatment [19]. Moreover, another notable result showed that other than the modulus 
of bending, which was not greatly impacted by density, practically all parameters 
enhanced with higher resin amounts and densities [23]. Table 3 contains the resins 
used by the recent studies.

3.5 Existing Structural Elements or Structures Made of EB 

At Nanjing Forestry University, a three-story office building with LBL was 
constructed in 2017 as depicted in Fig. 7a [28]. Second, in Fig. 7b, from one study, 
the industry is adopting a new trend of creating new bamboo products to broaden the 
present application from surfaces to structures [3]. Lastly, Fig. 7c proves that due to 
the unique flexibility of the material slats and laminated planks, curved bamboo arcs 
preserve the original performance of Bamboo, making them an excellent choice for 
structural columns or posts for tiny house frames that can carry a specific amount of 
weight.
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Fig. 6 Process for preparing mechanically bamboo fibers [22]

Table 3 Resins used in recent studies 

Resin Refs. 

PF Yu et al. [19] Note: 
PF—Phenol Formaldehyde; 
UF—Urea–Formaldehyde; 
E—Epoxy; 
I—Isocyanate; 
PRF—Phenol-Resorcinol Formal dehyde 

UF Correal et al. [24] 

E Verma and Chariar[25], Verma et al. [26] 

I Sinha et al. [27] 

PRF Sinha et al. [27]

3.6 Standardization 

Construction stakeholders’ coordinated participation is necessary for standardiza-
tion, which they do by collectively promoting and accelerating the process. Inter-
national coding and standards would promote structural and engineered Bamboo as 
a sustainable building material globally [3]. Table 4 compiles the Material Testing 
standard used and the description of each.
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Fig. 7 Existing structural elements or structures made of EB

Table 4 Material testing used by some recent studies 

Material 
testing used 

Description Refs. 

ASTM 
D-1037 

Standard test method for evaluating properties of wood-base fiber and 
particle panel materials 

[19, 23] 

ASTM 
D143-94 

Standard test methods for small clear specimens of timber [7] 

ASTM D198 Standard test methods of static tests of lumber in structural [18] 

ASTM 
D2334 

Short-beam strength testing of polymer matrix 
Composite materials 

[19, 23] 

GB/T 
30,364–2013 

Bamboo scrimber flooring [29] 

GB/T 
50,329–2012 

Standard for test methods of timber structures [18] 

It can be observed from the description that most of the studies about Bamboo use 
the relevant codes primarily intended for Timber or Wood and that the engineered 
bamboo composites currently need to be described by standards or codes [20]. 

4 Challenges and Limitations 

The challenges from the reviewed materials are summarized in Table 5. Addressing 
the issues listed in Table 5 is important for the future development of the engi-
neered bamboo and the discipline as a whole. The insights shown in this Table 5 
will lead us in the appropriate path for improving the quality and dependability of 
using engineered bamboo as construction material. These recommendations, drawn 
from previous experiments’ lessons, have an opportunity to provide significant and 
accurate information that will substantially aid in the ongoing advancement of the 
engineered bamboo studies.
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Table 5 List of future research recommendations 

Refs. Challenges and limitations 

[30] Processing-related changes to Bamboo’s characteristics and those of its numerous 
derivative materials in structural applications 

[10] Full-scale specimens testing 

[15] Possibility of combining bamboo with different materials like wood, steel, and FRP 

[19] Dimensional stability while preserving the bamboo bundles’ mechanical qualities 

[31] Applying lateral pressure to layers to better understand how it affects the strength 
characteristics 

[14] Failure characteristics of Glubam; Glubam with various fiber ratios and complex 
stress states 

[32] Thermal treatment effects 

5 Conclusions 

The market can accept engineered Bamboo as a competitive product. Bamboo has 
several advantages and provides strength and aesthetic value compared to other mate-
rials. Although developing a thorough codification of structural bamboo products 
may be necessary soon, the process will be slow and useless without coordinated 
cooperation from relevant parties. The engineering quantification of mechanical 
properties will determine future structural applications. Through experimentation 
and analysis, academic research should seek to inform how industry leaders and 
policy-makers can work to lay the groundwork for standardization. Even though 
it was evident that there is still a long way to the perfection of EB application in 
many construction fields, especially in structural engineering, the tireless effort being 
exerted by the researchers interested in its development is considered contributing 
and substantial. 
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Properties of Fiber Reinforced Concrete 
Under Traffic Disturbance Environment 
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Abstract In order to explore the mechanical properties of bridge widening joint 
materials under vehicle-bridge coupling vibration environment. Based on the recon-
struction and expansion project of Shenzhen Airport to He’ao Section of Shenhai 
Expressway (Ji-He Expressway), this paper first conducts field tests on the vehicle-
bridge coupling vibration characteristics of typical bridges, and obtains the maximum 
vibration velocity of 18 mm/s and the maximum vibration frequency of 5.62 Hz. 
Then, the conventional vibration environment and limit vibration environment were 
set, and the mechanical properties of fiber reinforced cement matrix composite 
50(FRCM50) at different ages under vibration environment were tested through labo-
ratory tests. The results show that the vibration environment has a certain influence 
on the mechanical properties of FRCM50, but there is no definite rule. In general, the 
vibration environment has an adverse effect on the disturbance period, cube compres-
sive strength and flexural strength of FRCM50. It has a beneficial effect on elastic 
modulus; it has little effect on the splitting tensile strength. Moreover, the vibration 
environment increases the discreteness of FRCM50 mechanical property test results. 
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1 Introduction 

The existing bridge widening project often adopts the method of interrupting traffic 
to carry out the construction of post-cast joints, so as to ensure the construction 
quality of widening joints. However, interruption of traffic construction will produce 
a lot of economic losses and negative social impacts. Therefore, the study of bridge 
widening technology without interrupting traffic state is of great significance. The 
study of mechanical properties of early age joint materials under vehicle-bridge 
coupling vibration environment is of great significance to the design and construction 
of bridge widening without interruption. 

The vehicle-bridge coupling vibration will accompany the whole process of 
concrete strength formation without interrupting the construction of wide joint of 
traffic bridge. Vibration has a certain impact on the mechanical properties of concrete 
[1], and the addition of fibers in concrete can effectively improve the vibration 
resistance of concrete [2]. 

Domestic and foreign scholars have conducted some studies on the forming effect 
of concrete under vehicle-bridge coupled vibration environment. Wei Jianjun [3] 
found that the tensile strength of concrete changed little when the low-frequency 
vibration amplitude was less than 3 mm, but when the amplitude was greater than 
5 mm, the tensile strength of concrete decreased to a certain extent. Dunham and 
Rush [4] found that the vibration environment increased the compressive strength of 
concrete, but decreased the splitting tensile strength. Dunham [5] found through the 
test that the concrete vibrated within 4 h after  pouring, and the strength increased by 
about 14%. However, after 5~6 h after pouring, the concrete strength is reduced to a 
certain extent. 

In the existing studies, the influence of the vibration environment on the mechan-
ical properties of concrete is still not conclusive, and there are few studies on the 
influence of vibration on fiber reinforced concrete. In this paper, combined with the 
field test and the laboratory test, the mechanical properties of FRCM50 in early 
age under the vibration environment are studied by simulating the vehicle-bridge 
coupling vibration environment using a shaking table. 

2 Mix Proportion and Test Design 

2.1 Raw Material 

FRCM50 is obtained in proportion to the formulation. Among them, 18 portions of 
ordinary Portland cement; Shandong Yingrun sulphoaluminate cement 8 parts; 45 
quartz sand; gravel diameter 5–10 mm; Beijing Zhongxin Nanotechnology Co., Ltd. 
heavy calcium stone powder 8 Longbin Lide company anti-cracking agent 0.7; 0.015 
portions of basalt fiber; Beijing Zhongxin Nanotechnology Co., Ltd. Early Strength 
Agent 12.5; sika WR-9 water reducing agent 1.3 parts; 13 water.
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2.2 Vibration Frequency and Peak Vibration Velocity 

In the existing research, there are two main ways to simulate the FRCM50 vibra-
tion environment:1. vehicle-bridge coupling vibration frequency and vehicle-bridge 
coupling vibration amplitude [6–9]. Vehicle-bridge coupled vibration frequency and 
vehicle-bridge coupled vibration peak velocity (ppv) [10–16]. In this paper, vehicle-
bridge coupling vibration frequency and vehicle-bridge coupling vibration peak 
velocity are used as parameters of vibration environment. In the existing research, 
the vibration frequency and amplitude parameters of the bridge are shown in Table 1. 

The analysis shows that the vibration frequency and vibration velocity of existing 
scholars are quite different, and no conclusion has been formed. In order to obtain 
more accurate vibration parameters, field measurement was carried out on four typical 
bridges in the reconstruction and expansion project of locomotive-load high-speed, 
and the vibration environment parameters are shown in Table 2. 

Table 1 Vibration environment in related literature 

Reference Vibration frequency (Hz) PPV (mm/s) 

Furr a ingram [10] 6.7 – 

Howard [11] 4 36 

Müller-Roch holzand Weber [12] 5, 12 30 

Brandl and Günzle [13] 5, 20, 35 20 

Silfwerbrand [14] 4 ≤7 

≤24 

Cusson and Repette [15] 3.5 – 

Sungnam Hong and Sun-Kyu Park [16] 5 3 

4.5 

6 

10 

Table 2 Field measured vibration parameters 

Structural style Span 
(m) 

Vibration 
frequency (Hz) 

Ppv 
(mm/s) 

Pre-stressed concrete hollow slab bridge 20 5.62 11 

Cast-in-situ reinforced concrete continuous box girder 
bridge 

25 5.156 7 

Simply supported prestressed concrete ‘I’ beam bridge 30 5.219 18 

Simply supported prestressed concrete ‘I’ beam bridge 30 5.125 14
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Because the measured results are still random, according to the measured results, 
the conventional vibration environment 5 Hz, 25 mm/s (Fig. 1); limit vibration envi-
ronment 10 Hz, 50 mm/s (Fig. 2). The frequency and velocity of the shaking table 
will decay when propagating to the surface of the sample, so the measured surface 
velocity of the sample is the standard. 

Fig. 1 Conventional vibration environment 

Fig. 2 Extreme vibration environment



Experimental Study on Mechanical Properties of Fiber Reinforced … 155

2.3 Test Scheme 

The test steps were as follows: cement, quartz sand, early strength agent, short-cut 
fiber and heavy calcium powder were fully stirred according to the above proportion. 
After mixing evenly, water and water reducer were added for slurry mixing, and 
the time was controlled in 5~8 min. After stirring, the fiber FRCM50 material was 
loaded into the test model of the corresponding mechanical test. 

In this experiment, three replicate groups were set for each test item to test the 
mechanical properties of FRCM50 at different ages under different vibration envi-
ronments. The vibration environment includes conventional vibration environment 
(5 Hz, 25 mm/s) and limit vibration environment (10 Hz, 50 mm/s). The test items 
include initial and final setting time, cube compressive strength, flexural strength, 
elastic modulus and splitting tensile strength; the test time was 1 h, 2 h, 3 h and 
28d after final setting except splitting tensile strength. The mechanical properties of 
splitting tensile strength were tested for 6 and 24 h. The corresponding mechanical 
property tests are carried out in accordance with the test procedure in regulation. 

3 Experimental Results and Analysis 

3.1 Effect of Initial/Final Coagulation Time and Disturbance 
Period 

According to Refs. [17, 18], the disturbance period of concrete is the time from initial 
setting to final setting. This test is carried out according to the procedure [19]. In this 
experiment, three replicate groups were made. 

(1) Non-vibration conditions: 60 min initial setting, 15~20 min difference 
between initial setting and final setting. (2) Conventional vibration conditions 
(>5 Hz, > 25 mm/s): 65 min initial setting, initial setting and final setting difference 
of 20~25 min. (3) Limit vibration conditions (>10 Hz, >50 mm/s): 65 min initial 
setting, initial setting and final setting difference of 20~25 min. 

Comparing the test results, it can be found that for fiber reinforced concrete, the 
vibration environment increases the initial setting time of concrete by 5 min, but the 
initial setting time of conventional vibration environment is consistent with that of 
limit vibration environment. The vibration environment increases the time difference 
between initial setting and final setting of concrete by 5 min, but the initial setting 
time of conventional vibration environment is consistent with that of limit vibration 
environment. The test results show that the vibration environment will increase the 
susceptibility period of FRCM50.
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Fig. 3 Average compressive 
strength of cube at different 
ages 
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3.2 Influence of Cube Compressive Strength 

The standard size of specimen was (150 × 150 × 150) mm. From Fig. 3, it can be 
seen that the cube average compressive strength of FRCM50 in vibration environ-
ment decreases at all ages compared with that in non-vibration environment. With 
the increase of vibration environment, the reduction of average cube compressive 
strength under ultimate vibration environment is greater than that under conven-
tional vibration environment at 1, 2 and 3 h after final setting. However, at 28d, 
the reduction of average cube compressive strength under ultimate vibration envi-
ronment is less than that under conventional vibration environment. The range can 
represent the dispersion degree of test results to a certain extent. It can be seen from 
Fig. 4 that the stronger the vibration environment is, the greater the dispersion of 
FRCM50 cube compressive strength is.

3.3 Influence Analysis of Flexural Strength 

The standard size of specimen was (150 × 150 × 550) mm. Figure 5 shows that 
the flexural strength of FRCM50 under conventional vibration environment is less 
than that under non-vibration environment, and the reduction is between 2.67 and 
14.29%. In the extreme vibration environment, the flexural strength of FRCM50 was 
smaller than that in the non-vibration environment before 3 h after final setting, and 
the decrease was 4~9.52%. After 3 h, it was larger than that in the non-vibration
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Fig. 4 Extreme compressive 
strength of cubes at different 
ages
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environment, and the increase was 0~2.67%. It can be seen from Fig. 6 that the 
dispersion degrees of flexural strength in different vibration environments from large 
to small are limit vibration environment, non-vibration environment and conventional 
vibration environment. 

Fig. 5 Average flexural 
strength at different ages
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Fig. 6 Extremely poor 
flexural strength at different 
ages 

1h 2h 3h 28d 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

R
an

ge
 o

f f
le

xu
ra

l s
tre

ng
th

 
M

Pa
 

Maintenance time after final gel

 No vibration
 Conventional vibration (5Hz, 25mm/s)
 Limit vibration (10Hz, 50mm/s) 

3.4 Elastic Modulus Influence Analysis 

The standard size of specimen was (150 × 150 × 300) mm. It can be seen from 
Fig. 7 that the elastic modulus of FRCM50 in the vibration environment is greater 
than that in the non-vibration environment except for the time point 1 h after final 
solidification. Among them, the elastic modulus of FRCM50 decreased by 0.73% 
and 2.19% respectively in conventional vibration environment and ultimate vibration 
environment at 1 h after final setting. In the test, the elastic modulus of the vibration 
environment at the time point increased by 0.56~2.74% in the conventional vibration 
environment and 1.24~5.08% in the limit vibration environment. In general, the 
vibration environment increases the elastic modulus of FRCM50. It can be seen from 
Fig. 8 that, in general, the dispersion degree of FRCM50 elastic modulus from large 
to small is the limit vibration environment, the conventional vibration environment 
and the non-vibration environment, respectively. The dispersion degree of elastic 
modulus in the limit vibration environment is small at 3 h.

3.5 Influence Analysis of Splitting Tensile Strength 

The standard size of the specimen is (150 × 150 × 150) mm. Due to the large disper-
sion of the axial tensile test results of concrete, this study explores the influence of 
vibration environment on the tensile strength of fiber reinforced concrete by splitting 
tensile test.
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Fig. 7 Average elastic 
modulus at different ages 
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Fig. 8 Elastic modulus 
range of different ages
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Figure 9 shows that different vibration environments within 24 h after final setting 
have little effect on the splitting tensile strength of FRCM50, and there is no obvious 
enhancement or weakening phenomenon. However, the splitting tensile strength 
of FRCM50 in the vibration environment at 28 d is greater than that in the non-
vibration environment, and the ultimate vibration environment is greater than that in 
the conventional vibration environment. Among them, the splitting tensile strength 
of FRCM50 in the vibration environment is higher than that in the non-vibration 
environment, namely, there is an increase and a decrease, and there is no obvious
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Fig. 9 Average splitting 
tensile strength at different 
ages 
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rule. Compared with the conventional vibration environment and the limit vibration 
environment, that is, there is a situation where the impact of the limit vibration envi-
ronment is greater than that of the conventional vibration environment, and there is 
a contrary situation, and there is no obvious rule. It can be seen from Fig. 10 that 
the range of splitting tensile strength did not exceed 0.5in the first 6 h, and the range 
of splitting tensile strength was 0.86~3.12 MPa at 1d and 28d. In vibration environ-
ment, the splitting tensile strength of non-vibration environment is higher than that of 
vibration environment at 1 h, 2 h, 6 h and 24 h. 3 h and 28d are the discrete degree of 
vibration environment is greater than non-vibration environment. The results show 
that the vibration environment has no obvious regularity on the dispersion degree of 
FRCM50 splitting tensile strength. 
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Fig. 10 Splitting tensile 
strength range of different 
ages 
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4 Conclusion 

In this paper, the parameters of vehicle-bridge coupling vibration environment are 
obtained by the field test, and the mechanical properties of FRCM50 at different ages 
under the vibration environment are obtained by laboratory test. After analysis, the 
following conclusions are obtained which can be summarized like this: 

1. Through the field test of the typical bridge, the maximum vibration frequency of 
the typical bridge is 5.62 Hz, 18 mm/s. Based on the principle of partial safety, 
the conventional vibration environment is 5 Hz, 25 mm/s and the limit vibration 
environment is 10 Hz, 50 mm/s. 

2. By testing and analysing, the mechanical properties of FRCM50 at different ages 
in the vibration environment, it is found that the vibration environment increases 
the time of the susceptible period of FRCM50, reduces the cube compressive 
strength, and reduces the flexural strength, which has a negative impact on 
FRCM50 as a splicing joint. However, the vibration environment increases the 
elastic modulus of FRCM50, which has a favorable impact on FRCM50 as a 
splicing width joint. The vibration environment has no effect on the splitting 
tensile strength of FRCM50. 

3. By analyzing the discreteness of the data, it is found that the overall vibration 
environment increases the discreteness of the mechanical properties of FRCM50.
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Abstract By using high-ductile matrix material instead of just adding more rein-
forcement, Engineered Cementitious Composites (ECC) offers an alternate method 
of improving the ductility of structural components. The evolution of ECC over the 
years is outlined in this article through a critical review. To adequately assess the 
properties of ECC to perform identical functions of an earthquake resistance device, 
in particular, the Base Isolator (BI), ECC and BI were examined along with their 
most widely used types and fundamental characteristics. Engineers and researchers 
interested in employing ECC for seismic isolation in structures will find this paper 
valuable. This paper’s abundance of knowledge could support the development of 
innovative applications and enhance the safety and longevity of building structures. 
In addition, the challenges for both ECC and BI were compiled as a guide for future 
research. The vast amount of valuable data presented in this paper can help with the 
future seismic isolation use of ECC.
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1 Introduction 

A significant fraction of the world’s population resides in areas at risk from earth-
quakes of different severity and frequency [1, 2]. One of nature’s most significant 
threats is an earthquake, which historically has resulted in considerable human casual-
ties and severe property destruction, especially to man-made buildings [3–5]. Massive 
seismic vibrations result from an abrupt release of energy in the Earth’s crust, which 
causes seismic waves to flow through bedrock [4, 6]. The historical earthquake data 
gives sufficient proof of how various types of structures behave in different seismic 
events and thus have become a topic of study for engineers and scientists [7], which 
resulted in them to start paying more attention to reducing the damage caused by 
earthquakes [8]. In today’s society, reinforced concrete is a crucial building compo-
nent for civil infrastructure. Concrete technology has advanced quickly during the 
past decade [9]. In the present time, many buildings have asymmetrical elevation and 
plan arrangements, which in the future, could eventually experience disastrous shocks 
[10]. Numerous efforts to develop “anti-seismic structures” or structures that can 
endure seismic threats and provide some ground resistance during earthquakes have 
not produced satisfactory results [11]. An extremely efficient earthquake-resistance 
technique is the base-isolation system [12]. These are reliable solutions for strength-
ening structures’ resilience capacity and seismic protection [13]. Its system’s funda-
mental idea is to create a flexible interface between a structure’s base and foundation 
[14]. A famous example to explain this is when a structure is resting on frictionless 
rollers; as the earth shakes, the rollers move freely, but the building above remains 
stationary [15], but unfortunately, there are yet no seismic isolation devices that 
can meet the stringent conditions necessary for their widespread use in practice 
[16]. Engineered Cementitious Composite (ECC) materials, a special kind of high-
performance FRC (Fiber Reinforced Concrete) composite, have seen fast develop-
ment in recent years [16, 17]. A particular requirement of concrete structures is an 
enhancement of a more efficient material, which results in the evolution of an ECC, 
also known as “Bendable concrete,” that belongs to the ductile concrete family. A 
bendable concrete’s ingredients include cement, fine aggregate, fiber, and chemical 
additive [18–21]. The ECC composition does not include coarse aggregate since it 
tends to develop wider cracks likely to harm its ductile behavior [19, 22]. According 
to research, ECC holds great potential as a novel structural technology for earthquake 
protection and disaster reduction [23, 24]. The commonly occurring localized frac-
ture modes, such as dynamic spall ejection (under impact), bond splitting, surface 
spalling, shear fracture, and punching, are also prevented [25]. Furthermore, it can 
enhance concrete bending performance to increase service life while reducing the 
building’s maintenance costs; thus, it significantly impacts the long-term sustain-
ability of infrastructure development [26]. This study intends to critically evaluate
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the prior research findings on the ECC and utilize them to discover its possible use 
as a novel material for an innovative earthquake-resistance technique, specifically in 
base isolation (as bearing). 

2 Methodology 

Figure 1 shows the systematic procedure for finding and choosing the relevant articles 
and journals that needed to include on this literature review. The researcher use 
websites to obtained research articles and journals such as Google Scholar, Scopus 
and Science Direct these website support Bolean Syntax. The keywords used in this 
review are engineered cementitious composite seismic, base isolation and concrete 
buildings. Most documents’ method for retrieving literature is based on Elicit.org 
search results (Elicit: The AI Research Assistant). Elicit is a research assistant that 
automates some of the operations of researchers using language models like GPT-3. 
The primary workflow of Elicit at the moment is a literature review. If you ask a 
question, Elicit will display pertinent documents and concise summaries of essential 
details about those documents in a simple table [27] (Fig. 1).

3 Discussion 

3.1 Base Isolation 

Shifting the structure’s fundamental frequency away from the dominant frequencies 
of seismic excitations and from the fundamental frequency of the fixed bases is one 
of the objectives of seismic isolation [28]. The isolators are commonly designed to 
absorb energy and give the system an added damping [29]. The most well-known base 
isolation systems used in existing structures are friction pendulums and elastomeric 
bearings [30]. However, a deeper understanding of the bearing-type earthquake-
resisting system will only be aimed because it represents the possible application 
of ECC as a substitute material with high ductility and energy dissipation, matched 
with the properties of a suitable base isolator. The most common seismic base isola-
tion technique is laminated rubber bearings because of their reliability and economic 
effectiveness [14, 31]. The elastomeric Lead Rubber Bearing (LRB), which is typi-
cally used for base isolation of structures, is made up of a central lead core, multiple 
layers of alternating rubber and steel shims, and two steel fastening plates at the 
top and bottom [32], with lead core, sizes varying from 15 to 33% of the bearing’s 
bonded diameter [3]. The lead core’s energy dissipation through yielding allows for 
an equivalent viscous damping coefficient of up to 30%, double that of high-damping 
elastomeric isolators [28, 33].
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Fig. 1 Systematic related literature selection process

Similarly, the research of Gupta et al. (2014) also corroborated this conclusion, 
mentioning that the corresponding viscous damping caused by the hysteresis depends 
on displacement and typically falls between 15 and 35% [34]. Additionally, it is 
discovered that the LRB offers stiffness under service loads and energy dissipa-
tion under high lateral forces [7]. Given all the advantages of employing LRB that 
have been highlighted, it is essential to note that Gyawali et al. (2020) research 
concluded that, compared to fixed base buildings, the base shear value of LRB build-
ings had been lowered by 45 to 50% [2]. Furthermore, the outcomes discovered 
by Kabeer et al. (2014) found that using lead rubber bearings can result in a 20% 
reduction in the needed reinforcement [35]. 

3.2 ECC Properties 

Lack of ductility and strain capacity is a significant problem for normal concrete [19]. 
At the same time, ECC can reach very high curvature at increasing loads similar to a 
ductile metal plate yielding [22], in addition to the highly narrow crack width (often
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less than 80 µm) [9]. The material can demonstrate significantly increased flexibility 
since the tensile strain capacity of ECC can range from 3 to 5%. Compared to normal 
concrete and fiber-reinforced concrete, this results in 300–500 times the tensile strain 
capacity [19]. Concrete has good compression strength but is weak in tension [22]. 
Normal concrete has a tensile strength of only 10% of its compressive strength, and 
brittle concrete will crack when exposed to tensile forces [36]. Concrete’s tendency 
to break easily has been addressed by the development of Engineered Cementitious 
Composites (ECC), also known as “Bendable Concrete” [19]. In a study conducted 
by Kumar et al. [37], Ordinary Portland Cement, Fly Ash (mainly Class F-ASTM 
C618), Ground Granulated Blast-furnace Slag (GGBS), Silica fume and sand, Super 
Plasticizers, and PVA (Polyvinyl alcohol) fibers are all utilized in the proportion 
of the ECC mix. The outcome demonstrates that the UHP (ultra-high performance)-
ECC’s compressive strength reached 150 MPa after 28 days of standard curing, while 
the tensile strength and strain capacity was 18 MPa and 8%, respectively [37]. 

Similarly, Kumar et al. (2021) also noted an improvement in compressive strain 
capacity where ECC acquired 0.45–0.65 percent [37]. Generally, it is said that 
ECC technology focuses more on increasing the flexural strength and does not 
significantly increase the compressive strength of the concrete [19]. It is one of 
the subject matters that will be recommended for further studies. Deshpande et al. 
(2016) research summary also mentioned that, although the compressive strength of 
ECC and normal concrete is about the same in their experiment, the flexural strength 
of ECC is 60% greater than that of conventional [20]. In the same manner, ECC 
specimen beams produced more flexural strength than traditional concrete beams 
would typically produce, as s concluded from a study by Bins et al. [19]. Under 
the principles of performance-based engineering, applications of ECC to energy 
absorption devices and damage-tolerant structural parts are considered to meet the 
performance criteria of structures [24]. ECC increased overall energy dissipation 
for non-seismic beam-column sub-assemblages by about 76% [17]. In addition, the 
ECC/RC composite frame exhibited increased equivalent damping ratio, absolute 
displacements, and decreased inter-story drifts and roof acceleration. These findings 
show that the ECC/RC composite frame outperforms the RC frame regarding damage 
resistance, less stiffness reduction, deformation capacity, and energy dissipation [38]. 
The ECC/RC composite frame requires fewer stirrups in beam-to-column connec-
tions than the RC frame [38]. It was also discovered that specimens with ECC had 
significantly higher ultimate loads (indicating inter-story shear) [39]. Similarly, the 
ECC considerably improved the short-span beam’s shear performance under cyclic 
loading [21]. In the joint zones, it exhibits fewer flexural-shear cracks. In the ECC/ 
RC composite frame, no major macrocracks or ECC spalling were found. Therefore, 
ECC can dramatically reduce structural damage and increase shear resistance [38].
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3.3 ECC and Its Potential Seismic Isolation Application 

The unique properties of ECC, such as high ductility, flexibility, strain capacity, 
energy dissipation, and shear strength, among others, matched with the fundamental 
characteristics of a base isolator, make it a candidate for an alternative, low-cost and 
innovative type of material. 

The exemplary performance of ECC under different loading conditions, both in 
gravity and lateral loads, done by previous researchers, can motivate the further 
improvement of the study. Experimentation may start with low-rise buildings, espe-
cially those located in seismic-prone areas, and as the technology progresses, an 
application may extend even to medium and high-rise structures. Tables 1 and 2 
shows the tabulation of selected studies and the outcomes measured about ECC and 
BI over the years.

Table 3 shows the study conducted wherein a lead rubber bearing with steel rings 
known as RRB is devised and used in three to six-story steel and concrete structures, 
and the outcomes are contrasted with those of fixed base, and base-isolated using LRB 
[80]. The same categories were compared against the performance of ECC in various 
research types. Although the authors did not indicate the numerical values in most 
of the selected reviewed articles, the descriptive conclusions at the end of each study 
reveal that using ECC had demonstrated better performance and positive benefits to 
the system. Many sources used graphical illustrations to emphasize the comparison 
of the variables; unfortunately, the scale is of large intervals, and specific values of 
significant points are not annotated in the image or figures. Nevertheless, it can be 
seen that the affirmative results derived from the earlier studies about the ECC show 
equal or better performance in comparison to the improvements acquired from using 
BI, such as LRB and RRB. Although it has been proven many times that ECC has 
high ductility, strain capacity, energy dissipation, and others, further studies about 
the best mix design and its specific application in the structure to acquire the most 
excellent performance, specifically, its use as a base isolator still needs to be done.

4 Research Gaps 

Future Research Recommendations in ECC and Base Isolation are summarized. 
For ECC, it will be (1) Relaxing the ratio of column flexural moment to beam 
flexural moment is a possibility; Plastic Hinges [17], (2) Replacement of conventional 
concrete: Fully or Partially [57, 80], (3) Seismic performance of buildings (Level of 
collapse); Material properties and design [24], (4) Corrosion Testing, [46, 57, 81, 82], 
(5) Dimension stability; Alternate type of aggregates [82], (6) Numerical simulation 
and Theoretical analysis [62], (7) Cost [20, 22], (8) Poisson’s Ratio; Shear resistance 
[20, 22] While for BI, (9) Cost [82], (10) Construction aspects [31]. It can be seen
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Table 1 ECC developments over the years 

Refs. Year Outcomes measured 

Yao et al. [20] 2013 • Strain hardening 
property 

• The strain capacity 

Dehghani et al. [47] 2014 • Flexural strength • Flexural toughness 

Gencturk et al. [48] 2015 • Lateral strength and energy absorption capacity of the infilled 
frame 

• The prevention of brittle failure modes in the infill wall 
• The provision of a reasonable system overstrength 

Li and Kanda [21] 2016 • Ductile and properties of regular concrete 

Sun et al. [51] 2017 • Development and study of Engineered Cementitious Composites 
using High Volume Fly Ash and Polyvinyl Alcohol Fiber 

Hosseini and 
Gencturk [52] 

2018 • Hysteretic behavior, ductility, stiffness, energy dissipation, 
damping characteristics, and cracking patterns of HPFRCC 
beam-column joint connections 

Han et al. [53] 2018 • Failure modes 
• Peak stress 
• Peak strain 
• Elastic modulus 
• Toughness index stress–strain curves 

Wu et al. [26] 2019 • Delayed failure 
• Limited 
degradation in 
structural 
function during 
the load event 

• Rapid recovery of structural functions post 
events 

Cho et al. [54] 2019 • Lateral strength 
• Shape of the 
hysteresis curves 

• Permanent deformation 
• Post-peak degradation 

Sasi and Varghese 
[55] 

2019 • Tensile 
performance 

• Crack resistance 

Cementitious [55] 2019 • Applicability of the high ductile fiber cementitious composite to 
develop seismically improved reinforced concrete columns 

• The seismic capacity of the column 
• The minimization of flexural and shear cracks in the bending 
critical region of the column 

Dong et al. [57] 2020 • Stiffness  
• Ductility 

• Drift capacity 
• Overall strength 

Lv et al. [58] 2020 • HPFRCC bridge columns’ large-scale seismic behavior 

Crack-free 
engineered 
cementitious 
composites to 
overcome durability 
[59] 

2020 • Probability of the frame structure under various damage states

(continued)
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Table 1 (continued)

Refs. Year Outcomes measured

Etman et al. [60] 2020 • Fluidity 
• Bonding strength 
• Flexural strength 

• Tensile strength 
• Strain capacity 
• Compressive strength 
• Fracture energy 

Chen et al. [61] 2020 • Strain capacity of the Engineered Cementitious Composites 

Deshpande and 
Murnal [20] 

2021 • Compressive 
strength 

• Flexural strength 

Dadkhah and 
Tulliani([62] 

2021 • Splitting tensile 
strength 

• Cracking 
width 

• Flexural strength 

Stiemer and Barwig 
[63] 

2022 • Failure mod • Hysteretic 
behave 

• Crack 
pattern 

• Energy dissipation capacity • Stiffness  
degradation 

• Displacement ductility 

Ferritto [64] 2022 • Ability of ECC to partly replace transverse reinforcements and 
enhance the joint shear resistance, the energy absorption 
capacity, and the cracking response of concrete structures in 
seismic areas 

Table 2 BI development over the years 

Refs. Year Outcomes measured 

Minal et al. 
[29] 

2013 • Maximum floor acceleration 
• Inter storey drifts 
• Storey shear forces 

Dhawade [1] 2013 • Seismic performance of base-isolated and fixed based RC frame 
structures 

Hu [77] 2013 • Minimum displacements 
• Minimum base shear forces 
• Minimum accelerations 

Sorace and 
Terenzi [78] 

2014 • Reduction in seismic responses 

Talikoti and 
Thorat [11] 

2014 • Size of the building components 

Yuan et al. 
[79] 

2014 • Base shear 
• Inter-story drifts 

Şahmaran 
and Li[36] 

2014 • Displacement 
• Moment 
• Shear 

Li and 
Maleej [80] 

2014 • Most significant example of a base-isolated “artificial ground” ever 
built in Italy
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Table 3 Comparative analysis of base isolated (LRB and RRB) versus fixed-base structures by 
[80] and ECC performance in various studies 

LRB RRB Fixed ECC 

The average effective parameters reduction in structural design 

Acceleration reduction 
(average %) 

28.33 48.62 – aReduced [38] 

Displacement reduction 
(average %) 

23.53 49.87 – bSuperior damage 
tolerance [41] 

Shear reduction (average %) 32.87 49.21 – – 

Period of fixed base and isolated 
structures (seconds) (3-25-C) 
3-story concrete structure with 
25 columns 

1.775 1.784 0.658 – 

The damping ratio of structures 
(average %) 

18.44 47.02 – a17.92% [38] 

Story drift reduction (average %) 23.53 49.87 – bImproved [56] 

aWith respect to the separate structure analyzed in the study 
bNo detailed numerical data was provided, but it concluded descriptively

that for both ECC and Base Isolation, the “Cost” is the standard item. However, 
it should be made clear that the “cost” being mentioned for ECC is that which is 
compared to standard concrete, while, for Base Isolation, it is that which is being 
compared to the traditional lateral force-resisting frame. However, if the subsequent 
studies can develop an ECC with the same character as the Base Isolation bearings, 
a save percentage in multiple hundreds can be acquired as ECC will undoubtedly be 
cheaper in many ways than Base Isolation. 

5 Conclusion 

This comprehensive review paper synthesizes existing literature on the ECC and Base 
Isolation. ECC is a new product that can replace the existing materials of widely used 
base isolation (bearing type) systems. However, a long way to its complete perfection 
lies ahead. Nevertheless, based on the investigations, the following conclusions can be 
drawn: The current developments in the properties of ECC are considered significant 
because some characteristics are already acquiring near or almost equivalent strengths 
necessary for a good base isolation material. Using ECC as an alternative material 
for base isolation is feasible for engineering structures such as low to medium-rise 
buildings. The results acquired from the experiments show an excellent load-carrying 
capacity, flexibility, and energy dissipation, which are some of the vital requirements 
to sustain the gravity and lateral loads experienced by the isolator. This proposal 
promises to provide a low-cost alternative material for base isolation use, which can 
benefit the community, especially those in the area of high seismic hazard.
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Abstract Coastal megacities are constantly challenged with nature-anthropogenic 
hazards e.g. land subsidence and climate change consequences. This research focuses 
on the promising metro tunnels-based UUS planning and development towards 
economic resilience at subsiding coastal megacities scale in Shanghai and Jakarta. 
Factors are studied through multiple regressions to understand the development 
extent via cause-effect relations. Five main determinant factors; surface loads, UUS 
construction, groundwater, climate change and land subsidence risks-related with six 
economic factors; land price, underground structures, infrastructure, buildings, prop-
erties and socio-economic are finalised. Year 1960, 2020 and 2035 are selected as
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study period. COVID-19 impact in year 2020–2021 are also analysed. SEM analysis 
is carried via IBM SPSS Amos. Findings are; first, ‘Surface’ and ‘Natural’ determined 
factors have 0.98 and 0.86 R squared values, whilst ‘Groundwater’ and ‘UUS’ have 
the least with −0.75 and −0.71, respectively in Shanghai with model fit summary of 
130,855.510 CMIN. Second, highly impacted economic factors are land subsidence, 
district revenues, company’s production, economic activities disruption and under-
ground structure damage with 0.98, 0.97, 0.03, 0.02 and 0.006 values, respectively. 
Third, during COVID-19, a stagnant condition of underground tunneling leakage is 
observed. Fourth, for Jakarta, property prices, vulnerable population, reconstruction 
demand are among the highly impacted economic factors with 0.99, 0.96 and 0.93 R 
values respectively. Fifth, 90% of cause-impact changes in Shanghai are controlled 
with positive increment while 90% are negative economic impact losses in Jakarta. 
Both developed and developing megacities can learn from each other based on the 
contradictory findings. 

Keywords Structural equation modelling · Land subsidence · Underground space 

1 Introduction 

Coastal megacities are constantly challenged with natural hazards e.g. constant land 
subsidence, and climate change e.g. sea level rise, flood and storm surge [1–3]. With 
further growing concerns of uncertain future, rapid urban growth and ambitious urban 
goals and targets, hence, understanding the mechanisms involved are important [4, 5]. 
There are many identified cause and effect factors related to the land subsidence. From 
natural to anthropogenic causes e.g. climate change, socio-economic development 
and many adverse environmental and socio-economic impacts e.g. buildings and 
infrastructure damage, loss of life and seawater intrusions as shown in Fig. 1. Being 
dubbed as a silent disaster [6], therefore, further continuous study of its mechanisms 
is important. The relations of land subsidence, urban development and the direct– 
indirect economic impact has also been discussed and outlined well in [4, 7]. The 
suggestion is to include land subsidence as consideration in urban spatial land use 
planning, groundwater regulation, building-infrastructure codes, flood management, 
seawater intrusion control and environmental conservation. As these factors will have 
huge impact on the urban development that will constantly buildup in urban areas 
along with population, socio-economic activities and groundwater extraction. The 
impact of land subsidence is diverse and include both direct and indirect e.g. building 
and infrastructure damages, tilting of buildings, widening of inundation areas, quality 
of life and possess high correlation with coastal megacities.

However, the spatial and temporal domains have still yet to be fully and exten-
sively established e.g. detailed mapping of land subsidence impacts and modelling 
[7]. Kok and Costa [4] has also outlined land subsidence-economic impact framework 
which consists of the direct–indirect and market, non-market factors and suggests 
few economic cost assessment or valuation for each factor. However, the non-market
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Fig. 1 Complex mechanisms of cause-effect relations in land subsidence (Modified from [2])

or social factors are taken out due to their abstract and complex measurability. 
This research tries to focus on the promising planning and development of metro 
tunnels-based urban underground space (UUS) in the coastal megacity by taking 
Shanghai and Jakarta as case studies. In meeting further development demands, 
within condensed and limited space in coastal megacities, stakeholders and engi-
neers often pursue UUS as an ideal state to facilitate utility purposes, cross river 
tunnels, metro lines, basements, complexes, markets, and environmental deepening. 
Nevertheless, taking Shanghai as example, most metro tunnels based-UUS are devel-
oped in aquifers I and II [8, 9]. As UUS development and construction are two to ten 
times larger than surface structures, the post destruction cost and consequences are 
inevitable, hence, planning and decision-making of any UUS development must be 
conducted carefully [10–12]. Metro tunnels-based UUS is chosen to limit the broad 
context of UUS development itself, with 97% growth from 1960 by 2020 in Shanghai, 
it it expected to grow further with additional 60% by next thirty years with expan-
sion of deeper excavation [9]. The purpose is to combine the previous micro-meso 
engineering-based research and comprehensively assess the regression relationships 
at macro coastal megacity scale. To clarify, this study presents the Business as Usual 
(BaU) scenario by 2035. 

1.1 Coastal Megacity Geotechnical Profile 

Shanghai, P.R China. Shanghai is located at alluvial plain of Yangtze River Delta 
and known for its challenging underground soft soil. Shanghai’s underground soft 
soil consists of sandy and clay layers with high silt content, fifty metres thick of arte-
sian aquifer and high groundwater level [3, 13]. The UUS development in Shanghai
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is divided into three layers; shallow, middle and underground whereby, the shallow-
middle layer is already compact and saturated [14]. Groundwater is determined as 
the primary challenge of UUS construction and development in Shanghai. The depth 
of metro tunnels and UUS development in Shanghai is usually 9–15 m at the first soft 
clay layer, which are below the utility’s burial e.g. electric, gas, water and telecom-
munications. Other deeper underground layers include for sewerage and deep water 
pumping which are 15–40 m below at sand layers (see Fig. 2). However, there are 
metro tunnels built below the existing tunnels and crossing below the Huangpu River 
with the depth of 15–25 m at the second soft clay later e.g. Metro Line 3, 4 and 9 
(29.7 m) with retaining wall constructed in depth of 62.9 m [15]. Hence, the regional 
groundwater withdrawal-recharge, deep foundation pit dewatering, urban planning 
and further deeper underground factors should be considered in the development of 
UUS in Shanghai as a coastal megacity. 

Tunnels constructed before 1990s in Shanghai, have serious groundwater leakage 
with more than 1 L/m2/day [3]. These are all cause by differential settlement, 
cracking of tunnel segments, inappropriate waterproofing materials and design which 
deteriorates and deform underground structure. This worsens with continuous land 
subsidence at macro scale e.g. catastrophic damage and failures of Shanghai Metro 
Line 4 in July 2003 [16], discomfort for users, environmental consequences and 
further catastrophic hazards. Nevertheless, latest tunnels built have had less than 0.1 
L/m2/day leakage rate. In preventing ad-hoc conflict of engineering-nature disasters 
through differential settlement and even land subsidence at large coastal megacity,

Fig. 2 Cross section of metro tunnels-based UUS development and soil layers in Shanghai [3] 
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urban spatial planning role is important in determining which areas possess high 
risks and potential for future adverse damage. A good spatial documentation and 
identification can further add values and assists future planning at macro scale thus, 
prevention countermeasures and adaptation strategies can be suggested. The plan-
ning, construction and engineering of metro tunnels-based UUS at large megacity 
scale in general shall be made advanced, sustainable and resilient based on population 
agglomeration, climate, geological condition, spatial constraint, risk management, 
geo-environmental protection, technological benefits e.g. Global Positioning System 
(GPS), Interferometric Synthetic Aperture Radar (InSAR), Geographic Informa-
tion System (GIS), experience and construction information [1, 8, 17]. Since 1970s, 
United Nations (UN) and International Union of Geological Sciences (IUGS) have 
partnered together in delivering the International Geoscience Programme (IGCP) to 
further facilitate international scientific cooperation for geosciences and geo-hazards 
risk which include land subsidence in coastal megacities. Shanghai and Jakarta are 
both important cases which possess ‘mainly in the past’ and ‘currently underway or 
active’ land subsidence stages, respectively [18]. 

2 Research Method 

Metro tunnels-based UUS development, subsidence-economic resilience and urban 
planning factors are studied using multiple regressions analysis to ultimately under-
stand the extent development impact via cause-effect relations. The factors are 
referred, derived, integrated and simplified from various literatures and existing 
framework to suit the current research purposes e.g. [2, 4, 7, 14], Sustainable Develop-
ment Goals 2030 (SDG 2030) and lastly, Shanghai Masterplan 2017–2035 (SM2035). 
Initially, there are 44 and 38 determined causing and economic impact factors, respec-
tively. Study years of 1960 (first groundwater banning policies in Shanghai and 
10 years earlier of the IGCP plan), 2020 (the year this study started, 10 years after 
Kyoto Protocol in 2015, 3 years after the execution of SM2035, 2035 (target year 
of SM2035, five years after SDG2030 targets) are selected. Coronavirus diseases 
2019 (COVID-19) period is also discussed (2020–2021). To provide simplicity, 
straightforwardness and meeting this research’s purposes, only sixteen causing and 
six economic impact key factors are finalised. The factors are combined selected and 
integrated from various reviews of existing frameworks, and localities and simplicity 
of data availability to reach the perfection and comprehensiveness of the model that 
this research trying to achieve as enlisted in Table 1. As well as trying to fulfil the 
sustainable development aspects of social, economic and environment aspects of 
paradigm. To provide further accuracy, the SEM is then carried by visualising and 
transferring datasets from IBM Statistical Package for the Social Sciences (SPSS) 
Statistics to IBM Amos SPSS Graphics Version 28. The procedures in IBM Amos 
SPSS are as follow;
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Table 1 Determinant-economic factors 

No Determinant (causes, independent, x) References 

1 Surface: increasing surface load Sustainable Development Goals 
2030, [2, 14] 

2 Groundwater: excessive groundwater extraction Sustainable Development Goals 
2030, [2] 

3 UUS: urban underground space pre-during-post 
construction 

[14], Shanghai Masterplan 2035 
(SM2035) 

4 Natural: natural or climate change disasters [2, 4, 7] 

No Economic impact factors (Effect, dependent, y) 

1 Land development 

2 Underground structures 

3 Infrastructures [4, 7] 

4 Buildings or properties 

5 Socio-economic activities 

6 Land subsidence risks 

(1) Opening datasets: Select data > File Name > Select.sav file data > OK. 
(2) Draw latent variable. 
(3) Detailed further procedures can be referred to [19]. 

3 Research Results and Discussions 

3.1 Correlations of Determinant-Economic Factors 
in Shanghai 

Analysis results for Shanghai indicate, ‘Surface’ and ‘Natural’ determinant factors 
possess high correlations of 0.98 and 0.86 R squared values, respectively. Whereas, 
‘UUS’ and ‘Groundwater (GW)’ have the least with −0.71 and −0.75, respectively 
(refer Fig. 3). The model fit summary of ‘Surface’ is statistically significant with 
Chi-square value (CMIN) of 130,855.510.

3.2 Minor Comparison Case: Jakarta’s Situations 

For Jakarta, the determined high regressed determinant-economic factors are 
different from Shanghai’s which consists of residential construction investment, 
groundwater extraction-induced subsidence, underground metro tunnel construction 
and seawater level rise. The determinant factors are highly correlated with economic 
factors; vulnerable population, reconstruction demand and property prices, with 0.99,
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Fig. 3 Model for ‘Surface’, ‘UUS’, ‘GW’ and ‘Natural’
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Table 2 High regressed determinant-economic factors in Jakarta by 2035 BaU 

Main determinant factors Breakdown factors R2 Type of economic impact 

Surface Residential construction 
investment [$/year] 

0.99 Indirect 

Groundwater Groundwater 
extraction-induced 
subsidence [mm/year) 

0.96 Indirect 

Natural Seawater level rise [mm/ 
year) 

0.93 Indirect 

UUS Underground metro 
tunnel construction [km/ 
year] 

0.002 Indirect 

Main economic factors Breakdown Factors R2 Type of economic impact 

Land Number of vulnerable 
populations [Mill. / year] 

0.96 Direct 

Buildings Average property prices 
[$/m2/year) 

0.99 Indirect 

Infrastructure Reconstruction demand 
[$/year) 

0.93 Indirect 

Buildings Average property prices 
[$/m2/year) 

0.002 Indirect 

0.96, 0.93, 0.002 R values, respectively. With Jakarta’s category as a developing 
coastal megacity with on-going land subsidence-related issues, the determined high 
regressed factors somehow signify the adverse situation of the megacity was facing 
from 1960, 2010, 2020 and especially towards 2035 BaU. The following Table 2 
describes the situation. 

3.3 Direct–Indirect Economic Impact Changes 

This section provides discussion on the direct–indirect economic impact changes 
with the focuses on the high regressed impacted economic factors towards the goal of 
this research. A coastal megacity may always deter the determinant factors however, 
reducing the negative impact especially the indirect economic factors are crucial in 
ensuring an economically resilient metro tunnels-based UUS planning and devel-
opment. Based on both regression and SEM results, 90% of determinant-economic 
impact changes in a developed coastal megacity (Shanghai) are positive-controlled 
increment. Meanwhile for a developing coastal megacity (Jakarta), proven by 2035 
BaU possess 90% of negative-economic impact losses. Significantly, both developed 
and developing coastal megacities possess similar 90% of indirect economic impact 
factors. This is in line with the known land subsidence impact in previous literatures as 
silent-indirect yet disastrous. On the other hand, the positive impacted (be it increase
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Table 3 High regressed positive impacted economic factors in Shanghai 

Positive economic factors Changes (%) Type 

Land Average land price [$/m2/year] 94.45 Indirect 

Buildings Average property prices [$/m2/year) 91.69 Indirect 

Table 4 High regressed negative economic impact factors in Shanghai and Jakarta 

Negative economic impact factors Changes (%) Type Megacity 

Underground Underground structure damage and 
deformation [mm/year] 

100 Indirect Shanghai 

Infrastructure Metro tunnel settlement [mm/year] 84 Indirect Shanghai 

Land Number of vulnerable populations 
[Mill./year] 

92.10 Direct Jakarta 

Infrastructure Reconstruction demand [$/year] 100.00 Indirect Jakarta 

Buildings Average property prices [$/m2/year) 100.00 Indirect Jakarta 

or decrease) economic factors e.g. increment of land and property prices, either direct 
or indirect must be supported, whilst negative impacted economic factors e.g. metro 
tunnels settlement and vulnerable populations, both direct–indirect must be avoided 
by providing significant countermeasures. Following Tables 3 and 4 tabulate the 
findings. 

4 Conclusions and Further Research Suggestions 

To emphasise, this paper presents the results and findings for 2035 BaU scenario 
of which factors are finalised based on existing subsidence-economic impact, metro 
based-UUS and urban spatial planning framework to provide inclusivity, locality, 
comprehensiveness and towards fulfilling SDGs spectrum of economic, social and 
environment. A significant stagnant correlation is observed during COVID-19 period 
which depicts consistent development with limited tunnel leakage and subsidence 
rate. Both developed-developing coastal megacity possess maximum surface built-
environment and hence, opted further for the promising UUS development. Never-
theless, the determinant-economic relations for Shanghai as a ‘developed’ coastal 
megacity with ‘mainly in the past’ subsidence issues have mostly positive impacted 
economic factors. This is tremendously different from the case of a ‘developing’ 
coastal megacity like Jakarta with ‘on-going’ land subsidence, where most of the 
impacted economic factors are still adversely impacted and negative. Based on the 
results and discussions, there are a few outstanding discoveries and further research 
conduct to be proposed. In general, the developed and developing megacities can 
further control and plan their built environment physically and spatially based on 
the regression analysis. This can be fully accomplished by establishing a good
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statistic-spatial relation through geostatistical study, especially to further locate the 
high regressed determinant-economic impact factors by avoiding further damage. 
A mere policies improvements and formulation based on statistical analysis alone 
is not enough. Improvements via estimation and projections and creating counter-
measures, spatially with big data contributions are essentials in this challenging era. 
Further comprehensive and detailed study with countermeasure (CM) scenario can 
be conducted to counter the current BaU situation by 2035. Furthermore, a study with 
the expectation beyond 2035 is also needed, to model how Jakarta can replicate the 
current policies and implementation in Shanghai to achieve the positive outcomes 
of Shanghai by 2035BaU. The monitoring and assessment are needed especially for 
developing coastal megacity by 2050 to develop the same path as developed coastal 
megacity by 2035. Stakeholders such as local government, civil engineers, urban 
planners, academician and local communities must join ventures towards effective 
policies formulation and implementation. 
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Probability Density Distribution 
and Reliability Evaluation of Load 
Settlement Curve of PHC Pile in Deep 
Silt Area 

Songting Zeng, Xiaoyun Ma, Zenghui Yu, and Jihui Ding 

Abstract PHC pile has become one of the widely used foundation treatment 
methods in soft soil foundation. Taking a pile foundation project in Wenzhou as 
an example, the thickness of hydraulic fill and silt in the site is 27.20–33.60 m, and 
the length of PHC pile is mostly 43–50 m. In this paper, the load test results of 130 
PHC compression piles detection in the project site are statistically analyzed by the 
method of probability regression parameters. The results show that the settlement 
value under all levels of load basically conforms to the normal distribution, and the 
goodness of fit is 0.80–0.90; The exponential, hyperbolic and power function are 
used for fitting, and the regression coefficient is statistically analyzed. The normal 
distribution function is used for fitting, and the goodness of fit is 0.85–0.99; On this 
basis, the relationship between the safety factor and reliability index of the ultimate 
bearing capacity of the PHC pile and the allowable settlement is analyzed. With the 
increase of the allowable settlement, the ultimate bearing capacity of the PHC pile 
increases, and the corresponding safety factor and reliability index increase. Among 
the three fitting curves, the reliability index calculated by the exponential function is 
the largest, and the reliability index is close to that of power function and hyperbolic 
function. 
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1 Introduction 

Prestressed high-strength concrete pipe piles have the advantages of high bearing 
capacity, good bending resistance, stable quality, strong adaptability, etc. PHC piles 
are increasingly widely used in soft soil areas and densely populated large cities. The 
ultimate vertical compressive bearing capacity of a single pile is determined by the 
material strength of the pile itself and the strength of the foundation soil, which is the 
main factor determining the ultimate compressive bearing capacity of a single pile. 
Due to the spatial variability of the rock and soil layer through which the foundation 
pile passes, the ultimate compressive bearing capacity of a single pile at a site shows 
a certain degree of dispersion, which leads to a certain degree of dispersion of the 
load-settlement curve of the foundation pile on the site. 

The probabilistic regression parameter method is to fit each test curve by linear or 
nonlinear regression, and then indirectly describe the dispersion between curves by 
constructing the joint distribution of multiple (or dozens of) regression parameters in 
the site[1–3]. Based on the typical test results of load deformation at the site level in 
the capital city and its environ, including bored piles, CFG piles and anchor bolts, the 
probability density distribution of the deformation value under the given load and 
the probability density distribution of the load value under the given deformation 
are discussed respectively [4–7]. In this paper, the probability regression parameter 
method is used to statistically analyze the load test of 130 PHC compression piles 
monitored in a development zone in Wenzhou City, Zhejiang Province, and then 
determine the reliability index of bearing capacity of the foundation piles to be 
relocated. 

2 Statistical Analysis of Load-Settlement Curve 

2.1 Project Overview 

The project is located in a development zone in Wenzhou, Zhejiang Province, with 
a total land area of about 370,000 m2. From top to bottom, the stratum of the project 
site is composed of artificial fill, silt-alluvial soft soil, lacustrine and marine general 
cohesive soil, which is divided into 8 engineering geological layers and 15 sub-
layers. The adverse geological effect of the construction site is 27.20–33.60 m thick 
siltation (alluvium) soft soil and other adverse foundation soil, mainly including 
shallow artificial hydraulic fill, which is under-consolidated, with poor geological 
conditions and poor stability. The buried depth of groundwater level is 1.29–3.21 m. 
The buildings on the site are mostly steel frame structure (light steel structure), 
and partially reinforced concrete frame structure, without basement. The design pile 
length of the pile foundation is 43–49 m. The first two sections of the foundation pile 
are PHC-AB500 (125), and the last two sections are PC-AB500 (125) prestressed 
pipe piles. The concrete strength of the pile body is C80, the bearing layer of the pile
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Fig. 1 Q-s curve of 130 
PHC piles 
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end is 5–2 or 6–1 clay soil layer. The foundation pile is end-bearing friction pile, and 
the design value of the single pile bearing capacity is 1200 kN. 

2.2 Statistical Analysis of Load-Settlement Curve 

Figure 1 shows the Q-s curve of 130 compression PHC piles. It can be seen from 
Fig. 1 that the settlement value of the foundation pile under all levels of load is not a 
fixed value and is random. Table 1 shows the settlement statistics of 130 PHC piles 
under various loads. It can be seen from Table 1 that the coefficient of variation of 
settlement value under the first two levels of load is greater than 0.20 and less than 
0.25, the load is 880–2200 kN, and the coefficient of variation of settlement value is 
0.16–0.20. The variability of settlement value is mainly attributed to the variability of 
geometric parameters, including the pile length and the thickness of soil layer through 
which PHC piles pass, spatial variability of soil shear strength index. Figure 2 shows 
the probability distribution fitting curve of settlement under graded load. It can be 
seen from Fig. 2 that when Q = constant, the settlement value is a random variable 
and basically conforms to the normal distribution, and the goodness of fit of the 
distribution function is between 0.80 and 0.90.

2.3 Statistical Analysis of Fitting Parameters 
of Load-Settlement Curve 

The current code for design of building foundation [8] points out that the loading 
level should not be less than 8, and the loading amount of each level should be 1/8 ~ 
1/10 of the estimated limit load. In order to obtain the theoretical description under
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Table 1 Statistical value of settlement under graded load 

Q (kN) Minimum 
(mm) 

Maximum 
(mm) 

Mean (mm) standard 
deviation 

Coefficient 
of variation 

Goodness of 
fit 

440 0.62 2.61 1.52053 0.37909 0.24932 0.88409 

660 1.21 4.45 2.52221 0.56805 0.22522 0.86541 

880 2.16 6.32 3.76504 0.74924 0.19900 0.86280 

1100 3.17 8.79 5.21847 0.96137 0.18422 0.86871 

1320 3.89 11.60 6.78786 1.22406 0.18033 0.85296 

1540 4.90 14.56 8.50901 1.48567 0.17460 0.80634 

1760 6.43 17.84 10.3363 1.74220 0.16855 0.80020 

1980 7.81 20.73 12.3457 2.02778 0.16425 0.84583 

2200 8.90 24.39 14.5838 2.37451 0.16282 0.89228 

Fig. 2 Normal distribution 
function fitting curve
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any value, the load and settlement test results can be nonlinear regression, and then 
the model expression of load and settlement can be constructed. The commonly used 
two-parameter regression forms include hyperbola, power function and exponential 
function [6, 7]. 

For the loading section of the PHC pile load-settlement curve of the field, 
exponential function, hyperbolic function and power function regression are used 
respectively: 

Q = a1(1 − bs 1) · (Exponential, Box Lucas Model) (1) 

Q = a2s 

b2 + s =
a2 

b2/s + 1 · (Hyperbolic function) (2) 

Q = a3sb3 · (Power function) (3)
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Table 2 Statistical value of regression coefficient of Q ~ s curve during loading 

Coefficient Min Max Mean Standard 
deviation 

Coefficient 
of variation 

Goodnes 
of fit 

a1 4677.443 2244.812 2990.549 390.62077 0.13062 0.97759 

b1 0.97300 0.83243 0.90899 0.02723 0.02995 0.91481 

a2 8215.970 3005.304 4690.142 839.10503 0.17890 0.93958 

b2 40.08578 6.78929 16.92851 6.19499 0.36600 0.93643 

a3 545.8831 180.7947 360.3929 71.18320 0.19752 0.85572 

b3 0.90789 0.50014 0.68825 0.0611 0.08877 0.94933 

The randomness of PHC pile settlement is mainly reflected in the randomness of 
the regression coefficient of Q-s fitting curve. The statistical parameters of regression 
coefficient of Q-s fitting curve are shown in Table 2. It can be seen from Table 2 that 
the dispersion of the regression coefficient of exponential fitting is the smallest, 
followed by the power function, while the deformation of the regression coefficient 
of hyperbolic function is the largest, and its coefficient of variation a3 reaches 0.366. 
Assuming that the fitting parameters conform to the normal distribution, the goodness 
of fitting curve of the normal distribution is 0.85 ~ 0.99, and the fitting degree is high. 
The optimal distribution does not necessarily obey the normal distribution, but the 
difference between the normal distribution and the optimal distribution AIC (Akaike 
Information Criterion) is small, and the difference is mostly less than 10% [6, 7]. 
Therefore, normal distribution can be used for approximation for simplification. 

Figure 3 shows the relationship between the regression coefficients of the three 
regression curves. As can be seen from Fig. 3, a1 and b1, a2 and b2 are positively 
correlated with each other. The correlation coefficients are respective 0.77945 and 
0.85745. a3 and b3 are negatively correlated and correlation coefficients −0.81113.

