
mdpi.com/journal/mathematics

Special Issue Reprint

Resilient Infrastructure
Mathematical Modeling, Assessment  
and Smart Sensing

Edited by 
Zhongkai Huang, Dongming Zhang, Xing-Tao Lin, Dianchun Du 
and Jin-Zhang Zhang



Resilient Infrastructure: Mathematical
Modeling, Assessment and Smart
Sensing





Resilient Infrastructure: Mathematical
Modeling, Assessment and Smart
Sensing

Guest Editors

Zhongkai Huang

Dongming Zhang

Xingtao Lin

Dianchun Du

Jinzhang Zhang

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editors

Zhongkai Huang

Department of Geotechnical

Engineering

Tongji University

Shanghai

China

Dongming Zhang

Department of Geotechnical

Engineering

Tongji University

Shanghai

China

Xingtao Lin

College of Civil and

Transportation Engineering

Shenzhen University

Shenzhen

China

Dianchun Du

School of Civil Engineering

Southeast University

Nanjing

China

Jinzhang Zhang

Department of Geotechnical

Engineering

Tongji University

Shanghai

China

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Mathematics (ISSN

2227-7390), freely accessible at: https://www.mdpi.com/si/mathematics/Res Infrastruct Modeling

Assess Smart.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-4153-0 (Hbk)

ISBN 978-3-7258-4154-7 (PDF)

https://doi.org/10.3390/books978-3-7258-4154-7

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



Contents

Zhongkai Huang, Dongming Zhang, Xingtao Lin, Dianchun Du and Jinzhang Zhang

Resilient Infrastructure: Mathematical Modeling, Assessment, and Smart Sensing
Reprinted from: Mathematics 2023, 11, 4816, https://doi.org/10.3390/math11234816 . . . . . . . 1

Jianhong Zhang, Aixia Wang, Limin Zhang and Xiangsheng Chen

Coupling Failure Mechanism of Underground Structures Induced by Construction
Disturbances
Reprinted from: Mathematics 2023, 11, 615, https://doi.org/10.3390/math11030615 . . . . . . . . 3

Xu-Yang Cao

An Iterative PSD-Based Procedure for the Gaussian Stochastic Earthquake Model with
Combined Intensity and Frequency Nonstationarities: Its Application into Precast Concrete
Structures
Reprinted from: Mathematics 2023, 11, 1294, https://doi.org/10.3390/math11061294 . . . . . . . 20

Xiaomu Ye, Pengfei Ding, Dawei Jin, Chuanyue Zhou, Yi Li and Jin Zhang

Intelligent Analysis of Construction Costs of Shield Tunneling in Complex Geological
Conditions by Machine Learning Method
Reprinted from: Mathematics 2023, 11, 1423, https://doi.org/10.3390/math11061423 . . . . . . . 39

Caixia Guo, Yingying Tao, Fanchao Kong, Leilei Shi, Dechun Lu and Xiuli Du

Analytical Predictions on the Ground Responses Induced by Shallow Tunneling Adjacent to a
Pile Group
Reprinted from: Mathematics 2023, 11, 1608, https://doi.org/10.3390/math11071608 . . . . . . . 61

Qingtao Lin, Caixia Guo, Xu Meng, Hongyu Dong and Fanchao Kong

Experimental Research on the Settlement Feature of Two Ground Deformation Modes Induced
by Tunnelling
Reprinted from: Mathematics 2023, 11, 2351, https://doi.org/10.3390/math11102351 . . . . . . . 80

Yiwei Sun, Kan Huang, Xiangsheng Chen, Dongmei Zhang, Xiaoming Lou,

Zhongkai Huang, et al.

Study on the Reinforcement Mechanism of High-Energy-Level Dynamic Compaction Based on
FDM–DEM Coupling
Reprinted from: Mathematics 2023, 11, 2807, https://doi.org/10.3390/math11132807 . . . . . . . 104

Yimin Wu, Haiping Wu, Chenjie Gong and Le Huang

Numerical Investigation of Key Structural Parameters for Middle-Buried Rubber Waterstops
Reprinted from: Mathematics 2023, 11, 3546, https://doi.org/10.3390/math11163546 . . . . . . . 123

Minglei Ma, Wei Wang, Jianqiu Wu, Lei Han, Min Sun and Yonggang Zhang

Numerical Computing Research on Tunnel Structure Cracking Risk under the Influence of
Multiple Factors in Urban Deep Aquifer Zones
Reprinted from: Mathematics 2023, 11, 3600, https://doi.org/10.3390/math11163600 . . . . . . . 145

Chen Wang, Ming Song, Min Zhu, Xiangsheng Chen and Xiaohua Bao

The Effect of Asynchronous Grouting Pressure Distribution on Ultra-Large-Diameter Shield
Tunnel Segmental Response
Reprinted from: Mathematics 2023, 11, 4502, https://doi.org/10.3390/math11214502 . . . . . . . 164

v





mathematics

Editorial

Resilient Infrastructure: Mathematical Modeling, Assessment,
and Smart Sensing

Zhongkai Huang 1,2,*, Dongming Zhang 1,2, Xingtao Lin 3, Dianchun Du 4 and Jinzhang Zhang 1,2

1 Key Laboratory of Geotechnical and Underground Engineering of the Ministry of Education,
Tongji University, Shanghai 200092, China; 09zhang@tongji.edu.cn (D.Z.); zhangjz@tongji.edu.cn (J.Z.)

2 Department of Geotechnical Engineering, College of Civil Engineering, Tongji University,
Shanghai 200092, China

3 College of Civil and Transportation Engineering, Shenzhen University, Shenzhen 518061, China;
xtlin@szu.edu.cn

4 School of Civil Engineering, Southeast University, No.2, Southeast University Road, Jiangning District,
Nanjing 211189, China; dudianchun@seu.edu.cn

* Correspondence: 5huangzhongkai@tongji.edu.cn

MSC: 74S05; 65Z05; 00A06

As big cities become more dense, there is a growing demand for infrastructures, i.e.,
buildings, bridges, rail transit, pipelines, and utility tunnels. These facilities function as
cross-scale complex network systems [1–3], and their serviceability is closely related to
human life in terms of transportation, water conveyance, and energy supply. However,
coupled with unseen strata and uncertain environments, even small variations in the
system could lead to failure under extreme situations [4,5]. Such accidents have been
reported repeatedly around the world, resulting in tremendous economic and social losses.
Therefore, it is essential to enhance the resilience of infrastructures using multiple modern
mathematical technologies. The National Academy of Sciences of the United States defines
resilience as the ability to prevent, bear, recover, and adapt to adverse events. Thus,
resilient infrastructures must be capable of avoiding catastrophic engineering failures and
rapidly recovering its serviceability [6]. We proposed this Special Issue to build a stage for
communicating the most recent progress in achieving resilient infrastructure via advanced
mathematical modeling, risk assessment, and smart sensing technologies. It is believed
that building resilient infrastructures will establish a more resilient and sustainable city.

Resilient infrastructure is crucial for ensuring the sustained functionality of essential
systems in the face of various challenges, including natural disasters, climate change, and
other unforeseen events [7]. The purpose of this Special Issue is to introduce advanced
methods in the mathematical modeling of engineering problems, assessment, and smart
sensing of essential infrastructures to address practical challenges in related fields. This
Special Issue will provide a platform for researchers to share their insights, methodologies,
and innovations in enhancing the resilience of critical infrastructure.

The response of the scientific community was significant, with a total of twenty-three
papers being submitted for consideration, of which ten were accepted for publication after
attentive peer review by respected reviewers in the fields of the papers.

As the Guest Editors for this Special Issue, we are delighted to bring the “Resilient
Infrastructure: Mathematical Modeling, Assessment, and Smart Sensing” Special Issue to a
close. This collection of articles has provided an insightful and comprehensive exploration
of the multifaceted aspects involved in enhancing the resilience of critical infrastructure.
The contributions to this Special Issue have been diverse, covering a wide range of topics
within the overarching theme. From advanced mathematical modeling techniques to
innovative smart sensing technologies, the articles collectively showcase the depth and
breadth of research being conducted in the field.

Mathematics 2023, 11, 4816. https://doi.org/10.3390/math11234816 https://www.mdpi.com/journal/mathematics1
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One of the key takeaways from this Special Issue is the importance of adopting a
holistic approach to resilient infrastructure. The integration of mathematical models, robust
assessment methodologies, and smart sensing technologies has emerged as a powerful
strategy for fortifying infrastructure against various challenges, including natural disasters,
climate change, and unforeseen disruptions.

The inclusion of original research articles, review papers, and practical case studies
has enriched the content, providing readers with a well-rounded understanding of the
current state of resilient infrastructure research. The success stories shared in the case
studies, along with the lessons learned from past failures, contribute valuable insights that
can guide future research and real-world applications.

In conclusion, we extend our sincere appreciation to all the authors who have con-
tributed their research to this Special Issue, the peer reviewers who dedicated their time
and expertise, and the editorial team for their support throughout the process. We hope that
this Special Issue serves as a catalyst for continued advancements in the field of resilient
infrastructure and inspires further research and innovation.

Author Contributions: Conceptualization, Z.H., D.Z., X.L., D.D. and J.Z.; methodology, Z.H., D.Z.,
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Abstract: The development of cities often involves the construction of new tunnels buried underneath
densely distributed existing structures. When tunnels experience complicated and difficult conditions,
coupling failure mechanisms often develop, in which the failure of one structure results in the failures
of adjacent structures caused by soil failure initiated from the excavation of the new tunnel. Four
centrifuge tests were performed in this study to reveal three major mechanisms, i.e., rapid sand
flow, partial failure and overall collapse induced by the instability of a tunnel face and the effects of
soil types and buried existing structures. Data are presented about the deformation and the failure
mechanisms. Effects of soil properties and groundwater are discussed. The tests indicate that rapid
sand flow can be easily triggered by tunnel face instability, a chimney-like mechanism creating gaps
underneath existing structures. In cohesive soil, failure may be limited in front of the tunnel face
due to the formation of arching, rendering a partial collapse. An overall collapse may occur in less
cohesive soil when involving changes in underground water, which is a failure mode of a ground
block bounded by two single shear planes extending from the tunnel face to the surface. It was
observed that the bending deformation of the existing tunnel is well correlated with the failure
mode, and a limited partial collapse had the smallest impact on the tunnel. The magnitude of the
deformation of the structures depended not only on the failure mode but also on the scope and
orientation of the failure.

Keywords: coupling failure mechanism; tunnel face; underground structures; sand flow; partial
collapse; overall collapse

MSC: 70; 74

1. Introduction

The development of cities often involves the construction of new tunnels buried un-
derneath existing surface buildings and underground structures. When tunnels experience
complicated and difficult conditions, devastating destruction can be induced by construc-
tion disturbances. For instance, in 2018, as shown in Figure 1, an over 40 m long tunnel
failed at Guangdong Foshan Metro Line 2 in a water-rich interbed of muddy silt, silt and
fine and medium sand. An earth pressure balance shield machine was being driven from
east to west. During the assembly of segments, leakage occurred at the tail of the shield.
Grease was injected immediately, trying to plug the leakage point. Within two or three
hours, the leakage intensified to quick sand flow. Water and sand kept gushed out, flooded
the tunnel and eventually caused the failure of the tunnel. The failure claimed 11 lives,
and the overall collapse of the ground extended to the surface, damaged unground gas
pipelines and created 6–8 m deep ground subsidence.

Mathematics 2023, 11, 615. https://doi.org/10.3390/math11030615 https://www.mdpi.com/journal/mathematics3
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(a) 

 
(b) 

 
(c) 

Figure 1. Failure of shield−driven tunnel at Guangdong Foshan Metro Line 2: (a) Aerial view of
collapse zone; (b) Location of initial failure and damaged tunnel; (c) Ground subsidence measuring
81 m × 65 m × 8 m (depth).
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Tan et al. (2021) [1] reported a 238 m long tunnel damaged at Shanghai Metro Line 4,
as shown in Figure 2. The initial failure was located at a cross passage connecting two
tunnels. The main reason of the failure lies in three aspects: the excavation sequence of the
air shaft and the cross passage was inadequate, the temperature rose due to the failure of
the freezing equipment, and thus sand flow (sand bursting) gushed into the cross passage
under artesian water. The failure of the cross passage led to the flooding and collapse of the
238 m long tunnel, the overall collapse of the ground, dramatic ground subsidence and the
rapid sinking of existing structures. Coupling failure mechanisms developed in these cases,
in which the failure of one structure resulted in the failures of adjacent structures caused
by rapid sand flow, in partial failure, and in overall collapse initiated from construction
disturbances. It is noted that the tunnel failure was of a large scale, and the induced damage
was catastrophic.

 
(a) 

 
 

Figure 2. Destructions at Shanghai Metro Line 4: (a) Location of initial failure and 238 m long dam-
aged tunnel; (b) Ground subsidence before Lin−Jiang Garden building; (c) Pump station sinking [1].

Physical modeling has played an important role in studies related to the excavation of
tunnels [2–22]. It has been employed by many researchers to address the behavior of tunnel
faces [2,23–26], stress transfer [25–28], multi-tunnel construction [29], deformation and
the instability of structures [30–39]. However, most studies have focused on the response
of a single structure to tunneling. The mechanisms of a single structure and a group of
structures differ in that the latter is influenced by the interactions between structures, the
arrangement of the structures with respect to the tunnel face, the failure pattern of the face,
the gushing water encountered, etc. At present, theoretical and experimental studies on
new tunnels underneath existing structures are still in the experience exploratory stage due
to complex geological conditions and influencing factors. Research is still underway in this
area within the international scientific community. It is essential to understand the coupling
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failure mechanism of existing underground structures to ensure the safe construction of
new tunnels and the safe operation of existing structures.

In this study, four centrifuge model tests were performed at an 80 g level to investigate
the coupling failure mechanism of existing underground structures subject to construction
disturbances. A simple modeling technique was developed to simulate the instability of a
tunnel face during construction. Three major mechanisms of sand flow, partial failure and
overall collapse, associated with different soil conditions, were reproduced in the centrifuge.
Observations of soil movement and the deformations of existing structures were made. The
geometry of the failure zone is depicted for different tunnel face movements. The effects of
soil properties, underground water and the presence of existing structures on deformations
and failure mechanisms are discussed.

2. Centrifuge Model Testing

2.1. Model Setup

Figure 3 depicts the layout of the centrifuge model in a container. The container had
internal dimensions of 0.6 m long × 0.2 m wide × 0.53 m high, accommodating existing under-
ground structures underlaid by a new tunnel with a tunnel face at the center line of the container.
A transparent front window enabled visual monitoring during the test. The model struc-
tures included a building basement of 0.12 m long × 0.04 m wide × 0.04 m high, a tunnel of
0.56 m × 0.05 m × 0.05 m and two storehouses (denoted as Store L of 0.1 m × 0.05 m × 0.05 m
and Store R of 0.15 m × 0.05 m × 0.05 m) on either side of a sewer line (denoted as Sewer of
0.196 m × 0.05 m × 0.05 m).

(a)                                         (b) 

Figure 3. Centrifuge model setup: (a) Elevation view; (b) Perspective view.

The soil depth in the container was 0.5 m. The embedment depths of the basement
and the tunnel were 0.02 m and 0.1 m, respectively. The two storehouses and the sewer
line were buried at the same depth of 0.25 m. The model structures were made from 5 mm
thick transparent acrylic plates and a colored acrylic plate facing the front window, with
supporting plates of the same material inside the box, as shown in Figure 4. The stiffness of
the model structure was measured to be 327 MPa. The length of the model tunnel (0.56 m)
was smaller than the length (0.6 m) of the container, and the length of the model sewer line
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(0.196 m) was smaller than the width (0.2 m) of the container so that direct contact between
the models and the interior of the container side could be avoided.

 

Figure 4. Dimensions of the model structures that were made of transparent acrylic plate.

A new tunnel under construction was modeled with a steel box of 0.3 long × 0.2 wide
× 0.14 m high at the bottom with a tunnel face of 0.16 m wide × 0.1 m high. The tunnel
face of a steel plate was connected to a horizontal actuator mounted within the steel box.
The actuator with hydraulic pressure on the right-hand side supported the face (Figure 3a).
It later applied hydraulic pressure on the opposite side to displace the tunnel face away
from the soil, simulating the instability of the face. Two small pulleys were attached to the
tunnel face, as shown in Figure 3b, supporting the amplified weight of the face under 80 g,
and contact was avoided between the face and the surrounding frame so that the frictional
resistance at the areas of contact was reduced. This technique allowed the tunnel face to
move smoothly under high centrifugal acceleration.

The centrifuge model tests were carried out in the geotechnical centrifuge at Tsinghua
University [40]. The soil models were scaled down to satisfy the principles of mechanical
similitude between a model and its prototype [41]. Table 1 summarizes the typical scaling
factors for centrifuge model testing. For the centrifuge model at 80 g, the dimensions of
the model and the displacements measured on the model were multiplied by 80 for the
prototype.

Table 1. Scaling law for centrifuge model test [41].

Parameter Model/Prototype

Macroscopic length (m) 1/N
Gravitational acceleration (m/s2) N

Microscopic length (m) 1
Stress (kPa) 1

Strain (–) 1
Time for soil consolidation 1/N2

2.2. Test Program

The test program had four models, as listed in Table 2. The sand model consisted of
uniform sand with a configuration as shown in Figure 3, aiming to simulate sand flow
caused by instability of the tunnel face. The low interlayer model, as shown in Figure 5a,
was made to reproduce partial collapse, limited to the front of the tunnel face, which
comprised silt containing 0.05 m of thick silty clay beneath the sewer line. To evaluate
the impact of overall collapse and compare the effects of soil properties and water, two
models were used, i.e., the silt model consisting of uniform silt and the high interlayer
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model (Figure 5b) containing 0.05 m of thick silty clay above the sewer line, as water is
always a key factor involved in the safety of tunneling. A tiny tube was placed above the
silty clay to bring water into the soil in the two interlayer models.

Table 2. Four centrifuge models in the test program.

Model Name Soil Description Water Effect Failure Mechanism

Sand model Uniform sand Not involved Sand flow

Low interlayer model Silt with an interlayer
below the sewer line 1.67 kg water Partial failure

Silt model Uniform silt Not involved Overall collapse
High interlayer

model
Silt with an interlayer
above the sewer line 0.75 kg water Overall collapse

 
(a)                                         (b) 

Figure 5. Two models consisting of silt with an interlayer of silty clay: (a) Low interlayer model with
the silty clay beneath the sewer line; (b) High interlayer model with the silty clay above the sewer
line (model unit: m).

2.3. Soil Properties and Model Preparation

Table 3 summarizes the properties of the three soils. The sand is a clean medium of
sand with a mean grain size (D50) of 0.34 mm. It was compacted into a container with a
dry density of 1660 kg/m3 for the sand model. The sand was dense and firm at this density.
The model structures, facing the front window, were placed at the designated locations
during the compaction process, as shown in Figure 6a. The front window was removed
after the preparation of the centrifuge model to place markers that were used to trace the
movement of soil during the test, and it was then assembled back afterwards. A frictional
coefficient between the model structures and the front window was estimated to be 0.3–0.4.
It may have had a slight effect on the measured displacements of the model. To facilitate
the placement of the markers, the sand was sprayed with a low water content of about 4%.

The silt had a plasticity index of 6.5 and was compacted with a water content of 8%
and a dry density of 1500 kg/m3. Saturated and drained triaxial tests were conducted
to obtain the effective shear strength parameters of the sand and the silt. The silty clay
had a plasticity index of 15.8, exhibiting high plasticity. The maximum dry density was
2287 kg/m3 at a water content of 15% from a laboratory standard compaction test (ASTM
D698). The silty clay was compacted with a water content of 17% and a dry density of
1600 kg/m3 for the two interlayer models. It had a cohesion of 54 kPa and an internal
friction angle of 14o through consolidated undrained triaxial tests at a water content of
17%. Markers of small white pebbles were used for the silt model and the two interlayer
models, as shown in Figure 6b. The transparent wall was removed for the placement of the
markers and was assembled back afterwards.

8
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Table 3. Properties of three types of soil used in centrifuge tests.

Parameter Sand Silt Silty Clay

Specific gravity 2.64 2.65 2.67
Maximum dry density (kg/m3) 1680 / 2290
Minimum dry density (kg/m3) 1330 / /

Dry density of soil model (kg/m3) 1660 1500 1600
Liquid limit (%) / 25 30.0
Plastic limit (%) / 18.5 14.2

Water content of soil model (%) 4 8 17
Cohesion (kPa) 0 6.1 54

Internal friction angle ϕ 38◦ 28.9◦ 14◦

  
(a)                                        (b) 

Figure 6. (a) Sand model after preparation; (b) Low interlayer model with pebble markers (the
transparent wall was temporarily removed).

2.4. Instrumentation and Modeling Procedures

Figure 7 shows the instrumentation used in the model. A surcharge loading of 300 kPa,
measured by a load cell, was applied to the basement to simulate the weight of the building.
A non-contact laser displacement sensor was installed to measure the settlement of the
ground surface. Seven tiny pressure cells were used: Nos. #1 and #2 were embedded on
the left side of the Sewer, No. #3 was embedded on the right side of Store L, Nos. #4 and #5
were embedded on the base of Store L, and Nos. #6 and #7 were embedded on the base
and right side of the Sewer to monitor the earth pressures. Unfortunately, the performance
of the pressure cells deteriorated over time due to significant soil displacement. A digital
black and white video camera was placed in front of the transparent side wall covering
an area of 0.51 m–0.39 m, as indicated by dashed lines in Figure 7a. A photo-imaging
technique was used to accurately measure the displacements of the soil and the structures
by tracing the markers [39,40].

The centrifuge model was consolidated at 80 g first under self-weight and then under
the surcharge load, and it terminated when the readings of the displacement sensor became
stable. The deformations during consolidation were measured and deducted in the process
under construction disturbance. Following consolidation, the tunnel face moved toward
the right at about 10 mm with each step. The induced movement of the soil and the
structures were recorded continuously by the video camera at 20 frames/s. Images of key
phenomena could be captured during the test. The data logger for the earth pressure cells
was set to record data at 0.1 Hz.

9
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(a)                                          (b) 

Figure 7. Instrumentation used in the centrifuge model: (a) Layout of instrument; (b) Placement of
earth pressure cells.

3. Results and Discussions

The displacements measured on the model were multiplied by 80 for the prototype
with a unit of m, and the underground water in kilograms used the model’s scale. A
two-dimensional description was adopted so that a major mechanism developed in the
model could be captured. The geometries of the gap beneath the structures and the void
induced by soil failure are depicted in Figure 8a, in which D = 4 m is the diameter of the
tunnel. Settlement S and tilt are indicated in Figure 8b for the basement, the storehouses
and the sewer line. Deformation along the longitudinal length of the existing tunnel is
highlighted in Figure 8b, in which Smax is the maximum deformation.

 
(a)                                        (b) 

Figure 8. Characterization of deformations and failure: (a) Geometries of gap and void in soil;
(b) Settlement of existing structures.

3.1. Sand Flow

Following the instability of the tunnel face as shown in Figure 9a in the sand model,
which moved 0.85 m away from its initial position, sand flow occurred instantly, as reported
in case studies [1], with a chimney-like mechanism above the tunnel face [9]. The existing
tunnel then promptly deformed and tilted conspicuously. Through tracing the movement
of some markers in the flow zone, soil displacements could be estimated to be 0.5 m. The
position of the tunnel face remained, but the sand continuously flowed into the new tunnel.
Gaps consequently formed beneath the basement, the existing tunnel and the storehouses,
as shown in Figure 9b. A 0.13 m settlement was found at the basement, and the sewer line
tilted 1 degree. The gaps expanded as shown in Figure 9c when sand flow terminated.
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Figure 9. Side view of the model within coverage of the digital camera: (a) Sand flow occurring
instantly following the instability of the tunnel face; (b) Gaps forming beneath structures; (c) Existing
tunnel bending and gaps expanding.

Failure patterns induced by tunnel face stability have been revealed by greenfield
models in sand. Figure 10a shows the recoded failure pattern in a large-scale 1 g model
conducted by Sterpi et al. [28]. The failure resulted from air pressure reduction at the tunnel
face and extended to the ground surface. Kamata and Masimo [25] showed similar failure
patterns through centrifuge tests. The failure appeared in the vicinity of the tunnel face
at 25 g and extended to the ground surface at 30 g. The observed failure mechanism in
this study is similar to that reported by Sterpi et al. [25] and Kamata and Masimo [22].
However, the presence of the sewer line and the storehouse influenced the shape of the
flow zone, and the existing tunnel prevented the flow zone from extending to the ground
surface. In fact, the flow zone bypassed the tunnel and the basement and still reached the
ground surface.

(a)                                      (b) 

Figure 10. Greenfield failure patterns: (a) 1 g model [28]; (b) Centrifuge model [25].

Deformations of the existing tunnel were measured through image analysis when
the sand flow terminated (Figure 9c), and the induced tensile strains were estimated by
considering the tunnel to be equivalent Timoshenko beam [41], as shown in Figure 11, in
which x is the distance from the tunnel face. The tunnel generally tilted 1 degree toward
the right, which may be attributed to the free contact at the end. As the sand flow was
sudden, bending concentrated at the location above the sand flow. Compared with the
disturbance induced by tunneling [26,37], the scale of the construction disturbance was
very extensive and, as a consequence, the maximum induced tensile strain was 2100 με,
which could cause severe damage to the tunnel.
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Figure 11. Measured deformations and calculated tensile strains of existing tunnel in sand model.

3.2. Partial Failure

Partial failure refers to a failure zone limited in front of the tunnel face in cohesive soil
due to an arching effect. Figure 12 depicts the geometry of the failure zone for different
tunnel face movements in the low interlayer model. In the beginning, the soil remained
stable even when the tunnel face moved 1.6 m, as shown in Figure 12a. Then, water was
brought in at a speed of 1.67 kg per minute and lasted for one minute, and it gushed
down under high centrifugal acceleration and caused a void of 3.4 m wide and 8.0 m high
(Figure 12b) in front of the face. At the end of water discharge (total water amount of
1.67 kg), the tunnel face moved from 1.6 m to 1.9 m, and a curved arch formed in the silty
clay stratum, as shown in Figure 12c. The soil failure continued to propagate and break
through the silty clay, resulting in increments of structure settlement and tilt (Figure 12d).
A curved arch formed in the silt, as indicated in Figure 12e, which prevented the failure
from developing upward. Therefore, later, when the tunnel face moved significantly from
1.9 m to 6.6 m, no further failure happened, as shown in Figures 12f and 13.

 

Figure 12. Partial failure in low interlayer model: (a) No changes at face movement of 1.6 m; (b) Void
initiated by 0.75 kg of water flow; (c) Curved arch in silty clay at face movement of 1.9 m and
1.67 kg of water flow; (d) Breakthrough of silt clay layer and structures settling after water discharge;
(e) Curved arch formed in silt; (f) Collapse zone stabilizing at face movement of 6.6 m.
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Figure 13. Photo of low interlayer model corresponding to Figure 12f.

Figure 14 illustrates the measured maximum deformations and calculated tensile
strains of the existing tunnel at face movements of 6.6 m. Compared to the sand model,
the arching had a strong effect on the deformations and induced strains on the existing
tunnel. As the failure zone was limited, its impact on existing tunnel was greatly reduced.
Consequently, the maximum settlement of the tunnel was 0.15 m, much lower than that in
the sand model. The maximum strain in the low interlayer model was 850 με, only 40% of
that in the sand model. However, the presence of the flexible interlayer of the silty clay may
have increased the bending through width of the tunnel and thus had a greater influence
on the performance of adjacent underground structures.

 
Figure 14. Measured deformations and calculated tensile strains of existing tunnel in low inter-
layer model.

3.3. Overall Collapse

In the case of cohesive soils, face failure involves a large volume of ground ahead of
the working front, presenting an overall collapse, a failure mode of a ground block bounded
by two single or multiple shear planes extending from the tunnel face to the surface [42]. To
reproduce overall collapse in the centrifuge, two model tests were performed using the silt
model and the high interlayer model. Figure 15 presents the failure mechanism in the silt
model developed at different face movements. It was noticed that the curved arch formed
with a face movement from 0 to 5.0 m, as shown in Figure 15a–d. With a face movement
of 5.0 m, a failure developed in the sewer line (Figure 15e). By further increasing the face
movement to 6.9 m, as depicted in Figures 15f and 16, a sudden fall-down of 3.9 m for the
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Sewer triggered an overall collapse above the face, leaving a 12.8 m long and 1.7 m high
gap beneath the tunnel. The overall failure was bounded by two single shear planes. The
occurrence of the overall collapse may be attributed to the low cohesion strength of the silt.

 
Figure 15. Overall collapse in silt model: (a) Void initiating with face movement of 2.5 m;
(b–d) Curved arch with face movement from 2.5 to 4.8 m; (e) Void moving up to Sewer with face
movement of 5.0 m; (f) Overall collapse with face movement of 6.9 m.

 
Figure 16. Photo of the silt model after failure.

Figure 17 illustrates the measured deformations of the existing tunnel for different face
movements. When failure was confined with a face movement of 2.5–5.0 m, the bending
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deformation of the existing tunnel developed steadily. After the sudden brittle failure of the
ground, the deformation increased sharply, leading to significant bending of the existing
tunnel at the location above the gap. The maximum deformation of the existing tunnel
was 0.47 m, about 12% of tunnel diameter. It consequently led to 1 degree of tilt and an
increment of settlement for Store L and Store R. Shielded by the existing tunnel, 0.2 m of
settlement was caused at the basement. Figure 18 depicts the earth pressures of #4, #5 and
#6 over the entire process, with sharp changes in the curves that are consistent with the
overall collapse.

 

Figure 17. Measured deformations of existing tunnel in the silt model.

Figure 18. Earth pressure vs. model time in the silt model.

The high interlayer model presented an identical failure mechanism as that in the silt
model, as shown in Figure 19. The silt predominated the behavior in the high interlayer
model and exhibited brittle failure similar to that in the silt model. In the comparison
of the two models in Figure 20, the silty clay layer above the sewer had a slight effect of
reducing the induced bending deformation of the existing tunnel due to the flexibility of
the interlayer. Table 4 summarizes the maximum deformations of the buried structures
in the four centrifuge models. As indicated in Table 4, the bending deformation of the
existing tunnel is well correlated with the failure mode, and a limited partial collapse (in
the low interlayer model) had the smallest impact on the tunnel. The magnitude of the
deformation of the structures depended not only on the failure mode but also on the scope
and orientation of the failure.
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(a)                                        (b) 

Figure 19. Identical overall collapse mechanism in silt model and high interlayer model: (a) silt
model; (b) High interlayer model.

 
Figure 20. Comparison of bending deformations in silt model and high interlayer model.

Table 4. Maximum deformations of buried structures induced by instability of tunnel face (m).

Model Name Tunnel Sewer Store L Store R Basement

Low interlayer model 0.13 0.51 0.3 0.24 0.15
Sand model 0.45 0.09 0 0.05 0.13
Silt model 0.47 3.9 0.09 0.14 0.20

High interlayer model 0.41 3.5 0.15 0.22 0.17

4. Summary and Conclusions

This paper presents the results of four centrifuge model tests for investigating the
coupling failure mechanisms of underground structures subjected to instability of the
tunnel face. The physical investigation offered some new insights and led to the follow-
ing conclusions:

(a) Rapid sand flow occurred instantly following a relatively small movement of 0.85 m
of the tunnel face. This may be the main cause that induced the catastrophic failure in
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Shanghai Metro Line 4 and Guangdong Foshan Metro Line 2. A chimney-like mechanism
created gaps underneath the existing structures.

(b) An arching effect in cohesive soil and the influence of adjacent structures led to a
partial failure even with a large face movement of 6.6 m, a failure that was limited to the
front of the tunnel face, having a lower impact on the existing tunnel.

(c) An overall collapse may occur in conditions of soil with lower cohesion strength or
when involving changes in the ground water table, which is a failure mode of a ground
block bounded by two single shear planes extending from the tunnel face to the surface.

(d) The maximum bending deformation and the induced tensile strain of the existing
tunnel are well correlated with the failure mode. The maximum tensile strain was about
2000 μεfor cases of sand flow and overall collapse. The partial failure had the smallest
impact on the tunnel, and the maximum tensile strain was only 40% of the former two
cases. The magnitude of the deformation of the structures depended not only on the failure
mode but also on the scope and orientation of the failure.

As indicated by case studies on Shanghai Metro Line 4 and Guangdong Foshan Metro
Line 2, rapid occurrence of large-scale tunnel failure can cause serious damage to existing
structures. Further studies can investigate the impact of the large-scale failures of tunnels
during construction, especially for existing tunnels.
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Abstract: Earthquakes cause severe damage to human beings and financial development, and they
are commonly associated with a lot of uncertainties and stochastic factors regarding their frequency,
intensity and duration. Thus, how to accurately select an earthquake record and determine an
earthquake’s influence on structures are important questions that deserve further investigation.
In this paper, the author developed an iterative power spectral density (PSD)-based procedure for
the Gaussian stochastic earthquake model with combined intensity and frequency nonstationarities.
In addition, they applied this procedure to five precast concrete structures for dynamic analysis
and verification. The research proved the effectiveness of the iterative procedure for matching the
target response spectra and for generating the required seismic records. The application examples
verified the accuracy of the seismic design for the precast concrete structures and indicated the
reliable dynamic demands of the precast concrete structures under the stochastic excitation of nonsta-
tionary earthquakes. In general, the research provided a meaningful reference for further stochastic
earthquake selections, and it could play an effective role in further assessments of precast structures.

Keywords: stochastic earthquake model; nonstationarity; Gaussian; PSD; precast concrete structure;
performance assessment

MSC: 65-04

1. Introduction

An earthquake is a sudden and rapid shaking of the ground caused by crustal
movement and plate compression. Earthquakes can cause fires, tsunamis, landslides or
avalanches and they can lead to severe damage to human societies. During the past
few decades, the influence of earthquakes has been gradually recognized by researchers,
and lots of solutions (e.g., retrofitting, upgrading or strengthening strategies) have been
proposed by researchers all over the world [1–7].

Commonly, an earthquake is associated with a lot of uncertainties in terms of its
source, attenuation and site amplification, and an earthquake occurance generally includes
a series of stochastic factors in terms of its frequency, intensity and duration [8–12]. Taking
the intensity as an example, the peak ground acceleration of an unknown earthquake is
commonly stochastic in a probabilistic way, which means that it may exceed the fortifi-
cation earthquake level and may lead to severe postdisaster damage [13–17]. Thus, how
to accurately select an earthquake record and determine an earthquake’s influence on
structures are important questions that deserve further investigation [18–22]. At this stage,
a commonly adopted method is to select earthquake records from the existing database
and match them with the target response spectra in the corresponding seismic regulations.
It has been noted that this approach can be effective in choosing the required records to a
certain extent, but, commonly, the generated average response spectra are different to the
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target response spectra with respect to their statistical details [23–27]. Meanwhile, as earth-
quake theory develops, researchers hope to focus more on the stochastic parameters of
earthquakes, but the traditional selection strategy from the database shows limitations
and cannot reflect so many parameters. Thus, the stochastic earthquake model was de-
veloped by researchers to characterize these stochastic parameters and to capture specific
information for structural dynamic analysis [28–32].

