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Abstract: The seismic performance of diaphragm walls adjacent to tunnels plays a pivotal role in
ensuring the stability of underground infrastructure. This article presents an extensive investigation
into the seismic behavior of such diaphragm walls through advanced two-dimensional (2D) numer-
ical modeling. The primary objective is to establish the accuracy and reliability of the numerical
model by comparing its results with a reference case history from Tianjin, China. Following success-
ful validation, the study employs rigorous two-dimensional (2D) numerical analyses to examine the
response of the diaphragm wall to seismic events while considering crucial factors. These factors
encompass the dynamics of pore water pressure, the diverse acceleration histories of earthquakes,
varying tunnel positions, and their combined influence on the horizontal displacement of the wall.
From our findings, we can conclude that earthquake duration has a more substantial impact on
displacement and wall deformation compared to peak ground acceleration (PGA). Longer earth-
quake durations are associated with greater displacement. In dynamic analyses, the presence of
water diminishes soil displacement and concentrates plastic deformation points. The distance be-
tween the tunnel and the diaphragm wall significantly affects wall displacement and deformation.
The effective distance is approximately 10 m. Our findings can inform better design and construc-
tion practices to enhance the stability of underground infrastructure in seismically active regions.

Keywords: diaphragm wall; deep excavation; seismic performance; two-dimensional modeling

1. Introduction

Diaphragm walls, recognized for their time- and space-saving attributes and con-
sistent performance [1], have become integral components in underground urban con-
struction, capturing the attention of researchers worldwide [2-4]. Their noteworthy ca-
pacity to significantly diminish seismic tension damage risk and residual lateral defor-
mation in underground structures underscores their importance [5]. Despite their ad-
vantages, the seismic design of underground structures often overlooks the impactful role
of diaphragm walls, necessitating additional safety considerations in structural design
operations [6].
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The global rise of underground systems, encompassing metros and road tunnels, is
propelled by diverse benefits such as improved spatial utilization, accelerated transporta-
tion, reduced air pollution, and a cleaner environment. However, the extensive excavation
associated with these projects raises concerns about ground movements, potential dam-
age to adjacent structures, and water leakage issues. In recent years, devastating earth-
quakes have triggered widespread liquefaction-induced soil deformation, with under-
ground structures bearing the brunt of the damage [7]. The Kobe earthquake, notably,
highlighted the vulnerability of underground structures, emphasizing the urgency for re-
search into reinforcement techniques [8-10].

Both physical and numerical studies have been pivotal in assessing the seismic re-
sponse of soil-underground structures [11-13]. To mitigate associated challenges, the in-
corporation of structures like diaphragm walls has become imperative. These structures,
designed for deep excavations, swift deployment, and water ingress prevention, represent
a crucial element in addressing complex urban construction scenarios [14,15].

Effective and economical design practices aimed at achieving overarching goals ne-
cessitate meticulous consideration of methodologies, wall types, retainers, and parame-
ters such as embedded depth, diaphragm wall layers, buried depth, and soil response
during earthquakes [16-19]. Excavation-induced wall deflection poses a significant chal-
lenge, often resulting in damage to adjacent urban buildings due to excessive ground
movement [20-24]. Therefore, implementing corrective measures to curtail lateral wall
movement during excavation is imperative [25-27]. Furthermore, engineering practice
mandates the strengthening of systems and enhancement of resistance, making it essential
to predict diaphragm wall performance under diverse conditions during the design phase
[1,14-16].

As this paper unfolds, it delves into an extensive investigation of the seismic behavior
of diaphragm walls adjacent to tunnels, employing advanced two-dimensional numerical
modeling. The primary objective is to validate the accuracy and reliability of the numerical
model through a comparison with a reference case history, ultimately contributing to im-
proved design and construction practices for enhancing the stability of underground in-
frastructure in seismically active regions.

1.1. Related Works

Historical evidence underscores the vulnerability of underground structures to seis-
mic events, with notable examples including the 1989 Loma Prieta, 1994 Northridge, 1995
Kobe, 2008 Wenchuan, and 2011 Tohoku earthquakes [17]. The widespread impact of the
Kobe 1995 earthquake, causing concrete cracks, deformations, and collapses, highlights
the critical need to address seismic risks in designs [8].

Balkaya et al. [22] investigated the seismic performance of structures dominated by
reinforced concrete shear walls constructed using the tunnel form technique. Their study
of post-1999 Kocaeli and Duzce earthquakes in Turkey utilized nonlinear pushover anal-
yses to scrutinize 3D scenarios, considering transverse walls, slab-wall interaction, dia-
phragm flexibility, torsion, and damping effects. The development of a shell element with
unique capabilities contributed significantly to predicting actual capacity and under-
standing failure mechanisms [18].