3 Reliability Analysis Based on Probability Density 
Distribution 

3.1 Limit State Equation 

It can be seen from the above analysis that the bearing capacity (resistance QR) of the  
foundation pile is not a fixed value as a random variable due to the influence of pile 
length, stratum distribution, ultimate strength of soil layer, etc. The load (action Qs) 
borne by the foundation pile is the actual (or design) load value. When the foundation 
pile is in a reliable state, the resistance QR is required to be greater than the action 
Qs, and the corresponding limit state equation is: 

Z = QR − Qs = f (ai , bi , sa) − QsG − QsQ  (i = 1, 2, 3) (4)
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Fig. 3 Scatter plot of regression coefficient

The resistance QR in the above formula can be determined according to the given 
displacement tolerance value (sa) of the fitting curve given above, and sa can be given 
in advance. Since Q-s fitting curve coefficients (ai, bi) are random variables, QR is also 
a random variable. For foundation piles, the load value is mostly recommended by the 
engineer, and its value is estimated according to the characteristic load combination 
of the superstructure. For example, the vertical load can be composed of the weight 
of the structure (dead load or permanent load) and seismic activity (live load or 
variable load). The vertical load effect Qs is equal to the sum of the vertical dead 
load effect QsG and the vertical live load effect QsQ. Once the random variables 
are determined, the reliability index can be calculated by random sampling method, 
one-time reliability method and geometric reliability method. The primary reliability 
method is used to calculate the reliability index as follows: 

β = μz 

σz 
= μR − μS /

σ 2 R + σ 2 S 
(5) 

The formula (5) does not explain the probability distribution of random variables 
QR and Qs, but directly uses its mean and standard deviation. This method is suitable
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for reliability analysis when the calculation accuracy is not high in practical applica-
tion. This method is suitable for reliability analysis when the calculation accuracy is 
not high in practical application. If the probability density function of each random 
variable is known, the mean and standard deviation can be accurately calculated by 
Gaussian integration. If the function function (5) is nonlinear, Eq. (5) can be expanded 
into Taylor series and retained to the first term, then the approximate results of μz 

and σz can be given. 

3.2 Reliability Index Analysis 

The determination method of vertical ultimate bearing capacity of single pile in the 
current code [8]: (1) Make load-settlement (Q–s) curve and other curves required for 
auxiliary analysis. (2) When the steep descent section is obvious, take the load value 
corresponding to the starting point of the steep descent section; (3) When the Q–s 
curve is slowly changing, take the load value corresponding to the total settlement 
of the pile top s = 40 mm. When the pile length is greater than 40 m, the elastic 
compression of the pile body should be considered. 

The maximum value of Q ~ s curve loading of 130 PHC piles in this project 
is 2200 kN, the design value of bearing capacity of foundation piles is 1100 kN 
(including dead load of 900 kN, variation coefficient of 0.09; live load of 200 kN, 
variation coefficient of 0.29), and its safety factor is 2.00. When the load is 2200 
kN, the mean value of settlement is 14.58 mm, and the corresponding pile bearing 
capacity is calculated by fitting the Q-s curve, and then the corresponding safety 
factors of exponential function, hyperbolic function and power function are 2.04, 
1.97 and 2.07, which are close to 2.0, and the corresponding reliability indexes are 
respectively 3.70, 2.22 and 2.56. 

Figure 4 shows the relationship between the safety factor of PHC pipe pile and 
the allowable settlement of foundation pile. It can be seen from Fig. 4 that with the 
increase of allowable settlement from 14 to 40 mm, the safety coefficient calculated 
by using three fitting curves increases, the safety coefficient of exponential function 
increases from 2.00 to 2.66, the hyperbolic function increases from 1.93 to 3.00, and 
the power function increases from 2.01 to 4.15, and the safety coefficient of power 
function increases greatly.

Figure 5 shows the relationship between the reliability index of PHC pipe pile and 
the allowable settlement of foundation pile. With the increase of allowable settlement 
from 14 to 40 mm, the reliability index calculated by the three fitting curves increases, 
the reliability index coefficient of exponential function increases from 3.62 to 4.62, 
the hyperbolic function increases from 2.19 to 3.94, and the power function increases 
from 2.49 to 3.82. Among the three fitting curves, the reliability index calculated by 
exponential function is the largest, and the reliability index is close to that of power 
function and hyperbolic function.
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Fig. 4 Fafety factor (Fs) ~ 
sa relationship

14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 
0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5

 Exponential
 Hyperbolic
 Power 

F s 

s
a
 / mm 

Fig. 5 Reliability index β ~ 
sa relationship 
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4 Conclusion 

(1) Based on the statistical analysis of the load test of 130 PHC compression piles in 
a development zone in Wenzhou, Zhejiang Province, the coefficient of variation 
of the settlement value under the first two levels of load is slightly larger, the 
load is 440–2200 kN, and the coefficient of variation of the settlement value is 
0.16–0.25; The settlement under all levels of load basically conforms to normal 
distribution, and the goodness of fit is 0.80–0.90. 

(2) The distribution of 130 load test results of 130 PHC piles at the site is fitted 
with exponential function, hyperbolic function and power function, and the 
regression coefficient is statistically analyzed. The dispersion of exponential 
fitting regression coefficient is the smallest, followed by power function, and
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the deformation of the regression coefficient of hyperbolic function is the largest. 
The goodness of fit of the regression coefficient function is between 0.85 and 
0.99, and the degree of fitting is high. 

(3) Based on the limit state design of the bearing capacity of PHC piles, the rela-
tionship between the safety factor and reliability index of the ultimate bearing 
capacity of PHC piles and the allowable settlement is analyzed. With the increase 
of the allowable settlement, the ultimate bearing capacity of PHC piles increases, 
and the corresponding reliability index increases with the increase of the safety 
factor. Among the three fitting curves, the reliability index calculated by the 
exponential function is the largest, and the reliability index is close to that of 
power function and hyperbolic function. 
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Research on High Geothermal 
in Complex Deep Buried Tunnel 
Environment 

Chenze Huang, Junzhou Huang, Haoyu Wu, and Qiang Wang 

Abstract An effective and practical three-dimensional modeling method and analyt-
ical theory of high geothermal in complex deep buried tunnel environment based on 
voxel model and Kriging algorithm was proposed after considering the effects of 
spatial correlation, adaptation and accuracy of relevant parameters, which can accu-
rately prevent and control the high geothermal disaster risk in complex deep buried 
tunnel environment. Compared with the results of classical tunnel models, it is found 
that the proposed three-dimensional modeling method and analytical theory of high 
geothermal in complex deep buried tunnel environment was effective. Secondly, the 
three-dimensional modeling method and analytical theory had a good application 
prospect in the field of high geothermal heat damage area, and can effectively reveal 
the spatial distribution characteristics of high geothermal heat damage area. Finally, 
the proposed method can provide theoretical foundation and thought innovation for 
precise prevention and control of high geothermal disaster risk in complex deep 
buried tunnel environment, and has good practical significance and scientific value. 

Keywords Voxel model · Kriging algorithm · Three-dimensional modeling 
method · High geothermal 

1 Introduction 

With the implementation of a new round of western development strategy, more 
and more long-buried tunnel projects have begun to be planned and constructed. 
In the complex and dangerous areas in western China, high ground temperature is a 
common geological disaster that seriously affects operators and tunnel structures, and
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its precise prevention and control has become one of the challenges faced by tunnel 
construction [1]. Accurate analysis and evaluation of tunnel high geothermal risk 
is the foundation, involving multi-source heterogeneous data processing, including 
geological investigation and adjustment, drilling, geophysical exploration and remote 
sensing thermal infrared image, etc., the process includes first constructing a high-
precision geo-geological environment model around the tunnel, and then associating 
and integrating 3D temperature field data on this basis to reveal the refined spatial 
and temporal distribution of high temperature thermal damage [2]. 

In the construction of three-dimensional temperature field, the common methods 
include numerical simulation, analytical and spatial interpolation, etc., while the large 
range of high-precision three-dimensional geothermal field often has the problem of 
non-convergence due to the large amount of calculation, which eventually leads to 
the failure of modeling [3]. Spatial interpolation algorithm takes into account spatial 
correlation between real data and statistical analysis data, physical characteristics 
of temperature and heat conduction, as well as modeling feasibility regardless of 
computational load and convergence [4], including inverse range-weighted interpo-
lation (IDW) algorithm, radial basis neural network interpolation (RBF) algorithm 
and Kriging algorithm, in which, The accuracy of IDW algorithm is insufficient, and 
RBF algorithm is easy to lose key information. Kriging algorithm has shown good 
compatibility in overcoming the shortcomings of IDW algorithm and RBF algorithm, 
and has become one of the most extensive spatial statistical interpolation algorithms 
for processing borehole and section data [5–7]. 

The existed researches show that [8, 9], remote sensing thermal infrared images 
can fully reflect the surface temperature but lack the deep temperature informa-
tion and elevation information, while the existing interpolation modeling of under-
ground temperature field is usually based on limited geothermal borehole data, 
which are sparsely distributed and have obvious spatial incompleteness, so it is 
difficult to construct a three-dimensional model to fully and accurately reflect the 
geothermal field. However, the high-precision and multi-resolution voxel model with 
the help of multi-source data fusion technology can effectively improve the accuracy 
of modeling in the tunnel and its surrounding geographic and geological environ-
ment expression, as well as the integration of geothermal data and topographic data, 
and make up for the shortcomings of insufficient expression of a single type of 
temperature data [10]. 

Combining the advantages of high-precision and multi-resolution voxel model and 
Kriging algorithm, and considering the effects of spatial correlation, self-adaptation 
and the accuracy of related parameters, an efficient and practical three-dimensional 
modeling method and analysis idea of high ground temperature field in complex 
deep-buried tunnel environment are proposed, so as to realize the precise prevention 
and control of high ground temperature disaster risk in complex deep-buried tunnel 
environment.
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2 Working Principle of Multi-resolution Voxel Model 
in Tunnel Environment with High Ground Temperature 

2.1 Mechanism of High Ground Temperature Multi-source 
Data Fusion 

The modeling of the temperature field in the high altitude tunnel environment must 
consider the fusion of multi-class and multi-source data [9], and the high-precision 
and multi-resolution voxel model of multi-source data fusion technology can make 
up for the deficiency of the expression of a single type of temperature data in the 
modeling of the tunnel and its surrounding geographical and geological environment 
expression, geothermal data and topographic data integration [10]. The accuracy of 
the 3D highland temperature field model is improved. Its working flow and principle 
are shown in Fig. 1. When the multi-resolution voxel model is adopted, the accuracy 
of collecting attribute feature points of the temperature field in the tunnel environment 
is extremely important. The feature points are mainly extracted from surface thermal 
infrared remote sensing images and high geothermal drilling holes. After adding 
elevation data, the tunnel model with three-dimensional distribution is reconstructed 
from measured feature points. Subsequently, the collected temperature field feature 
points of the tunnel environment were integrated into the semantic point set of high 
geothermal temperature, which was stored in the geographic information system 
(ArcGis) to realize the fusion of multi-source temperature feature points considering 
terrain. 

Ground temperature 
borehole along the tunnel 

Extraction of characteristic 
points of underground 

temperature 

Surface thermal infrared 
grid data 

Tunnel area terrain grid 
data 

Extraction of surface 
temperature feature points 

considering terrain 

Geothermal semantic point set 

Fig. 1 Diagram of multi-source data fusion of high geothermal under tunnel environment



202 C. Huang et al.

Fig. 2 Diagram of high geothermal and elevation distribution under tunnel environment 

2.2 Extraction of Surface Thermal Infrared Feature Points 

The extraction of surface temperature feature points is based on the surface thermal 
infrared remote sensing image, and the elevation and coordinate values of the feature 
points in the research area are extracted. By integrating the surface thermal infrared 
data and the terrain data of the tunnel area, the feature points of surface data can be 
obtained considering the terrain. The first is to match the accuracy of thermal infrared 
remote sensing interpretation image and topographic raster map (DEM) in the tunnel 
area. The problem of inconsistent data modal accuracy may occur in the fusion of 
multi-source data. By resampling DEM to match its accuracy with remote sensing 
image, all feature points in the study area are located after accuracy matching, and 
the image is transferred from raster file to point. The two-dimensional coordinates 
of evenly distributed temperature points are obtained and showed in Fig. 2, and then 
the surface temperature points in the tunnel buffer area are intercepted by combining 
the sampled DEM and surface temperature points. Finally, the feature points are 
converted into coordinate points by using the value extraction function. It is realized 
that the feature points fall on the DEM of tunnel area, and the 3D of the feature points 
of surface temperature is completed. 

2.3 Extraction of Feature Points from High Geothermal 
Borehole 

In the inversion of surface temperature and mountain gullies, it is suggested to lay 
high geothermal boreholes in the range of 10~100 m along both sides of the tunnel 
axis, and the data of temperature measurement boreholes mainly include the bottom
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temperature of holes, the elevation of holes and temperature gradient, etc. [4]. The 
orifice elevation and borehole depth are usually determined by locating the location 
of each borehole. Combined with the borehole bottom temperature extracted from 
the borehole characteristic points of high geothermal temperature, the linear fitting 
with the high geothermal gradient is completed, and the effective data of the borehole 
characteristic points of high geothermal temperature are finally obtained. 

2.4 High Ground Temperature Data Fusion Technology 

In order to avoid the error caused by the change of coordinate system, a coordinate 
system must be adopted in the same tunnel environment, and the information of 
the characteristic points of high geothermal drilling, such as elevation, coordinate 
and temperature, must be established by reading coordinate points. According to 
Sect. 2.1, the obtained information of characteristic points of the temperature field 
in the tunnel environment is integrated into ArcGis into the location relationship 
between multi-source temperature data into the semantic point set of high geothermal 
temperature, thus forming a high geothermal data fusion technology suitable for 
complex deep-buried tunnel environment. 

3 Parameter Adaptive Determination Basis and Accuracy 
Evaluation Method Considering Spatial Correlation 

3.1 Modeling Area Voxelization 

The voxel model is a three-dimensional model represented by a large number of 
regular voxels [1], and the minimum unit voxel assignment corresponds to the temper-
ature value, which is used to express the distribution of high temperature field in the 
tunnel area, and the influence of the voxel unit size of the model on the interpola-
tion effect cannot be ignored. In the modeling area, the average well spacing of the 
temperature characteristic points in the study area was taken as the standard to set 
the appropriate voxel size. The minimum voxel cell grid size was suggested to be 
100 × 100 × 20 m, and the depth of the modeling area was determined according 
to the elevation threshold of the tunnel area and the maximum borehole depth. 

3.2 Parameter Determination of Adaptive Variogram 

The analysis of adaptive variogram is a crucial step in modeling, and the fitting degree 
of variogram will directly affect the effect of subsequent interpolation. Therefore,
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geo-statistical soft SGeMS with excellent effect was adopted in this study to complete 
the setting of variogram parameters. According to expert experience [11], the search 
radius is generally less than or equal to L/2 (where, L is the distance of the farthest 
data point in the research area), and the number of lag distance is calculated by the 
search radius and the minimum lag distance, as shown in Eq. (1). 

n = 
R 

D 
(1) 

where, n is the number of lag distance; R is the search radius; D is the minimum lag 
distance. 

Among them, the hysteresis distance tolerance is generally half of the minimum 
lag distance in this direction (that is, 0.5D), and bandwidth B is equal to twice 
the average well spacing. For example, given the borehole temperature data near a 
complex deep-buried tunnel, where the distance between the furthest temperature 
points is 30600 m, the search radius should be half of the distance (about 15300 m). 
When the azimuth interval is set to 22.5°, the confirmed direction angles are relatively 
dense in the range of 45° to 67.5°. In order to characterize the degree of mutation 
of the regionalized (45°~67.5°) variable at a small distance, reflecting the total vari-
ability of the variable in space, it is found from the nugget effect that the larger the 
abutment value, the greater the degree of data fluctuation and the greater the ampli-
tude of parameter change [12]. When the nugget coefficients were ≤25%, 25 ~75% 
and >75%, respectively, the degree of variation was relatively weak, medium and 
strong, while the correlation in the opposite space was strong, medium and weak, 
respectively. 

After multiple comparisons, the most appropriate azimuth angle and the best fitting 
model were established. The variofunction curve was fitted step by step through the 
cubic control variable method, and the parameters such as the number of the hysteresis 
distance, inclination angle and tolerance angle were obtained, which were listed in 
Table 1. Through the comparative analysis of the data in Table 1, the optimal array 
of the best nugget coefficient and the separation distance is 13000 m, that is, the 
hysteresis distance is n = 25, the hysteresis distance is 620 m, the azimuth angle is 
45°, the inclination angle is 0°, and the tolerance angle is 15°.
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Table 1 Related parameters and nugget effect 

Azimuth angle n Inclination angle α Tolerance angle β C0 C0+C C0/(C0+C) 

20 5° 15° 0.38 1.18 0.3230 

25 5° 15° 0.163 1.33 0.1226 

30 5° 15° 0.223 1.135 0.1965 

25 0° 15° 0.146 1.657 0.0881 

25 5° 15° 0.163 1.330 0.1226 

25 10° 15° 0.164 1.156 0.1419 

25 15° 15° 0.352 0.824 0.4272 

25 5° 15° 0.146 1.657 0.0881 

25 5° 20° 0.190 1.371 0.1386 

25 5° 25° 0.205 1.484 0.1381 

4 Three-Dimensional Modeling and Analysis of Highland 
Temperature Field in Complex Deep-Buried Tunnels 

4.1 Three-Dimensional Modeling of Highland Temperature 
Field in Complex Deep-Buried Tunnel 

The three-dimensional modeling of the highland temperature field in complex 
deep-buried tunnels has a lot of multi-type and multi-source data fusion work to 
be completed, considering the high-precision requirements required by scientific 
research, the high-precision multi-resolution voxel model is applied to the modeling 
of the expression of this special tunnel and surrounding environment, the integration 
of ground temperature data and terrain data, and after substituting SGeMS, a three-
dimensional temperature field of complex deep buried tunnel based on the coordina-
tion effect of voxel model and Kriging algorithm can be constructed. The modeling 
process consists of four steps, namely, setting the bounding box and the appropriate 
size mesh, fitting the optimal variogram parameters and the semi-variation-variable 
deviation curve, setting the variogram and reasonable search ellipsoid parameters 
in the Estimation module, and assigning the appropriate color to identify the high 
temperature region. 

The three-dimensional modeling method of highland temperature field in complex 
deep buried tunnel environment based on voxel model and Kriging algorithm makes 
up for the shortcomings of insufficient expression of single type of temperature 
data, improves the accuracy of three-dimensional highland temperature field model 
of complex deep buried tunnel, and considers the influence of spatial correlation, 
adaptive and accuracy of related parameters, and has broad application prospects in 
revealing the spatial distribution characteristics of high temperature heat.
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Table 2 Cross validation for 
precision evaluation Tolerance angle/° SEM RMSSE ASE 

10° −0.1326 2.483 1.356 

15° 0.153 2.746 3.652 

20° 0.338 3.457 6.036 

25° 0.346 3.589 6.329 

4.2 Cross Validations 

Through objective discussion on the setting of variance function parameters, the 
statistical analysis function of ArcGis, a mainstream commercial software, is cross-
checked to cross-verify the existing variance function parameters. Table 2 array [13] 
is calculated from the data in Sect. 3.2. The analysis shows that when the tolerance 
Angle is 15°, the average standard error (ASE) is closest to zero, and the standardized 
root mean square error (RMSSE) and standard mean (SEM) are the smallest, with 
the minimum error of 0. Therefore, separation distance = 13000 m, nugget factor = 
0.146 and the ground state value = 1.657 are the optimal parameter sets, indicating 
that multiple control variable tuning can fit the variance function with high spatial 
correlation. 

4.3 Normal Test 

It can be seen from Sect. 3.2 that data of Kriging algorithm requires a normal distribu-
tion. The trend of cumulative distribution function and probability density function 
of highland temperature field data can be tested and analyzed through Histogram and 
statistical value [13], as shown in Fig. 3. Where, the abscissa represents the histogram 
and normal QQ picture of the temperature data of this group, and the results show a 
normal distribution trend, and the fitting regression curve is y = 0.583x + 3.101.

4.4 Analysis Methods and Ideas 

Through multi-source data fusion and feature point extraction of highland temper-
ature data in the surrounding environment of the complex deep-buried tunnel, the 
above parameters are selected, and the interpolation model of ground temperature 
in the surrounding environment of the complex deep-buried tunnel is obtained after 
variational function fitting and reasonable search ellipsoid parameter setting. It shows 
that each parameter can be adjusted by using control variable method in the process 
of variational function adjustment [14]. The set of parameters with minimum nugget 
coefficient can be iteratively selected to obtain the variable function parameter set
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Fig. 3 Histogram and normal QQ plot of tunnel temperature characteristic points

Fig. 4 Diagram of high geothermal field around complex deep buried tunnel environment 

with the best spatial correlation, and the feasibility of the analysis method and idea 
is verified by cross validation and normalization detection. 

In order to further analyze the feasibility of the 3D modeling method and analysis 
idea of highland temperature field in complex deep-buried tunnel environment based 
on voxel model and Kriging algorithm, the distribution of highland temperature 
field around complex deep-buried tunnel is obtained with the help of the proposed 
modeling method, as shown in Fig. 4. As can be seen from Fig. 4, the mileage 
increases step by step from bottom to top, and the temperature around the tunnel 
is as low as minus 18.64 °C and as high as 93.5 °C. In the low mileage area of 
the tunnel, the ambient temperature of some sections is greater than 26 °C, which 
has a slight heat damage effect. The ambient temperature near the high mileage 
is greater than 37 °C, and the northern part of the area is as high as 90 °C, with 
obvious high temperature heat source and serious heat damage. It is shown that
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the three-dimensional modeling method and analysis idea of highland temperature 
field in complex deep-buried tunnel environment based on voxel model and Kriging 
algorithm are effective, and can describe the distribution of temperature characteristic 
points along the tunnel area. 

5 Conclusions 

(1) Taking the temperature field modeling around a tunnel as an example, the surface 
thermal infrared temperature and borehole temperature data were fused into 
consideration of terrain effects, and the selection of adaptive variogram parame-
ters was discussed. Based on the multi-source fusion data, the three-dimensional 
model of the tunnel temperature field was established by using voxel model and 
Kriging algorithm, and the optimal variogram parameters could be selected by 
the multiple control variable method. 

(2) Feature points of multi-source temperature data were extracted, and terrain 
factors were taken into account. Surface thermal infrared temperature data and 
borehole temperature data were fused, and reasonable voxel size was set to 
voxelize the modeling area. 

(3) A set of fitting parameters were set, the multiple control variable method was 
used, the spatial correlation was taken into account, the key parameters in the 
variofunction were set adaptively, and the optimum parameters of inclination 
angle, tolerance angle and azimuth were selected. The accuracy analysis index 
and normal distribution were verified by cross-validation method, thus verifying 
the reliability of the optimal parameters. Finally, according to the temperature 
field model around the tunnel, and analyze the location of heat damage. 

(4) The proposed three-dimensional modeling method and analysis of the highland 
temperature field in the complex deep-buried tunnel environment can provide 
theoretical basis and innovative ideas for the precise prevention and control of 
high geothermal disaster risk in the complex deep-buried tunnel environment, 
and has good practical significance and scientific value. 
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and Orlean G. Dela Cruz 

Abstract A truss member is an essential component for supporting roofs and bridge 
construction. While steel is the primary or most common material used, the industry 
faces various challenges today, such as product shortages and environmental concerns 
stemming from steel manufacturing. This research addresses these issues by identi-
fying alternative materials for truss members using modern technology and software 
development. The study has four main objectives: first, to determine the necessary 
criteria for evaluating a truss member; second, to determine the weight of each 
criterion for truss member evaluation; third, to develop an evaluative framework 
software based on the principles of the Application of Hierarchy Process (AHP),
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the entropy method, and the Technique for Order of Preference by Similarity to an 
Ideal Solution (TOPSIS) method for truss member selection; and fourth and finally, 
to evaluate two or more alternative truss materials using the evaluative framework 
software. Data gathering was accomplished through surveys and literature reviews. 
The research team has developed software that can derive subjective criteria weights 
using the AHP method, non-subjective criteria weights using the entropy method, 
and combine the weights obtained from both methods using TOPSIS analysis. 

Keywords Truss · AHP-entropy method · TOPSIS method · Truss material 
evaluation · Software application 

1 Introduction 

Truss structures have been essential in architectural and engineering design for 
many years. Steel has been the traditional material used in truss construction due 
to its durability and the strength-to-weight ratio [1]. However, with the increasing 
demand for sustainable and environmentally friendly construction materials, alter-
native materials for trusses are becoming increasingly popular [2–4]. Alternative 
materials, such as composite materials, engineered wood products, steel alterna-
tives, and aluminum, offer durability and high strength while addressing some of the 
limitations of traditional steel trusses. 

Steel production has so many flaws that it calls for exploring alternative materials. 
The first one is the large consumption of water. Manufacturing medium size iron 
mills may discharge 100 million gallons of water daily. The solid waste problem, 
producing more huge slag dumps, continues to build up near most steel mills. Overall, 
the production of steel still has adverse effects on the environment [5]. Another study 
presents the actual estimate of the effect of the steel mill in the Utah Valley. It shows 
that steel mills have the most significant air pollution in the said area [6]. 

Composite materials made of fiber-reinforced polymer (FRP) composites are a 
popular alternative to steel construction; these advantages include corrosion resis-
tance, lightweight, and a high strength-to-weight ratio [7]. Engineered wood prod-
ucts, such as glued-laminated timber (glulam), laminated veneer lumber (LVL), and 
parallel strand lumber (PSL), offer high strength and stiffness compared to traditional 
wood products, it also improves performance and can reduce construction cost [8]. 
A study conducted by Sathre et al. (2014) found that engineered wood products 
have lower embodied energy and can provide a more sustainable solution for truss 
construction [9]. Steel alternatives, such as stainless steel, weathering steel, and high-
strength low-alloy (HSLA) steel, can also be used in truss construction since it gives 
more resistance to fire leading to a safer solution for specific applications [10]. Finally, 
aluminum is another alternative material with a lower environmental impact and can 
provide more sustainable solutions or specific projects [11]. Numerous benefits allow 
replacing steel and traditional wood with alternative materials, demonstrating their
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suitability. Experts can assess the choice of materials for truss construction through 
different methods based on the applications used. 

Assessing alternative materials for truss construction is an essential step in 
ensuring the structural integrity and efficiency of a building or structure. Engineers 
and builders can make informed decisions when choosing a suitable material for 
their projects by using several methods to assess alternative materials. The paper in 
[12] presents some of the methods: (1) Material testing, which involves performing 
physical tests on the materials to determine the properties under different conditions; 
(2) computational analysis, which involves using computer simulations and models 
to study the materials; (3) cost analysis, which includes transportations, materials, 
and installation costs; and (4) environmental impact analysis. 

2 Literature Review 

Value Engineering/Analysis (VE/VA) is a systematic method used to improve the 
value of a product or service by analyzing its functions and identifying ways to 
improve its quality, reliability, and cost-effectiveness [13]. For example, in truss 
construction, VE is used to assess different materials used for trusses and determine 
which ones are the most cost-effective and efficient by presenting the VE job plan 
with careful analysis between the cost and performance [14]. However, despite its 
great benefits, VE/VA can be subject to biases that can negatively impact its outcome. 

Biases significantly affect the results of value engineering, and this leads to sub-
optimal solutions that do not fully address the needs of the projects [15]; Anchor bias 
arises when individuals rely too heavily on the first piece of information they receive, 
and they anchor their subsequent decisions to that first information [16]. Adopting 
a systematic and objective approach to value engineering that involves multiple 
stakeholders and relies on accurate and up-to-date data is essential to overcome 
these biases. 

The AHP method is based on pairwise comparisons, determining each criterion’s 
relative importance. Alternatives are then evaluated based on their performance on 
each criterion, and the researchers calculate a final score for each option. [17]. On 
the other hand, the TOPSIS method is a distance-based method that measures the 
similarity of each alternative to the ideal solution and the negative-ideal solution [18]. 
This systematic approach can achieve an optimal solution for selecting alternative 
materials. 

One of the major concerns in the VA/VE approach is the slow-paced nature of 
the process; some of the reasons for this are: (1) manual procedure; (2) lack of stan-
dardization; and (3) lack of automation [19] To overcome these challenges, organi-
zations need to adopt a more automated approach to value engineering, which can 
help to simplify the process, reduce manual effort, and ensure consistency and effi-
ciency. The selection of truss materials is a critical task in engineering design as 
it impacts the final product’s structural integrity, reliability, and cost-effectiveness. 
With the statement of the problem mentioned above, the main goal of this paper is
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to present the development of a software application that utilizes Analytical Hier-
archy Process (AHP), Entropy, and Technique for Order Performance by Similarity 
to Ideal Solution (TOPSIS) methodologies in selecting optimal truss materials which 
can provide a helpful tool for engineers and practitioners in the field. While the use 
of decision-making methods such as AHP-Entropy and TOPSIS has been widely 
applied in different areas [20–22], there remains a need for an automated system that 
can streamline the decision-making process and improve its efficiency. 

3 Methodology 

The researcher conceptualized the study as presented in Fig. 1. Evaluating alternative 
materials for truss members required several criteria. These criteria were determined 
by reviewing literature citing necessary information regarding mechanical properties 
used in truss analysis, economic aspects, and sustainability of truss member material. 

The researchers establish the determination of criteria weights obtained from the 
literature review subjectively using the Analytic Hierarchy Process (AHP), termed in 
this paper as “subjective weight”. The conduct of the survey opened the opportunity 
to gather subjective decisions from various civil engineers. Multiple respondents 
provided subjective decisions as input to generate subjective weights for various

Fig. 1 Research conceptual framework 
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criteria. The formulation of the entropy method enabled the researcher to determine 
criteria weights based on the different values of each criterion. The researchers estab-
lished the units for each criterion, and the corresponding value influenced the weight. 
This entropy method minimized the bias or personal decision of a user or an evaluator 
because the weights are entirely dependent on the criteria values that correspond to 
their units, termed in this paper as “objective or non-subjective weights”. 

The researchers process the subjective criteria weights using the software and then 
input the criteria values for the entropy method. It will also be capable of generating 
non-subjective weights. The software will generate the combined subjective and 
objective weights. The Technique for Order of Preference by Similarity to an Ideal 
Solution (TOPSIS) is added to the software to rank the evaluated materials. The 
software can assess various truss member alternatives by generating a report that 
ranks the best to least option. 

3.1 Selection of Necessary Criteria 

In finding and searching for suitable criteria for truss, the researchers rely on the 
Review of Related Literature and Studies. Following the Preferred Reporting Items 
for Systematic Reviews and Meta-Analysis (PRISMA) instruction [23] and the five 
steps systematic process introduced by Denyer and Tranfield [24], the researchers 
conducted a systematic literature review reporting. PRISMA will be a valuable tool 
for determining the criteria for a given topic by providing standardized checklists 
that ensures essential information is included in a systematic review [25] and has 
been used in the field of medicine [26], education [27], and engineering [28]. 

3.2 Conceptualization of Application of AHP-Entropy 
and TOPSIS Method to Truss Member 

The researchers conceptualized AHP, Entropy, and TOPSIS method by categorizing 
it as (1) AHP or Analytical Hierarchy Process, which Thomas Saaty developed in 
the 1970s [29], it is a pairwise comparison matrix used as a subjective matter of 
the study and the software itself; (2) The Entropy method or the Shannon’s Entropy 
Concept [30] is the decision comparison matrix used as the study’s objective matter, 
Shannon’s Entropy is a crucial element in information theory and is utilized as a 
universal indicator of uncertainty [31] and; (3) TOPSIS, or Technique for Order of 
Preference by Similarity to Ideal Solution, first introduced by Hwang and Yoon [32], 
combines the two methods mentioned above to produce an ideal ranking position 
for the software. The researchers used these three methods to produce evaluative 
software for truss members.
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3.3 Develop and Execute a Survey and Collection of Data 

After deciding on the necessary criteria for the study, the researchers developed 
a survey questionnaire using the pairwise comparison matrix; this method helps 
determine the relative importance of the criteria or alternatives. The researchers 
determined the sample size of the respondents needed in this study. To calculate the 
sample size n, the researchers get the total population size of the respondents required 
within the demographic to determine the sample size n of the respondents needed. 

3.4 Calculation of Subjective Criteria Weights Using 
the AHP Method 

The Analytic Hierarchy Process uses a pairwise comparison matrix (P) to analyze 
complex decisions. Constructing a pairwise comparison matrix to calculate the 
subjective criteria weights is necessary. The researchers used the calculated geometric 
mean to create a pairwise comparison matrix, input them in the correct element, and 
then get the sum of each column. The following we expressed in Eq. 1 as follows: 

P = C1C2 · · ·  CnC1C2 
...Cm 

⎡ 

⎣ 
GM11GM12 · · ·  GM1nGM21GM22 · · ·  GM2n 

... 
... 
. . . 

... GMm1GMm2 · · ·  GMmn 

⎤ 

⎦ 

Total  = 
m∑
i=1 

GMm1 

m∑
i=1 

GMm2 · · ·  
m∑
i=1 

GMmn (1) 

Professionals with expertise in the field provided the subjective weights for the 
study. The AHP method calculated the main criteria and sub-criteria weights, which 
are subjective. The researchers ensured the accuracy of the sub-criteria weights. The 
researchers used the Consistency Index to measure consistency between pairwise 
comparison matrices in mathematical representation, 

3.5 Calculation of Objective Criteria Weights Using 
the Entropy Method 

A decision matrix is a tool to compare a group of choices to a set of criteria. The 
following can be expressed in Eq. 2 as follows: 

D = C1C2 · · ·Cn A1 A2 
... Am

[
d11d12 · · ·  d1nd21d22 · · ·  d2n 

... 
... 
. . . 

...dm1dm2 · · · dmn

]
(2)
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Making utility preferences to have a standardized unit of measurement, the 
researchers normalized the data processed from the equation. The researchers then 
calculated the proportion value of the materials and criteria. The process was 
continued by calculating the information entropy, which is needed to calculate the 
information utility. The researchers used the information utility to determine the 
entropy weights of each sub-criteria. 

3.6 Weight Combination of AHP and Entropy Method 

The researchers calculated the weight combination of the main criteria weights and 
sub-criteria weights of the two methods. After the combined weight calculation of the 
main and sub-criteria, the researchers calculated the total sub-criteria combination 
weight by using Eq. 3. 

wcj  = 1wci × 2wcj (3) 

3.7 Final Combined Weights Decision Matrix 

Researchers divide the evaluation criteria of the TOPSIS method into cost and benefit 
criteria. A− Represents the negative-ideal solution, and A+ is the positive-ideal solu-
tion. TOPSIS can quantify the relative performance of each material based on which 
has the shortest and longest geometric distance from the PIS and NIS, respectively. 

The researchers listed the materials in descending order based on their value 
concerning their relative proximity. Some materials have higher relative proximity 
values, indicating closer proximity to PIS. Therefore, the option with the highest 
proximity value was the most appropriate material. 

To check if the created software was functional. The researchers added the last 
objective: “Evaluate two or more truss materials using the software”. It will serve as 
the overall outcome of the project study. They examined the materials used to test 
the software in the VE Job Plan stage. In this testing stage, the researchers write 
down and debug all the unexpected difficulties. This trial-and-error stage makes the 
software the best version based on the researchers’ work. 

4 Results and Discussions 

The researchers determined the following criteria for evaluating truss members by 
performing a systematic literature review. Figure 2 shows the different criteria deter-
mined from the review. The first level of the diagram shows the primary goal of the
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Fig. 2 Truss criteria diagram 

review, which is to determine the criteria used for truss evaluation; the second level 
shows the three main criteria: Physical and Mechanical Properties, Economy, and 
Sustainability. Under these groups were the sub-criteria determined by the researcher 
from various literature. 

The researcher aimed to determine the weights of the following criteria using the 
Analytic Hierarchy Process (AHP) from various civil and construction engineering 
professionals. The determination of sample size depends on the parameters set by the 
researchers and other reliable sources, such as the total population of civil engineers 
in the Philippines as of 2022. 

4.1 Criteria Weights Derived from AHP Method 

The AHP Method was utilized to determine the sub-criteria weights, as shown in 
Fig. 3. The data utilized in the weight determination process was gathered from a 
survey conducted by the researcher, given that AHP relies on the subjective judgments 
of each respondent. The results indicate that the sub-criterion “lifespan” holds the 
most weight among the other sub-criteria, with a value of 11.51%, while “compres-
sive strength” has the least weight, with a value of 4.76%. Overall, the “Economy” 
main criterion was deemed the most significant, with a value of 37.92%.
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Fig. 3 Criteria weights determined using AHP Method 

4.2 Development of Truss Member Evaluation Software 

The software used in this study was developed using state-of-the-art technology, 
specifically Visual Basic.net 2010 and Microsoft Access 2016. The researcher also 
employed Microsoft Excel to carry out mathematical computations to validate the 
software’s precision. The software is designed to enable users to input data gath-
ered from the survey, which is subsequently processed using the pairwise compar-
ison matrix method for twelve criteria. And to obtain criteria weights through AHP. 
Figure 4 presents the user interface for data entry, including the respondent’s name.

In Fig. 5, the software’s interface is presented, which grants users the ability to 
modify criteria for their analysis. The criteria can be placed within the software 
according to the criteria diagram, which provides a visual representation of their 
relationships. To facilitate further comprehension, users can assign each criterion 
with a unique Criteria ID, Criteria Code, and Criteria Description, allowing them to 
provide additional details or remarks regarding each criterion. This feature enhances 
the software’s flexibility, making it an invaluable tool for conducting comprehensive 
analyses.

The software can calculate the geometric mean of data obtained from the pair-
wise comparison matrix of the respondents. The process allowed the determination of 
criteria weights using the AHP method. The software generated the pairwise compar-
ison of each criterion using the geometric mean obtained from the 42 respondents, as
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Fig. 4 Software interface for respondent’s data

Fig. 5 Software interface for modification of criteria

shown in Fig. 6. The software is capable of calculating the criteria weights automat-
ically based on the values of each criterion that the user inputs. To validate the soft-
ware’s accuracy, the researchers conducted a value engineering job plan, gathering 
criterion values from a literature review and market study of various construction 
materials.
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Fig. 6 Interface of software for criteria weights determination using the AHP Method 

The software’s validity was confirmed through the comparison of the obtained 
criterion weights and the weights determined by the software. Figure 7 displays 
the interface for computing criteria weights using the Entropy method. Moreover, 
the software is designed to recalculate criteria weights automatically in response 
to modifications made to the criteria values, thus enhancing its adaptability and 
functionality.The software utilized in this study facilitated the determination of sub-
criteria weights based on criteria values obtained from literature reviews, which were 
inputted by the researchers. Analysis of the obtained results, as presented in Fig. 8, 
revealed that the sub-criterion “durability” holds the most substantial weight among 
all other sub-criteria, with a value of 20.60%, while “production cost” bears the 
least weight, with a value of 4.66%. The main criterion of “Physical and Mechanical 
Properties” was identified as the most significant, with a weight value of 41.55%.

The software can generate the combined weights from AHP and Entropy methods. 
Shown in Fig. 8 is the interface that shows the generation of criteria weights from 
combined AHP and Entropy criteria weights. The software also shows the summary 
where the user can see the weights of the criteria. 

Upon generating combined weights, the software yielded results, shown in Fig. 9, 
indicating that the sub-criterion “durability” held the most significant weight among 
all other sub-criteria, with a value of 27.06%, while “tensile strength” had the least 
weight, with a value of 3.04%. Notably, the main criterion of “Sustainability” was 
identified as the most significant, with a weight value of 48.86%. These findings 
demonstrate the software’s ability to perform complex computations and provide
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Fig. 7 Interface of software for criteria weights determination using the Entropy method 

Fig. 8 Criteria weights generated by using Entropy method

valuable insights into the significance of various criteria and sub-criteria in the eval-
uation of materials, emphasizing the importance of considering sustainability in 
material selection.

Researchers can use the software to generate the A and A+ solutions for each alter-
native. The software, as shown in Fig. 10, can also provide the ranking of alternatives, 
with the best alternative having a rank of 1. For instance, the researcher conducted a 
simulation with four alternatives in the software, and the proximity index determined 
the ranking.
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Fig. 9 Combined criteria weights from AHP and Entropy Method

Fig. 10 Interface of software showing the ranking of different alternatives generated by software
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5 Conclusions 

There are twelve necessary criteria for truss members: compressive strength, tensile 
strength, shearing strength, unit weight, modulus of elasticity, availability, mobiliza-
tion, cost of material, production cost, lifespan, durability, and carbon emission. The 
surveying setup of this project study comes with difficulties because of the situa-
tion while doing this study, which was the COVID-19 pandemic and the monkey fox 
disease. The scenario is mainly created online with very little face-to-face interaction. 

Researchers notice that the Entropy and TOPSIS methods help the AHP method 
eliminate bias and secure consistency. The researchers use the AHP method for 
subjective traits in the comparison matrix and the Entropy method for objective 
traits in the comparison matrix. Additionally, the TOPSIS method aids the user in 
evaluating the truss member alternatives by ranking them from the most ideal to 
the least ideal alternative. Upon collecting information from licensed civil engineers 
and utilizing a variety of methodologies to evaluate the findings and conclusions, the 
researchers have arrived at several recommendations for future studies. 

1. suggest that additional research be conducted to incorporate more relevant 
truss criteria to enhance the study. This would ensure that the study is more 
comprehensive and relevant to the current industry standards 

2. recommend exploring various techniques for selecting appropriate criteria. 
This would help to ensure that the chosen criteria are relevant, accurate, and 
comprehensive enough to provide a thorough analysis 

3. and suggest that future studies should be attempted in a more advanced program 
with additional features to enhance user-friendliness and convenience. This 
would allow participants to use the program with greater ease and efficiency, 
thereby improving the quality of the study. 

4. Lastly, due to the impact of site construction health protocols on synchronous 
surveying, and strongly advise conducting face-to-face engagement for more 
accurate and in-depth results. In addition, future research should ideally be 
conducted face-to-face to allow participants to develop their ideas and perspec-
tives. 
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Buried Industrial Wastes from Tyrnyauz 
Tungsten-Molybdenum Plant (North 
Caucasus): Assessment of the Negative 
Impact on the Ecosystems of Adjacent 
Territories and Problems of Their 
Complete Disposal 

Alan Lolaev , Anatoly Gurbanov , Victor Gazeev , Aleksey Leksin , 
Aleksandr Dokuchaev, and Olga Gurbanova 

Abstract There are large storages of industrial waste from the Tyrnyauz tungsten-
molybdenum (TTMP), Sadon and Fiagdon polymetallic, Urup copper-pyrite-
polymetallic and Lermontov uranium mining and processing plants (MPPs) in the 
North Caucasian Federal District of Russia, which can pose an environmental threat 
to the adjacent territories. On the other hand, the wastes of MPPs can be of significant 
practical interest if high concentrations of a number of valuable ore elements (Mo, 
W, Pb, Zn, Cu, Ag, etc.) are found in them with their significant reserves. Indus-
trial wastes from TTMP is disposed of in two tailings. This publication presents the 
results of comprehensive studies of industrial waste TTMP with the identification of 
pollution sources and an assessment of the types and extent of their negative impact 
on the ecosystem of adjacent territories. 
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1 Introduction 

Toxic substances and elements are carried from the surface of tailing dumps by 
winds along the valleys of the Baksan, Urup and Ardon rivers to the adjacent natural 
pastures, farmlands and settlements (Bylym, Unal, Zintsar, Fiagdon, etc.), and heavy 
metals and their mineral forms accumulate in the lower horizons of the tailing dumps. 
A significant part of them can penetrate by infiltration into the underground hydro-
sphere with the formation of hydrochemical fields of toxic substances in aquifers 
confined to alluvial sediments, water from which is used for household needs and 
drinking water supply. Buried material can also be carried away by temporary water-
courses, especially after heavy rains or intensive melting of snow cover, into rivers, 
polluting their water. 

2 Case History 

The Tyrnyauz Tungsten-Molybdenum Plant (TTMP) has been operating on the terri-
tory of the North Caucasian Federal District in the Kabardino-Balkarian Republic 
for more than 50 years. At present, the work on the extraction and processing of ores 
has been completely stopped. Ore was mined by underground and open-pit methods, 
and its concentration was carried out using flotation and chemical processes. 

During the operation of TTMP, huge masses of industrial waste were dumped into 
storage facilities, two of which were reclaimed. As a result of his activities in the 
valleys of the Baksan and Gizhgit rivers (left tributary of the Baksan river), significant 
volumes (more than a hundred million m3) of industrial ore processing waste were 
formed and partially buried. In addition, for 15 km from the plant in Tyrnyauz and 
to the tailing dump No. 1 in the valley of the river Baksan wastes accumulated as 
a result of accidents in the slurry pipeline. The old tailing dump No. 2 functioned 
between 1959 and 1967, and the new dump No. 1 was laid down in 1967 and is being 
monitored (Fig. 1).

3 Results of Studies 

Based on our previous research [1–5], we have obtained fundamentally new 
information: 

I. Tailings ponds of TTMP are a complex technogenic deposit of metallic and 
non-metallic raw materials. The Geological Service of TTMP estimated reserves of 
the following metals in them: W ~ 213 thousand tons, Mo ~ 67 thousand tons, Cu ~ 
15 thousand tons, Bi ~ 5 thousand tons, Au ~ 7 tons, Ag—the first tens of tons. 

New geochemical data obtained by us [3, 6], in tailing dump No. 2 the average 
contents (in ppm) of Mo, Pb, Zn, W, and As (115, 31, 273, 511 and 111, respectively)
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Fig. 1 Tyrnyauz tailing dumps №1 (43°25,53.84,,N; 42°57,24.31,,E) and №2 (43°27,41.77,,N; 43° 
0,31.03,,E) of the Tyrnyauz Tungsten-Molybdenum Plant

are higher than in dump No. 1 (109, 19, 230, 314 and 58, respectively). These average 
grades are higher compared to the TTMP data, which may lead to an increase in the 
metal reserves estimated by TTMP. For the first time, data were obtained on the 
contents of ore elements in the material of various granulometric composition. 

The reserves of mineral raw materials in the tailing dumps are estimated at millions 
of tons, and after extracting environmentally hazardous and economically valuable 
elements from them, they will be suitable for the production of various ecological 
clean types of building materials. 

In 2014 the auger drilling of 2 wells was carried out at tailing dump No. 1 with 
a depth of 20 m and 2 wells—with a depth of 20 and 30 m, at tailing dump No. 2. 
Wells are documented with a lithological section. The core was sampled using the 
dotted furrow method every 1.5 m, from a drill auger. When processing the results of 
geochemical studies of 31 samples from the core of wells #3 and #4, obtained by X-
ray structural analysis method, a clear trend of increasing W and Mo concentrations 
from the surface and to the base of the tailings dump No. 2 was revealed and that the 
clay fraction of waste, compared to the sand fraction, is characterized by higher Mo, 
W, Cu, As and Zn content. 

W, Mo and Zn having higher content in the samples may be of practical value 
for extraction from the tailings. The tailings of the TTMP contain on average from 
0.028 to 0.036% W and from 0.015 to 0.020% Mo [7]. As, Sb, Cu, Pb, Sn, Sr and 
others with elevated concentrations can hardly be of industrial interest and should 
be assessed from the environmental point of view, i.e. by comparing their contents 
with MPC values. 

Detailed studies of buried waste, with huge reserves (108 million tons), made it 
possible to establish their mineral and geochemical composition and assess the degree 
of influence on the ecological safety of the environment [3]. The revealed mineral 
and geochemical characteristics of buried wastes predetermine both the nature of 
their impact on the environment and the geochemical features of their disposal by 
acid leaching. Environmental pollution is caused by a high concentration of a large 
complex of elements, significantly exceeding the MPC for soils and surface waters, 
especially in the small non-flowing “protective” lake of tailing dump No. 1 and in the
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groundwater flowing from under its dam in the form of a series of streams. As a result 
of their complex impact, including constant runoff from a large “protective” lake 
through a drainage tunnel, the river is constantly polluted by these microcomponents 
Baksan river the main waterway of the Tyrnyauz region and neighboring regions 
[8, 9]. 

II. Soils of natural pastures and farmland. A significant degree of anthro-
pogenic pollution of soils of natural pastures and farmlands (see Fig. 2) in the area 
of operation of TTMP and soils on the surface of the reclaimed tailing dump No. 2 
has been established [1, 2, 10]. It has been proved that the degree of pollution of the 
territories adjacent to the tailing dumps is due to the following factors: the strength 
and speed of winds blowing up the valley in the morning and afternoon, and down 
the valley in the evening and at night; the dimension of non-reclaimed waste lying 
on the surface of tailing dumps, as well as exposed in natural gullies, in a number of 
workings at tailing dump No. 2 and from the beaches of tailing dump No. 1; direction 
and speed of movement of atmospheric air masses during massive explosions in open 
pits, produced on them during the operation of TTMP. in the latter case, dust with 
fine particles of a number of ore minerals was carried by constantly moving in the 
valley of the river Baksan by air flows for tens of kilometers.

A steady excess of MPC standards was established (for Zn—4–6 times, maximum 
10 times; As—9–18 times, maximum 44 times; for Cu—9–15 times, maximum 33 
times; Pb and Sb—2 times, maximum 7 times; P2O5—5–8 times, maximum 11 times; 
S—4–6 times, maximum 9 times; Ni—8–13 times, maximum 15 times) in the soil 
from the layer of recultivation of tailing dump No. 2. 

III. Hydrosphere (surface streams and “protective” lakes). As a result of gener-
alization of the obtained hydro-geochemical data, taking into account the physical 
and geographical features of this area, the main sources of environmental pollution 
were identified, represented by two groups—technogenic and natural. 

The first group includes: (1) wastes buried in tailing dumps No. 1 and No. 2; (2) 
quarry dumps, which have accumulated 252 million tons of overburden; (3) aeolian 
pollution by “clouds” of finely dispersed dust arising from regular massive explosions 
in open pits during the period of TTMP activity (until November 2001). “Clouds” 
rose to a height of 1 km and were carried by winds over long distances; (4) surface 
waters in the “protective” lakes of tailing dumps and watercourses draining dumps 
of quarries and mines. 

The second group is represented by streams: (1) draining the basal horizons of the 
Lower Jurassic conglomerates with sporadic U-Th mineralization; (2) arising from 
the underscarp of the Upper Jurassic (Tithonian)-Cretaceous limestones containing 
celestine (strontium) ore occurrences. The combination of man-made and natural 
factors has led to a high level of pollution of surface waters and soils in the area of 
operation of the TTMP. This is most clearly reflected in the level of water pollution 
in the river Baksan into which all these streams flow. 

The data obtained show that the content of a large set of elements in the water of 
the r. Baksan, when it reaches the foothill plain, exceed from 3 to the first thousand 
times the MPC for drinking water: Bi—2.6; W—6.6; Mo—9; U—24; Fe—34; Sb— 
37; Cd—69; Rb—164; Li—400; Tl—1.16 and Be—1700. The main share of these
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Fig. 2 The contents (ppm) of some elements in the soils of farmland in the village of Bylym, 
determined by the method of instrumental neutron activation analysis. Note Sample 33/08 (black 
fertile soil) was taken 0.4 km north of the outskirts of the village Bedyk, in the pasture. In it, in 
comparison with the background sample 30/08 (sample “BG”) from a point located 1 km south of 
the village Zhanhoteko, increased contents of Cr, V, Ni, Ba, Pb, Sc, Sb, As, Mo, Zn (2 times) have 
been established; W (5 times). Sample 40/08—the soil was taken from a pasture on the left side 
of the Baksan river valley on the fourth above-floodplain terrace at 180 m N-E of the bulk dam of 
tailing dump No. 1. This soil has elevated contents of Na2O, Fe2O3, MnO, Cu, Ba, Pb, Rb, Cr, V, 
Co in comparison with the “BG” Pb, Sc, Cs (1.5–2 times); As (3 times); Zn (4 times); Sn (7 times); 
Sb, Mo (~ 9.5 times); W (50 times)
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elements is introduced: by the waters of the brook Big Mukulan (in its water, the 
concentrations of elements exceeding [several times] MPC for: Mn—84, Te—97, 
U—134, As—147, Fe—260, Bi—265, Sb—410, W—631, Rb—2446, Li—4921, 
Mo—10,687, Cd—12, Be—27.6 i Tl—32) draining the dumps of the quarries; and 
waters of “protective” lakes (in the western and eastern parts of the “Small” non-
flowing lake, exceeding [several times] MPC in drinking water was established for: 
Al = 33; Si = 3.8; Ti = 2.4; Mn = 4.3; Fe = 24; As = 69; Li = 119; Be = 5085; 
Rb = 410; Nb = 52: Mo = 1193; Sb = 1906; Te = 30; W = 25,079; Tl = 2.28; Bi 
= 60; U = 13. 

In the surface (1.2 m) layer of water from the northern and southern parts of the 
“Bolshoye”, partly flowing [through the drainage tunnel] lake, concentrations have 
been established that exceed (several times) the MPC only for As = 1.8 and 1.66; 
and W = 1.6 and 1.4) flowing out: from the drainage tunnel (the concentrations of 
the following elements are established, exceeding [several times] MPC for: Al = 
13; Fe = 23; P = 106; Li = 8.8; Be = 8.1; Rb = 4.1; Mo = 1.7; W = 1.6; U = 3.8 
and dumped into the river Baksan; and in the form of streams flowing from the base 
of the fill dam (the concentrations of elements have been established that exceed 
[several times] MPC for: Si = 3.1–4.1–4.8 (respectively in samples No. 42, 43, 48); 
Fe = 3–3.2–0.9; As = 2.4–0.6–0.7; Li = 358–117-76.5; Rb = 61–52–41; Mo = 
14,170–14,303-43,880; Sb = 944–1058–1095; W = 88,339–80,039–80,539) and 
flowing in r. Baksan. 

These data must be taken into account in the construction of drinking water intakes 
and irrigation systems for farmland, i.e. to ensure the environmental safety of the 
population living along the valley of Baksan river, both in its mountainous part and 
on the plain. Two measures are being considered as measures to rehabilitate the area. 

The first is the creation of an integrated processing technology of industrial waste, 
which will allow you to remove useful and harmful elements into the solution with 
the purification of the solid phase to an environmentally safe state. This will make it 
possible to: use the rock aluminosilicate component as building materials; and from 
a solution having a complex multicomplex composition, sequentially isolate valu-
able and harmful elements using various sorbents and other methods for subsequent 
implementation or disposal. It is important to note that there are no precedents for 
such a technology in the world and its creation is an extremely difficult task. 

The second event is the construction of a water intake for the Bolshoi Mukulan 
stream (one of the main pollutants of the Baksan river) and a series of filters for 
purifying its waters from a complex of environmentally hazardous elements, in the 
form of ion-exchange columns of various types. This will significantly reduce their 
concentration in the water of the river Baksan and, accordingly, somewhat improve 
the ecological situation in the area. 

IV. Disposal of buried waste is a complex scientific and technical problem, which 
involves the solution of two main tasks. The first includes a significant reduction 
in the concentration of the main complex of elements to obtain an environmentally 
friendly solid product that can be used as a raw material for the production of building 
materials. The second provides for the concentration of this complex of elements 
with the subsequent separation of a group of environmentally hazardous (As, Tl, etc.)
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among them, requiring special disposal, and a group of economically valuable metals 
(W, Mo, Cu, Zn, Re, etc.), having a market value. Removing the latter separately 
can offset production costs, but isolating and isolating the former is of paramount 
importance. 

Methods of acid leaching of waste with sequential sorption from a working solu-
tion of a geochemically heterogeneous complex of elements on different types of 
sorbents for their separation and concentration are most acceptable for its solution. 
This technology is widely used for the extraction and processing of uranium ores by 
heap and underground leaching [10, 11]. 

To solve this problem, the laboratory of IGEM RAS carried out 17 series of 
laboratory experiments on leaching waste from storage facilities No. 2 and No. 1 in 
different pH, Eh conditions and changing processing modes. Most of the experiments 
were carried out under favorable conditions for the process of acid leaching of the 
main complex of elements and included the treatment of waste samples weighing 
about 10 g with a solution of 1N H2SO4 or 1N HCl at a ratio of solid and liquid 
phases (S:L = 1: 5–10). The content of the main complex of elements (W, Mo, Cu, 
As, Zn, and Pb) was determined in the initial sample and in the dry sediment after 
leaching by X-ray fluorescence analysis (XRF) at the IGEM RAS laboratory, and the 
relative yield of elements into solution was estimated by the difference between them, 
contents taking into account the weight of dry sludge. Experiments on changing the 
pH of the pulp were carried out by adding oxidizing agents (H2O2 or HNO3) to the  
working solution. Thus, the static and activation modes of acid leaching of wastes 
from storage facility No. 2 were experimentally studied. 

Experiments on acid leaching of waste, carried out at temperatures up to 100 °C, 
showed the best results in experiments on hydrochloric and sulfuric acid treatment 
with the addition of H2O2 in the form of an oxidizing agent at a temperature of 
60–80 °C for 2 h. For them, close values of the yield of basic metals into the 
working solution (rel.%) Were obtained: Mo—70–75, Cu—40–60, W and As— 
40–50, and Pb—20–60, i.e. the conditions for a sufficient level of acid leaching have 
been identified and patented [12]. These data can serve as a basis for the develop-
ment of a technologically well-known and relatively low-cost method of sulfuric acid 
leaching of buried waste to obtain an ecologically safe solid product suitable for use 
in construction and a working solution with relatively high contents of basic elements 
as economically valuable (Mo, W, Cu, Zn) and environmentally hazardous elements 
(As, etc.), sufficient for sorption concentration and their subsequent separation. 

Similar laboratory tests were carried out on waste samples with a carbonate content 
of about 15 rel.% from tailing dump No. 1 and, as expected, showed almost half the 
yield of basic elements into solution with a sharp increase in acid consumption, i.e. 
obvious lack of the necessary technological parameters. The performed experimental 
studies on small weighed portions (10 g) were the first step, followed by a similar 
experiment in the laboratory of Russian University of Chemical Technologies named 
by D.I. Mendeleev on a sample weighing 10 kg, i.e. with an increase in the mass of 
waste by 1000 times, which gave comparable results with laboratory experiments. 
This enlarged test was necessary not only for correcting laboratory experiments, but
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also for obtaining a significant volume of working solution for priority experiments on 
sorption concentration and separation of a complex of elements on various sorbents. 

In addition, the obtained data from the enlarged test can be used for a prelimi-
nary economic assessment of the technology for decontamination of buried waste of 
TTMP, and they will also be required for the subsequent compilation of R&D and the 
project of a pilot plant with a capacity of the first tons of waste per day. And only the 
data of industrial tests on this pilot plant can serve as the basis for the development 
of the main parameters, regulations and instrumentation of the industrial technology 
for decontamination of buried waste TTMP. 
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Computation of Retaining Structures 
in Steep Slopes by Reducing M-C 
Strength Parameters to Failure 

Jörg-Martin Hohberg 

Abstract Parallel to a Benchmark problem for the FEM Strength Reduction Method 
by the German Geotechnical Society (DGGT), since 2015 a methodology for FEM 
analysis in steep slopes has been developed. It consists of three base practices, i.e., 
(1) finding a suitable primary stress state without excessive plastic zones; (2) simu-
lating the erection of existing structures in the slope to derive the initial state ‘as-
built’; and (3) establishing a consistent concept for the analysis of deterioration, 
for checking ultimate limit states including seismic acceleration, and for designing 
rehabilitation measures in compliance with partial-safety design codes. The result 
is a numerical model which can serve as digital twin to study the effect of different 
rehabilitation measures, including prestressed ground anchors. While the application 
to soil-structure interaction of concrete retaining walls is demonstrated, it may be 
applied likewise to reinforced earth structures. 

Keywords Ultimate limit state · FEM strength reduction · Steep slopes 

1 Limit Equilibrium Methods Versus FEM Strength 
Reduction 

According to common belief the stability of geotechnical structures is best investi-
gated by limit equilibrium methods under varying the slip surface to find the smallest 
factor of safety. Comprehensive surveys of various formulations of limit equilibrium 
were presented 1996 by Duncan [1] and 2001 by Krahn [2]. The finite element 
method (FEM), in turn, is widely regarded as complementary technique to assess the 
serviceability state, e.g. ground settlements and deflection of supporting systems, 
that limit equilibrium methods cannot furnish. The application of FEM to embank-
ments dates back to Clough and Woodward 1967 [3]. Also a computation of the 
stress distribution to improve the limit equilibrium analysis was proposed [4].
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Heibaum, in his dissertation from Darmstadt/Germany 1987, was probably the 
first to apply the FEM to anchored walls, assessing their safety against deep seated 
ground failure [5]. Parallel to this, the paper by Brinkgreve and Bakker [6] on the  
strength reduction method appeared, which most FEM codes nowadays have imple-
mented. The German Geotechnical Society DGGT in its standing WG 1.6 [7] under-
took in 2016–2018 a benchmark problem for comparison of several commercial FEM 
codes; they found that the results where more accurate than for limit equilibrium 
methods [8]. 