Shinozuka and Deodatis [33] gave a state-of-the-art review of the stochastic pro-
cess models for earthquake simulations, and the research proved the effectiveness and
importance of the stochastic earthquake model, which laid a critical foundation for fur-
ther research. Loh and Yeh [34] carried out spatial variation research and performed the
stochastic modelling of seismic differential ground motions. It was observed that the
corner frequency and phase velocity were the controlling parameters in estimating multiple
differential grep deformations. Chen and Ahmadi [35] analyzed the seismic response of sec-
ondary substructures in base-isolated systems via the stochastic earthquake model, and the
data for the Mexico City earthquake indicated the sensitivity of the base-isolated structures
in terms of long periods of excitation. Grigoriu [36] proposed two models (i.e., Xn(t) and
Yn(t)) to generate the stochastic band-limited samples of Gaussian stationary processes in
light of the spectral representation, as well as the harmonic superposition, which gave an
important basis for further stochastic earthquake simulation. Rietbrock et al. [37] proposed
a stochastic earthquake model for the UK based on peak ground acceleration, peak ground
velocity and pseudospectral acceleration, and the model indicated an ideal accuracy and
predicting effect. Yamamoto and Baker [38] adopted wavelet packets to simulate the
stochastic earthquake model, and the proposed stochastic earthquake model showed great
consistency with existing established models for earthquake prediction in terms of the
variabilities and means. Huang [39] proposed the orthogonal decomposition algorithm in
the simulation of the multivariate nonstationary stochastic process, and the fast Fourier
transform operation was introduced during the process, which distinctively enhanced
the generating efficiency of the stochastic process. Bhattacharyya et al. [40] proposed a
novel time-frequency representation approach based on the enhanced wavelet transform,
and Fourier-to-Bessel expansions were further adopted to generate stochastic nonstationary
signals, which provided some references for the efficient modelling of stochastic earth-
quakes. Cao et al. [41] performed the probabilistic seismic fragility comparison of different
approaches under the stochastic nonstationary earthquake, and the research proved the
importance of the stochastic earthquake model in the probabilistic performance assessment
and fragility method selection. Feng et al. [42] proposed a nonparametric probabilistic
density evolution method (PDEM)-based approach for seismic fragility evaluation of frame
structures under the stochastic earthquake model, and the results showed that the stochastic
earthquake model was directly related to the accuracy of the fragility calculation.

On the other hand, precast concrete structures are a type of construction method that
involves the use of prefabricated concrete components, such as beams, columns, slabs,
walls and foundations, that are manufactured off-site in a workshop setting and then
transported to the construction site for assembly [43–46]. Utilizing precast concrete of-
fers many advantages over traditional construction methods in terms of speed, efficiency,
cost and quality. The prefabricated components are manufactured off-site in a controlled
environment, meaning they are produced in a much shorter timeframe than traditional
construction methods. This also eliminates the need for weather delays and other issues
that can slow down the construction process [47–50]. The cost of the materials is often much
lower than traditional construction methods, and there is a wide range of prefabricated
components available for use. Additionally, as the components are produced off-site and
can be delivered to the project site, the labor costs associated with traditional construction
methods are eliminated. The quality of precast concrete structures is also higher than
that of traditional construction methods [51–54]. The components are manufactured in a
controlled environment, meaning they can be designed to exact specifications and with
high-quality materials, resulting in a structure that is much stronger and more durable than
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one constructed using traditional methods. The environmental impact of precast concrete
structures is also less than that of traditional construction methods. The materials used in
precast concrete components are generally easier to recycle than traditional construction
materials, and, as the components are manufactured off-site, there is less waste produced
on-site. Overall, precast concrete structures offer many advantages over traditional con-
struction methods in terms of speed, cost, quality and environmental impact. By utilizing
prefabricated components, the construction process can be completed much faster, at a
lower cost and environmental impact and, most importantly, with a higher construction
quality [55–60].

Elliott [61] summarized the superiorities of earthquake-resistant precast concrete struc-
tures in terms of the precast concept, materials in the precast structures, precast frame
systems, precast floor systems, precast beam systems, precast column systems, precast
shear wall systems, precast joint systems, etc., which provided an overall literature review
of precast concrete structures for further research. Kurama et al. [62] gave a state-of-the-art
review of earthquake-resistant precast concrete structures and divided the structural forms
into moment frames, structural walls, floor diaphragms and bridges, which contributed
greatly to the literature review and laid an important foundation for further analysis. Po-
lat [63] conclusively defined the parameters that affected the application of precast concrete
structures in the United States and gave the development tendency of the precast-concrete
industry through the past few decades, which provided some important references for
future explorations of precast concrete structures. Koskisto and Ellingwood [64] gave an
optimization strategy for precast concrete structures in view of reliability theory, and they
formulated the design limitations of flexural failure probability, shear failure probabil-
ity, cracking probability and excessive deflection probability. Ozden et al. [65] analyzed
the seismic performance of precast concrete structures affected by the Van earthquakes
in Turkey, and reported the importance of proper design, as well as seismic details of
precast concrete joints, in the construction stages for structures in high-seismicity areas.
Belleri et al. [66] assessed the seismic damage of a three-story precast concrete structure
through large-scale experiments and structural identifications, which indicated the effec-
tiveness of the structural form in seismic repairing regions. Kataoka et al. [67] performed
nonlinear numerical analysis of a precast concrete slab–beam–column joint for its seismic
behaviors, and they gave suggestions for the influence of critical parameters in the seismic
design. Lacerda et al. [68] experimentally investigated the influence of vertical groutings
in precast concrete structures, and the result implied an increase in the rotational flexural
stiffness, as well as the flexural strength capacity, of the precast concrete structures via the
vertical filling. Cao et al. [69] proposed innovative external precast concrete structural forms
for seismic retrofitting without any inner disturbance, and their experiments validated the
effectiveness of the novel precast structures in practical application. Lago et al. [70] investi-
gated the effectiveness of diaphragms in precast concrete structures with cladding panels,
and they proposed a novel fastening system to increase the total energy dissipation capac-
ity of the structural system. Feng et al. [71] performed a comparative study of numerical
approaches for precast concrete structures based on damage mechanics, and three practical
strategies were proposed for efficient performance prediction in static cyclic modelling.
Ye et al. [72] proposed a novel hybrid beam–column joint for precast concrete structures
and carried out experimental and numerical studies of its seismic performance, which
proved the effectiveness of the precast form. Xu et al. [73] used spectrum-compatible
stochastic earthquakes with near-field nonstationarities to conduct a comparative study
of precast steel-reinforced concrete substructures for seismic retrofitting, and the precast
substructures potentially indicated a superior upgrading capacity and effectively alleviated
the premature damage of existing buildings.

From the above literature review, it can be found that the stochastic earthquake
model is developing rapidly and needs a better record-selection strategy and a more
realistic uncertainty-quantification method in terms of seismic excitation. In the meantime,
precast concrete structures have indicated a lot of superiorities, and they are promising
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for practical engineering in high-seismicity regions [74–79]. At this stage, the research of
the nonstationary stochastic dynamic performance of precast concrete structures is scarce
and deserves further exploration. It is meaningful research work and possesses value in
terms of practical applications, which require the consideration of more stochastic input
factors and reflect more realistic seismic capacities in the life cycle period. Thus, in this
paper, the author has developed an iterative power spectral density (PSD)-based procedure
for the Gaussian stochastic earthquake model with combined intensity and frequency
nonstationarities, and they have applied this model to five precast concrete structures for
dynamic analysis and verification. During the analysis, four iterative calculations were
performed for the stochastically generated nonstationary earthquakes, and it was observed
that the deviations with the target spectrum distinctively dropped along with the iterative
procedure. Meanwhile, two system-level indexes were adopted for the assessment of the
precast structures (i.e., the maximum and residual interstory drift ratio) to obtain a more
comprehensive evaluation. In general, the research proved the effectiveness of the iterative
procedure for matching the target response spectra and for generating the required seismic
records. The application examples verified the accuracy of the seismic design for the precast
concrete structures and indicated the reliable dynamic demands of the precast concrete
structures under the stochastic excitation of nonstationary earthquakes. The detailed
principles and applications of the iterative PSD-based procedure for the Gaussian stochastic
earthquake model with combined intensity and frequency nonstationarities are illustrated
in the following sections.

2. The Principles of the Iterative PSD-Based Procedure for the Gaussian Stochastic
Earthquake Model

Generally, structures have many stochastic variables, including geometry variables
(Θs = (Θ1, Θ2, . . . , Θx)T) and force variables (Θ f = (Θx+1, Θx+2, . . . , Θn)T). The variable
Θ is then adopted to reflect the structural uncertainty (i.e., Θ = (Θs, Θ f )). The variable Θ

has n groups of matrices, and the dynamic equation for balance is denoted in Equation (1),
where M, D and K are the mass matrix, damping matrix and stiffness matrix of the
structure, respectively. The values G̈(Θ, t), Ġ(Θ, t) and G(Θ, t) denote the acceleration
matrix, velocity matrix and displacement matrix of the structure, respectively. For any
concerned stochastic response of a structure, G(Θ, t) can be assigned for analysis, which
depends on the structural stochastic variable Θ. The value ¨ginp(Θ, t) denotes the stochastic
earthquake model with combined intensity and frequency nonstationarities [16].

M · G̈(Θ, t) + D · Ġ(Θ, t) + K · G(Θ, t) = −M · ¨ginp(Θ, t) (1)

There are quite a few approaches to characterizing the stochastic earthquake model.
In this paper, the spectral representation theory is utilized for the stochastic earthquake
model, and the function of the bilateral evolutionary power spectral density (PSD) is
introduced, as shown in Equation (2). The equation βk = k · βi f holds, and βi f denotes
the interval frequency. The set {Θ1k, Θ2k} (k = 1, 2, . . . , Ntr) denotes the orthogonal
stochastic variable in standard form, and it is obtained from a stochastic mapping from
{Ψ1n, Ψ2n}(n = 1, 2, . . . , Ntr).

¨ginp(Θ, t) =
Ntr

∑
k=1

√
2S ¨ginp(t, βk) · βi f ·

[
cos(βkt) · Θ1k + sin(βkt) · Θ2k

]
(2)

As for the Gaussian-based stochastic earthquake model, the Gaussian-based orthogo-
nal forms of {Ψ1n, Ψ2n} are incorporated. Equations (3) and (4) show the principles, where
one or two phase angles are introduced as stochastic variables (i.e., PA1 and PA2). By this
mapping strategy, the parameter dimensions are obviously lowered from 2Ntr to 2, and the
systematic efficiency in the calculation is, consequently, increased [80]. In this approach,
both PA1 and PA2 are uniformly distributed.
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Θ1k = Ψ1n = Φ−1
[

1
π

arcsin(
sin(n · PA1) + cos(n · PA1)√

2
) +

1
2

]
, k or n = 1, 2, . . . , Ntr (3)

Θ2k = Ψ2n = Φ−1
[

1
π

arcsin(
sin(n · PA2) + cos(n · PA2)√

2
) +

1
2

]
, k or n = 1, 2, . . . , Ntr (4)

To incorporate and consider both the intensity and frequency nonstationarities, the clas-
sic Clough–Penzien model is introduced, and Equation (5) shows the Clough–Penzien
model for the evolutionary power spectral density (i.e., S ¨ginp(t, β)), which incorporates
both the nonstationary intensity parameter and the nonstationary frequency parameter,
as explained in Equations (6) and (7). In Equation (6), ξg(t), ξ f (t), βg(t) and β f (t) reflect
the stochastic characteristics of the earthquake model for the frequency nonstationarities,
and in Equation (7), Aamp(t) and Samp(t) reflect the stochastic characteristics of the earth-
quake model for intensity nonstationarities. Table 1 gives the symbols and definitions of
the stochastic earthquake model with frequency and intensity nonstationaries. Based on
the different soil sites, the detailed values can be found in [81].

S ¨ginp (t, β) = A
2

amp(t) · Samp(t) ·
β4

g(t) + 4ξ2
g(t)β2

g(t)β2[
β2 − β2

g(t)
]2

+ 4ξ2
g(t)β2

g(t)β2
· β4[

β2 − β2
f (t)

]2
+ 4ξ2

f (t)β2
f (t)β2

(5)

ξg(t) = ξ0 + μ2
t

Tinp
, ξ f (t) = ξg(t), βg(t) = β0 − μ1

t
Tinp

, β f (t) = 0.1βg(t) (6)

Aamp(t) =
[

t
μ3

· exp(1 − t
μ3

)

]μ4

, Samp(t) =
ā2

max

γ2
e πβg(t) ·

[
2ξg(t) + 1/(2ξg(t))

] (7)

Table 1. The symbols and definitions of the stochastic earthquake model with frequency and inten-
sity nonstationaries.

Number Symbol Definition

1 ξ0 Soil damping.
2 β0 Primary angular frequency.
3 μ1 Field classification.
4 μ2 Seismic group.
5 μ3 Peak acceleration arrival time.
6 μ4 Shape factor.
7 γe Equivalent peak parameter.
8 Tinp Total duration.
9 āmax Average peak acceleration.

In order to improve the accuracy of the stochastic nonstationary earthquake model
with combined intensity and frequency nonstationarities, and to fit it with the target spec-
tral acceleration, an iterative procedure was further introduced to adjust the evolutionary
power spectral density. The corresponding iterative procedure is listed in Equation (8), and
it includes the following four steps: (1) first, spectral representation theory is utilized to
generate the initial stochastic earthquakes and to obtain the initial spectral acceleration,
on average; (2) second, the gaps between the target spectral acceleration and the average
spectral acceleration are analyzed, as indicated in Equation (8); (3) third, a new group
of stochastic earthquakes with intensity and frequency nonstationarities is generated by
the aforementioned equations; (4) fourth, the above PSD-based steps are repeated 4–5
times, and the target-spectrum-compatible stochastic earthquakes with required nonsta-
tionarities and less deviations are obtained. Figure 1 displays the flow diagram of the
PSD-based iterative procedure of the stochastically generated nonstationary earthquakes
in the practical application.
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S ¨ginp(t, β)|i+1 =

{
S ¨ginp(t, β), 0 < β ≤ βc

S ¨ginp(t, β)|i · QT(β,D)2

QS(β,D)2|i , β > βc
(8)

where β = 2π/T0, β represents the structural frequency and T0 represents the basic
period. The values S ¨ginp(t, β)|i+1 and S ¨ginp(t, β)|i represent the (i + 1)th and ith iterative
procedure of the evolutionary power spectral density, respectively. The value QT(β, D)
represents the target response spectra in the code requirement with a damping ratio of
D, and QS(β, D)|i represents the average response spectra of the generated stochastic
nonstationary earthquakes with a damping ratio of D after the ith iteration. The value βc
represents the truncated frequency and it reflects the adjusting range of the evolutionary
power spectral density in the PSD-based iterative procedure.

Figure 1. The flow diagram of the PSD-based iterative procedure of the stochastically generated
nonstationary earthquakes.

3. Application of the Iterative PSD-Based Procedure for the Gaussian Stochastic
Earthquake Model

In this section, an application of the iterative PSD-based procedure for the Gaussian
stochastic earthquake model with combined intensity and frequency nonstationarities is
described, based on the precast concrete structures. In total, five precast concrete frames
(PCFs) were well designed according to the principle of ‘equivalence to monolithic be-
havior’. That is, the reinforcements and dimensions were the same as the conventional
cast in the place of the concrete structures, but the constructional details corresponded to
the precast assembly operations. The five PCFs were 5 spans wide and 10 stories high;
5 spans wide and 8 stories high; 4 spans wide and 8 stories high; 4 spans wide and 6
stories high; and 3 spans wide and 6 stories high, respectively, and the dimensional details
are displayed in Figure 2. To perform a dynamic assessment, an appropriate software
is commonly required, and, in this analysis, the OpenSees software was utilized [82,83],
which is a well-known and efficient platform in the earthquake community. The simulation
approach of a PCF is given in Figure 3, in which the precast beams and precast columns are
modelled via the nonlinear beam–column elements. To reflect the precast characteristics in
the PCF, the Joint2D element was introduced, which can reflect the joint flexural moment–
rotation relationship via the central spring and reflect the interfacial moment–rotation
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relationship via the four interfacial springs. For the central spring, Pinching4 material was
used to reflect the pinching effects and joint shear deformation. For the interfacial spring,
hysteresis material was used to reflect the degradation effects and interfacial bond–slip
phenomenon. Figure 3 gives a verification example with experimental data in terms of the
cyclic hysteresis curves [84], which, in a sense, indicate the accuracy and effectiveness of
the numerical strategy. More details of the modelling details of the PCF can be found in
Cao et al. [85–87].

Figure 2. The dimensional details of the five PCFs in the application example.

Figure 3. The simulation approach and experimental verification of a PCF in the application example.

According to the principle of the iterative PSD-based procedure for the Gaussian
stochastic earthquake model with combined intensity and frequency nonstationarities, in
total, four iterative scenarios were performed in this example. Meanwhile, 10 sets of values
for PA1 and PA2 in Equations (3) and (4) were sampled (ranging from 0 to 2π, as indicated
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in Table 2), and 10 stochastic nonstationary earthquakes were generated in this example for
the evaluation of their seismic behavior. Additionally, the PCF in this example was located
on a fortification site of 8 degrees, which means the corresponding peak ground acceleration
(PGA) for the design was 0.2 g, followed by a probability of 10% in fifty years. Figure 4
displays the individual stochastic spectral acceleration (gray lines), the average spectral
acceleration (blue lines) and the target spectral acceleration (red lines) of all four iterative
scenarios, and the corresponding deviations are also given in Figure 4 and Table 3. It was
found that with an increase in iteration times, the matching degree between the average
spectral acceleration and the target spectral acceleration was enhanced. In the meantime,
the deviations obviously dropped between Iteration 0 and Iteration 4. In this analysis, two
deviation parameters were adopted, and the expressions are given in Equations (9) and
(10), where Tari and Avei present the target spectral acceleration and the average spectral
acceleration at the ith period, respectively, and n represents the total number of structural
periods in the matching range of the spectral acceleration.

Deviation 1 =
n

∑
i
(Tari − Avei)

2 (9)

Deviation 2 =

√
n

∑
i
(Tari − Avei)2/(n − 1) (10)

Table 2. The information of stochastic variables for the Gaussian stochastic earthquake model.

Number Random Variables Symbol Distribution Mean (Unit) COV

1 Earthquake phase angle 1. PA1 Uniform. 3.142 (1) 0.577
2 Earthquake phase angle 2. PA2 Uniform. 3.142 (1) 0.577

For Deviation 1, the result before the iteration was 0.2231, and the result after the
fourth iteration was 0.0114, with a dropping ratio of 94.89%. For Deviation 2, the result
before iteration was 0.0236, and the result after the fourth iteration was 0.0053, with a
dropping ratio of 77.54%. The dropping ratios proved the accuracy and effectiveness of
the iterative PSD-based procedure for the Gaussian stochastic earthquake model with
combined intensity and frequency nonstationarities, and, meanwhile, they provided a
critical basis for the subsequent dynamic assessment of the PCF. Figure 5 presents the
relationship between the evolutional PSD, the earthquake’s frequency and the earthquake’s
duration in the iterative PSD-based stochastic model. Figure 5a–c presents the results of
Iteration 0, and Figure 5d–f presents the results of Iteration 4. It was shown that after
the fourth iteration, the peak values and general densities of the evolutional PSD were
elevated. Meanwhile, Figure 6 presents the means and standard deviations of the iterative
PSD-based stochastic model. Figure 6a,b presents the means and standard deviations
of Iteration 0, and Figure 6c,d presents the means and standard deviations of Iteration
4. The blue lines represent the target values, and the gray lines represent the average
values. In general, the results of the 10 stochastic nonstationary earthquakes satisfied the
target values and showed the same varying trends. Figure 7 presents a typical stochastic
earthquake and iteration comparison, in which the gray lines represent the earthquakes
before an iteration and the red lines represent the earthquakes after an iteration. Figure 7a,b
shows the comparison of two typical earthquakes after the first iteration, Figure 7c,d shows
the comparison of two typical earthquakes after the second iteration, Figure 7e,f shows the
comparison of two typical earthquakes after the third iteration and Figure 7g,h shows the
comparison of two typical earthquakes after the fourth iteration.
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(a) Iteration 0 (common view). (b) Iteration 0 (logarithmic view).

(c) Iteration 1 (common view). (d) Iteration 1 (logarithmic view).

(e) Iteration 2 (common view). (f) Iteration 2 (logarithmic view).

(g) Iteration 3 (common view). (h) Iteration 3 (logarithmic view).

(i) Iteration 4 (common view). (j) Iteration 4 (logarithmic view).

Figure 4. The individual, average and target spectral acceleration of all four iterative scenarios.
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Table 3. The deviations between the target and average spectral acceleration for all four iterative sce-
narios.

Iterative Scenario Iteration 0 Iteration 1 Iteration 2 Iteration 3 Iteration 4

Deviation 1. 0.2231 0.0518 0.0209 0.0139 0.0114
Deviation 2. 0.0236 0.0114 0.0072 0.0059 0.0053

(a) Iteration 0 (view 1). (b) Iteration 0 (view 2). (c) Iteration 0 (view 3).

(d) Iteration 4 (view 1). (e) Iteration 4 (view 2). (f) Iteration 4 (view 3).

Figure 5. The relationship between the evolutional PSD, the earthquake frequency and the earthquake
duration in the iterative PSD-based stochastic model.

(a) Mean of Iteration 0. (b) Standard deviation of Iteration 0.

(c) Mean of Iteration 4. (d) Standard deviation of Iteration 4.

Figure 6. The means and standard deviations of the iterative PSD-based stochastic earthquake model.
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(a) Earthquake 1 of Iteration 1. (b) Earthquake 2 of Iteration 1.

(c) Earthquake 1 of Iteration 2. (d) Earthquake 2 of Iteration 2.

(e) Earthquake 1 of Iteration 3. (f) Earthquake 2 of Iteration 3.

(g) Earthquake 1 of Iteration 4. (h) Earthquake 2 of Iteration 4.

Figure 7. The typical stochastic earthquake and iteration comparison via the iterative PSD-
based model.

For the performance assessment of the PCF in this example, two engineering demand
parameters were utilized, which were the maximum interstory drift ratio (MIDR) and
residual interstory drift ratio (RIDR), respectively. These two indexes are broadly accepted
in the fields of building engineering and dynamic assessment [69,88,89]. Two intensity
levels were defined, which were the frequent earthquake level (FEL) with a probability
exceeding 63% in 50 years and the rare earthquake level (REL) with a probability exceeding
2% in 50 years.According to GB50011 [90] and FEMA-356 [91], the thresholds for the
MIDR and RIDR were adopted as 0.0018 and 0.00036 for the FEL, respectively, and the
corresponding thresholds for the MIDR and RIDR were adopted as 0.02 and 0.004 for the
REL, respectively. It is worth mentioning that the generated 10 stochastic nonstationary
earthquakes in Figure 4 were for the fortification earthquake level (with a probability
exceeding 10% in 50 years), and the corresponding accelerations were adjusted to the FEL
and REL linearly in this analysis according to the generating principle of the stochastic
earthquake model. Figure 8 presents the average roof accelerations of the five PCFs
under three typical stochastic nonstationary earthquakes. Figure 9 presents the MIDR
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development along the structural height under the stochastic nonstationary earthquakes for
both the FEL and REL, and Figure 10 presents the RIDR development along the structural
height under the stochastic nonstationary earthquakes for both the FEL and REL. For the
MIDR, the average results for all the conditions were calculated using the blue lines,
and for the RIDR, the average results for all the conditions were calculated using the pink
lines. The thresholds for both the MIDR and RIDR are shown by the red lines. Generally,
the seismic performances of the five PCFs were satisfied within the thresholds in terms of
the MIDR and RIDR. Especially for the average lines, they were all obviously lower than the
red threshold lines for all the dynamic scenarios, which verified the accuracy of the seismic
design for the precast concrete structures and indicated the reliable dynamic demands of
the precast concrete structures under the stochastic excitation of nonstationary earthquakes.
In general, the research provided a meaningful reference for further stochastic earthquake
selections and could play an effective role in further precast structure assessments.

(a) Typical structural response 1.

(b) Typical structural response 2.

(c) Typical structural response 3.

Figure 8. Average roof accelerations of the five PCFs under three typical stochastic nonstation-
ary earthquakes.
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(a) PCF1−MIDR−FEL. (b) PCF1−MIDR−REL.

(c) PCF2−MIDR−FEL. (d) PCF2−MIDR−REL.

(e) PCF3−MIDR−FEL. (f) PCF3−MIDR−REL.

(g) PCF4−MIDR−FEL. (h) PCF4−MIDR−REL.

(i) PCF5−MIDR−FEL. (j) PCF5−MIDR−REL.

Figure 9. MIDR development along the structural height under the stochastic nonstationary earth-
quakes for both the FEL and the REL.
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(a) PCF1−RIDR−FEL. (b) PCF1−RIDR−REL.

(c) PCF2−RIDR−FEL. (d) PCF2−RIDR−REL.

(e) PCF3−RIDR−FEL. (f) PCF3−RIDR−REL.

(g) PCF4−RIDR−FEL. (h) PCF4−RIDR−REL.

(i) PCF5−RIDR−FEL. (j) PCF5−RIDR−REL.

Figure 10. RIDR development along the structural height under the stochastic nonstationary earth-
quakes for both the FEL and the REL.
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4. Conclusions

In this paper, an iterative PSD-based procedure for the Gaussian stochastic earthquake
model was developed with combined intensity and frequency nonstationarities, and it was
applied to five precast concrete structures for dynamic analysis and validation, from which
the following findings can be drawn:

(1) An earthquake contains a lot of uncertainties and stochastic factors in terms of
its frequency, intensity and duration, and accurately defining an earthquake’s influence
on structures is an important task that deserves further exploration. In order to improve
the accuracy of the stochastic nonstationary earthquake model and to fit it with target
spectral acceleration, an iterative procedure was developed to adjust the evolutionary
power spectral density. The iterative procedure included four steps, and a series of stochas-
tic parameters associated with the earthquake can be considered during the procedure.
An example of four iterative scenarios was performed to verify the procedure. It was
found that, with an increase in iteration times, the matching degree between the average
spectral acceleration and the target spectral acceleration was enhanced. The deviations
obviously dropped between Iteration 0 and Iteration 4. For Deviation 1, the result before
iteration was 0.2231, and the result after the fourth iteration was 0.0114, with a dropping
ratio of 94.89%. For Deviation 2, the result before iteration was 0.0236, and the result
after the fourth iteration was 0.0053, with a dropping ratio of 77.54%. The dropping ratios
proved the accuracy and effectiveness of the iterative PSD-based procedure for the Gaus-
sian stochastic earthquake model with combined intensity and frequency nonstationarities,
and they provided an important basis for the dynamic assessment of engineering structures
in the future.

(2) An application of the iterative PSD-based procedure for the Gaussian stochastic
earthquake model was performed, based on five PCFs designed according to the principle
of ‘equivalence to monolithic behavior’. Two engineering demand parameters were utilized,
which were the MIDR and RIDR, and two intensity levels were defined, which were the
FEL with a probability exceeding 63% in 50 years, and the REL with a probability exceeding
2% in 50 years. The thresholds for the MIDR and RIDR were adopted as 0.0018 and
0.00036 for the FEL, respectively, and the corresponding thresholds for the MIDR and
RIDR were adopted as 0.02 and 0.004 for the REL, respectively. It is worth noting that
the accelerations were linearly adjusted to the FEL and REL from the fortification level
in this analysis, according to the generating principle of the stochastic earthquake model.
Generally, the seismic performances of the five PCFs were within the thresholds, in terms
of the MIDR and the RIDR. Especially for the average lines, they were all obviously lower
than the red threshold lines for all the dynamic scenarios, which verified the accuracy of
the seismic design for the precast concrete structures and indicated the reliable dynamic
demands of the precast concrete structures under the stochastic excitation of nonstationary
earthquakes. In general, the research provided some meaningful references for further
stochastic earthquake selections and precast-structure assessments.
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Abstract: The estimation of construction costs for shield tunneling projects is typically based on a
standard quota, which fails to consider the variation of geological parameters and often results in
significant differences in unit cost. To address this issue, we propose a novel model based on a random
forest machine learning procedure for analyzing the construction cost of shield tunnelling in complex
geological conditions. We focus specifically on the unit consumption of grease, grouting, labor, water,
and electricity. Using a dataset of geotechnical parameters and consumption quantities from a shield
tunneling project, we employ KNN and correlation analysis to reduce the input dataset dimension
from 17 to 6 for improved model accuracy and efficiency. Our proposed approach is applied to
a shield tunneling project, with results showing that the compressive strength of geomaterial is
the most influential parameter for grease, labor, water, and electricity, while it is the second most
influential for grouting quantity. Based on these findings, we calculate the unit consumption and
cost of the tunnelling project, which we classify into three geological categories: soil, soft rock, and
hard rock. Comparing our results to the standard quota value, it is found that the unit cost of shield
tunneling in soil is slightly lower (6%), while that in soft rock is very close to the standard value.
However, the cost in the hard rock region is significantly greater (38%), which cannot be ignored in
project budgeting. Ultimately, our results support the use of compressive strength as a classification
index for shield tunneling in complex geological conditions, representing a valuable contribution to
the field of tunneling cost prediction.

Keywords: random forest; shield tunneling; budget; complex geological conditions; construction
cost

MSC: 68T09

1. Introduction

Project budgets during the bidding stage and project final accounts after completion
are the two important steps of construction project management [1,2] of shield tunneling
projects. The core of construction project management is the investment estimation of
the construction cost for shield tunneling engineering [3,4]. The investment estimation of
the construction cost governs project profitability. Since it is a crucial component of the
economic analysis of a subway line or underground tunnel, the cost of a shield tunneling
project has a substantial impact on the overall economic benefit. The accurate cost prediction
of tunneling projects is critical, as it can provide a powerful source of help for reducing
the project costs and optimizing construction management. Therefore, it is essential to
thoroughly examine the cost prediction in order to increase its speed and accuracy and
make correct investment decisions [5].
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In practice, the shield tunneling project cost is normally estimated by the use of
an official budget standard, which defines the quota of main construction consumption
containing the unit quantities of grease, grouting, labor, and so forth. Theoretically, the total
construction cost can be calculated as the standard consumption multiplied by the unit
price. However, concerning the tunneling, quantities of consumption exhibit an obvious
relationship with the geological condition of the construction site [6,7]. Consequently, the
usual computation procedure of shield tunneling without considering different geological
conditions will lead to great errors in the construction cost. Especially in underground
tunneling projects, the excavation site usually has composite geological layers. This implies
proposing a new computation method with the consideration of influences of geotechnical
parameters on the total cost [8–10].

Numerous studies have been devoted to the factors that affect tunneling costs by
researchers in recent years. Aiming at avoiding unexpected variations of time and cost
during the construction process, different studies have been published concerning the
influences of composite geological conditions [11–13]. By the use of mathematical mod-
els [14,15], the random process and time it takes for the excavation process have been
fully discussed by considering the geological conditions around the tunnel route. Besides,
in order to gather information on the geological conditions in the complex tunneling region,
in situ equipment was applied by Carrière et al. [16] for pilot-drilling, subsurface-boring,
and advanced geophysical prospecting. Daraei et al. [17] proposed the application of
value engineering principles to decrease construction costs and increase safety in tunnel
construction projects in Iraqi Kurdistan, demonstrated through the optimization of the
Heybat Sultan twin tunnels project. Particularly, Mahmoodzadeh et al. [18] has proposed a
novel model to estimate the construction time and cost in tunneling projects. The influences
of uncertain geological conditions in tunneling construction on the time and cost were
analyzed by applying the Markov chain and considering opinions of experts.

In addition, with the development of artificial intelligence [19,20], various machine
learning algorithms have been successfully applied to the prediction of construction cost.
Ye [21] established an intelligent algorithm for the construction cost estimation, which was
developed from the Particle Swarm Optimization (PSO) Guided BP Neural Network. Com-
bined with the Support Vector Machine (SVM) method, the construction cost of substations
has been successfully predicted by a PSO-based procedure in the Ref. [22]. Considering the
gray fuzzy theory, a gray fuzzy predictive model was proposed by Liu et al. [23] to calculate
the cost of an unfinished construction. The Decision Aids for Tunneling (DAT) [24] is a
computer-based tool which has also been widely used for computing the distributions of
tunnelling cost and time, considering uncertainties of the geological conditions. On the
other hand, aiming at using the official quota for the consumption quantities in complex
geological conditions, the degrees of impact of the geotechnical parameters [25,26] are
essential for the classification, indicating the application of the random forest method [27].
Concerning the application of machine learning algorithms for engineering practice, de-
velopment of a user-friendly software tool has been considered by researchers [28–30].
The software is easily used by engineers and practitioners without the need for extensive
knowledge of the underlying machine learning algorithms.

As an ensemble learning technique for classification, regression, and other problems,
random forests build a large number of decision trees during the training process [31–33].
The result of the random forest for classification (RFC) tasks is the class that the major-
ity of the trees choose [34,35]. For regression tasks (RFR), the mean or average forecast
of each individual tree is returned [36,37]. Random choice forests correct the tendency
of decision trees to overfit their training set. The potential of forecasting the fatty acids
and tocopherols content has been explored by Rajković et al. [38], by combining two ma-
chine learning methods, namely the artificial neural network (ANN) and random forest
regression (RFR) algorithms. In particular, the random forest method can be used to com-
pute the feature importance score of input datasets due to the bootstrap structure [39–41].
Gu et al. [42] carried out a random forest-based computation and found that the annual
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average daily traffic on a minor road from the roadway traffic characteristics group makes
the highest contribution to rear-end crashes. Similarly, the feature importance of different
variables has also been evaluated by the random forest procedure for fatal fall-from-heights
accidents [43], vegetation mapping in savannah regions [44] and contributions from LiDAR
and orthoimagery data to map urban objects [45].

Considering the difficulty of the classification of budget quotas in complex geological
conditions, the present study is devoted to analyzing the influences of geotechnical param-
eters on the main unit consumption in shield tunneling. The excavation consumption and
geotechnical data were collected from a shield tunneling project in China, in which different
soil and rock geological layers are involved. In order to obtain the most impactful geotech-
nical parameter in complex conditions, the random forest machine learning technique is
employed with the consumption factor as the target in this study. Referring to the opinions
of experts, four consumption factors for shield tunneling, quantity of grease, grouting,
labor and water and electricity are studied for different geological conditions. The main
purpose of our study was to find out the most impactful geological parameter and propose
a new budget quota for classification. Thus, the random forest classification algorithm is
applied and the collected data will be classified in different categories. In comparison with
the DAT method, the proposed random forest-based model is data-driven, which allows
us to take into account the full range of geotechnical parameters and their interactions in
a more comprehensive manner. It does not require specific knowledge and can be easily
implemented in engineering practice. The most influential geotechnical parameter on
the consumption of shield tunneling is obtained from the comprehensive result of four
factors by the random forest procedure. Consequently, the shield tunneling consumption in
different geological conditions is computed with the classification of the parameter, which
will provide the basis for novel quotas in this situation.

The present paper is organized in the following way. In Section 2, the background
of the shield tunneling project is briefly introduced, and the collection and ordering of
geotechnical and consumption data are also described. In order to improve the computation
accuracy and efficiency, the dimension of the datasets is reduced before model training.
Section 3 is devoted to recalling the principle formulation of the random forest algorithm, as
well as the general flowchart of this machine learning method in analysis of the construction
cost of shield tunneling in complex geological conditions. In Section 4, the constructed
random forest model is applied to calculate the importance score of considered geotechnical
parameters for four consumption factors. The accuracy of the proposed method is accessed
by comparison with the unit consumption and cost in the soil, soft rock and hard rock
conditions with those of the standard one. In the last section, some concluding points
are provided.