To assess seismic risks, Madabhushi and Zeng [19] conducted a numerical and ex-
perimental study on the seismic behavior of gravity quay walls. Using new quantitative
techniques in modeling boundary conditions, their work contributes to understanding
seismic responses through centrifuge experiments. Similarly, Haiyang et al. [6] focused on
a two-story subway station supported by concrete diaphragm walls. Their numerical
study revealed that diaphragm walls mitigate uplift potential and earthquake damage,
though severe damage occurs at the structure’s top due to inertial forces.

Yu et al. [24] explored energy geo-structures with heat exchange pipes, including en-
ergy tunnels, piles, diaphragm walls, and utility tunnels, examining their seismic perfor-
mance for both load-bearing and heat exchange functions. Miao et al. [25] investigated a
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three-stride island-type metro station-tunnel transition structure in Tianjin’s soft soil con-
ditions, emphasizing seismic impact, diaphragm walls, and backfill compactness. Kiryu
et al. [26] addressed the reinforcement of side walls in cut and cover tunnels, introducing
a seismic countermeasure involving a flexible polymer material. Their study concluded
that the polymer isolation method proves effective for seismic countermeasures.

Fabozzi et al. [27] emphasized seismic safety assessments for underground structures
in densely populated areas. Using advanced dynamic analyses, the study highlighted the
need for accurate geotechnical characterization and input motion selection. Chun-shan et
al. [28] utilized dynamic finite element analysis to examine seismic effects on segment
opening, finding that bidirectional coupled seismic loading significantly increased both
maximal and average segment opening.

Recently, Wen et al. [23] investigated the seismic damage to the Xiangka Bridge fol-
lowing the Ms6.9 earthquake in Menyuan, Qinghai Province. Finite element analysis re-
vealed that the varying stiffness of adjacent spans contributed to the earthquake damage.
Specifically exploring the energy aspect of diaphragm walls, this study provides valuable
insights into the seismic behavior of such structures.

For analyzing this literature review, a Sankey diagram in Figure 1 shows the signifi-
cance and importance of the research in the field. The Sankey diagram provides valuable
insights into the global research landscape, enabling researchers, policymakers, and prac-
titioners to identify trends, key players, and significant research areas within any realm.

The figure visually represents the intricate web of research connections among three
fundamental keywords: “seismic,” “excavations,” and “tunnel.” Drawing insights from
the comprehensive Scopus database, this figure offers a comprehensive glimpse into the
state of research in this interdisciplinary field. The diagram prominently highlights China,
Japan, the United States, and Germany as the leading countries actively engaged in seis-
mic, excavation, and tunnel studies. These nations exhibit a substantial research presence
and contribute significantly to the advancement of knowledge in this domain. Notewor-
thy keywords in this research landscape include “seismology,” “excavation,” “tunnel,”
and “seismic waves.” The frequency of these keywords underscores their central im-
portance in the body of research covered by the Scopus database. The diagram also un-
derscores the significance of key scholarly journals in disseminating research in this field.
Notably, “Tunneling and Underground Space Technology Journal,” “Chinese Journal of
Rock Mechanics and Engineering,” and “Journal of Rock Mechanics and Rock Engineer-
ing” serve as prominent conduits for the exchange of knowledge and findings.
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Figure 1. Global Research Landscape in Seismic, Excavations, and Tunnel Studies.

Even though the studies that came before were done in a critical way, one of the
hardest and most important parts of design for geotechnical engineers is to understand
the significance of horizontal displacement of the retaining structure and ground surface
settlement, as well as how they affect the tunnel when there is an earthquake. In light of
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the fact that groundwater level is one of the most significant factors influencing tunnel
behavior, retaining wall behavior, and soil response, this novel study would fill the afore-
mentioned gap. The main goal of this study is to figure out how the soil-diaphragm wall-
tunnel reacts to earthquakes by using dynamic loads from the EL-Centro (1940) and Kobe
(1995) quakes.

This comprehensive literature review highlights the multifaceted considerations in
understanding and mitigating seismic risks in underground structures. Insights from his-
torical earthquakes, innovative modeling techniques, and recent case studies contribute
to a deeper understanding of seismic behavior. As the research landscape evolves, ongo-
ing efforts in seismic safety assessments and dynamic analyses continue to inform design
practices and enhance the resilience of underground infrastructure in seismically active
regions.