The method inevitably yields that failure mode with the lowest safety factor, but 
different failure modes may be triggered by varying the geological conditions, e.g., 
the depth of the bedrock (scenario thinking and sensitivity analysis). The stability of 
a slope is analyzed by reducing the strength envelope until convergence is lost and by 
taking the reduction factor as margin of safety with respect to either service or design 
level. For Mohr–Coulomb material this is known as the phi-c reduction method, but 
it works also for other constitutive models [9]. In the displacement-based FEM the 
numerical solution falls a little short of the lower bound theorem of plasticity due to 
the non-associated flow-rule for geomaterials, i.e., dilatancy angle ψ < ϕ′ [10]. 

2 Extension to Steep Slopes 

It started in 2015 with the problem of how to analyze the widening of a mountain 
road in Switzerland, motivated by increasing traffic from tourist busses, SUVs and 
bikers on the same road. The underlying slope already exhibited signs of impending 
instability. Hence a numerical method for ultimate limit state analysis was needed 
for assessing alternative designs, e.g., the use of micro-piles in Fig. 1, as beneficial 
or detrimental compared to the current margin of safety against slope failure. All 
computations were performed with the structural & geotechnical software package 
ZSOIL.PC®, viz.  https://zsoil.com.PC® has the unique feature that internal load 
functions can be applied to selected material parameters, allowing to model hardening 
or softening in load/time-stepping, using initial stiffness iteration.

2.1 Initial State 

First of all a method of deriving a plausible initial stress state was needed. good 
results are achieved from the following sequence of steps, Fig. 2:

• Chose elevated values for cohesion, tensile strength and for the friction angle such 
that the FEM algorithm finds an initial stress state with no or small plastic zones 

• Reduce first the tensile strength gradually to zero (upper left) 
• In the second step reduce the friction angle and the cohesion (lower left) to realistic 

values, e.g. to 10 kPa and 20 kPa resp.

https://zsoil.com
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Fig. 1 Widening of a mountain road in potentially unstable slope [11], incremental absolute 
displacements with respect to the primary stress state [0…4 mm], without (left) and with micro-piles 
(right)

Fig. 2 Plastic zones after tension cut-off (1st step) and reduction of cohesion (2nd step, friction 
angle unaltered); at right strength utilization after reducing the cohesion to characteristic [0…100%]

In less critical situations it may suffice to adopt ϕ′
c and f t = 0 from the start and 

work merely with artificial cohesion from the ‘stiff’ side. 
As a second example, the case of a road tunnel is shown, traversing a gravel slope, 

Fig. 3. The challenge was to model the failure mode in the overlying gravel. If this 
problem was tackled in a naïve way by gravity turn-on, very strange phenomena may 
occur, such as buoyancy of the cavity in the gravel zone [12].
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Fig. 3 Plastic zones and absolute displacements after c′
Gravel → 5 kPa (top) [0…5 cm]; absolute 

displacements for unlined tunnel, c′
Gravel = 10 kPa (bottom left)→ 5 kPa (bottom right) [0…7.5 cm] 

2.2 Primary and Secondary Stress State 

In analyzing existing infrastructure for refurbishment it is not always necessary 
to revert to the ‘undisturbed’ state. Pre-existing artifacts like altered slopes, small 
footing walls and alike may be accepted as part of the initial computation, if the 
stress state is not affected in a complex manner. In general, however, it is useful 
to distinguish between the primary (near-natural) and the secondary stress state 
(as-built). 

In the following example of a retaining wall built in the 1970s it was necessary 
to simulate the construction at least in an approximate fashion. Not uncommon 
when building a new bypass road, the preexisting hillside had to be cut back to 
gain construction space, keeping the backfill and the overall intervention as small as 
possible—for both environmental and financial reasons. 

Temporary Restraints. One way is to model temporary ground anchors during 
excavation not in detail, but simply by introducing removable boundary conditions. 
Starting from the primary state, derived by c-reduction, the excavation contour is 
stabilized by horizontal restraints, which are temporarily applied roller supports, 
Fig. 4. The removal of the material in the cut is done by gradually releasing the 
equivalent boundary tractions via an unloading function.
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Fig. 4 Abs. displacements in undisturbed slope for ϕ′
Mo = 33° and c′

Mo → 2 kPa [0…3 mm] (left), 
vertical stress in cut slope with restraints representing temporary nailing after 40% stress release 
[0…−200 kPa] (right) 

Figure 5 illustrates that this procedure results in a primary state with a realistic 
stress pattern in the ground, before the erection of the retaining wall is simulated. After 
complete backfilling the temporary restrains are removed and their forces released 
via an unloading function. 

Note that the last few layers of backfill are sufficient to trigger slip lines in the 
backfill with accompanying slight rotation of the 8 m high retaining wall; upon 
removal of the restraints, both the rotation and the sagging of the backfill grow larger. 
With such plasticizing occurring in the backfill, either the thickness of the layers needs 
to be considerably reduced towards the top in order to assure numerical convergence, 
or a sub-incrementation on the gravity in the freshly placed layer must be applied to 
the backfill (Fig. 6).

The simple geometry with horizontal surface of the ground served as verification 
case for developing the methodology. By virtue of interface elements the friction 
coefficient between concrete and backfill is specified, also the contact stresses at the

Fig. 5 Strength utilization in the ground with temporary restraints installed at 50% stress release 
(left), compared to gravity turn-on in the restraint state (right) [0…100%] 



242 J.-M. Hohberg

Fig. 6 Absolute displacements during backfilling (left and center) and after removing the 
restraints (right) [0…3 cm]

rear side of the wall and under the base slab can be recovered and compared to the 
analytical solution. No interface elements were used between backfill and Moraine. 

Peak Strength. As an alternative to temporary restraints the construction sequence 
can be simulated by postulating a peak strength in the Moraine, which is subse-
quently released to the specified residual strength. This is demonstrated for the more 
complicated geometry of two angular retaining walls stacked upon each other. From 
core drillings behind the retaining wall the upper residual strength of the Moraine 
was specified as ϕ′

r,sup = 39° and c′
r,sup = 5 kPa. The peak strength was chosen 

arbitrarily to ϕ′
p = 45° and c′

p = 8 kPa  [13]. Excavation in bays was assumed and 
accounted for by keeping 33% of the equivalent nodal forces from the excavated 
slope as support. After construction the peak strength is reduced to upper residual 
strength by means of an unloading function applied to them. 

In conventional static analysis, there had been some unsatisfying guessing as to 
what the horizontal earth pressure—partially shielded by the base slab of the upper 
element—and the vertical pressure on the berm might be. With this construction 
simulation it became clear that most likely the berm started to shear off 35 years 
ago, that the two backfill spaces ‘merge’ and that the active wedge determining the 
horizontal pressure on the retaining wall is situated in the Moraine (Fig. 7).

3 Ultimate Limit State 

From the secondary initial state, which is already highly nonlinear in the backfill, 
the ultimate limit state can be computed, finding the active wedge through strength 
reduction in the Mohr–Coulomb constitutive model. This is not a stability analysis, 
but again a softening effected through internal loading functions on the friction angle 
and the cohesion. After reduction to design values, the stress resultants in the retaining 
wall, to be compared with the factorized structural resistance, are recovered in the 
postprocessing (assuming elastic or inelastic concrete behavior) [14].
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Fig. 7 Abs. displacements at peak (left and center) and upper residual strength (right) [0…3 cm]

3.1 Structural Capacity Before Strengthening 

Monolithic Retaining Wall. Due to some ineffective drains, the drilling showed a 
soft consistency of the Moraine with low residual strength when wet. While the angle 
of friction (ϕ′

r,c = 33°) is not affected, the characteristic cohesion is expected to drop 
to zero (c′

r,c = 2 kPa  → c′
r,inf = 0 kPa). For validation of the FEM model one needs to 

verify, after strength reduction to these low values, whether the retaining wall stands 
up numerically as it does in reality. The monolithic, non-articulated section proves 
stable for the lowest residual strength with a safety factor γ ϕ = 1.1, i.e. for ϕ′

u = 
30.5°. As a second load scenario it withstands a horizontal acceleration ah = 8% g 
in combination with the characteristic strength {33°; 2 kPa}, i.e. the partial safety 
factor on strength is 1.0 for the EQ load case. The failure mode is tilting (Fig. 8). 

Stacked Retaining Wall. The articulated stacked element construction is more 
vulnerable and reaches the lower residual strength without additional safety margin. 
However, one must keep in mind, that in the numerical model the lower residual 
strength is applied everywhere along the slip surface and not just near the base plate 
in the wet zone with zero cohesion (conservative assumption).

Fig. 8 ULS for the mono retaining wall at γ ϕ = 1.1 (c′ = 0), abs. displacements [0…4 cm] (left) 
and accumulated deviatoric strain [0…4%] (right) 
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Fig. 9 ULS for the double retaining wall at γ ϕ = 1.0 (c′ = 0), abs. displacements [0…6 cm] (left) 
and accumulated deviatoric strain [0…4%] (right) 

The failure mode is a combination of four mechanisms developing together, see 
Fig. 9 right: 

➀ due to failure of the berm the upper element rotates clockwise, heel moving 
downwards 
➁ the forward thrust of the upper base slab causes the lower element to rotate 
anticlockwise 
➂ this results in tilting of the lower element with a local punching of its toe 
➃ finally, the retaining wall ensemble shifts to the left as a whole due to slope 
failure. 

This resembles an old man sitting on his sofa, who falls asleep and slumps down, 
with his knees moving forward (Fig. 9 left). Tho prevent this happening, simply his 
knees must be kept in place. 

3.2 Effect of Prestressed Anchors 

By placing a row of anchors directly under the articulation, where the upper base slab 
rests on the crest of the lower element, both rotations are equally blocked. Another 
effect of the anchoring is that the Moraine behind the retaining wall is compressed, 
restoring a multiaxial stress state, which raises the onset of plasticizing in the ground. 
Modelling the prestress as external line force allowed to assess the minimum required 
prestressing. This can be done by a horizontal line force (per m running), representing 
the group effect of discrete ground anchors at a certain spacing without discrete model 
of the individual anchors. As can be seen from Fig. 10, the prestressing line force 
leads to unloading of stress points by creating a 3D stress state in the plane-strain 
model. Subsequent reduction of the prestressing force reactivates the plastic zone.
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Fig. 10 Prestress at lower residual strength with unloaded plastic points in green (left); reactivation 
of plastic zones for 200 → 100 kN/m’ prestress with the desired margin of safety (right) 

Modelling of Anchors. The anchors are specified by their spacing, cross-section and 
prestressing force. The bond strength can be chosen to balance internal and external 
resistance. Ideally, the bonded length should be situated in the rock, but care needs 
to be taken that the resulting self-straining of the anchor due to slope failure can be 
accommodated within the anchor’s yield strength. 

Note that in the 2D plane-strain FEM model the ground can move across the free 
length of elongation between anchor head and the bonded end, since only the latter is 
affixed to the continuum. By adjusting the elastic penalty stiffness of the bond inter-
face, the distribution of bond stresses can be regularized. Care must be taken to avoid 
a rigid connection to the ground, as this causes an over-stiff behavior (recognizable 
from the jump in prestressing force) and sliding of the retaining wall underneath the 
anchor head, Fig. 11 (left). Whereas the desired behavior is an elastically restrained 
translational displacement. 

The anchor’s internal yield limit and the external bond strength are not factorized 
by partial safety factors, as sometimes suggested. Rather, the nominal strength is 
allowed and checked with regard to the self-straining of anchors induced by the

Fig. 11 Over-stiff behavior due to rigid link of the anchor to the ground (left) versus correct choice 
of stiffness to produce a linear bond stress distribution and soft restraint (right); note that this affects 
also the failure mode 
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sliding slope. Also the concrete retaining wall, which is modelled as ideally elastic, 
needs to be checked manually against punching shear failure under the anchor head. 

3.3 Structural Capacity After Strengthening 

Use as Digital Twin. If the base rock is not found during drilling, in variance with 
the design intent the bond lengths of certain anchors come perhaps to lie in the 
Moraine such that the entire anchor might move with the failing slope. Once the 
model is running, anchors can be easily adapted to the findings in the field during 
drilling, for instance necessitating a second row of anchors in the upper elements 
in case of a squat lower wall element directly founded on the out-cropping rock, 
Fig. 12. Allthough the longer additional anchors may not reach into the Moraine 
either, the stacked retaining wall is sufficiently stabilized. 

Pseudo-Static Seismic loading. The horizontal acceleration is applied to both the 
structure and the Moraine above the base rock as volumetric load in the same way 
as for gravity. This is the equivalent to the well-known Mononobe-Okabe method. 
While the gravity acceleration remains constant, the seismic acceleration is gradually 
increased until failure occurs under characteristic strength parameters. By extending 
the anchors well behind the ‘active wedge’ and over-compressing the slip surface, 
the acceptable horizontal acceleration can be increased, even though a larger portion 
of the Moraine becomes involved. 

Infinitely long slope. Provided the extension of the FEM mesh is long enough, the 
numerical method is able to solve situations in steep hillsides where the M–O formula 
does no longer find a solution. Also in static slope failure the angle of the slip surface 
may become too small to form an active wedge, which is then replaced by the failure 
mode of tensile stretching of overburden, cf. the small picture at the lower right in 
Fig. 13, showing the incremental displacement due to phi-c reduction. According to

Fig. 12 Adaptation of an additional upper row of anchors to the situation in the field—abs. displace-
ment of floating anchors under strength reduction (left) and horizontal acceleration (right) [0… 
1 cm]  
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Fig. 13 Steep slope behavior of the abs. displacements (large picture) as composed from the contri-
butions due to backfill (top right), effect of prestress during change to residual strength (center right), 
and further strength reduction to failure (lower right) [0…1 cm] 

the theory of infinitely long slopes with a surface inclination of e.g., β = 20°, the 
angle of friction, where an active wedge can still form, is limited by sin ϕ’ = tan β. 

3.4 Aesthetic Consideration of Rehabilitation 

Clearly, the peculiar geometry of this stacked retaining wall was the primary reason 
for applying the FEM strength reduction method. It was designed and dimensioned 
in the 1970s similar to a retaining wall with relief shelf, paying not much attention to 
the kinematics. The design had the aesthetic advantage to conceal high terrain cuts 
by growing plants in the trough formed by the recess of the upper wall elements. 
Also it could easily adapt to the ascending road, the rock outcrop, and the natural 
slope of the hillside above, with four different cross-sections over a length of only 
140 m. From the point of buildability, the berm did not only reduce the cut-back of 
the slope but allowed re-use of formwork due to identical bevel of the lower and 
upper elements. 

For the rehabilitation the same bevel ratio 5:1 was used as inclination of the 
prestressing bars with double corrosion protection. The flat washers of the anchor 
heads could thus be directly placed on the concrete surface with only an under-
lying Bentonite mat to prevent leakage from the injection grout. VSL thread-bars ∅ 
26 mm were chosen at short spacing (6 bars per 10 m element length) such that the 
punching resistance of the concrete elements was not exceeded. The avoidance of 
load-spreading walers contributes to the impression of a nonobtrusive preservation of
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Fig. 14 The 45 years old retaining wall before and after modest rehabilitation 

an efficient historical design, which could be implemented with a minimum of inter-
ference on the motorway (mobile platform for drilling and prestressing, scaffolding 
for cleaning) (Fig. 14). 

4 Adaptation of the Method to Geosynthetics 

The stability analysis of reinforced earth structures uses essentially the same approach 
of limit equilibrium analysis, which due to a-priori kinematic assumptions has the 
character of an upper-bound method [15]. Very often the geometry is too simple 
to justify elaborate FEM analysis, which may need to allow for large deforma-
tions necessary to activate the non-prestressed reinforcement. The continuous bond 
between the soil and the reinforcement, that functions in 2D models like a dense 
membrane, will prevent soil elements from moving across—unlike in the examples 
shown here with a free pre-tensioning length between anchor head and injection 
zone, or with an unbonded shaft in the case of micro-piles in Fig. 1. 

Perhaps in combination with other features like precast front panels [16], or in case 
of more complicate geometry, the FEM strength reduction method may be attractive, 
serving as lower-bound method due to the displacement-based FEM formulation. 
Because reinforced earth walls are raised like embankments, the modelling will 
often be easier than shown here, with failure in or near the retaining structure, not 
distinguishing between primary and secondary stress states. Rather, the characteristic 
of the reinforcing elements will dominate the result.
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5 Conclusion 

While the stability analysis by strength reduction is known since 30+ years, the focus 
here is on special questions of steep slopes, an economic simulation of the secondary 
initial stress state needed for assessing the existing strength utilization, and—last but 
not least—on the demonstration of a versatile comprehensive approach to assessing 
global stability, deriving the contact pressure on structural elements, and the use as 
digital twin for dimensioning prestressed ground anchors in refurbishment. 

It should be noted, however, that the algorithm employed is not that of global 
strength reduction. Rather, the software must allow to apply internal loading functions 
on strength parameters in order to derive a realistic primary stress in steep slopes, to 
account for both peak strength for construction simulation and softening to residual 
strength, as well as for applying safety factors in analyzing the ultimate limit state. 
As a nice extra feature, horizontal seismic acceleration can be accounted for in a 
straight forward manner, not limited to a certain ground surface inclination as with 
the classical Mononobe-Okabe formula. And it was shown that also the transition to 
an infinitely long slope can be handled in a sufficiently large domain, taken care that 
the sliding part is not held back in spurious tension from boundary effects. 

Acknowledgements Thanks are due to Prof. Dr. Aurelio Muttoni at the EPF Lausanne, for pointing 
out the importance of the kinematics of the retaining wall, allowing this fully numerical analysis 
and design in a structural rehabilitation project. 
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and Prevention Influences of Thermal 
Bridges and Mold Growth 
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Abstract Based on the theoretical base and practice of energy-saving architecture 
proposed by the author, for the first time, the multidisciplinary task indicated in the 
title of this article was set and solved. This architecture allows harmonizing the daily, 
seasonal, and annual dynamics of the building’s interaction with renewable energies 
of the environment (outside air, ground, wind, sky, surfaces facing the building) and 
incoming solar radiation. The thermodynamically ideal spherical building serves as 
a basis for comparative evaluation and improvement of real building’s form. Based 
on the author’s definition and classification of thermal bridges, an additional layer 
of external thermal insulation of architectural and structural thermal bridge zones 
was adopted. The required thickness of this layer is taken when the inner surface 
temperature of these zones becomes equal to the temperature on the main inner 
surface of the external enclosures. This investigation method was implemented by 
visual representation of isotherms and heat flux density in the enclosures coupling 
zone cross sections using the ArchiCAD20 software package. A design practice has 
been implemented that allows achieving, for an ordinary building in the form of a 
parallelepiped, the complex advantages of buildings in the form of a cylinder, the 
Kyrgyz National Yurt, and a sphere. Spherical buildings have significant comprehen-
sive benefits, and the number of such buildings is increasing. The article provides 
practical recommendations. 
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1 Introduction 

In this article, for the first time, the multidisciplinary task of improving the shape of 
the building, energy efficiency, microclimate, seismic resistance, and preventing the 
influence of both thermal bridges and mold growth was set and solved. 

Improving the architecture and thermal envelope of buildings to increase their 
energy efficiency is one of the ways to combat climate change [1]. 

From the position of solving such a significant problem, the author proposed the 
term, concept, theory, and practice of energy-saving architecture [1, 2]. Such archi-
tecture allows harmonizing the interaction dynamics of the thermal performance of 
the building with the renewable energies of the environment (of outside air, adjoining 
soil, wind, sky, surfaces facing the building) and incoming solar radiation. 

The architectural and constructional parameters of the building affect [3] its 
thermal comfort and energy consumption. The unacceptable conditions of the internal 
microclimate cause moisture condensation and mold growth in buildings [4]. More-
over, architectural styles determine [5] the shape and thermal characteristics of 
building’s thermal envelope. The author [6] for the first to put forward the concept 
and term of energy efficiency of the shape of a building, which serves as a theoret-
ical basis for improving the shape of any building of a given volume relative to the 
performance of a theoretical building in the form of a sphere with the same volume. 

The calculation formula, derived [1] by comparing the equations of thermal 
balances of a theoretical and any real building, makes it possible to quantify such a 
quality of the building as its shape. Such calculations make it possible to determine 
the theoretical potential for improving the shape of any building. 

The building’s shape’s energy efficiency Es is determined by comparing the outer 
surface area At, m2 of thermal envelope of the spherical building of given volume, 
with the surface area A, m2 of thermal envelope of a real building of the same volume. 
The Es indicator is calculated [1] as the ratio of the difference between A and At by 
the value of At. For example, such potential of a building in the form of a cube Es, 
which is equivalent to the theoretical potential for reducing thermal losses through 
its thermal envelope, is 24%. 

For a two-story brick residential building (Fig. 1) having a less compact shape 
of the thermal envelope (with dimensions 12 × 8 m in plan), the indicated shape 
improvement potential is 31%.

Comparison of these indicators Es shows the following: If, when designing a 
building in Fig. 1 takes its shape in the form of a cube, then its heat losses would be 
less by 7% due to such an improvement of its compactness. 

The author proposed [7] a scientifically based definition and classification of 
thermal bridges as architectural, constructional, and operational. The latter occurs 
when the material of the enclosures is locally moistened (for example, by rainwater) 
or significant cracks appear in it. 

With other equal parameters of the microclimate, relating to the room’s air temper-
ature, velocity, and relative humidity, the main parameter of a comfortable micro-
climate is the average temperature of the surfaces facing the room. For example,
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Fig. 1 Two-story brick 
building with 
seismic-resistant reinforced 
concrete frame in Bishkek*. 
* All photos are taken by the 
author

the inner surface temperature of the external walls should differ from the room’s air 
temperature by no more than 4 °C. Moreover, such a temperature should not allow, 
firstly, condensation of moisture; secondly, mold growth. 

The building’s seismic resistance is sufficient if during an earthquake the range 
of fluctuations of the upper point of the reinforced concrete seismic resistant frame 
is within acceptable limits. 

The energy efficiency of the building must be not lower than a given energy 
efficiency certification class, for example, at least level B. 

2 Methods and Results 

In this article, the scientific postulate is adopted: «The thermal envelope of a spherical 
theoretical building does not have architectural thermal bridges». And a practically 
important task was set: «To obtain thermal microclimate indicators for an ordinary 
building in the form of a parallelepiped as for a spherical form theoretical building». 
To  solve such a task [2, 8] the investigation method was implemented by visual 
representation of isotherms and heat flux density in the cross sections of thermal 
bridge zones using the ArchiCAD20 software package. Additional layers of external 
insulation on the zones of architectural and constructional thermal bridges were 
adopted. The required thickness of these layers is taken when the interior surface 
temperature on these zones becomes equal to the temperature on the interior main 
flat surface of the external enclosures. 

The studies were carried out on the example of a typical residential building 
(Fig. 1) in Bishkek, Kyrgyzstan, with a cold, hot climate and a seismic load intensity 
of 9 points of the MSK 64 scale. It is made with a brick-filled monolithic reinforced 
concrete frame. Reinforced concrete elements of this frame cause intense heat losses.
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Fig. 2 Mold growth on the internal corner zones of the walls: at the intersection of the exterior 
wall with the crossbar a; at the intersection of two exterior walls between themselves and at their 
intersection with crossbars b 

Accordingly, the temperatures on their inner surfaces become low. Figure 2 shows 
the mold growth in the interior corner areas. 

The mold growth shown in Fig. 2a was caused by the thermal bridges of the exterior 
wall intersections with the crossbar. Mold growth shown in Fig. 2b, is caused as a 
result of the complex influence of reinforced concrete structures of two crossbars 
and a corner column (Fig. 1). 

Sharp corners of any bodies and building’s enclosures heat up or cool down inten-
sively. Therefore, «nature loves» smooth lines, not straight ones [1]. This idea could 
be the design basis for architects and the philosophy of energy saving architecture. 

For a building with a cylindrical shape, there are no architectural thermal bridges, 
since the outer wall does not have corner zones. An example of such a case is the 
cylindrical outer wall of the Kyrgyz National Yurt (Fig. 3).

In this article a practically important task was set: to achieve the advantages of 
national Kyrgyz Yurt for widespread buildings in the form of a parallelepiped (see 
Fig. 1). 

The authors of [2, 8] achieved the elimination of the influence of thermal bridges 
in the coupling zone of an external brick wall with a monolithic reinforced concrete 
inter-floor (Fig. 4a) and in the interior corner of the external walls (Fig. 4b).

To increase the temperature on the interior surface of the thermal bridge zone, 
realized: additional external layers of thermal insulation of this zone; rounding off 
the interior wall corners with cement-sand mortar (Fig. 4b). Isotherms in Fig. 4a 
[8, 9] show that with the additional external layers on the thermal bridge zones, the 
temperature on the corner interior surfaces at 17.9 °C is equal to the temperature on 
the interior main surface of the wall. The temperature on the corner (Fig. 4b) with 
the additional external layers and the 300 mm rounding radius is 17.1 °C. It has been 
calculated that when this rounding radius is increased up to approximately 305 mm,



Energy Saving Architecture: Multidisciplinary Improvement … 255

Fig. 3 Restaurant buildings with the Kyrgyz National Yurt shape in Bishkek

Fig. 4 Visual representations of isotherms and heat flux density on cross-sections of the zones: 
walls coupling with inter-floor monolithic construction a; walls’ corner b

the indicated temperature rises to the temperature on the interior main surface of the 
wall at 17.6 °C. 

In an ordinary building (Fig. 1), which has the shape of a parallelepiped, at the 
temperature regime shown in Fig. 4a, the inner microclimate is formed as in the 
cylindrical building and as in the building with the form of the Kyrgyz National Yurt 
(Fig. 3). 

It should be noted that for the building in Fig. 1, as in [8, 9], the calculation for 
seismicity in Bishkek of 9 points on the scale MSK-64 was carried out using the 
Lira SAPR 2013 software package. The calculation results showed that the building
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Fig. 5 Hemispherical swimming pool in Bishkek a; visual representations of isotherms and heat 
flux density on cross-sections of zone b walls coupling with upper floor monolithic construction 

(Fig. 1) with a frame cross-section of 380 × 380 mm has a large seismic resistance 
margin. For this reason, the frame cross-section was reduced to 340 × 340 mm to 
have an additional 40 mm layer of mineral wool slabs of external thermal insulation 
of the frame (Fig. 4). 

The hemispherical building (Fig. 5a) has minimal architectural thermal bridges. 
For an ordinary building in the shape of a parallelepiped (Fig. 1), the elimination 

of the effect of thermal bridges in the coupling zone of an external brick wall with a 
reinforced monolithic concrete upper floor has been achieved. Visual representations 
of isotherms and heat flux density on cross-sections of zone walls coupling with upper 
floor monolithic construction represented on Fig. 5b. Isotherms in Fig. 5b as in [8, 
9] show that with the additional external layers on the thermal bridge zones and the 
270 mm rounding radius, the temperature on the corner interior surfaces is 17.9 °C. 
This temperature is equal to the temperature on the interior main surface of the wall. 

For the building in the form of a sphere (Fig. 6a), the influences of thermal bridges 
of external enclosures of the building’s lower zone that interact with the soil and 
outside air are minimal.

Scientific studies have established [2] that the provision of the required thermal 
insulation of the concrete foundation and its base (Fig. 6b) made it possible to increase 
the temperatures on the interior corner zones (17.8 °C) to the temperatures on the 
enclosure’s main interior surfaces. Thus, it was possible to eliminate the influence 
of thermal bridges that interact with the outside air and soil. 

The temperature results in Fig. 4 combined with the results in Fig. 5b and Fig. 6b 
provide the microclimate conditions of the ordinary building (Fig. 1) as in a building 
in the form of a sphere.
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Fig. 6 Office spherical building in Bishkek a; visual representations of isotherms and heat flux 
density on the cross-section of coupling zone b of a concrete foundation and its base with a floor 
on the ground

3 Discussions 

In this article, the quality of the microclimate in the building [10], its energy efficiency 
[11, 12] and geometric indicators [13], and reasons for mold growth on the interior 
surfaces of external enclosures [14] are taken as the basis for improving the thermal 
envelope of the building. 

Multivariate computational investigations performed for the studies of two-
dimensional heat flow through the thermal bridge zones, as in [15], made it possible 
to increase the temperatures on the interior surfaces of the enclosures due to an 
additional external layer of thermal insulation on these zones and rounding off the 
interior wall corners with cement-sand mortar. For the considered two-story house 
in Bishkek in the shape of a parallelepiped, such increased temperatures are set on 
the interior surfaces of the external enclosures, which are typical for buildings in the 
shape of a cylinder, the Kyrgyz National Yurt, and a sphere. 

4 Conclusions 

1. For the first time, a multidisciplinary improvement of the building’s shape, energy 
efficiency, microclimate, seismic resistance, and prevention effects of thermal 
bridges and mold growth was set and solved. The design practice was tested on 
the example of a two-story brick residential building with a seismic resistant
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reinforced concrete frame in Bishkek with seismicity of 9 points on the scale 
MSK-64. 

2. The results of the research were achieved on the basis of the theory and practice of 
energy saving architecture to harmonize the daily, seasonal, and annual dynamics 
of the building’s interaction with renewable energies of the environment (outside 
air, ground, wind, sky, surfaces facing the building) and incoming solar radiation. 

3. The author proposed the basics of design practice and implemented them, which 
made it possible to achieve the complex advantages of buildings in the shape of 
a cylinder, the Kyrgyz National Yurt, and a sphere for an ordinary building in the 
form of a parallelepiped. 

4. Buildings shaped like bodies of revolution improve multidisciplinary compact-
ness, energy efficiency, microclimate, and seismic resistance, and prevention of 
the effects of thermal bridges and mold growth. From these positions, spherical 
buildings are more perfect. 
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Abstract The scientific and practical task was set and solved to determine the 
seasonal and daily work schedules of the mausoleum, which does not have heating 
and ventilation systems. Perhaps in the eleventh century, when the structure was 
constructed, the fences were designed primarily for the strength and stability of the 
building, with less emphasis placed on the comfort and livability of the interior space 
for its inhabitants. For this reason, the enclosures in the upper zone of the museum 
are taken thin. Accordingly, the heat protecting performance of these enclosures is 
less. The measured low temperatures and high humidity on the wall’s inner surfaces 
of the lower zones and the dome showed that the mausoleum has unacceptable micro-
climate conditions. The temperature, relative humidity, and internal air velocity are 
more dependent on weather conditions and are not comfortable for visitors. Based on 
comprehensive field studies of the year-round and daily state of the enclosures and 
the museum, the periods of winter conservation and the daily schedule of the museum 
were determined. The beginning and end of the conservation period should be taken 
when the average daily temperature of the outside air is not lower than 10 °C for 
five consecutive days. During the winter period, the museum will operate on a daily 
schedule from 11:00 to 17:00, provided that the air temperature inside the museum, 
2 m above the floor level, is at least 13–15 °C, and the outside air temperature is at 
least 12–17 °C. 
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1 Introduction 

A sharply continental and dry climate is observed throughout the territory of 
Kyrgyzstan. Its flat regions have relatively short and warm winters. The object of the 
investigation is the Shah-Fazil mausoleum, which is one of the eleventh century’s 
surviving architectural monuments of Kyrgyzstan. 

Currently, it is revered as a holy mausoleum and a place of pilgrimage for the 
local population and the peoples of Central Asia. The mausoleum is included in 
many tourist routes as a historical and architectural monument. It is located on a 
low rocky hill on the outskirts of the village of Safid-Bulan, Jalal-Abad region of 
Kyrgyzstan (Fig. 1). 

The mausoleum has no heating and ventilation systems. Internal thermal condi-
tions are characterized by air temperature, relative humidity, velocity, and tempera-
ture on the internal surfaces of the enclosures. These parameters are largely influenced 
by the prevailing climatic and weather conditions, making the building inextricably 
linked [1] with renewable energy sources such as incoming solar radiation and the 
surrounding environment. Thus, the environment has the thermal potential of the 
outdoor air, soil, wind, sky, and surfaces facing the mausoleum. These external influ-
ences have seasonal [2] and daily [1] changes. The influence of internal thermal 
effects, caused mainly by visitors, is insignificant [3]. The indicated internal thermal 
conditions, especially the temperatures on the inner surfaces of the enclosures [4], 
must not create a risk of visitors catching a cold. The main goal of the research is to 
determine the seasonal and daily work schedules of the mausoleum. Accordingly, the 
task of full-scale studies of the thermal state in the internal volume of the mausoleum 
was set.

Fig. 1 Location of the Shah-Fazil mausoleum (with coordinates 40°55’ north latitude and 72°57’ 
east longitude) 
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2 Methods and Results 

The internal thermal conditions of the mausoleum depend on the characteristics of the 
architecture [1], the type and condition of the enclosure materials [5–7], the quality 
and orientation of the window and door openings. Figure 2 shows the appearance 
and schematic section of the mausoleum. 

The base of the mausoleum is square in plan, with internal dimensions of 
7.84 × 7.84 m and external dimensions of 11.12 × 11.16 m (Fig. 2b). The foun-
dation and basement are made of limestone blocks laid on loess mortar. The height 
of the foundation is 0.6 m above ground level. On the northwestern (NW) facade 
of the mausoleum, there is a doorway with wooden shutters and two window 
openings with bars. A similar window opening is located on the southwestern 
(SW) facade. The walls of the structure are built using baked brick masonry with 
dimensions of 0.15 × 0.27 × 0.035 m. 

The upper part of the mausoleum takes the form of an octahedron, which serves 
as the base of the dome. The total height of the structure is approximately 15 m. The 
interior of the mausoleum is adorned with ornamental patterns such as ribbon belts, 
borders, and rosettes (Fig. 2b). The thickness of the enclosing structures decreases 
with height: the lower brick wall has a thickness of 1.68 m, while the upper part of 
the dome is only 0.27 m thick. 

During the coldest winter months, on some cloudy days, the outside air tempera-
ture can drop as low as −15 °C. As a result, the internal volume of the mausoleum 
experiences low temperatures during this cold period. 

Based on field studies, it has been found that it is necessary to stop visitors from 
coming to the mausoleum during the coldest period of winter. The duration of this 
winter conservation period depends on seasonal weather conditions.

Fig. 2 External view a and sectional diagram b of the Shah-Fazil mausoleum [3] 
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It is recommended to begin and end the conservation period based on the days in 
autumn and spring where the average daily outdoor air temperature is at least 10 °C 
for five consecutive days. The average statistical results of long-term observations 
of weather conditions show that such a period is approximately from October 25 to 
April 1. 

In Fig. 3, the conservation period is marked depending on the change in the average 
monthly temperatures of the outdoor air. 

In this area, the average monthly temperatures during the cold period are not lower 
than−5 °C, and during the warm period they do not exceed 25 °C. The humidity of the 
outdoor air ranges from 48 to 70%. It has been found that the humidity of the materials 
of the enclosures greatly affects the internal thermal conditions of the mausoleum 
[8, 9]. Wetting of various zones of the dome, adjacent to its base, is observed during 
different seasons and times of the day due to atmospheric precipitation (Fig. 4). 

During the research, it was observed that there is an increased humidity level 
in the lower zones of the southwestern (SW) wall (Fig. 5a) as a result of capillary 
diffusion of moisture along porous building materials.

Fig. 3 Conservation period zc of the mausoleum with average monthly temperatures and relative 
humidity of the outdoor air 

Fig. 4 Dome areas with 
high humidity 
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Fig. 5 Zones with high humidity of the walls lower zones a and near the place of drainage of 
atmospheric precipitation b 

Similar moistening is also found on the northwestern (NW) and northeastern (NE) 
walls. Additionally, increased humidity is observed in areas of the outer walls close 
to the point of precipitation removal (Fig. 5b). To improve the thermal condition of 
the enclosures [10, 11], it is necessary to ensure reliable coverage of the dome and 
proper drainage of precipitation water. 

Temperature, relative humidity, and air velocity were measured using a Testo 425 
device. The humidity of the upper layers of enclosure materials was measured using 
Testo 606–2 on their internal (Fig. 6a) and external (Fig. 6b) surfaces. 

During the hot period, the microclimate conditions inside the mausoleum remain 
comfortable even in the hottest period of summer due to the high thermal mass of 
the mausoleum.

Fig. 6 Field measurements of temperature and humidity on the internal a and enclosures’ external 
surfaces b 
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It has been found that the presence of visitors has a negligible impact on the 
variations in air temperature and humidity inside the building. These parameters are 
more dependent on the degree of opening of the doors and windows. 

Field studies covered the annual period of change in the condition of the 
mausoleum enclosures. 

Figure 7 shows the lines of change in the period from 11 am to 5 pm in temperatures 
and relative humidity of indoor air, as well as temperatures on the inner surface of 
the walls at a height of 2 m from the floor level, which are oriented to NW, NE, SE, 
and SW. 

As shown in Fig. 7, from 11:00 am to 3:00 pm, the temperature of the indoor air 
at the indicated height gradually increases from 14 to 20 °C. The temperature on the 
inner surfaces of the enclosures is much lower than the internal air temperature. For 
the period under consideration, the relative humidity of the indoor air remained higher 
than that of the outdoor air. The same pattern of changes in these parameters shows 
that the parameters of the indoor air are formed depending on the incoming outdoor 
air. The temperature values on the inner surface of a wall oriented to the northwest 
are lower than such temperatures on the surfaces of walls of other orientations. 

Figure 8 depicts the temperature measurements on the inner and outer surfaces of 
walls at a height of 2 m from the floor, with different orientations.

As shown, the temperature on the inner surfaces of walls raises by 3–4 °C at 
3:00 pm (Fig. 8a). Under the influence of the total intensity of the incoming solar 
radiation, the temperature on the outer surfaces of the wall, oriented to the SE (at

Fig. 7 Graphs of air temperatures: indoor; outdoor; of air relative humidity: 
indoor; outdoor; of internal surface temperatures of walls in the following orientations: 

southeast; southwest; northwest and northeast 



Investigations of Enclosures Conditions and Determination of Seasonal … 267

Fig. 8 Temperature values on the internal a and external b surfaces of the fences at a height of 
2 m above the floor level in the following orientations: northwest, northeast, southeast, 
southwest

11:00) and SW (at 15:00), rises to 30–33 °C. The temperatures on the outer surfaces 
of the walls with the other three orientations are higher at 15:00 than at 11:00 due to 
the higher outside air temperature at that time. 

3 Discussions 

The outside air temperature, wind direction and speed, and incoming solar radia-
tion not only affect the microclimate formation but also play a crucial role in the 
preservation of architectural monuments [12]. The authors of this article found that 
the parameters of the outside air affect the thermal state of the building envelope. 
As in [13, 14], the measurements showed that external climatic influences determine 
seasonal and daily fluctuations in the condition of the enclosures and the internal 
thermal conditions of the mausoleum. Other studies [15–17] similarly note the influ-
ence of architectural and planning indicators on the formation of indoor air param-
eters. Moreover, the temperature and humidity regimes of religious buildings also 
affect the state and thermo-physical parameters of the building envelope materials 
[16]. 

The absence of heating, ventilation, and air conditioning systems leads to unfa-
vorable thermal conditions for the internal and external surfaces of the enclosures 
[18, 19]. Therefore, it is required to introduce a restriction on the period of opera-
tion of the mausoleum. Studies by other researchers [20, 21] on creating a suitable
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microclimate and controlling indoor air parameters in similar structures support the 
need for full-scale measurements of microclimate parameters [22, 23]. The obtained 
data similarly can assist in making informed decisions depending on the temporal 
changes in parameter values during different seasons and times of the day. 

4 Conclusions 

Based on comprehensive field studies of the year-round and daily state of the enclo-
sures and the internal volume of the museum, the periods of winter conservation and 
the daily schedule of the museum were determined. 

The beginning and end of the conservation period should be determined by the 
average daily temperature of the outside air, which should not be lower than 10 °C 
for five consecutive days. The average statistical results of long-term observations 
of weather conditions show that such a period is approximately from October 25 to 
April 1. 

The daily schedule of the museum during the winter period is set from 11:00 to 
17:00, when the air temperature in the museum, at a height of 2 m from the floor 
level, is at least 13–15 °C and the outside air temperature is at least 12–17 °C. 
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A Investigation of Coral Reef Sand 
Permeability and Factors Influencing 
Road Reconstruction and Expansion 

Liu Shiquan, Li Yongquan, Ma Huili, Lü Chenwei, and Haoliang Wu 

Abstract For road reconstruction and expansion, the application of coral reef sand 
is warranted to improve the permeability. The relationship between pore ratio, grade, 
max particle size, coarse–fine particle content, and permeability of coral reef sand 
blow-fill materials was examined with applied with an indoor normal head perme-
ameter. The permeability of the same level of calcareous sand was examined at 
different pore ratios. This study investigates the effects of the inhomogeneity coef-
ficient, curvature coefficient, maximum particle size, and coarse and fine particle 
content on coral reef sand permeability. According to the results, the permeability 
coefficient of coral reef sand blow-fill mixes decreases with increasing pore ratio. It 
increases with increasing inhomogeneity coefficient, curvature coefficient, maximum 
particle size, and coarse particle content. The coarse & fine material content in the 
specimen is closely related to permeability performance size. Through the anal-
ysis of the indoor test results, considering multiple factors, the model of coral reef 
sand permeability coefficient: k20 = 2.38 × 10–4 × e2·Cu·Cc·d2 10·D is proposed. The 
present study provides reef sand formation permeability assessment and hydrology & 
environmental geology data support for the expressway reconstruction and expansion 
of coral reefs.

L. Shiquan 
Inner Mongolla Communications of Design & Research Co., Ltd, Hohhot 010020, China 

L. Yongquan 
Guangdong Road&Bridge Construction Development Co., Ltd, Guangzhou 510660, China 

M. Huili 
China Railway No.18 Bureau Group No.1 Engineering Co., Ltd., Baoding 071000, China 

L. Chenwei 
School of Transportation, Southeast University, Nanjing 211189, China 

H. Wu (B) 
Sun Yat-sen University & Southern Marine Science and Engineering Guangdong Laboratory 
(Zhuhai), Zhuhai 519082, China 
e-mail: wuhliang5@mail.sysu.edu.cn 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
H.-Y. Jeon (ed.), Proceedings of the International Conference on Geosynthetics and 
Environmental Engineering, Lecture Notes in Civil Engineering 374, 
https://doi.org/10.1007/978-981-99-4229-9_24 

271

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4229-9_24&domain=pdf
http://orcid.org/0000-0002-2580-6719
mailto:wuhliang5@mail.sysu.edu.cn
https://doi.org/10.1007/978-981-99-4229-9_24


272 L. Shiquan et al.

Keywords Coral reef sands · Permeability · Inhomogeneity coefficient · Road 
reconstruction and expansion 

1 Introduction 

Reefs and islands are rare land resources in tropical oceans that are important for 
human habitation, the development of oil and gas resources, and the protection of their 
national maritime rights and interests [1, 2]. Coral reef sand produced by dredging 
harbor land and channel excavation is often used in large-scale infrastructure and 
island reef construction projects [3]. Considering the complex environment and the 
internal structure of coral bodies, the particles of coral reef sand are extremely irreg-
ular in shape, easily broken, loose and contain a large number of pores, fragmenta-
tion of the particle during stress–strain relationships, strength characteristics, shear 
swelling are different from ordinary land-based sand [4]. Several engineering prob-
lems have been caused by coral reef strata since the 1960s, including the construction 
of oil platforms in Bass Strait and the North Rankin “A” oil platform on the North 
West Shelf [5]. The permeability coefficients and permeability properties of coral 
reef sands are not analyzed and evaluated since they are directly used in engineering 
construction. It is possible to cause major engineering accidents if permeability 
parameters and other indicators are not properly selected, such as site flooding, 
dam seepage, reservoir failure, the sudden surge of foundation pits and failure of 
waterproofing curtains, resulting in incalculable losses. The effect of particle shape, 
coarse particle content, and satisfactory particle dosing on reef sand permeability has 
been studied little. Studies on coral reef sand permeability have focused on particle 
gradation, porosity, dry density, and biochemical means of improvement [6, 7]. 

This paper uses an indoor normal-head permeability test to study coral reef sand’s 
permeability. Various influencing factors are controlled to study the influence of pore 
ratio, grading parameters, and coarse particle content on the permeability coefficient. 
Further, the permeability coefficient of coral reef sand can be calculated by consid-
ering various influencing factors so that the groundwater seepage on island reefs can 
be analyzed theoretically. This study also provides a scientific basis and data support 
for the assessment of the permeability of the island reef blow-fill layer and the 
hydrological and environmental geological analysis of the coral reef sand formation.
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Table 1 Coral reef sand quality testing index 

Test items Coral reef/values Coral sand/values 

Bulk density, (kg/m−3) 980 1194 

Void ratio, (%) 46 51 

Porosity rate, (%) 23.4 8.6 

Density, (kg/m−3) 2800 2794 

Water absorption, (%) 7.73 3.64 

Solidity, (%) 13.3 6.45 

Barrel compression strength, (MPa) 2.13 – 

2 Materials and Methods 

2.1 Materials 

The specimens were taken from loose coral debris strung and sucked from a sea area 
in the South China Sea. The physical and mechanical properties were determined 
according to “Light Aggregates and their Test Methods” (GB/T17431.1–2010), as 
shown in Table 1. The mineral composition of coral reef sand is mainly arago-
nite (mass fraction 33–47%) and high Mg calcite (mass fraction 53–67%), and the 
equivalent carbonate mass fraction reaches over 96%, and the chemical properties 
are incredibly stable under normal temperature and pressure [8–11]. Despite sedi-
mentation, coral reef sands maintain some of their native morphological charac-
teristics without long-distance transport. An irregularly shaped rock with sharply 
angular grains, relatively large pores, and irregularly shaped grains. Coral reef sands 
exhibit macroscopically distinctive properties from terrestrial sands (e.g., quartz 
sands) because they contain a large number of internal pores, which account for 
about 10% of all pores [5]. 

2.2 Materials 

The test was carried out on coral reef sand with a grain size of 20 mm or less, 
using a TST-70 permeameter with a 40 cm high barrel and 10 cm diameter. In order 
to facilitate the integrity of the sample, all specimens are prepared with the same 
moisture content. In order to make the specimens fill the cylinder, they are loaded 
three times into the test cylinder and pressed tight with the mold on the jack. Before 
the test, the permeation meter with the specimen is connected to each device and 
left to stand under a certain water head. In order to avoid deformation and damage 
to the specimen due to excessive water head, a lower water head (15 cm) is used 
at the beginning. The feasible water head for the permeation test is determined 
through several groups of test trials, and the water head for the formal test is 25 cm.
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Fig. 1 Schematic diagram 
of the normal head test rig 

During every 300 s of weighing the amount of water in the measuring cup, the water 
temperature needs to be measured with a thermometer at the beginning and end of 
the test. Finally, calculate the permeability coefficient according to the following 
formula (Fig. 1). 

kt = QL  

AHt  

ηT 

η20 
(1) 

where: kt is the permeability coefficient of the specimen at water temperature t°C, 
cm/s; Q is the amount of water permeated in time t seconds, cm3; L is the permeation 
path, equal to the height of the specimen, cm; A is the specimen cross-sectional area, 
cm2; H is the permeation head, cm; t is time, s; ηT is the dynamic viscosity coefficient 
of water at T°C, 10−6 kPa·s. H20 is the dynamic viscosity coefficient, 10−6 kPa·s. 

3 Results and Discussion 

3.1 Influence of Pore Ratio on Permeability 

According to Taisakhi and Hazen’s semi-theoretical and semi-empirical equations, 
pore ratios were squared and plotted in Fig. 2. The permeability coefficient increases 
with increasing pore ratios for the same gradation of specimens.

The permeability coefficient of the coral reef sand is concentrated around 
10−3 cm/s, which is small compared to the permeability coefficient of terrestrial 
sands of the same grain size range. The linear correlation between the permeability 
coefficients k20 and e2 are both high, and the fitted equation is k20 = 5.29 × 10−2e2-
2.5 × 10–2, which is a good linear relationship. The permeability characteristics of 
the pore medium are closely related to its pore ratio. As a result of the large density of
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Fig. 2 a Experimental 
grading curves for 
permeability coefficients at 
different porosity ratios. 
b Relationship between 
permeability coefficient and 
pore ratio

a specimen, the particle contact force is relatively small. In the mixture, pores are not 
fully filled, resulting in a relatively loose skeleton. Therefore, a high permeability 
coefficient occurs when density is high. By reducing the pore ratio, the effective 
over-water area of the seepage channel is reduced, the seepage resistance and path 
are increased, and the permeability coefficient decreases. 

3.2 Influence of Pore Ratio on Permeability 

Permeability coefficient tests were carried out on coral reef sand-blown fill mixes with 
different inhomogeneity coefficients Cu. The curvature coefficients were fixed in the 
range of particle sizes studied. According to the different inhomogeneity coefficients, 
gradation curves were formulated for the mixes used to prepare the test samples, see 
Fig. 3.

The coefficient of inhomogeneity Cu is a parameter that reflects the degree of 
dispersion of the soil particle composition. The larger the Cu, the more inhomo-
geneous the distribution of soil particles. For continuous graded mixes, the greater 
the unevenness factor Cu, the greater the variation between coarse and fine particles 
of different sizes in the mix. For Cu smaller compounds, the particle size interval 
is single, the pores cannot be fully filled, and larger pores are formed inside the
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Fig. 3 a Test grading curves 
for different permeability 
coefficients of 
inhomogeneity. 
b Relationship between 
permeability coefficients and 
inhomogeneity coefficient
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soil body. The test controls the specimen inhomogeneity coefficient from 4.74 to 
8.16, and the pore ratio e, characteristic particle size d10 and curvature coefficient 
Cc are controlled to constant values. Further, the permeability coefficient k20 is 
positively correlated with the inhomogeneity coefficient Cu. Under a certain charac-
teristic particle size d10, the inhomogeneity coefficient increases with the increase 
of the control particle size. The content of the particle species between the charac-
teristic particle size d10 and the control particle size d60 increases. As the inhomo-
geneity coefficient increases, the internal structure of the mix and the pore struc-
ture become more complex. By increasing the inhomogeneity coefficient, the coarse 
particle content increases, forming the skeletal structure and increasing permeability. 

3.3 Influence of Maximum Particle Size 

In order to determine the effect of maximum particle size on the permeability coeffi-
cient, the effect of coral reef sand on the permeability coefficient was studied in this 
experiment at different maximum particle sizes. As shown in Fig. 4, the permeability
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coefficient increases with the maximum particle size increase. The permeability coef-
ficient k20 is linearly correlated with the maximum particle size D. The fitted equation 
is k20 = 1.09 × 10−3D−5.15 × 10−3 and the correlation degree is 0.886. The pore 
size between the specimen particles increases with the increase of the maximum 
particle size. For the same pore ratio, the number of pores in the specimen decreases 
but the pore section size increases as the maximum particle size increases for the 
same volume of the mix. Through the increase in pore section size and the reduction 
in the number of pores, the water flow through the distance is shortened. With the 
same head pressure difference, there is relatively less head loss, and more seepage 
per unit of time. In the case of a certain pore ratio, increasing pore section size has a 
greater effect on permeability than increasing the pore number. The change in pore 
ratio has a tiny effect on permeability than the change in maximum particle size. 

Fig. 4 a Test grading curves 
for different permeability 
coefficients for the largest 
particle sizes. b Permeability 
coefficient versus 
coefficients for the largest 
particle sizes Permeability 
coefficient modeling
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3.4 Permeability Coefficient Model Building 

According to the above analysis, the permeability coefficient of coral reef sand is 
positively correlated with the square of the pore ratio e; positively correlated with 
the inhomogeneity coefficient Cu; positively correlated with the curvature coefficient 
Cc; and positively correlated with the maximum grain size D, and is highly correlated 
with each factor. Research shows that the permeability coefficient k20 is related to 
the characteristic grain size d [12], and the control characteristic grain size d10 of this 
permeability test is a constant value, citing the research results of the cohesionless 
coarse-grained soil permeability coefficient Taishaki formula K = 2d2 

10·e
2 and A. 

Hazen’s formula K = Cd2 
10 to collate the permeability coefficient model of coral reef 

sand. 

k20 = R · e2 · Cu · Cc · d2 
10 · D (2) 

where: k20 is the permeability coefficient, cm/s; R is the coefficient related to other 
unknown influencing factors; e is the pore ratio, dimensionless; Cu is the inhomo-
geneity coefficient, dimensionless; Cc is the curvature coefficient, dimensionless; 
d10 is the effective particle size, mm; D is the maximum particle size, mm. 

When R is taken as 2.38 × 10–4, the ratio between the measured value and this 
paper is close to 1.0, which can calculate the permeability coefficient of coral reef sand 
better than Tai Shaji and Hazen’s formula. In summary, the permeability coefficient 
of the coral reef sand is modeled as 

k20 = 2.38 × 10−4 × e2 · Cu · Cc · d2 
10 · D (3) 

This model can better predict the permeability coefficient of the coral reef sand 
by considering the effects of pore ratio, inhomogeneity coefficient, curvature coef-
ficient and maximum grain size on the basis of the Taishaji and Hazen permeability 
models. From the comparison between the measured values of the permeability coef-
ficient under different conditions and the calculated values of Taishaji, Hazen, and 
this study (see Table 2.). it can be seen that the permeability coefficient calculation 
model established in this test has greatly improved the calculation accuracy and the 
calculated and measured values are in better agreement. The maximum particle size 
of the permeability test is 19 mm. However, this model can theoretically be applied 
to cohesionless soils with a maximum particle size of 19 mm, and its applicability 
beyond this particle size requires further testing.
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Table 2 Comparison of test results and calculations from permeation tests 

Number 1 2 3 4 5 6 7 

Maximum 
particle size D 

19.0 19.0 19.0 19.0 19.0 19.0 19.0 

d10 0.6 0.6 0.6 0.6 0.6 0.6 0.6 

Porosity ratio 
e2 

0.884 0.884 0.884 0.884 0.884 0.884 0.884 

Unevenness 
factor Cu 

6.38 5.54 4.74 7.9 7.9 7.9 7.9 

Curvature 
factor Cc 

2.00 2.00 2.00 0.7 1.0 1.2 1.3 

Measured 
values 

2.5 × 
10–2 

1.2 × 
10–2 

1.8 × 
10–2 

9.5 × 
10–3 

1.1 × 
10–2 

1.2 × 
10–2 

1.3 × 
10–2 

Calculated 
values for 
Taishachi 

6.3 × 
10–1 

6.3 × 
10–1 

6.3 × 
10–1 

6.3 × 
10–1 

6.3 × 
10–1 

6.3 × 
10–1 

6.3 × 
10–1 

Hazen 
calculated 
values 

3.6 × 
10–1 

3.6 × 
10–1 

3.6 × 
10–1 

3.6 × 
10–1 

3.6 × 
10–1 

3.6 × 
10–1 

3.6 × 
10–1 

Calculated 
values in this 
paper 

1.8 × 
10–2 

1.6 × 
10–2 

1.4 × 
10–2 

7.4 × 
10–2 

1.1 × 
10–2 

1.3 × 
10–2 

1.5 × 
10–2 

Measured/taxa 
base values 

0.039 0.019 0.028 0.015 0.018 0.019 0.020 

Actual test/ 
Hazen 

0.070 0.034 0.049 0.026 0.031 0.033 0.035 

Measured/value 
in this paper 

1.369 0.760 1.290 1.279 1.026 0.916 0.835 

Number 8 9 10 11 12 13 14 

Maximum 
particle size D 

19.0 19.0 19.0 19.0 19.0 19.0 19.0 

d10 0.6 0.6 0.6 0.6 0.6 0.6 0.6 

Porosity ratio 
e2 

0.94 0.94 0.94 1.07 0.98 0.935 0.816 

Unevenness 
factor Cu 

7.9 7.9 7.9 15.8 15.8 15.8 15.8 

Curvature 
factor Cc 

1.6 1.9 2.5 0.98 0.98 0.98 0.98 

Measured 
values 

1.9 × 
10–2 

2.0 × 
10–2 

2.0 × 
10–2 

3.5 × 
10–2 

2.8 × 
10–2 

1.7 × 
10–2 

1.1 × 
10–2 

Calculated 
values for 
Taishachi 

6.4 × 
10–1 

6.3 × 
10–1 

6.3 × 
10–1 

8.2 × 
10–1 

6.9 × 
10–1 

6.3 × 
10–1 

4.8 × 
10–1 

Hazen 
calculated 
values 

3.6 × 
10–1 

3.6 × 
10–1 

3.6 × 
10–1 

3.6 × 
10–1 

3.6 × 
10–1 

3.6 × 
10–1 

3.6 × 
10–1

(continued)
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Table 2 (continued)

Number 1 2 3 4 5 6 7

Calculated 
values in this 
paper 

1.8 × 
10–2 

2.1 × 
10–2 

2.8 × 
10–2 

2.8 × 
10–2 

2.4 × 
10–2 

2.2 × 
10–2 

1.6 × 
10–2 

Measured/taxa 
base values 

0.029 0.032 0.032 0.043 0.041 0.028 0.024 

Actual test/ 
Hazen 

0.052 0.056 0.056 0.099 0.079 0.049 0.031 

Measured/value 
in this paper 

0.996 0.919 0.715 1.236 1.175 0.807 0.676 

Note C is taken as 1.0 in the Hazen formula 

4 Summary 

This study investigated the interrelationship between pore ratio, gradation, maximum 
particle size, coarse and fine particle content and permeability of coral reef sand 
blow-fill materials. The following conclusions can be drawn: 

(1) The permeability coefficient of coral reef sand blown-fill mix decreases with 
increasing pore ratio and increases with increasing curvature coefficient of 
inhomogeneity, maximum particle size, and coarse grain content. 

(2) The permeability coefficient of coral reef sand is lower than that of conventional 
terrestrial sands with the same grain size range, mostly at 10–3 cm/s. The perme-
ability coefficient of coral reef sand with the same grain gradation increases with 
the increase of pore ratio, which also has a good linear correlation with e2. 

(3) According to the lab-scale experimental results, the effects of pore ratio, inho-
mogeneity coefficient, curvature coefficient and maximum particle size were 
considered, and the model of coral reef sand permeability coefficient was 
proposed after fitting four factors, namely k20 = 2.38 × 10–4 × e2·Cu·Cc·d2 

10·D. 
This study provides that the reef sand formation permeability assessment and 
hydrology & environmental geology data support the expressway reconstruction 
and expansion of coral reef. 
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Abstract Firstly, nine high-strength bolted gusset plates with different degrees of 
corrosion are selected from the upstream and downstream box girders of the steel 
bridge. Three corrosion nuts are selected for each gusset plate, Each corrosion nut is 
measured three times and the average value of its residual thickness is taken. Then, 
according to the empirical formula of equivalent radius and residual clamping force 
obtained from manual cutting nut test, the collected residual thickness of nuts is 
substituted into the formula to obtain the residual clamping force of 27 corroded 
nuts and high-strength bolts. The results show that: (1) the nuts outside the measured 
bolt box are seriously corroded, the bolt head in the box is not corroded, and the nuts 
are exposed to the outside all year round; (2) The measured residual radius loss ratio 
of corroded nut is 60%, and the maximum clamping force loss ratio of high-strength 
bolt is 59.62%; (3) The bolts of upstream GSW1 are seriously rusted compared with 
downstream GSW2, and the loss of effective clamping force is greater, which is 
related to the perennial wind direction; (4) When the residual radius loss ratio is 
more than 36.11%, and the clamping force loss ratio is more than 20%, it can be 
considered to replace the bolts with serious corrosion. 
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1 Introduction 

As a permanent component of bridge member connection, the bolt preload of high-
strength bolt has a vital impact on the reliability of connection [1]. The high-strength 
bolt is to tighten the nut and apply prestress to the bolt, so as to produce extrusion force 
between the connecting members, so as to produce great friction perpendicular to the 
screw direction. This kind of connection internal force is borne by the friction of the 
friction surface by clamping the members, which is the characteristic of high-strength 
bolt connection [2]. 