2. Problem Description and Data Pre-Processing

2.1. Background of the Project

The present study is based on data and reports from the Zhijiang Road Tunneling
(ZRT) project in Hangzhou, China, as shown in Figure 1. The tunnel was excavated using a
combination of shield tunneling (mud–water balancing shield machine with inner diameter
14.5 m and outer diameter 15.03 m) and open-cut methods. The shield tunneling portion,
marked by the red point in Figure 1, spans a distance of 3.6 km and is divided into east and
west sections.
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Figure 1. The background and location of the Zhijiang Road Tunneling (ZRT) project in Hangzhou,
China.

Based on the geological engineering investigation report, the tunnel geology of the
entire west section is primarily composed of extremely soft and soft rock, where moder-
ately weathered argillaceous siltstone accounts for approximately 53% and moderately
weathered tuffaceous sandstone accounts for about 19%. In the east tunneling excavation
section, hard rock predominates, including moderately weathered siltstone accounting for
60% and moderately weathered quartz sandstone accounting for 10% (Figure 2).

Figure 2. Main geological compositions of west (above) and east (below) sections of shield tunneling
excavation in ZRT project.
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2.2. Collection of Geological Data and Tunneling Consumption

The distribution of main geological conditions along the east tunneling part of ZRT
project is displayed in Figure 3. We take it as an example to explain the collection and
preparation of geological data on site of the project and of the shield operational consump-
tion. Noticing that the width of standard shield segments is 2 m, the datasets of tunneling
consumption are consequently collected per 2 m. As shown in Figure 4, the arrangement
of geological data and material consumption are in the same order of shield segments,
which is crucial for training the random forest model developed in our study.

Figure 3. Profile of main geological conditions along the east tunnel.

Figure 4. Shield segments index.

In order to improve the the generalization ability of the constructed model in the
present study, 17 geological parameters in the geological report are all taken into account.
The statistical information of geological parameters which will be analyzed in the following
machine learning model is provided in Table 1 for different geological layers. For the sake
of simplicity, the abbreviations of each geotechnical parameter are also provided in this
table, and will be used in the following part of this study. Besides, it can be found that some
specific values of the geotechnical parameters are missing, so additional pre-processing for
the missing values is needed. The objective of this paper concerns the influence of complex
geological conditions on economic factors in shield tunneling, so the feature importance of
different geological parameters should be considered. Thus, it would be better to find out
the main influence geological factors, providing a basis for the cost classification of budgets.
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Table 1. Statistical information of 17 geological parameters of different layers.

Geotechnical Parameters and Abbreviations Soil 1 Soil 2 Soil 3 Soil 4 ... Rock 9

Moisture content (W0 %) 28.98 45.24 41.87 41.59 ... -
Natural density (γ kN/m3) 19.10 17.40 17.40 17.80 ... 26.00
Specific gravity (Gs) 2.70 2.73 2.73 2.73 ... -
Void ratio (e) 0.80 1.30 1.15 1.23 ... 0.032
Saturability (Sr) 95.66 95.25 96.12 92.47 ... -
Liquid limit (WL) - 40.51 38.64 39.75 ... -
Plastic limit (WP) - 24.34 23.94 23.97 ... -
liquidity index (IL) - 16.17 14.70 15.77 ... -
plasticity index (IP) - 1.32 1.20 0.97 ... -
Bearing capacity (fak kPa) 130 65 65 100 ... 3500
Modulus of compressibility (Es MPa) 7.0 2.3 2.4 4.0 ... -
Lateral pressure coefficient (k0 MPa−1) 0.40 0.58 0.58 0.54 ... 0.25
Horizontal permeability coefficient (KH cm/s) 1.0 × 103 4.0 × 106 2.0 × 106 2.0 × 106 ... 3.0 × 106

Vertical permeability coefficient (KV cm/s) 9.0 × 104 3.0 × 106 1.5 × 106 1.5 × 106 ... 2.5 × 106

Cohesion (c kPa) 3.0 13.0 13.0 24.0 ... 450
Friction angle (φ ◦) 25 9.5 10 12 ... 43
Compressive strength (σ MPa) 5000 4 × 10 9.4021 0.9954 ... 60.40

Similarly, the main consumption factors in the tunneling process are also recorded
per segment (2 m). In the present paper, four main consumption indicators, the amount of
grease, grouting, labor and water and electricity, are studied for the purpose of economic
classification in complex geological conditions. From this perspective, the main components
of each indicator are given in Table 2 based on the official Quota Booklet of shield tunneling
(Version 2018). The unit prices of each consumption component are also provided for the
computation of construction cost in the following part. The key influencing economic
consumptions are arranged in the order of shield segment, as those of geological data.
Moreover, the objective consumption indicators are ordered by the Yi index in order to be
implemented in the random forest program.

Table 2. Statistical information of 4 concerned consumption indicators.

Consumption Indicator Components Unit Price 1 Index

Grease
Tail grease 17.5 Y1
EP2 grease 25.0 Y2
Seal grease 55.0 Y3

Grouting Grouting 1.3–1.8 Y4

Labor Labor 135.0 Y5

Water & electricity Water 4.27 Y6
Electricity 0.78 Y7

1 The currency for the unit price is CNY.

2.3. Pre-Processing of the Datasets

For the purpose of determination of shield tunneling consumption in complex geologi-
cal conditions, especially for the four indicators in Table 2, the collected data will be used in
a random forest-based procedure to train the model. The accuracy of the prediction model
is significantly influenced by the quality of the input data. Before the implementation, data
pre-processing is needed for the missing and abnormal values.

As shown in Figure 5, the values of geotechnical parameters are displayed in the
arranged order of shield segment. The abbreviations for the concerned geotechnical
parameters are given in Table 1. It can be seen that there are too much missing data for
8 parameters (W0, Gs, Sr, WL, WP, IP, IL and Es), which will be neglected for the following
analysis. Besides, some recorded values for tunneling consumption data could be abnormal
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due to incorrect recording or other reasons. Those abnormal values (too large or too small)
will be removed, and the missing data of σ and e will be replaced by that calculated
by the KNN algorithm (k-Nearest Neighbor) [46]. The distribution of original data (red
dash line) and that treated by the KNN algorithm (blue solid line) are plotted in Figure 6,
respectively. It is obviously seen that the distribution of compressive strength (σ) and void
ratio (e) are not changed, and they can be accepted for the following analysis by the random
forest procedure.

Figure 5. Missing values of all 17 geotechnical parameters arranged in the order of shield segment.

Figure 6. Distribution of original data and that treated by the KNN algorithm of compressive strength
(σ) (left subfigure) and void ratio (e) (right subfigure).
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Moreover, in the random forest program, the performance of the random forest model
will get worse if the degree of correlation between involved geotechnical parameters is
greater. In order to improve the accuracy of the random forest procedure, the collected
geological data also need to be analyzed for the correlation coefficient. Consequently, the
correlation matrix is used to display the correlation coefficients among all the geological
parameters, before being implemented in the program. The heat map (Figure 7), also known
as the correlation coefficient map, can visually judge the magnitude of the correlation
between variables based on the color of different squares on the heat map. The correlation
coefficient can be calculated directly by the following formulation:

ρ =
Cov(X1, X2)√

DX1, DX2
=

E(X1X2)− E(X1) · E(X2)√
DX1, DX2

(1)

where Cov denotes the covariance and E is the mathematical expectation. By the use of
the heat map, the involved geotechnical features with high correlation can be screened out
to prevent overfitting in the random forest model. As shown in Figure 7, the correlation
coefficients of nine different geotechnical variables (after the remove of missing data) are
displayed in the form of a heat map by different colors. Notice that the abbreviations for
the parameters have already been provided in Table 1.

Figure 7. Correlation matrix heat map of nine geological parameters.

It is clear from Figure 7 that any of the nine features recovered exhibit a high degree of
association. The nine datasets will again be shrunk in dimension to avoid features with
strong correlations that would have a significant impact on the obtained prediction. It is
demonstrated that there is a strong correlation between the cohesion and bearing capacity
(0.86), natural density and friction angle (0.95), and horizontal and vertical permeability
coefficients (1.00). Consequently, we only need to reserve one of the mentioned pair of
geotechnical parameters. In practice, the natural density and bearing capacity are important
geological parameters according to experts and need to be reserved. By reserving the verti-
cal permeability coefficient, nine parameters are reduced to six for the variable importance
analysis by random forest. Figure 8 displays the final data preparation after reductions from
17 to 6 geotechnical input parameters for the model training. Each of the input data contains
1979 sets.
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Figure 8. Final six geotechnical features in random forest model by dimension reduction.

3. Methodology

Random forests is an ensemble learning method for classification, regression and
other tasks that operates by constructing a multitude of decision trees at the training
time. The class that the majority of the trees chose is the output of the random forest for
classification tasks. The mean or average prediction of each individual tree is returned for
regression tasks. The tendency of decision trees to overfit their training set is corrected
by random decision forests. By randomly sampling the sample data, multiple different
decision trees are formed, and then the results are combined to obtain the prediction results
of the random forest. The variable importance in the objective tunneling consumption
indicators will be calculated by the constructed model in this paper. Thus, this section is
devoted to the basic principle of the random forest model and the algorithm applied to
this study.

3.1. Principle Technique of Random Forest

Decision Trees is a non-parametric supervised learning method. The goal is to create a
model that predicts the value of a target variable by learning simple decision rules inferred
from the data features. A tree can be seen as a piecewise constant approximation. Given
a training set X = {X1, X2, . . . , Xn} with responses Y = {Y1, Y2, . . . , Yn}, a decision tree
recursively partitions the feature space such that the samples with the same labels or similar
target values are grouped together.

Let the data at node m be represented by Qm with nm samples. For each candidate
split θ = (j, tm) consisting of a feature j and threshold tm, partition the data into Ql

m(θ) and
Qr

m(θ) subsets:

Ql
m(θ) = {(x, y) | xj ≤ tm}

Qr
m(θ) = Qm\Ql

m(θ)
(2)

The quality of a candidate split of node m is then computed using an impurity function
or loss function H, the choice of which depends on the task being solved

G(Qm, θ) =
nl

m
nm

H(Ql
m(θ)) +

nr
m

nm
H(Qr

m(θ)) (3)
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Select the parameters that minimises the impurity

θ∗ = argminθG(Qm, θ) (4)

Recurse for subsets Ql
m(θ

∗) and Qr
m(θ

∗) until the maximum allowable depth is reached
nm < minsamples or nm = 1.

If a target is a classification outcome taking on values 0, 1, . . . , K − 1, for node m, let

pmk =
1

nm
∑

y∈Qm

I(y = k) (5)

be the proportion of class k observations in node m. Two common measures of impurity
are the Gini index:

H(Qm) = ∑
k

pmk(1 − pmk) (6)

and log loss or Entropy:
H(Qm) = −∑

k
pmk log(pmk) (7)

The Random Forest algorithm [33] is a classification algorithm composed of multiple
decision trees, with each tree producing a category that contributes to the final output
category. It is built using the bagging method and categorical regression trees and has been
successfully used in various disciplines (see Figure 9). Random forests consist of different
decision trees that are independent of each other. When a sample is inputted, each tree
in the forest will make a decision and vote to determine the best category. Typically,

√
p

features are used in each split for classification problems with p features. However, each
problem requires tuning to identify the best values for these parameters.

Figure 9. Expansion of Random Forest structure.
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Each dataset is used to construct the largest decision tree possible without any ad-
ditional processing. Then, the information gain is determined using the entropy or Gini
index in the randomly selected feature factors. After computing each accuracy information,
the candidate feature factor with the highest information gain (entropy or Gini) among
them is divided. These stages are iteratively repeated until the entropy or Gini becomes
smaller than the predetermined value, resulting in the development of a random forest
algorithm with n decision trees. The training data for feature identification is then classified
using the established random forest model, and the decision trees in the forest vote to
determine the best classification prediction.

The random forest approach can be utilized to order the relevance of variables in
a classification or regression task in a natural way. During training, the error is tracked
and averaged over the forest. The contribution (Gini) can be computed using the Gini
index. After training, the jth feature values are permuted among the training data, and
the error is computed once again on this perturbed dataset to determine the jth feature’s
relevance. By averaging the difference between before and after the permutation over all
trees, the importance score for the jth feature is calculated. The score is standardized using
the standard deviation of these differences.

We take the Gini index as a measure to show the calculation of variable importance.
Considering n categories, the weight of the k-th category can be computed from Equation (6).
For feature j, the change value of feature j at node m (VIjm) is obtained as:

VIjm = GIm − GIl − GIr (8)

where GIm is the Gini index before branch; GIl and GIr is the new Gini index after the node
m. The normalized value of the contribution of feature j is the importance score of feature j,
which is calculated as follows:

VI′j =
VIMj

∑c
i=1 VIMi

(9)

The detailed derivation of variable importance can be found in the Ref. [42].
Actually, the random forest model is used to rank the importance of variables (geotech-

nical parameters) (Equation (9)) by a classification problem in the present paper meaning,
that the most impactful geotechnical parameter can be selected for the quota of budget of
shield tunneling in complex geological conditions.

3.2. Application of the Random Forest-Based Method in Analysis of Tunneling Consumption in
Complex Geological Conditions

The considered economic factors (consumption of grease, grouting, labor and water
and electricity) in shield tunneling project will be analyzed by the random forest-based
model. The contributions of geological parameters (feature importance) are expected to
be calculated, so that the proof for classification in complex geological conditions will be
provided based on the random forest result.

In order to avoid repetition, only the calculation and analysis of grease will be detailed
provided here for example. As mentioned in the previous section, the original collected data
of consumption of grease is firstly pre-processed to replace the abnormal and empty values,
and transformed into the form that random forest model can recognize. Besides, concerning
the geotechnical parameters in the tunneling area, 17 features from the geological report
are reduced to 6 for dimension reduction (see Figure 8). The grease consumption is set
as the target of random forest model (Yk), in which k denotes the index of input datasets
corresponding to the label of shield segment. There are 1979 sets of input data for the
concerned geotechnical parameters.

Next, considering the complex geological conditions, 6 geotechnical parameters are se-
lected for the features to be implemented in the random forest model as natural density Xk

1,
void ratio Xk

2, bearing capacity Xk
3, lateral pressure coefficient Xk

4, vertical permeability co-
efficient Xk

5 and compressive strength Xk
6. Consequently, the variable importance of grease

will be computed by implementing the random forest model with the prepared input
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datasets. Besides, the model parameters, such as number of classifiers, random state and
minimum numbers of samples leaf and split, also need to be provided for training. Then
the trained tree for each classifier and the prediction for unseen sample will be put out after
training process, which is predicted by taking the majority vote for classification. Thus, the
variable importance for consumption of grease can also be obtained from this procedure.

In practice, we can modify the structure of random forest model by taking different
values of model parameters (criterion, number of classifiers, minimum number pf samples
leaf and minimum number of samples split), so as to obtain the best prediction accuracy.
Due to the complexity of geological conditions, this sensitivity comparison is necessary.
Besides, the error between the predicted value and the target value need to be evaluated by
an accuracy index function. In this study, the Gini (6) and Entropy index (7) are chosen to
estimate the accuracy.

The above procedure will repeated for other tunneling consumption factors by re-
placing the target set Y, in order to obtain the variable importance for all the concerned
geotechnical features. Generally considering the obtained results by random forest model,
we will try to find out the most influential geotechnical parameters on all the consumption
factors. For the sake of simplicity in engineering, normally one geotechnical parameter
is adopted for classification in the quota of construction budget in complex geological
conditions. Then, referred to the Geotechnical Engineering Survey Code (China), all the
tunneling consumption will be calculated for the chosen parameter based on the classifica-
tion rules. The unit shield tunneling cost can be consequently computed by multiplied by
the corresponding unit price. By comparison with the existing cost quota, the accuracy of
obtained results by the proposed random forest-based procedure will be accessed, and the
influence of geotechnical parameters on the shield tunneling cost will also be discussed in
the following section. The full flowchart of intelligent analysis on shield tunneling cost in
complex geological conditions is illustrated in Figure 10.

Figure 10. Flowchart of analysis on main consumption factors of shield tunneling in complex
geological conditions by random forest algorithm.

4. Predictions of Construction Cost of Shield Tunneling in Complex
Geological Conditions

In this section, the constructed Random Forest procedure will be applied to predict the
construction cost of shield tunneling in complex geological conditions, in which the dataset
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for training the random forest model is collected from the ZRT project. In Section 4.1, the
feature importance of geotechnical parameters are firstly calculated by the proposed model
for each of the considered consumption factors. Then, the unit cost for shield tunneling is
predicted by multiplying the price, and compared with the standard cost defined by the
official quota to access the obtained result in Section 4.2. In order to validate the accuracy,
no additional parameter is introduced for model training.

4.1. Feature Importance of Geotechnical Parameters for Consumption Factors

The training dataset for random forest method is crucial to its prediction accuracy.
Consequently, the pre-processing described in the previous section is necessary for the
dataset before analysis. 6 parameters of different geological layers are taken into account
in variable importance analysis for main consumption factors (greases, grouting, labor,
electricity and water) in this subsection.

The strategy of the data preparation are arranged as follows. The reduced input
dataset contains 6 geotechnical parameters: natural density, void ratio, bearing capacity,
lateral pressure coefficient, vertical permeability coefficient and compressive strength.
The objective parameter is set as the concerned factors, and they will be analyzed one by
one in the established random forest model. Arranged in the order of the shield segment
index, 1979 sets containing above 6 parameters in different geological conditions are derived
as the dataset of the model. Among them, 1485 (75%) sets are used as the training set of
random forest model, and 494 (25%) sets will be predicted by the trained model (test set)
and compared to the true values, aiming at validating the prediction accuracy.

The direct use of original data may result in accuracy issues caused by the dominance
of large dimension values, as the input and output data of the model have different units
and can fluctuate substantially in value. As the model training process uses gradient
descent optimization, the difference in dimensions can slow down the rate at which model
parameters are updated in each iteration. To prevent these issues, we normalize the input
and output data during the preprocessing step and scale them linearly to the interval
of [0, 1] using Equation (10). This normalization and scaling procedure ensures that the
model is not affected by differences in data dimensions.

x∗ = x − xmin

xmax − xmin
(10)

where x denotes the original input and output data values, xmin and xmax are the minimum
and maximum values, and x∗ is the objective normalized value that can be employed in
the proposed model.

The suggested random forest model has been trained using the aforementioned stages,
taking various model parameters into consideration (criterion, number of estimators,
minimum samples leaf and split). The ideal answer can be found by comparing the forecast
accuracy with various structures. Different numbers of estimators (50, 100, 400, 700, 1000)
with 1, 5, 10, 15, 20 minimum samples leaves and 2, 4, 10, 12, 16 minimum samples splits
have been attempted.

Inspired by Santos et al. [47], we have plotted the six geological parameters and the
quantity of material consumption in the same order of shield segment in Figures 11 and 12.
To avoid repetition, we will only discuss tail grease (red curve in Figure 11) and grouting
(purple curve in Figure 12). The values of the geological parameters have been normalized
using Equation (10). It is observed that the different geological conditions in the excavation
area can be reflected by the variation of geological parameters, and there is a correlation
with material consumption. However, the most important geological feature and exact
relation cannot be directly seen and need to be analyzed using the constructed random
forest model.

51



Mathematics 2023, 11, 1423

Figure 11. Collected geological parameters and tail grease in the order of shield segment.

Figure 12. Collected geological parameters and grouting in the order of shield segment.

For the sake of clarity, the final value of the best score at the end of the training
process and calculation efficiency of different random forest structures are illustrated in
Figure 13 (the criterion Gini is always chosen by the program instead of Entropy). It can
be concluded in Figure 13a that except for 400 and 700, the final value of the best score
does not have remarkable changes with the variation of the number of estimators, where
it takes the maximum value with 50. Besides, as shown in Figure 13b,c, the values of
accuracy levels are all acceptable for different numbers of the minimum samples leaf and
samples split. Consequently, considering the best performance, the random forest model
with 50 estimators with one minimum samples leaves and two samples splits was adopted
for the training and prediction steps. The final accuracy level (best score) of the test data
is 0.9403.

With the above set of model parameters, the importance of each geotechnical feature
is firstly calculated in the random forest model for the consumption factor grease (tail
grease, EP2 grease and seal grease). The obtained results are shown in Figure 14, with
the vertical axis being the geotechnical features and the horizontal axis being the mag-
nitude of corresponding importance. It can be seen from the three subfigures that the
compressive strength (σ) of material has the most important impact on the prediction of
all the three types of greases. More precisely, the strength parameter exhibits obviously
the greatest importance than other geotechnical parameters for consumption of tail grease
(first subfigure of Figure 14), where the correlation is more than 48%. While for seal grease
(third subfigures), the most significant geotechnical parameter is also the strength, the
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difference with the second parameter is not that much greater than that in the first one (the
following important feature is a void ratio). Notice for the EP2 grease, for the strength in
the second impactful geotechnical feature, the difference with the first one (fak) is not great.
Consequently, the strength can be concluded as the most impactful geotechnical parameter
on the consumption of greases in general. The accuracy levels for Figure 14 are 0.9413,
0.9357 and 0.9608, respectively.

(a) Different number of estimators (b) Different number of minimum samples leaf

(c) Different number of minimum samples split

Figure 13. Comparison of the best score with different random forest structures.

Figure 14. Variable importance for tail grease, EP2 grease and seal grease by random forest model in
shield tunneling.
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Figures 15–18 display the geotechnical feature importance for the consumption of
grouting, labor and electricity and water in shield tunneling, respectively. Similar to
the variable importance analysis of grease, the most impactful geotechnical parameter
for the consumption of grouting and labor is also the strength of material, obviously
(see Figures 16 and 18). The accuracy levels are 0.893, 0.7333, 0.9317 and 0.9252, respectively.

On the contrary, concerning the consumption of grouting, the most important geotech-
nical parameter is obtained as the void ratio (e) of the material, instead of the strength
(Figure 15), which is in second place. The corresponding importance is 0.27. It is reasonable
that the grouting quantity is related to the void ratio of the material from the point of
view of geomechanics, because large porosity will lead to more backfill grouting in shield
tunneling. As a result, the strength of soil or rock is not the most important feature for all
the considered consumption factors. In order to find a single geotechnical parameter for the
classification of the quota of budget in complex geological conditions, more computation
of the total cost is needed to verify the selected feature, verifying if it can be used as the
classification index in general. This will be provided in the next subsection.

Figure 15. Variable importance for grouting quantity by random forest model in shield tunneling.

Figure 16. Variable importance for labor by random forest model in shield tunneling.
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Figure 17. Variable importance for water consumption by random forest model in shield tunneling.

Figure 18. Variable importance for electricity consumption by random forest model in shield tunneling.

In addition, for the purposes of evaluation of the prediction by random forest model,
the confusion matrix for each target consumption factor was also carried out. The confusion
matrix displays predictions that are both correct and incorrect, and the results are evaluated
in light of the actual values. The confusion matrix can show how the random forest
classification model gets confused while making predictions. The four values in the matrix
are True Positive (TP), False Positive (FP), False Negative (FN), and True Negative (TN),
respectively. Thus, the accuracy levels for each target can be calculated as:

AC =
TP + TN

TP + FP + FN + TN
. (11)

In Figure 19, the number of correct predictions and the number of incorrect predictions
for tail grease are displayed in two subfigures (left: training set; right: test set), respectively.
Consequently, the accuracy levels for calculating the variable importance can also be
obtained by Equation (11). It is seen that the obtained results by the proposed model
are reliable. In order to avoid repetition, the confusion matrix for other factors is not
illustrated here.
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Figure 19. Confusion matrix for the consumption of tail grease (left: training set; right: test set).

4.2. Quota of Budget for Shield Tunneling in Complex Geological Conditions Based on the Random
Forest Results

In this part, we aim at establishing a quota budget for shield tunneling in complex
geological conditions based on the random forest results obtained in the previous subsec-
tion. From the above computation, the compressive strength (σ) is the most important
feature for the consumption of grease, labor and electricity and water, while it is the second
influencing geotechnical parameter for grouting (the most impactful parameter is the void
ratio). For the sake of simplicity in engineering, it is supposed to consider only one geotech-
nical parameter to produce the classification in the quota of budgets in complex conditions.
As a result, we assume that all the considered economic factors can be classified by the
compressive strength index. We will also verify the prediction accuracy by comparing the
total cost computed by the constructed model with that defined by the available quota.

Inspired by the classification standard for the engineering rock mass and code for
geotechnical engineering investigation of China, let us introduce the following classification
based on the compressive strength of geomaterials, as shown in Table 3. Consequently, we
propose a classification with three categories (hard rock, soft rock and soil) by identifying
the compressive strength, and continue the analysis.

Table 3. Classification of engineering geomaterials by compressive strength.

Type Compressive Strength (MPa)

Soil ≤1
Soft rock ≤30
Hard rock ≥30

The collected data of the concerned consumption in shield tunneling have been re-
classified by the compressive strength as in Table 3, so all the consumption data for grease,
grouting, labor and electricity and water are recounted in the above three categories.
The obtained average values for each category with respect to tunneling consumption are
displayed in Table 4. The standard value defined by the available official quota is also
provided in the same table for comparison (per meter). In general, the considered consump-
tion quantities exhibit an obvious positive correlation with the compressive strength of
geomaterial. It can be seen that the consumption per meter in shield tunneling is increasing
from soil to hard rock, also for the grouting quantity.
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Table 4. Comparison of main consumption and cost in different geological conditions with the
standard values.

Factor Quota Soil Soft Rock Hard Rock

Tail grease
81.90

70.50
118%

84.99
136%

145.88
399%EP2 grease 14.18 14.16 70.79

Seal grease 12.72 12.58 110.46
Grouting 1.3–1.8 1.49 1.60 2.12
Labor 51.73 51.34 99% 61.90 120% 106.24 205%
Water 78.93 176.74 223% 227.92 289% 334.65 424%
Electricity 10,800 7449.25 69% 9565 89% 25,885 239%

Total cost 72,153 68,039 94% 72,996 101% 99,719 138%
Only the concerned consumption (part of the main materials and labor) have been listed in this Table, other
materials and machine-teams which remain the same have not been listed, but included in the total cost.

To elaborate, for soft rock and soil, the differences of main consumption are not as
great as that between soft rock and hard rock. Consequently, the construction cost of
shield tunneling is much more expensive, which is consistent with the actual situation.
This proves the rationality of the classification for the quota from the side. Comparing
with the standard values, the obtained results in soil are slightly smaller, while those in
soft rock are close to the standard quantities. Concerning the consumption of hard rock,
all the tunneling consumption is obviously greater than the standard value, even greater
than two times. Consequently, for the tunneling project in complex geological conditions,
the total budget cannot be calculated accurately by the present standard quota. It must be
pointed out that only the concerned varying consumption has been listed in Table 4, other
materials and machine-teams which remain the same have been not listed, but included in
the total cost.

The total cost of the tunneling project per meter is provided in Figure 20. The cost
for each factor can be calculated by the use of the values in Table 4, and the total cost can
be obtained by accumulating the components. It is seen that the total cost in tunneling
also has an evident positive correlation with the compressive strength, increasing from
soil to hard rock. Although the most impactful geotechnical feature for grouting is not the
strength (because the most impactful geotechnical parameter is a void ratio), the strength
can still be used for defining the new quota of budgets in complex geological conditions.
The total cost for soft rock is close to the original budget of the shield tunneling project,
while that for soil is 6% lower than the standard cost. What is more, the total cost for hard
rock is 38% higher than the standard cost, which cannot be ignored in complex conditions.
This is the most important remark of this study, that the compressive strength can be
chosen as the classification index, and the proposed categories in Table 3 are an effective
reference scheme.

Figure 20. Comparison of unit cost of standard quota and by random forest algorithm for different
geological conditions (Currency: CNY).

57



Mathematics 2023, 11, 1423

It must be pointed out by recent research that the random forest model can have
limited extrapolation ability, and it may not perform well when applied to data that fall
outside the range of the training set [48,49]. However, the main objective of our study
was to determine the most influential geological parameter for material consumption in
shield tunneling. In this context, the random forest algorithm is suitable for determining
feature importance. Besides, increasing the size of datasets can help random forest models
capture more patterns in the data, which we have done in our study by collecting geolog-
ical parameters from soft soil to hard rock. Additionally, we have carefully selected the
hyperparameters of the random forest model to optimize its performance and improve its
ability, as explained in the previous section. These efforts have helped us to mitigate the
limitation of extrapolation in the random forest model to a certain extent. Moreover, due to
the limitation of data sources, the constructed model was trained with the data collected
from a single project, which may lead to inaccuracy if applied to other projects with varying
geometric parameters. This needs to be improved in further research by collecting more
data from different projects.

On the other hand, according to recent studies on Bayesian neural networks [50,51],
the strong spatial variability of soil properties can affect the accuracy of deterministic
data-driven models. Thus, deterministic data-driven models may incur large errors and
its prediction results cannot be evaluated. Advanced developments need to be taken into
account in incorporating uncertainty to enhance the robustness of the proposed model, such
as exploring the possibility of incorporating probabilistic models or stochastic techniques to
account for the inherent variability and uncertainty of soil properties. This could potentially
improve the reliability and accuracy of our model in predicting the material consumption
in shield tunneling under various geological conditions.

5. Conclusions

In this study, we have proposed a random forest-based machine learning procedure
to analyze the construction cost of shield tunneling in complex geological conditions.
We identified the unit consumption of grease, grouting, labor, and water and electricity
as the main factors affecting construction cost, based on engineering practice and expert
opinions. To improve the accuracy of the model, we replenished empty and abnormal
values in the input datasets and reduced its dimensionality from 17 to 6 using KNN and
correlation analysis.

The proposed machine learning model was applied to the ZRT shield tunneling project
and found that the compressive strength of geomaterial was the most influential geotech-
nical parameter for grease, labor, water, and electricity consumption. The consumption
of grouting was mostly impacted by the void ratio, with compressive strength in second
place. Based on these findings, we calculated and classified the unit consumption and
cost of the ZRT tunneling project for three geological categories: soil, soft rock, and hard
rock. Comparison with the standard value given by the official quota revealed that the unit
cost of shield tunneling in soil was slightly lower (6%) than the standard cost, while that
in soft rock was very close to the standard value. However, the cost in hard rock regions
was significantly greater (38%) and cannot be ignored in budgeting. Thus, we recommend
using the compressive strength as the classification index for shield tunneling in complex
geological conditions.

In the outlook, collecting more data from different projects with varying tunnel diame-
ters is an essential task in the future to improve the generalizability of the proposed model.
Another interesting topic is to take into account advanced developments in incorporating
uncertainty to enhance the robustness of the proposed model.
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Abstract: Prevalent buildings are supported by pile foundations in urban areas, and the importance
of nearby excavation prediction is indisputable due to various engineering accidents caused by the
density of urban buildings and the complexity of the underground environment. Recently, a case of
tunneling adjacent to a pile group has received a lot of attention from the research community and
engineers. In this study, a mechanical model of a shallow tunnel adjacent to a pile group is established.
The proposed stress-release function is taken as the stress boundary condition of the tunnel periphery.
Considering the pile group, the elastic stresses are calculated by complex variable theory, combined
with the Mindlin’s solution. Then, the new analytical solutions to stress are obtained to predict the
stratum responses induced by tunneling adjacent to the existing pile group loads inside the stratum
in a gravity field. Ultimately, this study provides parameters to analyze their influence on ground
stress and potential plastic zone, such as the stress release coefficient, pile group locations, and soil
parameters. This research provides a theoretical basis for stratum stresses’ prediction in shallow
tunneling engineering fields when tunneling adjacent to a pile group, and it can be applied to the
construction of resilient cities.

Keywords: adjacent crossing; complex variable theory; pile group; shallow tunnel; plastic zone
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1. Introduction

Owing to the continuous expansion of cities and decreases in available land, the
demand for urban tunnels has sharply increased in recent years [1–5]. Unavoidably, tunnel
construction is disturbed by the foundations of nearby existing structures, particularly in
densely constructed areas located adjacent to tunnel construction sites. More and more
buildings are supported by pile foundations. Under the coupling effect of pile foundation
loadings and tunnel excavation, the soil around the tunnel and pile foundations may
experience stress redistribution or yield prior to support installation, which can adversely
affect and even destabilize the surrounding ground. To ensure the safety of tunneling
operations and nearby existing structures, a new analytical solution is required, by means
of which the ground responses around shallow tunnels adjacent to pre-existing pile group
loads can be reasonably predicted.

Traditional methods, namely empirical methods, analytical methods, numerical meth-
ods and model test methods have made great accomplishments in the study of ground
displacement and stress by tunneling. The empirical methods [6–10] are routinely used
to investigate ground responses using the Peck theory, Celestino theory. Additionally,
these methods are fitted intuitively from measured data and lack rigorous theory. With
the development of computer technology, a more accurate prediction, considering com-
plex excavation process and geological conditions such as the soil elastoplastic or elasto-
viscoplastic property, can be obtained via numerical analysis [11–13]. Numerical simulation
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can consider various tunnel cross-section shapes, nonlinear effects of stratum mechanics,
complex construction procedures, and the coupling interaction between surrounding rock
and tunnel structures. It is a commonly used method for studying the response of strata and
tunnel structures induced by tunneling. The model test methods [14] can more realistically
reflect the ground deformation laws due to the reliability of soil parameters.

Compared with other three methods, the analytical methods based on a rigorous
mathematical derivation can consider the quantitative effects of geomechanical and geo-
metric parameters [15–17]. At present, there are four main theoretical analysis methods
for predicting the ground stresses caused by tunneling, namely the Airy stress function
method [18], the virtual image method [19,20], the bipolar coordinate method [21,22] and
complex variable theory [23–25]. The stress function method can obtain the elastic solution
of a deep circular tunnel, but it cannot obtain the analytical solution of a deep tunnel of
other shapes, nor can it obtain the analytical solution of a shallow tunnel. The bipolar
coordinate method can obtain the analytical solution of stress field, but cannot obtain the
accurate displacement solution. The complex variable theory can solve the shortcomings of
the above methods well, and has been widely used to solve the elastic solution of tunnel
excavation in recent years.

Markedly, considering the existence of surface and gravity field, the problem of
shallow tunnels is more complicated than that of deep tunnels, and the complex variable
theory using the Laurent series and conformal mapping is appropriate for shallow tunnels.
This method uses conformal mapping on the ring so that the depth of the tunnel only
affects the thickness of the ring wall and does not affect the function analysis in the complex
variable solution procedure. The characteristics of this solution are that the complex
variable method can guarantee the continuity of the boundary in the theoretical analysis,
and reasonable boundary conditions are a key factor to obtain the solution of shallow
tunnels [26,27]. For instance, Lu et al. [28] provided the analytical solution of a shallow
tunnel that had excavation stress on the tunnel periphery and was stress-free on the ground
surface, considering the linear variations of the initial stresses with depth and lateral stress
coefficients. Lu et al. [29] discussed the case of a shallow circular hydraulic tunnel filled
with water in an elastic rock mass with gravity. Furthermore, Kong et al. [30] proposed a
unified stress function as the stress boundary condition of a tunnel periphery to describe the
vertical and horizontal stress distributions of an underwater shallow tunnel. Using complex
variable theory and the integration of Flamant’s solutions, Wang et al. [31] obtained an
elastic analytical solution with surcharge loadings on ground surface. Yang et al. [32]
solved the problem of a shallow tunnel with a nearby cavern; they used a complex variable
method and the Schwarz alternating method to study the interaction between the tunnel
and the cavern. However, these provided analytical solutions cannot determine the ground
stress field under the influence of an adjacent pile group.