1.2. Conceptual and Practical Contributions

To underscore our conceptual contributions, Figure 2 serves as a visual representa-
tion of key influential factors that profoundly affect the seismic performance of diaphragm
walls situated in close proximity to tunnels. These factors play a pivotal role in compre-
hending and scrutinizing the behavior of such infrastructure amid seismic events, offering
a visual guide to navigate the intricacies of this context.

Tunnel Location

Acceleration
History
of Earthquakes

@ Pore Water Pressure

Figure 2. Conceptual diagram and the influential factors in seismic analysis of diaphragm wall.

One influential factor is clean water pressure, which represents the pressure exerted
by water within the surrounding soil. Fluctuations in pore water pressure can significantly
impact the stability of diaphragm walls, particularly during seismic events when water
pressures may vary. Furthermore, seismic activity, as delineated by historical earthquake
records, stands as an essential element. Various earthquakes with diverse magnitudes and
frequencies can impart varying levels of stress and strain on diaphragm walls, influencing
their dynamic response. Another critical consideration is tunnel location, where the rela-
tive positioning of the tunnel concerning the diaphragm wall emerges as a decisive deter-
minant. The proximity or distance between the tunnel and the wall plays a significant role
in shaping the diaphragm wall’s response to ground shaking during an earthquake.

This study makes a substantial contribution to the understanding of tunnel behavior
in seismic conditions. Utilizing advanced two-dimensional (2D) numerical modeling, we
validate our approach against a reference case from Tianjin, China, establishing its accu-
racy. Unlike previous studies, our research places a distinct emphasis on the impact of
earthquake duration on wall displacement and delves into the influence of factors such as
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tunnel proximity and diameter. These insights offer valuable guidance for enhancing the
stability of underground infrastructure in seismic regions.

In the upcoming sections, our exploration unfolds as follows: Section 2 introduces
our real-life case study, providing a contextual foundation. Section 3 undertakes verifica-
tion analyses, meticulously scrutinizing our numerical example. Moving forward, Section
4 encompasses a parametric analysis, expanding the dimensions of our inquiry. To culti-
vate a comprehensive understanding of our findings, Section 5 unveils results and initiates
in-depth discussions. Finally, Section 6 encapsulates our conclusions, offers insights, and
outlines promising avenues for future research, thereby concluding our research journey.

2. Case Study

For the purpose of validating the finite element (FE) model in this study, a meticulous
examination of a braced excavation in Tianjin City, China, has been selected as the foun-
dational model [16] (Figure Al). The excavation, situated in close proximity to an existing
tunnel, comprised three principal and partial depths: 15 m, 16.25 m, and 17.55 m. Notably,
the excavation was located on the south side of the tunnel, with the closest point a mere
16.5 m from the tunnel.

To effectively manage the deformation induced by the excavation and ensure the
protection of the tunnel, a phased excavation approach was implemented. The southern
excavation was initially conducted, followed by the northern excavation. Subsequently,
work on the central excavation commenced after the installation of underground struc-
tures and the backfilling of the northern and southern excavations. The southern side was
secured by a robust 1.2-m-thick diaphragm wall, while contiguous piles were employed
to retain the north side. The east and west retaining structures comprised 1-m-thick dia-
phragm walls, augmented by concrete struts on two levels.

A crucial protective measure between the tunnel and the southern excavation in-
volved the construction of a row of embedded isolation piles to mitigate horizontal dis-
placement risks. These piles, extending to a depth of -13 m, were constructed using the
grout technique for insulation. Figure 1 illustrates the sections and key points of the
model, offering a visual representation of the excavation setup.

The selected side of the excavation revealed distinct layers, featuring silty-fine sand
layers overlaid by subsoils composed of alternating layers of silty clay and silt. Tables Al
and A2 provide a comprehensive summary of the distribution and characteristics of the
soil strata for reference. This case study serves as a robust foundation for validating the
FE model and contributes essential insights to the broader investigation into the seismic
behavior of diaphragm walls adjacent to tunnels.

3. Numerical Modeling and Verification

In this section, our objective is to validate our numerical modeling. We will com-
mence by providing a comprehensive description of the geometry and intricacies of the
numerical model. Subsequently, we will conduct thorough verification analyses.