The investigation and study found that corrosion will first cause the reduction of 
the cross-section of the screw and nut of the steel box girder bridge connected by high-
strength bolts, resulting in the reduction of the bearing capacity of the connecting 
joint, especially in the corrosive environment such as humid atmosphere and indus-
trial atmosphere all year round, the connecting joint of the steel box girder bridge 
is also prone to corrosion [3]. Under the long-term service of the bridge, the water 
seepage at the internal section connection of the box girder is caused by design 
defects and other reasons, The diameter of individual nuts changed from the initial 
36 to 27.6 mm. At present, corrosion is one of the main reasons for the slip of fric-
tion high-strength bolt connections, which brings great potential safety hazards to the 
normal use of steel structures, and seriously affects the service performance, oper-
ation and service quality of structures [4–7]. There are many factors affecting the 
corrosion of steel structure, mainly reflected in the effect of steel and surrounding 
environmental media [8, 9]. It is found that corrosion will first reduce the cross-
section of screws and nuts of steel box girder bridges connected by high-strength 
bolts, resulting in the reduction of the bearing capacity of connecting joints. Espe-
cially in the corrosive environment of humid atmosphere and industrial atmosphere 
all year round, the connecting joints of steel box girder bridges are also prone to 
corrosion problems [10]. 

2 Project Overview 

A Yellow River Bridge is located in the northeast of Kenli County in China. The 
bridge was completed in September 1987 and officially opened to traffic in June 
1988. Up to now, the bridge has been in service for about 33 years. The north 
side of the bridge connects Beijing Tianjin area, Dongying port and Shengli oilfield 
oil area, and the south side connects Shengli Oilfield base, Jiqing expressway and 
Jiaodong area, which plays a vital role in the economic development of both sides of 
Dongying City. The total length of the bridge is 2817.46 m, which is composed of 
the main bridge and the North–South approach bridge. The total length of the bridge 
is 2817.46 m, which is composed of the main bridge and the North–South approach 
bridge. The bridge is 19.5 m wide with two-way four lanes. The main bridge is 682 m 
long, the span combination is (60.5 + 136.5 + 288 + 136.5 + 60.5) m, the main span
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Fig. 1 Overview of main 
bridge 

is 288 m, and the tower top elevation is 78.6 m. The overview of the main bridge is 
shown in Fig. 1. 

The main bridge is a five hole continuous steel cable-stayed bridge with a span 
combination of (60.5 + 136.5 + 288 + 136.5 + 60.5) m and a split double box 
section. The steel beam has a total length of 681.5 m and is divided into 57 sections. 
Except for individual sections, most sections are 12 m; Each section of steel beam is 
divided into 6 pieces horizontally, including two East and West box girders and four 
orthotropic bridge decks in the middle, The transverse joints are connected by high-
strength bolts; The longitudinal joint is connected by groove welding on site. The box 
girder is a two separated rectangular box girder with a height of 2.4 m and a width of 
3.14~3.315 m. The top and bottom plates are U-shaped closed rib orthotropic plates, 
and the web plates are plate type open rib orthotropic plates, Except that the plate 
thickness of the web plate and bottom plate at the cable anchorage and attachment 
hole is 20 mm, the other top、bottom and web plates are 12 mm thick. The bridge 
deck is an orthotropic plate, with 4 pieces in each section and a width of 3.2 m each. 
The longitudinal rib is a U-shaped closed rib, and the transverse rib is a plate beam, 
with a spacing of 1.0~2.75 m, generally 2.75 m. The transverse joint of steel box 
girder is shown in Fig. 2.

3 Simulated Nut Corrosion Test of Manually Cutting Nut 
Section 

In the simulated corrosion damage of manually cutting nut section, the change of bolt 
strain value includes: the strain change caused by applying clamping force and the 
strain change caused by manually cutting nut section. During the test, the bolt strain 
will be changed by cutting different nuts、the degree of cutting nut section and the 
depth of cutting section. At the same time, the number of the cut nut、the degree of 
the cut section and the depth of the cut section shall be continuously recorded until 
the manual cut nut damage test is completed. Finally, the residual clamping force
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Fig. 2 Transverse joint of 
steel box girder

of the bolt is calculated according to the regression equation. During the test, the 
clamping force of the test bolt after final tightening (hereinafter referred to as “initial 
clamping force”) is more than the design value of M20 high-strength bolt clamping 
force (155kN), which is about 1.1 times of the design value of clamping force. 

The specific implementation steps of artificial cutting nut section simulation corro-
sion damage test are as follows: (1) unilateral cutting. Select the side convenient for 
cutting. When cutting, cut it four times along the thickness direction of the nut, and 
record the four cutting depths and the corresponding bolt strain values; (2) Bilateral 
cutting. Select the two sides convenient for cutting, first complete the cutting of one 
side at one time, then complete the cutting of the other side in four times along the 
thickness direction of the nut, and record the cutting depth of five times and the 
corresponding bolt strain value; (3) Three sided cutting. Select the three sides that 
are convenient for cutting, first complete the cutting of one side at one time, then 
complete the cutting of the other side at one time, finally complete the cutting of the 
third side four times along the thickness direction of the nut, and record the cutting 
depth and corresponding bolt strain value for six times. 

This paper refers to the test results in the paper, considers the size, section damage 
shape and degree of the bolt, and evaluates it according to the regression curve of 
the test results of manually segmented damaged nut bolt connection. Equation (1) 
is the regression equations of the percentage of the equivalent radius of nut and the 
percentage of residual clamping force of high-strength bolt. 

Pc = 0.3207 − 0.3305 × 
D − D,

D − d 
− 0.0103 ×

(
D − D,

D − d

)2 

(1) 

where, Pc represents the percentage of residual clamping force of the damaged nut in 
the section; D’ represents the equivalent diameter of the nut after cutting; D represents 
the original diameter of the nut; d is the diameter of the screw.
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Fig. 3 Calculation sketch of 
equivalent radius method 

Equation (1) is a suggested equation for evaluating the residual clamping force 
of connecting bolts, which is helpful for the quantitative evaluation of the clamping 
force of high-strength bolts in corrosive environment, and then puts forward remedial 
measures such as changing bolt connection or improving bolt clamping process. 
Figure 3 is the calculation sketch of equivalent radius method. 

4 Analysis of Clamping Force Loss of High Strength Bolts 
in Corroded Joints 

J1~J5 nodes represent 5 node numbers from west to east. The design value of preload 
corresponding to 22 mm high-strength bolt is 190KN. When calculating the preload 
loss, the average value of the remaining diameter of the nut measured for 3 times 
shall be adopted. 

Figure 4(1~9) is drawn by calculating the nut thickness loss ratio and residual 
clamping force loss ratio according to the bolts selected from nodes J1~J5 in box 
girder section GW1 and GW 2. According to the analysis of Fig. 4, the loss ratio of 
residual clamping force is linear with the loss ratio of nut thickness, and the loss ratio 
of bolt residual clamping force increases with the increase of nut thickness loss ratio. 
Among them, the residual clamping force loss of J1 node bolt in GW1 is serious, and 
the overall residual clamping force loss of GW1 box girder section is more serious 
than that of GW2 box girder section.

At present, the existing inspection specifications do not specify how to evaluate 
the residual clamping force of high-strength bolts after corrosion. This evaluation is 
based on the relevant research results of our research (considering the size, section 
damage shape and degree of bolts, and according to the regression curve of the test 
results of manually segmented damaged nuts and bolts), which is only for reference. 
The clamping force loss ratio of individual high-strength bolts in the first section at 
the entrance of the west box is 51.2%. On the whole, the corrosion of GSW1 bolts 
is more serious than GSW2, and the loss of effective clamping force is more.



288 G. Xu et al.

Fig. 4 Calculation
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Jacking Construction Technology 
of Curved Steel Box Girder and Analysis 
of Its Mechanical Characteristics 

Baoliang Ma, Hui Zhao, Qiang Xie, and Gangnian Xu 

Abstract In this paper, taking Lasuo No. 2 Bridge as the construction background, 
the walking push construction method is selected, and the existing piers and tempo-
rary supports are used as the support platform for push construction to carry out push 
construction and high beam falling construction. The finite element analysis soft-
ware is used to establish the simulation analysis program of the pushing process. The 
overall simulation analysis is made for each stage of the bridge’s push construction, 
the deflection change of the beam end and the change of the push force are obtained, 
and the most unfavorable working conditions are determined for local analysis. In 
view of the characteristics of this project, a detailed comparative analysis was made 
on the mechanical parameters affecting the steel box girder, and the special require-
ments and relevant measures for launching were studied. It is proved theoretically 
that the construction method is safe and reliable, and meets the structural strength 
and local stability requirements during the jacking construction. 

Keywords Steel box girder bridge · Jacking construction technology · Finite 
element analysis · Local analysis · Guide beam 

1 Introduction 

At present, domestic and foreign scholars have carried out a large number of tests and 
simulation studies on the stress characteristics analysis of the launching construction. 
Many scholars have used finite element analysis software to analyze the stress char-
acteristics of the steel box girder launching construction process, discussed the stress 
situation of the launching platform from both structural deformation and combined 
stress, and simulated the stress and deformation of the box girder bridge during
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the launching construction process [1–3]. Some scholars combined with the actual 
project, used the finite element analysis software to simulate the steel box girder, steel 
guide beam, launching platform and temporary pier constraints, analyzed the whole 
process of steel box girder launching construction, calculated the local stress and 
stability during the launching process, and proposed the key points and precautions 
for construction control and the corresponding measures to control beam cracking 
[4–11]. A small number of scholars used theoretical analysis and numerical simu-
lation methods to analyze and verify the construction process, the key and difficult 
points in the construction process, and the overall stress of the structure at each 
important stage during the jacking construction process, and summarized how to 
optimize the local design parameters [12]. 

According to the characteristics of this project, this paper uses finite element 
software to establish the simulation analysis program of the pushing process. The 
overall simulation analysis is made for each stage of the bridge’s push construction, 
the deflection change of the beam end and the change of the push force are obtained, 
and the most unfavorable working conditions are determined for local analysis. The 
stress of curved steel box girder in the stage of launching construction is compared and 
analyzed in detail, and the special requirements and relevant measures of launching 
are studied. It is proved theoretically that the construction method is safe and reliable, 
and meets the structural strength and local stability requirements during the jacking 
construction. 

2 Project Overview 

Lasuo Bridge 2 of Nandan Tian’e Xialao Expressway is located in Nandan County, 
Hechi City, Guangxi Zhuang Autonomous Region, with complex geological struc-
ture. No. 2 main bridge is (2 × 92) m two span continuous steel box girder, the main 
girder is full welded structure, the bridge deck width is 12.75 m, the beam height 
is 4.2 m, and the upper span is Weiming Railway Tunnel. The minimum horizontal 
distance from the expanded foundation edge of the support beside Lasuo Bridge 2 
tunnel to the tunnel is 7 m, and the buried depth of the tunnel is 56 m. The main 
girder of the steel box girder is a fully welded steel box girder with a total width of 
2 × 12.75 m, divided into 13 sections, composed of two independent left and right 
frames. 

3 Pushing Construction Technology of Steel Box Girder 

The left span of Lasuo No. 2 Bridge is installed by longitudinal pushing method and 
transverse sliding method, and the right span is installed by longitudinal pushing 
method. The following construction machinery and equipment are mainly used: 150
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Fig. 1 Elevation of launching construction 

ton crawler crane, 200 ton truck crane, 600 ton walking jack, three-dimensional jack, 
etc. The specific main steps of steel box girder launching construction include: 

Step 1: The 200 ton truck crane is used to construct temporary supports, steel 
box girder assembly supports, and the walking type jacking system is arranged. 
Step 2: Use a 200t truck crane to install the front guide beam. Step 3: The 150t 
crawler crane is used to install segments 1–4. All components shall be blanking, 
plate unit manufacturing and section preassembly completed in the factory. After 
coating, they shall be delivered to the site to directly participate in the erection. All 
components shall be coated with primer, intermediate paint and first finishing coat 
in the factory. Step 4: Push forward after the welding is completed and the weld is 
tested as qualified. After one stroke of pushing is completed, all the push oil cylinders 
retract to the starting point of the next stroke, and then push can be carried out for 
the next stroke. Step 5: Repeat the above steps to continue the installation. Step 6: 
Push forward and install the rear guide beam after the welding is completed and the 
welding seam is qualified. The elevation of launching construction is shown in Fig. 1. 

4 Force Characteristic Analysis 

4.1 Overall Stress Analysis 

The finite element software is used for analysis. The calculation model adopts beam 
element. Each working condition only changes the selection attribute and node coor-
dinates of the beam element. Each working condition is calculated independently, so 
that the position and internal force of each jacking working condition can be reflected. 
When building the model, Lasuo No. 2 Bridge was divided into 17 working condi-
tions. In this paper, two important working conditions are selected for finite element 
analysis. Q355 steel box girder and Q345 steel guide beam are used. The stress, 
displacement and reaction of the model under condition 2 and 8 are shown in Fig. 2. 
Figure 3 shows the detailed calculation results. The maximum stress of the bridge 
under all working conditions is less than the allowable stress value of 221 MPa.
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Condition 2 Condition 8 

Fig. 2 Stress, displacement and reaction diagram of model under different working conditions 

Fig. 3 Calculation results 

Figure 3 shows the comparison between the calculated results of the finite element 
model and the measured results. Through the comparison of the results, the relative 
errors of the maximum stress, the maximum reaction force and the maximum defor-
mation are 0.67–0.49%, 0.24–0.69% and 0.10–6.67% respectively, and the maximum 
error is only 6.67%. Therefore, it can be concluded that the difference between the 
calculated results of the model and the measured results is very small, and the finite 
element model simulation results are accurate. 

4.2 Local Stress Analysis 

Because the bridge is constructed by pushing curved steel box girder, and the span is 
large, in order to better prevent and control various problems arising in the process of 
pushing construction, local stress analysis of steel box girder is required. The jacking 
cushion beam and steel beam segment, cushion cushion beam and steel beam segment 
are sampled for modeling, and the local bearing checking stress and local bearing 
checking displacement are calculated respectively. The jacking pad beam and steel 
beam segment, the two ends of the steel beam are consolidated, and 350t load is 
applied at the contact position between the lower pad beam and the jack (calculated 
according to the most unfavorable working condition). Figure 4 shows the stress 
and displacement analysis diagram of jacking pad beam, cushion and steel beam. It
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can be seen from Fig. 4 that the maximum local bearing stress of the steel beam is 
102 MPa, and the measured value is 101.32 MPa, which is less than the allowable 
stress of 221 MPa. The maximum local bearing displacement of the steel beam is 
1.02 mm, and the measured value is 0.99 mm. The pad beam and steel beam section 
shall be reinforced on both sides of the steel beam, and 150 t load shall be applied on 
the pad under the pad beam. The maximum local bearing stress is 110.4 MPa, and 
the measured value is 19.6 MPa, which is less than 153 MPa allowable stress. The 
maximum local bearing displacement is 1 mm, and the measured value is 0.98 mm. 
The maximum local bearing displacement of the steel beam is 1 mm. The deformation 
and stress of jacking pad beam and base pad beam are shown in Fig. 5. 

The above results are the analysis results of the finite element analysis software 
on the overall force and two local forces of the established finite element model 
under eight working conditions. The stress, deflection and support reaction during 
the whole bridge launching construction process have been calculated and analyzed 
in detail, providing theoretical support and certain reference value for the entire 
launching construction process.

Fig. 4 Stress and displacement analysis of steel beam 

Fig. 5 Deformation and stress diagram of jacking pad beam and base pad beam 
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5 Conclusion 

This paper systematically introduces the launching construction technology of the 
curved steel box girder of the project, uses the finite element software to build the 
model of the bridge, and analyzes the bearing pressure and displacement of the whole 
and local steel box girder under various conditions of the launching construction of 
the steel box girder, and draws the following conclusions: 

(1) During the whole launching process, the maximum stress produced by the guide 
beam is 29.6 MPa, and the maximum stress of the steel box girder is less than 
the stress of the guide beam. The maximum reaction force and displacement 
occur after the completion of the bridge, and their values are 746.8 KN and 
100 mm respectively. 

(2) In the local stress analysis, the maximum local bearing stress of the steel beam is 
102 MPa and the maximum displacement is 1.02 mm for the jacking pad beam 
and steel beam section. The maximum local bearing stress of cushion beam and 
steel beam section is 110.4 MPa, the maximum displacement is 1 mm, and the 
stress is less than the allowable stress. 

(3) In this paper, two kinds of finite element software are used to model and analyze 
the whole and part of the steel box girder of the bridge. The stress and deforma-
tion calculation results are consistent with the measured values. The proposed 
finite element model can be used to analyze the mechanical characteristics of 
the steel box girder during the launching construction of the curved steel box 
girder. 
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Stress and Stability Analysis 
of Unequally Spaced Supports 
in Launching Construction of Curved 
Steel Box Girder Bridges 

Baoliang Ma, Hui Zhao, Kun Zhu, and Gangnian Xu 

Abstract In view of the problems of complex stress, great difficulty in analysis and 
high technical requirements for safety control of unequal support structure of curved 
continuous steel box girder bridge across railway tunnel, the mechanical performance 
and structural stability of three kinds of temporary supports with different structures, 
different heights and different spacing in the process of launching construction are 
analyzed by numerical simulation method. Then, the stress and deformation of the 
slideway beam are studied. By comparing with the measured data, the reliability 
and feasibility of the temporary support system for bridge erection are verified. 
Combined with theoretical analysis, the research results were successfully applied 
to the launching construction of curved continuous steel box girder bridge to ensure 
the safety of unequal spacing supports during the launching construction. 

Keywords Curved steel box girder · Temporary supports and slideways ·
Launching construction · Numerical simulation · Stress performance · Stability 
analysis 

1 Introduction 

The jacking method construction is to set up an assembly site behind the abutment 
along the longitudinal axis of the bridge, assemble the steel box girder section by 
section, and connect the assembly section with the completed steel box girder body 
as a whole, then push the steel box girder body forward from the assembly site 
through the application of horizontal jacks, and then continue the assembly of the 
next section of steel box girder at the assembly site until the completion of the
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construction. Jacking construction has the following advantages: 1. Long bridges 
are built with simple equipment, with low construction cost and stable construction. 
2. The steel box girder is assembled in sections and operated continuously with 
good structural integrity. 3. The bridge sections shall be fixed and assembled at the 
same site to facilitate construction management, improve construction conditions 
and avoid aerial work. 

At present, domestic and foreign scholars have carried out a large number of tests 
and simulation studies on the stability analysis of the launching construction. Many 
scholars have used finite element analysis software to analyze the stress and stability 
of the support system structure during the launching construction of steel box girders. 
Some scholars have shown that the most unfavorable conditions of displacement and 
stress are respectively under the condition of the guide beam reaching the front 
column and the condition of the maximum shear force at the root of the guide beam. 
Through scientific and reasonable design of the support system components, the 
stiffness, strength and stability of the support system structure can be guaranteed 
to meet the structural safety requirements during construction [1, 2]. Combined 
with the actual project, some scholars have introduced the construction scheme of 
launching and the construction technology of continuous steel box girder launching 
combined with support method in detail [3–5]. Among them, some scholars put 
forward the construction technology without support, and selected the tensioning 
temporary tie rod as the implementation plan, and introduced the working principle, 
construction steps and quality control measures of the floating jacking method in 
detail. In addition, some technologies use the steel tube bailey piece support to set up 
the jacking construction assembly platform, and replace the large steel box with bailey 
piece as the jacking slide, etc. [6–8]. A few scholars use the mechanical model of the 
steel pipe support and the truss beam-support separation model and coupling model 
established by the numerical simulation method to simulate the launching process, 
formulate the monitoring plan of the steel pipe support in the launching construction 
and propose a simulation method considering the support stiffness [9, 10]. 

To sum up, involving the crossing of tunnel lines and slope like complex terrain, 
and considering the impact of the dynamic load amount of jacking, the unequal 
height support structure has complex stress, great difficulty in analysis, and high 
technical requirements for safety control. To reveal the force transmission mechanism 
of unequal distance high pier support in the jacking stage of curved steel box girder, 
and propose the safety control index of temporary support structure is one of the 
problems that need to be solved urgently in the industry. 

2 Project Overview 

Lasuo No. 2 Bridge is located in Nandan County, Hechi City, Guangxi Zhuang 
Autonomous Region, with complex geological structure. No. 2 main bridge is 
(2 × 92) m two span continuous steel box girder, the main girder is full welded 
structure, the bridge deck width is 12.75 m, the beam height is 4.2 m, and the
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Fig. 1 Elevation of launching construction 

upper span is Weiming Railway Tunnel. The minimum horizontal distance from 
the expanded foundation edge of the support beside Lasuo Bridge 2 tunnel to the 
tunnel is 7 m, and the buried depth of the tunnel is 56 m. The main girder of the 
steel box girder is a fully welded steel box girder with a total width of 2 × 12.75 m, 
consisting of two independent left and right frames. The main steel material of the 
main bridge is Q355D. The left span of Lasuo No. 2 Bridge is installed by pushing 
method and lateral sliding method, and the right span is installed by pushing method. 
The expanded foundation dimensions of Category A, Category B and Category C 
supports are (12 × 6 × 2) m, (6 × 6 × 1) m, (10.5 × 6 × 1 )m, all of which are cast 
with C30 concrete, and the allowable values of compressive, tensile and splitting 
strength are 10.9 MPa, 1.10 MPa and 4.3 MPa, respectively. Elevation of launching 
construction is shown in Fig. 1. 

3 Stress Analysis of Temporary Support Structure 

During the launching construction of the steel box girder of Lasuo No. 2 Bridge, along 
with the launching construction, the position of the girder is changing all the time, 
and the structural system is also changing constantly. The temporary support must 
not only bear its own weight, but also be affected by pressure, wind load, horizontal 
load and friction between steel box girder and support. Therefore, the stress of the 
structure is complex, so it is necessary to analyze the mechanical properties of the 
temporary support structure. 

3.1 Temporary Support 

The temporary support consists of three types of support A, B and C, front and rear 
guide beams, runway beams and sliding system. There is 1 category A support in 
total; 3 category B supports; 2 category C supports. Steel pipes for temporary support
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structures, distribution beams and connecting systems in the support system are all 
Q235B steel, and the values of tensile and yield strength are 420 MPa and 235 MPa, 
respectively. 

Category A. The support column adopts steel pipe with diameter of 820 mm 
and pipe wall thickness of 10 mm, and the connection system adopts steel pipe 
with diameter of 820 mm and pipe wall thickness of 10 mm. The top and middle 
distribution beam is (900 × 600) mm, the lower distribution beam is (600 × 500) 
mm, and the lower part is an expanded foundation. There are 224 category A support 
column structure nodes and 506 beam elements. Carry out finite element analysis 
and modeling for category A support to check the force on the support, and apply 
dead weight, pressure, wind load and horizontal load. Horizontal load caused by 
longitudinal slope: According to the calculation, the maximum jacking reaction of the 
jacking support is 300t. The slope of beam section is 1.575%. Steel beam load is 300t. 
Wind load adopts steel beam wind load, support wind load. Dead weight is temporary 
support, and load combination adopts wind load, dead weight and horizontal force 
generated by longitudinal slope. Figure 2 shows the stress nephogram and support 
deformation diagram of the steel pipe of category A support, and the maximum stress 
is 130.6 MPa. Its value is less than the allowable stress of 153 MPa, The measured 
maximum stress is 127.5 MPa, the allowable deformation value is 46.47 mm, the 
calculated maximum deformation value is 34.87 mm, and the measured maximum 
deformation value is 28.4 mm. 

Category B. The support column adopts steel pipe with diameter of 600 mm and 
pipe wall thickness of 14 mm, and the connection system adopts 16a channel steel. 
The upper distribution beam is (900 × 600) mm, the lower distribution beam is (600 
× 500) mm, and the lower part is an expanded foundation. There are 39 category 
B support column structural nodes and 72 beam elements. Carry out finite element 
analysis and modeling for category B support to check the force on the support, 
and apply dead weight, pressure, wind load and horizontal load. Horizontal load

Fig. 2 Stress nephogram of 
category A support steel pipe 
and support deformation 
diagram 
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Fig. 3 Cloud chart of steel 
pipe stress and deformation 
of category B support 

generated by longitudinal slope: according to the calculation, the maximum jacking 
reaction of the jacking support is 300t. The slope of beam section is 1.575%. Steel 
beam load is 300t; Wind load is composed of steel beam wind load and support 
wind load. The dead weight consists of temporary supports. The load combination 
consists of horizontal force generated by wind load, dead weight and longitudinal 
slope. Figure 3 shows the stress nephogram and support deformation diagram of the 
steel pipe for category B support. 

The maximum stress is 89 MPa, which is less than the allowable stress of 
153 MPa, the measured maximum stress is 82.3 MPa, the allowable deformation 
value is 20.768 mm, the calculated maximum deformation value is 17.86 mm, and 
the measured maximum deformation value is 15.4 mm. 

Category C. The support column adopts steel pipe with diameter of 426 mm and 
wall thickness of 8 mm. The upper part is a double-welded 45a I-steel distribution 
beam, and the lower part is an expanded foundation. There are 40 nodes of category 
C support structure and 39 beam elements. Figure 4 shows the stress nephogram and 
support deformation diagram of the steel pipe for category C support.

The maximum stress is 99 MPa, which is less than the allowable stress of 153 MPa, 
the measured maximum stress is 89.4 MPa, the allowable deformation value is 
1.049 mm, the calculated maximum deformation value is 0.9 mm, and the measured 
maximum deformation value is 0.75 mm. The stress and displacement calculation 
results of three types of temporary supports are shown in Fig. 5.
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Fig. 4 Cloud chart of steel pipe stress and support deformation of category C support

Fig. 5 Stress and displacement calculation results of three types of temporary supports 

3.2 Runway Beam 

The slideway system is composed of slideway beam, walking jack, jacking pad beam 
slider and pad stone. The slideway beam is made of Q355 material. The thickness of 
the top and bottom plates is 30 mm, the section height is 1000 mm, the thickness of 
the web plate is 20 mm, the width of the top plate is 900 mm, and the width of the 
bottom plate is 600 mm. It is calculated according to the most unfavorable layout of 
13 # pier on the left side and 12 # pier on the right side. Midas is used to establish the 
finite element model of the slideway beam, and the lower part of the slideway beam is 
consolidated by the general support according to the actual position. The maximum 
reaction force of the standard runway beam is 677 tons, the spacing between the 
sliding blocks is 8 m, and the moving load is applied on the top of the runway beam. 
Figure 6 shows the model and stress nephogram of the runway beam. It can be seen 
from the figure that the maximum stress is 142 MPa, Its value is less than 355 MPa 
yield strength, which meets the strength requirements. In addition, the maximum 
displacement calculated is 0.3 mm, which is 15 mm less than the design value. The 
rigidity and strength of the slideway beam meet the requirements.
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Fig. 6 Model and stress cloud chart of slideway beam 

4 Stability Analysis of Temporary Support 

Category A support. The finite element software is used to establish the calculation 
model, and the space beam element is used to simulate the vertical and horizontal 
connection of the support, analyze the stability of the temporary support structure, 
and fully consider the problems that may occur in each construction stage. The 
calculated loads include the dead weight of the structure, steel beam, wind load and 
the force generated on the support system during the jacking construction. Among 
them, the force generated by the dead weight of the support, steel beam and wind load 
is automatically applied in the program. Figure 7 shows the buckling analysis results 
of category A support. The buckling mode calculation results show that the critical 
load coefficient of the support structure is 66, and the structural stability meets the 
design requirements. 

Category B support. Space beam element is used to simulate the longitudinal 
and transverse connection of category B support, analyze the stability of temporary 
support structure, and fully consider the problems that may occur in each stage of

Fig. 7 Buckling analysis of 
category A support 
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Fig. 8 Buckling analysis of 
category B support 

construction. Figure 8 shows the buckling analysis results of category B support. 
The buckling mode calculation results show that the critical load coefficient of the 
support structure is 28, and the structural stability meets the design requirements. 

5 Conclusion 

In view of the problems of complex stress, great difficulty in analysis and high 
technical requirements for safety control of unequal support structures of curved 
continuous steel box girder bridges across railway tunnels, the stress performance 
and structural stability of three temporary supports with different structures, heights 
and spacing during the jacking construction process are analyzed by using numerical 
simulation method, and then the stress and deformation of the runway beam are 
studied, and the following conclusions are drawn: 

(1) When the combination of wind load, dead weight and horizontal force generated 
by longitudinal slope is applied to the temporary support, the maximum stress 
generated is 130.6 MPa, which meets the strength requirements. The maximum 
stress generated by the slideway beam is 142 MPa, which is less than the yield 
strength. 

(2) The research on the self weight, steel beam, wind load imposed by the support 
and the force generated by the support system during the jacking construction 
is carried out. Among them, the maximum critical load coefficient generated by 
the category C support is 329, and the structural stability also meets the design 
requirements. 

(3) In this paper, Midas Civil is used to model the temporary support and slideway 
beam of Lasuo No. 2 Bridge and analyze their stress conditions, which can 
accurately simulate the stress conditions of the temporary support during 
construction.
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Sensitivity Analysis of Impact Coefficient 
for Large Transport Vehicle Crossing 
Bridge 

Laiyong Wang, Gangnian Xu, Yuzhi Wang, and Haoyu Li 

Abstract When the vehicle speed is very low, it is generally believed that the impact 
coefficient of vehicle load can be ignored. However, under the conditions of uneven 
bridge deck and heavy cargo transportation, the impact coefficient of the bridge when 
the vehicle is running at low speed cannot be ignored. In order to study the sensitivity 
of the impact coefficient of large transport vehicles crossing the bridge, this paper 
first establishes the bridge structure model and vehicle model, and uses the range 
analysis method to influence the impact coefficient of 12 influencing factors, such 
as the unevenness of the bridge deck, the stiffness of the bridge structure, and the 
vehicle mass. The research results show that the method of neglecting the impact 
coefficient of vehicle load in the existing safety assessment of large transport bridges 
often makes the bridge structure in a state of potential safety hazard. The impact 
coefficient is affected differently by different factors. For mid span deflection and 
bending moment, the primary and secondary order of impact factor is: concrete 
elastic modulus > bridge deck flatness grade > vehicle speed > structural Rayleigh 
damping constant. For shear force, the primary and secondary order of influencing 
factors of impact coefficient is: vehicle speed > concrete elastic modulus > bridge 
deck flatness grade > structural Rayleigh damping constant. 

Keywords Simply supported box girder bridge · Heavy cargo transportation ·
Impact coefficient · Sensitivity analysis · Orthogonal test method
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1 Introduction 

Compared with ordinary vehicles, bulky transport vehicles are mainly characterized 
by large weight, long length, low driving speed, etc. When checking and evaluating 
the bridge undertaking heavy cargo transportation, it is generally believed that the 
impact coefficient of vehicle load can be ignored due to the low speed of vehicles. 
However, in the third chapter of this paper, the monitoring and numerical analysis 
of the real bridge show that if the bridge deck is uneven, the impact coefficient of 
heavy cargo transport vehicles running at low speed cannot be ignored. However, 
for the current situation of the bridge deck in China, the unevenness of the bridge 
deck is widespread. Similarly, Zhang et al. studied the dynamic impact coefficient of 
crescent shaped multi arch rib concrete filled steel tube truss arch bridge and found 
that when the vehicle speed is 10 km/h, the impact coefficient of arch rib deflection 
reaches about 0.35, and the impact coefficient of main beam deflection reaches about 
0.30 [1]; Gui et al. studied the spatial dynamic impact effect of hollow slab bridge 
under the action of vehicle load. When the vehicle speed is 3.6 km/h, the impact 
coefficient of hollow slab still reaches about 0.15 [2]; Li et al. conducted a trolley 
walking test with a solid plate beam with a pit and groove, and found that when the 
vehicle speed was 0.5 m/s, the impact coefficient value of the solid plate beam still 
reached about 0.24 [3]. 

Due to the randomness of various vehicle loads acting on the bridge, such as 
the vehicle type, weight, speed and distance of passing vehicles, road roughness, 
as one of the main factors inducing vehicle bridge coupling vibration, is itself a 
random process, so the coupling vibration of vehicles and bridges must have a 
certain randomness. In 1988, Kawatani et al. assumed that the road roughness was 
a stationary random process, established a two degree of freedom vehicle model, 
and analyzed the non-stationary random response of the bridge under vehicle load 
using the random vibration theory [4]. Xiang et al. established the vehicle bridge 
interaction model by using the dynamic transfer matrix method in time domain and 
the d’Alembert principle, and carried out relevant research on the dynamic reliability 
of the vehicle bridge system by using the first-order reliability method [5]. Zhang 
et al. used the pseudo excitation method (PEM) to accurately transform the vertical 
random unevenness of the pavement into a series of vertical simple harmonic uneven-
ness superposition, simulated the continuous changes of vehicle forces in the time 
domain and space domain using the precise integration method (PIM), and studied 
the non-stationary random vibration of the vehicle bridge coupling system [6]. Wang 
et al. studied the vehicle bridge coupling vibration of hyperbolic arch bridge under 
random traffic flow [7]. Sun et al. compiled the load spectrum of random traffic flow 
and analyzed the dynamic deflection and overall stiffness characteristics of T-beam 
bridge under random traffic flow [8]. Wu et al. established a Euler Bernoulli simply 
supported beam with non Gaussian material parameters by using spectral stochastic 
finite element method. Assuming that the road roughness is a Gaussian stochastic 
process, they analyzed the dynamic response of the bridge under vehicle load [9]. Ye 
et al. simplified the bridge as a Euler Bernoulli beam model simply supported at both
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ends, considered the two degree of freedom vehicle moving system, and took the 
power spectral density function of the surface roughness of the bridge deck structure 
as the input, established a coupling mechanical analysis model of multiple mobile 
vehicle systems and bridges. Through the state space theory and the general theory 
of evolutionary random process, the method of solving the evolutionary random 
response of the whole vehicle bridge coupling system is given by using the modal 
analysis method. The theoretical formulas of the mean square value response of 
the bridge section displacement and section bending moment and the evolutionary 
power spectral density function are derived. The changing rules of the root mean 
square value response of the bridge midspan displacement under different bridge 
spans, different deck levels, and different vehicle moving speeds are discussed [10]. 
Kozar et al. established a vehicle bridge coupling vibration model based on the spec-
tral method [11]. Zhang et al. established a space vehicle bridge coupling vibration 
model, taking vehicle speed, pavement conditions, etc. as random variables, and 
studied the fatigue reliability and residual life of existing bridges [12]. 

Under the condition of uneven bridge deck, the impact coefficient of the bridge can 
not be ignored when the vehicle is running at low speed. The systematic research on 
the impact coefficient of bridges under the action of low-speed heavy cargo transport 
vehicles is even more blank. In order to provide basis for the safety assessment of 
large transport bridges and eliminate potential safety hazards, this paper discusses 
the influence of various factors on the impact coefficient of bridges. 

2 Bridge Structure Model 

Taking the 20 m span fabricated prestressed concrete simply supported box girder (the 
width of the integral subgrade is 28 m, as shown in Fig. 1) in the general drawing of 
highway bridges as an example, the space girder method model is established. The 
change of structural stiffness is represented by different concrete strength grades. 
The corresponding elastic modulus of C45, C50 and C60 concrete is 33500 MPa, 
34,500 MPa and 35,500 MPa, respectively. 

Fig. 1 Cross section of precast box girder. (Unit: mm)
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Fig. 2 Damping ratio 

In the vibration problem of bridge structures, damping ratio is an important factor 
affecting the dynamic response of structures. In order to discuss the impact coefficient 
of damping ratio, this paper compares three Rayleigh damping in the empirical range, 
as shown in Fig. 2. 

3 Vehicle Model 

Take the low platform semi-trailer as an example to analyze the vehicle bridge 
coupling vibration. The basic parameters of the vehicle structure are: L1 = 2.5 m, 
L2 = 0.5 m, L3 = L4 = 1 m,  L5 = 10 m, L6 = 0.2 m, L7 = 1.8 m, L8 = 2 m,  B = 
1.8 m, Except that the front axle tires are single wheels, the other wheels are multiple 
wheels. The relevant parameters of multiple wheels are twice that of single wheels. 
The mass of single wheel is 335 kg, the stiffness of single wheel is 2400 kN/m, the 
damping coefficient of single wheel is 6, the stiffness of single wheel suspension is 
1200 kN/m, and the damping coefficient of single wheel suspension is 5; The head 
mass m1 is 18000 kg, and the body mass m2 is 88000 kg; The nose pitching moment 
of inertia is 30000, and the body pitching moment of inertia is 150000; The overall 
rolling moment of inertia of the vehicle is 45000. 

Figure 3 shows the main vibration modes and frequencies of the low platform 
semi-trailer. The first vibration mode of the vehicle is the overall vertical translation 
of the vehicle; The second mode is the overall pitching motion of the vehicle, and 
the vibration of the vehicle head and body is in phase.
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Fig. 3 Main vibration modes and frequencies of low plate semi trailer 

4 Sensitivity Analysis of Impact Coefficient 

Figure 4 shows the dynamic response of prefabricated box girder under the action of 
low plate semi-trailer in numerical test 1. It can be seen from the figure that when the 
vehicle is driving in the middle, there will be two big peaks in the dynamic response 
curve of the prefabricated box girder, which is related to the longitudinal distribution 
of wheel force; The dynamic response of center beam is greater than that of side 
beam; The difference of bending moment between center beam and side beam is 
relatively small, and the difference of deflection is relatively large; Compared with 
the center beam, the supporting shear force of the side beam is smaller.

The range analysis method can be used to analyze the results of orthogonal test, 
which generally includes two steps: calculation and judgment, as shown in Fig. 5. 
Kjm in the figure is the sum of the test indexes corresponding to the level of factor 
m in column j, which is the average value. The optimal level of factor j and the 
horizontal combination of various factors can be determined by the size of Kjm, that 
is, the optimal combination. Rj is the range of the factors in column j, that is, the 
difference between the maximum and minimum average values of the indicators at 
each level of the factors in column j. Rj reflects the change range of the test index 
when the level of the factor in column j changes. The larger the index is, the greater 
the influence of the factor on the test index. Therefore, the more important it is, and 
the primary and secondary factors can be determined. 

R j = max(K j1, K j2, · · ·  , K jm) − min(K j1, K j2, · · ·  , K jm) (1)

In addition, the horizontal variation curve of bending moment, deflection and 
shear impact coefficient with 12 influencing factors is shown in Fig. 6.

It can be seen from the figure that, in most cases, the deflection impact coefficient 
> the bending moment impact coefficient > the shear impact coefficient, and the 
deflection impact coefficient is close to the bending moment impact coefficient, with 
the same change trend; With the increase of the elastic modulus of the structure, that 
is, the stiffness of the bridge superstructure, the impact coefficient increases.
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Fig. 4 Dynamic response of precast box girder under the action of low plate semi trailer

Fig. 5 Range analysis chart 
of influencing factors
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Elastic modulus of concrete Rayleigh damping constant 

Vehicle speed 

Vehicle pitch moment of inertia 

Tire stiffness coefficient 

Bridge deck flatness grade 

Vehicle mass 

Rolling moment of inertia of vehicle 

Fig. 6 Curve of impact coefficient changing with influencing factors
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Vehicle vertical translational speedSuspension damping coefficient                       

Fig. 6 (continued)

5 Conclusion 

When large transport vehicles are traveling across the bridge at low speed, the impact 
coefficient calculated after considering the factors such as the unevenness of the 
bridge deck, the stiffness of the bridge structure, and the vehicle mass cannot be 
ignored. In the existing safety assessment of large transport bridges, the practice of 
ignoring the impact coefficient of vehicle load often makes the bridge structure in a 
state of potential safety hazard. 

The impact coefficient is affected differently by different factors. For mid span 
deflection and bending moment, the primary and secondary order of impact coeffi-
cient influencing factors is: concrete elastic modulus > bridge deck flatness grade > 
vehicle speed > structural Rayleigh damping constant, and other factors have weak 
influence. For shear force, the primary and secondary order of influencing factors 
of impact coefficient is: vehicle speed > elastic modulus of concrete > bridge deck 
flatness grade > structural Rayleigh damping constant, and other factors have weak 
influence. 
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Study on Microstructure of Malan Loess 
by SEM 

Xiaojun Yin and Lanmin Wang 

Abstract The structure is the main factor of loess collapsibility. Whether the 
collapsible deformation of loess can occur completely depends on whether the struc-
tural strength can be lost and the degree of loss. The microstructure of Malan loess was 
analyzed by scanning electron microscope, and the images with magnification of 500 
and 1000 were obtained from three different angles. Through analysis, it is concluded 
that the structure of the loess soil sample is granular. The mechanism of microstruc-
ture changes of Malan loess after encountering water was revealed. The particles are 
mostly plate-like, long-columnar, sub-angular, partially sub-circular, mostly single-
particle structure, with a small number of particles. The contact between particles 
is mainly point-to-point contact, point-angle contact, and a small number of point-
to-point contacts. Macroscopically, the soil becomes dense. Microscopically, the 
point-to-point contact with relatively large friction between particles has changed 
into the face-to-surface contact with less friction. 

Keywords Malan loess · SEM · Loess collapsible ·Microstructure 

1 First Section 

1.1 A Subsection Sample 

The shape of loess particles often contains the origin of loess and the source of loess. 
It is generally believed that the loess plateau is formed by the accumulation of wind 
dust in the northwest desert region. However, some experts believe that there are 
large areas of thick loess of different ages distributed in the southeast of the loess
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plateau. After study, it is believed that the formation of these loess may be different 
from that of the loess plateau. The particle morphology can reflect the deposition 
rate, the formation process and the later stress state. Therefore, the study of particle 
morphology in microstructure photos is helpful to understand the origin of soil and 
related physical and mechanical properties. 

Structure [1–4] is the main factor of loess collapsibility. Whether loess collapsible 
deformation can occur depends entirely on whether the structural strength can be lost 
and the degree of loss. Before structural failure, the compressibility of undisturbed 
loess is very small. After the structure is damaged, the compressibility increases 
significantly. 

The structure of loess in northern China has been classified and studied [5–8] by  
scanning electron microscope, and the relationship between microstructure category 
and collapsibility coefficient has been summarized. The mercury intrusion method 
has been used to reveal the distribution characteristics of loess pores, the relationship 
between pore size distribution and collapsibility. 

The type of microstructure is directly related to the magnitude of seismic subsi-
dence deformation [9–11]. The anisotropy and strength difference of dynamic defor-
mation caused by different types of microstructure are different. The author believes 
that for the constitutive problem of structural soil, the problem of deformation 
strength difference caused by different microstructure of soil should be solved first. 
The deep reasons that affect the residual deformation of soil samples are found from 
the microscopic aerial pore level of soil, and the theory of graininess and gas–solid 
two-phase is introduced, and the microscopic method of soil research is proposed. 
Xie [12] found the following phenomena in the dynamic elastic modulus test: loess 
with low water content is different from ordinary saturated clay or sand, and its influ-
ence range under dynamic load is gradually developing from the top of the sample. 
In the test [9], the dense accumulation of particles can be clearly observed, and the 
macroscopic performance is that the upper soil layer becomes dense while the lower 
soil layer at a certain depth is basically unchanged. This phenomenon is caused by 
the graininess of loess [13–19]. According to the particle theory, when the dynamic 
stress of soil particles is very small, the deformation of soil samples can only occur 
at a certain height. The underlying soil layer has no particle conduction, the particles 
arch and block, and the energy terminates. The macroscopic phenomenon is similar 
to “elasticity”. That is, the propagation of force by soil particles is layered, and each 
layer has a maximum value of critical deformation under a certain dynamic stress. 

In this study, the morphology and structure of Malan loess particles were analyzed 
by scanning electron microscope, and its microstructure mechanism was studied.
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Fig. 1 SEM 

2 SEM Test of Malan Loess 

2.1 SEM Test 

The loess sample was taken from a natural loess slope in Shanzidun Village, Lanzhou 
New District as the prototype, the soil belongs to Malan loess, that is Q3 loess. 

Scanning electron microscope MX2600FE, experimental apparatus is shown in 
Fig. 1. 

The main technical indicators of SEM: 
VP variable pressure mode resolution: 
5.0 nm guarantee index; 
Magnification range: 15x ~ 30000x; 
Acceleration voltage: 0.5 kV ~ 30 kV; 
Maximum sample size diameter: 60 mm; 
Range of electric moving image: ±10 μm ~  ± 40 μm; 

2.2 Loess Sample of Test 

The test site is located in a certain area of Shanzidun, Lanzhou New Area, belonging 
to the natural slope of Class III terrace on the south bank of the Yellow River. The 
soil layer is relatively thick, belonging to weathered Q3 loess, and the loess layer is 
silt and silty clay. The natural height of the slope is 25 m. No underground water is 
found within the depth of 20 m underground. The soil samples used were taken from 
a depth of 6.5 m in the slope, and the natural dry density of the test sample was about 
1.33 g/cm3. In order to control different suction, adjust the water content to 20%.
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3 Results of the Test 

3.1 SEM Results with Magnification of 500 Radius 

Figure 2 shows the electron microscope image of the loess sample at a magnification 
of 500 times. It can be more clearly seen in the electron microscope image of the 
loess that the internal porosity of the loess can be seen, and the morphology of the 
loess particles is mainly composed of two types of structures, namely, agglomerate 
and granular—agglomerate, and the contact of the skeleton particles can be seen. At 
this magnification, it can be clearly seen that the soil particles with the size of clay 
particles are mainly filled between the skeleton particles, and a small part adhere to 
the surface of the skeleton particles. It can be seen that the microscopic type of loess 
is mainly skeleton structure.

3.2 SEM Results with Magnification of 1000 Radius 

The above image shows the electron microscope image of loess at a magnification of 
1000 times. At this magnification, most particles can be seen in the image. Obviously, 
the main constituent minerals of the powder are still rock-forming minerals such as 
quartz, feldspar and mica. These minerals have good crystalline morphology, which 
are mostly flaky, massive and granular, and have certain symmetry (Fig. 3).

Under this magnification, it can be clearly seen that the contact between the coarse 
particles of loess, the contact relationship between the coarse particles and the fine 
particles, as well as the support pores and some embedded pores formed between 
them can also be identified and analyzed. The loess structural information that can 
be reflected has a good overall structure. 

3.3 Calculation of Experimental Results 

A. Resolution 

The smallest distance between two points that can be distinguished. 

R = 0.61λ 
nsinα 

(1) 

where, λ is wavelength; n is index of refraction; R is aperture radius (Table 1).
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Fig. 2 Magnification of 500 radius
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Fig. 3 Magnification of 1000 radius

Table 1 Wavelength of 
different tests λ Actual resolution 

LM 400 nm 200 nm 

SEM 0.007 nm 1.0 nm 

TEM 0.0025 nm 0.2 nm
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B. Depth of Focus

� f =
(
0.2 

M 
− d

)
D 

a 
(2) 

where D is the working distance; A is the aperture of the objective diaphragm, M is 
the magnification, and d is the diameter of the electron beam. Large depth of field 
images can be obtained with long working distance, small objective aperture and low 
magnification. 

4 Discussion 

From the above two sets of scanning pictures, it can be seen that the Malan loess is in 
granular structure: the particles are mostly tabular, long columnar and sub-angular, 
some are sub-circular, most are single-particle structure, and a few particles are 
concentrated. The contact between particles is mainly point-to-point contact, point-
to-point contact, and a few point-to-point contacts. The particles have clear edges 
and corners, and the friction between them is large. It is easy to support each other 
to form a support overhead structure, and the pores between particles are clearly 
visible.
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Under the action of dynamic load, the overhead structure of Malan loess support 
was damaged, and smaller soil particles were squeezed into the pores, while the 
macropore structure further changed into microporous structure. The contact mode 
between particles has also changed from point-to-point contact and point-rigid 
contact to edge-to-surface contact and surface-to-surface contact. Macroscopically, 
the soil becomes dense; Microscopically, the point-to-point contact with relatively 
large friction between particles has changed into the face-to-surface contact with less 
friction. 

5 Conclusions 

The surface characteristics and arrangement of the loess particles, the microstructure 
of the loess, the structure of the pores, and the contact of the loess skeleton particles 
were observed with the scanning electron microscope under different magnification. 
The following conclusions are drawn. 

Two sets of scanning pictures show that the Malan loess is in granular structure. 
The particles are mostly plate-like, long-columnar, sub-angular, partially sub-

circular, mostly single-particle structure, with a small number of particles. The 
contact between particles is mainly point-to-point contact, point-angle contact, and 
a small number of point-to-point contacts. 

Macroscopically, the soil becomes dense; Microscopically, the point-to-point 
contact with relatively large friction between particles has changed into the 
face-to-surface contact with less friction. 
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“L” Shaped Short Bench Excavation 
Method with Small Step Spacing 

Bo Wang, Gang Hao, Juwei Hou, and Defeng Zhang 

Abstract This paper takes the Nanjing Hengjiang Avenue construction project as 
the background and the finite element ABAQUS software as the platform. The 3D 
digital model of foundation pit excavation is established, and the influence of step 
construction method and L shape short step construction method on the deforma-
tion of foundation pit supporting structure and concrete supporting axial force is 
calculated and analyzed. After comprehensive analysis of mechanical construction 
efficiency, operating space and safety, the final selection of “L” shaped short step short 
distance construction method. The influence of erection time on supporting structure 
is analyzed, and the final determination is within 10 h. Finally, by comparing the 
simulation of foundation pit with the measured value, it is concluded that the defor-
mation considering creep is close to the measured value, which is very important for 
the study of foundation pit deformation. 

Keywords Step type · “L” shaped short step distance · ABAQUS · Erection time ·
Deformation · Supporting axial force 

1 Introduction 

Deep foundation pit engineering involves supporting structure and soil deforma-
tion analysis, supporting structure soil and water pressure calculation, foundation 
pit overall stability analysis, deformation and protection of surrounding buildings 
and other aspects of surface settlement and deformation of supporting structure are 
the key to the success of deep foundation pit engineering construction [1–3]. At 
present, the deep foundation pit is developing towards the direction of larger scale, 
deeper depth, more complex surrounding environment and more strict excavation
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deformation control. Strict control of the surface settlement around the excavation 
of deep foundation pit and the deformation of supporting structure is the key to the 
success of deep foundation pit construction [4, 5]. This paper takes the foundation 
pit engineering of an existing project in Nanjing as the background, combined with 
the unique characteristics of the silty soil layer in this area (the silty soil generally 
has “three high and three low” characteristics: high water content, low permeability, 
high sensitivity, low strength, high compressibility and low density) [3]. Its special 
engineering mechanical properties also bring difficulty to the design and construc-
tion of support, dewatering and excavation of foundation pit engineering in silty soil 
area [5]. The alternating deposition of silt or clay and silty soil forms the interlayer of 
clay and silty soil or the microbedding structure with multiple thin silty sand layers 
only 1–2 mm thick in the thick cohesive soil, among which the silty cohesive soil 
layers in the floodplain area of the Yangtze River are the most typical [6]. 

In the excavation of large excavation excavation, it is necessary to consider the 
temporal and spatial effects of soil mass, such as “center island method” and “basin 
excavation method” [7–15]. However, there is a lack of relevant literature reports in 
the silty soil layer. According to the characteristics of the existing foundation pit, 
based on the theory of “spatio-temporal effect”, the foundation pit excavation method 
of slope layer, section and block is formed, which is widely used because of its good 
deformation control effect. But at the same time, the construction of foundation pit 
is very practical, and there are many factors affecting the excavation and support of 
earth, including subjective management factors and objective weather and technology 
factors. Under various factors, it is easy to cause the unsupported exposure of the 
enclosure structure for a long time, and the actual deformation of foundation pit 
is usually much larger than the theoretical requirements (14). Therefore, how to 
reduce unsupported exposure time during block excavation through optimization of 
earthwork excavation process is the key to deformation control. 

The excavation process of silt foundation pit has obvious spatio-temporal effect 
[16], so it is necessary to study the deformation characteristics of foundation pit 
supporting structure under different earthwork excavation methods, so as to deter-
mine the earthwork excavation method suitable for large-span silt foundation pit 
[17]. The excavation of foundation pit mainly adopts the step excavation method of 
stratified section. However, in the process of excavation of silt foundation pit, the 
construction time of step excavation method is longer, and the mechanical running 
back and forth will increase the disturbance times to the enclosure structure and 
soil mass, and the soil mass creep deformation is larger. At the same time, for the 
foundation pit with limited operating space, the step excavation will obviously affect 
the mechanical operation. In view of the silt soil foundation pit with strong creep, 
it is in urgent need of an excavation method with fast construction and high safety 
performance. Therefore, it is of practical social and economic significance to develop 
an efficient excavation method.
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2 Rsearch Method 

The foundation pit with the largest depth and width (270 m*63 m) in this project 
is selected as the research object, and two excavation methods of step type and “L” 
shaped short step construction are adopted respectively. The deformation character-
istics of foundation pit supporting structure under different excavation conditions are 
studied by numerical simulation method and compared and optimized. 

The foundation pit excavation model is established for calculation. The upper and 
lower layers of internal support are adopted, the first layer is concrete support, and 
the lower layer is steel pipe support. The foundation pit model is shown in Fig. 1. 

2.1 Step Excavation 

As shown in Fig. 2, the foundation pit is divided into a 30 m section with a total of 
8 construction sections. Numerical simulation calculation of the stepped excavation 
method is carried out. The specific sequence of excavation methods is shown in 
Table 1. 

Fig. 1 Foundation pit model 

Fig. 2 Division of construction section
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Table 1 Step excavation sequence 

Working condition Excavation condition 

1 Construction Sect. 1 was excavated to 5 m and steel support was erected 

2 Construction Sect. 2 was excavated to 5 m and steel support was erected 

3 Construction Sect. 1 was excavated to the basement 

4 Construction Sect. 2 was excavated to the basement 

2.2 "L” Shape Short Step Distance Construction Technology 

The process principle of “L” shaped short step small step construction technology is 
as follows. In Fig. 3, the A-A profile of the foundation pit adopts slope excavation, 
and when excavating to a depth of 5 m, a 3 m wide working platform is set for the 
excavator to operate. The B-B profile adopts a slope with a relatively small slope for 
grading and excavation. At the same time as the A-A profile is excavated, the B-B 
profile is excavated in advance, and the steel support is erected when the foot of the 
base slope is excavated to the lower part of the steel support. After the steel support 
is erected, the back cover work is carried out. 

The A-A profile of the foundation pit adopts PC320 model excavator to excavate 
vertically down the excavation surface, and PC400 model excavator to excavate on 
one side. Initially, two excavators pour the soil into the muck truck at the same time, 
and after excavating to a depth of 3 m, the PC320 excavator pours the soil to the 
PC400 excavator, and the PC400 excavator pours the soil into the muck truck. After 
the excavation of the foundation pit to 5 m, a 3 m wide working platform is set up, and 
the bottom of the foundation pit is transported to the excavator on the step by PC320 
excavator, and then transferred to the excavator in the upper part of the foundation 
pit, and the upper excavator is poured into the muck truck, and the three excavators 
are pushed forward at the same time, the specific construction steps are shown in 
Fig. 4.

Profile B-B in Fig. 3 adopts slope with relatively small slope for slope excavation, 
and the excavation depth is 5 m. At the beginning of the excavation, PC320 excavator 
was used to excavate vertically down the working face, and PC400 was used for slope 
lowering. After the excavation depth was 5 m, two excavators were used to promote

Fig. 3 The plan of the foundation pit excavation 
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(a) Construction step 1 (b) Construction step 2             (c)Construction step 3 

(d)Construction step 4 (f) Construction step 5 

Fig. 4 Long distance direction slope excavation process of foundation pit

the excavation horizontally. A step 3 m wide is reserved for the construction of the 
5 m deep foundation pit, and the same slope as A-A profile is used to excavate the 
foundation pit below 5 m. The excavation sequence of B-B profile is shown in Fig. 5. 

The A-A profile and B-B profile shall be excavated along the long distance direc-
tion at the same time. When the excavation reaches the pit corner the Angle shall 
be closed by the excavation on both sides. The specific construction procedure as 
shown in Fig. 6.

(a) Construction step 1 (b) Construction step 2 

(c) Construction step 3 

Fig. 5 Excavation steps of B-B section 
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(a) Construction step 1 (b)  Construction step 2          (c) Construction step 3 

Fig. 6 Construction method of “L” shaped short step spacing 

3 Results and Discussion 

3.1 Step Excavation 

According to the simulation results in Figs. 7 and 8, when the stepped excavation 
method is adopted, the deformation of the foundation pit is relatively stable during the 
whole excavation process. When the construction Sect. 2 is excavated to the bottom 
of the foundation pit, the deformation of the supporting structure is 33.95 mm and the 
maximum axial force is 742.3 kN. Overall, the deformation of supporting structure 
is within the safe range. 

Fig. 7 Deformation of stepped excavation retaining pile 

Fig. 8 Step excavation concrete supports axial force
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3.2 “L” Shape Short Step Distance Construction Technology 

The reinforcement depth of the strips is taken as 3 m, and the width of the soil strips 
between the strips is taken as 3.35 m. The influence of the reinforcement width on 
the deformation of the foundation pit is studied. 

3.3 “L” Shape Short Step Distance Construction Technology 

According to Fig. 7, 8, 9 and 10 and Table 2, by comparing the maximum deformation 
of the supporting structure and the maximum axial force of the concrete support 
with the two excavation methods, it can be seen that the construction method of 
“L” shaped short step is slightly larger than that of the step excavation. The reason 
is that the support construction method of “L” shaped short step is set up later 
and the soil creep deformation is more obvious. According to the requirements of 
Technical Regulations DGJ32/J189-2015 for the Monitoring of Building Foundation 
Pit Engineering in Nanjing Area, the early warning value of concrete support axial 
force is determined to be 800 kN based on the specific situation of this project and the 
experience of similar projects. The two excavation methods do not exceed the safe 
value range. However, considering the mechanical construction efficiency, operating 
space and safety, the construction method of “L” shaped short step is suitable for the 
excavation of silt long distance foundation pit. 

Fig. 9 Construction method of “L” shape short step and short distance excavation deformation 

Fig. 10 The construction method of “L” shaped short step and short distance excavation axial force
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Table 2 Comparison of two excavation methods 

Excavation method Maximum deformation of 
supporting structure (mm) 

Maximum axial force of 
concrete support (kN) 

Step type 33.95 742.3 

Construction method of “L” 
shaped short step spacing 

34.69 766.5 

4 Influence of Erection Completion Time on Supporting 
Structure 

In the construction process, the foundation reinforcement, SMW construction pile 
and concrete support are all completed before the excavation. In the construction 
process, the two-layer steel support is set up when the base slope foot is excavated to 
the lower part of the steel support. The erection time of the support is an important 
factor affecting the deformation and stability of the foundation pit. Determining the 
erection time of the support can not only improve the overall safety of the foundation 
pit, but also improve the construction efficiency, so the erection time of the support 
is explored and analyzed. Based on the construction method of “L” shaped short 
step and small distance, the simulation calculation is carried out in seven cases: steel 
support is erected immediately when the foundation pit bottom slope is excavated to 
the lower part of the steel support, and steel support is erected 2 h, 4 h, 6 h, 8 h, 10 h 
and 12 h after the excavation to the bottom slope. 

The calculation results of Table 3 are analyzed in combination with Fig. 11. 
When the support erection time is not considered, the displacement and axial force 
of the foundation pit are both smaller than the values considering the erection time, 
indicating that time has a great influence on the displacement and deformation of 
the foundation pit. The axial force and displacement of concrete support for foun-
dation pit gradually increase with the increase of erection time, and the increase 
rate gradually decreases. Therefore, the creep deformation is mainly concentrated in 
the early stage after the completion of excavation. Erection in time can effectively 
reduce the influence of creep deformation on foundation pit deformation. According 
to Technical Regulations DGJ32/J189-2015 for Construction Foundation Pit Engi-
neering Monitoring in Nanjing Area, the horizontal displacement of the foundation 
pit is within the safe range, and according to the regulations of GB50497-2019 for 
Construction Foundation Pit Engineering Monitoring and similar engineering expe-
rience, it can be known that the warning value of concrete support axial force is 800 
kN. When the steel support is erected 12 h after the foundation pit excavation to the 
foot of the slope, the supporting axial force exceeds 800 kN, and the steel support is 
still within the safe range after the erection 10 h. Therefore, the completion time of 
steel support erection should be controlled within 10 h for the construction method 
of “L” shaped short steps.
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Table 3 Calculation result 

Number Time for erection of support Maximum horizontal 
displacement of retaining pile 
(mm) 

Maximum axial force 
of concrete support 
(kN) 

1 Erection immediately after 
excavation to the foot of slope 

34.69 766.5 

2 Set up 2 h after  excavation  to  
the foot of slope 

35.84 784.1 

3 Set up 4 h after  excavation  to  
the foot of slope 

36.13 789.3 

4 Set up 6 h after  excavation  to  
the foot of slope 

36.29 793.5 

5 Set up 8 h after  excavation  to  
the foot of slope 

36.40 796.4 

6 Set up 10 h after  excavation to  
the foot of slope 

36.49 799.1 

7 Set up 12 h after  excavation to  
the foot of slope 

36.56 801.6 

Fig. 11 The displacement axial force of foundation pit varies with the time interval of erection 

5 Comparison between Simulation and Measured Values 
of Foundation Pit 

According to the construction method of “L” shaped short step and short distance, 
the erection time of steel support is 10 h. The overall deformation of A, B and C 
foundation pit after excavation is studied (Fig. 12 and Table 4).