With regard to the analytical study of a combination of tunnel and pile foundations,
Marshall et al. [33] used a spherical cavity expansion analysis method to evaluate the
end-bearing capacity of the pile and estimate the effect that constructing a new tunnel will
have on an existing pile. Cao et al. [6] investigated the mechanical mechanism of the effects
of the isolation piles on the ground vertical displacements using a modified Loganathan–
Poulos formula and the Melan solution of the vertical displacement in a general form.
Xiang et al. [34] mainly studied the potential plastic zone caused by tunneling in the
vicinity of single pile foundation; however, the gravity field was not considered. Generally,
these solutions cannot clearly estimate the stratum stress field induced by shallow tunneling
adjacent to vertical pile group loads.

For abovementioned studies, nevertheless, existing studies have generally focused on
the ground responses of tunneling in greenfield; with caverns and with surcharge loadings
on the ground surface, the case of existing pile group loads in the interior of the stratum
has not been highlighted. Accordingly, to fill a gap in the area of theoretical analytic
solutions, this study paves the way for predicting ground stresses induced by tunneling in
non-greenfield.
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This study reports a combinatory strategy, including Mindlin’s solution and complex
variable theory, to further improve the influence mechanism of shallow tunnel excavation
under the influence of a pile group in a gravity field. In this paper, based on the plane strain
condition and the elastic constitutive relation, the analytical solutions of stress induced
by shallow tunneling adjacent to pile group loads are obtained using analytical methods;
due to the limitations of the conformal mapping function, the current shallow buried semi-
infinite domain mechanical model can only obtain analytical solutions for circular tunnels.
Therefore, the proposed method may only be used to solve the analytical solutions of strata
induced by circular tunnels. Notably, the proposed stress release function is introduced
as the boundary condition into the complex variable solving process, which is detailed in
Section 3.3.1. The remainder of the paper is organized as follows: Section 2 introduces the
mechanical model and method framework of theoretical prediction; Section 3 presents the
derivation process of new analytical solution and its feasibility; and Section 4 illustrates
the application of the solution and analyzes the influence of the stress release coefficient,
pile group parameters and soil parameters on the stratum stress field and potential plastic
zone. Eventually, the authors believe that it will be useful to decide a reasonable location
for tunnel construction in preliminary designs.

2. Mechanical Model and Method Framework

In urban tunnel engineering, it is common for shallow tunnels to pass through an
adjacent superstructure. The smaller the depth of shallow tunnel, the more significant the
impacts on adjacent buildings, such as building cracking, distortion, uneven settlement,
and collapse [35–38]. This factor should be seriously emphasized. Furthermore, the loads of
superstructures are transferred to the stratum through pile group foundations. If the loads
are simplified as vertical loads in the ground, this case can be modelled as a tunnel being
excavated after the application of vertical loads in the ground. Based on these assumptions,
a mechanical model that demonstrates excavation of a shallow tunnel with existing pile
group loads in the ground is proposed.

2.1. Establishment of Mechanical Model

Referring to the three-dimensional mechanical model shown in Figure 1, the plane
y = yt vertical to the tunnel axis is considered. Notably, the pile group and shallow tunnel
are in the same plane when yt = yp; the pile group is not in the same plane as the tunnel
when yt 	= yp, which is a three-dimensional problem.

Figure 1. Mechanical analysis model of shallow tunnel adjacent to pile group.

In Figure 1, yt, yp are y coordinates of the tunnel section and pile group, respectively.
The pile loads in the ground consist of two parts: the pile tip load q and the pile shaft shear
load s. For the convenience of calculations, the pile loads are simplified to an equivalent
concentrated load P and equivalent linear load f along the longitudinal axis. The horizontal
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coordinate of the first pile load dk is adopted to represent the location of the pile group, and
l is the pile spacing.

As shown in Figure 1, this is a semi-infinite domain model which considers the surface
boundary to realize the stratum stress analysis of shallow tunnel with existing pile group
loads. The shallow tunnel is affected by the surface boundary and the gravity is the
main external load, so the load change of gradient should be considered. Assuming that
the ground is a homogeneous, isotropic and ideal elastic-plastic material, the changes
in stratum stress caused by pile group loads and tunneling can be considered a linear
elastic response.

2.2. Method Framework

According to the mechanical model in Figure 1, the final ground stress solution can be
divided into two parts: (1) the stress induced by pile group loads, (2) the stress induced by
tunneling in greenfield (where there are no existing foundations in the ground). The former
uses the Mindlin’s solution [39] in the classical elastic theory, which gives the solution of
the displacement and stress of the stratum caused by the vertical force acting on a point in
the semi-infinite space. Complex variable theory is used as the latter’s method to predict
tunneling-induced stress. The prediction process of the stress solution and potential plastic
zone of ground are yielded as follows:

(I) The elastic theory Mindlin’s solution and its integral along the pile length, respec-
tively, to equivalent concentrated load P and equivalent linear load f are used to calculate
the ground stress solution.

(II) The analytical solution of the ground stress caused by shallow tunneling in the
gravity field is obtained by complex variable theory using the stress boundary condition
considering the stress release coefficient, and the ground stress is calculated by substituting
the parameter values and coordinate values.

(III) The ground stress induced by tunneling and pile group loads is superimposed.
(IV) The Mohr–Coulomb criterion is substituted and the mathematical software Matlab

is used to calculate the total ground stress and predict the shape and extent of the potential
plastic zone.

The theoretical calculation steps are shown in Figure 2.

Figure 2. Flowchart of the calculation.
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3. Analytical Solutions of Stress for Tunneling Adjacent to Pile Group

The elastic analytical stresses induced by a pile group for the vertical force acting at a
point in the ground have been provided by Mindlin [39]. Thus, the solutions of stress for
tunneling adjacent to a pile group proposed in this study use Mindlin’s solution and its
integral combined with a complex variable method. In order to reflect the factual situation,
the gravity is applied in the vertical direction, and the arbitrary stress in the horizontal
direction before the excavation. Besides, the buoyancy effect and the stress release are
considered in the tunnel periphery after the excavation.

3.1. Stress Boundary Conditions

The general boundary conditions corresponding to the mechanical model in Figure 1
are shown in Figure 3. The boundary equations are given in Equation (1):

⎧⎪⎪⎨
⎪⎪⎩

σz=0 = 0
σx→∞ = k0γz + σx1
σz→∞ = γz + σz1
σs = px + ipz

(1)

where γ is uniform volumetric weight. k0 is the lateral stress coefficient and is equal to
v/(1 − v). v is the Poisson’s ratio. σx1 and σz1 are the ground stresses induced by the pile
group, σs is the stress boundary condition of the tunnel periphery, and px, pz are the stress
boundary functions of tunnel paralleled to the x and z axes, respectively.

Figure 3. General boundary conditions of mechanical model.

The general boundary conditions can be broken into three parts, as shown in Figure 4,
i.e., Part 1, Part 2a and Part 2b. Part 1 indicates that only pile group loads are applied in
the ground, and there is no excavation of the tunnel, i.e., the tunnel section is in the initial
stress state (Section 3.2). Part 2 is broken down into two parts: Part 2a in the unexcavated
state of the tunnel and Part 2b in the excavated state of the tunnel (Section 3.3).
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Figure 4. Disassembly of boundary conditions.

3.2. Analytical Solution of Pile Group Loads

The ground stresses due to simplified pile group loads in the x–z plane can be obtained
using the Mindlin’s solution, which consists of two sections: the equivalent concentrated
load P and the equivalent linear load f.

3.2.1. Ground Stress Induced by Pile Group Tip Loads

The pile group tip loads can be simplified to equivalent concentrated load P at the pile
tip. Then, by the principle of Mindlin’s solution and summation, the stresses generated at
any point (x, y, z) in the ground when multiple loads are applied in a three-dimensional
semi-infinite elastomer are as follows:

σ
p
x1 =

m
∑

k=1

−Pk
8π(1−v) fx(x, z; h)

=
m
∑

k=1

−Pk
8π(1−v)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(1−2v)(z−h)
R3

1
− 3(x−dk)

2(z−h)
R5

1
+ (1−2v)[3(z−h)−4v(z+h)]

R3
2

− 3(3−4v)(x−dk)
2(z−h)−6h(z+h)[(1−2v)z−2vh]

R5
2

− 30hz(x−dk)
2(z+h)

R7
2

− 4(1−v)(1−2v)
R2(R2+z+h) (1 −

(x−dk)
2

R2(R2+z+h) −
(x−dk)

2

R2
2

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(2)

σ
p
z1 =

m
∑

k=1

−Pk
8π(1−v) fz(x, z; h)

=
m
∑
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−Pk
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⎧⎨
⎩
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σ
p
xz1 =
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8π(1−v) fxz(x, z; h)

=
m
∑
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} (4)

where m represents the number of piles, σ
p
x1, σ

p
z1 and σ

p
xz1 denote the horizontal stress,

vertical stress and shear stress in the y = yt plane, respectively, induced by equivalent
concentrated load Pk at the pile tip.

R1 =
√
(x − dk)

2 + (yt − yp)
2 + (z − h)2, R2 =

√
(x − dk)

2 + (yt − yp)
2 + (z + h)2, k = 1, 2, 3, 4, . . .

3.2.2. Ground Stress Induced by Pile Group Shaft Shear Loads

For the shaft shear loads simplified to equivalent linear load f along the longitudinal
axis, the analytical solutions of the ground stress obtained by integrating Equations (5)–(7)
are as follows:

σ
f
x1 =

m

∑
k=1

∫ h

0

− fk
8π(1 − v)

fx(x, z; b)db (5)
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σ
f
z1 =

m

∑
k=1

∫ h

0

− fk
8π(1 − v)

fz(x, z; b)db (6)

σ
f
xz1 =

m

∑
k=1

∫ h

0

− fk(x − dk)

8π(1 − v)
fxz(x, z; b)db (7)

where h is the pile length and b is the integration variable along the pile length, and σ
f
x1,

σ
f
z1 and σ

f
xz1 denote the horizontal stress, vertical stress and shear stress in the y = yt plane,

respectively, induced by equivalent linear load fk along the pile length.

R1
′ =

√
(x − dk)

2 + (yt − yp)
2 + (z − l)2, R2

′ =
√
(x − dk)

2 + (yt − yp)
2 + (z + l)2, k = 1, 2, 3, 4, . . .

3.2.3. Stress Superposition

Considering the joint effect of the tip loads and the shaft shear loads of pile group, the
stress solution of Part 1 can be obtained using Equation (8):

⎧⎪⎨
⎪⎩

σx1 = σ
p
x1 + σ

f
x1

σz1 = σ
p
z1 + σ

f
z1

σxz1 = σ
p
xz1 + σ

f
xz1

(8)

3.3. Analytical Solution of Shallow Tunnel in Greenfield

The shallow tunnel excavated in an elastic soil can be considered an elastic half-plane
problem (Part 2). Firstly, under the influence of gravity field, the ground stress is as
shown in Equation (12) before excavation (Part 2a). Then, using the complex variable
theory for the shallow tunnel, the ground stress after excavation in free strata can be
obtained (Part 2b).

3.3.1. Stress-Release Function

In the unexcavated state, the stress at the tunnel periphery stays in the initial stress
state. As the excavation process advances, stress redistribution occurs in the strata around
the tunnel, and stress release will inevitably occur in the tunnel. In the tunnel simulation,
the longitudinal direction of the tunnel is taken as 1 m for calculation, which is a plane
strain calculation; it is therefore necessary to consider the stress release problem after
excavation. The stress release of the tunnel periphery proposed here corresponds to
the FEM; accordingly, a more reasonable excavation surface stress was applied to the
tunnel boundary.

The stress for any point Q of the tunnel periphery is shown in Figure 5. The points o’
and ro are the center and radius of the circular tunnel, respectively. The angle of point Q is
expressed as

∠Q = θ + 2kπ, k = 0, 1, 2, 3, 4 . . . (9)

Figure 5. Stress at a point Q on the circular tunnel periphery.
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The stress function of tunnel perimeter is considered as Equation (10). sr denotes the
stress release coefficient. The ground displacement caused by the pile group loads has
been completed before the tunnel excavation, so this part of the displacement is no longer
of concern during the tunnel excavation and is cleared to 0. Then, the release loads are
applied in the opposite direction to the initial stresses (Figure 4, Part 1), and the value of
release loads are the initial stresses multiplied by the stress release coefficient.

When sr = 0, the tunnel periphery is in the initial stress state before excavation, or in
a no-stress release state while the lining is applied immediately after the excavation, the
stress solution equals Equation (12). When sr = 1, σ in Equation (10) is equal to 0, which
means that the tunnel has no lining during excavation and the stress is in a completely
released state. When 0 ≤ sr ≤ 1, Equation (10) reflects the different degrees of stress release.

⎧⎨
⎩

σx(θ) = k0γ(1 − sr)(H − r sin θ)
σz(θ) = γ(1 − sr)(H − r sin θ)
σxz(θ) = 0

(10)

In Figure 5, the plane MN is infinitely close to point Q, and px and pz represent the
principal stress of point Q and are the projection of the normal stress on the x′ and z′ axes
on the plane MN. Then, the process of transforming the normal stress into the principal
stress can be expressed by Equation (11). The stress function of the tunnel perimeter is

[
px
pz

]
=

[
σx σxz
σzx σz

][
l′
m′

]
=

[
k0γ(1 − sr)(H − r sin θ) cos θ
γ(1 − sr)(H − r sin θ) sin θ

]
(11)

where l′ = cos θ, m′ = sin θ, H is the depth of the tunnel, and h is the pile length.

3.3.2. Part 2a Solution

In the Part 2a, the tunnel periphery with a dashed line represents that the stress is also
in the initial stress state at this time; the ground stress boundary equation is

⎧⎨
⎩

σa
x2 = k0γz

σa
z2 = γz

σa
xz2 = 0

(12)

Combining the stress tensor equation and Equation (13) indicates that the stress
boundary function of virtual tunnel periphery in Part 2a, θ, is positive counter-clockwise,
and z = H − r sin θ. {

px1 = k0γz cos θ
pz1 = γz sin θ

(13)

Then, the stress boundary function of tunnel periphery in Part 2b is as follows:
{

px2 = px − px1
pz2 = pz − pz1

(14)

3.3.3. Part 2b Solution

Analytical solutions of the total stress for the shallow tunnel in Part 2b are obtained by
the complex variable method. It is assumed that the z-plane can be mapped conformally
onto a ring in the ζ-plane using the suitable conformal transformation function Equation
(16), see Figure 6. In the complex variable method, the solutions are expressed by two
complex potential functions φ(z) and ϕ(z), which must be analytic in the z-plane occupied
by the elastic material. Then, the stresses are shown in Equation (15):

{
σb

x2 + σb
z2 = 2[φ′(z) + ϕ′(z)]

σb
z2 − σb

x2 + 2iσb
xz2 = 2[zφ′′ (z) + ϕ′(z)]

(15)
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z = ω(ζ) = −ia
1 + ζ

1 − ζ
(16)

where a = H 1−α2

1+α2 , α = H
r (1 −

√
(1 − r2

H2 )).

Figure 6. ζ-plane of conformal mapping.

During tunnel excavation, the removal of soil will be synchronized by the generation
of concentrated forces Fx and Fz around the tunnel periphery, both of which are equal
to the weight of excavated soil minus the weight of the tunnel lining. The “buoyancy
effect” will occur when the weight of excavated soil is greater than the lining [15,40], and
is incorporated into the method in this study by using the complex potential functions of
Equations (17) and (18).

φ(z) = − Fx + iFz

2π(1 + κ)
[κ log(z − zc) + log(z − zc)] + φ0(z) (17)

ϕ(z) =
Fx − iFz

2π(1 + κ)
[log(z − zc) + κ log(z − zc)] + ϕ0(z) (18)

where κ = 3 − 4v for plane strain:

zc = −ia
1 + ζc

1 − ζc
= −ia (19)

The stress is taken as the boundary condition of both the ground surface and tunnel
periphery, where C is an integral constant.

I. Ground surface:

ζ = σ : φ(z) + zφ′(z) + ϕ(z) = 0 (20)

II. Tunnel periphery:

ζ = ασ : φ(z) + zφ′(z) + ϕ(z) = i
∫

(px2 + ipz2)ds + C (21)

Combining Equations (16)–(19), Equation (21) can be converted to Equation (22),
where px2 and pz2 are stress boundary functions and Fx and Fz are the concentrated forces
generated by the buoyancy effect. The right side of the equation can be written as the
series expansion

(1 − ασ)i
∫

(px2 + ipz2)ds + (1 − ασ)F(Fx2, Fz2) =
∞

∑
k=−∞

Akσk (22)
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where

F(Fx2, Fz2) =

⎧⎨
⎩

Fx2+iFz2
2π ln( σ−α

ασ−1 ) +
Fx2+iFz2
2π(1+κ)

ln α

− Fx2−iFz2
4π(1+κ)

( κ
σ + α−1) (σ−α+ασ2−α2σ)

1−ασ

⎫⎬
⎭ (23)

The coefficient of the complex potential function can be determined by selecting the
fixed point of displacement, and the value of a1 is obtained through series convergence.
Then, φ(z) and ϕ(z) are obtained by Equations (17) and (18). Eventually, the stress solution
of Part 2b can be obtained by substituting them into Equation (15).

3.4. Stress Solution

Considering the gravity field and tunneling, the stress solution of Part 2 can be
obtained using Equation (24):

⎧⎨
⎩

σx2 = σa
x2 + σb

x2
σz2 = σa

z2 + σb
z2

σxz2 = σa
xz2 + σb

xz2

(24)

Assuming that the soil is linear elastic, accordingly, a superposition principle is in-
troduced to obtain the analytical solution of the model in Figure 1 by superimposing the
solutions of the pile group and tunneling. Therefore, the total stress of the mechanical
model of the shallow tunnel adjacent to the pile group loads in the gravity field shown in
Figure 1 is the sum of Part 1 and Part 2:

⎧⎨
⎩

σx = σx1 + σx2
σz = σz1 + σz2
σxz = σxz1 + σxz2

(25)

4. Parametric Analysis

In this section, a parametric analysis with regard to the influences of different parame-
ters on the stress and potential plastic zone of the ground is deliberated; these parameters
are the soil parameters, pile parameters and the stress release degree of the tunnel periph-
ery. We established some basic parameters: (1) the geometrical parameters of the tunnel
are radius r = 3 m, depth H = 12 m; (2) the soil parameters are a Young’s modulus of
E = 20 MPa and a Poisson’ s ratio of ν = 0.3; (3) the pile parameters are considered as the
number of piles m = 4.

4.1. Stress Analysis

With regard to the influences of the stress release function in Equation (10) on the
ground stress, the contour diagrams of major principal stress under different sr values are
presented in Figure 7, wherein the pile group loads are 4 m to the right side of the tunnel.
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(a) (b)

(c) (d)

Figure 7. Contour diagrams of major principal stresses with various sr: (a) sr = 0; (b) sr = 0.3;
(c) sr = 0.7; (d) sr = 1.

Considering the plane strain condition, the major and minor principal stresses are

σ1 =
σx + σz

2
+

√(
σx − σz

2

)2
+ σ2

xz (26)

σ3 =
σx + σz

2
−

√(
σx − σz

2

)2
+ σ2

xz (27)

The stress around the tunnel is in the initial stress state when the stress release coeffi-
cient equals 0; moreover, the stress field around the pile group is symmetrical about the
vertical centerline of the pile group due to the existence of the loads, as shown in Figure 7a.
The tensile stress zone is mainly concentrated on the ground surface and pile group when
sr is small, as shown in Figure 7b. With the increase in the value of sr, the tensile stress zone
on the ground surface gradually develops downward as well as beginning to appear on the
upper right side of the tunnel, due to the influence of the pile group load (see Figure 7d).
The greater the value of sr, the greater the disturbance of the stratum stress field.

Figure 8 shows the stresses field with various pile group tip loads P and shaft shear
loads f. Clearly, the compressive stress zone of σ3 mainly appears at the arch waist on both
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sides of the tunnel, and owing to the influence of the pile group loads, the compressive
stress zone on the right side is larger. It can be noted from Figure 8a,b that the stratum
stress field is less disturbed when the pile group load is small. The greater the pile group
tip loads and shaft shear loads, the greater the degree of stratum disturbance.

(a) (b)

(c) (d)

Figure 8. Contour diagrams of major and minor principal stresses with various pile group tip loads
P and shaft shear loads f when sr = 0.9: (a,b) P = 150 kN, f = 70 kN/m; (c,d) P = 355 kN,
f = 235 kN/m.

Figure 9 provides the stress distribution of major principal stresses with various pile
lengths and relative positions of the pile group and tunnel. As shown in Figure 9a, the pile
group is located 1 m above the tunnel crown, and the stratum stress is disturbed in the
horizontal range of approximately −5 m~5 m (h = 8 m, l = 2 m). Compared with bottom of
pile group, the compressive stress on both sides of the tunnel above the pile group tip is
smaller than that in Figure 9b. Moreover, it may also be noted from Figure 9c,d that the
disturbed range of stratum stress increases with the increase in pile length. Meanwhile, the
tensile stress zone appears at the upper right of the tunnel.
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(a) (b) 

 
(c) (d) 

Figure 9. Contour diagrams of major principal stresses with various pile lengths and relative positions
of the pile group and tunnel when sr = 0.9: (a) the pile group right on top of the tunnel; (b) the pile
group distributed on both sides of the tunnel; (c) the depth of the pile group tip close to the tunnel
spring line; (d) the depth of the pile group tip deeper than the tunnel spring line.

4.2. Analysis of Potential Plastic Zone

Consequently, the method proposed in this paper can also introduce prediction of a
potential plastic zone. In this way, we can solve not only the ground stress distribution but
also the potential plastic zone, which provides a more intuitive way to ensure the safety of
tunnel construction and existing structures.

Based on the Mohr–Coulomb yield criterion, combining Equation (26) as well as
Equation (27), the judgment equation of potential plastic zone induced by tunneling with
adjacent pile group loads in a gravity field can be obtained as Equation (28). The stress in
the potential plastic zone meets τ0 ≥ τf .

τ0 ≥ τf = c − σ tan ϕ (28)
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where c and ϕ are the soil’s cohesion and internal friction angle, respectively,

τ0 =
(σ1 − σ3)

2
cos ϕ, σ =

σ1 + σ3

2
+

(σ1 − σ3)

2
sin ϕ.

4.2.1. Influence of the Pile Group

In this section, the control parameters are assumed to be r = 3 m,
H = 12 m, sr = 0.9, h = 12 m, P = 355 kN, f = 235 kN/m, γ = 20 kN/m3, c = 40 kPa,
ϕ = 20◦. Figure 10 plots the potential plastic zones for different offsets dk, and the potential
plastic zones are merged in Figure 10a. It can be noted from Figure 10b that the potential
plastic zone of the tunnel begins separated from the potential plastic zone of the pile group
when dk = 7 m. Furthermore, the degree of separation increases gradually with the increase
in the value of dk, as shown in Figure 10c,d; In Figure 10e, the potential plastic zone of the
tunnel and pile group are completely separated when dk = 10 m; however, there is some
influence between them; In Figure 10d, the potential plastic zone of the tunnel is almost
not affected by the pile group, and the potential plastic zone of the tunnel is approximately
symmetrical when dk = 12 m.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 10. Potential plastic zones for different offsets dk of the pile group from the tunnel:
(a) dk = 6 m; (b) dk = 7 m; (c) dk = 8 m; (d) dk = 9 m (e) dk = 10 m; (f) dk = 12 m.
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Moreover, the aforementioned analysis suggests that the potential plastic zone induced
by tunneling is butterfly shaped when the gravity field is involved; however, the shape of
the potential plastic zone is circular when the gravity field is not involved [34].

4.2.2. Influence of Soil Parameters

Figure 11 shows the influence of different soil parameters on the ranges of the potential
plastic zones. The influence of four different magnitudes of volumetric weight of soil on
the ranges of the potential plastic zones is shown in Figure 11a. The results indicate that the
potential plastic zones of the pile group and tunnel coalesce, and the range of the potential
plastic zone increases as the volumetric weight increases. The influence of different soil
cohesion (c = 35 kPa, 45 kPa, 55 kPa and 65 kPa) on the range of the potential plastic zone is
plotted in Figure 11b. Figure 11c particularly presents the influence of different magnitudes
of the angle of internal friction (ϕ = 20◦, 25◦, 30◦, and 40◦) on the range of the potential
plastic zone. It is worth noting that the influence rules of c and ϕ are similar to each other,
based on Figure 11b,c. Moreover, it can be observed that the butterfly shape of the potential
plastic zone is obvious at a relatively low cohesion value or a low angle of internal friction
of the soil.

 
(a) 

Figure 11. Cont.
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(b) 

 
(c) 

Figure 11. Potential plastic zones for different soil parameters when d1 = 6 m, d2 = 7 m, d3 = 8 m,
d4 = 9 m (x coordinate of each pile) and h = 12 m. (a) Different magnitudes of volumetric weight;
(b) Different magnitudes of cohesion; (c) Different magnitudes of the angle of internal friction.
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In this paper, a theoretical calculation procedure is developed for prediction of the
secondary stress field and the related potential plastic zone caused by tunneling adjacent to
crossing existing building/structures foundations. The working conditions set in this paper
are very common in practical projects, and rely on the background project of a section of
the Beijing subway adjacent to the bridge pile foundations, which is a typical working
condition. To address this problem, most scholars currently use numerical methods and
model test methods to predict the influence of tunneling in the vicinity of pile foundations
in soils. In the light of this, this study provides a theoretical analysis method for this type
of engineering, which is important for understanding the generation mechanisms of stress
and deformation, and is able to study the basic relationship between different variables and
parameters involved in this type of problem. Moreover, this study more comprehensively
considers the influence of stress release sr, the relative distance dk between pile group and
tunnel, the pile length h, the pile loads P and f, and soil parameters (γ, c, ϕ). The working
conditions match the real working conditions, so based on the established procedures,
incorporating engineering parameters will allow us to qualitatively predict the secondary
stress field and potential plastic zone. In future related research, a coupling analysis with
analytical solutions and the additional effects of adjacent structures will be proposed to
consider more complex underground space structures. The reasonable boundary condition
is a key factor.

5. Conclusions

Herein, new analytical solutions have been proposed to predict ground responses
caused by tunneling alongside existing pile group loads in the interior of the stratum in a
gravity field. The stress-release function is proposed to reflect the stress release behavior of
the tunnel periphery during excavation, which makes it a good tool to more accurately de-
scribe ground responses under different degrees of stress release. The following conclusions
of this work have been drawn.

(1) The stress around the tunnel is greatly affected by a change in the stress release
coefficient. When the sr is large enough, the tensile stress zone appears in the tunnel
crown; notably, the tensile stress zone appears at the right of the tunnel crown due to
the influence of pile group loads. The greater the pile group tip loads and shaft shear
loads, the greater the degree of stratum disturbance.

(2) The stratum stress is disturbed in the horizontal range of approximately −5 m~5 m
(h = 8 m, l = 2 m), when the pile group is located 1 m above the tunnel crown; the
disturbed range of stratum stress increases with the increase in pile length.

(3) Considering the gravity field, the potential plastic zone of the tunnel is butterfly
shaped, and the range of lower part is larger than the upper. The potential plastic
zones are merged when the horizontal distance between the pile group and the tunnel
dk ≤ 3r; the potential plastic zone is completely separated when dk > 3r; the potential
plastic zone of the tunnel is almost unaffected by the pile group when dk ≥ 4r, and
the law of the influence of the relative position of the pile group and tunnel on the
plastic zone is consistent with the law presented in Xiang et al. (2013).

(4) Shear strength parameters have similar influence rules on the potential plastic zone,
and the ranges of the potential plastic zone decrease as the c and ϕ increase; on
the contrary, the ranges of the potential plastic zone increase as the volumetric
weight increases.

Because this study does not consider the lining effect, the result of such an analysis is
biased towards safety. The solutions provide a simple and effective approach to quickly
estimate the stability of shallow tunnels and minimize the risk of damage as a result of
tunnel construction under the conditions of existing pile group loads in the planning stage.
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Abstract: Two ground deformation modes, i.e., the arching mode and collapsing mode, may be
caused by tunnel excavation. However, the development of the ground deformation corresponding
to the two modes is unclear. A piece of a model test facility is designed to study the ground settlement
induced by tunnel excavation. Tunnel excavation is realized by decreasing the area of the model
tunnel. Two model tests with different soil cohesion are conducted, and the two ground deformation
modes form in the two tests, respectively. The former mode is observed at higher soil cohesion
while the latter is found to develop at lower soil cohesion. Whether the failure surface develops to
the ground surface or not is the most significant difference between the two ground deformation
modes. In the two modes, the failure surface occurs at the position where the ground settlement
contours distribute densely, and the shape of the failure surface can be described by the semi-oval for
both modes. Meanwhile, for both the arching mode and the collapsing mode, Gaussian curves can
reasonably describe the ground settlement troughs before the ground surface settlement becomes
stable or increases sharply, and distribution of the trough width parameter is similar.

Keywords: tunnel excavation; model test; arching mode; collapsing mode; ground settlement

MSC: 74S25

1. Introduction

Soil above the tunnel crown may collapse during tunnel excavation. A failure surface
can occur between the collapsed soil body and surrounding intact soil. If the failure surface
extends to the ground surface, the soil between the tunnel crown and the ground surface
collapse completely. This failure condition is called the “collapsing mode”. However, when
the failure surface does not extend to the ground surface, the soil between the failure surface
and the ground surface does not collapse even if the tunnel is unlined. This condition is
defined as the “arching mode”. The geometry of the tunnel and mechanical properties of
the soil determine the formation of the ground deformation mode together. In general, the
arching mode is observed when the cover-to-diameter ratio Z0/D is large and/or the shear
strength of the soil is high (high cohesion c and/or high internal friction angle ϕ) [1–3].

Trapdoor tests [3–6] have been frequently used to study the ground deformation
modes, where attention is mainly placed on the evolution of earth pressure. The ground
settlement is not monitored. However, the ground settlement induced by tunnelling has
significant impact on both surface buildings and underground structures [7–9]. Proper
consideration of the ground settlement caused by tunnelling is of more importance when
the collapsing mode occurs, as catastrophic damages to the neighboring structures and
foundations can be caused.
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Nakai et al. (1997) [10] and Marshall et al. (2012) [11] studied the contours of the
ground settlement at a specific moment based on the model test results. However, these
tests cannot reveal the development process of the two failure modes because the contours
of the ground settlement corresponding to different ground volume loss is not known. In
addition, development of the ground settlement trough is directly related to the ground
deformation mode. Both field observations [12–18] and model tests [11,19–21] have been
used to investigate the ground settlement trough induced by tunnelling. Peck (1969) [22]
analyzed the field observation data and indicated that Gaussian curves can well fit the
surface settlement trough. Mair et al. (1993) [23] made further development in Peck’s
method and pointed out that Gaussian curves can also provide a good fit for the subsurface
settlement trough. Similar conclusions have been obtained from model tests [19,21,24–26].
However, several studies [27–29] indicated that the ground settlement trough approximates
the plug-shape or triangular-shape at the collapsed position. Gaussian curves may not
provide an adequate fit for the ground settlement trough at the collapsed position [27–29].
In sum, the development of the ground deformation, including the maximum settlement,
the contours of the ground settlement, and surface and subsurface settlement troughs
corresponding to the arching mode and collapsing mode are unclear.

This paper presents a new study on the formation of arching and collapsing mode. A
new test facility is designed for the model tests. Sand with different water content is used
in the tests, which simulates soil with different cohesion. At the initial state, the tunnel to
be excavated is filled by a pressurized water bag. Water is then released during the tests
to simulate the excavation process. The surface and the subsurface settlement at different
soil volume loss states are monitored to obtain the ground settlement contours and the
ground settlement troughs. The feature of the failure surface and the ground settlements
are analyzed for the two ground deformation modes.

2. Physical Model Test of Tunnel Excavation

2.1. Test Equipment

The test equipment consists of a model strongbox, a model tunnel, and a ground
deformation monitoring system.

2.1.1. Model Strongbox

Though the deformation of the ground near the tunnel heading shows 3D features,
the final ground deformation is similar for different transverse cross-sections. There-
fore, the effect of tunnelling on the ground can be studied using a simplified plain strain
model [3,11,23]. In this work, a model strongbox for plain strain tests is designed. The
model strongbox is rectangular with a Perspex window on its front face (Figure 1). The
main body of the model strongbox is made using several 10-mm-thick steel plates. A
20-mm-thick acrylic plate Perspex window is fitted in the front face, enabling observation
of the subsurface ground deformation. Stiffness of the strongbox is large enough to ensure
that the deformation of the strongbox is small in the tests. Internal dimensions of the
strongbox are 1500 mm long, 400 mm wide, and 1500 mm high. The Perspex window is
900 mm high and 1000 mm wide. The tunnel to be excavated is in the horizontal center of
the strongbox. To reduce the boundary effect, the diameter D of the model tunnel is de-
signed to be 200 mm. The distance between the tunnel crown and the top of the strongbox
is 600 mm. The maximum cover-to-diameter ratio z0/D of the model tunnel can reach 3.0.
Boundary conditions for the strongbox are shown in Figure 2.
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Figure 1. Front view of the model.

Figure 2. Dimensions of the model strongbox.

2.1.2. Model Tunnel and Excavation Simulation

Reduction of the area of the tunnel transverse section to schematically realize a ground
volume loss Vs is an approach adopted by many researchers to simulate the tunnelling
process in model tests [8,11]. A model tunnel that can realize different Vs by releasing water
was designed (Figure 3a,b), consisting of a water bag and a needle valve, as illustrated
in Figure 3c. The diameter of the water bag is 200 mm, and the length is 500 mm. The
water bag is filled with water through a high-pressure water pump before it is buried in the
model. The needle valve is closed to seal the water bag when the diameter of the tunnel
reaches 200 mm. Reduction of the tunnel diameter is simulated by releasing the water from
the water bag, as shown in Figure 3a,b. The volume of the discharged water is defined
as the tunnel volume loss Vt. The advantage of this system is that Vt can be controlled
precisely, and Vt can reach a considerable value so that stable ground deformation can be
formed. The ground volume loss Vs is indirectly realized by controlling the tunnel volume
loss Vt. Tunnel volume loss can be calculated by Equation (1) [25]:

Vt =
Vwd
Vw

=
4Vwd
πD2L

(1)
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where Vw is the volume of the model tunnel, Vwd is the volume of the discharged water,
D (=200 mm) is the diameter of the model tunnel, and L (=500 mm) is the length of the
model tunnel.

 
Figure 3. Model tunnel. (a) The vertical central plane A-A; (b) Cross-section of model tunnel;
(c) Image of the model tunnel.

2.1.3. Monitoring System

The surface and the subsurface settlements are monitored in the test. As shown
in Figure 4, the DSCM monitoring system [30] was chosen to measure the subsurface
settlement. The basic principle of DSCM is to match the geometric positions of the digital
speckle images and then track the movement of each point. The camera of the DSCM
monitoring system is placed in front of the model. The acrylic plate not only ensures the
rigidity of the strongbox but also enables the ground deformation to be monitored by the
DSCM monitoring system. Data collection points, which are symmetrical about the vertical
central plane A-A, are set at each silica sand layer. DSCM computational software is used
to conduct the correlation operation so that the displacement of each silica sand layer can
be collected. Currently, the DSCM can achieve a precision of 0.01 pixels.