Figures 14 and 15 are the comparison of simulated and measured results of hori-
zontal displacement and surrounding settlement deformation of foundation pit A, B 
and C respectively. The location of measuring points is shown in Fig. 13. From the
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 (a) Excavation displacement (b) Vertical displacement of foundation pit 
excavation 

Fig. 12 Excavation of foundation pit deformation 

Table 4 Calculation result 

Number Excavation 
length (m) 

Maximum horizontal displacement of 
retaining pile (mm) 

Maximum 
settlement (mm) 

Basal uplift 
(mm) 

A 275 36.31 14.17 57.62 

B 240 37.53 14.80 58.08 

C 280 35.62 14.02 56.41

whole simulation, the displacement of foundation pit matches the simulation. It can 
be seen from the contrast curve of surrounding settlement that the variation trend 
of the simulation results is basically consistent with the measured values, and the 
maximum settlement value is 5–10 m. At the same time, the measured values are 
close to the deformation after considering creep. Therefore, considering creep has a 
very important role in the study of foundation pit deformation. 

When creep is considered in foundation pit A, B and C, deep horizontal displace-
ment and surrounding settlement increase, while the maximum displacement points 
of deep horizontal displacement and surrounding settlement do not change. When 
creep is considered, the displacement increases obviously above the basement, while 
the horizontal displacement decreases obviously after reaching the basement. The 
surrounding settlement is the most obvious at the position 10 m away from the pit 
edge, and the influence of creep is also the most obvious. After the completion of 
excavation of A, B and C foundation pits, the displacement and supporting axial force 
of the foundation pits do not exceed the warning value, and the supporting structure 
and excavation method of the foundation pits meet the requirements of excavation.

Fig. 13 A, B, C foundation pit measuring point location
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Fig. 14 Horizontal displacement simulation—measured comparison curve 

Fig. 15 Comparison curve between simulated and measured peripheral settlement

6 Conclusion 

By studying the excavation method of the foundation pit, comparing the proposed 
construction method of “L” shaped short steps with the step method, comprehensively 
considering the safety and economy of the foundation pit, the following conclusions 
are drawn:
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(1) The construction method of “L” shaped short steps and small steps can effec-
tively avoid the disturbance of the enclosure structure and soil mass caused by 
the mechanical running back and forth, and has advantages over the step excava-
tion in mechanical operation and excavation, which can significantly reduce the 
construction time and also meet the requirements of the excavation specification. 

(2) In view of the erection time of steel support in the construction method of “L” 
shaped short step, it is determined that the erection time of steel support should 
not exceed 10 h, and the supporting axial force and structural displacement 
gradually increase with the erection time. 

(3) By comparing the simulation results with the measured values, the deformation 
after considering creep is close to the measured values. Considering creep has 
a very important role in the study of foundation pit deformation. 
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Study on the Effect of Surface-Base Bond 
State on the Mechanical Response 
of Cement Concrete Pavement 

Leqiang Shen, Chunzhen Chang, Renliang Guo, and Hao Han 

Abstract To study the influence of the surface-base bond state on the mechanical 
response of cement concrete pavement, a pavement structure model was established, 
and the bond coefficients were set between the cement concrete surface and the poor 
cement concrete base for stress and strain analysis. The research results show that: 
(1) The horizontal tensile stress and shear stress at the bottom of the surface layer 
both significantly decreased with an increase in the surface-base bonding coefficient, 
whereas the horizontal tensile stress at the bottom of the base layer increased overall 
and the shear stress dropped. (2) After the surface-base bonding coefficient increases 
to 6.0, the stresses reach a steady state and the surface-base bonding state is nearly 
completely continuous. In the actual project, the concrete slab can be poured directly 
before the initial setting of the poor cement concrete base, so that the best combination 
between the surface-base can be achieved, thus prolonging the pavement’s service 
life. 

Keywords Cement concrete · Poor cement concrete base · Surface-base bond 
state · Mechanical response 

1 Introduction 

Poor cement concrete substrates are rigid substrates with advantages such as high 
strength, good integrity and stability. It is widely used in cement concrete pavement 
structures for heavy traffic because it can support the surface concrete slab well and 
transfer the load between slabs. Experimental studies have been conducted to show 
that the cement concrete surface layer is semi-bonded with the poor concrete base
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and is not ideally bonded or separated [1]. Different interface treatment methods can 
produce large differences in the bonding state of the surface and subgrade, affecting 
the structural forces of the pavement [2, 3], mainly in the interface shear strength 
[4]. Hu et al. [5] and Zhang et al. [6] found that the interlaminar bond state has 
a significant impact on the stress at the base of the face layer, but the change law 
of stress in different face-base bond states is not clearly proposed. To this end, 
this research builds a finite element model of the pavement structure, and different 
bonding coefficients are assigned between the cement concrete surface layer and the 
poor cement concrete base layer to analyze the stress variation law of each structural 
layer with the bonding coefficient and provide a theoretical foundation for the design 
of cement concrete pavement with poor cement concrete as the base layer. 

2 Finite Element Model of Cement Concrete Pavement 

2.1 Model Building 

In this paper, an elastic laminated half-space foundation model is used to simulate 
the pavement structure, which is 3.5 m wide and 5.0 m long. Since most heavy-
duty pavement structures will have a subgrade, to reduce the difficulty of the model 
analysis, the subgrade and roadbed are converted to an equivalent roadbed with a 
modulus of 200 MPa. Table 1 shows the thickness and material characteristics of 
each structural layer. 

2.2 Grid Division 

The accuracy of the computation results and the rate of convergence are directly 
impacted by the grid division quality. In this paper, the grid division of the base 
and foundation is the same as the surface layer in the plane, and the division size is 
0.05 × 0.05 m, so that the nodes correspond to each other to improve the calculation 
accuracy.

Table 1 Material parameters and each structural layer’s thickness 

Structural layers Thickness (h/mm) Elastic modulus (E/MPa) Poisson ratio (µ) 

Cement concrete surface 
layer 

280 31,000 0.15 

Poor cement concrete 
base 

200 14,000 0.15 

Equivalent road base 2000 200 0.35 
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2.3 The Setting of Interlayer Contact 

In this paper, interlayer contact is set between cement concrete panel and poor 
concrete subgrade, and different bonding coefficients are used to simulate the bonding 
state between surface and subgrade, which are set to a completely continuous state, 
completely separated state, and semi-bonded state. The completely continuous state 
is represented by a binding coefficient of+∞, the completely separated state is repre-
sented by a binding coefficient of 0, and the semi-bonded state uses seven binding 
coefficients of 0.5, 1.0, 1.5, 2.0, 4.0, 6.0, and 10.0. 

2.4 Define Boundary Conditions and Apply Loads 

In this paper, when imposing the boundary conditions of the finite element model, 
all the degrees of freedom at the bottom surface of the soil base are constrained, 
and the degrees of freedom normal to the face and around the following layers are 
constrained. Wheel loads are generally assumed to be circular uniform loads with an 
axle weight of 100 KN, and the wheel loads are equated to 25 nodes [7], as depicted 
in Fig. 1 (Table 2). 

To study the effect of the surface-base bond state on the mechanical response of 
the cement concrete pavement structure, the travel load is applied to the middle of 
the longitudinal joint edge of the cement concrete panel in this paper. The geometric 
relationship between the location of the load action and the pavement panel is shown 
in Fig. 2, with the shaded part of the figure showing the wheel marks. z indicates the 
direction of travel and x indicates the direction of road width.

Fig. 1 Nodal force calculation schematic 

Table 2 Displays the outcomes of the nodal force superposition 

Loading 
location 

AEUY BDFJPTVX CKOW GIQS HLNR M 

Node stacking 
method 

3 4 + 7 8 + 8 1 + 6 + 6 + 9 9 + 5 + 5 + 9 4 × 9 

Loads (N) 68 641 1038 1661 1750 1752 
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Fig. 2 Schematic diagram 
of the location of the load 
action 

3 Influence of Surface-Base Bond State on Pavement 
Mechanical Properties 

3.1 Horizontal Tensile Stress at the Bottom of the Surface 
Layer and the Bottom of the Base Layer 

The tensile stress at the bottom of cement concrete pavement structure is one of the 
main factors to be considered in pavement design. The significance of the effect of 
the surface-base bonding state on horizontal and vertical stresses is related to the way 
of stress transfer. Both the interlayer smooth model and the contact model assume 
that vertical stresses can be transferred continuously in the vertical direction, so the 
surface-base bonding state has almost no effect on vertical stresses. In this paper, 
we only analyze the horizontal tensile stresses under different surface-base bonding 
states, and obtain the horizontal tensile stresses at the bottom of the surface layer and 
the bottom of the base layer along the middle of the road longitudinal joints under 
different surface-base bonding coefficients by finite element simulation, as shown in 
Table 3.
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It can be seen from Table 3 that the surface-base bond coefficient has a great 
influence on the horizontal stress at the bottom of the surface plies. Since the bending 
and tensile stresses in concrete pavement panels are precisely the control index 
for cement concrete pavement design, the surface-base bond condition needs to 
be considered when performing cement concrete pavement design. The horizontal 
tensile stress at the base of the subgrade plies does not always increase with the 
increase of the surface-base bond coefficient. The maximum value of tensile stress 
was found when the surface-base bonding coefficient was 4.0. 

The tensile stresses in the x- and z-direction at the bottom of the surface layer 
are lowering with an increase in the surface-base bonding coefficient, therefore 
increasing this bonding coefficient will be advantageous. When the surface-base 
bonding coefficient is in the range of 0–2.0, the tensile stress value decreases faster, 
and decreases gradually in the range of 2.0–6.0. When the surface-base bonding 
coefficient is greater than 6.0, the horizontal tensile stress is basically stable and 
unchanged. With the increase of the surface-base bonding coefficient, the horizontal 
tensile stress at the bottom of the base layer tends to rise in general, and the change 
of the stress value is much smaller than that of the tensile stress at the bottom of the 
surface layer. When the surface-base bonding coefficient reaches 6.0, the horizontal 
stresses in the x-direction and z-direction are basically stable. 

From this, it can be seen that the tensile stress at the bottom of the surface plies 
generally tends to decrease with the increase of the surface-base bonding coefficient, 
while the horizontal tensile stress at the bottom of the subgrade plies generally 
increases slightly. The influence of surface-base bonding coefficient on the tensile 
stress at the bottom of the face layer is larger, and the influence on the bottom of the 
base layer is smaller. When the surface-base bonding coefficient is greater than 6.0, 
the horizontal tensile stresses at the bottom of both the surface layer and the bottom 
of the base layer tend to be stable, and the difference in stress values is not large. Liu 
[8] and Zhang et al. [9] found that concrete slabs poured directly on the subgrade 
could achieve a combined surface-base friction coefficient of 6.0 and the interface 
bond between the surface and the substrate base was maximum. Liu et al. [10] found 
that the bending and tensile stress at the bottom of the layer were the smallest when 
the base was formed in one pour, and the bending and tensile stress at the bottom of 
the layer were the largest when the layer was formed in two pours with contamination 
and damage between the layers, resulting in loosening and separation. Therefore, in 
the poor cement concrete road project, the concrete slab can be poured directly after 
the construction of the poor cement concrete base layer is just completed, so that the 
surface-base bonding coefficient reaches 6.0 or more to ensure that both the surface 
layer bottom and the base layer bottom tensile stress is small.
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Fig. 3 Horizontal shear stress at the surface layer’s bottom 

3.2 Maximum Horizontal Shear Stress of the Bottom 
of the Surface Layer and the Bottom of the Base Layer 

The large horizontal shear stress between layers of cement concrete pavement struc-
ture may lead to slip damage of the structure. The horizontal shear stresses at the 
bottom of the surface layer and the bottom of the base layer along the edge of the 
road longitudinal joints were obtained by finite element simulation with different 
surface-base bonding coefficients, as shown in Fig. 3. 

Through Fig. 3, it can be seen that the changes of horizontal shear stress and 
horizontal tensile stress at the base layer’s bottom and the surface layer’s bottom 
are similar, and the horizontal shear stress at the surface layer’s bottom is more 
influenced by the surface layer-subgrade bonding coefficient. The largest horizontal 
shear stress at the surface layer’s bottom is much larger than that at the base layer’s 
bottom, indicating that the worse the surface-base bonding condition is, the larger 
the horizontal shear stress is. 

With the rise of the surface-ground bonding coefficient, the largest horizontal 
shear stress at the surface layer’s bottom tends to decrease, decreasing sharply in the 
range of the bonding coefficient of 0–2.0, decreasing in the range of 2.0–6.0, and a 
stable state after reaching 6.0. The largest horizontal shear stress at the base of the 
subgrade layer does not vary much in general, and the largest horizontal shear stress 
is almost unchanged when the bonding factor is greater than 6.0. 

4 Results and Discussions 

By analyzing the horizontal tensile and shear stresses at the surface bottom and base 
layer bottom of the base layer road surface of poorly cemented concrete, we found 
that the maximum horizontal shear stress at the surface bottom tends to decrease 
with increasing surface layer adhesion coefficient, while the largest horizontal shear 
stress at the base layer bottom does not change significantly overall, which is and 
base layer z tensile stresses, which is basically consistent with the law of variation
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of the surface layer bottom and base layer z tensile stresses. When coefficient of 
surface-base bonding increases, the horizontal tensile stress and shear stress at the 
surface layer’s bottom decrease significantly, while the horizontal tensile stress at 
the bottom of the base layer increases slightly and the horizontal shear stress remains 
basically unchanged, indicating that the larger the surface-base bonding coefficient 
is, the stronger the interlayer bonding effect is, and the more beneficial to the transfer 
of stress. The stresses at a surface-based bond coefficient of 6.0 are nearly equal to the 
stresses in the fully continuous state, showing that the poor cement concrete ground 
and the slab of cement-concrete are in a roughly fully continuous state. 

In this paper, only the variation law of mechanical response of pavement struc-
tures with different surface-base bond coefficients is investigated, but the stresses of 
pavements during normal use are not only related to the surface-base bond state and 
loads, but also to temperature [11]. Under the effect of positive temperature gradi-
ents, cement concrete panels will develop temperature warpage stresses, which will 
lead to structural fatigue damage [12]. More research can be done on the mechan-
ical behavior of cement concrete pavement systems at various temperatures or when 
multiple elements are coupled together. 

5 Conclusion 

In this paper, finite element software is used to establish a three-dimensional pave-
ment structure model, define different surface-base bonding coefficients and conduct 
stress and deformation analysis, and through analysis and the following study findings 
are attained through analysis and discussion. 

(1) The horizontal tensile stress at the base of the subgrade layer has an overall 
increasing trend, while the horizontal shear stress has an overall decreasing 
trend. As the surface-base bonding coefficient increases, the horizontal tensile 
stress and shear stress at the bottom of the surface layer of poor cement concrete 
base pavements decrease more, and the stress at the bottom of the surface layer 
is more affected by the bonding coefficient. 

(2) When the surface-base bonding coefficient increases to 6.0, the horizontal stress 
at the base layer’s bottom and the surface layer’s bottom reaches a stable state, 
and at the same time, the surface-base bonding state approaches a completely 
continuous state. During the construction of poor cement concrete base pave-
ment, the concrete slab can be poured directly after the construction of poor 
cement concrete base is completed, so that the surface-base bonding coefficient 
reaches 6.0 and the best bonding state is achieved between the surface and base, 
thus extending the service life of the pavement.



Study on the Effect of Surface-Base Bond State on the Mechanical … 351

References 

1. Zhao W, Xu Z, Huang W (2003) Effect of interlayer action between the concrete surface 
and poor concrete subgrade on load stress and bending settlement. China J Highw Transp 
(04):10–16 

2. Wu X, Zhang Q, Jin B, Li X (2008) Effect of isolation layer on structural mechanical properties 
of cement concrete pavement with poor concrete base. Highway (07):127–130 

3. Chun S, Kim K, Greene J et al (2015) Evaluation of interlayer bonding condition on structural 
response characteristics of asphalt pavement using finite element analysis and full-scale field 
tests 96:307–318 

4. Yu S (2009) Stress analysis and structural design of cement concrete pavement subgrade with 
interlayer functional layer. Chang’an University 

5. Hu P, Cheng Y, Wang B (2021) Study on the rational structure of rigid pavement with poor 
cement concrete base. Highway 66(04):1–5 

6. Zhang Y, Zhao D, Liu S, Shen J (2014) Effect of subgrade parameters on the mechanical 
properties of cement pavements when considering interlayer contact. J Chongqing Jiaotong 
Univ (Natl Sci Ed) 33(02):49–52+67 

7. Zhou Z (2003) Nonlinear analysis of highway asphalt pavement structure. Chang’an University 
8. Liu P (2013) Analysis of the influence of interlayer bonding state of cement concrete pavement 

on panel stress. Chang’an University 
9. Zhang H, Zhou Z, Chen X, Yin H, Zhang Q (2005) Study on interface characteristics between 

cement concrete surface and lean concrete base. Trans Changsha Commun Coll 04:27–31 
10. Liu Y, Chen J, Huang Z (2011) Analysis of mechanical properties of cement stabilized macadam 

base under different interlayer contact conditions. J Guilin Univ Technol 31(03):372–375 
11. Wu G, Yao L, Yi Z (2003) The formation mechanism of early cracks in cement concrete 

pavement. J Southwest Jiaotong Univ (03):304–308 
12. Liu X, Liu Y (2001) Reason analysis of rigid pavement damage. J Beihua Univ (Natl Sci Ed) 

01:89–92



Research on the Preparation Process 
and Modification Method of Cotton 
Straw Fiber Based on Road Performance 

Chunzhen Chang, Leqiang Shen, Renliang Guo, and Hao Han 

Abstract For better application of modified cotton straw fibers in asphalt pavements, 
Preparation of cotton straw fibers using the “mechanical-shear” method, Modification 
of cotton straw fibers by preparation of NaOH solutions of different mass fractions, 
Comprehensive evaluation of the modification effect of cotton straw fibers by oil 
absorption and heat resistance, Optimal modification process for cotton straw fibers; 
he roadworthiness of the modified cotton straw fiber was then analysesd by means of 
pH, oil absorption, heat resistance, ash content and absorbency tests. The results show 
that the best modification process for cotton straw fibers is infiltration in NaOH with 
a mass fraction of 5% for 30min; Modified cotton straw fibers are weakly alkaline, 
and have increased adhesion to bitumen, 20.7% increase in oil absorption compared 
to unmodified cotton straw fiber, Improved heat resistance, Slight reduction in tensile 
strength, 4% increase in absorbency compared to unmodified cotton straw fiber, better 
compatibility with asphalt. 

Keywords Cotton straw fiber · Preparation process ·Modification methods ·
Roadworthiness 

1 Introduction 

In China, straw burning is a key contributor to haze during the crop harvest season 
[1]. In recent years, cotton straw fibers have gradually been used in asphalt pave-
ments [2, 3], it has properties such as oil absorption, heat resistance and high tough-
ness. In asphalt mixes can play a reinforcing and toughening, improve the high and 
low temperature stability of the pavement, reduce road reflection cracks, etc. [4]. 
However, the fiber preparation process is complex and the natural straw fiber itself 
is hydrophilic, which is not conducive to the compatibility of the fiber with asphalt
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and affects the application of the fiber in asphalt pavements, so the straw fiber needs 
to be modified for processing. 

Alkali treatment is now commonly used to reduce the hydrophilicity of the fibers 
[5, 6]. Italso improves the cleanliness and roughness of the fiber surface [7, 8]. 
Increasing the specific surface area [9, 10]. This improves the compatibility of the 
fibers with the asphalt. Ahad et al. [11] used acid and alkali to chemically modify 
coconut shell, banana stem and bagasse fibers respectively and found that alkali 
treatment was more suitable for natural fibers and the tensile strength of the fibers 
increased after alkali treatment. Rachchh et al. [12] Sodium hydroxide was used 
for the surface alkali treatment of bagasse fibers and it was found that the alkali 
treatment not only removed wax and oil from the fiber surface but also increased 
the surface roughness of the fibers. However, the tensile strength values of different 
types of natural fibers can vary even in the same medium, at the same immersion 
time and at the same immersion concentration, because each fiber has its own unique 
surface morphology, which determines the bonding of the fibers and thus affects their 
mechanical or physical properties. 

In order to study the preparation process and modification method of cotton straw 
fiber and improve its performance in asphalt pavement, this paper first explores the 
preparation process of cotton straw fiber, and then conducts microstructure analysis 
to reveal the interaction mechanism between fiber and asphalt; Secondly, the sieved 
straw fibers were soaked in different concentrations of NaOH for different times 
to study the best modification method; Finally, the properties of cotton straw fiber, 
modified cotton straw fiber and lignin fiber are compared and the feasibility of the 
processing and modification methods are analysed. 

2 Cotton Straw Fiber Production 

Cotton straw is composed of main stem, branch stem, root stem and other parts, 
where the main stem includes the outer bark and xylem, the outer bark is mainly 
composed of bast fibers and the xylem is mainly composed of wood fibers [13], both 
fibers have the advantages of toughness and good mechanical properties. 

2.1 Straw Fiber Preparation 

Existing methods of fiber production include steam blasting [14], “Mechanical-
shear” method, etc. This paper uses the “mechanical-shear” method for fiber produc-
tion. Direct crushing of dry cotton straw results in a powdered fiber that does not 
have the basic fiber [15]. In this paper, the cotton straw was prepared by wet method 
by removing the roots, leaves and collars, soaked for 7 days and then cut into small 
sections of about 10 mm, crushed for 3 min using a multifunctional crusher with a 
speed of 30,000 r/min and dried to obtain cotton straw fiber.
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2.2 Straw Fiber Sieving 

In order to control the fiber length to meet the requirements of Lignin fibers for asphalt 
pavements (JT/T 533–2004), a laboratory standard square hole sieve with apertures 
of 0.15mm, 0.3mm, 0.6mm and 1.18mm was used for sieving, and 50 fibers were 
selected from each stage of the sieve after sieving. The results of the measurements 
are shown in Table 1.

According to Table 1, the length of cotton straw fibers on the 1.18 mm square hole 
sieve generally exceeded 6mm. Not within the length range specified in Lignin fibers 
for Asphalt Pavements (JT/T 533–2004). The length of the fibers on the 0.15mm 
square hole sieve is mainly in the range of 1.0–1.5 mm and the fibers are almost 
powder-like, so the fibers on the 1.18 mm and 0.15 mm sieves are discarded. The 
average length of the fibers on the 0.6 mm square hole sieve was 4.16 mm and the 
average length of the fibers on the 0.3 mm square hole sieve was 2.44 mm. The 
maximum length of the cotton straw fibers on the 0.3 mm and 0.6 mm square hole 
sieves was in the range of 4.5–5.0 mm, which shows that the fibers on the 0.3 mm 
and 0.6 mm square hole sieves were within the specification and remained fibrous, 
so it was determined that the straw fibers on the 0.3 mm and 0.6 mm sieves were 
identified as usable fibers with an average length of <4 mm and a maximum length 
of <6 mm. 

3 Straw Fiber Microstructure 

The morphology of the fibers plays a dominant role in the bonding effect of the fibers 
to the bitumen. Microscopic analysis of the fiber morphology was carried out with 
the aid of a scanning electron microscope and the cotton straw fiber morphology is 
shown in Fig. 1.

According to Fig. 1, under the 100 × field of view, the cotton straw fibers are in 
good shape and well dispersed, and the fibers can maintain a certain straight shape; 
Under the 500 × field of view, it can be clearly observed that the single fiber surface 
presents uniform and straight grooves along the longitudinal direction, and is bonded 
with bitumen and mineral powder, etc. Some of the grooves have been completely 
filled with bitumen, and it is found from the figure that the bitumen is very closely 
bonded to the fibers, and the bitumen film is gradually destroyed under the action 
of external force; Under the 1000 × field of view, it can be seen that the cotton 
straw fibers have a cavity structure, when the asphalt fills the cavity structure of the 
fibers to a certain extent, it can greatly enhance the mechanical locking effect of the 
fibers and the asphalt, thus showing that there is a tight adhesion between the asphalt 
and the fibers, but when preparing the straw fiber asphalt mastic, the asphalt has 
fluidity, so that the embedded locking effect of the straw fibers and the asphalt is not 
stable, affecting the straw fiber asphalt the mechanical properties of the mastic. For 
this reason, how to improve the straw fiber and asphalt interface properties, enhance
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Fig. 1 Microscopic morphology of cotton straw fibers

the interlocking force between the two, become the most important to improve the 
mechanical properties of straw fiber asphalt mastic. 

4 Straw Fiber Modification Process and Performance Study 

In order to improve the performance of the straw fiber-asphalt interface, researchers 
usually achieve the effect of enhancing its adhesion by means of fiber surface modi-
fication, but the interface modification should be moderate; excessive modification 
can cause the opposite effect. Excessive modification of the fibers can lead to a reduc-
tion in the strength of the fibers themselves, affecting the mechanical properties of 
the fiber asphalt mastic and reducing the fiber reinforcement effect [16]. Therefore, 
it is crucial to choose the right type and concentration of modifier to modify the 
surface of the fibers in order to enhance the bonding effect between the fibers and 
the asphalt interface. In this paper, NaOH was chosen as the chemical modifica-
tion reagent to modify cotton straw fibers under different NaOH concentrations and 
different infiltration times to arrive at the optimum modification process. 

4.1 Straw Fiber Surface Modification Process 

The cotton straw fibers were immersed in NaOH solutions with mass fractions of 
1%, 3%, 5%, 7% and 9% for 15 min, 30 min, 45 min and 60 min respectively. 
two indicators of oil absorption and heat resistance were used in this paper as the 
basis for determining the performance of modified cotton straw fibers, and the best 
modification process for cotton straw fibers was selected from the above modification 
schemes. Oil absorption has a direct impact on the ability of the fibers to adsorb 
asphalt. The higher the oil absorption multiple of the fibers, the more asphalt will be 
adsorbed and transformed into structural asphalt, thus reducing summer oil flooding 
and improving the temperature stability of asphalt pavements. According to《the
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Specification for Testing Asphalt and Asphalt Mixtures for Highway Engineering》 
(JTG E20-2011), the mixing temperature of hot mix asphalt mixes is around 160°C. 
Polymer modified asphalt fiber mixes can even reach 175°C. Therefore, the fibers 
are required to have certain heat resistance. 

Oil absorbency. The surface properties of cotton straw fibers are modified by NaOH 
and their oil absorption capacity is changed. This article refers to《fibers for Asphalt 
Pavements》(JT/T 533–2020), Oil absorption test on modified cotton straw fibers. By 
the Eq. 1 Calculating the oil absorption rate of fibers X1, the results of the calculations 
are shown in Fig. 2. 

X1=(m3 − m2 − m1)/m1 (1) 

in the Eq. 1, m1 is the quality of the modified straw fiber after drying; m2 is the 
sample sieve mass; m3 is the total mass of the sample sieve and the absorbed fiber. 

According to Fig. 2, it can be seen that the trend of oil absorption of modified 
cotton straw fibers varies with infiltration time at different concentrations. At 1% and 
3% NaOH concentration, the oil absorption rate of the fibers tended to increase with 
the increase of infiltration time, and the maximum oil absorption rate was 7.13 and 
7.46 at 60 min infiltration, respectively; The oil absorption rate at a concentration 
of 5% tended to increase and then decrease with the increase of infiltration time, 
and the maximum oil absorption rate was 7.63 at 30 min of infiltration; The oil 
absorption rate decreases with the increase of infiltration time, and the maximum oil 
absorption rate of modified straw fiber is 7.49 and 7.30 when infiltrated for 10 min. 
According to the above comparison of the oil absorption rate of fiber under different 
modification process, it can be found that the oil absorption rate of modified straw 
fiber is maximum when the concentration of NaOH is 5% and infiltration time is 30 
min.

Fig. 2 Modified cotton straw fiber oil absorption 
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Fig. 3 Modified cotton straw fiber heat loss rate 

Heat resistance. In the case of cotton straw fibers, their heat resistance determines 
whether they can be used as road fibers in asphalt mixes. The heat resistance of fibers 
is expressed in terms of heat loss rate. By the Eq. 2 Calculating thermal weight loss 
X2, the results of the calculation are shown in Fig. 3. 

X2=(m4 − m5)/m4 × 100% (2) 

In the Eq. 2, m4 is the quality of the modified straw fiber after drying; m5 is the 
mass of the fiber after being held for 2h in an infrared blast dryer. 

According to Fig. 3, the heat loss rate of modified cotton straw fibers tends to 
decrease gradually with the increase of infiltration time when the concentration of 
NaOH is 1% and 3%; The concentration of 5% tends to decrease and then grow 
slowly with the increase of infiltration time; The concentration of 7% and 9% does not 
change much, and the heat loss rate tends to decrease and then grow with the increase 
of infiltration time. The smaller the heat loss rate, the better the heat resistance of 
the modified cotton straw fibers, so the modifier concentration of 5% and infiltration 
time of 30 min had the best effect. 

The modification effect of cotton straw fibers was evaluated by oil absorption 
and heat resistance, and the best modification process for cotton straw fibers was: 
infiltration in a 5% mass fraction NaOH solution for 30 min. 

4.2 Comparative Microscopic Morphological Analysis 
of Cotton Straw Fibers Before and After Modification 

To analysess the changes in the surface morphology of cotton straw fibers after the 
above modification process, scanning electron microscopy was used to observe the 
changes at 100 × and 1000 × fields of view, as shown in Fig. 4.
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Fig. 4 Microscopic morphology of cotton straw fibers before and after modification 

According to Fig. 4 can be seen in the 100 × field of view, the original straight 
cotton straw fiber modified slightly curved, a small number of single fiber curl 
obvious, this is because the mechanically broken cotton straw fiber slightly thicker, 
single fiber bundle is larger, NaOH solution modification can only make the straw 
fiber microfibril rotation angle reduced, can make the whole fiber curl angle smaller, 
so the modified cotton straw fiber curl is not obvious. After the modification of cotton 
straw fibers, impurity molecules such as pectin and hemicellulose in cotton straw 
were dissolved by NaOH solution, which could induce the fiber bundles to disperse 
into smaller units of fiber bundles and even form cotton straw monofilament fibers. 
Under a 1000 × field of view, it can be seen that the modified cotton straw fibers 
show pits of varying sizes, a small number of collapsed lumen structures, a larger 
exposed area inside the lumen, the fiber surface becomes rougher and the specific 
surface area increases, increasing oil absorption and embedding locking with the 
bitumen. 

4.3 Comparative Analysis of the Performance of Modified 
Cotton Straw Fiber for Road Use 

In order to evaluate the performance of modified cotton straw fibers for road use, 
PH value, oil absorption, heat resistance, ash content and absorbency tests were 
conducted and compared with lignin fibers and common cotton straw fibers to anal-
yses the changes in straw fiber performance before and after modification and to 
investigate the feasibility of replacing lignin fibers with modified cotton straw fibers. 
Three sets of parallel tests were set up for each test, and the results and comparative 
analysis are as follows. 

The PH value of cotton straw fiber is 6.47, which is weakly acidic, while the 
PH values of modified cotton straw fiber and lignin fiber are 7.86 and 8.2 respec-
tively, both of which are weakly basic. Asphalt presents acidity, asphaltic acid and 
asphaltic anhydride in asphalt can form a sticky interface with the alkaline interface 
by establishing a chemical bond, weakly alkaline lignin fibers and asphalt show good
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adhesion, modified cotton straw fibers and lignin fibers are close in nature, so the 
adhesion between modified cotton straw fibers and asphalt is better. 

The oil absorbency of unmodified and modified cotton straw fibers was 6.32 and 
7.63 respectively. The oil absorbency of modified cotton straw fibers was 20.7% 
higher than that of unmodified cotton straw fibers, which was mainly due to the 
increased specific surface area of straw fibers after modification by NaOH. While 
the lignin fiber oil absorption rate of 7.96, straw fiber modified, oil absorption is still 
slightly lower than the lignin fiber, this is due to the modified straw fiber surface 
roughness increased, but the fineness is still less than the lignin fiber, the specific 
surface area is relatively small. 

The heat loss rate of cotton straw fiber and modified cotton straw fiber were 8.7% 
and 5.5% respectively, the heat loss rate of modified straw fiber was significantly 
reduced, indicating that the heat resistance of modified straw fiber was improved, 
mainly due to the attachment of NaOH solution to the fiber surface and the removal 
of pectin, fat and other components that lead to the lack of heat stability of straw 
fiber. The heat loss rate of lignin fiber is 5.4%, the heat loss rate of modified cotton 
straw fiber is similar to that of lignin fiber, which means that its heat resistance is as 
good as that of lignin, which ensures that the modified cotton straw fiber can meet the 
temperature requirements of the common asphalt mix mixing and paving process. 

The ash content mainly characteristic the content of inorganic salts and trace 
elements in fibers after combustion, which can significantly affect the strength of 
fibers, with studies showing that the lower the ash content, the better the fiber breaking 
strength and elasticity. The ash content of unmodified and modified cotton straw fiber 
is 4.6% and 4.9% respectively, while the ash content of lignin fiber is as high as 17.6%. 
The ash content of unmodified and modified cotton straw fiber is much lower than 
the ash content of lignin fiber, indicating that the tensile properties of unmodified 
and modified cotton straw fiber are better. The ash content of modified straw fibers is 
higher than that of unmodified straw fibers, indicating that the mechanical properties 
of the fibers themselves have decreased after modification, but the decrease is not 
significant and the ash content is still much lower than that of lignin fibers, whose 
mechanical properties are better than those of lignin fibers. 

The absorption rate of cotton straw fiber and modified cotton straw fiber were 
1304 and 1362 respectively, the absorption rate of modified cotton straw fiber was 
4% higher than that of unmodified cotton straw fiber, the main reason for this is that 
the impurities on the fiber surface were removed after the straw fiber was modified by 
NaOH solution, the surface of the straw fiber was rougher, the specific surface area 
increased and the contact area with the bitumen increased, making the absorption 
rate of modified straw fiber and bitumen increased and the modified straw fiber had 
better compatibility with the bitumen.
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5 Conclusion 

This paper explores the preparation process of cotton straw fibers, investigates the 
control method of fiber length, makes microstructural observations on the fibers, 
uses NaOH solution for fiber modification and conducts experimental analysis on 
the road-use properties of the modified fibers, and obtains the following conclusions: 

(1) The cotton straw is pre-treated by root, leaf and collar removal, soaked, sheared 
and crushed, dried and sieved to obtain the required straw fiber; The fiber length 
is controlled by a laboratory standard square-hole sieve, with 0.3mm and 0.6mm 
square-hole sieves for usable fiber. 

(2) The presence of a cavity structure in the cotton straw fibers was observed using 
scanning electron microscopy and the mechanical locking of the fibers to the 
bitumen was enhanced when the bitumen filled the cavity structure to a certain 
extent; NaOH solution modification increases the roughness of the fiber surface 
and increases the specific surface area, which enhances the locking effect of the 
straw fibers with the bitumen. 

(3) The optimum modification process for straw fibers is infiltration in a 5% mass 
fraction NaOH solution for 30min. The modified cotton straw fibers are weakly 
alkaline and have increased adhesion to asphalt, significantly improved oil 
absorption and heat resistance, slightly reduced tensile strength and signifi-
cantly improved compatibility with asphalt. The overall improved properties 
of the modified cotton straw fibers, which are similar to those of lignin fibers, 
indicate that the process and modification method is effective. 
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Abstract In order to reveal the macro-mechanical characteristics of coral reef sand 
mixes, triaxial tests were conducted on graded coral reef sand mix specimens using 
a large dynamic triaxial instrument. Under different circumferential pressures, the 
specimens’ stress–strain relationship curves showed a typical hyperbolic curve. Upon 
reaching peak stress, the specimens continued to develop axial strain with little 
change in principal stress difference. After damage, the radial strain-axial strain curve 
becomes straight. Under different peritectic pressures, all specimens experienced 
shear contraction followed by shear expansion. The strength of the coral reef sand is 
mainly derived from the combined effect of reef sand strength, inter-particle friction 
and occlusion, without the effect of cohesion. The initial particle filling determines 
the deformation and strength characteristics of the material in the test, while shear 
expansion (shear contraction), particle fragmentation and rearrangement, and volume 
changes influenced by the surrounding pressure are all manifestations of the changing 
interparticle filling relationship. 

Keywords Coral reef sand · Large triaxial shear test ·Mechanical characteristics ·
Deformation characteristics · Shear strength

L. Chenwei · Z. Dingwen (B) · S. Minglei 
School of Transportation, Southeast University, Nanjing 211189, China 
e-mail: zhang@seu.edu.cn 

H. Wu 
Sun Yat-Sen University & Southern Marine Science and Engineering Guangdong Laboratory 
(Zhuhai), Zhuhai 519082, China 

C. Li 
Inner Mongolia Research Institute of Transportation Science Development, Hohhot 010050, 
China 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
H.-Y. Jeon (ed.), Proceedings of the International Conference on Geosynthetics and 
Environmental Engineering, Lecture Notes in Civil Engineering 374, 
https://doi.org/10.1007/978-981-99-4229-9_33 

365

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4229-9_33&domain=pdf
https://orcid.org/0000-0002-2580-6719
mailto:zhang@seu.edu.cn
https://doi.org/10.1007/978-981-99-4229-9_33


366 L. Chenwei et al.

1 Introduction 

Increasing development of high earth and rock dams in marine reef areas, high-
ways and railways, and rock throwing projects to protect harbor shores has led to 
a need for engineering research on coral reef sand mixes [1–3], which can replace 
some construction aggregates, under high pressure, complex stress states and cyclic 
loading has become a priority. Coral reef sands are clastic materials deposited in situ 
or deposited by near-source transport from the remains of reef-forming coral commu-
nities that have been compacted and lithified over time [4]. Due to the complex 
marine environment and the special internal structure characteristics of coral bodies, 
coral reef sand particles present characteristics of low strength, easy fracture, loose 
and containing a large number of internal pores, and the coral reef sand mix is 
significantly different from that of rubble and other rock piles in terms of stress– 
strain relationships, deformation characteristics and shear strength [5]. Since the 
1960s, engineering problems caused by coral reef strata in the exploration of marine 
resources development. For example, during the construction of the Lavan oil plat-
form in Iran, a 1 m diameter immersed pile sank nearly 15 m under its own weight 
after passing through a coral reef formation about 8 m thick; the 1.83 m diameter 
pile of the North Rankin “A” oil platform on the northwest shelf of Australia did not 
reach the designed bearing capacity and penetration in the coral reef formation. The 
pile body of the North Rankin “A” oil platform with a diameter of 1.83 m in the coral 
reef strata in Australia did not reach the designed bearing capacity and penetration 
degree, and the remedial measures had no effect. At present, previous researchers 
have completely investigated the conventional triaxial test research of coral sand, in-
depth research on the engineering properties of coral sand under the action of high 
pressure, complex stress state and cyclic loading [1, 5, 6], the research results show 
that: the engineering properties of coral sand have complex relationships with grain 
size gradation, particle shape, pore ratio, effective stress state, effective stress path 
and particle fragmentation. With increasing peritectic pressure, coral sand’s strength 
index decreases, particle fragmentation gradually decreases after a certain level of 
particle fragmentation, and mechanical properties tend to remain stable as a result. 
However, in view of the complex characteristics of coral reef sand mixes, it is neces-
sary to carry out an in-depth study to reveal the strength-deformation properties and 
the intrinsic mechanism of the mixes in the real state, so as to provide a strong basis 
for solving the problems encountered in practical engineering. Therefore, the shear 
strength parameters of coral reef sand mixes were determined through large triaxial 
shear tests. Further, the stress–strain relationship and deformation characteristics of 
the specimens were investigated to analyse the factors affecting the shear strength 
and deformation characteristics. This investigation will provide a necessary scientific 
basis for the geotechnical construction of island reef development.
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2 Materials and Methods 

2.1 Materials 

The test material is taken from the loose coral debris strung from a sea area in the 
South China Sea, which can be mainly divided into coral sand and coral reef rock 
after being rinsed with pure water, dried and first sieved. The coral sand was mostly 
deposited on the surface of the coral reef rock, forming a special coral reef rock soil 
structure with coral sand on top and coral reef rock on the bottom. The diffraction peak 
areas of different minerals were used to semi-quantitatively calculate the proportion 
of each phase in the coral reef sand, and the analysis of diffraction patterns shows that 
the mineral composition of coral reef sand is mainly biotite (mass fraction 33–47%) 
and high-Mg calcite (mass fraction 53–67%), and quartz minerals are interspersed, 
the content of other components (mass fraction) is relatively small, and the equivalent 
carbonate mass fraction reaches 96% above [7, 8], as shown in Table 1. 

Coral reef sand is formed in sedimentation without long distance transport and 
retains some of its native biomorphology, with irregularly shaped, sharp-edged parti-
cles, which bite into each other and have relatively large pores. The pore ratio of the 
coral sand is much greater than that of the quartz sand, both in its loosest and densest 
state. Scanning electron microscopy of coral reef sand particles and surface structure 
characteristics as shown in Fig. 1, coral reef sand is rich in internal pores, pores are 
rounded, the face pore structure of the particles are mostly determined by the struc-
ture of the organisms themselves. Studies have shown that the internal pores of coral 
sands account for about 10% of all pores, and more than 98% of the internal pores 
are equiaxed or unequiaxed pores, with equiaxed pores standing for more than half 
of the total number of pores. The presence of a large number of internal pores is the 
fundamental reason why coral sands exhibit macroscopically distinctive properties 
from terrestrial sands (e.g. quartz sands) [9].

Table 1 Oxide chemistry of 
coral reef sand Oxide chemistry Mass fraction (%) 

Calcium oxide (CaO) 47.10 

Magnesium oxide (MgO) 2.48 

Strontium oxide (SrO) 0.63 

Sulfur trioxide (SO3) 0.47 

Silicon oxide (SiO2) 0.13 

Aluminium oxide (Al2O3) 0.06 

Phosphorus pentoxide (P2O5) 0.06 

Potassium oxide (K2O) 0.0082 

Cl 0.026 

Burning loss 48.7 
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Inner 

Inner 

Fig. 1 Particle and surface structure characteristics of coral reef sand particles under high 
magnification 

Table 2 Coral reef sand quality testing index 

Test items Coral reef/values Coral sand/values 

Bulk density, (kg/m−3) 980 1194 

Void ratio, (%) 46 51 

Porosity rate, (%) 23.4 8.6 

Density, (kg/m−3) 2800 2794 

Water absorption, (%) 7.73 3.64 

Solidity, (%) 13.3 6.45 

Barrel compression strength, (MPa) 2.13 – 

The physical and mechanical properties of the coral reef sand were determined 
according to “Light Aggregates and Their Test Methods” as shown in Table 2. The  
average saturated uniaxial compressive strength of coral reef rock is 6.35 MPa (COV 
≤ 3%), which is much smaller than the saturated uniaxial compressive strength of 
Yanshan III granite with different degrees of weathering (73.01 MPa for weakly 
weathered granite; 22.68 MPa for strongly weathered granite), as determined by the 
Rock Testing Procedure for Highway Engineering [7]. 

2.2 Testing Methods 

The test was conducted using a large triaxial shear apparatus specimen diameter 
of 300 mm, and the stranded loose coral debris in the greater than 60 mm particle 
content is less, subject to the maximum size of the indoor test material is limited, the 
need to exceed the test allowable maximum particle size of the grain material for the 
necessary scale reduction process, through the scale of the test material after the test
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to determine the mechanical properties of the actual graded material. At present, there 
are three common methods of coarse grain size reduction: the equivalent substitution 
method, the similar gradation method and the hybrid method. The test is carried out 
on a mixture that exceeds the permitted particle size of the test apparatus by the 
equivalent substitution method. Equivalent substitution method that is according to 
the instrument allows all the coarse material (from the particle size of 5 mm to the 
maximum particle size between the coarse material) in proportion to the quality of 
the replacement of oversized particles content. The calculation formula is: 

pi = 
100−pm 
pm − p5 

( poi − p5) + poi (1) 

where: pi indicates the percentage passage of a particle size after substitution, %; p5 
indicates the percentage passage of a particle size of 5 mm in the original grading, 
%; pm indicates the percentage passage of a particle size of 60 mm in the original 
grading, %; poi indicates the percentage passage of a particle size in the original 
grading, %. 

The test was carried out using a 1500 KN electro-hydraulic servo dynamic and 
static triaxial testing machine (large size dynamic and static triaxial), the size of the 
test piece was ϕ300 × 620 mm, the maximum vertical pressure under static load 
conditions was 1500 KN, the enclosing pressure was 5 MPa; the maximum vertical 
pressure under dynamic load conditions was 350 KN, the enclosing pressure was 
2 MPa, the form of vibration load was sine wave, triangle wave, square wave and 
random wave, the vibration, the frequency is 0.01–10 Hz. The test processes were 
all carried out in strict accordance with the Geotechnical Test Methods Standard 
(GB/T50123-2019) and the Coarse-grained Soil Test Procedure (T/CHES-2019). 
The specimens were 30 cm in diameter and 60 cm in height, and the specimens were 
filled in 6 layers. The natural moisture content of the granular material at all levels 
is determined during the test and the amount of water addition required to fill each 
layer of the test material is calculated. When mixing, water should be added to the 
granular material with a particle size greater than 0.5 mm and mixed fully, mixed 
with fine particles until well blended, covered tightly with plastic film to be used. The 
pressure chamber sample base plus cover plate, tied rubber film, installed molding 
cylinder, layer by layer into the test material, each layer first with a fine steel braze 
pounding, and then vibrating compaction method to make the test material dense. 
Loosen the surface and install the second and final layer. Install the pressure chamber, 
fill the pressure chamber with water, tighten the water hole nut, place the pressure 
chamber on the shear tester base and leave it for 24 h to allow the test piece to be 
fully infiltrated with water. After the start of shear, the test piece every 1.0 mm of 
vertical deformation measured axial pressure, axial deformation, radial deformation 
and volume change. When the axial force meter percentage reading no longer rise or 
have a significant reduction, indicating that there has been a peak, need to continue 
to measure the reading 1–2 times. If there is no peak, the stress difference between 
the two adjacent levels is less than 5 kPa.
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Fig. 2 Initial grading curve 
grading of large triaxial 
shear test specimens 

The coral reef sand gradation curve after equal sample substitution is shown in 
Fig. 2. The coral reef sand blowing material inhomogeneity coefficient Cu is 37.9, 
which is typical for poorly graded sand. 

3 Results and Discussion 

3.1 Stress–Strain Relationships 

The tests were carried out on sized triaxial shear tests on reduced reef sands under 
unsaturated, unconsolidated and undrained conditions. Figure 3 shows a schematic 
diagram of the stress and strain states of the coral reef sand specimens, and Fig. 4 
shows the stress–strain relationship graphs for the same graded specimens at three 
different envelope pressures. From the figure, it can be seen that the difference in 
peak principal stresses (σ 1 − σ 3) of the three sets of specimens increases with 
the increase of the enclosing pressure, while the peak principal stress ratio (σ 1/σ 3) 
decreases with the increase of the enclosing pressure. The stress–strain relationship 
curves for the specimens at each envelope pressure have no obvious peaks and show 
a typical hyperbolic curve. The stress–strain relationship can be represented by the 
hyperbolic model of Duncan-Zhang (Kondner. Zalasko 1963) [10]. The stress–strain 
relationship curve at different envelope pressures is similar to the test curve at high 
envelope pressures in the triaxial test, where shear exhibits shear-compression prop-
erties, which are associated with high envelope pressures inhibiting shear expansion 
of the specimen and causing particle fragmentation [6, 9]. The degree of linearity 
and tangential slope of the initial section of the stress–strain curve increased with 
increasing envelope pressure, showing a more pronounced quasi-elastic nature. After 
reaching the peak, the specimens continued to develop axial strain with little change 
in the principal stress difference, which is plastic damage. The test results show that:
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Fig. 3 Schematic diagram of the stress and strain state of the specimen

the coral reef sand specimens had an axial strain of 6–12% during damage, which did 
not reach an axial strain of more than 15% during damage of fine-grained soils [11]. 
The strain softening in the coral reef sand is not significant and can still be subjected 
to higher stresses after the peak occurs. With the increase of the principal stress σ 1, 
the coral reef sand specimens began to break, and the larger grains bearing the role of 
skeleton were broken first, the specimen gradation changed, the content of smaller 
grains increased, the specimen structure gradually changed from skeleton type to 
dense type, and the shear strength of the specimen showed a decreasing trend. On 
the other hand, with the increase of the surrounding pressure σ 3, the shear damage 
limit value of the specimen increased in different magnitudes. It can be seen that, the 
same proportion of increase in circumferential pressure, the proportion of increase 
in damage shear damage limit value gradually decreased. 

3.2 Deformation Characteristics 

Figure 5 shows the radial strain-axial strain (ε3 − ε1) curve and the volumetric strain-
axial strain (εv − ε1) curve of the coral reef sand specimen. As can be seen from the 
figure, the radial strain-axial strain (ε3 − ε1) curves of the coral reef sand specimens 
are highly linear at the initial stage, but become linear after entering the damage stage,
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Fig. 4 Stress–strain relationship curves for specimens at different envelope pressures

and the slope of the straight line tends to be around 0.4 at different envelope pressures. 
The coral reef sand specimens exhibit shear shrinkage followed by shear expansion 
under different envelope pressures. The specimens are loose in their initial state and, 
under partial stress, the particles move with each other, fill each other’s pores, and 
fit together closely, resulting in a certain volume compression. As the specimens are 
under the action of continuously increasing partial stress, the specimens experience 
the peak of shear shrinkage and then begin to shear expansion, and the volume of 
the specimens grows slightly but the shear expansion rate is very small, which is 
related to the mutual extrusion and crushing of the particles and the rearrangement 
of the granular particles [9, 10]. With the increase of the surrounding pressure, the 
shear swelling of the specimen shows a decreasing trend, and the shear swelling 
of the specimen gradually tends to stabilize after destruction. This shows that the 
deformation of coral reef sand is jointly determined by particle deformation, particle 
crushing, relative interparticle dislocation and rearrangement, and the deformation 
includes elastic deformation such as interparticle contact and plastic deformation 
resulting from relative interparticle dislocation and crushing [11].

3.3 Shear Strength 

The strength of the coral reef sand is mainly derived from the combined effect of 
reef sand strength, inter-particle friction and occlusion effect, and there is no effect 
of cohesion c as show in Fig. 6. Neither the shear strength nor the normal stress of 
reef sand is constant, nor is the Mohr circular envelope a straight line, but varies with 
surrounding pressure. When the envelope pressure is small, the value of ϕ is relatively 
large, and as the envelope pressure increases, the value of ϕ gradually decreases, and 
the strength envelope is non-linear within a certain range. This law is more obvious 
at low envelope pressures, and tends to be more linear at high envelope pressures. 
The shearing and swelling effect at low envelope pressures leads to an increase in
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Fig. 5 Radial strain-axial strain curves and volumetric strain-axial strain curves for specimens 
under different circumferential pressures

strength, while at medium and high envelope pressures the shearing and swelling 
effect decreases and the particles break down and rearrange themselves to reduce 
strength. When the enclosing pressure increases to the so-called crushing stress, the 
particles break so that the pores of the specimen are fully filled and dense and the 
shear strength line curvature disappears. As the curvature of the strength envelope is 
not taken into account when using a best-fitting straight line instead of the strength 
envelope, cohesion is present, which is not present in the test. The internal friction 
angle of the coral reef sand specimen under the large triaxial shear test was 39.9°, 
which is closer to the parameters of the actual engineering of coral reef sand, such as 
the internal friction angle ϕ value of 40.17° for the calcareous sand by Mo Hongyun 
[9] and 42° for the calcareous sand by Zhang Jiaming [12], and the underwater 
rest angle ϕ value of 39°. While coral reef sand remains highly compressible under 
high stress, attention should be paid to the design and construction of high-weight 
foundation elements in natural sedimentary reef sand deposits. 

Fig. 6 Strength envelope of 
coral reef sand specimens for 
large triaxial shear test
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4 Summary 

The following conclusions can be drawn: 

(1) The stress–strain relationship curves of the specimens at different envelope pres-
sures have no obvious peaks and show a typical hyperbolic curve. In response to 
increasing pressure, the linearity of the initial section of the stress–strain curve 
and the slope of the tangent line increase significantly, indicating a quasi-elastic 
nature. While the main stress difference does not change much after reaching 
the peak, the axial strain continues to develop. 

(2) The radial strain-axial strain curves of the coral reef sand specimens were linear 
at the initial stage, but became straight after entering the damage stage. The shear 
contraction followed by shear expansion was observed for the specimens under 
different circumferential pressures. As the coral reef sand is filled with particles 
of different sizes, the initial filling of the particles determines the deforma-
tion strength characteristics in the test. The shear expansion (shear shrinkage), 
particle fragmentation and rearrangement, volume changes and other test data 
influenced by the surrounding pressure. 

(3) The strength of coral reef sand is mainly derived from the combined effect of 
reef sand strength, inter-particle friction and occlusion effect, and there is no 
role of cohesion c. The proportional relationship between shear strength and 
normal stress is not a constant, and the internal friction angle of the coral reef 
sand specimen under the large triaxial shear test is 39.9°. 
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Mechatronic Spring Drives for Rod 
Borehole Pumps 

Wen Zhao, Sen Li, and Milana Zhavner 

Abstract The work is committed to the development of novel types of drives for rod 
borehole pumps, specifically mechatronic spring drives with energy recovery. These 
drives have the potential to reduce the size, weight, and energy costs by several 
orders of magnitude. The central concept is to design an oscillatory system as a 
spring drive with energy recovery, wherein the potential energy of the springs is 
transformed into the kinetic energy of the rod, and subsequently, the kinetic energy 
of the rod is converted back into the potential energy of the springs. Various linear 
motor designs are utilized to counterbalance dissipative losses. The paper examines 
the utilization of load balanced drive variants and the simultaneous operation of two 
drive variants operating in reverse phase to ensure the mutual balance of rod mass. 
It is demonstrated that in the case of weight balancing, the mass of power springs is 
twice as large as compared to drives that operate synchronously, while performing 
the same operation with the same number of cycles per minute and the same masses 
of the rods. The power consumption necessary to compensate for dissipative losses 
is also evaluated. It has been established that in this case, the amount of energy 
consumed during the load balancing will be twice as much. In addition, the study 
shows that autonomous power supply is achievable through the utilization of solar 
panels and wind generators. 

Keywords Energy saving ·Mechatronic drive · Spring drive · Energy recovery ·
Cyclic operation · Rod borehole pumps · Inertial forces · Balancing devices ·
Performance · Speed
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1 Introduction 

In contemporary society, reducing energy costs in industry is widely recognized as a 
critical undertaking. One of the key factors that impact energy costs is the weight of 
equipment, which is determined by several factors including the mass of its moving 
parts, overall dimensions, drive system, and installed power. A comparative analysis 
of different types of technological equipment with the same functional purpose has 
revealed that these characteristics, linked to a unit of production, are vital criteria for 
assessing energy efficiency [1–9]. 

Energy costs related to the overcoming of gravity and inertia represent a substantial 
portion of the energy expenditure in numerous technological processes. Particularly, 
in work operations involving reciprocating and reciprocating rotational movements 
of the working masses, the energy costs are mainly determined by these operations. 
As reported in [9], a productivity increase of twice the original amount can result in 
a four-fold increase in energy costs and an eight-fold increase in the required power. 

The utilization of mechatronic spring drives, featuring energy recovery, in work 
processes pertaining to the linear movement of products on a horizontal plane, can 
potentially reduce energy costs up to ninefold when compared to electric, hydraulic, 
and pneumatic drives [9]. It is noteworthy to mention the invention documented in 
the German patent, “Electromechanical device for obtaining oscillatory motion”, by 
L. Szilard and A. Einstein, introduced the first-ever spring accumulator powered by 
a helical spring, which was utilized to drive a refrigeration compressor [10]. 

The paper aims to examine the feasibility of utilizing mechatronic spring drives, 
with an emphasis on energy recovery, for vertical product movement, as exemplified 
by the drive mechanism for rod borehole pumps. The work operations in question 
require the overcoming of both inertia and gravity forces. 

The authors acknowledge that the API standard [11] does not currently propose 
mechatronic spring drives for sucker rod borehole pumps. However, it is worth noting 
that two patents have been issued for such drives in Russia [12, 13]. The authors are 
optimistic that, in due course, they will also be incorporated into the American 
standard. It is worth noting that modern rod borehole pump drives often utilize some 
form of rod weight balancing. 

When designing drives for rod borehole pumps with the goal of reducing energy 
consumption, developers have three primary approaches at their disposal. 

1. Reduce inertial loads (without changing performance) by reducing the mass of 
moving elements. 

2. Reduce the mass of moving elements that operate vertically, thereby reducing 
gravitational loads. 

3. Utilizing mechatronic spring drives with energy recovery offers the lowest energy 
costs compared to all other types of drives and demonstrates the best performance 
in terms of power density [9]. 

Simultaneously, mechatronic spring drives exhibit several advantageous charac-
teristics:



Mechatronic Spring Drives for Rod Borehole Pumps 379

1. Enhanced reliability; 
2. Prolonged service life; 
3. Reduced noise levels; 
4. Explosion prevention and fire safety; 
5. Insensitivity to temperature changes; 
6. Favorable dynamic regimes. 

Theoretical studies on mechatronic spring drives with energy recovery for indus-
trial robots have been summarized in the papers [5, 6]. It is worth noting that industrial 
robots are significant energy consumers. This is primarily due to the transfer of prod-
ucts along complex trajectories that require precise movement and large manipulation 
systems. To reduce the workload of industrial robot drive systems, spring balancing 
devices have been widely implemented [6]. 

A variety of have been employed in the development of the aforementioned 
drives. In this paper, the authors utilize the term “mechatronic spring drive with 
energy recovery”, which provides a clear definition of the drive’s fundamental 
characteristics. 

1. The primary engine, a spring accumulator, functions by utilizing stored energy 
to accelerate working masses and subsequently decelerate them, thereby accu-
mulating potential energy; 

2. Accounting for dissipation loss, the engine’s power is determined by the value 
of dissipation loss, which remains notably lower than the power of a spring 
accumulator; 

3. Equipped with a control system, the engine enables compensation for dissipative 
losses through activation and deactivation, while also facilitating the regulation 
of clamps to ensure technological pauses. 

The paper [14] presents a comparative analysis of electromechanical, pneu-
matic, hydraulic, and spring drives with energy recovery that are designed for work 
operations involving the reciprocating movement of working masses. 

Linear spring drives with energy regeneration exhibit a smaller linear envelope in 
the direction of travel when compared to actuators, pneumatic and hydraulic cylin-
ders. Moreover, their performance is comparable to that of linear motion modules 
with electrically-driven sliding tables. 

The objective of this thesis is to establish a technical ideology for the development 
of mechatronic spring drives that enable the movement of working bodies in a vertical 
plane, with a maximum displacement of 2 m and a maximum moving mass of 8000 kg. 
The number of rod downhole pumps worldwide that operate under such specifications 
exceeds 10,000. 

The operational modes of a rod borehole pump should be taken into consideration. 
It is worth noting that the working movements typically occur in a vertical plane, 
within a range of 2 m and with a maximum load mass of 8000 kg. The frequency of 
cycles is approximately 15 per minute. The movement in a rod borehole pump takes 
place in a vertical plane, and the primary loads experienced are those of gravity and 
inertia.
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A classic version of a rod borehole pump drive involves an output link that executes 
a reciprocating motion. On one end of this link, a block segment with a flexible 
element is fixed, which is then connected to the pump rod. On the other end, the 
output link is connected to the counterweight. In recent years, alternative types of 
rod borehole pump drives have emerged, which can be categorized into the following 
types: 

1. Drives with pneumatic balancing systems; 
2. Drives employing hydraulic cylinders without a balancing system; 
3. Drives with electric drive and load balancing; 
4. Drives with linear electric motors with weight balancing [15]. 

The mechatronic spring drive, incorporating an energy recovery system, 
comprises a spring accumulator, a motor responsible for compensating dissipative 
losses, a balancing mechanism, and a control system equipped with measuring and 
informational components. 

Standard engines that generate reciprocating motion can be utilized to compen-
sate for dissipative losses. However, this paper proposes a linear motor with a 
reciprocating rotor for this purpose, as outlined in Ref. [15]. 

The energy expenses in mechatronic spring drives primarily result from internal 
friction of the springs, which are roughly five times lower compared to those 
incurred by standard classical drives. Hence, for preliminary computations, the effort 
expended on combating dissipative losses can be assumed to be 20% of the spring 
accumulator’s maximum potential energy. 

When developing mechatronic spring drives, standard tension or compression 
helical coil springs are employed. 

This study examines the properties of spring drivers with a central position relative 
to the wellhead. 

Figure 1 shows a schematic diagram of a spring actuator with a center rod.
The spring drive comprises two spring accumulators, with each accumulator 

consisting of a rod 1 placed between two compression springs 2. The lower springs 
rest against base 3, whereas the upper springs rest against flange 4. Guides 5 ensure 
the transverse stability of the springs. Rod 6 is secured to traverse 7, which is linked 
to the rods 1 of the spring accumulators. Traverse 7 contains apertures that facilitate 
the connection with balancing devices. 

The stiffness of each spring is determined from the equation: 

c = π 2 

t2 
· mrod  /4 (1)  

t time to move from one extreme position to another; 
mrod rod mass. 

The maximum force of the spring is: 

Fmax = Lc (2)
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Fig. 1 Diagram of a 
mechatronic spring drives 
with a center rod: 1—output 
link, 2—springs, 3—base, 
4—plate, 5—couplers, 
6—rod, 7—traverse

L working stroke of the spring. 

The time length for moving from one extreme position to another depends on the 
number of strokes of the rod per minute. 

As depicted in Fig. 2, the mechatronic spring drive with energy recovery comprises 
two compression springs, 1 and 1a, which are interconnected through a flexible 
element 2. This, in conjunction with two deflecting blocks 4 mounted on the rod, 
forms a reverse chain hoist. One end of the spring is secured to traverse 6, while the 
other end is in contact with a disk to which flexible element 2 is attached, located 
inside the spring. Two sets of deflecting blocks, 3 and 3a, aligned parallel to the rod, 
define the configuration of the spring drive. In this mechanism, the operational stroke 
of the springs is twice as low as the maximum stroke of the rod, which is equal to 
2zmax.

The spring accumulator comprises two compression springs situated on opposite 
sides of the rod, with their operational elongation equivalent to half of the maximum 
stroke of the rod: 

Lspring  = zmax (3) 

For this scheme, the stiffness of each spring is: 

c = π 2 

t2 
· mrod  /2 (4)
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Fig. 2 Diagram of a 
mechatronic spring drive: 
1.1a—springs; 2—flexible 
element; 3,3a—blocks fixed 
on the base; 4—blocks fixed 
on the rod; 5—rod; 
6—traverse

Fmax = 2zmaxc. (5) 

The working stroke of the spring is more than half of the working stroke of the 
rod. 

The time length for moving the rod from one extreme position to another is 
determined from the expression: 

t = π 

/
mrod  + 2 3 mspring  

2c 
, (6) 

mspring spring mass. 

The optimal solution for minimizing energy costs involves utilizing both options 
in a balanced manner, with consideration given to the mass of the rods in two drives, 
particularly for wells operating at small offsets [16]. Specifically, this involves the 
use of one linear electromagnetic drive to offset the dissipative losses in two rod 
spring drives (Fig. 3).

Assuming that downhole installations 1 and 2 (Fig. 3) are connected by gear 3 
and are operating in antiphase, the mass of each spring is determined to be 5 kg. 

The mechatronic spring drives with energy recovery, as introduced in the paper, 
offer numerous advantages compared to classic balancer drives used for rod borehole 
pumps. First of all, these drives offer a substantial reduction in mass and size of 
equipment, as well as decreased electricity consumption. In addition, they have the 
potential for development of autonomous drives that can be powered by solar panels
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Fig. 3 Scheme of 
synchronously operating in 
antiphase spring drives

and wind turbines. In certain circumstances, it may even be possible to transport 
these drives in fully assembled form within a sea container. 

Balancing systems are commonly employed in many downhole rod borehole 
pump drives, with weight balancing representing the most straightforward and cost-
effective solution. Additionally, it is possible to use the suspension of rod borehole 
pumps located in close proximity and connected through a kinematic connection 
as a counterweight [16]. In instances where mutual balancing of a constant static 
load is not possible, traditional weight balancing or balancing spring devices may be 
employed as an alternative. 

The implementation of a spring balancing device entails a serial connection 
between a crank-slider mechanism and a crank-rocker mechanism, with the crank 
serving as the common component. The length of the crank is equivalent to the length 
of the connecting rod and the distance between the axes of the swivel joints of the 
rocker mechanism with the base, as outlined in [9]. Figure 4 displays the schematic 
of the spring balancing device, which features a flexible element that loops around 
two blocks. One block is situated on the axis of the crank, while the other is located 
on the base, with the distance between the axis of the block and the axis of connection 
of the crank with the base equivalent to the length of the crank (Fig. 4).

The stiffness of each balancing spring is equal to: 

c = mrod  · g 
4l 

(7) 

The maximum force of the spring is: 

Fmax = 2lc (8)



384 W. Zhao et al.

Fig. 4 Scheme of a 
balancing device based on 
tension springs for driving 
rod borehole pumps: 
1—crank, 2—block, 
3—flexible element, 
4—double block fixed on the 
base, 5.6—springs

Figure 5 shows a scheme for balancing the rod based on compression springs. 
The mass of the rod, denoted as mrod , dictates the upper limit of force the spring 

can sustain, as well as the computed displacement of the rod, which is equivalent 
to 4l. This displacement value can be utilized to compute the mass of the spring, 
contingent upon the chosen dimensions of the equilibrium apparatus. The spring’s 
maximal displacement is 2l, but for the purpose of augmenting its longevity, it is 
advisable to adopt a lesser displacement value of Lspring.

Fig. 5 Balancing scheme of 
the rod based on 
compression springs: 
1—spring drive; 
2.2a—flexible elements; 
3—double block; 4—rotary 
link; 5—connecting rod; 
6—flexible element; 
7.8—blocks; 9—rod 
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Consider the range of balancing masses—1200, 2000, 3000 and 4000 kg (although 
the operational range of masses is substantially wider). For balancing masses of 
m = 8000 kg, a pair of balancing devices (Fig. 5) should be utilized, positioning 
them on opposing sides of the balancing mass. 

The maximal spring forces for this set of balanced masses are 5,000 N, 10,000 
N, 15,000 N, and 20,000 N, correspondingly. The lengths of the pendulum arms are 
selected arbitrarily. 

Table 1 displays the primary attributes of the springs utilized in the balancing 
apparatus. 

When the balancing mass equals 2000 kg, the aggregate mass of the springs 
amounts to 66 kg. 

When the balancing mass is 4000 kg, according to GOST 13776-86 standard, 
the spring No. 68 with a maximum force of 20,000 N is recommended. Thus, it 
is prudent to transition to the modular method of constructing balancing devices. 
Firstly, the minimum interval for altering the balanced mass, denoted as mrod*, must 
be established. In this situation, a geometric sequence of springs with a ratio of 2 can 
be formed, taking on the subsequent configuration: 2mrod*, 4mrod*, 8mrod*, 16mrod*. 
With the maximum balanced mass equivalent to 8000 kg, mrod* = 500 kg, thereby 
resulting in the following sequence: 1000, 2000, and 4000 kg. 

Following the study, the characteristics of spring accumulators have been ascer-
tained. These characteristics may be utilized in diverse combinations to develop 
balancing mechanisms for rod borehole pumps. This, in turn, facilitates the design 
of oil production equipment that operates with considerably lower energy expenditure 
and installed power. 

The mechatronic spring drives with energy recovery, as described in the article, 
offer considerable advantages over traditional balancer drives for rod borehole 
pumps. Foremost among these benefits are the substantial reductions in size and 
weight, electricity consumption, and the potential to develop drives powered inde-
pendently by solar panels and wind turbines. In certain cases, these drives may be 
delivered pre-assembled within a shipping container.

Table 1 Main characteristics of balancing device springs 

The value of 
the balanced 
mass mrod 
(kg) 

Swing arm 
length l (mm) 

Spring rate c 
(N/m) 

Maximum 
spring force 
(N) 

Mass of two 
springs (kg) 

Working 
stroke Lspring 
(mm) 

4000 1500 6700 20,000 194 2500 

3000 1250 6000 15,000 116 2000 

2000 1000 5000 10,000 66 1500 

1200 1000 3000 5000 37 1500 
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Numerical Modeling for Long-Period 
Waves in a Harbor Basin 

Zhibo Xue, WenKai Wang, Yuanchao Liu, and Ruisai Zhou 

Abstract A breakwater is a mechanism designed for the protection of a harbor 
basin, it becomes difficult for it to perform its sheltering functions when long-period 
waves propagate into the harbor, which leads to poor conditions for the body of 
water. In this paper, a BW numerical model was verified via a harbor wave-filling 
simulation, which yielded results that matched quite well with the physical model. 
The impact of boundary dimensions, angle of wave incidence, seabed friction, and 
water depth on the harbor’s long-period wave oscillation were studied. With these 
long-period waves, height will first increase, then decrease slightly and keep steady 
while the wave frequency stays constant when the model’s boundary dimensions 
increase. The angle of incident waves’ impact on the long-period wave height had 
a slight influence. Additionally, the seabed friction and water depth are inversely 
proportional to long-period wave height and oscillations. 

Keywords Long-period waves · Numerical model · Boundary dimension · Angle 
of incidence · Seabed friction ·Water depth 

1 Introduction 

In port construction, it is generally necessary to build hydraulic architecture such 
as breakwaters to prevent the invasion of the harbor basin by waves and currents 
from outside the harbor. A breakwater, which is effective in reducing the height of 
short-period waves, provides insufficient resistance against long-period waves, i.e.
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those with a longer wavelength. In areas with heavy swells, long-period waves can 
easily directly invade a harbor, worsening the operation conditions in the harbor. 
When the incident waves’ frequency is close to the natural frequency in the harbor, 
the amplitude of the water in the harbor can reach several times that of the incident 
waves due to forced vibration, leading to a harbor oscillation [1]. Being extremely 
unfavorable to steady mooring conditions, a harbor oscillation seriously endangers 
the normal docking and operation of ships in the harbor. For this reason modeling for 
long-period waves in harbor basins is a critical subject in port planning and design. 

According to literature, in the 1950s, a seiche in Table Bay Harbour, Cape Town 
caused destructive accidents for ships in the harbor [2]. Through using an acoustic 
doppler current profiler in Wellington Harbour, New Zealand, Abraham [3] discov-
ered that there were oscillations with periods of 15.8 and 14.7 min in the harbor. Miles 
and Munk [4] studied the oscillation of a rectangular harbor basin connected to a 
body of open water and the expression of the amplification factor when the oscillation 
occurred via the application of Green’s function. Based on a linear hypothesis, Wang 
[5] delivered an analytic expression of a narrow and long rectangular harbor’s longi-
tudinal oscillation, and obtained an analytic solution of the oscillation of a harbor 
with varying water depth based on the weakly dispersive Boussinesq equation. Shi 
and Pan [6] analyzed long-period waves’ generation factors and reduction measures 
based on an overall wave model test. Shi et al. [7], Xu [8] adopted the Boussinesq 
wave numerical model to calculate wave heights in a harbor with different incident 
wave periods of the harbor basin under an ideal terrain, predicted the occurrence of 
a harbor oscillation, and then proposed preventive measures. Yin [9] simulated the 
oscillation energy change process in a slender harbor, a circular harbor, a double-
circular harbor, and an irregular harbor via the Boussinesq wave numerical model. 
Although countless domestic and foreign scholars have conducted research on long-
period waves, numerous studies are still based on ideal harbor basin conditions. 
Therefore, this paper took an actual harbor basin as the subject to carry out research 
on long-period wave numerical modeling. 

2 Model Verification 

2.1 Introduction to the Model 

Developed by the Danish Hydraulic Institute, the BW wave numerical model of 
MIKE21 is based on the Boussinesq equation proposed by Madsen and Sørensen 
[10, 11] to improve the frequency dispersion relationship and shoaling performance, 
and adopts the alternating direction implicit scheme (ADI) for a solution in the time 
domain. After long-term development, the BW model can accurately describe the 
refraction, deflection, reflection and nonlinear wave interactions that occur during 
wave propagation in coastal waters. Its control equation and numerical calculation 
method can be found in the literature [10, 11].
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2.2 Model Verification 

In this paper, this numerical model’s rationality was firstly verified based on a phys-
ical model test. See Fig. 1 for the physical model’s layout, Fig. 2 for the layout of 
measuring points, and Table 1 for wave elements. Among them, the physical model 
test was carried out in a 40 m × 60 m × 1.5 m wave harbor basin. Wave elimina-
tion settings were installed around the harbor basin to eliminate secondary reflected 
waves, and a DJ 800 was used for wave collection. The southeast (SE) and south-
southeast (SSE) directions are shown in Fig. 1; a scale of 1:80 was adopted for the 
test. The test accurately simulated the harbor basin; the bottom elevation of the harbor 
basin was set to −9 m, and the outer elevation of the harbor basin was −11 m. 

This numerical model is arranged exactly in accordance with the physical model. 
After the layout in the physical model test and the tested harbor basin were enlarged 
proportionally according to a scale of 1:80, a numerical model map of the harbor 
basin’s terrain was obtained. The calculation range of the wave mathematical model 
was 1,600 m× 5,000 m, the terrain setting was exactly the same as that in the physical 
model, and the model’s space interval was 10 m. For the purpose of absorbing long-
period waves, the thickness of the open-boundary sponge layer in the model was set 
to 100 layers, that is, the thickness of the sponge layer reached 1,000 m. 

Since this paper focuses on the verification and study of long-period waves, the 
period and wave height of long-period waves in the MIKE21 BW harbor basin model 
were verified, respectively. In wave height verification, the wave time series of the 
measuring points were separated. Additionally, the wave height at the measuring

Fig. 1 Model layout 
diagram
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Fig. 2 Measuring point layout diagram 

Table 1 Test waves’ elements 

D (m) Hs (m) T (s) Direction Recurrence period 

5.90 5.47 10.2 SE 100 years 

5.47 10.2 SSE 100 years 

3.91 5.15 10.2 SE 100 years 

5.15 10.2 SSE 100 years

points and the separated long-period wave height were verified. In the verification 
of period, the period of the long-period wave series (wave period longer than 30 s) 
was verified. 

Wave Height Verification The Fourier transform was utilized to separate the long-
period wave series, the effective wave height of the long-period waves was compared 
with that in the physical model test, and a comparison chart of wave height of between 
the numerical model and the physical model at different measuring points under the 
action of waves from the SE and SSE directions was obtained (as shown in Fig. 3). It 
can be seen from the numerical simulation results and the physical model test that the 
trend and law of the total wave height at each measuring point and the wave height 
of the long-period waves are relatively consistent, and the degree of agreement in 
the results is satisfactory.

Wave Period Verification With the Fourier transform, wave filtering was conducted 
to separate the long-period waves longer than 30 s at each measuring point, and ampli-
tude and frequency diagrams of the long-period waves were drawn. In this paper, 
two typical measuring points, Nos. 8 and 13, were selected for long-period wave
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Fig. 3 Comparison of wave 
height between the 
numerical model and the 
physical model

(1) Incident waves from the SE, HS=5.15 m 

(2) Incident waves from the SSE, HS=5.47 m 
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amplitude and frequency comparison, thus yielding the amplitude and frequency 
comparison chart, as shown in Fig. 4. As can be learned from the figure, the numer-
ical simulation results of the long-period waves’ period at the measuring points in 
the harbor and the physical model test results tend to be consistent, which demon-
strates a high degree of coincidence. In other words, this numerical model can more 
accurately simulate the long-period waves’ propagation in the harbor.

3 Impact of External Conditions on Long-Period Waves 
in the Harbor Basin 

3.1 Impact of the Model’s Boundary Dimensions 

The numerical model in this paper was arranged exactly with reference to the physical 
model, with its horizontal dimension being 1,600 m and vertical dimension being 
5,000 m. Through wave filtering, the resulting long-period waves’ oscillation period 
reached that of a few hundred seconds, corresponding wavelength could reach several 
thousand meters, making it truly necessary to discuss the model boundaries’ impact 
on the calculation results of long-period waves. 

In the calculation, the boundaries of the model were gradually extended, and then 
13 groups were set on the model’s horizontal dimension. The vertical dimension of 
the model remained unchanged, and a sponge layer with a thickness of 1,000 m was 
set for absorbing long-period waves. Through making a comparison of the calculation 
results at different model dimensions (see Figs. 5 and 6), it was found that when the 
horizontal dimension of the model’s boundary expands from 1,550 to 1,930 m, the 
wave height of the long-period waves in the harbor basin increases sharply; when 
the model scale continued to expand, the long-period wave height at each measuring 
point decreased slightly; and the subsequent values remained basically the same. The 
movement of boundaries would bring changes to the amplitude of the long-period 
waves’ oscillation of the harbor at each frequency, while the long-period waves’ 
oscillation frequency in the harbor would not change as a result, which clarified that 
the boundary dimension change basically had little impact on the long-period waves’ 
oscillation frequency.

In long-period wave oscillation, the water body outside the harbor formed a 
composite vibrating body with that in the harbor, and the increase of the boundary 
dimensions would cause the increase of the water body outside the harbor. For long-
period wave oscillation in the harbor, the oscillation frequency of the harbor was 
0.002 Hz, and the corresponding wavelength could reach several kilometers. When 
the distance from the harbor’s exterior boundaries to the interior boundaries of the 
harbor’s inlet was short, the oscillation of the body of water between the two bound-
aries was not complete enough, and its corresponding amplitude was relatively small. 
With the expansion of the exterior boundaries, when the distance from the harbor’s
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Fig. 4 Comparison of the 
long-period waves’ 
amplitude and frequency 
between the numerical model 
and the physical model

(a) Incident waves from the SE, HS=5.47 m 

(b) Incident waves from the SSE, HS=5.47 m 
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Fig. 5 Comparison of the long-period waves’ amplitude and frequency under different boundary 
dimensions 

Fig. 6 Comparison of the long-period waves’ height under different boundary dimensions

exterior boundaries to the interior boundaries of the harbor’s inlet was increased, 
the water bodies inside and outside the harbor were more likely to form a joint 
oscillating body whose oscillation amplitude increased with its gradual expansion. 
With the further expansion of the model range, the impact of the harbor’s exterior 
boundaries on the harbor’s long-period wave oscillation began to decrease. When a
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relatively complete long-period wave oscillation was able to take place in the water 
body of the harbor, the model’s boundaries could no longer impose restrictions to 
the long-period wave oscillation, and the corresponding wavelength of the long-
period wave oscillation of the harbor would not change due to boundary expansion. 
Hence, with the further expansion of the model’s boundaries, the long-period wave 
oscillation of the harbor started to weaken slightly, but the overall change was not 
obvious. 

However, in a natural coast, there are no boundaries in numerical operations as 
with physical model experiments, which also suggests that the larger the exterior 
boundary range of a numerical model, the closer the phenomenon to that of natural 
waves invading the harbor, especially in the discussion of the phenomenon of long-
period wave oscillation, the larger the external boundary range, the greater impact 
of the exterior boundaries on the oscillation of the water body in the harbor can be 
eliminated. Thus, in order to better demonstrate the long-period wave oscillation 
in an actual harbor, the horizontal dimension of the model should be greater than 
3,000 m. 

3.2 Impact of Incident Waves’ Source Direction 

In order to analyze the impact of the incident waves’ source direction on the wave 
height in the harbor, this study merely changed the incident waves’ source direction 
instead of changing the layout of the harbor basin to calculate the wave height in the 
harbor under waves from different directions. In this study, the angle α between the 
end axis of the breakwater and the source direction of the incident waves was used as 
a reference (as shown in Fig. 7), and 6 sets of different operation conditions were set 
by changing the source direction of the incident waves. Meanwhile, the same wave 
element was used in different operation conditions.

As the angle α between the incident waves’ source direction and the axis of the 
end of the breakwater gradually increased (the incident waves’ direction gradually 
shifted towards the harbor), the wave height of the short waves at the measuring 
points in the harbor gradually increased as well. In contrast, the changes in wave 
height of a long-period waves were relatively minor, but on the whole, there was a 
tendency to increase with the increase of the angle α between the incident waves’ 
source direction and the breakwater. The calculation results can be found in Fig. 8. 
The changes in the incident waves’ source direction led to an enhancement in the 
response of incoming short-period waves received in the harbor, while long-period 
waves were not highly sensitive to the incident waves’ source direction.
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Fig. 7 Changes in the angle between the incident waves’ source direction and the axis of the end 
of the breakwater

3.3 Impact of Seabed Friction 

During the wave propagation process, seabed friction will reduce the wave energy. 
The seabed friction can be expressed through the Chézy coefficient or Manning 
coefficient. This section studied the law of variation of the long-period wave height 
with the Chézy coefficient in the harbor. 

The wave heights of the short-period waves and long-period waves at each 
measuring point in the harbor under different seabed friction are shown in Fig. 9. With 
the gradual increase of the Chézy coefficient, the short-period wave height at each 
measuring point in the harbor basically remained unchanged, while the long-period 
wave height gradually increased. Since the seabed friction is inversely proportional to 
the Chézy coefficient, that is, when the Chézy coefficient increases, the seabed friction 
decreases, the long-period wave height in the harbor then increased. The wavelength 
of long-period waves was much larger than the water depth, and long-period waves 
were greatly affected by the seabed during their propagation and oscillation. Specif-
ically, the increase in the seabed friction could effectively weaken the long-period 
waves in the harbor, while the short-period waves were relatively weakly affected by 
the seabed due to their shorter wavelengths. When the water was deeper, the prop-
agation of the short-period waves was weakly affected by the seabed. Therefore, 
changes in the seabed friction had little impact on the short-period wave height.
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Fig. 8 The impact of the incident waves’ source direction on the wave height in the harbor
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Fig. 9 Seabed friction’s impact on the wave height in the harbor 

3.4 Impact of Water Depth 

In the process of wave propagation to the inshore, due to the shallowness of the 
water, the seabed has a direct effect on the waves, bringing about shallow water 
deformation of the waves. Accordingly, the propagation of the waves is also affected 
by water depth. Hence, this section counted the change of long-period wave height
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and short-period wave height with water depth, respectively, and yielded the results 
shown in Fig. 10. With the gradual increase of water depth, the short-period wave 
heights at various measuring points in the harbor also gradually increased, and their 
growth trend and slope were basically the same. Nevertheless, the opposite of such a 
law was manifested in the long-period wave height. Consequently, water depth had 
a significant impact on the propagation and oscillation of long-period waves. 

Fig. 10 Water depth’s impact on the wave height in the harbor
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4 Summary 

In this paper, the BW numerical model’s rationality was verified based on the test 
results from a harbor physical model project. On this basis, the impact of boundary 
dimensions, angle of wave incidence, seabed friction, and water depth on the long-
period wave oscillation were studied. The specific conclusions are as follows: 

(1) This study calculated the disturbance and distribution of long-period waves in 
the harbor based on the MIKE21-BW model, and compared and analyzed them 
with the test results in the overall physical model. The two types of results were 
in ideal agreement, which verified the rationality of the BW model in calculating 
the waves in the harbor. 

(2) The long-period wave height will first increase, then decrease slightly and main-
tain steady when the model’s boundary dimensions increase. The movement of 
boundaries would bring changes to the amplitude of the long-period waves’ 
oscillation of the harbor at each frequency, while the long-period waves’ oscil-
lation frequency in the harbor under various boundary dimensions would not 
change as a result. Thus, in order to better demonstrate the long-period wave 
oscillation in an actual harbor, the horizontal dimension of the model should be 
greater than 3,000 m. 

(3) The impact of the incident waves’ source direction on the long-period wave 
height in the harbor was weak. Seabed friction and water depth, by contrast, 
have a significant impact on the long-period wave oscillation, in which the 
greater the seabed friction, the smaller the long-period waves in the harbor. 
As the water depth gradually increases, the long-period wave oscillation of the 
harbor gradually weakens. 
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The Effect of Multi-Wall Carbon 
Nanotubes on the Flexural 
and Compressive Strength 
of Cement-Based Composites 

Fani Gkountakou, Maria Falara, Athanasia Thomoglou, 
and Anaxagoras Elenas 

Abstract Nanoparticles are characterized as the most frequently used mate-
rials for embellishing the nanomodified specimens’ multifunctional characteris-
tics. The combination of cementitious composites with nanomaterials is impor-
tant for enhancing the microstructural characteristics of cement-based materials 
and filling voids in the cement pastes. Recently, many studies on incorporating 
carbon nanotubes in cement paste showed an improvement in the engineering field. 
In this research, many three-point bending tests into prismatic samples that were 
cast into molds conducted to examine the multi-wall carbon nanotubes’ (MWCNTs) 
mechanical characteristics. More specifically, for creating cement paste enhanced 
with MWCNTs, three different amounts of MWCNTs, such as 0.1 wt.% MWCNTs, 
0.2 wt.% MWCNTs, and 1.0 wt.% MWCNTs of cement were applied. Sonication 
energy and surfactants were applied in order to disperse the MWCNTs into the 
aqueous solution. By evaluating the results, it was concluded that the amount of 
0.1 wt.% MWCNTs revealed the best mechanical properties, such as 55.5 MPa 
28-day compressive strength and 6.9 MPa flexural strength compared to the other 
samples. Thus, MWCNTs are capable of creating cement-based materials with 
multiple structural functions. 
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1 Introduction 

Cement-based materials are considered as an important factor in building construc-
tion. Their enhanced mechanical properties and high durability make them the most 
commonly applied materials for developing high construction behavior. Neverthe-
less, many researchers were interested in studying their quasi-brittle performance. 
For embellishing the mechanical capabilities of cement-basted materials and avoid 
concrete’s ductility, multi-wall carbon nanotubes (MWCNTs) can be applied. 

The incorporation of MWCNTs into cement paste gained the interest of many 
researchers since they provide high mechanical performance [1]. For example, it was 
reported that by adding 0.1 wt.% and 0.2 wt.% MWCNTs [2], the flexural strength 
of cementitious samples improved by 65% and 26.9%, respectively, in contrast to 
the reference specimen at 28 days of hydration. Also, the proportions of 0.01 wt.% 
MWCNTs, 0.02 wt.% MWCNTs and 0.03 wt.% MWCNTs were dispersed using 
silica fume as a surfactant agent [3]. It was concluded that the sample containing 0.01 
wt.% MWCNTs improved the compressive strength by 12.4% at 7 days of hydration, 
and the sample of 0.02 wt.% MWCNTs had 6.8% higher compressive strength on 
the aforementioned days. Similarly, the proportion of 0.03 wt.% MWCNTs revealed 
a 4.1% increase in compressive strength on the same days. In addition, it was studied 
the impact of many lengths and proportions of MWCNTs on the compressive and 
flexural strength of nano-modified materials [4]. It was concluded that the propor-
tion of 0.048 wt.% MWCNTs enhanced by 25% the flexural performance. Similar 
behavior was also observed for the specimen containing 0.08 wt.% MWCNTs. Partic-
ularly, a compressive strength improvement of cement-based materials reinforced 
with MWCNTs was also demonstrated. It was mentioned that the incorporation of 
MWCNTs in the amount of 0.01 wt.% into cement improved by 1.6% the compres-
sive strength at 28 days and 4.1% for 90 days, in contrast to the reference specimen 
[5]. The specimens containing 0.015 wt.% MWCNTs also exhibited higher results 
as the increment of the compressive strength was 3.0% and 4.7% at 28 and 90 days, 
respectively. It was also studied the incorporation of 0.038 wt.% and 0.075 wt.% 
MWCNTs to cement matrix [6]. In order to disperse MWCNTs, superplasticizer was 
used as a surfactant and ultrasonic energy was applied in the solution. Interestingly, 
the flexural strength yielded an improvement in their values. Likewise, Hunashyal 
et al. [7], by adding 0.75 wt.% MWCNTs assumed that the mechanical properties 
were enhanced by about 33.66% the compressive and 20.55% the flexural strength. 

The dispersion of nanoinclusions is a necessary process for embellishing their 
performance in the cement matrix. Many surfactants can be applied to enhance the 
dispersion of CNTs [8, 9]. For example, five surfactants were applied to enhance 
the incorporation of MWCNTs to cement matrix. It was concluded that the SDBS 
along with TX10 exhibited an increase in both mechanical and electrical properties. 
Likewise, gum arabic (GA) was used [10] in dispersing process of the proportion 
of 1.5 wt.% and 3 wt.% MWCNTs and the results revealed nanofluid stability. In 
addition, it was investigated that the application of sodium dodecyl benzene sulfonate
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Table 1 The mechanical characteristics of MWCNTs 

Fiber Type Diameter 
mm 

Length μm Purity (%) Density (gr/ 
cm3) 

Aspect Ratio Fiber count 

MWCNTs 9.5 1.5 >90 1.66 158 2.04 × 1013 

(SDBS) combined with polyvinylpyrrolidone (PVP) yielded the highest performance 
in the dispersion process [11]. 

In this paper, in order to create cement pastes enhanced with MWCNTs, three 
different amounts of MWCNTs by the mass of cement, namely 0.1 wt.% MWCNTs, 
0.2 wt.% MWCNTs, and 1.0 wt.% MWCNTs were incorporated into the cement 
matrix. Three-point bending procedures were carried out for each specimen for deter-
mining the mechanical properties of nanomodified materials at a hydration age of 
28 days. By evaluating the results, it was concluded that cement paste reinforced with 
0.1 wt.% MWCNTs yielded an increase in the mechanical characteristics, optimizing 
the cement-based material’s properties. 

2 Application Section 

2.1 Specimens’ Preparation 

For casting the samples enhanced with multi-wall carbon nanotubes, general purpose 
Portland cement 42.5 R was applied, supplied by the company named TITAN 
HELLAS. The characteristic parameters of MWCNTs, which are in powder form 
and were purchased from Nanocyl, are shown in Table 1. Carbon nanotubes have to 
be dispersed in order to incorporate them into the matrix of cement paste effectively 
[12]. A successful dispersion process provides an increase in the mechanical charac-
teristics of cement pastes and the optimization of their performance. In the present 
research, for improving the dispersion process of MWCNTs, a surfactant named 
sodium dodecylbenzene sulfonate (SDBS), which was purchased from Aldrich and 
Tri-n-butyl phosphate (TBP) were added to the aqueous solutions [13]. 

The method that was used for breaking up the agglomerates that appeared in the 
solution was 60 min of ultrasonic energy with an ultra-sonic processor that emitted 
a 500 W ultrasonic wave [14]. Then, the CNT/SDBS solutions were applied to the 
Ordinary Portland cement for preparing the specimens. 

2.2 Testing Procedure 

For estimating the mechanical characteristics of reinforced cement composites, a 
series of three-point bending procedures were carried out into prismatic specimens,
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which were cast into molds. The machine that was used for assessing the flexural 
strength is a servo-hydraulic 25 kN MTS with displacement rate 0.1 mm/min. 

Upon completing the flexural test process, the halves of every specimen were 
subjected to a 2000 kN machine for evaluating the compressive strength under force 
control. The displacement rate was 0.5 kN/s. 

3 Results 

As already mentioned, multi-wall carbon nanotubes (MWCNTs) were applied at the 
proportions of 0.1 wt.% MWCNTs, 0.2 wt.% MWCNTs, and 1.0 wt.% MWCNTs 
for evaluating the mechanical properties of cement-based materials enhanced with 
MWCNTs. Figure 1a) represents the results of flexural strength of nanomodified 
specimens. It is demonstrated that the amount of 0.1 wt.% MWCNTs yielded the 
best ultimate flexural strength results at the hydration age of 28 days, which improved 
by 17% in comparison with the reference sample. Such behavior was also noticed 
for the specimen in the amount of 0.2 wt.% MWCNTs that its flexural strength was 
increased by 3.5%. On the other hand, a higher proportion of MWCNTs, such as 
1.0 wt.%, decreased the flexural behavior of cement paste nanocomposites. This 
can be related to the fact that higher proportions of MWCNTs cannot be dispersed 
effectively, leading to an inaccurate flexural behavior of specimens. 

Figure 1b) illustrates the outputs of the compressive strength of cement pastes 
incorporated with MWCNTs. It is shown that the specimen contained 0.1 wt.% 
MWCNTs increased by 5.9% the compressive strength for 28 days of hydration 
related to the plain cement paste [4, 15–17]. Similarly, the specimen containing 0.2 
wt.% MWCNTs also exhibited higher results as the increment of the 28-day compres-
sive strength was almost 1%. Conversely, the proportion of 1.0 wt.% MWCNTs 
caused a decrease compared to the plain specimen. The decrease may be attributed 
to the inadequate MWCNTs’ distribution into the cementitious matrix.

Fig. 1 Results in a flexural strength and b compressive strength of different proportions of 
MWCNTs 
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Table 2 Experimental 
outputs of different 
proportions of MWCNTs at 
28 days 

σf [MPa] σc [MPa] 

Plain CP 5.9 52.4 

0.1 wt.% MWCNTs 6.9 55.5 

0.2 wt.% MWCNTs 6.1 52.9 

1.0 wt.% MWCNTs 4.6 35.5 

The aforementioned experimental outputs are listed in the following Table 2. 

4 Conclusions 

This research examines the impact of different MWCNTs proportions on nanomodi-
fied specimens’ mechanical properties. More specifically, three different amounts of 
MWCNTs by the cement mass, such as 0.1 wt.% MWCNTs, 0.2 wt.% MWCNTs, and 
1.0 wt.% MWCNTs were incorporated to enhance the matrix of cement pastes. For a 
better dispersion process, sodium dodecylbenzene sulfonate (SDBS) and Tri-n-butyl 
phosphate (TBP) were applied to the mixture, and the solution was subjected for 
60 min with ultrasonic energy. Afterwards, a series of bending tests were carried out 
to estimate each specimen’s mechanical characteristics. The results revealed that the 
proportion of 0.1 wt.% MWCNTs yielded the best mechanical results at a hydration 
age of 28 days. On the other hand, a higher amount of MWCNTs, such as 1.0 wt.% 
MWCNTs caused a decrease in the mechanical properties as bigger proportions of 
MWCNTs cannot be dispersed successfully. 

To sum up, the incorporation of multi-wall carbon nanotubes (MWCNTs) in the 
proportion of 0.1 wt.% MWCNTs into cementitious materials proved to be the most 
effective proportion. This demonstrates that MWCNTs can enhance cement-based 
materials with multiple structural functions. 
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Effect of Polyformaldehyde Fibers 
on Durability of Concrete 

Xiang Li, Pengjin Wu, Maoyi Liu, Yunhao Wang, Daifeng Wu, 
Zhiqiang Wang, and Xin Bi 

Abstract The influence of polyformaldehyde (POM) fiber on durability of concrete 
was discussed through experiments. The strength, pore structure, impermeability, 
chloride ion corrosion resistance and frost resistance of concrete specimens with 
5 mix proportions were tested. The findings demonstrate that POM fiber can 
enhance concrete’s cube compressive strength and splitting tensile strength, reduce 
the average pore diameter, most integrable aperture, and porosity of concrete, 
and increase concrete’s compactness. As POM fiber improves the compactness 
of concrete, it can be used to increase the durability of concrete, including 
impermeability, sulfate corrosion resistance and frost resistance. 

Keywords POM fiber concrete · Pore structure · Concrete durability · Concrete 
strength 

1 Introduction 

Fiber concrete is formed by adding various fibers to concrete, which increases 
the durability and concrete’s compressive and tensile strength [1–3]. At present, 
commonly used fiber types include polypropylene fiber, steel fiber, basalt fiber and 
glass fiber [4]. Researchers have conducted a great deal of study on the performance 
changes of these fibers on concrete, with a lot of positive outcomes. Polyformalde-
hyde (POM) fiber is a recently discovered and utilized high-performance fiber. POM 
fiber has excellent characteristics such as high strength, high modulus, corrosion
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resistance and good dispersion in the composite matrix [5, 6]. Existing studies have 
shown that adding POM fibers to concrete will reduce the workability of concrete, 
but it can increase the strength of concrete [7, 8], lessen the shrinkage of concrete, and 
increase its resistance to cracking and high temperatures [6]. These studies show that 
POM has a good application prospect in concrete, but there are still few studies on the 
durability of POM fiber concrete, which cannot meet the needs of further populariza-
tion and application of POM fiber concrete. Therefore, this paper launched research 
work on the durability of POM fiber concrete. 

2 Experimental Setups 

2.1 Materials 

Like other fibers, there is an optimal dosage of POM fiber for concrete. Referring to 
past related research results, this study selected 1.1 kg/m3 as a fixed dosage. Research 
work has been carried out on concrete’s durability, including impermeability, sulfate 
dry–wet cycle resistance, and freeze–thaw cycle resistance. A total of 5 water-binder 
ratios were designed in the study, and a benchmark group (JZ) and a POM fiber group 
(POM) were set for each water-binder ratio. The concrete mix proportion is shown 
in Table 1. 

Table 1 Concrete mix proportion (kg/m3) 

No Water-binder 
ratio 

Water POM fiber Water 
reducer (%) 

Cement Fly ash Sand Gravel 

JZ/POM 0.45 190.1 0/1.1 0 330.1 88.5 750 1050 

JZ/POM 0.40 176.9 0/1.1 0.1 350.5 93.5 745 1035 

JZ/POM 0.35 168.8 0/1.1 0.2 380.5 103 730 1025 

JZ/POM 0.30 160.3 0/1.1 0.3 400.2 126 720 1000 

JZ/POM 0.25 140.5 0/1.1 0.5 425.0 135 718 985 

Among them: 
JZ-Benchmark group; 
POM-Polyformaldehyde fiber group; 
Cement: Standard Portland cement P.O 42.5, fineness 0.6%; 
Water: Ordinary tap water; 
POM: Density 1.41 g/cm3, average fiber length 19 mm, melting point 175 °C, tensile strength 
750 MPa; 
Fly ash: Chongqing Luohuang grade II, fineness 21%, water requirement ratio 103%, activity 70% 
(28 days); 
Water reducer: FND retarded water reducer, water reducing rate 24%; 
Sand: Fineness modulus 2.6, mud content less than 2%; 
Gravel: The particle size range 5–20 mm, mud content 0.7%
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2.2 Mechanical Properties of Concrete 

The compressive and splitting tensile strength of concrete cubes at 28 days involved 
in this research were tested in accordance with the Standard for Test Methods of 
Mechanical Properties of Ordinary Concrete (GB/T50081). 

2.3 Test on Impermeability, Sulfate Resistance 
and Freeze–thaw Resistance of Concrete 

The impermeability, sulfate resistance and freeze–thaw cycle resistance of the 
concrete involved in this research were tested in accordance with the Standard for 
Test Methods of Long Term Performance and Durability of Ordinary Concrete (GB/ 
T50082). 

The impermeability of concrete is tested by the method of seepage height. The 
specimen is a 150 mm high cone, with the upper bottom diameter of 175 mm and 
the lower bottom diameter of 185 mm. 6 specimens are prepared for each group. 

The specimen used for sulfate resistance dry–wet cycle of concrete is 100 mm × 
100 mm × 100 mm cube, 6 specimens for each group. The circulation system is: 
soak in 5% sodium sulfate solution for 15 h, air dry for 1 h, then dry for 6 h, and 
finally cool for 2 h. The research carried out 150 cycles, and after 30, 90 and 150 
cycles, the specimens’ compressive strengths were tested to determine the concrete’s 
sulfate corrosion resistance. 

The freeze–thaw cycle performance of concrete is tested by quick freezing method, 
and the specimen is a cuboid of 100 mm× 100 mm× 400 mm. The circulation system 
is: the single cycle time is controlled within 2–4 h, and the melting of the specimens 
is controlled at no less than a quarter of the entire cycle time. When freezing and 
thawing, control the minimum temperature of the center of the specimens at −18 
± 2 °C, the maximum temperature at 5 ± 2 °C, and the minimum and maximum 
temperatures in the box at −20 ± 2 °C and 15 ± 2 °C. Taking the completion of 25 
cycles as a full cycle, use the DT-20 dynamic elastic mold machine to measure the 
specimens’ dynamic elastic modulus. 

2.4 Concrete Pore Structure Testing 

The main variable studied was the addition of POM fibers. Therefore, the test under 
single water-binder ratio has been able to reflect the influence of POM fiber on 
the concrete pore structure in general. Therefore, the study exclusively examined the 
concrete’s pore structure of specimens under a 0.35 water-binder ratio. The specimens 
used to test the concrete pore structure were subjected to the same curing conditions 
as those used to test the durability performance. When the test condition is reached,
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the concrete to be tested need to be crushed, after which concrete particles with 
a size between 2.5 mm and 5 mm are selected with a sieve. Next, the concrete is 
dehydrated with acetone and the specimens are dried with a vacuum dryer. Finally, the 
pore structure inside the concrete is tested using an Auto IV9510 automatic mercury 
porosimeter. 

3 Results and Discussion 

3.1 Compressive and Tensile Strength of Concrete 

Figure 1 shows the comparison of the compressive and tensile strength of the JZ 
concrete and POM concrete at 28 days under different water-binder ratios. Figure 1 
illustrates that under various conditions of water-binder ratios, the compressive and 
tensile strength of concrete have increased after adding POM fibers. According to 
different water-binder ratios, the compressive strength increases by 4.7–8.3%, and 
the tensile strength increases by 15.4–22%. 

Due to the good physical, chemical and dispersion properties of POM fiber itself, 
when added to concrete, POM fiber can be dispersed equally in concrete and forms a 
strong bond with it. When the concrete is under load, these uniformly distributed 
POM fibers can effectively block the development of fractures in the concrete, 
consuming a certain energy which leads to concrete failure. Therefore, the use of 
POM fibers can boost the concrete’s compressive and tensile strength to some extent.

Fig. 1 Influence of POM fiber on the strength of concrete: a cubic compressive strength; b splitting 
tensile strength 
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3.2 Concrete Impermeability 

Figure 2 shows the comparison of the impermeability performance of JZ concrete 
and POM concrete under different water-binder ratios. It indicated that as concrete 
water-binder ratios decline, concrete impermeability increases. Simultaneously, the 
addition of POM fibers to concrete can effectively enhance the its impermeability. 

Table 2 shows the pore structure of the 0.35 mix proportion concrete specimens. It 
indicated that after adding POM fibers to concrete, the porosity of concrete dropped 
from 21.7% to 17.2%, the most integrable aperture of concrete dropped from 85.7 nm 
to 47.6 nm, and the average pore diameter dropped from 25.4 nm to 23.5 nm. These 
show that adding POM fibers can improve the compactness of concrete. 

The compactness of the concrete directly affects its impermeability. For the same 
type of concrete (JZ and POM groups), the internal compactness of the concrete rises 
as the water-binder ratio falls. Consequently, the impermeability of concrete rises 
as the water-binder ratio falls. For POM fiber concrete, POM fiber fills the pores in 
the concrete, preventing micro-cracks’ development within the concrete, improving 
concrete’s compactness concurrently. Moreover, fibers can enhance concrete’s resis-
tance to water pressure. Therefore, adding POM fiber can enhance concrete’s 
impermeability.

Fig. 2 Impermeability of 
concrete 

Table 2 Pore structure of concrete 

Average pore size (nm) Most integrable aperture (nm) Porosity (%) 

JZ 25.4 85.7 21.7 

POM 23.5 47.6 17.2 
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3.3 Concrete Resistance to Sulfate Dry–wet Cycle 
Performance 

Figure 3 and Table 3 are the comparison between concrete’s strength after sulfate 
dry–wet cycle and concrete’s strength with standard-cured, and changes of concrete’s 
strength after the sulfate dry–wet cycle. These results indicate that when sulfate dry– 
wet cycle index increases, the concrete’s strength initially increases and eventually 
falls. After 30 and 90 cycles, compared with the strength of concrete cured simul-
taneously, the strength of concrete corroded by sulfate is greater. When the cycle 
index reaches 150, the erosion effect of sulfates on the concrete’s strength begins 
to appear, and compared with the strength of concrete cured simultaneously, the 
corroded concrete’s strength is lower.

When sulfates erode concrete, the etching solution’s sulfate ions will react with 
the concrete’s calcium hydroxide and calcium aluminate hydrate to generate gypsum 
and ettringite. At the early stage of erosion, the gypsum and ettringite produced 
by the erosion filled the pores and micro-cracks inside the concrete (as shown in 
Table 4), and the expansion caused by the filling did not exceed the tensile limit of 
the concrete. The concrete’s compressive strength increases as its internal density 
increases. Therefore, at this stage, the strength of concrete eroded by sulfates are 
higher than that of concrete cured at the same time. With the further erosion of 
sulfates, the reactants generated by the erosion increase, which makes the expansion 
exceed concrete’s ultimate tensile strength and damage its internal structural integrity, 
thus reducing concrete’s compressive strength.

We can also find that when the POM fibers were added to the concrete, after 30 
and 90 cycles, the rate of strength growth in concrete increased. Meanwhile, after 150 
cycles and the degradation effect of sulfates on concrete performance appeared, the 
decrease rate of compressive strength of concrete added with POM fiber was lower 
than that of the JZ concrete. It shows that POM fiber improves the sulfate erosion 
resistance of concrete. The main reason for this phenomenon is that POM fibers fill 
the pores and micro-cracks inside the concrete, making it more difficult for sulfates 
to penetrate into the concrete. 

Concrete’s erosion resistance coefficient can more clearly indicate its capacity to 
withstand sulfate, which is calculated according to the Standard for Test Methods 
of Long-term Performance and Durability of Ordinary Concrete (GB/T50082). It 
can be seen from Fig. 4 that after 30, 90 and 150 cycles, the corrosion resistance 
coefficients of the concrete added with POM fibers are all higher than those of the 
JZ concrete. It was determined that the incorporation of POM fibers can enhance 
concrete’s sulfate resistance.
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Fig. 3 Comparison between compressive strength of concrete after dry–wet cycle of sulfate and 
that of standard curing concrete: a 0.45 b 0.4 c 0.35 d 0.3 e 0.25
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Table 3 Changes of concrete strength after sulfate dry–wet cycle 

Water-binder ratio (%) Cycle index 

30 90 150 

0.25 JZ 4.17 5.33 −6.41 

POM 8.00 6.33 −4.29 

0.3 JZ 6.25 7.35 −5.63 

POM 4.48 9.72 −5.41 

0.35 JZ 5.36 3.33 −7.81 

POM 6.67 4.62 −7.35 

0.4 JZ 12.50 9.26 −10.17 

POM 13.46 10.34 −8.06 

0.45 JZ 11.63 10.64 −11.76 

POM 14.89 11.76 −9.09

3.4 Freeze–thaw Cycle Resistance of Concrete 

Table 5 and Fig. 5 show the relative dynamic modulus of elasticity of concrete after 
freeze–thaw cycles. Table 5 demonstrates that as freeze–thaw cycles increases, the 
relative dynamic elastic modulus of concrete gradually falls. In the meantime, after 
each cycle, the relative dynamic elastic modulus of the concrete filled with POM 
fiber was higher than JZ concrete, which indicated that POM fiber can enhance the 
concrete’s frost resistance.

POM fiber’s enhancement in concrete frost resistance is mainly related to the 
filling effect of POM fiber on pores and micro-cracks in concrete. Table 6 shows 
the concrete pore structure after several cycles. It indicated that POM concrete’s 
pore structure is significantly lower than JZ concrete after freeze–thaw cycles. The 
mechanism underlying concrete freeze–thaw destruction is that the water in concrete 
pores and micro-cracks repeatedly freezes and expands, constantly increasing the 
concrete’s intrinsic flaws, thus reducing concrete’s performance. POM fiber can effi-
ciently lessen the amount of water in concrete which produces icing phenomenon, 
hence enhancing concrete’s freeze–thaw performance. Moreover, POM fiber can 
also play a role in the development of concrete cracks and inhibit the development 
of cracks.

4 Conclusions

(1) POM fiber can play a tie effect on concrete and inhibit the crack development 
of concrete when it is loaded. Studies have shown that adding 1.1 kg/m3 POM 
fibers can improve concrete’s cubic compressive strength and splitting tensile 
strength when water-binder ratio is in 0.25–0.45. The strength of concrete under
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Fig. 4 Concrete’s erosion resistance coefficient under different water-binder ratios: a 0.45 b 0.4 
c 0.3 d 0.25 e 0.2

varying water-binder ratios increases in distinct ranges: the compressive strength 
increases by 4.7%–8.3%, and the tensile strength increases by 15.4%–22%;

(2) For the same type of concrete (JZ and POM groups), as the concrete water-binder 
ratio decreases, the impermeability of the concrete increases; Sulfate erosion 
will raise the concrete’s compressive strength until the expansion caused by
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Table 5 Concrete’s relative dynamic elastic modulus after freeze–thaw cycle (%) 

Cycle index 0.25 0.3 0.35 0.4 0.45 

JZ POM JZ POM JZ POM JZ POM JZ POM 

25 97.4 99.2 97.1 99.5 93.5 97.8 95.4 96.3 93.4 95.4 

50 90.6 95.6 87.2 93.7 87.7 92.2 87.6 92.6 86.5 93.2 

75 84.2 90.5 79.9 83.2 73.2 79.4 71.4 80.5 69.4 78.6 

100 72.1 75.5 71.4 75.5 66.8 72.4 65.3 69.4 52.1 65.5 

Fig. 5 Concrete’s relative dynamic elastic modulus under different water-binder ratios: a 0.45 b 0.4 
c 0.35 d 0.3 e 0.25
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Table 6 Concrete’s pore 
structure after freeze–thaw 
cycle 

Cycle index Parameter JZ POM 

25 Average pore size 
(nm) 

21.3 17.5 

Most integrable aperture 
(nm) 

56.2 25.3 

Porosity 
(%) 

20.1 17.6 

50 Average pore size 
(nm) 

24.6 19.6 

Most integrable aperture 
(nm) 

70.4 29.6 

Porosity 
(%) 

21.33 19.65 

75 Average pore size 
(nm) 

31.9 23.6 

Most integrable aperture 
(nm) 

86.8 55.3 

Porosity 
(%) 

24.53 22.8 

100 Average pore size 
(nm) 

34.4 32.6 

Most integrable aperture 
(nm) 

92.68 88.1 

Porosity 
(%) 

26.1 25.3

sulfate erosion surpasses the concrete’s ultimate tensile strength; as freeze– 
thaw cycle index rises, the relative dynamic elastic modulus of concrete falls 
gradually, and the frost resistance performance decreases;

(3) Due to the good dispersion and filling performance of POM fibers, adding POM 
fibers to concrete can enhance concrete’s compactness and lessen the pore struc-
ture parameters of concrete including average pore size, most integrable aperture 
and porosity. It is precisely because POM fibers increase the compactness of 
concrete, so adding POM fibers to concrete can enhance concrete’s durability 
including water permeability, sulfate corrosion resistance and frost resistance.
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Experimental Research of Concrete 
Shrinkage Under Constraint Based 
on Capillary Tension Theory 

Maoyi Liu, Daifeng Wu, Songxiao Huang, Zhiqiang Wang, and Pengjin Wu 

Abstract In this work, a method based on the capillary tension theory is suggested 
for figuring out how much concrete will shrink while it is held in place by steel plates 
and studs. When concrete examples were restrained by steel plates of various thick-
nesses and materials with variations in their diameters, heights, and stud counts, 
the pore structure and shrinkage strain of the plates were examined. The findings 
demonstrate that steel plates and studs have a considerable impact on the pore struc-
ture of the specimens, and that as the plates and studs exert more constraint on the 
samples, the values of the pore structure parameters of the samples will grow linearly. 
Additionally, the coordinated deformation between the constrained parts that results 
from the decrease of capillary stress in the concrete would lessen specimen deforma-
tion and shrinkage. The purpose of this research is to provide recommendations for 
predicting shrinkage stresses in concrete that is supported by steel plates and studs. 

Keywords Capillary tension theory · Steel plates · Studs · Concrete shrinkage 
prediction 

1 Introduction 

Shrinkage results in a continuous decrease in the volume of the concrete in the 
absence of external stresses. Tensile stresses are created by the restraining body as 
it prevents the concrete from shrinking; they are referred to as restraining tensile 
stresses. Concrete cracking may be prevented in part by the restricting tensile stress. 
Concrete cracking may be handled in one of two ways: (1) To look into how the 
restrained body affects concrete shrinkage; (2) To forecast the strain that concrete 
would experience during shrinkage in the restrained body.
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The effects of reinforcing on shrinkage have been the subject of earlier studies 
on concrete shrinkage [1]. Steel-plate-reinforced concrete composite shear walls 
(abbreviated as SPRWs), often referred to as composite shear walls made of steel 
plate reinforced concrete, are frequently employed in high-rise and super high-rise 
buildings. These walls generally have a high strength concrete construction and excel-
lent mechanical properties. High-strength concrete shrinks more than conventional 
concrete does, and its initial tensile strength is rather low [2]. On the other hand, 
SPRWs are restricted by the combined action of steel plates, studs, and reinforce-
ment in reinforced concrete shear walls that are solely restrained by steel reinforce-
ment. SPRW has a propensity to break because of its rapid shrinkage and intricate 
restriction. 

The effect of studs and plates has rarely been studied in current research into 
concrete shrinkage. Yousef et al. [3] investigated the effect of specifications of stud 
on concrete by tests. Chen et al. [4] investigated concrete shrinkage effect with 
different components re-strained to protect structures against aggressive environment 
challenges. Due to the lack of research in this area, our structural codes for SPRW 
crack control are based on the existing reinforcement literature. These terms and 
conditions are sometimes valid, but in most cases they are not applicable. As a 
result, many SPRWs experienced massive cracking during construction. 

Concrete shrinks as a result of capillary strains being created on the pore walls 
as a result of water being consumed within the concrete [5]. The capillary tension 
hypothesis allows for the prediction of common concrete’s shrinkage [6].  Due to this  
limitation, this article examines the pore structure, shrinkage strain, and mechanical 
characteristics of concrete [7, 8]. A technique that can forecast the shrinking strain is 
suggested in light of the test findings. The findings of this research demonstrate that 
there is excellent agreement between measured and anticipated concrete shrinkage 
values under restricted body limitations. 

2 Theoretical Model 

This work develops a concrete model with limited steel plates and studs. The model’s 
overall length is L, its stud diameter is d, and its length is n (Fig. 1). Shear stresses 
will be created between the steel plate, studs, and concrete when the capillary tension 
causes the concrete to shrink since the constraint bodies will not be deformed. Shear 
tension travels in the opposite direction to concrete shrinkage. The constrained part 
will experience a compressive stress as a result of the shear stress.

According to the capillary tension hypothesis, when the water inside the concrete 
is consumed, the capillary stress (σ ca) which is the main factor causing shrinkage of 
the concrete, is generated in the pore wall. This can be expressed by the following 
equation:

ΔP = 2γ cosθ 
r 

σca (1)
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Fig. 1 Analytical model

wherein γ is the capillary pore wall tension (7.28 × 10–2 N/m at 20 °C), θ is the 
liquid–solid interface contact angle, and r is the critical diameter. 

As the studs are not arranged continuously, the restrained concrete contains two 
typical section: Sect. 1, steel plate, concrete and studs; Sect. 2, steel plate and concrete 
(Fig. 2). The total length of the first part is nd and the total length of the second part is 
L-nd. Simplifying the stud head, the stud head diameter is equal to the stud diameter 
and the cross-sectional area of the stud is its projected area. In addition to this, in 
Sect. 1, the cross-sectional area of the studs is expressed by their projected area. 

According to the mechanics of materials, the strains in the x-direction for the 
Sects. 1 and 2 specimens can have the following expressions: 

εc−i = 1 
Es

[
σx − μ(

σy + σz
)] = 1 

Es

[
(σca − σt−i ) − μ(σca + σca)

]

= 1 − 2μ 
Es 

σca − 1 
Es 

σt−i (2)

Fig. 2 Two sections in concrete 
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The restricted tensile stress on the concrete in section i (i = 1, 2), σ t-i is the 
Poisson’s ratio, and εc-i is the concrete strain in section i (i = 1, 2). Es is the elastic 
modulus (EM) of the critical matrix around the capillary pore.

ΔL stands for the specimen’s overall displacement. shrinkage stress may be 
characterized as follows: 

L = εc−1nd + εc−2(L − nd) (3) 

wherein εc-i is the concrete strains in the section. 
Thus the total strain of the whole modal can be expressed as: 

εc−total = ΔL 

L 
= εc−1nd + εc−2(L − nd) 

L 
(4) 

wherein εc-total is the total strain in the restrained concrete. 
According to the equilibrium of forces, the studs and steel plates are in pressure 

and the concrete is in tension during shrinkage. The sections satisfy the following 
equations: 

σt−1 Ac−1 = σsp−1 Asp−1 + σst−1 Ast−1 (5) 

σt−2 Ac−2 = σsp−2 Asp−2 (6) 

σ t-i is the concrete’s confining tensile stress in section i (i = 1, 2), and σ sp-i is the 
steel plate’s compressive stress in section i. The cross-sectional areas of the concrete, 
steel plate, and studs in section i (i = 1, 2) are Ac-i, Asp-i, and Ast-i. 

Where σ sp-1 is the compressive stress in Sect. 1 of the steel plate and σ sp-2 is the 
compressive stress in Sect. 2 of the steel plate, where σ t-1 is the confined tensile stress 
in part 1 of the concrete, σ t-2 is the confined tensile stress in Sect. 2 of the concrete, 
and σ t-1 is the compressive stress in Sect. 1 of the steel plate. The cross-sectional 
area of the first portion of the concrete is denoted by the letter Ac-i, the first part of 
the steel plate by the letter Asp-i, and the first part of the studs by the letter Ast-i. 

Thus, the confining tensile stresses of each section can be expressed by the 
following equation: 

σt−1 = Asp−1 

Ac−1 
σsp−1 + Ast−1 

Ac−1 
σst−1 (7) 

σt−2 = Asp−2 

Ac−2 
σsp−2 (8) 

In addition, the strains of studs and steel plates under confining compressive 
stresses in Sect. 1 are represented by Eqs. (9) and (10). The strains of the steel plates 
under the confining compressive stresses in Sect. 2 are represented by Eq. (11):
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εsp−1 = σsp−1 

Esp 
(9) 

εst−1 = σst−1 

Est 
(10) 

εsp−2 = σsp−2 

Esp 
(11) 

wherein Esp is the modulus of elasticity of the steel plate and Est is the modulus of 
elasticity of the stud; εsp-i is the strain in the section i (i = 1, 2) of the steel plate 
under the action of the confining compressive stress; εst-i is the strain in the section 
i (i  = 1, 2) of the stud. 

In Sect. 1, an arbitrary length of the concrete under restraint is considered I. The 
displacements of concrete, studs and plates under capillary stresses in Sect. 1 are the 
same according to the requirement of coordination of deformations: 

δc−1 = δsp−1 = δst−1 (12) 

wherein δc-1, δsp-1, and δst-1 represent, respectively, the displacements of steel plates, 
concrete, and studs under capillary stresses in Sect. 1. 

Therefore, 

δc−1 

1 
= δsp−1 

1 
= δst−1 

1 
= εc−1 = εsp−1 = εst−1 (13) 

Similar to the equation in Sect. 2: 

εc−2 = εsp−2 (14) 

Substituting the Eqs. (9), (10) and (13) into the Eq. (7) yields the Eqs. (15), and 
the (11) and (14) into the Eq. (8) yields the Eq. (16): 

σt−1 = Asp−1 

Ac−1 
εc−1 Esp + Ast−1 

Ac−1 
εc−1 Est (15) 

σt−2 = Asp−2 

Ac−2 
εc−2 Esp (16) 

Substituting the Eqs. (15) and (16) into the Eq. (2) yields the following equation: 

&εc−1 = (1 − 2μ)
(
Es + Asp−1 

Ac−1 
Esp + As+1 

Ac−1 
Est

)
2γ 
r 

(17) 

&εc−2 = (1 − 2μ)
(
Es + Asp−2 

Ac−2 
Esp

)
2γ 
r 

(18)
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Table 1 Concrete mixing ratios (kg/m3) 

Mix Water-binder ratio Cement Water Fly ash Sand CA Polycarboxylate 
superplasticizer (PS) 

C40 0.31 410 160 100 720 1000 10.5 

The shrinkage strain of concrete under the constraint is calculated by substituting 
Eqs. (17) and (18) into Eq. (4) and setting ρ = nd/L: 

εc− total = 2γ (1 − 2μ) 
r

[

ρ 
1 

Es + Asp−1 

Ac−1 
Esp + At+1−1 

Ac−1 
Est 

+ (1 − ρ) 
1 

Es + Asp−2 

Ac−2 
Esp

]

(19) 

3 Experimental Procedure 

3.1 Materials 

The concrete mixes are shown in the Table 1. The cementitious material is fly ash and 
silicate cement (PO42.5R). Quartz sand is used for the fine aggregate. The modulus 
of fineness is 3.0. The coarse aggregate is limestone with a maximum nominal grain 
size of 20 mm. 