 
Figure 4. DSCM monitoring system.
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Dial indicators are used to monitor the surface settlement (Figure 5). The measurement
range of the dial indicator is 30 mm, and the maximum precision is 10 μm. In the tests of
this study, the surface and the subsurface settlement troughs are symmetrical about the
vertical central plane A-A. Therefore, the dial indicators are arranged only on the right side
of A-A. In addition, there is still one dial indicator that is installed on the left side of A-A
to check the surface settlement monitored by other dial indicators. The layout of the dial
indicators is shown in Figure 2, and the interval between adjacent dial indicators is 100 mm
or 150 mm. Dial indicators are fixed on the designed position through supporting frames.
The measuring rod of the dial indicator is perpendicular to the ground surface, and a glass
pad is placed between the measuring rod and the ground surface (Figure 5). The surface
settlement can be monitored reasonably when these measures are implemented.

  
(a) (b) 

Figure 5. Monitoring of the surface settlement. (a) Arrangement of the dial indicator; (b) installation
details of the dial indicator.

2.2. Soil for the Tests

Sand was used in the model tests. The grading curve of the sand is shown in Figure 6.
When the water content w is less than approximately 10%, cohesion c of the sand increases
as w increases [31–33]. The water content w is 5% in Group T1 and 2% in Group T2.
Meanwhile, previous studies have shown that the internal friction angle ϕ of the sand
changes very little when w increases from 2% to 5% [34–36].

Figure 6. Grading curve of sandy soil.

For the sand in Group T1 and Group T2, the direct shear test is carried out to determine
the shear strength of the sand under different vertical pressure. In each group of direct
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shear tests, the vertical pressure is taken for 100 kPa, 200 kPa, 300 kPa, and 400 kPa,
respectively. As shown in Figure 7, values of c and ϕ of the sand in Group T1 and Group
T2 are determined by fitting the measured results of shear strength of the sand with the
linear regression method using Equation (2), which is an expression for the Mohr–Coulomb
failure criterion [37,38].

τf = σ · tan ϕ + c (2)

where τf is the shear strength of the sand and σ is the vertical pressure. For the sand used
in the test, c and ϕ are, respectively, equal to 1.60 kPa and 33.0◦ when w = 2%. The values
of c and ϕ, respectively, equal 7.34 kPa and 30.1◦ when w increases to 5%, as shown in
Figure 7. To evaluate the quality of values of c and ϕ in Groups T1 and T2, coefficients
of determination (R2) between the fitting line and the measured data are calculated using
Equation (3).

R2= 1 −

N
∑

i=1

(
yP

i − yi
)2

N
∑

i=1
(y − yi)

2
(3)

where yi and yP
i are the true value and the predicted value of the ith target variable; y is the

mean value of yi; N is the number of data samples. Values of R2 is 0.95 and 0.99 for Groups
T1 and T2, respectively, as also shown in Figure 7.

ω = 2%, c =  ϕ 
ω = 5%, c =  ϕ 

τf = σ⋅
N  R

τf = σ⋅
N  Rτ f

σ

w
w

 

Figure 7. Relationship between the shear strength and the vertical pressure.

2.3. Test Procedure and Conditions
2.3.1. Test Procedure

Sand is preheated and then mixed with a certain amount of water before filling (i.e.,
w = 5% in Group T1; w = 2% in Group T2). The sand is immediately filled into the strongbox
after mixing with water. Lightweight plastic films are placed on the soil to prevent water
from evaporating. A total of 103.2 kg (for Group T1) or 100 kg (for Group T2) sand is
poured into the strongbox one at a time, and then the sand is compact into a layer 10 cm
thick to control the dry density of the sand at 1634 kg/m3. A thin layer of white quartz sand
is sprinkled inside the Perspex window for collecting the ground settlement information
(Figure 1). The same procedure is repeated until the model reaches the designed height.
In particular, the model tunnel is placed at the pre-set location when the sand beneath
the tunnel is completed. The sand is in close contact with the lining. After the model is
completed, the ground surface is made smooth and the monitoring system is installed.
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The data collection points for the DSCM monitoring system are set in the white quartz
sand layer.

The test procedure is as follows: (1) fill the test model and install the monitoring
system; (2) start the DSCM monitoring system; (3) control the volume of the discharged
water and close the needle valve when the volume of the discharged water reaches 100 mL
(i.e., Vt = 0.66%); (4) monitor the ground deformation for 10 min to ensure that the ground
deformation becomes stable; and (5) repeat steps (3) and (4) until the surface settlement
does not change or the surface settlement increases abruptly. In addition, after the model
test is completed, the four soil samples at different depths are obtained to measure water
content. The test results indicate that the water content remains almost constant.

2.3.2. Test Conditions

Two groups of tests are designed to realize the two ground deformation modes, as
shown in Table 1. In Group T1, the water content of the sand is 5% while the buried
depth of the tunnel crown is 30 cm, 40 cm, or 50 cm, with the corresponding test numbers
being T101, T102, and T103, respectively. In Group T2, the water content of the sand is 2%
while the buried depth of the tunnel crown is 25 cm or 50 cm, with the corresponding test
numbers being T201 and T202, respectively.

Table 1. Test conditions.

Groups T1 T2

Test Number T101 T102 T03 T201 T202

Tunnel crown depth (cm) 30 40 50 25 50

Water content 5% 2%

3. Two Ground Deformation Modes

The arching mode and collapsing mode are observed in Group T1 and Group T2,
respectively. The maximum surface settlements, development of the failure surface, and the
ground settlement contours are presented to analyze the features of the ground settlement
in the two ground deformation modes. Then, the formation mechanism of the two ground
deformation modes is analyzed.

3.1. The Maximum Surface Settlement

In T1 and T2 groups of tests, the development of maximum surface settlement Smax(0)
is different. For the T1 groups of tests, Smax(0) tends to converge with the increase in Vt, as
shown in Figure 8a. The Vt when Smax(0) begins to converge is defined as Vt,c. When the
buried depths are 30 cm, 40 cm, and 50 cm, the corresponding Vt,c are 2.63%, 1.97%, and
1.32%, respectively. The value of Vt,c decreases with the increase in Z0. For the T2 groups
of tests, Smax(0) increases sharply when Vt reaches a specific value as shown in Figure 8b.
The specific value of Vt is defined as Vt,s. When the buried depths are 25 cm and 50 cm,
the corresponding Vt,s. are 3.29%, and 5.26%, respectively. Vt,s is larger in the deep tunnel.
The failure surface does not extend to the ground surface when Smax(0) tends to converge
with the increase of Vt, so the arching mode will be formed. Conversely, the failure surface
extends to the ground surface after Smax(0) sharply increases with the increase of Vt, which
represents that the collapsing mode will be formed.
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Figure 8. Maximum surface settlement with the tunnel volume loss Vt. (a) The arching mode; (b) the
collapsing mode.

3.2. Development Process of the Failure Surface

The water content of the sand is 5% in Group T1, and the cohesion c is 7.34 kPa. The
development process of failure surface is similar in T101, T102, and T103, and therefore,
T103 is taken as an example to describe the development process of the failure surface.
Figure 9a illustrates that the failure surface cannot be observed when Vt is relatively small.
When Vt reaches 2.63%, the failure surface S1 occurs near the tunnel crown, and the sand
between the tunnel crown and S1 collapses, as shown in Figure 9b. When Vt increases to
4.62%, the failure surface S2 occurs above S1, and the sand between S1 and S2 collapses
as shown in Figure 9c. When Vt reaches 30.66%, the failure surface S3 occurs, as shown
in Figure 9d. After that, additional Vt does not cause new soil failure. When the failure
surface does not extend to the ground surface, this condition is defined as the arching
mode. As shown in Figure 9, the failure surface is approximately a semi-oval shape. As Vt
increases, the lengths of the horizontal axis and the vertical axis gradually increase.
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(a) (b) (c) (d) 

Figure 9. Development of failure surface for the arching mode (T103). (a) The failure surface does
not occur; (b) the failure surface S1 occurs; (c) the failure surface S2 occurs; (d) the failure surface
S3 occurs.

Group T2 includes two test conditions (T201 and T202). The water content of the sand
is 2%, and the cohesion c is 1.60 kPa. The development process of the ground deformation
is similar in T201 and T202. Thus, T202 is taken as an example to describe the development
process of the ground deformation. Obvious ground settlement can be observed even if
Vt is relatively small, but the failure surface does not appear. When Vt reaches 5.26%, the
failure surface begins to appear near the shoulder of the tunnel, and then the failure surface
gradually extends to the ground surface, as shown in Figure 10a. Meanwhile, a sliding
block forms between the tunnel crown and the ground surface, and the sliding block moves
downward with the increase in Vt, as shown in Figure 10b–d. When the sand between the
tunnel crown and the ground surface collapses completely, this condition is defined as the
collapsing mode. Figure 10a shows that the failure surface is also approximately a semi-
oval-shape, and the similar failure surface was observed by Zheng (2016). As Vt increases,
the failure surface gradually evolves into two vertical lines, as shown in Figure 10b–d.

 
(a) (b) (c) (d) 

Figure 10. Development of failure surface for the collapsing mode (T202). (a) The failure surface
extends to the ground surface; (b) a sliding block forms; (c) the sliding block moves downward when
Vt = 6.60%; (d) the sliding block moves downward when Vt = 7.26%.

3.3. Ground Settlement Contours

The changing gradient of the ground settlement is larger in the zone that the ground
settlement contours distribute densely, which means that the failure surface may occur
at the dense zone of the contours. Therefore, distribution of the contours can be used
to predict the formation position of the failure surface for the two ground deformation
modes. In this study, the contours are obtained by interpolating the measured settlement
information, as illustrated in Figure 11 (T103) and Figure 12 (T202). The colors of the
contours represent the value of the ground settlement. The settlement differences between
two adjacent contours are the same in one figure. Abscissa x represents the horizontal
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distance from a certain point to the center of the tunnel. Ordinate y represents the vertical
distance from a certain point to the center of the tunnel.

 
(a) (b) 

Figure 11. Ground settlement contours before the ground surface settlement becomes stable in the
arching mode (T103) (a) Vt = 0.66% (b) Vt = 1.32%.

For the arching mode: the surface settlement does not increase when Vt reaches
2.63%, 1.97%, and 1.32% in T101, T102, and T103, respectively. The sand near the tunnel
crown does not collapse when the surface settlement begins to become stable. However,
contours of the ground settlement, before the ground surface settlement converges, can
reflect the position that the failure surface will be formed. In this work, contours of the
ground settlement in T103 are presented in Figure 11. To fully present the distribution
of displacement in the figure, the range of the legend is from 0 to 0.09 mm because the
maximum settlement at the tunnel crown is 0.09 mm when the surface settlement become
convergent, i.e., Vt = 1.32%. As shown in Figure 11a, when Vt reaches 0.66%, the contours
distribute densely in a zone near the tunnel crown. With the increase in Vt, the range of
the dense distribution zone hardly changes, as shown in Figure 11b, indicating that the
settlement in the dense distribution zone increases significantly with the increase in Vt,
but the settlement outside the dense distribution zone increases minimally. Therefore,
the failure surface occurs near the upper boundary of the dense distribution zone. The
conclusion can be demonstrated by the comparison of Figures 9d and 11. The position of
the failure surface can be determined when the Vt is relatively small for the arching mode.

For the collapsing mode: the maximum surface settlement increases abruptly when Vt
reaches 3.29% and 5.26% in T201 and T202, respectively. The failure surface has extended
to the ground surface at this moment. For T201 and T202, evolution of the contours of
the ground settlement is similar before the ground surface settlement sharply increases.
Figure 12 shows the contours of the ground settlement in T202 to analyze the position
that the failure surface is formed in the collapsing mode, and the range of the legend is
from 0 to 2.80 mm because the maximum settlement at the tunnel crown is 2.80 mm when
the collapse extends to the surface, i.e., Vt = 5.26%. The distribution of the contours has
significant differences for different values of Vt. As shown in Figure 12a,b, when Vt reaches
0.66% and 1.32%, the contours distribute uniformly in the zone between the tunnel crown
and the ground surface. As Vt increases, the contours above the tunnel crown become
sparser, as shown in Figure 12c–g. When Vt reaches 5.26%, two vertical bands of the
contours occur between the tunnel crown to the ground surface, as shown in Figure 12h.
The settlement of the sand inside the two vertical bands is much larger than outside so that
the failure surface is formed at the two vertical bands, which can be demonstrated by the
comparison between Figures 10a and 12h.
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(a) (b) 

(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 12. Ground settlement contours before the ground surface settlement increases sharply in
collapsing mode (T202); (a) Vt = 0.66%; (b) Vt = 1.32%; (c) Vt = 1.97% (d) Vt = 2.63% (e) Vt = 3.29%
(f) Vt = 3.95% (g) Vt = 4.61% (h) Vt = 5.26%.
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3.4. Formation Mechanism of the Ground Deformation Mode

Whether the soil above the tunnel crown collapses or not is related to the stress
state. As shown in Figure 13a, curve S1 represents a failure surface before a stable ground
deformation mode was formed; soil elements A and B lie on S1. The length and width
of the soil element is dx and dz, respectively. Force balance conditions of soil elements A
and B are shown in Figure 13b. The weight of the soil element is larger than the upper
resultant of other forces because soil elements A and B tend to collapse, as shown in the
equation below:{

GA > c · (dx + 2dz) + 2FA1 · tan ϕ
GB > c · (sin αBdx + 2 cos αBdz) + 2FB1 · (cos αB + sin αB tan ϕ) + 2FB2 · (sin αB + cos αB tan ϕ)

(4)

where GA and GB, respectively, represent the weight of soil elements A and B; F and f,
respectively, represent the normal and tangential force acting on the soil element; α is the
inclination angle of the soil element. The new failure surface S2 will be formed above S1.
Soil elements C and D lie on S2. If the forced state of the soil elements C and D reaches
balance as shown in the Equation (5), the soil element above S2 will not collapse, which
means that the arching mode is formed. In contrast, the failure surface will extend upwards.
If the failure surface (S3) is tangent to the ground surface and the force state of the soil
elements E and F does not reach balance, as shown in the Equation (6), the soil will collapse
completely, which means the collapsing mode is formed.

{
GC = c · (dx + 2dz) + 2FC1 · tan ϕ
GD = c · (sin αDdx + 2 cos αDdz) + 2FD1 · (cos αD + sin αD tan ϕ) + 2FD2 · (sin αD + cos αD tan ϕ)

(5)

{
GE > c · (dx + 2dz) + 2FE1 · tan ϕ
GF > c · (sin αFdx + 2 cos αFdz) + 2FF1 · (cos αF + sin αF tan ϕ) + 2FF2 · (sin αF + cos αF tan ϕ)

(6)

where GC, GD, GE, GF represent the weight of soil elements A~F.
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Figure 13. Formation mechanism schematic of the ground deformation mode. (a) Schematic diagram
for collapse mechanism of the soil; (b) Schematic diagram for the force acting on the soil element.

As shown in Equations (4)–(6), both cohesion and internal friction angle affect the
formation of the ground deformation mode. Cohesion can resist the tensile stress caused by
the weight of the soil above the tunnel crown. The large internal friction angle and cohesion
contribute to the formation of the arching mode. The water contents of the sand are 5%
and 2% in Group T1 and Group T2, respectively. According to the analysis in Section 2.2,
cohesion of the sand in Group T1 is larger than Group T2, and the internal friction angle of
Group T1 and Group T2 is almost the same. Therefore, higher cohesion is the main reason
that caused the arching mode in Group T1.
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4. Surface and Subsurface Settlements

The surface and subsurface settlement troughs are always the focus of research in
tunnelling engineering [11,20–23]. The measured surface and subsurface settlements,
before the surface settlement no longer increases for the arching mode and the surface
settlement sharply increases for the collapsing mode, are shown in Figures 14 and 15,
respectively, to analyze the feature of ground settlement during the formation process of
the two deformation modes.

  

  
(a) 

Figure 14. Cont.
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(b) 

Figure 14. Cont.
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(c) 

Figure 14. Surface and subsurface settlement troughs in Group T1; (a) T101 (b) T102 (c) T103.

For the arching mode: as shown in Figure 14, the ground settlement of T101, T102,
and T103 is similar. Taking T101 as an example, all the ground settlement troughs are
approximately the Gaussian curves. For a given Vt, the width of the settlement trough
decreases with the increase in the depth, and the settlement increases with the increase
of the depth in the same vertical line. When the depth is same, both the width of the
settlement trough and the settlement of a point increase with the increase in Vt. The
maximum settlement appears in the tunnel crown. In addition, the maximum settlement
gradually decreases as the depth of the tunnel increases. For the collapsing mode: as shown
in Figure 15, the ground settlement of T201 and T202 is similar. Taking T201 as an example,
the ground settlement troughs are also approximately the Gaussian curves when Vt is less
than 1.97%, but the ground settlement troughs at different depths become plug-type when
Vt reaches 3.29%. In addition, the width of the settlement trough hardly changes with the
depth when Vt is fixed.

Existing studies indicate that, in a transverse tunnel section, the surface and subsurface
settlement trough can be formulated by the Gaussian function as follows [25]:

S(x, z) = Smax(z) exp

[
− x2

2i(z)2

]
(7)

where x is the horizontal distance from the vertical tunnel centerline; Smax(z) is the maxi-
mum settlement at depth z; and i(z) is the distance from the vertical tunnel centerline to the
inflection point of the Gaussian curve at depth z. To analyze the ability of Gaussian function
to describe the settlement trough under two deformation modes, Equation (7) is used to
fit the data points, as illustrated in Figures 14 and 15. Coefficients of determination (R2)
between the measured settlement troughs and the fitting Gaussian curves are presented in
Figure 16. There is only one value of R2 less than 0.9 in two groups of tests, and most of the
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data are greater than 0.94. It is indicated that Gaussian curves can well describe the surface
and subsurface settlement troughs even before the two deformation modes are formed.

  

 
(a) 

Figure 15. Cont.
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(b) 

Figure 15. Surface and subsurface settlement troughs in Group T2; (a) T201 (b) T202.
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Figure 16. Coefficients of determination between the fitting Gaussian curve and measured results.
(a) The arching mode; (b) the collapsing mode.

4.1. Settlement trough Width Coefficient i(z)

The settlement trough width coefficient i(z) is determined based on the Gaussian
curves in Figures 14 and 15. Distribution characteristics of i(z) can be analyzed based on
these data. Peck (1969) studied the effect of tunnel crown depth on the surface settlement
trough width coefficient, and provided three empirical curves of 2i(0)/D against z0/D that
correspond to “rock, hard clays, sands above ground water level”, “soft to stiff clays”, and
“sands below ground level”, respectively.

Based on our tests, the settlement trough width coefficient of both surface and sub-
surface settlement is arranged and compared with Peck’s curves, as shown in Figure 17.
Note that curves corresponding to different depth form a surface that is parallel to the z/z0
axis. Figure 17 shows that the test data at the ground surface (i.e., 2i(0)/D against z0/D) is
around the curve of “sands above ground water” because this condition agrees with the
fact of our test. Meanwhile, the comparison demonstrates that the test data at subsurface
is also in accordance with this curve. It can be concluded that z/z0 does not affect the
distribution rule of 2i(z)/D against z0/D.
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(a) 

(b) 

Figure 17. Change rule of i(z) against tunnel crown depth z0. (a) The arching mode. (b) The collapsing
mode.

Previous research indicates that i(z) can be expressed as [23]

i(z) = K(z0 − z) (8)

where z0 is the tunnel crown depth, and K is the trough width parameter. The value of i(z)
can be estimated when K is determined. Marshall et al. (2012) pointed out that K can be
described by [11]

K =
i(0)+∂i(z)/∂z · (z/z0)

1 − z/z0
(9)

98



Mathematics 2023, 11, 2351

where i(0) is the value of K at the ground surface, and ∂i(z)/∂z is the slope of i(z).
Mair et al. (1993) [23] found that ∂i(z)/∂z = −0.325 and i(0) = 0.5 for clays. The results
of K for all measured settlement troughs are plotted in Figure 18, and Equation (9) is used
to fit these data to determine to values of ∂i(z)/∂z and i(0) corresponding to Groups T1 and
T2. It can be seen that ∂i(z)/∂z = −0.01 is suitable for both Group T1 and Group T2, but the
value of i(0) is 0.24 for Group T1 and 0.27 for Group T2. Meanwhile, coefficients of determi-
nation (R2) between the fitting curve of Equation (9) and measured results, calculated by
Equation (3), are 0.96 and 0.97 for Groups T1 and T2, respectively. It can be concluded that
Equation (9) can reasonably describe variation of K with depth for both the arching mode
and the collapsing mode. In addition, variation of K with depth in clay is presented as the
black dash curve in Figure 18, indicating that the value ∂i(z)/∂z and i(0) in sandy stratum
is different from that in the clay stratum. It can be concluded that variation of K with depth
is greatly affected by the type of the soil.
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Figure 18. Change rule of K against depth. (a) The arching mode; (b) the collapsing mode [23].

4.2. Ground Volume Loss Vs(z)

Vs(z) is the ground volume loss at depth z and is calculated as the area of the settlement
trough. Peck (1969) [22] assumes that Vs(z) is constant during the tunnel excavation
process, which means that the area of the settlement trough is independent of depth z.
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This assumption is only applicable to clay in the undrained condition. However, some test
data show that Vs(z) for sand varies with depth z [11,19], which is consistent with our test
results. Figure 19 shows the change of Vs(z)/Vs(z0) against z/z0 when the arching mode
and the collapsing mode are formed, which illustrates that Vs(z) gradually decreases from
tunnel crown to ground surface in two modes. For the arching mode, the change in Vs(z)
is similar in T101, T102, and T103. Vs(z) is rapidly reduced from the tunnel crown to the
ground surface, especially in the zone between the tunnel crown and the 0.8 z0. For the
collapsing mode, Vs(z)/Vs(z0) is relatively large, which means the volume loss at different
depths approaches that of the tunnel crown, i.e., the sliding block moves downward as a
whole. In addition, the value of Vs(z0) is not equal to Vt, which results from three reasons:
the horizontal displacement is also induced by Vt around the model tunnel; dilatation
occurs in the sand near the tunnel crown; the soil arching effect appears in the sand above
the tunnel crown.
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Figure 19. The change rule of Vs,T(z) against depth z/z0. (a) The arching mode; (b) the collapsing mode.

5. Conclusions

Two groups of tests are conducted through a newly designed test facility. The arching
mode is formed in Group T1, in which the cohesion is 7.34 kPa. The collapsing mode is
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formed in Group T2, in which the cohesion is 1.60 kPa. Characteristics of the two ground
deformation modes are studied. The conclusions are as follows:

Before the failure surface occurs, as Vt increases, the maximum surface settlements
become convergent in the arching mode and is divergent in the collapsing mode. De-
velopment tendency of the maximum surface settlement as Vt increases can be used to
predict the two ground deformation modes. Contours of the ground settlement distribute
densely in a limited zone above the tunnel crown in the arching mode, but two dense
vertical bands of the contours gradually appear between the tunnel crown and the ground
surface in the collapsing mode. In the two ground deformation modes, the failure surface
occurs at the position where the ground settlement contours distribute densely. For both
the arching mode and the collapsing mode, Gaussian curves can reasonably describe the
ground settlement troughs before the ground surface settlement becomes stable or increases
sharply, and distribution of the trough width parameter is similar. The manuscript only
provides the ground deformation under two cohesive forces. More experimental conditions
and numerical simulations will be carried out in future works to investigate the influence
of cohesion on the ground deformation mode and the corresponding deformation.
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Abbreviations

c cohesion strength
D tunnel diameter and water bag diameter
e0 initial void ratio
i(z) settlement trough width coefficient
K trough width parameter
L water bag length
Mf peak failure stress ratio
Smax(0) maximum settlement of ground surface
Smax(z) maximum settlement at a depth of z
Vs ground volume loss
Vt tunnel volume loss
Vt,c tunnel volume loss when the surface settlement begins to converge
Vt,s tunnel volume loss when the surface settlement begins to increase sharply
Vw volume of water bag
Vwd volume of discharged water
z0 depth of the buried tunnel crown
z depth of one point in the model
λ slope of the isotropic compression curve
κ slope of the isotropic swelling curve
w water content
ϕ internal friction angle
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Abstract: The high-energy-level dynamic compaction method is widely used in various foundation
treatment projects, but its reinforcement mechanism still lags behind the practice. In view of this, a
three-dimensional fluid–solid coupling dynamic analysis model was established on the basis of the
FDM–DEM coupling method. The variation trends of crater depth, soil void ratio, vertical additional
dynamic stress, and pore water pressure during the process of dynamic compaction were analyzed.
The results indicate that the curvature of the crater depth fitting curve gradually decreases with the
increase in strike times, tending to a stable value. The initial particle structure is altered by the huge
dynamic stress induced by dynamic compaction. As strike times increase, the soil void ratio decreases
gradually. The vertical additional dynamic stress is the fundamental reason resulting in foundation
compaction. Precipitation preloading before dynamic compaction can improve the reinforcement
effect of dynamic compaction, making up for the deficiency that the vertical additional dynamic
stress attenuates rapidly along the depth direction. The simulated CPT results illustrate that the
modulus of foundation soil can be increased by 3–5 times after dynamic compaction. The research
results can provide important reference for similar projects.
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soil; vertical dynamic stress; effective reinforcement depth; reinforcement mechanism
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1. Introduction

Dynamic compaction (DC) is an energy-saving and environmentally friendly foun-
dation treatment method. In addition, it has a significant cost-effective advantage over
conventional foundation treatment methods [1]. With the rapid development of large infras-
tructure and coastal land construction projects, the high-energy-level dynamic compaction
method emerges to deal with the increasingly complex conditions [2]. In the foundation
treatment of marine reclamation land and backfilled granular soil, due to the loose soil
quality and large depth of backfill, it takes more than 6 months or even several years to
complete the foundation treatment with the preloading method. However, the high-energy
dynamic compaction can improve the bearing capacity of foundation in place at one time,
shortening the construction period to several months [3].

Dynamic compaction is a design method with double control of deformation and
bearing capacity, with an emphasis on deformation control, especially for high-energy
dynamic compaction. As a systematic engineering, the following parameters need to
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be considered in the design of dynamic compaction: the size of the hammer, the energy
level of dynamic compaction, the spacing and arrangement of compaction points, the
number of strikes, the standard of hammer retraction, the crater depth, the effective
reinforcement depth, and the influence range of dynamic compaction. Since dynamic
compaction involves complicated transient dynamic response issues, studies on dynamic
compaction are mainly conducted by numerical simulations [4–20], model tests [21–23],
and field tests [24–32]. Numerical simulation methods adopted by scholars principally
include the finite element method (FEM) [4–11], finite difference method (FDM) [12–14],
discrete element method (DEM) [15,16], and coupling calculation of various numerical
simulation methods [17–20]. Wang et al. [4] established a 2D axisymmetric numerical
model in LS-DYNA to investigate the influence of dynamic compaction on the ground
surface deformation. On the basis of the results obtained, a forecast model was proposed to
assess ground deformation under dynamic compaction. However, the effect of excess pore
water pressure generated by DC was not considered in the numerical model. Zhou et al. [5]
analyzed the improvement on saturated foundation under dynamic compaction through
a dynamic fluid–solid coupled finite element method with soil cap model. The results
illustrated that it is crucial to lower the groundwater table before implementing dynamic
compaction. Yao et al. [7] performed a parametric study on the densification of sandy soil
by conducting three-dimensional finite element analyses. Lastly, a design procedure was
proposed to predict the soil relative density associated with dynamic compaction projects.
Li et al. [8] investigated the improvement mechanism of DC in saturated soil of a weak
layer with high levels of groundwater by performing fluid–solid coupling simulations.
The results indicated that, in order to achieve a better compaction effect during DC, the
groundwater table should be lowered by dewatering or adding a drainage layer between
the ground surface and the groundwater. Chen et al. [12] established a modified constitutive
model considering the kinematic hardening effect in FLAC3D under the framework of the
Mohr–Coulomb criterion to describe gravelly soils by grain crushing tests and large-scale
direct shear tests. However, the dynamic loading was expressed as triangular loading,
which could not accurately reflect the actual load effect. Yao et al. [13] chose two sites
with different groundwater tables to assess the variation of excess pore pressure during
DC and performed a numerical analysis by FLAC3D to examine the liquefaction potential
of silty ground. The results demonstrated that a higher water table would lead to higher
potential for the ground liquefaction. However, the Finn model adopted in the numerical
model could not capture the modulus increase induced by DC. Ma et al. [15] simulated the
dynamic compaction process of gravel soil foundation using PFC2D/PFC3D. The findings
revealed that the maximum influence depth of the dynamic compaction obtained by the
three-dimensional analyses using PFC3D was lower than that by the two-dimensional
analyses using PFC2D. However, the accuracy of the results was affected to some extent by
using round and spherical hammers. Li et al. [16] studied the micro-dynamic reinforcement
mechanism of gravel soil through PFC2D. The results showed that the coordination number
of soil particles increased, and the porosity decreased. However, the tamping energy
was only 3000 kN·m, and the porosity in the two-dimensional mode was significantly
different from that in the three-dimensional mode, which is difficult to promote in a wider
application field.

In numerical simulation methods, FEM can only analyze small deformation issues,
because, once the displacement gets too large, the mesh of finite elements will be distorted,
resulting in inaccuracy of calculation results or nonconvergence of the calculation process.
A substantial displacement of soil occurs instantly when a hammer strikes the ground.
Therefore, it is difficult to obtain accurate calculation results by using the finite element
method to analyze the displacement and additional stress variations induced by high-
energy dynamic compaction. The DEM can simulate the large deformation of soil particles,
which has unique advantages in reflecting the micromechanical behavior of soil, especially
for backfilled granular soil. However, the DEM decomposes the soil mass into a series of
particles in space and carries out iterative calculation over time, which requires a huge
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amount of computation and is far less efficient than continuum methods. As a result, the
DEM is limited in model size or can only simplify the three-dimensional problem into a two-
dimensional problem analysis. The finite difference method (FDM) provides an approach
to solve the large deformation problem in a continuum. However, the necessity for mesh
precision is significant when dealing with the dynamic problem of local impact load, and
it is still difficult to fully reflect the local punching characteristics around the hammer.
With the continuous development of numerical analysis technology, continuum–discrete
coupling calculation methods, such as FDM–DEM coupling, provide a new possibility to
solve the dynamic problem of local large deformation [33–36].

At present, only a few scholars have simulated the dynamic compaction process using
a continuum–discrete coupling method. Jia et al. [17] reproduced the dynamic densification
process of granular soils by analyzing the soil displacement field, motion of tracer particles,
and evolution of local porosity through PFC/FLAC coupled simulation, but the research
was presented for issues with two-dimensional planes. Wang et al. [18] established a 3D
continuum–discrete coupling model to simulate the hammer–soil interaction process. The
results illustrated that ellipsoidal compaction bands were formed inside the punching
surface, and shear bands were formed outside the punching surface. However, the tamping
energy was only 2000 kN·m. Meanwhile, the numerical model only considered the effect
of one strike, ignoring the characteristics of multiple strikes, as well as the influence of
groundwater. Jia et al. [19] introduced a coupled three-dimensional discrete element–finite
difference simulation of dynamic compaction. The results indicated that the soil undergoes
a transient weakening process induced by dynamic stress propagation. Allocating higher
compaction energy to the bearing capacity mechanism could improve the efficiency of
dynamic compaction. However, for dynamic analysis, the coupling model did not adopt
a suitable boundary to absorb dynamic waves. It is not sufficiently clear how the crater
changes during DC. Wang et al. [20] presented a 3D FEM–SPH coupling model in LS-
DYNA. It was found that the penetration of the hammer increased with the increase in
tamping energy. The coupled simulation method could deal with the DC problem even if
the tamping energy was extremely high.

In practice, the design parameters still depend on engineering experience, especially
the vertical additional dynamic stress and effective reinforcement depth with a high en-
ergy level. Most scholars primarily place emphasis on the influence of one DC on soil
displacement, with few studies being performed on the vertical additional dynamic stress
propagation law along depth and the effective reinforcement depth during high-energy-
level dynamic compaction. Meanwhile, in the aforementioned studies, continuum–discrete
two-phase media were rarely adopted to implement a dynamic simulation of high-energy
dynamic compaction based on fluid–solid coupling, which is highly consistent with reality.
In view of this, it is of great significance to study the reinforcement mechanism of high-
energy-level dynamic compaction, which can help us better predict the effect of foundation
treatment by high-energy dynamic compaction.

The outline of this paper is as follows: firstly, the soft soil foundation treatment project
of Taiping Bay Cooperative Innovation Zone in Wafangdian City, Dalian City is taken as an
engineering background. The foundation treatment scheme is determined on the basis of
the geological conditions. Secondly, a three-dimensional continuum–discrete fluid–solid
coupling dynamic analysis model is established using Particle Flow Code (PFC) and Fast
Lagrangian Analysis of Continua (FLAC). The procedure of a hammer’s free fall from a
given height to strike the ground is performed in clumps. The cumulative crater depth, the
variation of soil void ratio, the changing process of vertical additional dynamic stress at
different positions along the depth, and the pore water pressure after dynamic compaction
were obtained. Lastly, the cone tip resistance before and after dynamic compaction at the
center line of the crater was obtained by means of simulated static cone penetration tests
(CPTs). Compared with field tests, the reliability of soil particle microparameters and the
effectiveness of high-energy dynamic compaction in foundation treatment were verified.
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2. FDM–DEM Coupling Numerical Simulation

2.1. Project Overview

Taiping Bay Cooperation Innovation Zone is located in the north of Dalian on the
Bohai Sea side of Liaodong Peninsula, 240 km from Shenyang in the north and 106 km from
Dalian in the south. The port area is about 13.86 km2. The port was originally the sea area,
and the existing land was composed of new dredger fill. The proposed site is located in the
coastal, shoal zone. The location of the foundation treatment project is shown in Figure 1.
The site is backfilled with granular soils at present, and the average backfill thickness is
7.5 m. The current situation of the proposed site is shown in Figure 2. In Figure 2, the
western side of the proposed site is close to the coastline.

Figure 1. Location of the foundation treatment project.

(a) (b)

Figure 2. Current situations of the proposed site: (a) western side; (b) southern side.

Comprehensive exploration methods combining drilling sampling, standard penetra-
tion tests (SPTs), dynamic penetration tests (DPTs), static cone penetration tests (CPTs), and
laboratory soil tests were applied to investigate the soil layer on site. The site’s groundwater
level is primarily affected by seawater, and the groundwater level is basically located at 3 m
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below the ground surface. The physical and mechanical properties of site soils are shown
in Table 1. It should be noted that soil layer 3 contains silty sand interlayer and no mud;
hence, this soil layer still has a certain degree of hardness which can be described by SPT.

Table 1. Physical and mechanical properties of site soils.