3.2 Measuring Shrinkage 

Prepare two specimens with different constraints to measure shrinkage: (1) specimens 
under steel plate restraint and (2) specimens under stud and steel plate restraint. The 
specimens were fabricated using Plexiglas molds that could be assembled from all 
four sides, with dimensions of 150 × 150 × 1000 mm. Component parts of each 
specimen are given in Table 2, and the material properties of constrained components 
are described in Table 3.

To measure the deformation of each specimen, a linear variation transformer 
(LVDT) with an accuracy of 1 mm and a measuring range of 2 mm is put in the middle 
of the cross section at either end of the specimen. At the time of the measurement, 
the outside temperature was maintained at 20 ± 1 °C. The relative humidity was kept 
at 60 ± 5 percent.
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Table 2 List of tests 

No Thickness of steel 
plates (mm) 

Diameter of 
studs (mm) 

Height of 
studs (mm) 

Number of 
studs (mm) 

Restraining material 
(studs/steel plates/) 

P – – – – – 

Sp-1 3 – – – Q345A/– 

Sp-2 5 – – - Q345A/– 

Sp-3 8 – – – Q345A/– 

Sp-4 8 – – – Q500–7A/– 

St-1 3 13 60 24 Q345A/ML15AL– 

St-2 3 13 120 24 Q345A/ML15AL 

St-3 3 13 120 30 Q345A/ML15AL 

St-4 3 19 60 24 Q345A/ML15AL 

St-5 3 19 120 24 Q345A/ML15AL 

St-6 3 28 60 24 Q345A/ML15AL 

St-7 3 28 120 24 Q345A/ML15AL

Table 3 Characteristics of constraint components 

Material EM (×104 Mpa) Yield strength (Mpa) Ultimate strength (Mpa) 

Steel plate Q345A 20.6 390.0 555.0 

Q500-7 15.4 320.0 500.0 

Stud ML15AL 19.0 419.0 520.3 

3.3 Concrete Porosity 

Concrete porosity tests were carried out by casting distinct specimens, much as the 
experiments used to measure shrinkage strain in concrete, to determine the porosity 
of concrete. Samples were taken from the specimens at 3, 7, and 28 days into the test 
period. Concrete particles between 2.5 mm and 5 mm in size were extracted from 
the samples by first crushing and then sieving them. Acetone was then used to stop 
the concrete from hydrating, and the samples were dried using a vacuum desiccator. 
An automated IV9510 mercury porosimeter was used to evaluate the concrete’s pore 
structure. 

3.4 Mechanical Properties 

The cubic compressive strength, splitting tensile strength (STS), EM, and Poisson’s 
ratio of the concrete were evaluated to ascertain the results (shown in Table 4).
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Table 4 Physical characteristics of concrete 

Age(days) Physical properties 

Cubic compressive strength (Mpa) STS (Mpa) EM (×104Mpa) Poisson’s ratio 

3 33.5 2.1 2.97 0.17 

7 38.6 2.9 3.44 0.172 

28 41.2 3.2 3.76 0.175 

4 Results and Analysis 

4.1 Concrete Pore Structure 

Table 5 shows the pore structure parameters at all ages for concrete confined by steel 
plates only. 

The pore structure characteristics for concrete constrained by studs and steel plates 
are shown in Table 6 for all ages.

The pore structure parameters decrease with increasing curing time. The pore 
structure parameters for normal concrete specimens (P) at 3 d (39.76 nm, 19.53%, 
19.48 nm and 52.01 nm, respectively) were greater than each value at 28 d (16.46 nm, 
13.74%, 12.44 nm and 27.73 nm, respectively).

Table 5 Pore characteristics of samples held in place by steel plates 

Age (days) Critical capillary 
diameter (nm) 

Porosity (%) Median pore 
diameter (nm) 

Median pore 
diameter (nm) 

P 3 39.76 19.53% 19.48 52.01 

7 26.58 17.08% 15.74 40.29 

28 16.46 13.74% 12.44 27.73 

Sp-1 3 37.78 24.22% 22.96 55.30 

7 29.68 15.84% 17.35 45.82 

28 18.03 14.83% 11.67 33.15 

Sp-2 3 53.81 25.88% 24.90 60.07 

7 41.57 22.07% 21.18 52.61 

28 25.65 18.24% 15.96 37.01 

Sp-3 3 72.29 29.60% 27.54 81.22 

7 48.13 26.39% 25.96 69.16 

28 31.91 20.71% 18.75 47.19 

Sp-4 3 63.84 27.25% 25.49 70.54 

7 45.07 23.79% 21.19 55.41 

28 30.41 18.52% 17.84 42.52 
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Table 6 Pore-related characteristics of the specimens are held in place by steel plates and studs 

Age (days) Critical capillary 
diameter (nm) 

Porosity (%) Median pore 
diameter (nm) 

Median pore 
diameter (nm) 

St-1 3 51.99 22.90% 24.25 60.64 

7 33.47 18.88% 20.16 47.91 

28 23.47 16.08% 14.87 39.20 

St-2 3 54.41 25.01% 23.39 62.94 

7 36.98 20.59% 19.21 44.85 

28 25.49 17.86% 13.05 42.08 

St-3 3 56.74 25.11% 22.20 63.03 

7 41.40 21.60% 20.99 52.06 

28 27.03 18.31% 16.83 41.26 

St-4 3 60.96 26.80% 25.50 70.10 

7 42.61 22.30% 20.90 50.25 

28 29.31 19.09% 17.33 44.00 

St-5 3 65.55 27.79% 25.70 72.99 

7 47.15 23.97% 20.76 53.46 

28 31.68 21.23% 19.70 46.72 

St-6 3 68.88 29.17% 27.19 75.26 

7 48.13 25.63% 23.66 57.09 

28 33.97 22.47% 18.36 49.65 

St-7 3 73.87 30.52% 28.46 79.01 

7 52.48 29.33% 25.26 62.39 

28 35.65 23.68% 24.06 51.07

There are two main reasons why the pore structure of concrete gradually decreases 
with increasing age: (1) During the increasing age of concrete, the hydration of 
cement continues, and its hydration products continuously fill all the pores and cracks 
in concrete, thus decreasing the concrete pore structure. (2) During the hydration of 
cement, the water in the pores of concrete is continuously consumed, thus generating 
capillary stresses in the walls of the concrete pores. In addition to making pore 
structure gradually decrease with the increasing age, these two causes also lead to a 
decrease of concrete pore structure parameters. 

The size of the concrete’s pores is significantly influenced by the steel plate. With 
increasing steel plate thickness, the pore size steadily became larger. After 28 days 
of curing, Sp-3’s critical capillary diameter was 31.91 nm, its porosity was 20.71%, 
its average pore size was 18.75 nm, and its median pore size was 47.19 nm. Sp-3 
was constrained by steel plates that were 10 mm thick. The difference between this 
and Sp-2 constrained by 6 mm thick steel plates was 6.26 nm, 1.76%, 2.79 nm, 
and 10.18 nm, or 18.24%, 15.96 nm, and 37.01 nm, respectively. 6.26 nm, 1.76%, 
2.79 nm, and 10.18 nm are greater than the Sp-1 limit of 18.03 nm, 14.83%, 11.67 nm,
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and 33.15 nm, which is imposed by a 4 mm thick steel plate, by 13.88 nm, 5.17%, 
7.08 nm, and 14.04 nm. The pore size of the concrete is affected by both the thickness 
of the steel plate and the EM of the plate, with the pore structure of the concrete 
progressively becoming larger as the EM of the plate rises. Sp-3 has a greater EM 
than Sp-4 (20.6 × 104 MPa > 15.4 × 104 MPa). At all ages, Sp-3’s pore structure 
characteristics were greater than those of Sp-4. 

There are three parameters involved in relation to studs, diameter, height and 
number. The stud heights used in this paper are all 3 mm, so it is possible to study 
the effect of the third on the concrete pore size when two of the three parameters are 
held constant. 

Contrary to typical concrete specimens, constrained concrete is exposed to both 
capillary stresses and restricting tensile forces that are directed in the opposite direc-
tion of the capillary stresses. The restricted specimen’s concrete has a less porous 
structure due to the combined effects of capillary tension, confining tensile stress, 
and cement hydration product filling. 

σ c−total = Es × 2γ (1 − 2μ) 
r 

⎡ 

⎢ 
⎣ρ 

1 

Es + Asp−1 
Ac−1 

Esp  + At−1 
cc−1 

Est 
+ (1 − ρ) 

1 

Es + Asp−2 
cc−2 

Esp  

⎤ 

⎥ 
⎦ (20) 

wherein σ c−total is expressed as the average combined force on the concrete under 
the combined action of the stud and steel plate on the hole wall. 

A new parameter restraint factor (λ) is proposed to gauge the restraint effect of 
the restraining components on the concrete. 

λ = 1 

(1 − 2μ)

[
ρ 1 

Es+ Asp−1 
Ac−1 

Esp+ Ast−1 
Ac−1 

Est 

+ (1 − ρ) 1 

Es+ Asp−2 
Ac−2 

Esp

] (21) 

According to Eq. (21), the confinement coefficient steadily rises with increasing 
steel plate thickness and EM, as well as height, diameter, and stud count at the same 
age (μ and Es stay constant), with constant cross-sectional specimen dimensions. 

Substituting λ into Eq. (20), the equation is given as follows: 

σ̃c− total = 1 
λ 
Es 

2γ 
r 

(22) 

The Eq. (22) and Table 7 show that The confining capacity of the constraining body 
is inversely proportional to the combined force of the concrete specimen pore wall and 
the reduction of the pore structure. The similar thickness of the steel plate material 
gradually increases from Sp-1 to Sp-3. The thicker the steel plate the higher the 
restraining effect, so the combined force of the pore walls in the concrete specimens 
is significantly reduced. Therefore the pore structure gradually decreases from Sp-1 
to Sp-3. For the same reason, the experimentally observed changes in the EM and stud 
parameters of the steel plates lead to changes in the pore structure of the specimens.
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Table 7 Constraint 
coefficient λ of constraint 
components (×104 Mpa) 

3 days 7 days 28 days 

Sp-1 0.89 0.98 1.04 

Sp-2 1.08 1.17 1.23 

Sp-3 1.38 1.47 1.52 

Sp-4 1.19 1.27 1.33 

St-1 1.00 1.09 1.15 

St-2 1.07 1.16 1.22 

St-3 1.12 1.22 1.28 

St-4 1.19 1.29 1.35 

St-5 1.25 1.36 1.41 

St-6 1.41 1.52 1.52 

St-7 1.74 1.87 1.94 

The impact of the constraint coefficient on the various pore structure character-
istics in the constrained specimens is shown in Fig. 3. The graphic shows that these 
parameters grow linearly as the constraint coefficient rises. 

Fig. 3 Influence of constraint coefficient on various concrete pore structure characteristics: 
a Critical capillary diameter, b Porosity, c Average pore diameter, d Median pore diameter
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4.2 Concrete Shrinkage 

The shrinkage curves for the various specimens at 0 to 28 days are shown in Fig. 4. 
The concrete shrinkage curves of sample are separated into three phases: The first 
phase, lasting from 0 to 5 days, sees the concrete shrinkage occur quickly while 
the relative humidity drops quickly (Fig. 4a); the second phase, lasting from 6 to 
14 days, sees the concrete shrinkage slow down; and the third phase, lasting from 15 
to 28 days, sees the concrete shrinkage decrease and reach a relatively stable value. 

The shrinkage of concrete specimens restrained by steel plates only was affected 
by the thickness of the plates and EM (Fig. 4b): (1) the thicker the plate, the smaller 
the shrinkage of concrete when the plate material was the same; (2) the larger the 
plate EM, the smaller the shrinkage of concrete when the plate thickness was the 
same. These findings are in high concordance with the results given by Eqs. (19) 
and (22) (the thicker the steel plate, the larger the EM, and the higher the constraint 
coefficient at the same age). 

The stud specifications had an impact on the shrinkage of the concrete sample that 
was being held in place by constraint bodies (Fig. 4c). Concrete shrinkage statistics 
for St-1, St-4, and St-6 make it clear that shrinkage goes down as stud diameter goes 
up. Additionally, as stud height and stud count increase, concrete shrinkage reduces. 
The restraint coefficient is significantly impacted by the variation in stud parameters. 
The shrinkage of specimens constrained by constraint bodies reduced with increasing 
restraint coefficient, same as that of specimens restrained exclusively by steel plates. 

The primary cause of concrete’s shrinkage deformation is capillary strains. Table 8 
provides the capillary tensions for each sample at all ages. Equation (1) shows that 
the capillary stresses in the concrete were reduced as a result of the improved pore 
structure of the stud and plate restrained sample. As a consequence, the three defor-
mations were coordinated, and the capillary stress was reduced, which decreased the 
shrinkage of the restrained concrete.

Fig. 4 Shrinkage of concrete: a Normal specimens, b Specimens restrained only by steel plates, 
and c Specimens restrained by studs and steel plates 
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Table 8 Capillary stress on concrete at three ages (MPa) 

3 days 7 days 28 days 

P 3.66 5.48 8.85 

Sp-1 3.85 4.91 8.07 

Sp-2 2.71 3.50 5.68 

Sp-3 2.01 3.02 4.56 

Sp-4 2.28 3.23 4.79 

St-1 2.80 4.35 6.20 

St-2 2.68 3.94 5.71 

St-3 2.57 3.52 5.39 

St-4 2.39 3.42 4.97 

St-5 2.22 3.09 4.60 

St-6 2.11 3.03 4.29 

St-7 1.97 2.77 4.08 

Table 9 Testing and computed values comparison 

3 days 7 days 28 days 

Test 
value 
(με) 

Calculated 
value (με) 

Relative 
error 
(%) 

Test 
value 
(με) 

Calculated 
value (με) 

Relative 
error 
(%) 

Test 
value 
(με) 

Calculated 
value (με) 

Relative 
error 
(%) 

Sp-1 178 189 6.0% 225 215 4.4% 377 329 12.7% 

Sp-2 125 109 12.8% 140 129 8.1% 320 196 11.0% 

Sp-3 74 64 14.0% 90 89 1.4% 121 127 4.9% 

Sp-4 96 84 12.7% 115 109 5.1% 175 152 12.9% 

St-1 140 122 12.9% 189 171 9.4% 267 228 14.6% 

St-2 107 109 2.1% 151 146 3.6% 207 197 4.7% 

St-3 91 100 9.5% 134 124 7.5% 189 178 6.0% 

St-4 85 94 10.9% 114 123 7.6% 161 167 3.8% 

St-5 79 84 6.6% 98 106 8.5% 132 148 12.2% 

St-6 61 65 6.9% 78 89 10.1% 121 115 5.0% 

St-7 45 49 9.6% 63 64 1.5% 98 89 9.3% 

4.3 Shrinkage Prediction 

To determine the likelihood of concrete cracking, constrained concrete shrinkage 
prediction is crucial. Equation (19) was used to forecast the shrinkage of concrete 
under steel plate and stud constraint based on the capillary tension theory. 

The results of the test were compared with the predicted values of Eq. (19) 
(Table 9). According to the data in Table 9, the average prediction error at days 
3, 7 and 28 was 12.75%. Therefore, Eq. (19) is valid for predicting the shrinkage.
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A thicker steel plate with a greater height, a bigger diameter, and more studs can 
lessen the shrinkage deformation of concrete, according to both experimental and 
anticipated results. The greater the strain on the concrete under the confining tension, 
for the same kind of concrete (the same concrete free shrinkage), the smaller the 
shrinkage strain. The stress–strain relationship states that concrete with less shrinkage 
is subjected to greater tensile stresses, and when the tensile stresses are greater than 
the concrete’s tensile strength, the concrete will break. However, because to the 
limitations of related research, it is still difficult to accurately calculate the tensile 
stress of concrete and anticipate when it will break. Engineers can assist to lessen 
the problem of concrete cracking due to shrinkage by using thinner steel plates with 
lower height, smaller diameter, and fewer studs in order to fulfill the load-bearing 
capability of the structure. 

5 Conclusion 

In this study, the capillary tension theory was used to build a model for predicting 
concrete shrinkage contained by steel plates and studs. The impact of various stud 
and steel plate properties on concrete shrinkage and pore structure was investigated 
by measuring the pore structure and shrinkage strain of concrete specimens enclosed 
by various studs and steel plates. The following are the main deductions: 

(1) Due to capillary stress and the filling impact of the hydration products created 
by cement hydration, the pore structure of concrete deteriorates with time. 

(2) Constraint bodies have a larger restraint effect when the restraint factor is higher. 
The restraint strain coefficient steadily rises as height, diameter, and stud count 
increase along with steel plate thickness and elastic modulus. 

(3) The use of constraint bodies changed the structure of the concrete pores. With the 
increase of the constraint coefficient, the concrete pore structure parameters such 
as porosity, mean pore size, median, and critical pore size gradually increased. 

(4) With an increase in the constraint factor, the concrete’s shrinkage strain reduces. 
Concrete shrinks as a result of capillary stresses and forces, thus it stands to 
reason that reducing these stresses and forces would also minimize the strain 
caused by concrete’s shrinkage. Additionally, the coordination of deformation 
between the steel plates and the studs will lessen the strain caused by concrete’s 
shrinkage. 

(5) To forecast concrete shrinkage while being held in place by steel plates and studs, 
utilize Eq. (19). It is shown in this study that Eq. (19) is useful for estimating 
the shrinkage of concrete when restrained by studs and steel plates since the 
projected values match the observed values well.
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Research on Resource Utilization 
and Zero Loss Utilization 
of Construction Waste 

Zhiqiang Lai and Yuancai Chen 

Abstract The most common way 10 of handling construction waste currently is 
by outdoor dumping or direct landfilling, which wastes a lot of land resources and 
causes soil and water pollution. Research has found that the resource utilization of 
construction waste has high economic and environmental values. The main approach 
is to sort and classify the construction waste and dispose of different categories of 
construction waste into different facilities, producing environmentally-friendly recy-
cled aggregates that meet construction requirements. Then, these recycled aggregates 
are mixed with other materials such as recycled powder to produce new green building 
materials that can be used, which can theoretically achieve zero loss. 

Keywords Construction waste · Resource utilization · Zero loss 

1 Research Background and Significance 

The construction accumulation is a common problem in the whole world [1], In the 
process of continuous development of urbanization in the countries, the amount of 
construction, decoration and demolition waste generated is increasing day by day. 
Studies have shown that the amount of construction waste emissions in most cities in 
the country is very high. For example, in first-tier cities in China such as Shenzhen, 
Guangzhou, Beijing, and Shanghai, the annual production of construction waste in 
Shenzhen almost reaches 100 million cubic meters, and the production level will 
remain consistent over the next decade. Guangzhou has produced about 70 million 
cubic meters of construction waste in recent years, and if calculated based on 3 acres 
of land per 5 m high for every 10,000 cubic meters of construction waste, the amount
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of construction waste produced in Guangzhou each year can occupy up to 20,000 
acres of land. 

This article mainly analyzes the current situation of resource utilization, and 
then classifies construction waste into five categories: engineering soil, engineering 
sludge, engineering waste, demolition waste, and decoration waste. It explores the 
resource utilization methods, recyclable utilization rates, and application ranges for 
each category of construction waste. 

2 The Current Status of Resource Utilization 
of Construction Waste 

2.1 Abroad 

Since the 1990s, many countries around the world, especially developed countries, 
have regarded the reduction and resource utilization of urban building waste as one 
of their environmental protection and sustainable development strategies. Currently, 
it is widely recognized that building waste is a recyclable resource. In particular, the 
United Statesand has made great efforts in promoting resource utilization since 1976. 
Japan issued its first legal provision on the disposal of building waste in 1970, and has 
since then introduced several policies to promote the resource utilization of building 
waste. Some studies have shown that Japan’s resource utilization rate can reach 98%. 
As the country with the highest building waste resource utilization rate in the world, 
the Netherlands has independently developed multiple high-tech sorting equipment, 
This type of equipment can perform multi-level control in synchronization and ensure 
sorting efficiency. 

2.2 Domestic 

Since the 1990s, many countries around the world, especially developed countries, 
have regarded the reduction and resource utilization of urban building waste as one 
of their environmental protection and sustainable development strategies. Currently, 
it is widely recognized that building waste is a recyclable resource. In particular, the 
United States has had relevant laws and regulations on resource recycling since 1976 
and has made great efforts in promoting resource utilization. Japan issued its first legal 
provision on the disposal of building waste in 1970, and has since then introduced 
several policies to promote the resource utilization of building waste. Some studies 
have shown that Japan’s resource utilization rate can reach 98%. As the country with 
the highest building waste resource utilization rate in the world, the Netherlands has 
independently developed multiple high-tech sorting equipment, including 3D sorting 
drum screens, wind selectors, and optical sorters. The Netherlands’ 3D sorting drum
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screen equipment can sort out light waste with a diameter greater than 210 microns 
and use it as fuel, while adsorbing iron-metallic substances and sorting out light 
waste with a diameter less than 210 microns [2]. At the same time, the screening 
machine is activated to screen particles less than 10 microns in diameter. This type 
of equipment can perform multi-level control in synchronization and ensure sorting 
efficiency. 

3 Various Types of Processing Methods and Application 
Scopes for Resource Utilization of Construction Waste 

The main components of construction waste are a mixture of waste materials such as 
earth, broken stones, waste mortar, brick and tile fragments, concrete blocks, asphalt 
blocks, waste plastics, waste metal materials, waste bamboo and wood. However, 
the overall processing approach is to screen and classify on-site, transport to the 
processing site, re-sort, and then process and utilize different types of waste using 
different equipment and technologies. 

The following table lists the proportion of construction waste and the amount of 
waste generated per unit building area for new buildings of different structural types 
(Table 1). 

According to their different generation methods, they can be divided into the 
following categories:

Table 1 Typical Composition of Construction Waste from Newly Built Buildings 

Composition Proportion (%) 

Brick concrete structure Frame structure Frame-Shear wall 
structure 

Broken bricks (broken 
blocks) 

30–50 15–30 10–20 

Mortar 8–15 10–20 10–20 

Concrete 8–15 15–30 15–35 

Pile head – 8–15 8–20 

Packaging materials 5–15 5–20 10–15 

Roofing materials 2–5 2–5 2–5 

Steel 1–5 2–8 2–8 

Wood 1–5 1–5 1–5 

Others 10–20 10–20 10–20 

Total 100 100 100 

Building area generation 
Construction waste 
volume(kg/m2) 

50–200 45–150 40–150 
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3.1 Construction Waste of Engineering Soil 

Engineering soil construction waste refers to the waste soil (stone) generated during 
the excavation process of various construction projects, structures, and pipelines, 
including loess, clay, windblown sand, yellow soil, humus soil, mudstone, peat soil, 
etc. It accounts for more than 60% of the total construction waste. There are three 
types of resource utilization methods for engineering soil: coarse screening and back-
filling, unburned sintering with admixtures to make bricks, and adding solidifying 
agents to form solidified soil. 

Coarse screening and backfilling refers to the direct utilization of uniformly 
sized and well-graded aggregates selected after coarse screening through landfilling, 
leveling, watering, rolling, and curing. This can be used for mining backfill, road 
base backfill, sponge city construction, or as building materials. Relevant policies 
issued by cities such as Shanghai suggest that owner units and construction enter-
prises should use engineering soil to create green landscapes in conjunction with 
design plans, maintaining the original state of the soil and covering it with climbing 
plants to form small local landscapes. It can also be designed as a micro-topography 
in green spaces to embellish the overall landscape. 

Unburned sintering with admixtures to make bricks involves coarse screening, 
secondary crushing and screening, adding sand, stone and admixtures, and solidifying 
and mixing to form bricks. 

Adding solidifying agents to form solidified soil means using solidifying agents 
to enhance the anti-seepage characteristics of soil, increase the application width and 
breadth of engineering soil, and effectively improve the resource utilization rate of 
engineering soil. Research shows that there are successful cases of solidified soil 
application in cities such as Hebei, Shandong, and Xi’an. The main raw material is 
engineering soil, and an appropriate proportion of solidifying agent is added. The 
addition time interval for the admixture is set, and a new type of backfill material 
can be made. It is transported to the operation site for filling and maintenance under 
certain transportation conditions, effectively improving the quality of solidified soil 
and ensuring construction results (Fig. 1).

3.2 Engineering Slurry Type Construction Waste 

Engineering slurry is a type of construction waste with a relatively high water content 
in the category of engineering debris. Different waste slurry contains different trace 
elements, and the performance characteristics of slurry such as viscosity vary greatly. 
For example, the waste slurry left by pile foundation slurry, shield slurry, and drilling
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Fig. 1 English translation: flowchart of resource utilization of construction waste

slurry are all different. Ma Qiang et al. discussed and studied seven resource utiliza-
tion methods for different types of waste engineering slurry, including land cultiva-
tion, precipitation, chemical solidification, direct discharge, injection into safe forma-
tions or annular space, MTC conversion technology, and water gel solidification of 
waste engineering slurry [3] (Fig. 2). 

Fig. 2 Resource utilization process flowchart of engineering slurry
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3.3 Construction Waste from Engineering Construction 
Projects 

Construction waste from engineering construction refers to the various waste gener-
ated during the construction process of different structural types of buildings. It 
mainly includes scattered mortar and concrete, bricks and concrete debris produced 
by excavation, steel reinforced concrete pile heads cut from pile driving, waste metal 
materials, bamboo and wood, and various packaging materials. The following are 
the most commonly used materials for resource utilization: waste concrete, bricks, 
and waste asphalt, for which resource utilization methods will be explored. 

Waste concrete and bricks are often used to produce recycled aggregate through 
processes such as sorting, crushing, metering, mixing, vibration molding, curing, 
and factory inspection. The production facilities involved are mostly mobile crushing 
systems, screening systems, conveying systems, non-fired brick and block produc-
tion systems, road material preparation systems, composite material production 
systems, and environmental protection drainage production systems. In addition to 
the resource utilization equipment, the quality of the aggregate can be improved 
through techniques such as heating crushing, mechanical crushing, and gravity 
concentration. The use of fast brick making methods can also solve problems such 
as excessive crushing and high recycling costs during the processing [4]. 

The disposal of waste concrete is the most comprehensive and highest recycling 
rate method. In the authors’ opinion, usually concrete waste is used as a material for 
building temporary roads, for secondary backfilling and in terrain planning [5–7], that 
will lose valuable recyclable materials. Countries such as the United States, Sweden, 
and Japan have advanced disposal equipment for waste concrete, such as rotary push 
grinding devices and eccentric rotating crushers, which can handle waste concrete 
with particle sizes ranging from 25–500 mm and produce recycled aggregates and 
recycled fine powder. In the later stage, methods such as sintering hardening, cold 
hardening, steam curing hardening, and carbonization hardening can be used to 
increase the strength of the aggregates and expand their application range. 

There is a research theory for rapid brick-making that uses crushed waste bricks 
and stones as aggregate, fills them into a mold, connects the mold to a filling device, 
injects a certain amount of bonding agent for a certain period of time, while also 
insulating the mold surface. The resulting molded bricks can serve as lightweight 
brick aggregates, and old bricks can also be made into floor tile materials, non-fired 
cement raw materials, cement mixtures, or used in road subgrade engineering by 
adding lime to the crushed clay bricks. 

The treatment of waste asphalt often requires re-mixing with rejuvenators, new 
aggregates, and other materials in appropriate proportions. This process is divided 
into plant-mixed hot recycling, on-site hot recycling, plant-mixed cold recycling, and 
on-site cold recycling. The waste asphalt materials from roofing contain cellulose 
structures that can replace some of the aggregates in cold-mix and hot-mix asphalt, 
thus improving the performance of the asphalt [8] (Fig. 3).
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Fig. 3 Flowchart of engineering waste resource utilization (Concrete, Brick and Asphalt) 

3.4 Demolition Waste from Buildings 

In recent years, the area and quantity of the old city reconstruction projects were 
vast, resulting in more construction waste generated compared to other engineering 
projects. The main types of construction waste generated were bricks, tiles, concrete, 
scrap steel, scrap rebar, and other metal waste materials. The handling of bricks and 
concrete is consistent with the methods used for handling construction waste, while 
the reuse of scrap steel, rebar, other waste metal materials, and waste tiles needs 
further exploration and research. 

The recycling of scrap rebar and steel is the most scientific and straight-
forward approach. In addition to direct reuse, the magnetic characteristics of 
steel are utilized by separating the metal using electromagnetic or permanent 
magnetic separation equipment, and the remaining scrap steel is recycled through 
furnace smelting. Common permanent magnetic equipment includes the CTN-type 
permanent magnetic cylinder magnetic separator. 

The amount of waste tiles generated in demolition is relatively small and can be 
directly used in landscaping, such as on the surface of buildings or as individual 
decorative landscapes [9] (Fig. 4).

3.5 Renovation Building Waste 

In building construction waste, the proportion of decoration waste is relatively small, 
but the composition is more complex, and it contains certain toxic and harmful
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Fig. 4 Flow chart of recycling of demolition construction waste

substances such as waste paint, coatings, and adhesives. In addition to the commonly 
used concrete, bricks, slag, and steel, the research on the resource utilization of waste 
wood, waste glass, and waste plastic in decoration waste is mainly studied. 

Similar to waste steel bars, some waste wood can be directly used for rebuilding 
buildings and landscape decoration. For waste wood that cannot be used directly, 
the first step is to use wind selection technology or hydraulic flotation technology 
for separation. The separated small particle size materials can be used as coverings 
for erosion protection projects, fuel stack materials, and papermaking. The larger 
particle size materials can be added to clay and cement to form composite materials, 
which can be used as insulation materials. 

Engineering waste plastics can be sorted, cleaned, directly granulated, or modified 
for reuse through physical methods. Alternatively, they can be thermally decomposed 
at high temperatures under the action of catalysts or degraded by chemical solvents 
or monomer copolymerization (Fig. 5).

4 Recycling Rate 

Through the study and discussion of the resource utilization of various types of 
construction waste generated by different types of engineering, it is clearly and 
explicitly shown that, except for hazardous substances, all types of construction 
waste can be recycled and reused through resource regeneration, with a utilization 
rate of up to 100%. Especially important recyclable materials are concrete, bricks, 
and slag, accounting for over 60%, and the finished products produced are used in 
the green building industry, with the entire process covering nearly 98% of the types 
of construction waste. This study aims to promote the advanced disposal methods of 
construction waste to cities nationwide, introduce advanced disposal facilities and 
equipment from domestic and foreign sources, and draw on relevant policies issued 
at home and abroad, to explore and demonstrate the possibility of zero waste.
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Fig. 5 Flow chart of recycling of decoration construction wastee

5 Production Volume Prediction (Taking Guangzhou 
as an Example) 

At present, the building area estimation method is the mainstream method for 
predicting the amount of construction waste generated. It can comprehensively 
consider the various stages of construction waste generation from the perspectives 
of construction, demolition, decoration, etc., and the prediction accuracy error is less 
than 10%, which is relatively accurate. Therefore, based on the research direction 
of this article, the production volume of construction waste from new construc-
tion projects, demolition waste from old buildings, and house decoration waste is 
predicted [10]. 

5.1 Prediction of the Amount of Construction Waste 
Generated in New Construction Projects 

Based on the experience, construction waste can be disposed of at a rate of 1m3 = 
1.6 ton conversion; According to the related materials, the work goal is to achieve a 
maximum discharge of 300 tons of construction waste (excluding engineering waste 
and engineering mud) per 10,000 m2 at new construction sites, Therefore, the amount 
of construction waste (engineering waste) generated during the construction of new 
buildings in this plan is 187.5 m3/ 10,000 m2 Estimate and calculate the amount of 
construction waste generated in new construction projects. The prediction model is: 

Qn = 0.01875 × Scon



450 Z. Lai and Y. Chen

Qn—the amount of construction waste generated during the construction of new 
buildings, unit (10,000 m3); 

Scon—Construction area of new buildings, unit (10,000 m2). 

5.2 Prediction of Waste Production from Demolition of Old 
Buildings 

Based on the experience of the Chinese construction industry and the actual situation 
in Guangzhou, approximately 0.81 cubic meters of construction waste are generated 
per square meter of demolished buildings. Therefore, based on the annual renewal 
and renovation of the building area, the annual output of waste from the demolition 
of old buildings can be calculated. The prediction model is: 

Q0 = 0.81 × Sdem 

Qo—the amount of waste generated from the demolition of old buildings, unit 
(10,000 m3); 

Sdem—Construction area of old building demolition, unit (10,000 m2). 

5.3 Prediction of the Generation of House Decoration Waste 

According to the actual discharge of residual mud and soil in Guangzhou, the amount 
of house decoration waste can be estimated as 7 cubic meters of decoration waste 
generated by each house decoration project. The prediction model is (Table 2). 

Table 2 Production volume prediction 

Serial 
Number 

Name Formula Forecast of waste 
generation from 
2021 to 2025 
(10,000 m3) 

First Construction 
waste from new 
construction 
projects 

Yield = 0.01875 × Construction building area 4000 

Second Old building 
demolition 
waste 

Yield = 0.81 × Construction building area 14,500 

Third House 
decoration 
waste 

Yield = 7 × 10–4 × (Number of newly built 
houses + 0.1) × Number of newly built 
houses) 

2700
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Qd = 7 × 10−4 (Nn + 0.1 × Nn) 

Qd—the amount of house decoration waste generated, unit (10,000 m3); 
Nn—Number of newly built houses. 

6 Conclusion 

More and more people are gradually realizing the importance of resource utilization 
of construction waste, and the value, benefits, and cost savings that construction 
waste can bring. It is equivalent to hidden minerals in the city, and how to better 
utilize them to maximize their recycling value is crucial in the following urban-
ization development. For construction waste with different material characteristics, 
it is important to establish classification and disposal standards, and refer to the 
resource utilization rate mechanism set in the construction plan in the United States. 
A strategy of combining economic penalties and financial support should be adopted 
to fine non-compliant units and improve financial support policies. Japan promotes 
utilization rates from legal and technical management perspectives, optimizing the 
technical path, management strategy, and utilization and disposal of waste. Theoret-
ically, achieving the goal of zero waste from construction waste will have a positive 
and profound impact on regional economy, market employment, energy conservation 
and emission reduction, and environmental protection. 
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of China (22,276,061, 41,977,316), and the Guangdong Science and Technology 
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Research on the Application 
of Geophysical Exploration in Tunnel 
Survey 

Yong Hai He and Hong Qiang Zhang 

Abstract The accuracy of geological survey plays an important role in the cost and 
safety of tunnel construction. In recent years, with the development of expressway 
from plain to mountain, the geological conditions of highway tunnels are becoming 
more and more complex. The interpretation results of geophysical exploration can 
well present the geological conditions of the tunnel in the form of surface. The 
geophysical exploration technology used varies with the burial depth of the tunnel. 
High density resistivity method has high resolution in shallow layer, which can 
accurately and quickly detect karst caves, faults and other geological structures in 
the shallow buried section of tunnel portal. The results will play a guiding role in 
the prevention and treatment of geological disasters such as tunnel portal landslide, 
collapse and roof fall. The magnetotelluric method is used to measure the depth of tens 
to 3000 m, which can be used to detect the fault, water content and other geological 
conditions in the deep buried section of the tunnel. The comprehensive geophysical 
exploration method combining high-density resistivity method and magnetotelluric 
method is adopted for highway tunnels in mountainous areas, which can provide 
relatively accurate geological survey reports, effectively reduce geological diseases 
during construction and operation, reduce project cost, and ensure the safety of traffic 
after operation. This method is worth using for reference. 

Keywords High density resistivity method ·Magnetotelluric method · Tunnel 
survey · Cost and safety
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1 Introduction 

Taking the Hebei section of Xiaolongmen Tunnel of National Highway G109 New 
Line Expressway as the engineering background, this paper explains the application 
of high-density resistivity method and magnetotelluric method in tunnel exploration. 

2 Technology and Principle of the Geophysical Prospecting 
Methods 

2.1 High Density Resistivity Method 

The instrument uses the DUK-2A high-density resistivity measurement system 
produced by Chongqing Geological Instrument Factory of Zhongzhuang Group. The 
system is characterized by large storage capacity, accurate and fast measurement, 
convenient operation, etc. Its main functions include automatic signal acquisition, 
automatic storage, real-time curve display, two-way data communication, etc. The 
multi-channel electrode converter is connected to 120 electrodes at most, and the 
system is equipped with domestic advanced high-density resistivity method forward 
and inversion interpretation software, It greatly improves the accuracy and efficiency 
of geophysical interpretation [1–3]. 

2.2 Magnetotelluric Method 

The instrument uses the STRATAGEM EH-4 magnetotelluric sounding instrument 
(continuous conductivity tester) produced by GEOMETR Company of the United 
States. This instrument can detect the depth of several meters to more than one 
kilometer underground by using natural and artificial electromagnetic sources, and 
measure point by point to obtain the electrical structure under the measuring point. 
The magnetotelluric sounding instrument obtains the surface impedance by simul-
taneously measuring a series of local electric and magnetic field fluctuations, These 
impedance data are stored in energy spectrum after Fourier transform. The surface 
impedance calculated from the energy spectrum value is a complex frequency func-
tion. In this frequency function, the high-frequency data is affected by shallow or 
nearby geological bodies, while the low-frequency data is affected by deep or distant 
geological bodies. In this work, we only observe the high-frequency band, the detec-
tion depth can reach 300–500 m, and the distance between observation points is 
20 m, Playback the original data observed in the field to the computer, use IMAGEM 
special software for data and processing, generate resistivity profile (lattice map), use 
ground elevation data, convert the interpretation depth to absolute elevation, and then
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use surfer8 software for post-processing to generate color profile, which is intuitive 
and easy for geological interpretation [4, 5]. 

2.3 Instrument Performance Control and Self-Inspection 

Before the field work, the instrument was self checked and checked for quality 
according to the Specifications for Geophysical Prospecting of Highway Engineering 
(JTG/T C22-2009) and the Specifications for Physical Prospecting of Highway Engi-
neering (TB10013-2004), and the results showed that the instrument had good perfor-
mance and the error of check points met the specifications. Before the high-density 
resistivity measurement, the loose layer and weeds on the surface of each electrode 
are removed. In dry places, the grounding resistance is minimized by watering. Before 
the measurement, the grounding resistance of each electrode is checked by using the 
automatic detection function of the instrument. When the grounding conditions are 
met, the formal measurement is conducted to ensure the measurement quality. Before 
EH4 measurement, the parallel test of the instrument shall be carried out to show 
that the instrument operates well. 

3 Project Overview 

The Hebei section of Xiaolongmen Tunnel of National Highway G109 New Line 
Expressway is 2151.775 m long on the left and 2022.208 m long on the right. A 
ventilation shaft is set on the right side of K1 + 348 on the right. 

4 Engineering Geological Conditions 

4.1 Physical and Geographical 

The Xiaolongmen Tunnel of the proposed new line expressway is located in the 
mountainous area of Taihang Mountains. The terrain of the tunnel area is undulating. 
The orifice elevation in the tunnel area is 830.00–967.75 m. The region is located 
in the warm temperate semi humid continental monsoon climate, with an average 
annual rainfall of 408.7 mm, an average maximum temperature of 22.0 °C in July, 
an average minimum temperature of −11.0 °C in January, and a seasonal frozen soil 
depth of 1.01 m. The tunnel area is only connected by mountain roads, so the traffic 
is not convenient.
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4.2 Geological Structure 

The tunnel area is located in the transition zone between the Xinhuaxia uplift of 
Taihang Mountain and the Xinhuaxia subsidence zone of Hebei Plain. The structural 
state is relatively complex. The geological structure that has an impact on the stability 
of the tunnel area is mainly the Sunzhuangzi Wulonggou fault. The fault extends 
from Laiyuan Futuyu in the northern section of Taihang Mountains to Huangqi 
from Wulonggou, Zhuolu Dahan, Xiaohenan, Xiejiapu, Kongjian, Zhifangkou, Sun 
Zhuangzi, Chicheng, Fengning to the north, and extends into Inner Mongolia. The 
overall trend is 20–400 northeast, with a length of about 115 km, and a crushing belt 
width of about 100 m. The fault zone is composed of cataclastic rock and mylonite, 
filled with veins in the structural zone, and then cut off by the structure, reflecting 
multiple activities. 

5 Geophysical Characteristics of the Survey Area 

The stratum in the tunnel area is Yanshanian granodiorite; The lithology is relatively 
simple, mostly coarse grained, mainly massive structure–mosaic cataclastic structure, 
completely weathered as loose, uneven weathering. 

According to previous data, there are obvious electrical differences between the 
Quaternary loose layer and the underlying bedrock, and there are also electrical 
differences between different geological lithology. If there are fault structures and 
rock fracture zones, the rocks within the fault structure zone are broken, and there 
are electrical differences with complete rocks, which provides a geophysical premise 
for the application of high-density resistivity method and magnetotelluric method. 

6 Data Interpretation and Result Analysis 

6.1 Analysis of Results of High Density Resistivity Method 

K2 + 911 ~ K2 + 961 vertical section: the bedrock of the section is exposed, the 
lithology is Yanshanian granodiorite, with obvious stratification, little difference in 
weathering degree of rock mass, and the strongly weathered layer is thin, mainly 
moderately weathered rock mass, with apparent resistivity more than 1000 Ω·m; No 
other obvious abnormality is found. 

K3 + 030 cross section: the bedrock of the section is exposed, and the lithology 
is Yanshanian granodiorite. The stratification is obvious, and the weathering degree 
of the rock mass is not different. The strongly weathered layer is thin, and most of 
the rocks are moderately weathered. The apparent resistivity of the right side is low,
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which is the Quaternary overburden. The apparent resistivity of other locations is 
more than 1000 Ω·m; No other obvious abnormality is found. 

6.2 Analysis of Magnetotelluric Method Results 

K0 + 900 ~ K1 + 000 vertical section: the lithology of this section is Yanshanian 
granodiorite; The resistivity of geophysical exploration is poor in stratification, and 
the distribution of high and low resistances is uneven; The low resistance section is 
connected from top to bottom, and the apparent resistivity at the tunnel excavation is 
relatively low–low, so it is speculated that the rock mass is broken– relatively broken. 

K1 + 000 ~ K1 + 200 vertical section: the lithology of this section is Yanshanian 
granodiorite, with good stratification of geophysical resistivity and uneven distribu-
tion of high and low resistances; The apparent resistivity at the tunnel excavation is 
high, so it is speculated that the rock mass is relatively broken–complete. 

K1 + 200 ~ K1 + 350 vertical section: the lithology of this section is Yanshanian 
granodiorite, with poor stratification of geophysical resistivity and uneven distribu-
tion of high and low resistivity; The low resistance section is connected from top to 
bottom, and the apparent resistivity value at the tunnel excavation is relatively low to 
low. It is speculated that the rock mass is broken to relatively broken, and the water 
bearing property of the rock mass is good. 

K1 + 380 ~ K1 + 550 vertical section: the lithology of this section is Yanshanian 
granodiorite with thin overburden; The resistivity of geophysical exploration is poor 
in stratification, and the distribution of high and low resistances is uneven; The 
apparent resistivity at the tunnel excavation is high, so it is speculated that the rock 
mass is relatively broken–complete. 

K1 + 550 ~ K1 + 700 vertical section: the lithology of this section is Yanshanian 
granodiorite, the physical exploration resistivity is generally layered, and the high 
and low resistances are evenly distributed; The low resistance section is enclosed 
in a ring and located above the tunnel. The apparent resistivity value at the tunnel 
excavation is relatively low to low. It is speculated that the rock mass is broken to 
relatively broken, and the water bearing capacity of the rock mass is good. 

K1 + 700 ~ K1 + 950 vertical section: the lithology of this section is Yansha-
nian granodiorite, with good stratification of geophysical resistivity and uniform 
distribution of high and low resistances; The apparent resistivity value at the tunnel 
excavation is relatively high, so it is speculated that the rock mass is relatively 
broken–complete. 

K1 + 950 ~ K2 + 400 vertical section: the lithology of this section is Yanshanian 
granodiorite, with poor stratification of geophysical resistivity and uneven distribu-
tion of high and low resistances; The low resistance section is connected from top to 
bottom, and the apparent resistivity value at the tunnel excavation is relatively low to 
low. It is speculated that the rock mass is broken to relatively broken, and the water 
bearing property of the rock mass is good.
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K2 + 400 ~ K2 + 700 vertical section: the lithology of this section is Yanshanian 
granodiorite, with good layering property of physical exploration resistivity and 
uniform distribution of high and low resistances; The apparent resistivity value at 
the tunnel excavation is relatively high, so it is speculated that the rock mass is 
relatively broken–complete. 

K2 + 700 ~ K2 + 900 vertical section: the lithology of this section is Yanshanian 
granodiorite, with poor stratification of geophysical resistivity and uneven distribu-
tion of high and low resistances; The low resistance section is connected from top to 
bottom, and the apparent resistivity value at the tunnel excavation is relatively low to 
low. It is speculated that the rock mass is broken to relatively broken, and the water 
bearing property of the rock mass is good. 

7 Conclusion and Evaluation 

The tunnel adopts high-density resistivity method and magnetotelluric sounding 
method. The technical method is reasonable and the resistivity characteristics are 
obvious, which can better reflect the actual geological conditions. 

According to the high-density resistivity method, the surrounding rock at the 
tunnel portal is classified as Class V, and the span is more than 5 m without self 
stability; When the span of Grade IV surrounding rock is 6–9 m, it generally has 
no self stabilization ability and is prone to small or medium–large collapse; When 
the span of Grade III surrounding rock is 7–14 m, it has a certain self stability; 
Corresponding support treatment shall be carried out during excavation. 

According to the EH4 geophysical exploration results, the Class IV surrounding 
rock section of the Project is mostly developed with tensile fractures, which have 
strong water permeability and water content. The probability of water gushing out 
during excavation is high. For fissure water and fissure water of rock vein structure, 
the dynamic reserves shall be the main, and the influence of seasonal change on water 
yield shall be considered. 
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Effect of Capillary Tension Theory 
on Early Shrinkage 
of Reinforcement-Constrained Concrete 

Ruixiang Shun, Junlong Jin, Bo Chen, Shenlin Hu, Yang Li, 
and Sheng Zhang 

Abstract In this research, we propose a technique to predict the early contraction 
of reinforced concrete based on the theory of capillary tension and the microscopic 
pore structure of concrete. The results of the study showed that reinforcement alters 
the pore structure of concrete. We prepared concrete specimens with two different 
strength classes and three different reinforcement rates to study the contraction and 
physical properties of concrete at the ages of 3, 7, and 28 days. Additionally, as 
the reinforcement rate is increased, the size of the concrete’s pore structure grows 
linearly. Due to the joint deformation of the concrete and reinforcement and the 
restriction of capillary stresses, the contraction of reinforced concrete is reduced. The 
predicted and tested concrete contraction values that are restrained by reinforcement 
show better agreement. 

Keywords Restrained contraction · Concrete pore structure · Contraction 
prediction · Capillary tension theory 

1 Introduction 

The reinforcement will restrain the deformation of the concrete, which in turn will be 
subjected to restraint tensile stresses. When the confining tensile stresses exceed the 
tensile strength of concrete, the concrete will crack. Statistically, confining tensile 
stresses are the main factor causing concrete structures to crack, and this is especially 
true during construction. In the absence of external loads, the concrete’s volume is 
further reduced following hardening, which is the contraction of concrete. Currently, 
the contraction of concrete used in engineering practice (especially high-strength
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Fig. 1 Reinforcement bars prevent concrete from shrinking 

concrete), especially in the early stages (construction period), demonstrates a substan-
tial rise, which causes more severe structural cracking issues during the construction 
phase [1, 2] (see Fig.  1). 

In order to reduce the cracking problem of concrete structures, the contraction 
behavior of concrete restrained by reinforcing needs to be studied. In earlier investi-
gations, the effects of reinforcement diameter, surface, material and member type on 
the contraction of concrete have been investigated and some useful results have been 
obtained [3–5]. However, there are few studies about the assessment of concrete’s 
ability to withstand contraction under the influence of reinforcing. Even though the 
mechanical model of reinforcement-constrained concrete is not complex, is not ideal 
to use it directly to predict the contraction of reinforcement-constrained concrete. 
Therefore, after several experiments, researchers finally derived empirical formulas 
to forecast the contraction of concrete when restrained by reinforcement. However, 
the empirical formula has limitations, so the scope of application is relatively small. 
To calculate the restraint tensile stress and assess the possibility of concrete cracking, 
the value of contraction strain of concrete subjected to reinforcement restraint is crit-
ical. It can effectively help the designer to take measures to inhibit the concrete 
cracking phenomenon. Therefore, the study of accurate prediction of contraction of 
restrained concrete is important. 

The capillary tension theory shows that after the pores have absorbed water, the 
capillary force in the concrete pore wall will further shrink the concrete. Changes in 
pore structure cause changes in capillary pressure, which further affects the contrac-
tion characteristics of concrete [6, 7]. Previous research has shown that reinforcement 
can limit the volume reduction (contraction) of concrete and alter the pore structure 
and restrain the concrete’s contraction properties. Therefore, the capillary tension 
theory is reasonable. However, the specific effects have not been elucidated. 

The capillary tension theory can describe and foresee the contraction of concrete, 
where a crucial factor in determining contraction is the concrete’s pore structure [8, 9].
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In this research, an approach was developed to forecast contraction of reinforcement-
constrained concrete according to the hypothesis of capillary tension. Then, using 
two strength grades (C20 and C50) and three reinforcement ratios (0, 1.14 and 
3.24%) of concrete, the mercury-pressure approach was used to further examine 
the pore architectures of the six distinct specimens. We also examined the concrete’s 
contraction and its physical characteristics, including its splitting tensile strength, 
cubic compressive strength, elastic modulus, and Poisson’s ratio. The study’s goals 
included assessing the impact of reinforcement on the pore structure of concrete 
and predicting, using the capillary tension theory, the contraction strain of concrete 
restricted by reinforcement. The test results were ideal. 

2 Contraction Prediction Method 
for Reinforcement-Constrained Concrete 

When the concrete shrinks, shear stresses are generated between the concrete and the 
reinforcement. The shear stress causes a normal stress between the reinforcement and 
the concrete. Compressive stress, which tightens the reinforcement and encourages 
shrinking, is the typical stress for steel that is being reinforced. In addition, the typical 
stress in concrete is known as the confining tensile stress, which is runs counter to 
concrete contraction. 

Figure 2 shows a concrete specimen considering confinement. As stated by the 
theory of capillary tension, the capillary stress promotes the contraction of concrete 
with a value equal to the pressure difference between the liquid and gas phases of 
water in the pore space with a value equal to the pressure differential between the 
liquid and gas phases of water in the pore space, the capillary stress promotes the 
contraction of concrete. And the Laplace equation could be used to compute the 
pressure differential (DP). Consequently, the capillary stress (σca) may be written as: 

σca = ΔP = 2γ cos θ 
r 

(1)

where γ is the capillary’s inner wall’s surface tension, which at 20 °C has a value of 
7.28 × 10−2 N/m. θ represents the angle of contact at the liquid–solid interface (for 
concrete, θ = 0 °C).  r represents the pore space’s critical diameter. 

In the specimen’s length direction (x direction), the concrete is subjected to capil-
lary and confining tensile stresses. In this study, in the length direction (x), the 
reinforcement is more restrained, so it is assumed that the concrete members are 
subjected to only capillary stresses in the directions of breadth (y) and height (z). 
According to the mechanics of materials, the strain in the x-direction of concrete 
(εsh−x ) is expressed as

εsh−x = 1 
Es

[
σx − μ(

σy + σz
)] = 1 

Es 
[(σca − σt ) − μ(σca + σca)]
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Fig. 2 Concrete element in 
restrained specimens

= 1 − 2μ 
Es 

σca − 1 
Es 

σt (2)

where σt denotes the concrete’s restricted tensile stress. μ refers to the concrete’s 
Poisson’s ratio. Es indicates the elastic modulus of the capillary’s micro-matrix. 

The concrete’s shear stress leads to a limiting the tensile tension inside the concrete 
and also leads to a compression tension (σre) inside the reinforcement. Based on the 
balance of forces, the following expressions are derived. 

Acσt = Areσre (3) 

where, Are  denotes the reinforcement’s cross-sectional area. Ac stands for the 
concrete’s cross-sectional area. 

Therefore, One way to represent the restrained tensile tension is as follows: 

σt = As 
Ac 

σre  = ρσre (4) 

where, ρ is the reinforcement rate. 
The reinforcement is subjected to compressive stresses only. Therefore, in the 

x-direction, the strain in the reinforcement (εre−x ) can be expressed as 

εre−x = σre  
Ere  

(5) 

Ere  is the reinforcement’s modulus of elasticity. 
Due to the displacement of the reinforcement and concrete being the same in the 

specimen. Therefore 

δsh−x = δre−x (6)
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where δsh−x represents the concrete’s displacement and δre−x represents the 
reinforcement’s displacement. 

We assume that the concrete and reinforcement lengths (L) are the same. Therefore 

δsh−x 

L = δre−x 

L = εsh−x = εre−x (7) 

Substituting Eqs. (1), (4), (5) and (7) into Eq. (2), the contraction of reinforcement-
constrained concrete can be calculated as follows. 

εsh−x = (1−2μ) 
Es+Ereρ · 2γ 

r (8) 

A conclusion can be drawn from Eq. (8). That is, for the concrete under study, 
Poisson’s ratio, pore structure, elastic modulus of concrete and reinforcement, and 
reinforcement rate all have an effect on its contraction strain. To further verify the 
accuracy of Eq. (8), experiments were carried out to investigate the precise impact 
of reinforcing on the pore structure of concrete. 

3 Experiments and Methods 

3.1 Materials and Mix Ratio 

The concrete mixes used in this study are shown in Table 1. The cementitious mate-
rials consisted of Portland cement and fly ash. Quartz sand with a fineness modulus of 
3.0 served as the fine aggregate, while crushed limestone with a maximum nominal 
size of 20 mm served as the coarse aggregate. 

3.2 Pore Structure Measurement 

Regarding the pore structure test, the specimen molds were made of Plexiglas with 
internal dimensions of 200 mm × 200 mm × 1000 mm and removable on all sides. 

The detachable Plexiglas plate was relocated and a Teflon plate with a thickness 
of 1 mm was placed on the mold’s bottom after the concrete had had time to solidify

Table 1 Mixing ratio of concrete (kg/m3) 

Concrete Ratio 
water/ 
binder 

Cement Water Fly 
ash 

Sand Coarse 
aggregate 

Polycarboxylate 
superplasticizer 

C20 0.43 320 175 90 840 930 8.2 

C50 0.30 350 150 150 700 1100 12.2 
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initially. It was important to make sure that the reinforcement was the sole means by 
which the specimens were bound. 

Six specimens were cast using two different concrete strength classes (C20 and 
C50) and three different reinforcement rates (ρ = 0, 1.14 and 3.24%). Table 2 provides 
information about the specimens. In order to achieve the criteria for the reinforcement 
rate, four reinforcement bars were inserted on each of the four sides of the cross 
section of the restrained specimens (Fig. 3). The specimens were created and kept in 
certain environments. (20 ± 2 °C,  65  ± 5% RH). 

At each test age (3, 7 and 28 days), holes were drilled in the specimens to collect 
concrete material from them. The concrete was then broken up and screened to 
remove any particles larger than 2.5 mm. In order to avoid hydration, acetone was 
utilized, and a vacuum desiccator was used to dry the samples. Finally, a fully auto-
mated Auto IV9510 mercury press was used to measure the interior pore structure 
of the concrete.

Table 2 Details of the specimens 

No. Strength 
grades 

Reinforcement 

Reinforcement 
ratio (%) 

Reinforcement 
bar diameter 
(mm) 

Elastic 
modulus 
(×104 MPa) 

Yield 
strength 
(MPa) 

Ultimate 
strength 
(MPa) 

C20-P C20 0 – – – – 

C20-R1 1.14 12 20.6 400 580 

C20-R3 3.24 20 20.6 400 580 

C50-P C50 0 – – – – 

C50-R1 1.14 12 20.6 400 580 

C50-R3 3.24 20 20.6 400 580 

Fig. 3 Pore structure, contraction, and physical characteristics testing apparatus (size unit: mm) 
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3.3 Contraction Measurement 

Due to the difference in strength class and reinforcement rate of concrete for different 
specimens, different types of contraction test specimens were ready and maintained 
similarly to the pore structure test specimens. The contraction of the specimens was 
measured using a linear variable differential transducer (LVDT) with a measuring 
range and precision of 2 mm and 1 μm, respectively. The measurement sites were 
positioned in the middle of the specimen cross-section, and the LVDTs were situated 
at both ends of the specimens (Fig. 3). This is done by waiting for the first concrete 
set and removing the mold for Plexiglas placed on the specimen’s side so that the 
LVDT is in direct contact with the bolt. The nuts were inserted into the bolts and 
prefabricated in to specimens. Thermocouples are already placed in the specimen to 
monitor how temperature changes during the test affect the concrete. And then the 
computer equipment automatically records the measured values. 

3.4 Physical Property Measurements 

The findings of measuring the concrete’s cubic compressive strength, splitting tensile 
strength, elastic modulus, and Poisson’s ratio at 3, 7, and 28 days of age are shown 
in Table 3. 

Table 3 Concrete’s physical characteristics 

Age (days) Physical characteristics 

Cube compressive 
strength (MPa) 

Splitting tensile 
strength (MPa) 

Elastic modulus 
(×104 MPa) 

Poisson’s ratio 

C20 3 13.5 1.2 2.05 0.155 

7 18.5 1.8 2.77 0.158 

28 21.5 2.2 3.11 0.161 

C50 3 27.4 1.7 2.74 0.164 

7 41.0 3.9 3.35 0.166 

28 52.1 4.2 3.54 0.169
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4 Consequence and Discussion 

4.1 Pore Structure of Concrete 

Table 4 shows the pore characteristics parameters for each specimens in various 
stages of cure. Different pore sizes have different effects on the concrete properties. 
The pores that mainly affect the contraction properties of concrete are gel pores 
(diameter < 10 nm) and transition pores (diameter, 10–100 nm). 

As can be seen from Table 4, the size of concrete’s pore structure decreases with 
increasing curing age for specimens with the same reinforcing rate and concrete 
strength class. For instance, the mean pore size, median pore size, critical pore size, 
and porosity of the C20-P specimen with an age of 3 days were 37.55 nm, 79.54 nm, 
40.61 nm, and 22.65%, respectively. They were 20.03, 38.32, 25.06 nm, and 7.2% 
higher than those with age 28 days. The percentage of pores and gel pores with 
diameters of 10–50 nm increased significantly on day 28 compared to day 3, while 
the percentage of pores with diameters greater than 50 nm decreased compared to day 
3. The main reason for this trend is the infiltration of the hydration products into the

Table 4 Pore characteristic parameters of specimens 

Age 
(days) 

Reinforcement 
ratio (%) 

Porosity 
(%) 

Average 
pore 
diameter 
(nm) 

Median 
pore 
diameter 
(nm) 

Critical 
diameter of 
capillary (nm) 

C20-P 3 0 22.65 37.55 79.54 40.61 

7 0 19.32 28.54 70.45 31.65 

28 0 15.45 17.52 41.22 15.55 

C20-R1 3 1.14 30.11 40.54 95.32 51.36 

14 1.14 25.35 35.32 80.14 37.56 

28 1.14 20.14 24.11 51.23 27.55 

C20-R3 3 3.24 36.12 47.66 110.20 67.86 

14 3.24 32.22 41.25 98.55 58.55 

28 3.24 28.64 33.65 66.45 35.22 

C50-P 3 0 17.65 26.45 67.88 36.54 

7 0 14.55 19.74 54.23 24.33 

28 0 12.10 13.87 32.47 16.13 

C50-R1 3 1.14 22.35 29.56 79.14 48.54 

7 1.14 19.45 25.00 65.33 30.21 

28 1.14 17.55 22.58 42.13 24.55 

C50-R3 3 3.24 32.22 39.41 90.25 60.25 

7 3.24 28.54 33.11 82.44 45.54 

28 3.24 26.54 27.89 60.13 30.41 
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pores of the concrete, which, together with the capillary stress, causes the distance 
between the various pore walls and the microcracks in the concrete to shrink. 

It is also found that the size of the specimens’ pore structure increases with an 
increase in the rate of reinforcing at the same level of concrete strength. For example, 
at 28 days, the critical diameter of concrete in the non-contraction specimen C20-P (ρ 
= 0%) was 15.55 nm, which was 12.00 nm and 19.67 nm lower than that of C20-R1 
(ρ = 1.14%) and C20-R3 (ρ = 3.24%), respectively. Similar tendencies were seen 
in specimens with actual strengths of C50 and other pore characterization metrics. 