Soil Layer
Soil

Thickness
hs (m)

Density γ
(kg/m3)

Compression
Modulus Es

(MPa)

Poisson’s
Ratio μ

Cohesion c
(kPa)

Friction
Angle ϕ (◦)

Void
Ratio e

Permeability
Coefficient k

(cm/s)
SPT 1

1: granular soil 7.5 1800 4.5 0.25 0.5 36 0.790 - -
2: dredger fill 7.5 1760 3.73 0.3 16.6 11.9 1.377 2.58 × 10−5 4.9

3: muddy silty clay
with silty sand 6 1840 3.58 0.3 15.3 5.8 1.042 1.92 × 10−6 3.7

1 Standard penetration test (blow count/30 cm).

2.2. Foundation Treatment Scheme

According to the geological conditions of the site and engineering experience, the
available foundation treatment schemes for each soil layer to be treated include the dynamic
compaction method, substitution method, vacuum preloading method, and surcharge
preloading method. Among them, the substitution method is impracticable due to its
substantial material consumption and poor economy. Partial substitution can be carried
out in some special areas such as field roads. The project site belongs to the upper hard
and lower soft strata, and the soft soil layer is buried deep. In order to reduce the post-
construction settlement, the drainage plate needs to be set up at a greater depth, and the
preloading period needs to be longer. Meanwhile, higher requirements are put forward
for the machine’s insertion capacity. Therefore, the construction periods for the vacuum
preloading method and the surcharge preloading method are excessively long, and the
expenses are considerable.

The dynamic compaction method has higher construction efficiency, has lower project
cost, can greatly shorten the construction period, and has a good foundation treatment
effect. In addition, the huge shock wave caused by high-energy-level dynamic compaction
can change the original structure of granular soil and reduce the soil void ratio. Under the
impact of dynamic compaction, the granular soil of the upper hard layer will be squeezed
into the lower dredger fill soft soil layer to increase the content of coarse particles in the
deep soft soil layer, enhancing the bearing capacity of the entire foundation significantly.
According to the previous engineering experience and specification suggestions, in order
to make the effective reinforcement depth of dynamic compaction exceed the thickness of
hard layer and affect the soft soil filled below, the dynamic compaction energy level of this
project was set to 8000 kN·m.

2.3. FDM–DEM Coupling Technique

DEM can realize dynamic large deformation simulation based on Newton’s second
law, but the size limitation of the numerical model affects the accuracy of the calculation
results. FDM can reflect pore pressure changes, dynamic wave propagation, and contin-
uous displacement trends, expand model size, and eliminate dynamic wave reflection
through the free field boundary. The coupling calculation makes up for the corresponding
shortcomings. In the FDM–DEM coupling calculation, FLAC3D was used to simulate the
mechanical behavior of the medium in the continuous domain macroscopically, while
PFC3D was used to simulate the mechanical behavior of the medium in the discrete domain
microscopically. The flowchart for FDM–DEM coupling calculation is shown in Figure 3.
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Figure 3. Flowchart for FDM–DEM coupling calculation.

The process of FDM-DEM coupling is to follow the principle of virtual work of contin-
uum element nodes and Newton’s second law of discrete element particles in the iterative
calculation process. The data such as force and velocity are continuously transmitted
through the coupling boundary. The consistency and continuity of the calculated data
in the discrete domain and the continuum domain are ensured by timestep control, so
as to realize the comprehensive analysis of the mechanical behavior of the medium from
the perspective of continuum and discrete macro–micro synergy. At each calculation
step, the continuum domain element node transmits the velocity to the discrete domain
boundary particles, and then generates displacement and contact force inside the discrete
domain material. The generated force is also transmitted to the element nodes of the con-
tinuum domain through the particles of the coupling boundary to complete the coupling
loop operation.

At each cycle of PFC3D, a force–displacement criterion is applied to each contact,
controlling the motion of particles according to Newton’s second law, while constantly
updating the position of the particles and the wall. The unbalance force on the coupling
wall is transmitted to FLAC3D through the embedded Socket I/O interface. After obtaining
the new stress and force, the new velocity and displacement are calculated by calling the
equilibrium equation (motion equation), and the node displacement on the coupling area is
transformed into a new displacement boundary condition through the Socket I/O interface.
The displacement of particles in the discrete domain is made, and the cyclic calculation is
carried out successively.

2.4. The 3D FDM–DEM Coupling Numerical Model

In the dynamic analysis of geotechnical engineering, the fixed boundary conditions
commonly used in static analysis will cause a reflection of dynamic waves on the model
boundary, and this phenomenon can be reduced by adopting a wider model range [37,38].
For this reason, a larger model size was used in this numerical simulation, with a length
and width of 40 m and height of 21 m. Free field boundaries were set at the four sides and
four corners of the model, and a quiet boundary was set at the bottom of the model, which
could eliminate the reflection of dynamic waves at the model bottom and achieve an effect
similar to an infinite range boundary. The granular soil in the central area with a height of
5 m and a diameter of 5 m was discretized and surrounded by continuum. The size radius
of the soil particles was between 0.035 and 0.04 m. In the initial stage, 238,214 balls were
generated in the discrete domain. The three-dimensional FDM–DEM coupling numerical
model is shown in Figure 4.
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Figure 4. Three-dimensional FDM–DEM coupling numerical model.

In order to simulate the process of dynamic compaction more realistically, the clump
composed of pebbles was used to establish the actual size model of the hammer, which
could realize the free fall motion of the hammer under the gravity. The hammer weighed
38.288 t, with a diameter of 2.5 m, a height of 1 m, and a density of 7800 kg/m3. The
three-dimensional hammer model is shown in Figure 5.

Figure 5. Three-dimensional hammer model.

The linear parallel bond model was a contact constitutive model proposed by Po-
tyondy [39] to represent the bond characteristics between particles, which could reflect the
microscopic contact characteristics of rock and soil. The continuum adopted the Mohr–
Coulomb constitutive model. The linear parallel bond constitutive model was used for
the discrete medium. The microscopic parameters in the coupled numerical model are
shown in Table 2. It is significant to note that the ball–wall parallel-bond strengths were
set to be larger than normal to ensure that the balls at the boundary remained bonded
to neighboring zones. The model parameters in Table 2 were verified by comparing the
simulated CPT tests with the field CPT results.

Table 2. Microscopic parameters in FDM–DEM coupled numerical model.

Contact Type
Effective Modulus

(MPa)
Normal Bonding

(Pa)
Shear Bonding

(Pa)
Friction Angle

(◦)
Friction Coefficient

Normal-to-Shear Stiffness
Ratio

Ball–ball 25.0 1.5 × 103 0.5 × 103 36 0.5 1.5
Ball–wall 25.0 1.5 × 104 5 × 103 36 0.3 1.5

Ball–pebble 25.0 - - - 0.3 1.0

A flowchart of the methodology is shown in Figure 6.
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Figure 6. Flowchart of the methodology.

3. Numerical Analysis Results

In order to reduce the impact of groundwater on the reinforcement effect of dynamic
compaction, the foundation treatment scheme considered vacuum well point dewatering
to drop the groundwater level from 3 m below the ground surface to 9 m below the ground
surface. Before dynamic compaction, the groundwater level dropped to 9 m below the
ground surface. The dynamic compaction process is shown in Figure 7, where h is the
hammer drop height.

(a) (b)

(c) (d)

Figure 7. Dynamic compaction process: (a) release from rest; (b) accelerating due to gravity; (c)
approaching ground surface; (d) hammer–soil impact.

3.1. Crater Depth

According to the site strata and foundation treatment requirements, the 8000 kN·m
dynamic compaction energy level was adopted to carry out continuous eight strikes at the
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same tamping point. The height at which the hammer was released freely from rest was
21.3 m. In the last strike of dynamic compaction, the changing process of hammer drop
distance and hammer velocity with time is shown in Figures 8 and 9.

Figure 8. Changing process of hammer drop distance with time.

Figure 9. Changing process of hammer velocity with time.

According to the calculation results of Figure 9, the instantaneous hammer–soil contact
time was 50 ms at which point the speed of the hammer decreased to zero.

The vertical displacement contours of the crater after each strike are shown in Figure 10.
It can be seen from Figure 10 that, with the increase in the number of strikes, the crater
depth gradually increased. Due to the huge impact energy caused by DC, the soil around
the hammer was squeezed after each strike, with some soil around the hammer exhibiting
a certain degree of splash. A little uplift appeared on the ground surface around the crater.
After removing the hammer, the surrounding soil progressively slid into the crater.
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Figure 10. Vertical displacement of crater (m): (a) first strike; (b) second strike; (c) third strike;
(d) fourth strike; (e) fifth strike; (f) sixth strike; (g) seventh strike; (h) eighth strike.

The variations of the cumulative settlement at different depths of the tamping point
center with the number of strikes are shown in Figure 11.
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Figure 11. Soil settlement at different depths in crater center.

Figure 11 describes the relationship between crater depth and strike times. Initially,
backfilled granular soil would produce a certain amount of settlement under gravity. The
soil settlement caused by the first strike was the maximum due to the large soil void ratio
before dynamic compaction. The instant rebound at the crater bottom after the first removal
of the hammer was small. With the increase in strike times, the instant rebound at the
moment when the hammer was removed increased gradually. However, with the increase
in strike times, the resilience of soil stabilized after hammer removal first increased and
then decreased gradually. The reason is that there were large voids in the soil at first,
and the particles were not wedged tightly. The first strike changed the soil from loose
to compact. As the soil was gradually compacted, the resilience of he foundation was
enhanced. However, the enhancement of resilience indicates that the compaction degree
did not reach the requirement of foundation treatment. When the number of strikes reached
seven and eight, the soil settlement of a single strike was reduced, and the rebound in
the process of soil stabilization after hammer removal was close to zero, demonstrating
that the soil foundation reached a satisfying compaction state at this time. In practical
engineering, the standard of hammer retraction is determined by the average settlement in
the crater of the last two strikes. When the dynamic compaction energy E of each strike
is between 8000 kN·m and 12,000 kN·m, the average settlement in the crater of the last
two strikes should be less than 200 mm. According to Figure 11, the total crater depth was
1669 mm, the soil settlement at the crater surface in the first strike was 460.7 mm, and the
soil settlement at the crater surface in the last strike was 28.8 mm, meeting the standard
of hammer retraction. Polynomial fitting of the soil settlement curves revealed that the
curvature of the fitting curve gradually decreased, indicating that the foundation’s bearing
capacity increased progressively with the increase in strikes of dynamic compaction and
eventually tended to a stable value.

3.2. Soil Void Ratio

The soil void ratio e variations at different depths were monitored by placing mea-
surement spheres in the discrete domain of the FDM–DEM coupled model. The principle
of measurement spheres is to measure the volume of particles in the sphere domain and
calculate the porosity. Then, the soil void ratio is obtained by the relationship between
porosity and void ratio. The radius of the measurement sphere was 400 mm, and the
centers of the sphere were distributed at −2 m, −3 m, and −4 m. The changing process of
soil void ratio at different depths during dynamic compaction is shown in Figure 12.
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Figure 12. Changing process of soil void ratio at different depths.

It can be seen from Figure 12 that, with the increase in strike times, the soil void ratio
decreased gradually, and the soil void ratio reached the minimum value at the moment
when the hammer contacted the soil instantaneously. It should be pointed out that the
void ratio monitored at z = −2 m had an upward trend after the fifth strike. The reason
is that the nearest distance between the measurement sphere and the surface was 1.6 m,
and the crater depth at this time exceeded 1.6 m, resulting in excess void on the upper part
of the measurement sphere. The actual trend was still that the soil void ratio gradually
decreased. Through calculation and analysis, it was concluded that, after eight strikes of
dynamic compaction, the final void ratio of granular soil could be reduced from 0.790 to
0.523. The soil void ratio could be reduced by 33.8%.

3.3. Vertical Additional Dynamic Stress

The vertical additional dynamic stress is the fundamental reason resulting in founda-
tion compaction. The effective reinforcement depth of dynamic compaction can be deduced
from the maximum propagation depth of vertical additional dynamic stress. The vertical
additional dynamic stress can be obtained by recording the total vertical stress through
measurement spheres and deducting the self-weight stress at the corresponding position.
Measurement spheres with a radius of 200 mm were arranged vertically every 1 m in the
discrete domain. The variation of the vertical additional dynamic stress at different depths
in the discrete domain with strike times of dynamic compaction is shown in Figure 13.

(a) (b)

Figure 13. Variation trends of the vertical additional dynamic stress at different depths: (a) range
from −2.0 m to 0 m; (b) range from −5.0 m to −2.0 m.
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It can be seen from Figure 13 that the maximum vertical additional dynamic stress
decreased with the increase in depth, among which the maximum vertical additional
dynamic stress at 0.5 m below the surface caused by the first strike was 14,953.2 kPa. The
maximum vertical additional dynamic stress at 1.5 m below the surface was 2305.5 kPa,
which decreased by 84.58% compared with that at z = −0.5 m. The maximum vertical
additional dynamic stress at 2.5 m below the surface was 972.7 kPa, which decreased by
57.8% compared with that at z = −1.5 m. In Figure 10, the maximum vertical additional
dynamic stress in part of the measurement spheres gradually decreased in the later period
of dynamic compaction, which was caused by the decrease in the number of particles
inside the measurement spheres as the crater depth increased. The results indicate that
the vertical additional dynamic stress caused by dynamic compaction attenuated rapidly
along the depth. When closer to the ground surface, the attenuation of vertical additional
dynamic stress was more obvious.

Meanwhile, the fluctuations of the vertical additional dynamic stress of soil in the
discrete domain shown in Figure 13 were obvious, indicating that the discrete domain
within 5 m below the ground surface was in the effective reinforcement range of dynamic
compaction. In order to further study the maximum effective reinforcement depth that
the dynamic compaction energy level of 8000 kN·m could achieve onsite, the variation
trends of vertical dynamic stress at the distance between −14 m and −9 m from the ground
surface in continuum are shown in Figure 14. The vertical dynamic stress in Figure 14
includes the initial self-weight stress.

Figure 14. Variation trends of vertical dynamic stress in continuum.

From Figure 14, it can be seen that the maximum vertical dynamic stress at 9 m below
the ground surface during the dynamic compaction process could exceed the initial gravity
stress at 12 m below the ground surface, indicating that the dynamic compaction continued
to have the ability to compact the foundation soil at 9 m below the ground surface. Similarly,
the maximum vertical dynamic stress at 11 m below the surface could also approach the
initial self-weight stress at 12 m below the surface, while the fluctuations between the
maximum vertical dynamic stress and the self-weight stress at −14 m to −12 m were not
obvious. It could be determined that the maximum effective reinforcement depth hd of
8000 kN·m dynamic compaction energy level at this site was −11 m.
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The effective reinforcement depth hd of dynamic compaction can also be estimated
using Ménard’s empirical formula [1]:

hd = α(Mh)1/2, (1)

where M is the mass of the hammer (t), h is the drop height (m), and α is a coefficient
depending on the properties of foundation soil. For granular soil, the value of α is 0.5. A
higher energy per strike results in a lower value of α [40]. Assuming that the reduction
coefficient of α is 0.8, the effective reinforcement depth calculated using Menard’s modified
formula is 11.42 m, which is in good agreement with the effective reinforcement depth of
11 m calculated by the FDM–DEM coupled numerical model.

3.4. Pore Water Pressure

After eight strikes of dynamic compaction, the pore water pressure at the site is shown
in Figure 15.

Figure 15. Pore water pressure at the site after eight strikes of dynamic compaction (mPa).

It can be seen from Figure 15 that the pore water pressure below the crater only
increased slightly after dynamic compaction. Therefore, dewatering before dynamic com-
paction can significantly reduce the instantaneous increase in pore pressure induced by
vertical additional dynamic stress. The dewatering depth should be determined according
to the initial water level of the site and the dynamic compaction energy level. According to
the numerical analysis results, it is generally accepted that the reduction in groundwater
level to the effective reinforcement depth of the dynamic compaction can avoid the repeated
increase in pore water pressure during the dynamic compaction process and reduce the
waiting time for pore water pressure dissipation.

3.5. Total Reinforcement Pressure

Before dynamic compaction, the vacuum well point tubes and tube wells were set for
dewatering preloading. As a result, the preloading load could be enhanced by decreasing
groundwater, and the increase in pore water pressure could also be decreased during DC.
In the dewatering dynamic compaction project, the total reinforcement pressure could be
divided into preloading pressure of dewatering in the early stage and vertical additional
dynamic stress pressure of dynamic compaction in the later stage. Both of them performed
more effectively together to increase the reinforcement pressure and depth of foundation
treatment. By superimposing the dewatering pressure and the maximum vertical addi-
tional dynamic stress of dynamic compaction, the total reinforcement pressure is shown
in Figure 16.
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Figure 16. Total reinforcement pressure.

As can be seen from Figure 16, the dewatering preloading induced by groundwater
descending from z = −3 m to z = −9 m was trapezoidal. The vertical additional dynamic
stress induced by dynamic compaction decreased rapidly along the depth. The superposi-
tion of both could increase the reinforcement effect on deep soil, making up for the limited
reinforcement effect of dynamic compaction on deep soil.

3.6. Simulated Static Cone Penetration Tests

In order to verify the reinforcement effect of dynamic compaction on foundation soil,
the PFC walls were used to establish a static cone penetration model. The cone tip angle
was 60◦, the diameter was 43.7 mm, and the penetration velocity was 1.2 m/min. The cone
tip resistance qc along the depth direction was recorded during the penetration process.
The simulated static cone penetration tests were carried out in the crater center before and
after dynamic compaction. The penetration process of static cone penetration after dynamic
compaction is shown in Figure 17. The comparison of simulated static cone penetration
tests before and after dynamic compaction is shown in Figure 18.

Figure 17. Penetration process of CPT after dynamic compaction (m).
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Figure 18. Comparison of simulated CPTs before and after dynamic compaction.

The simulated results of CPT before dynamic compaction had a good agreement with
the field CPT results, verifying the reliability of the numerical calculation parameters. It
should be pointed out that, due to the computational efficiency of discrete elements, it is
difficult for the particle size to be completely consistent with the size of real soil particles;
hence, the cone tip resistance would be zero intermittently in the process of simulating
CPT. Therefore, the simulated CPT result was slightly lower than the field CPT result. It
can be seen from the comparison results that the simulated results of CPT after dynamic
compaction were about 3–5 times higher than those before dynamic compaction. The
results illustrate that the modulus of foundation soil could be increased by about 3–5 times
after eight strikes of 8000 kN·m high-energy-level dynamic compaction.

4. Conclusions

This study established a three-dimensional fluid–solid coupling dynamic analysis
numerical model based on the FDM–DEM coupling method. Clumps were adopted
to realize the multiple dynamic simulation of a hammer’s free-falling compaction on
foundation soil from a certain height. The reinforcement mechanism of high-energy-level
dynamic compaction was studied. The main conclusions are as follows:

(a) The FDM–DEM coupling method was adopted to realize the three-dimensional re-
fined modeling of continuum–discrete coupling, effectively enlarging the model size,
reflecting local large deformation during DC, and improving the efficiency of numer-
ical calculation. The 3D coupled model realized the comprehensive analysis of the
mechanical behavior of the medium from the perspective of continuum and discrete
macro–micro synergy. Meanwhile, a free field boundary and quiet boundary were
applied to eliminate the influence of dynamic wave reflection, obtaining a higher
calculation accuracy than that in previous studies.

(b) The crater depth and the instant soil rebound at the crater bottom increased with the
number of strikes. After removing the hammer, the soil rebound in the process of soil
stabilization increased first and then decreased as the number of strikes increased.
The soil settlement at the crater surface in the first strike was 460.7 mm, and the soil
settlement at the crater surface in the last strike was 28.8 mm The total crater depth
was 1669 mm after eight strikes of 8000 kN·m DC. Through polynomial fitting of
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the soil settlement curve, it could be found that the curvature gradually decreased,
revealing that the foundation bearing capacity eventually tended to a stable value as
a result of DC.

(c) In the process of dynamic compaction, the soil void ratio decreased gradually and
reached the minimum value at the moment of compaction. The final void ratio of
granular soil could be reduced from 0.790 to 0.523. The vertical additional dynamic
stress induced by DC was the fundamental reason resulting in foundation compaction,
but the vertical additional dynamic stress attenuated rapidly along the depth. The
effective reinforcement depth could be determined according to the fluctuation of
vertical dynamic stress in different measurement spheres. The effective reinforcement
depth of 8000 kN·m DC at this site was 11 m, which is in good agreement with the
effective reinforcement depth of 11.42 m calculated using Menard’s modified formula.

(d) Dewatering before dynamic compaction could reduce the increase in pore water pres-
sure induced by vertical additional dynamic stress and improve the reinforcement
effect. The superposition of dewatering pressure and vertical additional dynamic
stress could compensate for the rapid attenuation of vertical additional dynamic stress
along the depth direction to a certain extent. By comparing with the field CPT results,
the rationality of the microscopic parameters of the model was verified, and the relia-
bility of the CPT simulation was confirmed. The simulated CPT results demonstrate
that the dynamic compaction could increase the modulus of soil foundation by about
3–5 times.
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Abstract: Leakage at the lining joints of mountain tunnels is frequent. According to the waterproofing
mechanism of waterstops, it is known that the deformation of middle-buried rubber waterstops
under stress in typical operating conditions determines their waterproof performance. In addition
to the deformation of the adjacent lining concrete, the structural parameters of waterstops are the
main factors influencing their deformation under stress. This study combines the common structural
components of middle-buried waterstops and considers the bond strength between waterstops and
the concrete. A localized numerical model of the lining joint is constructed to explore the impact
of geometric parameters, such as hole size, number and position of waterstop ribs, and length and
thickness of wing plates on the stress-induced deformation and waterproof performance of the water-
stops. The effective mechanisms of different components are revealed, and recommended structural
parameters are proposed to further optimize the design of middle-buried rubber waterstops.

Keywords: mountain tunnel; rubber waterstop; numerical investigation; structural optimization
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1. Introduction

Engineering practice shows that tunnel joint leakage problems are very serious [1]. As
a waterproofing measure for joints in a tunnel, the waterproofing effect of the waterstop
belt is not ideal. Water leakage will bring great difficulties and hidden dangers to tunnel
construction, and it will also have adverse effects on the safety and durability of tunnel
lining [2] and the life of facilities in the tunnel [3,4]. At the same time, water leakage will
worsen the environment in the tunnel and seriously affect the traffic [5], which is one of the
main factors leading to problems during the tunnel operation [6,7]. Therefore, it is very
crucial to optimize the design of the existing waterstop belts, solve any tunnel leakage
problems, and ensure the safety and long-term stability of tunnels.

Currently, there are various geometric configurations of waterstops available on
the market, and different specifications provide differing requirements for waterstop
structures. The Chinese national standard “Polymeric Waterproofing Materials Part 2:
Waterstops” [8] and the “Technical Specification for Waterstops in Hydraulic Structures” [9]
do not explicitly specify the specific dimensions of waterstops but provide corresponding
geometric configurations. The railway standard “Waterproofing Materials for Railway
Tunnels Part 2: Waterstops” [10] presents specific dimensions and corresponding geometric
configurations of waterstops. However, the geometric configurations of waterstops are not
explicitly defined in the highway tunnel specifications. Some geometric configurations of
waterstops specified in various standards are shown in Figure 1.

Mathematics 2023, 11, 3546. https://doi.org/10.3390/math11163546 https://www.mdpi.com/journal/mathematics123



Mathematics 2023, 11, 3546

Based on the current structural forms of waterstops, they can be divided into three
parts: the center hole, the wing plate, and the rib (flat waterstops do not have a center hole),
as shown in Figure 2.

Figure 1. Waterstop structure diagram: (a) waterstop for expansion joints; (b) waterstop for construc-
tion joints; (c) waterstop combined with steel edge; and (d) waterstop combined with water-swelling
rubber (The red part is the water swelling rubber).

Figure 2. Schematic diagram of waterstop belt components.

Based on the above description, it can be concluded that the current specifications
mostly specify the structural form of waterstops, but only the railway tunnel specification
provides specific dimensions. In addition, the existing specifications do not provide the
design principles for waterstops, making it difficult to determine whether the current
geometric designs of waterstops are reasonable. Due to the frequent occurrence of tunnel
leakage, and considering the close relationship between the geometric form of waterstops
and their installation, waterproofing, and deformation behavior, many researchers have
conducted studies on the geometric form of waterstops.

Some researchers [11,12] have studied the stress–strain characteristics of rubber wa-
terstops in immersed tube tunnels and waveform waterstops in concrete dam panel joints
using finite element simulation methods. Chen et al. [13] simulated the displacement,
stretching, and compression of expansion joint waterstops and analyzed their deformation
characteristics and stress distribution.

Lin et al. [14] simulated the deformation of expansion joint waterstops in utility tunnels
and analyzed the stress characteristics of these waterstops under different conditions.
Furthermore, they analyzed the deformation and stress characteristics of waterstops with
different hole sizes and shapes and optimized the structure of existing waterstops.

Meng et al. and Li et al. [15,16] conducted simulations on the tensile and deformation
behavior of rubber strips. They analyzed the stress characteristics of waterstops and further
investigated the influence of waterstop thickness and the friction coefficient between rubber
and concrete on stress distribution. They proposed that increasing the rubber thickness or
the friction coefficient between rubber and concrete can effectively reduce the maximum
stress in waterstops.

At present, using a numerical method is a popular way to calculate, but there is a
need to pay attention to the accuracy of the numerical model [17–19]. The aforementioned
analyses of rubber waterstops have certain limitations in terms of the contact between
rubber and concrete. Scholars have only simply bound the waterstop under study to the
concrete lining or applied friction between the waterstop and lining, without considering
the adhesive force between the waterstop and concrete. Consequently, the analytical results
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may not accurately reflect the deformation and stress distribution of waterstops. Moreover,
previous studies on waterstops have often focused on individual components and thus
were lacking in depth, comprehensiveness, and systematic research.

In this study, we focused on the commonly used middle-buried rubber waterstops in
engineering projects. Starting from the waterproofing mechanism of rubber waterstops, we
considered the adhesion between waterstops and concrete in our finite element analysis. We
conducted research on each component of waterstops and optimized the design based on
the influence of the corresponding components on the deformation and stress distribution
of waterstops. The aim was to overcome the traditional experience design, improve the
rationality of the geometric structure of the waterstop belt, and enhance its waterproof
performance.

2. Waterproofing Mechanism of Middle-Buried Rubber Waterstops

Based on previous research [20], it is known that the waterproofing ability of a middle-
buried waterstop mainly depends on its water resistance and flow path. As shown in
Figure 3, water resistance involves the contact pressure and adhesive force between the
waterstop and concrete. Since the contact pressure is significantly smaller than the adhesive
force, its influence on the deformation and stress of the waterstop can be disregarded
during simulations. The flow path can dissipate hydraulic head pressure and increase the
difficulty of groundwater seeping through tunnel joints.

Figure 3. Waterstop waterproofing mechanism diagram: (a) water resistance through contact pressure;
and (b) water resistance through adhesive force.

Meanwhile, due to the uncertainty of rock and soil, the tunnel lining will be de-
formed [21–23]. At this time, a waterstop is subjected to uneven settlement [24] or expan-
sion due to the deformation of the lining. The maximum settlement can reach 30 mm,
the maximum elongation is 20 mm, and the maximum compression is 10 mm. When
deformation is significant, the stress on the waterstop may exceed the critical stress level.
Prolonged exposure to high-stress levels can accelerate the deterioration of various me-
chanical properties of the waterstop and reduce its service life, leading to waterproofing
failure before the expected service life is reached.

From this, it can be concluded that there are two main causes of failure for an embed-
ded rubber waterstop: (1) water resistance that is lower than the groundwater pressure,
and (2) excessive deformation stress on the waterstop. Therefore, to prevent waterproofing
failure, it is necessary to ensure that the deformation stress on a waterstop is kept within
a reasonable range while maintaining sufficient water resistance. According to relevant
research reports, the stress level for synthetic rubber and other polymer materials should
not exceed 20% of their tensile strength at fracture [25], which can result in a service life of
over 100 years. Based on current specifications, the tensile strength of rubber waterstops
is not less than 10 MPa, and a maximum allowable deformation stress of 2 MPa can be
selected to ensure safety.
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3. Numerical Model Setups

The real waterstop and concrete used in this study are shown in Figure 4. Based on
this, a plane–strain finite element model of a waterstop in concrete lining was established
according to the ABAQUS/Standard. Figure 5 shows a mesh diagram of the base model,
along with the basic dimensions of the model.

Figure 4. Physical photo of the waterstop and concrete used in this study.

Figure 5. Finite element analysis model (unit: mm).

3.1. Constitutive Models of Materials
3.1.1. Constitutive Model of Concrete

The concrete lining strength is considered to be C30, with an elastic modulus (Ec) of
30 GPa and a Poisson’s ratio (νc) of 0.2. The concrete damage plasticity model in ABAQUS
is used to simulate the failure of the lining. For the damage plasticity parameters, the
eccentricity (ef), the ratio of biaxial to uniaxial compressive strength (fb0/fc0), and the
coefficient (k) are set to the default values of 0.1, 1.16, and 0.667, respectively. The viscosity
parameter (μc) is set to 0.005 for implicit solving in ABAQUS. The dilation angle (ψ) is taken
as 30◦. The stress–strain curves for uniaxial compression and the tension of concrete are
referenced from the concrete design code [26], as shown in Table 1. Here, σc and σt represent
compressive and tensile stresses, respectively, and εin

c and εin
t represent non-elastic strains

and cracking strains, respectively.

Table 1. Uniaxial stress–strain relationship of concrete.

σc εin
c σt εin

t

14.070 0 2.030 0
20.100 0.000802 2.010 0.000028
14.637 0.002456 1.232 0.000149
10.073 0.004080 0.849 0.000257
7.501 0.005638 0.661 0.000359
5.931 0.007162 0.548 0.000458
4.890 0.008668 0.473 0.000556
4.153 0.010165 0.419 0.000653
3.607 0.011655 0.378 0.000749
3.186 0.013141 0.346 0.000846
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3.1.2. Constitutive Model of Rubber Waterstop

Rubber materials belong to hyperelastic materials, which exhibit significant deforma-
tions under certain loads and show dual nonlinearity in terms of material and geometry [27].
For numerical calculation, we need to determine the constitutive equation of the model
used [28,29]. The constitutive modeling of rubber materials can be simulated using strain
energy functions, including commonly used models such as the Mooney–Rivlin model,
the Ogden model, and the Yeoh model [30–32] based on continuum mechanics, and the
Arruda–Boyce model, Gent model, and Neo Hookean model [33–35] based on thermody-
namic statistical theory. These models generally require the determination of parameters
and model selection based on rubber testing data.

The selection of an appropriate constitutive model for hyperelastic materials is a
fundamental issue. Scholars have compared [36] and modified existing models [37–39]
based on experiments, theoretical analyses, and numerical simulations in order to obtain
more accurate models. However, modified models are often specific and complex, making
them difficult to apply widely. Some researchers argue that higher-order strain energy
functions have limited value since the reproducibility of rubber-like materials is low,
making it challenging to estimate a large number of parameters accurately [40]. Among
the various constitutive models mentioned above, the Mooney–Rivlin model is the most
widely used.

The Mooney–Rivlin model [41] is relatively simple compared to other models. It
assumes that rubber materials, under a short period of time and constant temperature,
behave as isotropic incompressible materials. The model parameters can be determined
based on empirical formulas using rubber hardness [42]. It is widely accepted in the
industry that the Mooney–Rivlin model can accurately simulate the mechanical properties
of rubber and other hyperelastic materials when the strain does not exceed 150%, providing
reasonable approximations compared to actual conditions.

In this study, the rubber waterstop was simulated using the dual-coefficient Mooney–
Rivlin model in ABAQUS, and the strain energy function is defined as follows [43]:

W = C10(l1 − 3) + C01(l2 − 3) (1)

In the equation, W represents the strain energy density, l1 and l2 are the strain tensor
invariants, and C10 and C01 are the material mechanical property constants. Considering
the incompressibility of rubber (Poisson’s ratio μ = 0.5), the relationship between the shear
modulus G, the elastic modulus E0, and the material constants can be derived as follows:

G = 2(C10 + C01) (2)

E0 = 3G (3)

E0 = 6(C10 + C01) (4)

The elastic modulus E0 of rubber can be determined based on the rubber hardness HA,
and the relationship is as follows:

E0 = (15.75 + 2.15HA)/(100 − HA) (5)

According to current specification, the hardness of rubber waterstops for tunnel joints
is 55~65. For this simulation, the intermediate value of 60 was chosen for calculation. Based
on empirical data, a value of C10/C01 = 0.25 can be used, which gives C10 = 0.484 MPa and
C01 = 0.121 MPa.

3.2. Contact Model

For the interface issues of composite materials, it is a crucial problem to choose an
appropriate constitutive model and utilize numerical computation methods to effectively
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predict the nonlinear behavior of the interface [44]. Currently, there is limited research on
the bonding strength of rubber–concrete interfaces, both domestically and internationally.
However, insights can be gained from studies on interface damage and cracking in other
composite materials [45,46]. Among them, cohesive force models based on damage mechan-
ics have significant advantages in addressing interface problems in composite materials,
and the techniques for simulating interface damage and crack propagation under static
loads are relatively well-developed.

Cohesive force represents the interaction forces between material molecules, and a
cohesive force model is a simplified model used to describe the mechanical behavior of
interfaces. By appropriately selecting parameters and defining the evolution of damage
processes, it is possible to simulate interface cracking accurately. Interfaces in composite
materials are held together by cohesive forces, which are related to the relative displacement
between the interfaces. Currently, there are various cohesive force constitutive models
available for simulation, as shown in Figure 6. Alfano G. conducted comparative calcu-
lations on multiple models and ultimately concluded that a bilinear model can meet the
requirements of calculation accuracy and efficiency.

Figure 6. Cohesive damage constitutive models [47].

Generally, the relative displacement of an interface increases with an increase in
external load. At this point, the cohesive force also increases. When the displacement
reaches δ0

n, the cohesive force reaches its maximum value σ0. After reaching the maximum
value, the cohesive force gradually decreases as the displacement continues to increase.
When it decreases to zero, the relative displacement reaches its maximum value δmax

n ,
indicating the failure of the bond at the interface of the composite material.

In order to determine the initiation displacement and failure displacement of damage,
it is necessary to introduce damage initiation criteria and damage evolution criteria for
research. Currently, there are four commonly used damage initiation criteria, which are
as follows:

(1) Maximum nominal stress criterion:

max
{
< σn> /σ0

n,σs/σ0
s ,σt/σ

0
t

}
= 1 (6)

(2) Maximum nominal strain criterion:

max
{
< δn> /δ0

n, δs/δ0
s , δt/δ

0
t

}
= 1 (7)

(3) Secondary nominal stress criterion:
{
< σn> /σ0

n

}2
+

{
σs/σ0

s

}2
+

{
σt/σ0

t

}2
= 1 (8)

(4) Secondary nominal strain criterion:
{
< δn> /δ0

n

}2
+

{
δs/δ0

s

}2
+

{
δt/δ0

t

}2
= 1 (9)
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In the above equations, σn, σs, and σt represent the stresses in the normal and the two
tangential directions; σ0

n, σ0
s , and σ0

t are the critical onset stresses for damage initiation in
each direction; δn, δs, and δt are the strains in each direction; and δ0

n, δ0
s , and δ0

t are the
critical onset strains for damage initiation in each direction.

The maximum nominal stress criterion and the maximum nominal strain criterion
both indicate that the interface bond starts to undergo damage when the stress or strain
in a particular direction reaches the critical onset value. On the other hand, the secondary
nominal stress criterion and the secondary nominal strain criterion indicate that the in-
terface bond starts to undergo damage when a certain value is reached by coupling the
stresses or strains in all three directions.

As for damage evolution, it refers to the failure process of the interface bond after
damage initiation. It is achieved by introducing a stiffness degradation parameter SDEG,
which ranges from 0 to 1. When SDEG is 0, it indicates that the interface bond is intact, while
a value of 1 indicates complete failure of the interface bond. For a bilinear constitutive
model, the stiffness of the interface bond after damage initiation can be expressed as
follows:

SDEG =
[
δf

m

(
δmax

m −δ0
m

)
]/[δmax

m

(
δf

m−δ0
m

)]
(10)

Ki = K0
1(1 − SDEG) (11)

In Equation (10), δ0
m represents the displacement value at the node when the interface

bond starts to undergo damage, δf
m represents the displacement value at the node when

the interface bond completely fails, K0
i is the stiffness of the interface bond when it is

intact, and Ki is the stiffness of the interface bond after damage initiation. Furthermore,
to determine the value of the stiffness degradation parameter SDEG, it is necessary to
introduce a damage evolution criterion. Commonly used damage evolution modes include
those based on failure displacement or failure energy. Energy-based damage evolution
criteria include the power criterion and B-K criterion, all of which can be directly selected
in the ABAQUS 2021 finite element analysis software.

3.3. Element Types and Boundary Conditions

The concrete was simulated using CPE4 elements, while the rubber waterstop belt
was simulated using CPE4RH elements. Coupling was applied to the concrete lining on
both sides using the reference points. During simulation, deformations were applied to
the reference points, with the other two directions being fixed when a single-direction
deformation was applied.

4. Adhesive Force Test and Numerical Model Verification

4.1. Adhesive Force Test

In summary, in this study, a bilinear cohesive model was used to simulate the bonding
interface between rubber and concrete. To obtain the required parameters for the model,
rubber–concrete bond strength tests were conducted. The performance of concrete varies
greatly with different mix ratio [48,49]. Due to the small size of the test specimens and the
main bonding between concrete and rubber being the bonding between cement paste and
rubber, cement blocks were used as a substitute for concrete to simulate the bond between
concrete and rubber. Ordinary Portland cement with a compressive strength of 42.5 MPa
(28 d) was used. The tensile bond strength and shear bond strength of rubber–cement
were taken as the evaluation criteria. The rubber was cut into blocks with dimensions
of 100 mm × 50 mm × 20 mm, and the cement blocks had the same dimensions as the
rubber blocks. Good end surfaces were selected for pouring. After pouring, the specimens
were cured in an environment with a temperature of 20 ± 2 ◦C and a relative humidity of
over 95% for 28 days. The specimens were divided into two groups: tension and shear,
with three specimens in each group. The test areas for tensile and shear bond strength
were rectangular with dimensions of 50 mm × 20 mm and square with dimensions of
50 mm × 50 mm, respectively. The tensile and shear specimens are shown in Figure 7.
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Figure 7. Rubber–cement specimens: (a) tension specimen and (b) shear specimen.

The test equipment is shown in Figure 8. The tension machine consisted of four
parts: a displacement measuring device, a loading apparatus, a tensiometer, and fixing
installation. The measuring range of the tensiometer was 0~1000 N, and the accuracy was
1 N. The test loading took the displacement as the variable, and the accuracy of the loading
device was 0.1 mm. Because the shape of the specimen used was rectangular, the adhesive
force between rubber and concrete was small, and the bonding interface was brittle; the
tensile speed of the selected loading device was 5 mm/min.

Figure 8. Tensile testing machine.

The maximum stress sustained by the rubber–cement specimens during the bonding
failure caused by external forces is referred to as the tensile or shear strength. The average
strength value of the three specimens in each group was taken as the measurement result,
as shown in Table 2. Additionally, the deformation of the specimens during the testing
process was recorded. The average deformation for the tensile specimens from start to
finish was 7.7 mm, while the average deformation for the shear specimens was 5.9 mm.

Table 2. The bonding strength of rubber to concrete.

Conditions 1/MPa 2/MPa 3/MPa Bonding Strength/MPa

Tensile specimen 0.414 0.387 0.356 0.386
Shear specimen 0.162 0.141 0.149 0.151

Therefore, the contact between rubber and concrete could be set as normal hard contact,
while the tangential contact was implemented using the penalty function method with a
friction coefficient of 0.3. Additionally, the bonding behavior was modeled as cohesive
contact, with a normal stiffness of 3860 MPa/mm, a tangential stiffness of 1510 MPa/mm,
a normal cohesive strength of 0.386 MPa, a tangential cohesive strength of 0.151 MPa, and
a plastic displacement of 0.0009 mm.
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4.2. Numerical Model Validation

To validate the rationality of the Mooney–Rivlin rubber constitutive model and the
bilinear cohesive force model, a finite element model of rubber–concrete tension and
shear was established using ABAQUS/Standard. The model is shown in Figure 9. The
reference points were used to couple the concrete and rubber, with the concrete being
fixed and displacement applied to the rubber reference points, while the reaction forces
were recorded.

Figure 9. Rubber–concrete models: (a) tension model and (b) shear model.

The calculated results are shown in Figure 10, indicating that the bond strength
and deformation obtained from the finite element analysis were slightly smaller than the
measured values. The calculated tensile strength was 0.339 MPa, and the shear strength was
0.141 MPa, with differences of 12.2% and 6.6% from the measured values, respectively. The
calculated tensile deformation was 7.45 mm, and the shear deformation was 5.2 mm, with
differences of 3.2% and 11.9% from the measured values, respectively. The discrepancies
may be attributed to the deformation of the rubber during simulation, but they were
relatively small, and the simulated values were lower than the measured values. Therefore,
it can be concluded that using the Mooney–Rivlin rubber constitutive model and the
bilinear cohesive model to simulate the bond between rubber and concrete is reasonable.

Figure 10. Simulation results for rubber–concrete bond failure.

5. Numerical Analysis of Key Structural Parameters

5.1. Different Parameters of Waterstop Center Hole
5.1.1. Fixed Outer Diameter of the Center Hole

By keeping the outer diameter of the center hole of the waterstop constant (r = 15),
different inner diameters of the center hole were used to establish a 2D strain finite element
model of buried waterstops in the concrete lining using ABAQUS/Standard, as shown
in Figure 11. Tension, compression, and settlement deformations were applied with
deformation magnitudes of 20 mm, 10 mm, and 30 mm, respectively.
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Figure 11. Models of waterstops with different inner diameters of the center hole (unit: mm).

The calculation results indicated that there was no damage to the concrete lining. The
deformation stress of the waterstops is shown in Figure 12, revealing the following trends
regarding the influence of the inner hole size:

(1) Under tensile deformation, the deformation stress initially increases and then de-
creases with an increase in the aperture size. The maximum stress occurs when the
aperture size is R = 3 mm, possibly due to the aperture size being too small, thus
resulting in stress concentration during deformation. The deformation stress in all
scenarios remains below the critical stress value.

(2) During compressive deformation, the overall deformation stress decreases with an
increase in the aperture size (though stress concentration may occur when 0 < R ≤ 3).
However, when the aperture size is less than 5 mm, the deformation stress of the
waterstop exceeds the critical stress value.

(3) During settlement deformation, the deformation stress initially decreases and then
increases with an increase in the aperture size. The minimum stress occurs when the
aperture size is R = 5 mm, and only in this case is the deformation stress below the
critical stress.

 
(a) (b) 

 
(c) 

Figure 12. Deformation stress of waterstops with different inner diameters of the center hole:
(a) tensile deformation; (b) compression deformation; and (c) settlement deformation. (The dashed
line is the critical stress. All the pictures in this article are the same).

In summary, under the condition of a constant outer diameter of the waterstop aper-
ture, increasing the inner diameter of the waterstop aperture primarily improves the stress
distribution during compressive deformation. However, care should be taken to avoid
having an excessively thin wall for the aperture, which could lead to tearing or puncturing
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of the waterstop. When designing a waterstop, an inner aperture diameter of R = 5 mm can
be chosen.

Taking the tensile deformation of the simulated waterstops as an example, Figure 13
shows the region of bond failure between each waterstop and concrete after deformation
for different inner hole diameters while keeping the outer hole diameter constant. Figure 14
shows the adhesive failure range of the waterstop belts with different inner diameters
(single-side failure range of waterstops). It can be observed that the bond failure range
of the waterstops is approximately the same for different inner hole diameters (the bond
failure range for compression deformation and settlement deformation of the waterstops is
similar). Therefore, it can be concluded that the inner hole diameter has little effect on the
bond between a waterstop and concrete when the outer diameter of the waterstop’s center
hole is constant.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 13. Debonding regions of waterstops with different inner hole diameters: (a) R = 0; (b) R = 1;
(c) R = 3; (d) R = 5; (e) R = 7; and (f) R = 9.

Figure 14. Adhesive failure range of different inner diameters of waterstop belts.

5.1.2. Fixed Inner Hole Diameter

Based on the above analysis, to avoid stress concentration in the inner hole of a
waterstop, the inner hole diameter should be maintained at a certain size. By keeping the
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inner hole diameter of the waterstop constant (R = 7 mm), different outer hole diameters
were used to establish a plane–strain finite element model of buried waterstops in the
concrete lining using ABAQUS/Standard, as shown in Figure 15. The same deformations
as mentioned earlier were applied.

Figure 15. Models of waterstops with different outer hole diameters (unit: mm).

According to the calculation results, no damage was observed in the deformation of
the concrete lining. The deformation stress of the waterstops is shown in Figure 16. With a
constant inner hole diameter of the waterstops, the following could be observed:

(1) During tensile deformation, the deformation stress generally increases with an in-
crease in the outer diameter. When the outer diameter of the aperture r > 21 mm, the
deformation stress exceeds the critical stress threshold.

(2) During compressive deformation, the deformation stress initially increases and then
decreases with an increase in the outer diameter of the aperture. The deformation
stress in all scenarios remains below the critical stress level.

(3) During settlement deformation, the deformation stress shows a notable change with
variations in the outer diameter of the aperture. It decreases as the outer diameter of
the waterstop aperture increases. When the outer diameter r > 15 mm, the deformation
stress is below the critical stress threshold.

Figure 16. Deformation stress of waterstop with different outer diameters of the center hole: (a) tensile
deformation; (b) compression deformation; and (c) settlement deformation.

In summary, under a constant inner diameter of the waterstop aperture, increasing
the outer diameter of the aperture primarily serves to improve the stress distribution
during settlement deformation. However, it is also important to prevent excessive tensile
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deformation stress. When designing a waterstop, an outer aperture diameter of r = 18 mm
is recommended.

Similarly to the case of a constant outer hole diameter, when the inner hole diameter
of the waterstop is fixed, the size of the outer hole has a minimal impact on the range of
adhesive failure after the deformation of the waterstop.

5.1.3. Fixed Thickness of the Center Hole

The thickness of the center hole in the waterstop was kept constant at 8 mm. Differ-
ent sizes of center holes were selected, and a 2D finite element model of the embedded
waterstops in the concrete lining was established using ABAQUS/Standard, as shown in
Figure 17. The simulation parameters were the same as described earlier.

Figure 17. Waterstop models with different sizes of center holes (unit: mm).

The calculation results are shown in Figure 18. It can be observed from the results that,
with a constant waterstop aperture wall thickness of 8 mm, the aperture size has a relatively
minor effect on tensile deformation stress but a significant impact on compression and
settlement deformation stress:

(1) During tensile deformation, the deformation stresses in all scenarios are below the
critical stress value.

(2) During compression deformation, the deformation stress decreases with an increase in
the aperture size. When the aperture outer diameter r ≥ 15 mm, the deformation stress
is below the critical stress value (at r = 9 mm, the deformation stress is excessively
high, and the complete curve is not shown in the graph).

(3) During settlement deformation, the deformation stress decreases with an increase
in the aperture size. When the aperture outer diameter r > 15 mm, the deformation
stress is below the critical stress value.

In conclusion, under the condition of a constant waterstop aperture wall thickness,
enlarging the waterstop aperture can effectively improve the stress distribution during
waterstop deformation. It is recommended to choose an aperture size with r > 15 mm when
designing a waterstop.

Similarly to the previous calculations, when the wall thickness of a waterstop’s hole
is constant, the size of the center hole has a minor influence on the range of bond failure
after deformation.

5.2. Different Parameters of Waterstop Ribs
5.2.1. Number and Placement of Waterstop Ribs

To analyze the effect of the number and placement of waterstop ribs on the deformation
and stress of waterstops, and taking the previous waterstop as an example, the distances
from the waterstop ribs to the waterstop orifice and the spacing between the waterstop
ribs are shown in Figure 19. The number of ribs on the waterstop was selectively reduced
based on their positions, resulting in the creation of eight different waterstop models, as
illustrated in Figure 20. ABAQUS/Standard was used to establish the plane–strain finite
element models of the embedded waterstop in concrete lining, using the same simulation
parameters as mentioned earlier.
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Figure 18. Deformation stress of waterstops with different sizes of the center hole: (a) tensile
deformation; (b) compression deformation; and (c) settlement deformation.

Figure 19. Illustration of waterstop rib positions (unit: mm).

Figure 20. Waterstop models under different conditions.

Based on the calculation results, no damage was observed in the deformed concrete
lining. The deformation stresses of the waterstop are shown in Figure 21. The following
could be observed:

(1) Under tensile deformation, the stress values in all conditions are below the critical
stress. Conditions 2-1, 2-2, 2-3, and 2-5 exhibit nearly identical deformation stresses,
while conditions 2-4 and 2-6 also exhibit similar deformation stresses. The common
factor among these pairs of waterstops with similar deformation stresses is that the
position of the first waterstop rib on both sides is the same, with the difference being
the number of ribs or the positions of the remaining ribs. Furthermore, conditions 2-5,
2-6, 2-7, and 2-8 demonstrate that as the distance between the first rib on both sides
and the waterstop orifice increases, the tensile deformation stress of the waterstop
decreases continuously. The difference between the maximum and minimum tensile
deformation stresses can reach 233.5%.
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(2) Under compressive deformation, the deformation stresses in all conditions are below
the critical stress. Similarly to tensile deformation, the deformation stress of the
waterstop is also primarily influenced by the distance between the first rib on both
sides and the waterstop orifice.

(3) Under settlement deformation, when the distance between the first rib on both sides
and the waterstop orifice exceeds 60 mm, the deformation stress is below the critical
stress. The deformation stress of the waterstop under settlement deformation follows
a similar pattern as described above.

 
(a) (b) 

 
(c) 

Figure 21. Deformation stresses of the waterstop under different conditions: (a) tensile deformation;
(b) compression deformation; and (c) settlement deformation.

Based on the above analysis, it can be concluded that the deformation stress of the
waterstop is independent of the number of ribs and is only related to the distance between
the first rib on both sides of the waterstop and the hole. The farther the first rib is from the
hole, the smaller the deformation stress of the waterstop. When the ribs of the waterstop
are closer to the hole, the deformation stress may reach the critical stress. Therefore, when
optimizing the design of a waterstop, it is advisable to increase the distance between the
first rib on both sides of the waterstop and the hole.

Taking tensile deformation of the waterstop as an example, Figure 22 illustrates the
zone of adhesive failure after deformation for different models with varying rib numbers
and positions. Figure 23 shows the adhesive failure range of the waterstop belt under
different conditions (single-side failure range of the waterstop). It can be observed that the
adhesive failure range of the waterstop in each condition is only related to the position
of the first rib on both sides of the waterstop. The farther the first rib is from the hole,
the larger the range of adhesive failure after deformation. When there are no ribs on
the waterstop, the adhesive failure area already includes almost the entire waterstop,
indicating a nearly complete loss of adhesion between the waterstop and the concrete due
to tensile deformation.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 22. Adhesive failure zones of waterstop deformation under different conditions: (a) 2-1;
(b) 2-2; (c) 2-3; (d) 2-4; (e) 2-5; (f) 2-6; (g) 2-7; and (h) 2-8.

Figure 23. Adhesive failure range under different conditions.

Therefore, it can be concluded that the ribs of the waterstop can effectively prevent
the adhesive failure between the concrete and the waterstop, and the failure range slightly
exceeds the position of the first rib on both sides. To enhance the anchorage between the
waterstop and the concrete and to ensure effective waterproofing, it is recommended to
have at least one rib on the waterstop.
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5.2.2. Spacing between Waterstop Ribs

When setting the spacing between waterstop ribs, the influence of coarse aggregate
size in concrete should be considered. As shown in Figure 24, if the spacing between
waterstop ribs is too small and it becomes difficult for coarse aggregates to penetrate, the
quality of the concrete between waterstop ribs may be poor, resulting in lower strength
and the formation of areas with quality defects. These areas can become weak points in
waterproofing.

Figure 24. Schematic diagram of areas with quality defects.

According to the concrete mix design specifications, for pumped concrete, the mini-
mum size of coarse aggregates should be greater than 5 mm. The maximum aggregate size,
when pumping height is less than 50 m, should be less than one-third of the diameter of the
conveying pipe, which is generally less than 40 mm. This indicates that the coarse aggregate
size for pumped concrete should be between 5 mm and 40 mm. In tunnel construction, the
typical gradation of coarse aggregates used is 5–10 mm and 10–25 mm. Therefore, to meet
the requirements for concrete quality, it is recommended to set the distance between the
ribs of the waterstop to the waterstop or the spacing between the ribs of the waterstop to
be greater than 25 mm.

5.3. Different Parameters of Waterstop Wing
5.3.1. Wing Thickness

To investigate the influence of wing thickness on the performance of waterstops, while
keeping other parameters constant, different wing thicknesses, denoted as t, were selected.
As shown in Figure 25, finite element models of the embedded waterstop in concrete lining
were established using ABAQUS/Standard, with the simulation parameters consistent
with the previous analysis.

Figure 25. Models of waterstops with different wing thicknesses (unit: mm).

The calculation results are shown in Figure 26. It can be seen that the deformation
stress of the waterstop belt increases with an increase in the thickness of the wing plate:

(1) During tensile deformation, when the thickness of the wing plate is greater than or
equal to 14 mm, the tensile deformation stress is greater than the critical stress level.

(2) During compression deformation, when the flange thickness is greater than or equal
to 14 mm, the compression deformation leads to tensile damage in the concrete lining
(only partial curves are shown for the cases of t = 14 mm and t = 18 mm). The
damage is due to the fact that when the other parameters of the waterstop belt remain
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unchanged and the thickness of the wing plate increases, the outer contour of the hole
in the waterstop belt decreases, the concrete lining joint narrows, and the compression
deformation of the hole in the waterstop belt becomes increasingly intense with an
increase in the thickness of the wing plate.

(3) During settlement deformation, the deformation stress for all cases exceeds the critical
stress value.

 
(a) (b) 

 
(c) 

Figure 26. Deformation stress of waterstops under different wing thickness conditions: (a) tensile
deformation; (b) compression deformation; and (c) settlement deformation.

In summary, to reduce the deformation stress of a waterstop and avoid damage to the
concrete lining, it is necessary to control the thickness of the waterstop’s flange. However,
when the wing thickness is too small, there is a risk of tearing or puncturing the waterstop.
According to the specifications for waterstops, the minimum thickness of waterstops should
be 4 mm. From the perspectives of safety and waterproofing, it is recommended to design
a waterstop with a wing thickness of 4–10 mm.

5.3.2. Wing Length

From the previous simulations, it can be observed that the deformation stress in a
waterstop is mainly concentrated between the first pair of waterstop ribs on both sides.
This indicates that increasing the length of the wing itself has a minimal impact on its
deformation and stress state.

Considering the waterproofing mechanism of waterstops, it is known that a longer
flow path can enhance the waterproofing reliability of the joint. The flow path length of the
simulated embedded waterstop is determined by the length of the wing and the length of
the waterstop ribs, as shown in Figure 27. Therefore, it can be inferred that increasing the
length of the wing can result in a longer flow path, thereby improving the waterproofing
reliability of the tunnel joint.

However, the embedded waterstop exhibits a cutting effect where the wing plates
cut into the concrete lining. The cutting depth is equal to the length of the wing plates,
resulting in a reduced integrity of the concrete lining. This creates a defect area that cannot
be resolved through the construction process. The defect area is illustrated in Figure 28,
showing a significant deficiency in the controllability of concrete quality in the arch area,
with a risk of detachment at the ends. Particularly, when the positioning of the embedded
waterstop is inaccurate or when deformation occurs, the uneven thickness of the cut
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concrete layers increases vulnerability to damage and detachment on the thinner side, thus
compromising the reliability of the embedded connection between the waterstop and the
concrete and leading to waterproofing failure. Moreover, longer wing plates exacerbate
the cutting effect on the concrete lining. From this perspective, it is necessary to reduce the
length of waterstop wing plates.

Figure 27. Waterstop flow path.

Figure 28. Defect area caused by cutting effect.

In summary, it is important to control the length of a waterstop’s wing plates to
minimize the impact of cutting on the concrete lining while maximizing the waterstop’s
flow path. However, the existing structure of the embedded waterstop makes it challenging
to reconcile the contradiction between the flow path and the cutting effect. To address this
issue, it may be necessary to explore alternative waterstop structures.

6. Conclusions

This paper is based on the waterproofing mechanism of an embedded rubber wa-
terstop. It focuses on the structural characteristics of the waterstop and uses numerical
methods to analyze the influence of the central hole, waterstop ribs, and wing on the
stress and deformation characteristics of the waterstop. The effective mechanisms and the
impact of key geometric parameters on the waterproofing performance are revealed, and
recommended parameters for each component are proposed. Adopting the recommended
parameters in the design of waterstops can reduce deformation stress, extend the service
life of waterstops, and reduce the risk of waterproofing failure of waterstops. The main
work and conclusions are as follows:

(1) The bond strength between rubber and concrete was tested, and the feasibility of
using the Mooney–Rivlin model and bilinear cohesive force model to simulate the
bonding between rubber and rubber–concrete interface was verified.

(2) The center hole of the waterstop primarily serves to accommodate the deformation of
the joint and reduce the deformation stress. In the design of the center hole, increasing
the outer diameter and reducing the wall thickness of the center hole can help mitigate
excessive deformation stress.

(3) The waterstop ribs primarily enhance the anchorage between the waterstop and the
concrete. As the deformation stress is mainly borne by the first ribs on both sides of
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the waterstop, the deformation stress of the waterstop is independent of the number
of ribs but depends on the distance between the first ribs and the center hole. A greater
distance between the first ribs and the center hole results in lower deformation stress.
To reduce the deformation stress of the waterstop, it is recommended to increase the
distance between the ribs and the center hole, for example, increasing the spacing from
30 mm to over 35 mm. Additionally, to ensure the quality of the concrete between the
ribs, it is suggested to have a rib spacing greater than 25 mm.

(4) The wing of the waterstop serves as a part that is embedded in the concrete to provide
fixation. The thicker the wing, the greater the deformation stress. To avoid excessive
deformation stress and reduce the risk of tearing or puncturing the waterstop, it is
recommended to have a wing thickness of 4–10 mm. Moreover, the wing contributes
to the leakage pathway, and a longer length of the wing enhances the waterproofing
reliability of the waterstop. However, the wing cuts into the concrete, and the longer
the flanges, the more severe the cutting effect on the concrete. The existing waterstop
structure has difficulty reconciling the contradiction between the leakage pathway
and the cutting effect, thus requiring the proposal of new waterstop structures to
address this issue.
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Abstract: During the operation period of tunnels in urban deep aquifer zones, the geological envi-
ronment around the tunnel is complex and the surrounding strata are rich in groundwater, which
often poses a risk of structure cracking and groundwater leakage, seriously threatening the tunnel’s
safety. To reduce the risk of tunnel cracking, a theoretical calculation model and a three-dimensional
concrete–soil interaction thermo-mechanical coupling numerical computing model was established
to analyze the tunnel structure cracking risk under the influence of multiple factors in urban deep
aquifer zones. The response mechanism of structural stress and deformation under the influence of
the grade of rock and soil mass, overburden thickness, temperature difference, structure’s length–
height ratio, structure’s thickness, and structure’s elastic modulus was investigated, and the stress
and deformation response characteristics of the structure with deformation joints were explored. The
results show that the maximum longitudinal tensile stress of the structure increases with the increase
in the grade of rock and soil mass, overburden thickness, temperature difference, structure’s length–
height ratio, and elastic modulus. The temperature difference has the most significant impact on the
longitudinal tensile stress of the structure, with the maximum tensile stress of the structure increasing
by 2.8 times. The tunnel deformation joints can effectively reduce the longitudinal tensile stress of
the structure, and the reduction magnitude of the tensile stress is the largest at the deformation joints,
which is 64.7%.

Keywords: maximum tensile stress; multiple factors influence; numerical computing model; tunnel
structure cracking; urban deep aquifer zones

MSC: 74S20; 65Z99

1. Introduction

The deep groundwater environment in urban areas is relatively complex. During the
operation period of tunnels in urban deep aquifer zones, the surrounding strata of the
tunnel are rich in groundwater, and the tunnels are often exposed to the risk of groundwater
leakage, resulting in deep and long cracks and large deformations in the tunnel concrete,
which seriously threaten the tunnel’s safety. Deformation joints are narrow gaps between
various parts of concrete structures, including expansion joints and settlement joints,
which can prevent uneven settlement and concrete shrinkage of open-cut cast-in situ
concrete structures [1,2]. They are widely used in tunnels, multi-purpose utility tunnels,
subway stations, and other engineering projects. However, as the weak part of the concrete
structures, deformation joints increase the risk of water seepage. In deep aquifer zones,
nearly 90% of subway stations have leakage problems, and nearly 30% of the leakage occurs
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at deformation joints [3,4]. Once water seepage occurs, it will not only reduce the strength
of the concrete structure but also bring safety hazards to later operations. To ensure the
safety of tunneling operations, a new numerical analysis is required, by means of which
the influence of multiple factors in urban deep aquifer zones and deformation joints on
structure cracking risk can be reasonably researched.

At present, various methods, namely empirical methods, analytical methods, numeri-
cal methods, and model test methods have made great accomplishments in the study of
tunnel cracking risk. Liu et al. [5] analyzed 109 tunnels with lining cracks and found that
the main influencing factors for tunnel lining cracking are bias pressure, concrete shrinkage,
back cavities, landslides, and relaxation pressure. Li et al. [6] found that temperature and
concrete shrinkage were important reasons for concrete cracking in multi-purpose utility
tunnels. These studies obtained the influencing factors of cracking based on empirical
statistics, but cannot quantitatively analyze these factors. Based on double K theory [7–9],
damage mechanics theory [10], and linear elastic fracture mechanics [11], some researchers
have studied the propagation mechanism and theoretical model of concrete cracks from
the concrete material itself. The model test method can truly reflect the cracking situation
of the structure, but the testing process is relatively complex [12,13]. Liu et al. [14,15]
carried out a series of model tests on structure cracking. Numerical simulation can consider
tunnel cross-section shapes, geological properties, complex construction processes, and
the coupling interaction between surrounding rock and tunnel structures [16–18]. It is
currently a commonly used method for studying structure cracking risk. Based on the
load-structure method, the effect of strata on the structure is simplified as the load acting
on the structure [19,20]. Huang et al. [21] established a numerical model to analyze the
influence mechanism of geological factors and temperature factors, and determined that
concrete cracking depends on the maximum tensile stress of the structure. He et al. [22],
Liu et al. [23], and Li et al. [24] also investigated the impact of different influencing factors
on structure cracking based on the load-structure method. For the abovementioned studies,
nevertheless, existing studies have generally focused on the effects of a single influencing
factor, such as geological conditions [25], temperature [26,27], etc. on structure cracking
risk, and lack of comprehensive analysis under the influence of multiple factors. At the
same time, the load-structure method analyzes the concrete structure as a plate [28,29], ig-
noring the interaction between the concrete structure and the surrounding soil, which is not
consistent with the actual engineering situation and results in inaccurate calculation results.

Based on the above shortcomings, a theoretical calculation model and a three-dimensional
concrete–soil interaction thermo-mechanical coupling model was established and the
maximum tensile stress of the tunnel structure was analyzed in this paper. Furthermore,
the response mechanism of structural stress and deformation under the influence of the
grade of rock and soil mass, overburden thickness, temperature difference, structure’s
length–height ratio, structure’s thickness, and structure’s elastic modulus was investigated,
and the stress and deformation response characteristics of the structure with deformation
joints were explored. The research results can provide important technical guidance for
the cracking risk of tunnel structure under the influence of multiple factors in urban deep
aquifer zones and for reducing the risk and cost of engineering construction.

2. Theoretical Model

The deformation of a concrete structure is constrained by the foundation. Based on
this, a concrete wall model on an elastic foundation is established, as shown in Figure 1.
It is assumed that the concrete wall and the foundation are deformable elastic structures,
and the constraints between them can be reflected by the relationship between stress and
deformation [30,31].
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Figure 1. Schematic diagram of stress analysis of concrete wall.

Assume that the horizontal shear stress is linear with the horizontal displacement:

τ = −Cxu (1)

where τ is the shear stress on the interface between the concrete wall and foundation, u is
the horizontal displacement of the foundation, and Cx expresses the horizontal resistance
coefficient of the foundation.

Taking a unit at x point of the structure for stress analysis, the balance equation can be
expressed as

N + dN − N + Q = 0 (2)

Htdσx + τtdx = 0 (3)

dσx

dx
+

τ

H
= 0 (4)

where N is the internal force of the unit, Q represents the shear stress of the foundation to
the unit, σx is the internal stress of the unit, and H and t are the height and width of the
unit, respectively.

The displacement at any point of the structure is composed of constrained displace-
ment and free displacement:

u = uσ + αTx (5)

where uσ is the constrained displacement, α is the linear expansion coefficient of concrete,
and T is the temperature difference.

According to the generalized Hooke’s law [32], the stress-strain relationship of the
structure can be expressed as:

σx = E
duσ

dx
= E

du
dx

− EαT (6)

dσx

dx
= E

d2uσ

dx2 = E
d2u
dx2 (7)

where E is the elastic modulus of concrete.
Substituting Equations (1) and (7) into Equation (4) gives

E
d2u
dx2 − Cxu

H
= 0 (8)

If β =
√

Cx
HE , then Equation (8) can be changed to

d2u
dx2 − β2u = 0 (9)

The general solution of Equation (9) is

u = A cosh βx + Bsinhβx (10)
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where A and B are obtained by boundary conditions. At the 0 point, u = 0. At the L/2 point,
σx = 0. L is the length of the concrete wall.

Then Equation (10) can be given as

A = 0, B =
αT

β cosh β L
2

(11)

Substituting Equation (11) into Equation (10) obtains

u =
αT

β cosh β L
2

sinhβx (12)

Then the horizontal stress of the concrete wall can be obtained:

σx = −EαT

(
1 − cosh βx

cosh β L
2

)
(13)

According to Equation (13) and the symmetry of the structure, the maximum horizon-
tal stress of the concrete wall is

σxmax = −EαT

(
1 − 1

cosh β L
2

)
(14)

3. Numerical Simulation Model

3.1. Engineering Background

Hangzhou Road multi-purpose utility tunnel is located in Hangzhou Road, High-tech
Industrial Development Zone, Liaocheng City (Figure 2). The utility tunnel starts from
Guangyue Road in the west and ends at Lushan Road in the east. The Hangzhou Road
multi-purpose utility tunnel has a total length of 3162.7 m, with a single-cabin rectangular
section and cast-in-site reinforced concrete structure. About 30 m of the tunnel is divided
into one construction section, and deformation joints are set in two adjacent sections. The
main structure concrete of the utility tunnel adopts self-waterproof C35 concrete. The
Quaternary geomorphic units along the proposed tunnel belong to the central part of the
Yellow River alluvial plain, with relatively flat terrain and low terrain. The strata are mainly
composed of silty clay, silt, and sand.

Liaocheng’s river systems mainly belong to the Yellow River and the Haihe River,
each with numerous tributaries. The types of groundwater in Liaocheng City are relatively
complex. According to the occurrence conditions of groundwater, the water-bearing rock
groups are divided into rock groups bearing loose rock pore water, and rock groups bearing
carbonate-rock-like fissure karst water. The loose rock pore water aquifers can be divided
into shallow unconfined aquifers, intermediate confined water aquifers, and deep confined
water aquifers.

3.2. Numerical Model

To further study the stress and displacement characteristics of the tunnel, the simula-
tion software of FLAC3D is applied in this study for further numerical work. FLAC3D is
a commercial finite difference numerical simulation software that includes 18 elastic and
plastic constitutive models, five calculation modes, and various modes that can be coupled
with each other. Compared with other software, FLAC3D has the advantages of fast solving
speed and accurate calculation results and can simulate complex geotechnical problems,
and has been widely used in the field of geotechnical engineering [33–36]. Wang [37] et al.
carried out a FLAC3D numerical simulation study of the deformation of a coal mine’s
deep buried track, and the calculation results are consistent with the field measurement
results, with a small error (within 5%). Unlu and Gercek [38] employed FLAC3D software
to calculate the radial boundary displacement along the longitudinal direction of a circular
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tunnel. Through the built-in Fish programming language, batch modeling was carried out
and structured hexahedral-only volume meshes were created in this study.

Figure 2. Location of the research area.

3.2.1. Model Validation

Model validation is an important step to ensure appropriate and acceptable results of
computational simulation, which is usually carried out by comparing model simulation
data with independent experimental or field datasets [39–41]. In Huang [42], the vertical
displacement of a utility tunnel project in Chongqing was measured. Based on this reference,
the same numerical model was established to simulate the tunnel displacements. The length
of the tunnel is 8.9 m, the width is 3.9 m, and the buried depth is 4.2 m. The thickness of
the tunnel is 0.4 m, the total length is 30 m, the entire model size is 64 m × 30 m × 20 m.
Eight-node brick elements are used to simulate the soil and concrete. Figure 3 shows the
simulation and measured results of the maximum vertical displacement of the top and
bottom of the structure. The error of the maximum vertical displacement between the
numerical result and the actual measured value is small, which is less than 10%. Therefore,
the numerical model is reliable.

3.2.2. Three-Dimensional Numerical Model

The schematic diagram of the numerical model is shown in Figure 4. Based on the
project design drawings, the cross-section of the concrete structure is a rectangle, L = 10 m,
h = 4 m, and w = 30 m. The thickness of the structure is D = 0.5 m, buried depth is 5 m.
According to Saint Venant’s principle [43], the whole model size is 70 m × 21 m × 30 m,
which is composed of 32,860 grid points and 29,640 zones. Eight-node brick elements are
used to simulate the soil and concrete. All tunnel meshes established in the study adopt the
same size. The mesh is divided into 1 m in the longitudinal direction of the tunnel, 0.5 m in
the length and height directions, and 0.2 m in the thickness direction.
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Figure 3. Maximum vertical displacement of example.

 

Figure 4. Schematic diagram of the numerical model.

The deformation joints are mainly connected by waterstops, and the liner structural
element is used to simulate the deformation joints. The deformation joints are set in the
middle of the structure, as shown in Figure 5, with a width of 30 mm and an elastic modulus
of 2.6 MPa [44,45]. The mechanical behavior of concrete is described through the elastic
constitutive model, and the rock and soil mass’s behavior is simulated with the Mohr–
Coulomb constitutive model. The structure adopts C35 concrete, and the surrounding
soil adopts Grade IV rock and soil mass for calculation. Related physical and mechanical
parameters are listed in Table 1 [46,47]. The surface between the structure and the soil
is simulated by the interface element, and the friction angle is 15◦ [48]. Assume that
the temperature of the structure decreases gradually from outside to inside, and the
temperature difference is taken as 5 ◦C [49].

For the whole model, the soil is homogeneous, continuous, and isotropic, regardless
of groundwater. The top surface of the model is set as a free boundary, the bottom of the
model is a fixed boundary, and normal constraint is applied to the rest of the surfaces. The
isotropic conduction model is used in the thermo-mechanical coupling calculation, the
internal and external temperatures of the structure are fixed, and adiabatic boundaries are
prescribed around the model surfaces.
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Figure 5. Schematic diagram of deformation joints.