The characteristics of the concrete pore structure and reinforcement rate are 
reflected in Fig. 4 (mean pore size, median pore size, capillary critical diameter 
and porosity). The relationship between them can be expressed as follows. 

aρ = a0 + kρ (9) 

where aρ denotes the reinforcement-constrained concrete’s pore structure param-
eter. a0 denotes the unconfined concrete’s pore structure parameter. ρ denotes the 
reinforcement ratio. k is a positive coefficient. 

It should be noted that Eq. (9) applies when the concrete’s pore structure is not 
destroyed. The confining tensile stress in the specimen, which was determined by

Fig. 4 A connection between pore structure parameters and reinforcement rate: a average pore 
diameter, b median pore diameter, c critical diameter of capillary, d porosity 
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Table 5 Values of k for various pore parameters 

Average pore diameter (nm) Median pore diameter (nm) Critical diameter of capillary 
(nm) 

k 550 550 550 

testing, may be represented as follows using the previously introduced process for 
reinforcement-constrained concrete: 

σt = As 
Ac 

σre  = ρσre  = ρ Ereεe (10) 

where εe is the contraction strain obtained experimentally. 
In this research, In specimens without contraction (C20-P and C50-P), a0 was 

found. k values were found by regressing the outcomes of the experiment and their 
values are shown in Table 5. 

In non-contraction specimens, The size of the pore structure is decreased by the 
capillary stresses on the concrete pore walls. But in the confined specimens, both 
capillary and confining tensile stresses impact the pore walls. According to Eq. (8) 
as well as (9), the synthetic stress (σsh−x ) acting on the concrete in the confined 
specimen can be expressed as 

σsh−x = Es (1−2μ) 
Es+Ereρ · 2γ 

a0+kρ (11) 

It can be found that the higher the reinforcement ratio, the better the restraint 
effect of the reinforcement. This in turn leads to a decrease in the synthetic stress put 
on the concrete pore wall. This indicates that as the reinforcement ratio increases, 
the concrete’s pore size decreases to a lesser extent due to the capillary stresses. This 
is consistent with the experimental results. 

4.2 Concrete Contraction 

In the contraction test, the specimens are prepared and cured similarly to the test 
specimens for pore structure. There are three phases to the contraction’s development 
for all specimens: Stage 1—Rapid Rise Stage (roughly 0–5 days), Stage 2—Slow 
Rise Stage (approximately 6–10 days) and Stage 3—Relative Stability Stage (after 
10 days). When the pores in the concrete absorb water, the capillary stresses applied 
to the pore walls cause contraction of the concrete. In the early stage, the concrete 
absorbs water quickly due to the strong cement hydration, which can lead to a quickly 
rising in contraction. Secondly, the water absorption rate decreases with the decrease 
of cement hydration rate. Therefore, the contraction will gradually decrease and its 
value will eventually be relatively stable.
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Table 6 Capillary stress of different concrete (MPa) 

C20-P C20-R1 C20-R3 C50-P C50-R1 C50-R3 

3 days 3.59 2.83 2.15 3.98 3.00 2.42 

7 days 4.60 3.88 2.49 5.98 4.82 3.20 

28 days 9.36 5.28 4.13 9.03 5.93 4.79 

Among all concrete specimens of curing age, the highest contraction strain was 
observed in the non-contraction specimens. For instance, in the C20 concrete speci-
mens. The maximum contraction strain obtained in the C20-P (ρ = 0%) specimen at 
28 days was 620 le. This value was 310 le and 462 le higher than the values obtained 
in specimens C20-R1 (ρ = 1.14%) and C20-R3 (ρ = 3.24%), respectively. This 
indicates that, when concrete is restrained by reinforcement, its contraction strain 
reduces as the reinforcement ratio rises. 

The capillary stresses are also affected by the size of the concrete’s pore structure. 
The capillary stresses in concrete were calculated by Eq. (1) and the results are 
shown in Table  6. In the specimen, it can be seen that the reinforcement has an 
effect on the size of the pore structure, and that when the reinforcement rate is 
increased, the capillary stress decreases. Therefore, we found that the contraction 
of the restrained specimens decreases with increasing reinforcement rate, not just 
because of the joint deformation between the concrete and the reinforcement, but 
also because the capillary stress, which is what causes the contraction of the concrete, 
is constrained. 

4.3 Concrete Contraction Calculation 

To verify the validity of Eq. (8), the experimental values are compared with the 
calculated values. Es can be get from Ec. The ratio between the modulus of elasticity 
Ec and Es of concrete is adjustable between 2.5 and 3.5 as the strength of concrete 
increases. In this study, the ratios were 3.0 and 3.2 for C20 concrete and C50 concrete, 
respectively. Poisson’s ratio and modulus of elasticity of concrete at each age are 
given in Table 2, and the critical diameters of concrete capillaries are listed in Table 4. 

In Table 7, the results of the contraction test are compared to those that were antic-
ipated using Eq. (8). It can be observed that the relative errors are less than 15% for 
all age specimens. This suggests that when concrete is constrained by reinforcement, 
Eq. (8) in may accurately predict the contraction of the concrete.

In this study, because there are no research on surface tension-induced contraction, 
internal water movement and separation pressure, we assumed that the concrete 
contraction was owing to capillary tension. Therefore, the results in Table 7 indicate 
that the calculated results differ from the experimental results. Therefore, further 
studies are needed.
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5 Conclusions 

In this study, based on the capillary tension theory, a forecasting model for the early 
contraction of reinforcement-constrained concrete was developed, and after that, it 
was looked at how reinforcing affected the pore structure of concrete. In this study, 
The contraction strain and pore structure of specimens with various concrete strength 
classes and reinforcing ratios at various ages were measured. Investigations were also 
done on concrete’s physical characteristics. 

The findings of the experiment led to the following deductions. 

(1) Due to hydration products and capillary forces, the pore size of concrete for 
concrete specimens (C20 and C50) continually decreases with age. 

(2) The confining action of reinforcement causes the size of the pore structure 
in concrete to expand with increasing reinforcing rate. The average, median, 
capillary critical diameter, and porosity characteristics of the pore structure are 
directly linked to the reinforcing rate. 

(3) As the reinforcement rate increases, the contraction of the restrained specimens 
decreases, not just because of the joint deformation between the concrete and the 
reinforcement, but also because the capillary stress, the force behind concrete 
contraction, is constrained. 

(4) The calculated results from Eq. (8) are more in line with the experimental results, 
suggesting that Eq. (8) can accurately predict how much concrete will contract 
when it is restrained by reinforcement. 
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Experimental Study of Pore Structure 
and Compressive Strength of Reinforced 
Concrete 

Ruiyi Wang, Maoyi Liu, Jian Kang, Daifeng Wu, Zhiqiang Wang, 
and Xingyang Zhou 

Abstract Experimental research on how reinforcing bars affect the pore structure 
and compressive strength of concrete was studied in this work. The samples used in 
the tests were from concrete with 2 mix ratios and 9 reinforcement ratios. At three, 
seven, and twenty-eight days old, respectively, the concrete compressive strength 
and the structure of pores were examined. The pore structure of the concrete was 
discovered to alter as a result of the reinforcing bars. The size of the pore structure of 
concrete grew larger together with the reinforcement ratio. As the reinforcement ratio 
rose, the samples of reinforced concrete of the same age lost compressive strength. 
The formula for calculating the compressive strength of reinforced concrete samples 
was developed based on the known strength of plain concrete. 

Keywords Pore structure · Reinforcing bar · Concrete compressive strength ·
Prediction of compressive strength 

1 Introduction 

Due to concrete being made of cement, concrete’s strength can be impacted by a 
variety of factors, such as pores and microcracks, particularly when it is subjected to 
thermal stress. The link between the structure of the pores and compressive strength 
of concrete has been the subject of numerous academic studies. In a bid to investi-
gate the association between the pore structure and concrete strength, Li et al. [1] 
developed a mathematical model of effective strength of concrete, and analyzed and
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discussed the influence of porosity and pore structure on the strength of compres-
sion as well as tensile. In addition, some researchers also conducted proportional and 
static compression tests on a series of concrete mix ratios with various pore structures 
to determine the relationship between the strength and pore structure of hardened 
concrete [2]. Lian et al. [3] has researched the link between concrete’s compressive 
strength and the structure of the pores. Depending on the GRE principle, Zhang 
et al. [4] proposed the quantitative relationship between the concrete pore structure 
and compressive strength. In general, it was discovered that the concrete’s strength 
increased with increasing pore structure density [5]. 

Concrete and steel reinforcement are typically used to create reinforced concrete 
structures in practical engineering [6, 7]. It has been demonstrated that there exist 
interface transition zones (ITZs) between the reinforcing bar and the concrete in 
reinforced concrete structures. As a result of the concrete’s increased porosity in 
ITZ areas compared to non-ITZ areas, a number of properties changed, including the 
concrete strength, particularly under the horizontal reinforcement and in areas where 
the reinforcing rate is quite large, and more effective vibrating of the concrete is not 
feasible. In these regions, ITZ’s porosity increases even more, severely lowering the 
performance of the concrete. At once, as the cement hydration gradually consumes 
water and the concrete becomes dry, the capillary force created in the concrete pores 
will gradually shorten the distance between the concrete particles, which causes a 
macroscopic reduction in the volume of concrete (this phenomenon is known as 
shrinkage). Inside the concrete, the restraint stress shrinks in the opposite direc-
tion when it is restrained by the reinforcement bars, reducing concrete shrinkage. 
The concrete pore structure is subject to corresponding changes due to its deforma-
tion. Previous studies [8] have demonstrated that various pore structure parameters 
(porosity and average pore size) of laterally constrained concrete are significantly 
lower than those of non laterally constrained concrete. Nevertheless, the influence 
of constrained concrete volume diminution (such as shrinkage) on concrete pore 
structure is still not known. 

At the beginning of construction, scaffolding is required to support the load owing 
to the low strength of concrete. As required by Chinese standards, whether the scaf-
fold can be removed during construction is mainly based on the concrete compressive 
strength. When the concrete compressive strength of ordinary members alongside 
other significant members individually achieves 75 and 100% of the design strength, 
scaffolding allowed to be removed. Subject to certain limitations of engineering 
practice, tests on concrete blocks without reinforcement bars are used to deter-
mine whether the compressive strength of concrete can achieve the requirements. 
As a result, some impacts of reinforcing bars on the concrete pore structure and 
strength are not taken into account. If a study shows that reinforcement bars can 
cause changes of concrete pore structure, and subsequently lessen its compressive 
strength throughout shrinkage, then the concrete strength evaluation methods that 
already has been implemented at the construction site have the potential to increase 
the likelihood of structural failure of the building during the construction period.
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To learn how reinforcing bars affect the structure of the pores and compressive 
strength of concrete, experiments were carried out. Nine reinforcement ratios (0– 
6.56%) and two mix rates for concrete specimens were presented. Concrete spec-
imens with 2 mix rates and reinforcement ratios of 0, 1.14, 3.24, and 6.52% were 
tested for pore structure at different ages (3, 7, and 28 days) using the mercury intru-
sion method. Furthermore, compressive strength tests were performed on all types 
of specimens. The samples were placed in closed containers for accelerated tests 
and their volumetric water content and porosity were measured. All samples were 
completely vibrated prior to the test. By comparing the pore structure and compres-
sive strength of concrete with various reinforcing rates, the structure of the pores and 
compressive strength of concrete after reinforcement were investigated. 

2 Experiments 

2.1 Methods and Materials 

In this investigation, two various concrete mixtures were employed (Table 1). The 
proportional contents of sand, coarse aggregates and water were different. The 
cementitious materials chosen were cement and fly ash, and quartz sand which has a 
particle size distribution 0.2–4 mm, specific gravity 2.8 g/cm3 and a fineness modulus 
3.0, was selected as the fine aggregate. The crushed limestone has a specific gravity of 
2.8 g/cm3 and an average particle width distribution of 5–20 mm, making it suitable as 
coarse aggregate. A polycarboxylate superplasticizer with a water reduction ratio of 
30–35% is the one that is employed. Table 2 displays details about the reinforcement 
bars that were employed in the study. 

In this study, a mold was made of Teflon material (as shown in Fig. 1) to create 
concrete samples that were 200 mm × 200 mm × 500 mm in size. After the 
initial setting of the concrete, first remove all sides of the mold (orange in Fig. 1). 
The concrete specimens after taking the above measures are restrained only by the 
reinforcement bars.

Table 1 Mixture ratio 

Mixture Cement Water Fly ash Sand Coarse aggregate Superplasticizer 

C40 300 155 110 840 930 8.2 

C70 380 120 150 700 1100 12.2 

Table 2 Reinforcement bar performance 

Constraint Elastic modulus (× 
104 MPa) 

Yield strength (MPa) Ultimate strength (MPa) 

Reinforcing bar 20.6 400 580 



478 R. Wang et al.

Fig. 1 Teflon 
specimen-forming mold (all 
dimensions are in mm) 

In total, 18 concrete specimens with 2 mix ratios and 9 reinforcement rates were 
used in the investigation, and the reinforcement rates were % = 0, 1.14, 1.56, 2.05, 
2.61, 3.24, 3.95, 5.16 and 6.52% (Table 3), and the test results were analyzed. The 
reinforcement bars of different diameters are uniformly placed at each corners of the 
concrete cross-sectional area (see Fig. 2). Three samples of each form of concrete 
were made in order to assess its compressive strength at 3 various ages. The curing 
and testing of all samples took place in an unchanging environment of 20 ± 2 °C  
and 65 ± 5% relative humidity.

After 3, 7 and 28 days, three cylindrical specimens with dimensions equal to 
100 mm in diameter and 200 mm in height (height/diameter = 2) were individually 
cut out of every form of sample to determine the concrete’s compressive strength 
(in accordance with JGJ/T384 standard). The concrete strength test procedure is in 
accordance with GB/T50081, a national standard for China. 

2.2 Concrete Pore Structure Specimens Test 

The pore structures of concrete (C40-R0, C40-R1, C40-R5, C40-R8 and C70-R0, 
C70-R1, C70-R5 and C70-R8) with reinforcement ratios of 0, 1.14, 3.24 and 6.52% 
were studied experimentally. Concrete porosity tests were performed on residual 
samples after drilling that were utilized as test specimens. To obtain concrete 
particles with a particle size range of 2.5–5 mm, the specimens of concrete were 
crushed initially and afterwards sifted using a screen. Acetone was used to inhibit 
the concrete’s polymerization, and the samples were dried by a vacuum desiccator. 
Lastly, a fully automated mercury porosimeter with a resolution of 69 kPa, a pres-
sure ranging of 0–345 kPa for low pressure assessment, and a ranging of 101.325– 
414,000 kPa for high pressure analysis was used to examine the concrete’s pore 
structure.
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Table 3 Specimens information 

Number Strength Reinforcing rate (%) Reinforcing bars diameter (mm) 

C40-R0 C40 0 – 

C40-R1 1.14 12 

C40-R2 1.56 14 

C40-R3 2.05 16 

C40-R4 2.61 18 

C40-R5 3.24 20 

C40-R6 3.95 22 

C40-R7 5.16 25 

C40-R8 6.52 28 

C70-R0 C70 0 – 

C70-R1 1.14 12 

C70-R2 1.56 14 

C70-R3 2.05 16 

C70-R4 2.61 18 

C70-R5 3.24 20 

C70-R6 3.95 22 

C70-R7 5.16 25 

C70-R8 6.52 28 

Fig. 2 Concrete specimens for testing its compressive strength and pore structure
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3 Results and Discussion 

3.1 Alterations to Pore Structure 

Table 4 displays the pore structure characteristics for concrete samples at various ages 
with reinforcing ratios of 0, 1.14, 3.24, and 6.52%, and for the same mixing ratios 
and reinforcing ratios, the size of the concrete structure of the pores steadily shrank 
over the curing time. In addition, the percentage of pores with diameters just under 
50 nm at 28 days was significantly larger for C40-R0 concrete than at 3 days. Further 
samples revealed an identical pattern. Concrete pore structure size with the growth 
of the curing age and gradually become smaller, mainly for two reasons, one is the 
hydration products filled with pores, the second is due to the role of capillary stress, 
concrete between the various types of pore walls and microcrack size reduction.

Besides, it was found that the arrangement of reinforcing bars significantly altered 
the pore structure of concrete, and the size of its structure of the pores significantly 
grew as the reinforcement rate rose. For instance, the C40-R8 concrete specimens 
with 6.52% reinforcement rate had a critical diameter at 28 days of 42.50 nm, which 
is larger than the specimens of C70-R5 (3.24%), C70-R1 (1.14%), and C70-R0 (0%) 
(31.09 nm, 21.54 nm and 16.28 nm, respectively). 

Figure 3 depicts the association between pore structure variables such porosity, 
average and median pore size, critical diameter and the concrete reinforcing rate. 
The size of the concrete pore structure and the reinforcement rate are shown to be 
correlated linearly. Therefore, the following equation can be used to describe how 
reinforcing bars alter the structure of the pores of concrete: 

Sρ = S0 + nρ (1)

In this formula, Sρ is the reinforcing rate ρ corresponding to the concrete pore 
structure parameters; S0 denotes the concrete pore structure parameters matching to 
a reinforcing rate of 0%. The rise in the pore structure parameter generated by a raise 
in the unit reinforcing rate is denoted by n. 

The obtained test data were regressed to obtain n values (Table 5). Figure 3 
represents the error of the concrete pore structure parameters computed from Eq. (1) 
relative to the measured data, and it can be seen that there is an agreement between 
the calculated and measured values.

Porousness characterizes concrete. With the consumption of hydration and the 
drying effect within the pores of concrete, capillary stress is formed on the sidewalls 
of concrete pores, causing the concrete to shrink. Due to reinforcement bars prevented 
the concrete from shrinking freely, the shear tension was created at the joint where the 
concrete and reinforcing bars met. This caused the concrete to be subjected to normal 
stress (called constraint stress) in an opposite manner to the shrinkage induced by 
capillary stress. The constraint stress can be calculated using the equation shown 
below:
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Table 4 Concrete pore factors at various ages 

No. Reinforcement 
ratio (%) 

Average 
pore 
diameter 
(nm) 

Median pore 
diameter (nm) 

Critical 
diameter 
(nm) 

Porosity 
(%) 

C40-R0 3 0 40.40 81.90 42.20 25.37 

14 0 29.31 71.29 33.65 22.19 

28 0 19.90 44.08 18.09 15.94 

C40-R1 3 1.14 43.16 97.72 52.35 30.90 

14 1.14 37.86 83.11 37.62 27.36 

28 1.14 24.93 52.19 22.14 22.03 

C40-R5 3 3.24 47.92 108.41 60.65 36.46 

14 3.24 43.40 100.32 52.41 33.78 

28 3.24 34.77 58.52 32.55 30.60 

C40-R8 3 6.52 50.14 120.11 70.40 40.74 

14 6.52 46.61 105.54 60.25 36.88 

28 6.52 40.23 70.30 42.50 35.45 

C70-R0 3 0 28.54 69.18 38.72 17.78 

7 0 21.97 56.26 26.33 15.54 

28 0 14.38 32.81 16.28 14.95 

C70-R1 3 1.14 31.49 81.09 45.55 23.02 

7 1.14 27.45 67.01 32.51 22.34 

28 1.14 24.95 42.41 21.54 17.56 

C70-R5 3 3.24 41.08 92.03 61.67 33.94 

7 3.24 33.78 74.03 46.41 30.85 

28 3.24 29.92 52.36 31.09 27.76 

C70-R8 3 6.52 48.98 104.50 65.55 40.51 

7 6.52 40.24 96.50 50.46 36.54 

28 6.52 35.66 60.53 42.11 31.55

σt = εsh · Ec 

1 + Ec 
ρ Es 

(2) 

In the formula, Ec and Es represent the respective elastic moduli of concrete and 
reinforcing bars; Concrete’s free shrinkage is denoted by the symbol εsh. 

According to Eq. (2), the restraint stress increased as the reinforcement rate rose, 
thus lessening the concrete’s pore structure as a result of capillary stresses. As a 
result, the test findings show that the pore structure of concrete grew larger as the 
reinforcement rate rose.
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Fig. 3 Relations between the reinforcing rate and the pore structure of concrete: a average pore 
diameter, b median pore diameter, c critical diameter of capillary, d porosity

Table 5 n of various pore parameters 

Coefficient Average pore diameter 
(nm) 

Median pore diameter 
(nm) 

Critical diameter (nm) Porosity 

n 500 500 500 500

3.2 Concrete Compressive Strength 

Table 6 provides the compressive strength of the concrete at every stage of age. It 
should be noted that as the age of cure grew, each specimen’s compressive strength of 
concrete rose. After 3 days, every group of concrete compressive strength achieved 
56–65% of that after 28 days; after 7 days, the concrete compressive strength reached 
79–91% of that after 28 days. Obviously, the strength of concrete had the charac-
teristic of rapid growth at the initial periods (3–7 days), and then the growth rate 
gradually decreased.
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Table 6 Concrete strength test results (MPa) 

Number Strength (standard deviation) Number Strength (standard deviation) 

3 days 7 days 28 days 3 days 7 days 28 days 

C40-R0 29.7 35.64 42.36 C70-R0 55.1 68.5 74.4 

C40-R1 28.1 34.5 41.5 C70-R1 54.1 67.4 73.5 

C40-R2 29.2 33.4 38.7 C70-R2 53.5 66.5 72.1 

C40-R3 26.5 31.2 36.5 C70-R3 51.4 64.2 70.1 

C40-R4 25.4 30.3 37.1 C70-R4 49.8 62.2 69.4 

C40-R5 24.8 28.7 34.5 C70-R5 47.7 60.4 67.5 

C40-R6 23.5 27.5 33.6 C70-R6 45.6 59.6 66.4 

C40-R7 22.0 25.5 32.1 C70-R7 43.3 60.2 64.3 

C40-R8 22.4 26.7 30.23 C70-R8 42.3 58.8 61.1 

However, as the reinforcement ratio rose, the specimen’s compressive strength 
decreased, and the strength was the same while the reinforcement ratio was not consis-
tent. For the same strength grade specimens, the specimen with 0% reinforcement 
ratio has the greatest compressive strength. For instance, at 28 days, the compressive 
strength of C40-R8 (% = 6.52%) concrete was 30.23 MPa, which was lower than 
that of C40-R7 (% = 5.16%), C40-R6 (% = 3.95%), C40-R5 (% = 3.24%), C40-R4 
(% = 2.61%), C40-R3 (% = 2.05%), C40-R2 (% = 1.56%), C40-R1 (% = 1.14%), 
and C40-R0 (% = 0%) (32.1, 33.6, 34.5, 37.1, 36.5, 38.7, 41.5, and 42.36 MPa, 
respectively). 

The link between strength and pore structure factors for samples with reinforcing 
ratios of 0%, 1.14%, 3.24%, and 6.52% are shown in Fig. 4, respectively. The notion 
that the denser the pore structure is, the greater the concrete strength is supported by 
the fact that for concrete samples that have the identical strength level, the compres-
sive strength generally declined with the increase of pore structure characteristics. 
Because the capillary pore stress in restricted samples decreased as a result of 
restricted tensile tension, the pore structure of restricted samples was greater than 
that of ordinary concrete samples. The higher the reinforcement rate of the restrained 
specimens the greater the restraint impact and the larger the concrete pore structure. 
Therefore, it was discovered through the experiment that the strength of the concrete 
dropped while the reinforcement ratio rose.

The correlation between concrete pore structure (primarily porosity) and compres-
sive strength can be ideally expressed in the form of linear, exponential or polynomial. 
Figure 4d depicts a linear model that was used to fit the relation between concrete 
porosity and compressive strength. This illustrates that the linear fit is better for 
concrete with the same strength grade, while for concrete with similar porosity, the 
strength of concrete of each strength grade changed greatly. For example, when 
the porosity was 25.37%, the compressive strength of the C40 concrete samples 
was 29.7 MPa, whereas the C70 concrete specimen had a compressive strength of
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Fig. 4 Link between compressive strength and the following pore structure factors: a average pore 
diameter, b median pore diameter, c critical diameter, d porosity

54.1 MPa at a porosity of 23.02%, which was 24.4 MPa higher than that of the C40 
specimens. Similarities have been found in the past in studies by Li et al. 

The content of each pore is reflected in the porosity of concrete, and varied pore 
size distributions also result in the same or nearly the same porosity. At the same 
time, previous studies have also shown that the compressive strength of concrete 
would increase when the proportion of small and medium-sized pores in concrete is 
larger, which results in that when the experimental porosity was close, but the C40 
and C70 strengths were different.
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3.3 Link Between Concrete Compressive Strength 
and Reinforcing Rate 

This research demonstrates that reinforcing bars will lessen capillary strains, causing 
a reduction in the pore structure of concrete, resulting in a lower compressive strength 
of reinforced specimens than unreinforced specimens. The compressive strength of 
concrete progressively declined since the reinforcing rate grew. If the scaffold can 
be removed depending on the compression strength of unreinforced concrete in the 
actual project construction, the accident risk may increase. 

At the construction site, direct testing of concrete pore structure parameters is 
difficult. Hence, in order to assess the reinforced concrete’s strength when the strength 
of plain concrete is known, Eq. (3) established a link between the reinforcing rate 
and the compressive strength of concrete. 

fcρ = fc0 expbρ (3) 

In this formula, b is a calculation parameter that in this research is equivalent to 
−5. f cρ and f c0 represent, respectively, the compressive strength of concrete when 
its reinforcing rate is ρ and 0. 

Figure 5 gives the concrete compressive strength estimated by Formula (3) for  
different reinforcement ratios. The predicted results shown in Fig. 5 were consistent 
with the practical test values. It’s important to note that parameter b also be influenced 
by other factors probably, for instance an additive agent used in concrete, exterior 
environment and the age of concrete. Further experiments are needed to explore this 
issue in the future. 

Fig. 5 Comparison between predicted and measured results: a C40, b C70
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4 Conclusions 

Utilizing an experimental approach, the effect of different reinforcing ratios on 
concrete pore structure and compressive strength was studied, and three age concrete 
specimens were tested in this research. The following are the main findings: 

(1) The size of concrete pore structure steadily becomes smaller due to the absorp-
tion of hydration products and the action of capillary stress during the cement 
hydration process. The porosity proportion with diameters in the range of 0– 
50 nm rose, while the percentage of pores with diameters greater than 50 nm 
dropped significantly. 

(2) The size of concrete pore structure became progressively larger as the rein-
forcing rate rose. The pore structure characteristics (porosity, average and 
medium pore diameter and critical pore diameter) have a linear relation with 
the reinforcing rate. 

(3) Reinforced concrete specimens had lower compressive strengths than unrein-
forced concrete specimens at the same age, and the strength steadily dropped 
as the reinforcing ratio rose. 

(4) If the compressive strength of unreinforced concrete is used to decide whether 
a scaffold can be removed in actual engineering construction, accidents may 
occur more frequently. 

Thus, in light of the given compressive strength of unreinforced concrete, this 
paper developed a equation for predicting reinforced concrete strength, and the 
predicted value can match well with the actual value. 
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Abstract The construction of a steel structure roof is typically an exceedingly 
intricate system engineering, with exceedingly elevated technical and managerial 
demands throughout the course of construction. The insufficiency of engineering 
proficiency frequently hampers the construction timeline, resulting in substantial 
monetary losses and amplifying the likelihood of safety incidents. Therefore, predi-
cated on the roof construction project of Exhibition Hall 3 of Xiamen New Conven-
tion and Exhibition Center, this paper introduces a two-stage planning and anal-
ysis technique for technical solutions. In the initial planning stage of the technical 
proposal, the pros and cons of the installation approaches for large span intricate steel 
structure roofs were scrutinized, and after comparative analysis from five dimensions, 
the “sliding assembly jig frame method” was ascertained as the technical proposal for 
the project. During the implementation and planning stage of the technical proposal, 
the construction procedure and approach were clarified, the lifting structure was 
split, and the type of lifting equipment was selected. Finally, critical construction 
steps were analyzed through MIDAS/GEN simulation to authenticate the safety of 
the technical proposal. The research outcomes indicate that the two-stage planning 
and analysis technique for technical solutions posited in this paper can markedly 
abridge the construction timeline, save expenses, ameliorate construction quality, 
and diminish construction safety hazards. 
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1 Introduction 

In recent times, with technological advancements, a growing number of projects 
have been executed using sliding technology, predominantly for large-span steel roof 
structures [1], such as airport terminals, vast gymnasiums, and exhibition centers. 
Currently, numerous researchers have conducted studies on the sliding construction 
process. Some researchers employed finite element simulation analysis to determine 
the safety and construction monitoring early warning values of the structure during 
the sliding construction process, and proposed a method to monitor the structural 
safety, stability, and sliding synchronization during the construction of large span 
steel structures [2]. Others analyzed the influence of high and low track designs 
on reducing wind loads during steel structure sliding construction at high altitude 
[3]. With respect to a mixed-purpose bridge, certain studies proposed that the steel 
truss beam in the side span cable area of a highway railway dual-purpose bridge be 
constructed using a walking-type jacking slip scheme [4]. The mechanical properties 
of the large tonnage steel truss beam during the jacking slip construction under two 
working conditions were analyzed using MIDAS Civil [5]. Further, some scholars 
analyzed the construction scheme of four sliding jig frames in the construction of steel 
box girders and, combined with the engineering construction scheme, elaborated on 
the jacking construction technology in detail [6]. Moreover, certain studies compared 
the overall sliding construction technology of using block hoisting in place, high 
altitude in-situ bulk loading, and using hydraulic crawlers as the primary driving 
equipment, relying on computer control to regulate the hydraulic pressure [7, 8]. 

In conclusion, the use of sliding construction in steel structure roof systems has 
significant advantages in project progress. However, the technology of roof sliding 
construction is relatively complex, and different engineering projects possess their 
unique characteristics, which limit the reference experience available. Furthermore, 
most scholarly research on roof system sliding still concentrates on the technical 
level without sorting out the technical planning process. Based on the project back-
ground of complex steel structure roof construction in large exhibition centers, this 
paper performs a comprehensive and systematic analysis of the sliding construc-
tion process, summarizes and extracts crucial technical points, which can provide 
guidance for the construction of similar engineering projects. 

2 Case Study 

2.1 Project Background 

The installation project for the steel structure roof of Exhibition Hall 3 at Xiamen 
New Convention and Exhibition Center comprises two parts, namely, the upper part, 
which is a pipe truss steel roof, and the lower part, which is a steel frame structure 
system. The north–south overhanging part is a welded ball spatial grid structure, and



Study on Sliding Construction Technology of Complex Steel Structure … 489

Fig. 1 Overview of steel structure of exhibition hall 

the roof comprises of 14 inverted triangular main trusses, 1 trapezoidal ridge truss, 
and 48 segment secondary trusses. The maximum span of the roof is 96 m, and the 
overall steel consumption of a single exhibition hall is approximately 94,600 tons, 
as depicted in Fig. 1. 

The project site is located in a subtropical marine monsoon climate zone, char-
acterized by mild and rainy weather, with an annual average temperature of around 
21°. The average annual rainfall is approximately 1200 mm, with the heaviest rainfall 
occurring between May and August each year. The wind force in the area is usually 
3–4°, and the dominant wind force is the northeast wind. The terrain around the 
project site is open and flat, with convenient transportation. 

2.2 Preliminary Planning and Analysis of Technical Proposal 

Project Analysis 

Based on the characteristics of the project, several challenges need to be addressed 
during the installation of the steel structure roof system of Exhibition Hall 3. These 
include the large number of components, nodes, and branch members, the complexity 
of curved pipe components, and the difficulty in controlling welding quality due 
to dense welding seams and large welding deformation. Therefore, choosing the 
right installation method is crucial to ensure installation accuracy and quality. The 
comparative analysis of various installation methods for large span complex steel 
structure roofs is summarized in Table 1.

To conclude, the extensive span of the steel structure roof system in the exhibition 
hall, coupled with the demanding workload of on-site assembly and the constrained 
construction timeline, renders the high altitude assembly method unsuitable. The 
roof structure, a multifarious multi-layer steel truss structure with a considerable 
lifting weight, requires high-performance lifting equipment and presents difficulties 
in analyzing and controlling the safety of the lifting structure. Additionally, the site’s 
flat terrain and the building structure’s regular shape further corroborate this. Thus, 
given these circumstances, the sliding construction method is the most appropriate
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Table 1 Analysis and summary of installation methods for large span complex steel structure roof 

High altitude 
assembly method 

Lifting construction 
method 

Sliding construction method 

Definition The method of 
assembling 
components directly 
at the design position 
by erecting a support 
jig 

The construction method 
of gradually lifting a 
structure on the ground or 
floor to a predetermined 
position using a lifting 
device 

A method for completing the 
overall installation of a roof 
by sliding a divided unit or jig 
frame on a previously set 
slide rail 

Advantage • Effectively reduce 
the lifting 
requirements of 
components

• High installation 
accuracy

• Less temporary 
measures

• Less equipment 
investment

• Safe and reliable 
construction

• Short occupation time 
of construction site

• Low quantity of assembled 
jig frame

• Less occupation of 
working surface

• Short construction period 

Limiting 
condition

• Additional support 
systems require a 
large amount of 
material

• Long occupation 
time of construction 
site with support

• Long construction 
period

• It is required that the 
lifted structure should 
have greater stiffness 
and the substructure 
should have better 
support conditions

• During the lifting 
process, it is necessary 
to control the influence 
of relative displacement 
difference between 
lifting points

• Many factors, such as the 
erection of the support jig, 
the setting of the guide 
rails, and the irregularity of 
the structural form, will 
limit its application

installation method for this project, and it has become the preferred technical solution 
for the steel structure roof system of the exhibition hall. 

Comparison and Selection of Technical Proposals 

Based on the object being slid, sliding construction methods can be categorized into 
three types: main structure sliding method, cumulative sliding method, and jig frame 
sliding method. The main structure sliding method involves sliding a single structure 
into place at one time, and then sliding the subsequent single structure until the entire 
large-span structure construction is completed. This method is used when a jig frame 
cannot be erected at the lower part of the large-span structure or the crane cannot 
be moved. However, this method is not suitable for this project due to the large roof 
span and the availability of support under the roof for jig frame erection. 

On the other hand, the cumulative sliding method, illustrated in Fig. 2, involves  
constructing a strip unit by sliding it for a distance, connecting it to the second unit, 
sliding them together for a distance, and then connecting the third unit. This process 
continues until the last unit is connected, after which the support is fixed, the track 
is cut, and the roof panel is constructed.
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Fig. 2 Construction diagram of “cumulative sliding of structure” 

Fig. 3 Construction diagram of “sliding assembly jig frame” 

As there is no connecting beam between the supports at both ends of the large-span 
roof structure and only a single column fulcrum bears the load, it is impractical to 
install a slide rail. In such a case, the jig frame sliding method requires the installation 
of a slide rail at the lower part of the assembled jig frame, followed by the assembly 
of the striping unit at the designated position. Subsequently, the assembly fulcrum 
is lowered, and the assembled jig frame is slid one by one to complete the overall 
structure installation, as illustrated in Fig. 3. 

Table 2 compares and analyzes two sliding construction schemes for the 
steel structure roof system: the cumulative sliding technology scheme and the 
sliding assembly tire frame technology scheme. The comparison is based on five 
aspects, which are: construction safety, construction efficiency, installation accuracy, 
construction cost, and applicability.

After conducting a comprehensive analysis of multiple factors such as construc-
tion period, quality, safety, large machinery, and temporary measures, it is evident 
that the sliding assembly tire frame technology scheme presents significant advan-
tages in the aforementioned aspects. As a result, the sliding assembly tire frame 
technology scheme has been chosen as the final technical solution for the project 
implementation.
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Table 2 Summary of analysis of the slip method for steel roof systems 

Project objectives Cumulative sliding technology 
scheme 

Technical proposal for sliding 
assembly tire frame 

Construction period 229 days (after calculation) 174 days (after calculation) 

Quality • Generally controllable quality
• Complex structural stress
• Difficulty in unloading analysis

• Controllable quality
• The structural stress during 
construction is basically 
consistent with the original design

• Small structural deformation 

Safety The roof system is temporarily fixed 
before unloading, posing a risk in 
typhoon areas 

Roof system installed in situ, safe 
and controllable 

Large machinery Large usage of large machinery 

Temporary measure The amount of sliding measures 
exceeds 800 tons 

The amount of sliding measures is 
less than 200 tons

2.3 Implementation Planning and Analysis of Technical 
Proposal 

Construction Sequence 

The construction of the roof truss is segmented into three distinct areas, and their 
construction sequence is shown in Fig. 4. The construction commences from the 
central area, utilizing a movable jig frame for the installation process. Once the 
central area is halfway constructed, the construction for the lifting areas on both 
ends will commence. The installation sequence involves installing the main truss, 
followed by the secondary truss, supplementing the web members partially, and 
finally installing the cantilever truss.

The demonstration of the construction sequence is illustrated in Fig. 5, and the 
specific steps are delineated below:

(a) Unit assembly process 1: Establish a sliding track and assemble a jig frame. The 
primary lifting equipment employed is a 320 ton crawler crane, as depicted in 
Fig. 5a. 

(b) Unit assembly process 2: Utilize a 320 ton crawler crane to hoist the first main 
truss segment in the area of the movable jig frame, as shown in Fig. 5b. 

(c) Unit assembly process 3: Persist in utilizing a 320 ton crawler crane to hoist the 
initial trusses of the main truss on the opposite side of the movable tire frame 
area in sections, as illustrated in Fig. 5c. 

(d) Unit assembly process 4: Continue to employ a 320 ton crawler crane to elevate 
the middle section of the first main truss in the movable jig frame area, as 
demonstrated in Fig. 5d. 

(e) Unit assembly process 5: Use a 320 ton crawler crane to raise the two sides of 
the second main truss in the movable jig frame area, as portrayed in Fig. 5e.
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Fig. 4 Construction 
sequence plan

(f) Unit assembly process 6: Sustain the use of a 320 ton crawler crane to lift 
the middle section of the second main truss in the movable jig frame area, as 
exemplified in Fig. 5f. 

(g) Unit assembly process 7: Elevate the ridge truss between the two main trusses, 
and utilize an 80 ton truck crane to lift the secondary truss and purlins, as 
presented in Fig. 5g. 

(h) Unit assembly process 8: Discharge the roof of the movable jig area and relocate 
the movable jig northward for 36 m, as evinced in Fig. 5h. 

(i) Unit assembly process 9: Likewise, adhere to the aforementioned steps to 
finalize the installation of the roof in the movable jig frame area, as revealed in 
Fig. 5i. 

(j) Unit assembly process 10: Unload the roof of the movable jig area and relocate 
the movable jig northward for 36 m. Concurrently, use a 100 ton truck crane and 
an 80 ton truck crane to insert and restore the ridge truss, the sub truss, and the 
east and west overhanging trusses amid the roofs of the two movable jig frame 
installation areas, as demonstrated in Fig. 5j. 

Zoning and Segmentation of Hoisting Structure 

The hoisting of the roof truss is performed using the method of ground sectional 
assembly and movable jig frame installation. To ensure the quality of construction 
while maintaining economic and rational lifting operations, it is recommended to
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Fig. 5 Construction sequence BIM demonstration diagram

utilize medium and large lifting equipment as much as possible, thereby reducing 
the number of lifts and the amount of overhead splicing. In addition, light lifting 
equipment can be used in conjunction with medium and large lifting equipment to 
transport materials and lift parts of structures. This combination not only saves costs 
but also provides flexibility in operations. Heavy lifting equipment should be avoided 
as much as possible to save costs and overcome site use restrictions. Based on the 
formal characteristics of the roof structure, the lifting process is logically divided 
into three sections, as shown in Fig. 6. The main truss, which is divided into three 
sections, consists of 42 main truss sections. The ridge truss and sub truss segments 
are interrupted at the main truss and comprise a total of 14 ridge trusses and 28 sub
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trusses. The north and south overhanging grid structures are divided into 16 blocks, 
with a total of 32 blocks. The east and west overhanging trusses are divided into 12 
sections, with a total of 24 lifting sections. The heaviest section among all sections 
of the main truss weighs 103 tons, and with the hook weighing 3.5 tons, and the 
steel wire rope and shackle weighing 2.5 tons in total, the total weight is 109 tons. 
Assuming a safety factor of 1.2, which takes into account the wind load, the heaviest 
segment to be lifted weighs 130.8 tons. The installation position of the highest section 
is at a height of 30.2 m. 

Fig. 6 Main truss section 
and schematic diagram
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Fig. 7 Analysis diagram of the most unfavorable working conditions of the main truss 

Hoisting Condition Analysis and Equipment Selection 

Based on the segmentation results of the main truss, it is determined that the weight 
of the main truss in the section II area is the heaviest. To select the appropriate lifting 
equipment, it is necessary to consider not only the weight of the heaviest section, but 
also the location of the lifting equipment and the installation location. Considering 
the site limitations of large lifting equipment and the relatively fixed driving routes, 
it is important to analyze the working conditions and rely on experience to select the 
most suitable equipment. Also, according to the analysis in the previous section, the 
heaviest section load of the main truss is 130.8 t, and the highest section installation 
position is 30.2 m. In order to meet the hoisting requirements, a 320 tons crawler 
crane is selected for lifting, with a lifting radius of R = 10 m and a main boom length 
of 62 m, as shown in Fig. 7. At this configuration, the rated lifting capacity of the 
crawler crane is T = 135 t, which exceeds the heaviest section weight, ensuring safe 
and efficient lifting operations. 

Likewise, the heftiest cross-sectional weight of the suspended grid positioned on 
both the northern and southern sides is the third segment located on the southern 
side, tipping the scales at 40.8 tons. Accompanied by a hook weighing 1.5 tons and 
1 tons steel wire ropes and shackles, the total weight adds up to 43.3 tons. Assuming 
a safety factor of 1.2, the maximum weight of the segment to be lifted is calculated 
to be 43.3 tons × 1.2 = 52 tons. In light of this, a 150 tons crawler crane, featuring a 
main boom length of 56 m and a hoisting radius of R = 10 m, is selected for the task 
at hand. At present, the rated lifting capacity of the crane stands at T = 54.2 tons, 
exceeding the required hoisting capacity of 52.0 tons, thereby satisfying the lifting 
requirements. 

Moreover, the heaviest section weight of the ridge truss measures 20 tons, with 
the hook weighing 1 tons and the steel wire rope and shackle accounting for approx-
imately 0.5 tons, resulting in a total of 21.5 tons. Assuming a safety factor of 1.2, 
the maximum weight of the segment to be hoisted is 21.5 tons × 1.2 = 25.8 tons.
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Fig. 8 Overall model 

A 100 tons truck crane is chosen to accomplish the task, featuring a main boom 
length of 48.5 m and a hoisting radius of R = 10 m. At this moment, the rated lifting 
capacity of the crane stands at T = 29 tons, surpassing the required hoisting capacity 
of 25.8 tons, hence satisfying the lifting requirements. 

2.4 Numerical Simulation Analysis of Jig Frame Sliding 
Construction Stage 

This paper employs MIDAS/GEN for simulating the construction stage. The anal-
ysis model is a comprehensive model that groups structural components, support 
constraints, and load cases according to construction steps and defines the construc-
tion stage. The simulation program is conducted based on control data, and the calcu-
lation model is built entirely based on the structural construction drawings, with all 
components’ cross sections and materials in line with the structural construction 
drawings. The comprehensive model is presented in Fig. 8. 

The simulation analysis results of diverse unfavorable working conditions have 
been verified below. The maximum combined displacement during the entire 
construction process is 69.19 mm, which is less than L/400 = 112.5 mm (calcu-
lated based on the truss span where the maximum displacement occurs), meeting the 
usage requirements of the specification. The position of the maximum displacement 
occurs at the middle of the main truss, as illustrated in Fig. 9a. This is related to the 
unloading of certain sections of the main truss. During the process of continuously 
installing the secondary truss and other loose parts, the displacement will persistently 
increase, indicating that as the structure is integrated, the stress on the main truss 
will also increase. After the installation of the entire structure, the local members 
of the roof structure reach the maximum displacement. The maximum stress of roof 
structural members is compressive stress, reaching 124.26 MPa, which is less than f 
= 295 MPa, satisfying the specification requirements. The maximum displacement 
occurs at the connection between the end of the main truss and the main structure,
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Fig. 9 Figure of numerical simulation analysis results 

as depicted in Fig. 9b. This indicates that with the overall formation of the struc-
ture, the stress on the main truss will continue to rise. After the installation of the 
entire structure, the local members of the roof structure will experience the maximum 
stress. 

Furthermore, this paper also simulates the hoisting of roof truss structures, the 
usage of jig frames, and their displacement, stress, and stability. Additionally, the 
foundation supported by the jig frame and the track beam of the mobile jig frame are 
also scrutinized and calculated. The simulation results demonstrate that the technical 
scheme proposed in this paper is highly secure. In summary, the two-stage planning 
analysis method proposed in this article can considerably shorten the construction 
period, reduce costs, enhance construction quality, and mitigate construction safety 
hazards. 

3 Conclusions 

This study presents a technical proposal for the construction of the Exhibition Hall 3 
roof project at the Xiamen New Convention and Exhibition Center, along with a two-
stage planning and analysis method for the technical plan. The first stage involves the 
preliminary planning of the technical proposal, which includes a comparative anal-
ysis of two installation methods, namely the “structural cumulative sliding method” 
and the “sliding assembly jig frame method,” based on five dimensions, such as 
construction period, quality, safety, construction measures, and comprehensive anal-
ysis of large machinery. The “sliding assembly jig frame method” was ultimately 
selected for construction. The second stage involves the implementation planning of 
the technical proposal, which includes the analysis and determination of specific and 
reasonable construction procedures and methods. The lifting structure was divided 
based on the analysis of lifting conditions, and the selection of lifting equipment was 
determined based on the maximum weight of the lifting structure and the level and
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height difference distance between the installation position and the lifting position. 
The safety of the lifting construction was verified through numerical simulation anal-
ysis of important construction steps using MIDAS/GEN. The proposed two-stage 
planning and analysis method for the technical proposal can significantly reduce 
the construction period, improve construction quality and safety, and enhance the 
economic benefits of the project. 
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1 Introduction 

The large span steel joist structure offers many advantages, including a high degree 
of industrialization and assembly, short construction period, and reasonable compre-
hensive cost [1]. This type of structure is widely used in the roofing systems of 
buildings such as stadiums, industrial plants, and exhibition halls [2]. However, due 
to variations in construction plans and environmental conditions [3, 4], the anal-
ysis conditions for construction are often not available during the structural design 
process. As a result, the secondary internal forces generated by the structure during 
the implementation of the construction plan and the impact of temporary and short-
term internal forces caused by the construction process on structural safety are not 
typically considered. Nevertheless, the structural system is gradually improved and 
established during the entire construction process [5], and its internal force redis-
tribution is bound to exist during this period. Some studies have shown that if the 
structural system is not fully established, the local instability of the structure is more 
likely to occur during the construction process [6]. Therefore, temporary support 
should be set up before the overall completion of the structure, particularly for struc-
tures such as large-span steel trusses and spatial grids, to ensure the stability of the 
structure itself during construction and to ensure construction safety. 

In the installation of steel structures, a temporary support called a tire frame is 
commonly utilized to uphold the load and maintain the structure’s stability during 
the entire construction process. The tire frame is removed once the task is finished, 
and this removal process is referred to as the unloading of the supporting tire frame, 
which is a complex construction process. The unloading of the tire frame leads to 
a change in the structure’s internal forces, resulting in the redistribution of internal 
forces. If the internal force or local deformation becomes too great and exceeds the 
standard limit, safety accidents during the construction process become more likely 
[7]. Therefore, the safety, stability, and stress state of the main structure depend 
greatly on the unloading process of the tire frame. If the internal force characteristics 
of each member under different unloading modes and processes are fully described 
in a comprehensive construction plan, it will result in a massive database. In addi-
tion, some researchers use finite element analysis software to conduct individual 
analysis and manual intervention to find the optimal solution, but the workload is 
also extremely large [8]. 

To summarize, analyzing the unloading process of steel structure roof systems 
for construction is a challenging task due to the various possibilities of support 
unloading. The primary goal is to optimize the process with a focus on rationality 
and safety. This study examines the installation project of the steel structure roof of 
Exhibition Hall 3 at Xiamen New Convention and Exhibition Center, specifically the 
southern overhanging section of the roof system. To address the project’s complexity 
and specificity, a combined unloading method based on structural characteristics is 
proposed to optimize the structural unloading scheme. The method’s reliability is 
verified through finite element simulation analysis and on-site monitoring tests.



Research on Temporary Support Unloading During Construction … 503

Fig. 1 Axonometric drawing of the roof of exhibition hall 3 

2 Case Analysis 

2.1 Project Background 

The Exhibition Hall 3 of Xiamen New Convention and Exhibition Center has an 
overall structure consisting of a steel frame and pipe truss system, with a space 
pipe truss steel roof serving as the upper structure and a building height of 38 m. 
The cantilever trusses on the east and west sides are composed of circular tube-
shaped components with circular cross-sections, while the north and south sides are 
cantilever grid structures, with the southern side having a maximum overhang of 
15.4 m. The entire exhibition hall requires approximately 94,600 tons of steel (see 
Fig. 1). This case study specifically focuses on the construction and unloading of 
the southern cantilever grid, which is more complex than the other structures in the 
building. 

2.2 Tire Frame Support Arrangement of the Overhanging 
Net Frame 

During the construction process of the steel structure roof system, the cantilever grid 
is supported by temporary tire frames, which are placed based on the structural stress 
characteristics. In the case of the southern cantilever grid, 14 support points were set 
up using circular tube and profiling work support methods, with positions that are 
nearly uniformly distributed, as depicted in Fig. 2. 

Fig. 2 Support tire frame layout



504 J. Wang et al.

2.3 Unloading Construction Plan 

The principles for unloading the steel structure roof system are presented in Table 1. 
Specifically, the steel pipe support of the southern cantilever grid will undergo the 
flame cutting method during unloading, and the most preferable unloading sequence 
is a synchronous unloading of the entire southern cantilever area. This technique 
closely resembles the original design and ensures better force distribution, but it 
proves difficult to accomplish the synchronization of a substantial number of support 
frames during construction. Therefore, during the construction of spatial grid struc-
tures, the support only carries the self-weight and partial construction load, and the 
load type is simple. However, during the overall formation of the structural model, 
temporary supports are positioned and removed, leading to significant changes in 
the constraints and overall stiffness characteristics of the structure, presenting time-
varying characteristics as the construction progresses. The overall mechanical char-
acteristics of the structure exhibit significant nonlinearity, while the unit stiffness 
characteristics of the components remain generally linear. Consequently, the support 
position of the tire frame becomes a key factor leading to changes in the structural 
system, and the unloading construction process becomes more susceptible to safety 
issues.

A dependable construction plan involves utilizing commercial finite element anal-
ysis software, implementing traversal algorithms, and conducting automatic static 
calculations and elastic buckling analyses on all states of the temporary structural 
system with supports under various working conditions, including addition and disas-
sembly, based on the construction progress. This is done in order to obtain the funda-
mental internal force and deformation distribution of all states during the construc-
tion process. The analysis results serve as the foundation for technical personnel to 
select a relatively optimal construction plan. However, the more temporary supports 
are used, the greater the number of uninstallation combinations, making it chal-
lenging to complete the analysis tasks with high-performance computers in the short 
term. Therefore, it is especially crucial to resolve how to optimize the construction 
unloading method of temporary tire frame support. 

2.4 Optimization of Structural Unloading Plan 

In order to optimize the unloading process of the southern overhanging grid, it is 
important to consider the force characteristics of the structural system. Specifically, 
the process can be viewed as the removal of support bearings from a multi-span 
continuous beam, with the aim of controlling the larger support reaction force. To 
determine the best unloading method, it is necessary to study the force characteristics 
of the support bearings using different unloading methods. By identifying a safe 
and effective unloading method, the structural unloading scheme can be quickly 
optimized. The structure in question, as shown in Fig. 3, is a six-span continuous
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Table 1 Unloading construction principles 

No. Unloading principles Specific description 

1 Conditions to be met • The force on adjacent supports during 
unloading should not undergo significant 
changes 

• The deformation of the bars of the 
structural system shall not exceed the 
specified allowable range to avoid damage 
caused by changes in the internal force of 
the temporarily supported structure or 
excessive deformation of the bars of the 
structural system 

• The force transformation of the structural 
system is reliable and steadily formed 

2 Centered around controlling deformation • Due to the varying strength and stiffness of 
each part of the spatial structure, and the 
varying deformation of each part during the 
unloading process, it is necessary to ensure 
the control of the force on the structure 
itself and temporary supports during the 
unloading process, as well as the final 
deformation of the structure 

3 Measurement control as a means • The unloading process of this project is a 
gradual process, and strict construction 
monitoring must be carried out during the 
unloading process to ensure that the 
unloading is carried out according to the 
predetermined goals and prevent accidents 
caused by local deformation due to 
operational errors or other factors 

4 Aiming for a smooth transition • Due to the fact that the unloading process is 
also the formation process of the structural 
system, the selection of unloading plans 
must aim at a smooth transition to ensure 
the reliable transformation of the structural 
stress system

beam with equally spaced supports, subjected only to a uniform load of assumed size 
1 kN/m. The flexural stiffness of the beam is infinite, and the supports are rigid. 

Through a systematic dismantling and combination of the characteristic supports 
in a multi-span continuous beam, different reaction diagrams of the supports were 
obtained, as illustrated in Fig. 4. Figure 4a displays the reaction characteristics of

Fig. 3 Multi-span continuous beam 
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the remaining supports after they are sequentially removed from one end. From the 
figure, it can be inferred that this approach is the least desirable since the remaining 
supports that are on the verge of being removed will have to share most of the load on 
the eliminated beam segment, thereby increasing their support reaction force. There-
fore, this method of dismantling should be avoided. Conversely, Fig. 4b suggests that 
dismantling the support from the middle of the structural beam, i.e., using a symmet-
rical dismantling method, is more advantageous. After the bearing is removed, the 
bearing that will be taken off next will experience less reaction force amongst the 
remaining bearings, while a greater reaction force will arise in the adjacent bearing 
that is closer to the edge of the structure. Figure 4c displays the reaction force char-
acteristics of the remaining bearing after the simultaneous removal of two adjacent 
bearings. When two adjacent bearings are removed simultaneously, the neighboring 
bearing that has not been removed will generate a larger reaction force. The closer 
the removal position is to the middle of the structure, the smaller the reaction force 
of the remaining bearing will be. If the two bearings are removed symmetrically, 
the adjacent unremoved bearing will experience less bearing reaction force than the 
asymmetrical removal method, but the bearing reaction force will be the largest for 
the bearing adjacent to the cantilever end after the removal of the bearing. If two 
bearings are removed at the same time, the symmetric removal from the middle of 
the structure is the preferred choice, and the reaction force of the remaining unre-
moved bearings is smaller. Finally, Fig. 4d demonstrates the continuous removal of 
the bearing rod, and it is apparent that the more bearings are removed continuously, 
the higher the reaction force of the adjacent unremoved bearings. Similarly, the more 
symmetrical the structure is after the removal of the bearing, the smaller the reaction 
force of the remaining bearing will be.

To sum up, the fundamental stress characteristics of a multi-span continuous 
beam structure system dictate that removing supports symmetrically leads to smaller 
reaction forces in the remaining supports. Similarly, when multiple supports are 
removed, symmetric removal from the middle produces less reaction force in 
the remaining supports. It is important to avoid continuously removing too many 
supports, which can generate significant reaction forces in adjacent undemolished 
supports. If symmetrical removal of a bearing is not possible, it is advisable to avoid 
removing the cantilever end bearing. 

In the case of the unloading process of the southern cantilever grid structure, it 
is similar to that of a multi-span continuous beam, and the support removal process 
is akin to that of the tire frame support unloading. Hence, this article proposes an 
optimal unloading plan based on the engineering structural system’s characteristics 
by employing a combination unloading method. The first synchronous unloading is 
to unload the support of tire frame 3, 5, 7, 8, 10, and 12; the second synchronous 
unloading is to unload the supports of tire frame 2, 6, 9, and 13; and the third 
synchronous unloading is to unload the supports of tire frame 1, 4, 11, and 14.



Research on Temporary Support Unloading During Construction … 507

Fig. 4 Support reaction force diagram corresponding to different removal methods of multi-span 
continuous beam support

2.5 Numerical Simulation Analysis of Structural Unloading 
Optimization Scheme 

The MIDAS/GEN software is utilized to conduct a simulation analysis of the 
construction unloading process, specifically for the southern overhanging grid of 
the steel roof system. The optimized construction unloading steps from the previous 
section are utilized to divide the structural components, support constraints, and load 
conditions into groups, and separate stages of construction unloading are defined. 
The program is ultimately analyzed based on control data. The creation of the calcu-
lation model is carried out in accordance with the structural construction drawings, 
with the cross-section and material of all components consistent with those in the 
drawings. Figure 5 displays the calculation model. 

Initially, the operational conditions of various combinations of construction 
unloading underwent analysis. Subsequently, the most elevated steel pipe support 
uprights, with a length of 7 m, were subjected to testing. The maximum deflection 
of the neutral pole is computed as 0.17 mm by deducting 4.91 mm from 5.08 mm.

Fig. 5 Calculation model diagram of side cantilever grid frame 
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The allowable deflection value, as per the “Code for Design of Steel Structures” 
GB50017 [9], is determined to be l/1000, which equates to 7 mm since l, the length 
of the steel pipe support upright, is 7000 mm. This value surpasses the recorded 
deflection and complies with the regulations. The peak stress of the neutral pole is 
measured to be 17.38 MPa. According to GB50017 and the “Code for Design of 
Steel Structures,” the compressive yield strength of Q235B steel should be above 
205 MPa, which exceeds 17.38 MPa when the plate thickness is between 16 and 
40 mm. Consequently, the steel pipe support upright meets the standards of the code. 
Furthermore, the compressive stability coefficient of the upright pole, which is ϕx = 
ϕy=ϕ = 0.353, along with the strength stress of the upright pole, calculated as N/A= 
18.485 MPa ≤ f , meet the requirements of the specification. The computed outcomes 
demonstrate that the stable stress around the X or Y axis is N/ϕ·A = 52.311, MPa 
≤ f , fulfilling the specification prerequisites. The ratio of the outer diameter to wall 
thickness is determined to be 24.917, satisfying the requirements of the specification 
and not necessitating further horizontal support. 

2.6 Deformation Monitoring 

During the construction and unloading process of the cantilever grid on the southern 
side of the steel roof system, the total station was employed to monitor the struc-
tural displacement, record the plane coordinates of each measurement control point, 
and finally determine whether the structure was displaced or deformed through the 
coordinate increment. Throughout the construction process, seven deformation and 
displacement observation points were arranged, respectively at the ends and inter-
mediate nodes of the two truss segments. The layout of the monitoring points is 
depicted in Fig. 6. The monitoring cycle was once a day, using a total station (RTS-
862R10A) with an accuracy class of II. The allowable maximum deformation value 
was 70 mm. After monitoring, it was observed that the measured deformation at most 
of the measurement points was smaller than the theoretical deformation, and the trend 
was consistent, with a deviation within a reasonable range. Hence, the structural stiff-
ness of the southern cantilever grid structure is excellent, and the construction quality 
is commendable.

3 Conclusions 

This study presents a case study on the construction and unloading process of the 
southern cantilever grid structure of Exhibition Hall 3 of Xiamen New Convention 
and Exhibition Center. Through theoretical research and experimental testing results, 
it has been discovered that a large number of tire supports are difficult to achieve 
synchronous unloading, which can cause internal force redistribution in the struc-
tural system, and different construction unloading methods can easily lead to safety
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Fig. 6 Layout plan of 
monitoring points

issues. Additionally, with an increase in the number of tire supports, the combination 
methods of unloading also increase, which makes exhaustive calculation unfeasible. 

To ensure construction safety, this study proposes a combined unloading method 
based on structural characteristics. The research results show that the stress charac-
teristics of the entire construction unloading process of the cantilever grid structure 
are similar to those of multi-span continuous beams. Based on this, the study summa-
rized the law of construction unloading by analyzing the process of removing supports 
from multi-span continuous beams and applied it to the construction unloading of 
cantilever grid structures to optimize the construction unloading sequence. 

Further, numerical simulation analysis of important construction steps and on-site 
monitoring tests were conducted using MIDAS/GEN software, which verified the 
safety of this method. As a result, this method can significantly reduce the calculation 
amount of structural engineering, expedite the construction progress, and ensure the 
safety of the steel roof construction process. 
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