Table 1. Model material parameters.

Model
Material

Elastic
Modulus/GPa

Density/(kN/m3)
Poisson’s

Ration
Cohesion/MPa

Friction
Angle/◦

Linear
Expansion
Coefficient

Thermal
Conductivity/
kJ·(m·h·◦C)−1

Specific Heat
/kJ·(kg·◦C)−1

C35
concrete 31.5 23 0.20 — — 1.0 × 10−5 10.6 0.96

Grade IV rock
and soil mass 1.3 20 0.35 0.5 18 0.8 × 10−5 8.4 1.44

3.3. Numerical Simulation Result

After the casting and backfilling of the open-cut cast-in situ concrete structure, the
longitudinal stress and deformation of the structure are shown in Figure 6.

  
(a) (b) 

Figure 6. Stress and displacement of concrete structure. (a) Longitudinal tensile stress. (b) Vertical
displacement.

As seen in Figure 6a, the maximum longitudinal stress is concentrated at the top
and bottom of the structure, and the top and bottom are in tension on the inside and
compression on the outside. When the structure has no deformation joints, the maximum
tensile stress of the upper surface is 2.37 MPa, which is greater than that of the lower
surface of 1.87 MPa. With deformation joints, the tensile stress is distributed in a V-shaped
curve along the Y direction of the structure, the minimum tensile stress appears at the
deformation joint, and the maximum tensile stress appears at both ends of the model. This
kind of distribution characteristic of tensile stress was also reported by Zhuo et al. [20]. The
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maximum tensile stress of the upper surface is 2.07 MPa, which is greater than that of the
lower surface of 1.63 MPa. Compared with no deformation joints, the maximum tensile
stress of the upper and lower surface is reduced by 12.7% and 12.8%, respectively, and the
tensile stress at the deformation joints of the upper and lower surface is reduced by 58.6%
and 64.7%, respectively. Taking the horizontal resistance coefficient Cx as 1.0 N/mm3 [50],
calculating the maximum tensile stress of the lower surface using Equation (14) gives
1.50 MPa, which is slightly smaller than the numerical simulation result, with an error of
8.0%, and the theoretical calculation value is relatively safe.

As shown in Figure 6b, the maximum vertical displacement is concentrated at the
top and bottom of the structure; the top of the structure subsides, and the bottom of the
structure uplifts. When the structure has no deformation joints, the maximum vertical
displacement of the upper surface is 9.75 mm, which is greater than that of the lower
surface of 5.94 mm. With deformation joints, the vertical displacement changes greatly at
the deformation joints, and the maximum vertical displacement of the upper surface is
10.44 mm, which is greater than that of the lower surface of 6.38 mm. Compared with no
deformation joints, the maximum vertical displacement of the upper and lower surface
increases by 7.1% and 7.4%, respectively.

Since the structural strength at the deformation joints is smaller than that of the
concrete on both sides, the stress is released at the deformation joints, and the tensile stress
of the structure is significantly reduced, while the deformation at the deformation joints
increases. The increase in the deformation at the deformation joints will further cause
stress release in the structure, leading to a decrease in stress at the deformation joints. The
deformation joints can effectively reduce the longitudinal tensile stress of the structure. This
conclusion is basically in agreement with previous research [21–24]. However, they did not
consider the influence of multiple factors on the stress and deformation of the structure.

4. Effect of External Environment

4.1. Rock and Soil Properties Effect

Based on the “Specifications for design of highway tunnels” (JTG 3370-2018) in China,
the rock and soil mass can be divided into four grades (III, IV, V, VI) according to the
strength from strong to weak [47]. The physical and mechanical parameters of different
grades of rock and soil mass are shown in Table 2.

Table 2. Physical and mechanical parameters of rock and soil mass.

Rock and Soil
Mass Grade

Elastic
Modulus/GPa

Density/(kN/m3) Poisson’s Ratio Cohesion/MPa Friction Angle/◦

III 6.0 23 0.30 1.0 21
IV 1.3 20 0.35 0.5 18
V 1.0 17 0.40 0.2 15
VI 0.5 15 0.45 0.1 12

Figure 7 shows the longitudinal tensile stresses of the structure under different rock
and soil mass grades. The density of the rock and soil mass directly affects the load of the
overlying soil on the structure. At the same time, the better the strength of the rock and soil,
the stronger the self-stabilization ability of the rock and soil, and the smaller the additional
stress of the overlying soil on the structure. Therefore, as the rock and soil mass grade
increases, the maximum longitudinal tensile stress of the structure gradually increases,
and the risk of structural cracking increases. The properties of the rock and soil mass
around the structure are directly related to the structural stress, which is consistent with the
results of Weng et al. [12] and Huang et al. [21]. Without deformation joints, the maximum
longitudinal tensile stress under grade VI rock and soil mass is 3.00 MPa, which is 36.4%
higher than that under grade III rock and soil mass of 2.20 MPa. With deformation joints,
the maximum longitudinal tensile stress under grade III rock and soil mass is reduced to
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1.92 MPa, which is a reduction of 12.7%. The maximum longitudinal tensile stress under
grade VI rock and soil mass is reduced to 2.63 MPa, which is a reduction of 12.3%.

 
Figure 7. Longitudinal tensile stresses under different rock and soil mass grades.

The settlement displacements under different rock and soil mass grades are shown
in Figure 8. The same as the influence law of the maximum tensile stress of the structure,
the rock and soil mass grades increase, and the maximum settlement displacement of the
structure increases. Therefore, by improving the strength properties of the soil around
the structure, the settlement displacements can be effectively reduced, and this result is
consistent with that of Wang et al. [50] and Tan et al. [51]. Without deformation joints, the
maximum settlement value under grade VI rock and soil mass is −13.50 mm, which is 89.3%
higher than that under grade III rock and soil mass of −7.13 mm. The deformation growth
is relatively obvious. With deformation joints, the maximum settlement value increases
by 10.1% under grade III rock and soil mass. The growth magnitude of the maximum
settlement value gradually decreases while the rock and soil mass grade increases.

4.2. Overburden Thickness Effect

In previous numerical studies [19–24], there have been few studies on the impact of
overburden thicknesses on the structural cracking risk. Figure 9 shows the longitudinal
tensile stresses of the structure under different overburden thicknesses when the grade of
rock and soil mass is IV. The overburden thickness directly affects the load of the upper soil
on the structure, so as the overburden thickness increases, the longitudinal tensile stress of
the structure increases, and the risk of structural cracking increases. Without deformation
joints, the maximum longitudinal tensile stress increases by 13.1% as the overburden
thickness increases from 5 m to 20 m, which indicates that overburden thicknesses have a
relatively small influence on structural cracking. With deformation joints, the maximum
longitudinal tensile stress is reduced by 12.7% under an overburden thickness of 5 m. The
decreased magnitude of longitudinal tensile stress gradually decreases as the overburden
thickness increases.
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Figure 8. Settlement displacements under different rock and soil mass grades.

 
Figure 9. Longitudinal tensile stresses under different overburden thicknesses.

Figure 10 shows the settlement displacements of the structure under different over-
burden thicknesses. Without deformation joints, the maximum settlement displacement
of the structure increases by 60.6% as the overburden thickness increases from 5 m to
20 m. With deformation joints, the maximum settlement displacement increases. As
the overburden thickness increases, the growing magnitude of the maximum settlement
displacement decreases.
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Figure 10. Settlement displacements under different overburden thicknesses.

4.3. Temperature Difference Effect

Figure 11 shows the longitudinal tensile stresses of the structure under different
temperature differences when the grade of rock and soil mass is IV and the overburden
thickness is 5 m. The longitudinal tensile stress of the structure increases with the increase
in temperature difference. Without deformation joints, the maximum longitudinal tensile
stress is 0.82 MPa under a temperature difference of 0 ◦C, and the maximum longitudinal
tensile stress is 3.14 MPa under a temperature difference of 7.5 ◦C. The maximum longi-
tudinal tensile stress of the structure increases by 2.8 times. The temperature difference
has a significant impact on the tensile stress of the structure, so the change in tempera-
ture difference is the main factor leading to structural cracking. The observed influence
law of temperature differences in this study is similar to that reported by Liu et al. [5]
and Li et al. [6], but the results obtained through numerical calculations in this article
are more intuitive and obvious. Based on the works of Huang et al. [21], Wang [30], and
De Schutter [31], the phenomenon above can be attributed to the expansion deformation
of concrete structures and the increase in temperature stress. Meanwhile, it can be seen
from Equation (14) that the maximum tensile stress of the structure is linearly related to
the temperature difference, and the numerical simulation results are consistent with the
theoretical calculation results.

With deformation joints, the maximum longitudinal tensile stress of the structure
increases by 2.35 times as the temperature difference increases from 0 ◦C to 7.5 ◦C. The
deformation joints can effectively reduce the influence of temperature differences on the
structural tensile stress, which is consistent with the results of Dong et al. [1]. Compared
with no deformation joints, the maximum longitudinal tensile stress is reduced by 2.4%
under a temperature difference of 0 ◦C, and 14.6% under a temperature difference of
7.5 ◦C. The greater the temperature difference, the greater the reduction magnitude of the
longitudinal tensile stress, and the more significant the effect of deformation joints.

Figure 12 shows the settlement displacements of the structure under different temper-
ature differences. Without deformation joints, as the temperature difference increases from
0 ◦C to 7.5 ◦C, the maximum settlement displacement of the structure increases by 1.7%,
and temperature difference has little effect on structural settlement displacement, and this
result is consistent with that of Huang et al. [21]. With deformation joints, the maximum
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settlement value of the structure increases by 10.4% as the temperature difference increases
from 0 ◦C to 7.5 ◦C. Compared with no deformation joints, the larger the temperature
difference, the greater the growth magnitude of structural deformation.

 
Figure 11. Longitudinal tensile stresses under different temperature differences.

 
Figure 12. Settlement displacements under different temperature differences.
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5. Effect of Structural Parameters

5.1. Length–Height Ratio Effect

Figure 13 shows the longitudinal tensile stresses of the structure under different length–
height ratios when the height of the structure is 4 m. With the increase in the length–height
ratio, the longitudinal tensile stress of the structure increases, and the risk of structural
cracking increases, which is consistent with the influence law presented in He et al. [22].
However, in his research, there was no quantitative analysis of the influence degree of
structural length–height ratios. Without deformation joints, the maximum longitudinal
tensile stress of the structure increases by 43.9% as the length–height ratio increases from
1.5 to 3. With deformation joints, the maximum longitudinal tensile stress is reduced by
16.0% under a length–height ratio of 3. As the length–height ratio increases, the decreased
magnitude of longitudinal tensile stress increases gradually.

 
Figure 13. Longitudinal tensile stresses under different length–height ratios.

In Figure 14, with the increase in the length–height ratio of the structure, the settlement
displacement increases from −0.80 mm to −19.97 mm, and the increment is very significant.
With deformation joints, the maximum settlement displacement increases. The larger the
length–height ratio, the smaller the deformation growth rate.

5.2. Structure Thickness Effect

Figure 15 shows the longitudinal tensile stresses under different structure thicknesses
when the length–height ratio of the structure is 2.5. The greater the structure thickness,
the smaller the longitudinal tensile stress of the structure, which is consistent with the
influence law presented by Equation (14) and Liu et al. [23]. Without deformation joints,
the maximum longitudinal tensile stress of the structure decreases by 14.9% as the structure
thickness increases from 0.3 m to 0.6 m. With deformation joints, the maximum longitu-
dinal tensile stress is reduced by 14.4% under a structure thickness of 0.6 m. The greater
the thickness of the structure, the greater the reduction magnitude of the longitudinal
tensile stress.

In Figure 16, when without deformation joints, the ability of the structure to resist
deformation increases as the structure thickness increases [22,23]. The maximum settlement
displacement of the structure decreases by 66.0% as the structure thickness increases from
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0.3 m to 0.6 m, with a significant change. With deformation joints, the maximum settlement
displacement increases by 9.9% under a structure thickness of 0.6 m. The change magnitude
of the maximum settlement displacement increases with the increase in structure thickness.

 
Figure 14. Settlement displacements under different length–height ratios.

 
Figure 15. Longitudinal tensile stresses under different structure thicknesses.
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Figure 17 shows the the longitudinal tensile stresses under different concretes when
the length–height ratio of the structure is 2.5 and the structure thickness is 0.5 m. With the
increase in the elastic modulus, the longitudinal tensile stress of the structure increases,
mainly because the elastic modulus is positively correlated with the temperature stress of
concrete [26,27]. Without deformation joints, the maximum longitudinal tensile stress of the
structure increases by 7.1% as the elastic modulus increases from 28 GPa to 32.5 GPa. With
deformation joints, the maximum longitudinal tensile stress is reduced by 12.8% under an
elastic modulus of 28 GPa, and 12.4% under an elastic modulus of 32.5 GPa.

 
Figure 16. Settlement displacements under different structure thicknesses.

5.3. Structure Material Effect

The main difference between different concrete materials is the elastic modulus, and
the elastic moduli of different concretes are shown in Table 3.

Table 3. Elastic moduli of different concretes.

Concrete C25 C30 C35 C40

Elastic
modulus/GPa 28.0 30.0 31.5 32.5

In Figure 18, when without deformation joints, the elastic modulus of the structure
increases, and the ability of the structure to resist deformation increases. The maximum
settlement displacement of the structure decreases by 5.1% as the elastic modulus increases
from 28 GPa to 32.5 GPa. With deformation joints, the maximum settlement displacement
increases by 7.2% under an elastic modulus of 32.5 GPa. The growth magnitude of the
maximum settlement displacement increases with the increase in the elastic modulus.

159



Mathematics 2023, 11, 3600

 
Figure 17. Longitudinal tensile stresses under different structure materials.

Figure 18. Settlement displacements under different structure materials.

6. Conclusions

(1) After the casting and backfilling of the open-cut cast-in situ concrete structure, the
maximum longitudinal stress and vertical displacement are concentrated at the top and
bottom of the structure. The maximum longitudinal tensile stress and vertical displacement
of the upper surface are greater than those of the lower surface.

(2) The maximum longitudinal tensile stress, settlement displacement, and the cracking
risk of the structure increase with the increase in the grade of rock and soil mass, overburden
thickness, temperature difference, and the structure’s length–height ratio, while decreasing
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with the increase in the structure’s thickness. With the increase in the concrete’s elastic
modulus, the maximum longitudinal tensile stress increases, and the maximum settlement
displacement decreases. The effect of temperature difference on longitudinal tensile stress
is the most significant, with the maximum tensile stress of the structure increasing by
2.8 times.

(3) When with deformation joints, the tensile stress is distributed in a V-shaped curve
along the Y-direction of the structure, with the minimum tensile stress occurring at the
deformation joint and the maximum tensile stress occurring at both ends of the model. The
deformation joints can effectively reduce the longitudinal tensile stress of the structure, and
the reduction magnitude of the tensile stress is the largest at the deformation joints, which
is 64.7%. The vertical displacement of the structure changes abruptly at the deformation
joints, and the maximum vertical displacements at the top and bottom of the structure
increase to a certain extent compared with a structure with no deformation joints.
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Abstract: The complex distribution of synchronous grouting pressure results in excessive tunnel
deformation and various structural diseases, especially for ultra-large-diameter shield tunnels. In
this study, to reduce the risk of tunnel failure, a three-dimensional refined finite element model was
established for the Wuhan Lianghu highway tunnel project, taking into account the non-uniform
distribution of synchronous grouting pressure. This study focuses on investigating the development
patterns of internal forces, deformations, and damages in segment structures under varying grouting
pressure ratios. The results indicate that the primary failure mode of a segment is tensile failure
occurring at the outer edge of the arch. Moreover, an increased ratio of grouting pressure between the
arch bottom and top leads to a higher positive bending moment value and greater tensile damage at
the arch waist. The tunnel ring gradually exhibits distinct “horizontal duck egg” shape deformation.
When the grouting pressure ratio is 2.8, there is a risk of tensile cracking at the outer edge of the
arch waist. At this time, the segment convergence deformation is 39.71 mm, and the overall floating
amount reaches 43.12 mm. This research offers engineering reference for the prediction of internal
forces and deformations in ultra-large-diameter shield tunnels during grouting construction, thereby
facilitating their application in the development of resilient cities.

Keywords: numerical model; ultra-large-diameter shield tunnel; synchronous grouting; grouting
pressure ratio; tunnel convergence; tensile damage
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1. Introduction

With the continuous advancement of tunnel construction equipment and technology,
ultra-large-diameter shield tunnels have become an influential development trend [1–3].
During the shield tunneling process, it is necessary to fill the gap between the segment ring
and the surrounding strata by synchronous grouting. When the synchrotron grout pressure
is not properly controlled, large upheavals may occur, especially for ultra-large-diameter
shield tunnels, which can cause serious structural diseases, including segment cracks,
misalignment, damage, and leakage [4–7].

The pressure profile of synchronous grouting has been extensively studied by scholars
around the world. Regarding the theoretical model, in order to calculate the grout filling
pressure and diffusion distance, Li et al. [8] developed a compound diffusion model on
a semi-elliptic surface without predetermined flow channels. Ye et al. [9] developed a
hemispherical diffusion model that takes into account the percolation effect of synchronous
grouting in shield tunnel construction. In addition to theoretical models that reveal the
distribution of synchronous grouting pressure along the segment rings [10], physical
model testing, as an intuitive and direct experimental method, also plays a crucial role
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in scientific research. In practical engineering, maximum synchronous grouting pressure
can be solved by testing the control of tunnel displacement and deformation [11,12]. The
distribution and long-term evolution of grouting pressure can also be obtained through on-
site monitoring [13]. For example, Hashimoto et al. [14] outlined the development of tunnel
grouting pressure during construction and long-term grouting, and the resulting lining
bending moments. Talmon et al. [15] analyzed the grouting consolidation and formation
process of the Groene Hart tunnel under field conditions. More importantly, the theoretical
models can be verified by the physical model tests. Assuming that the grouting pressure
varies as a power function with time, Zhao et al. [16] proposed a simulation framework
to explain the observations in the model tests. Based on the existing theoretical models
and physical model tests, most of the research on synchronous grouting pressure has been
focused on conventional subway shield tunnels, while less work has been done on the
synchronous grouting pressure distribution patterns in ultra-large-diameter shield tunnels.

In addition, with the rapid development of computers, the effect of synchronous grout-
ing on the stress and deformation of the lining structure has also been studied through
numerical simulations. Lavasan et al. [17,18] considered three different variants of simu-
lated synchronous grouting to study the impact of synchronous grouting on the tunnel
excavation process. In variant I, the slurry is regarded as a distributed load applied on the
soil. Due to its simplicity and computational ease, this numerical simulation method is
currently used in most studies [19]. On this basis, numerous scholars have also studied the
influence of grouting pressure changes on the deformation and mechanical properties of
foundation pits and tunnels [20,21]. With the increasing size of modern tunnels, research
on large-diameter tunnels and even ultra-large-diameter tunnels is becoming more and
more significant [22]. For an ultra-large-diameter shield tunnel, the grout pressure dif-
ference between the vaults is larger due to the influence of the grout self-weight during
the synchronous grouting process, and the segment is divided into multiple blocks with
complex structures. Therefore, the stress and deformation patterns of the lining structure
are also complex, but there are few relevant studies.

In this study, to investigate the mechanical response of ultra-large-diameter tunnels
under asynchronous grouting pressure more clearly, a three-dimensional refined finite ele-
ment model was established based on the engineering case of the Wuhan Lianghu highway
tunnel. The deformation and damage properties of the tunnel segment were studied for
different grout pressure ratios, and the weak position of the segment was determined. The
results provide theoretical support for the scientific control of the synchrotron grouting
pressure in ultra-large-diameter tunnels.

2. Engineering Background

2.1. Project Overview

The Wuhan Lianghu highway tunnel is the largest double-layer, ultra-large-diameter
shield tunnel in China. The project is situated in the southern region of Wuhan City, which
serves as the capital of Hubei Province in China. Its primary objective is to facilitate direct
connectivity between the northern and southern sectors of Wuchang District, thereby
enhancing the overall road network within this district. The Lianghu Tunnel project spans
a total distance of 19.25 km, encompassing both the East Lake and South Lake sections.
The total length of the shielding section is 13.3 km. The diameter of the shield machine is
16.2 m, the outer diameter of the segment ring is 15.5 m, and the thickness of the segment is
0.65 m. The surrounding environment of the tunnel is complex, passing numerous existing
roads, Metro lines 4 and 8, and multiple underground pipelines. As shown in Figure 1, the
section of the Lianghu tunnel under the Wuxian railway was chosen for analysis in this
study. The radius of curvature of the tunnel is 700 m, the longitudinal slope is 0.5%, and
the buried depth is 16.5 m (1.02 D). The angle between Lianghu tunnel and Wuxian railway
is about 65◦.
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(a) (b)

Figure 1. Lianghu Tunnel and Wuxian Intercity Railway. (a) Location map and (b) Intersection plan.

2.2. Geological Conditions

Figure 2 shows the longitudinal geological profile. The overlying soil layer of the
shield tunnel is a sequence of plain fill, gravel, mudstone, and mudstone greywacke. The
average thickness of the plain fill and gravel soil is about 0.5 m and 4.5 m, respectively. The
inference of the formation beneath the intercity railway is based on the geological borehole
adjacent to the railway, as drilling is not feasible within the railway area. In accordance
with the geotechnical engineering geological investigation report, Table 1 presents the
corresponding geological attributes.

Figure 2. Geological profile.

Table 1. Physical and mechanical parameters of the stratum.

Stratum γ (kg/m3) ES0.1–0.2 (MPa) ν ϕ (◦) c (kPa)

Plain fill 19.2 3.8 0.40 13 10
Gravel soil 19.5 25 0.29 27 10
Mudstone 23.5 60 0.36 28 150

Mudstone greywacke 25.6 90 0.35 29 200
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3. Establishment of the Finite Element Model

3.1. Overview

The numerical model of the shield tunnel segment is shown in Figure 3. The segmented
ring has an outer diameter of 1550 mm, a thickness of 650 mm, and a width of 2000 mm.
As shown in Figure 3a, the lining ring is composed of 10 prefabricated reinforced concrete
segments, including 1 capping block (F), 2 adjacent blocks (L1 and L2) and 7 standard
blocks (B1, B2, B3, B4, B5, B6, and B7). The segments are connected by 30 oblique bolts
with a diameter of 36 mm and a length of 740 mm, which is shown in Figure 3b. The
mesh of both the segments and the bolts adopts hexahedral grids, and the element type is
eight-node linear element C3D8R. The finite element model of the whole segment ring is
shown in Figure 4.

  
(a) (b) 

Figure 3. Schematic diagram of (a) segment block and (b) bolt structure.

 
(a) 

  
(b) (c) 

Figure 4. (a) Integral ring, (b) segment, and (c) bolt.

3.2. Material Parameters

The strength grade of precast concrete used in the segment is C60, and the parame-
ters of its compression and tension damage characteristics are determined by the “Code
for Design of Concrete Structures” (GB50010-2010) [23]. Table 2 shows the parameters
of the plastic damage model for C60 concrete. The bolts adopt the elastic–plastic consti-
tutive model, with elastic modulus E = 200 GPa, Poisson’s ratio μ = 0.3, yield strength
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fy = 640 MPa, and ultimate strength f = 800 MPa. When the bolt stress reaches the yield
stress, the modulus of elasticity decreases to 1/100 of its previous value.

Table 2. C60 concrete plastic damage model parameters.

Parameter Value

ρ (kg/m3) 2500
E (GPa) 36

ν 0.2
ψ (◦) 40
Є 0.1

fb0/fc0 1.16
Kc 0.66667
μ 0.0005

σcf (MPa) 38.5
εc0 0.00177

σtf (MPa) 2.85
εt0 0.00011

3.3. Boundary Conditions and Interactions

The model of the load-structure method is developed for the calculations. As shown in
Figure 5, the interaction between the soil and the segmented lining is simulated by ground
springs arranged around the segmented ring, which can accurately reflect the resistance
generated by the stratum [24]. The ground springs consist of one normal spring and two
tangential springs (shown in Figure 6). The normal spring is only under compression
but not tension, and the parameters can be obtained by multiplying the bed coefficient of
the stratum by the unit area. In the calculated example, the bed coefficient is 5 kN/m3.
According to the results of Koyama [25] and Wang [26], the parameters of a tangential
spring are 1/3 of those of a normal spring.

Figure 5. Boundary conditions.

Figure 7 shows the contact setting method for segment–segment and segment–bolt.
The contacts between adjacent segments are modeled by surface-to-surface contacts. Finite
slip tracking and face-to-face discretization methods were used in the analysis. Finite slip
tracking is the most general tracking method, allowing for arbitrary relatively separated,
sliding, and rotating contact surfaces, and is suitable for relatively large slides. Face-to-
face discretization can better solve the problem of primary surface nodes penetrating the
secondary surface. The tangential mechanical properties and normal mechanical properties
of the contact obey the penalty function and rough contact, respectively, and the friction
coefficient is 0.5 [27]. The accuracy of the calculation results of the local structure in
the model is directly influenced by the level of refinement in this part during numerical
simulation calculations. However, the focus of this study is not to study the specific
analysis of the bolt joint, so the contact between the segment and the bolt is simulated by
embedding.
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Figure 6. Ground springs schematic.

Figure 7. Schematic diagram of the seam contact simulation setup.

3.4. Grouting Pressure Distribution

The grouting pressure is applied to the tunnel segment as an isotropic hydrostatic
pressure, and its magnitude and distribution have a strong influence on the results of
the calculation of the overall deformation of the tunnel segment. Using the non-uniform
grouting pressure distribution model that considers the self-weight of the grout, the upper
half ring adopts uniform pressure distribution, and the lower half ring increases linearly
according to the pressure difference between the top and the bottom of the tunnel (Figure 8),
which is consistent with the distribution form of grouting pressure proposed in the litera-
ture [17,28]. The pressure at the vault was determined from the pressure at the excavation
face, and the static earth pressure at the tunnel axis was 421.66 kPa. Therefore, the grouting
pressure of the vault is selected as 420 kPa, and the pressure ratio of the vault bottom and
the vault is set to 1.0, 2.0, 2.4, 2.6, and 2.8, for a total of five groups (respectively, working
conditions 1© to 5©).

(a) (b)

Figure 8. (a) Schematic diagram of pipe ring stress; (b) grouting pressure distribution pattern.
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4. Calculation Results Analysis

4.1. Damage Evolution of Tunnel Segment

Figures 9 and 10, respectively, show the tensile and compressive damage cloud dia-
grams of the shield tunnel concrete segments for different grouting pressure distribution
forms, where the deformation display is enlarged by 20 times. As can be seen from Figure 9,
the concrete is in a fully elastic state until the tunnel segment grouting pressure ratio is 1:2.4.
As the segmental arch bottom grouting pressure increases, the concrete tensile damage
factor gradually increases and is mostly distributed at the arch waist edge position. And
when the grouting pressure ratio of the segment vault bottom and the vault reaches 1:2.8,
the tensile damage factor of the concrete reaches 0.87 and there is a risk of cracking. Since
the compressive strength of concrete is much greater than the tensile strength, the compres-
sive damage of concrete tunnel segments under different grouting pressure distribution
forms is significantly smaller than the tensile damage.

  
(a) (b) 

 
(c) 

Figure 9. Cloud diagram of tunnel segment tensile damage under different grouting pressure
distribution forms: (a) working conditions 1©~ 3©; (b) working condition 4©; (c) working condition
5©.
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(a) (b) 

 
(c) 

Figure 10. Cloud diagram of tunnel segment pressure damage under different grouting pressure
distribution forms: (a) working conditions 1©~ 3©; (b) working condition 4©; (c) working condition
5©.

4.2. Internal Force and Stress

Figure 11 shows the bending moment distribution curves of the shield tunnel segment
rings for different grouting pressures, and Table 3 lists the bending moments of the tunnel
segment rings at the vault, waist, and bottom of the tunnel for the five operating conditions.
During homogeneous grouting, the bending moments at different positions of the tunnel
segment ring differ by a small amount. As the grout pressure is increased, the bending
moment at the vault decreases significantly, while the bending moment at the waist of the
arch gradually increases. When the grouting pressure ratio is 2.8, the bending moments of
the vault and arch waist are −1320 kN·m and 1760 kN·m, respectively, and the difference
between them reaches 3080 kN·m. In addition, the absolute value of the maximum bending
moment of the whole ring appears at the waist of the arch under the action of the non-
uniformly distributed grout pressure. As the grouting pressure ratio gradually increases,
the absolute value difference between the arch waist and the arch crown also increases
gradually, reaching a maximum of 440 kN·m. From this, it follows that the distribution of
the grouting pressure has a large influence on the internal forces of the segment rings, and
that the position of the arch waist is the weak position.
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Figure 11. Bending moment distribution of the tunnel segment ring under different grouting pressures.

Table 3. Bending moments at different positions of the segment ring under 5 working conditions.

Working Condition Grouting Pressure Ratio Position Bending Moment/(kN·m)

1 1.0
arch crown (90◦) 25.3
arch waist (180◦) 25.9
arch soffit (270◦) 24.5

2 2.0
arch crown (90◦) −739
arch waist (180◦) 1020
arch soffit (270◦) −742

3 2.4
arch crown (90◦) −1040
arch waist (180◦) 1400
arch soffit (270◦) −1050

4 2.6
arch crown (90◦) −1190
arch waist (180◦) 1600
arch soffit (270◦) −1210

5 2.8
arch crown (90◦) −1320
arch waist (180◦) 1760
arch soffit (270◦) −1360

Figures 12 and 13 show, respectively, the maximum and minimum principal stress
cloud diagrams for the shield tunnel segments at a grouting pressure ratio of 2.8 for the
pipe rings and bolts. It can be seen from Figure 12 that the outer edge of the waist of
the arch and the inner edge of the vault of the segment bear a large main tensile stress.
Moreover, the principal tensile stress is greater at the outer edge of the arch waist than at
the inner edge of the vault, while the inner edge of the arch waist bears a larger principal
compressive stress. The maximum principal tensile stress of the pipe ring is 2.87 MPa,
which appears at the outer edge of the arch waist, and the maximum principal compressive
stress is 21.99 MPa, which appears at the inner edge of the arch waist. It can be seen from
Figure 13 that the maximum principal tensile stress of the bolts in the tunnel segment ring
is 337.1 MPa, which is less than the yield strength of 640 MPa, and none of the bolt yields.
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(a) (b) 

Figure 12. (a) Maximum and (b) minimum principal stress nephograms of tunnel segment rings in
working condition 5©.

 
(a) (b) 

Figure 13. (a) Maximum and (b) minimum principal stress nephograms of tunnel bolts in working
condition 5©.

4.3. Shield Tunnel Deformation

Figure 14 shows the horizontal and vertical displacement contours of the tunnel seg-
ment ring at a maximum grouting pressure ratio of 2.8, where the deformation amplification
ratio is 20. It can be clearly seen from the figure that the segment ring exhibits a large
horizontal displacement outward at the arch waist, while in terms of vertical displacement,
the segment ring as a whole is in a floating state, and the floating displacement increases
with the increase in the buried depth. At this point, with a grouting pressure ratio of 2.8,
the converged deformation of the segment ring waist reaches 39.71 mm and the overall
floating value of the tunnel ring reaches 43.12 mm.
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(a) (b) 

Figure 14. (a) Horizontal and (b) vertical displacement nephograms of segment rings in working
condition 5©.

Table 4 shows the segment ring convergence deformations and the overall floating
values for the five different grouting pressure ratios. As can be seen from the table, the
distribution of displacements at different positions of the pipe ring is consistent, except for
the uniform grouting. And with the increase in the grouting pressure ratio, the convergence
deformation and the overall floating value of the waist of the tunnel pipe ring also increase,
and the pipe ring as a whole presents a “horizontal duck egg” shape. Combined with
Table 3, it can be seen that in the case of uneven grouting, there is a large positive bending
moment at the waist of the arch and its transverse displacement value expands outward,
which also explains the deformed shape of the pipe ring mentioned above. Second, there is
a large negative bending moment at the bottom of the vault, but the grouting pressure at
the bottom of the vault is greater than that at the top of the vault, so the overall floating
value of the segment ring increases with the increase in the grouting pressure.

Table 4. Segment ring convergence deformation and overall floating value in working condition 5©.

Grouting
Pressure Ratio

Lateral
Displacement
Value of Left
Arch Waist

(mm)

Lateral
Displacement
Value of Right

Arch Waist
(mm)

Waist
Convergence
Deformation

(mm)

Arch Crown
Floating Value

(mm)

Arch Bottom
Floating Value

(mm)

Overall
Floating Value
of Tunnel Pipe

Ring (mm)

1.0 0.99 −0.98 1.97 −5.12 −3.15 1.97
2.0 −1.03 1.03 2.06 12.09 36.59 24.50
2.4 −1.49 1.49 2.98 18.91 52.57 33.66
2.6 −1.73 1.72 3.45 22.28 60.59 38.31
2.8 −1.98 1.99 3.97 25.55 68.67 43.12

The present study conducts a comprehensive numerical simulation analysis on an
ultra-large-diameter shield tunnel subjected to asynchronous grouting, serving as a valu-
able reference for the design and construction of increasingly larger tunnels, including
ultra-large-diameter ones. The working conditions adopted in this study are commonly
encountered in practical engineering projects, and are specifically based on the Wuhan
Lianghu ultra-large-diameter highway tunnel project. To address this issue, most re-
searchers employ numerical methods and field monitoring tests to predict the impact of
grouting on tunnel deformation and internal forces. In addition, the presence of joints
and cracks in the rock surrounding the tunnel segments may induce variations in grout
pressure [29]. An emphasis on analyzing this aspect should be prioritized in future research.
Moreover, this study primarily focuses on the overall mechanical and deformation prop-
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erties of the tunnel segment, while the localized connection between bolts and segments
remains to be explored.

5. Conclusions

In this study, based on the Wuhan Lianghu ultra-large-diameter highway tunnel
project, we developed a three-dimensional finite element model using Abaqus, analyzed
and discussed the damage evolution, overall floating, converging deformation, and stress
of the lining structure during the synchronous grouting process during the construction of
a shield tunnel, and can draw the following conclusions:

(1) The failure mode of a segment under non-uniform synchronous grouting pressure is
characterized by tensile failure at the outer edge of the arch waist. Elastic deformation
occurs in the segmental concrete of shield tunnels when the grouting pressure ratio
between the bottom and top of the vault is less than or equal to 2.4, with increasing
tensile damage as this ratio increases. When the grouting pressure ratio is 2.8, the
tensile damage to the concrete reaches 0.867.

(2) The higher the grouting pressure ratio, the greater the positive bending moment value
of the segmental arch waist, and the greater the negative bending moment value of
both the arch top and bottom. In the case of uneven grouting, a higher principal
tensile stress is experienced at the outer edge of the segmental arch waist and inner
edge of the vault. Additionally, the outer edge of the arch bears a greater principal
tensile stress than the inner edge of the vault, while the inner edge of the arch bears a
larger principal compressive stress.

(3) With the increase in the grouting pressure ratio, the tunnel ring undergoes a distinct
“horizontal ellipse” deformation, and there is also a corresponding increase in con-
vergent deformation at the waist of the tunnel pipe ring and overall floating value.
At a grouting pressure ratio of 2.8, the converged deformation at the waist measures
39.71 mm, while the overall floating value of the pipe ring reaches 43.12 mm.
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