3.1. Geometry and Details of Numerical Model

Young’'s modulus was set at 30 GPa, and Poisson’s ratio was set at 0.2 for modeling
the tunnel lining, diaphragm wall, isolation piles, and contiguous piles in PLAXIS 2D v20.
When simulating the diaphragm wall and struts, five-node plate elements and three-node
bar elements were used, respectively, while 6933 fifteen-node triangle components were
used to model the soil. Plate elements were used to model the contiguous piles and isola-
tion. The impact of the vertical interaction can be ignored because the horizontal load is
carried by the adjacent piles. To prevent adding more convergence forces, plate elements
were employed to simulate the adjacent piles. To account for the influence of the segment
joints on the tunnel lining’s rigidity, the transverse effective rigidity ratio was set at 75%.
The boundary conditions are constrained for horizontal displacement and set free for
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vertical displacement at the peripheral project boundary. Both horizontal and vertical
shifts have been fixed to the lower bound of the model. Figure 3 shows the arrangement
and the mesh used in the mathematical modeling. In the model, a fine mesh is used. In
addition, we used the “refine cluster” option in PLAXIS 2D around some elements, such
as walls and tunnels, to have more accurate analyses. The groundwater level was -2 m,
which was eliminated in one analysis.

Tunnel Diaphragm wall

85m

|
= ‘}
Strut |
|
|
|

Retaining piles

100 m

| Isolation piles

Figure 3. Configuration and the mesh used in the numerical modeling.

Jardine et al. in [29] and Burland in [30] have emphasized the significance of model-
ing the small-strain behavior of soils when tending to geotechnical issues. When subjected
to modest strains (3—10 percent), soil frequently exhibits a high initial stiffness that de-
creases with increasing strain. This nonlinearity of the stress-strain curve has exception-
ally critical impacts on soil-structure interactions (SSI) and the soil masses’ stress distri-
butions. One of the constitutive models in PLAXIS, the hardening small strain (HSS), ex-
plains why soil stiffness increases at small strains. It has been demonstrated that it is pos-
sible to create precise predictions about how structures will alter and how the ground will
move using FE analysis with a small-strain structural system. Therefore, the HSS model
has been used in this research. As shown in Table A1, all relevant parameters, except 0.7,
were determined from laboratory tests of soil samples taken with a thin-wall sampler. The
analysis is based on effective stress conditions.

The numerical analysis utilized in this study adhered to the steps outlined below:

1.  Stress is generated at first.

2. There is activation of the plate elements of the diaphragm wall, tunnel lining, isola-
tion piles, and contiguous piles.

3. It continues until the excavation’s base is dewatered.

4.  Excavation to a depth of 3.6 m and installation of the first level strut on the excava-
tion’s southern edge.

5. The second-level struts are built on the southern excavation side after excavation to
a depth of 8.4 m.

6.  On the northern excavation side, 9.6 m of excavation were completed.
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7. The northern excavation side is being excavated all the way to the bottom.
8.  The southern excavation side is being excavated all the way to the bottom.

3.2. Verification

The validation of the numerical model’s horizontal displacement of the diaphragm
wall against the reference case history from Tianjin, China, is presented in Figure 4. This
comparative analysis illustrates a noteworthy alignment between the numerical model’s
predictions and the actual measured data, affirming the accuracy of the simulation.

Horizontal displacement of the wall (mm)

0 10 20 30 40 50 60

Lh

Depth (m)

30 1: _______
s Y. . qi_ ) —=—Verification

i i | —s=—Base model
_10 ! | | | |

Figure 4. Comparison between the horizontal displacements of the diaphragm wall obtained from
Zheng's study and the current research.

During the execution of the north excavation, the south excavation side experienced
a complete shift towards the north. The displacement curves vividly depict the cantile-
vered behavior of the diaphragm wall, with a discernible reduction in displacement as
depth increases. Particularly significant is the observation that the most substantial hori-
zontal displacement occurred in the proximity of the excavation’s top section. Conse-
quently, the diaphragm wall exhibited a maximum displacement of 50 mm, indicating a
considerable lateral shift during the excavation process.

This congruence between the numerical model and the field measurements not only
attests to the model’s reliability but also provides valuable insights into the dynamic be-
havior of the diaphragm wall during staged excavations. The meticulous agreement ob-
served in the horizontal displacement patterns reinforces the credibility of the numerical
model, thereby establishing a solid foundation for the ensuing seismic analyses and eval-
uations of the diaphragm wall’s response to seismic events.

4. Parametric Study

The validated model of the current study has been employed to examine the factors
affecting the diaphragm wall reaction. The study investigated the displacement of the di-
aphragm wall induced by different earthquakes, including El Centro and Kobe, in the
presence and absence of water after the examination.

The EL-Centro in 1940 and Kobe in 1995 earthquakes were chosen for this research
because they are important to seismic studies. The EL-Centro earthquake was one of the
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first reported strong-motion events. The historical example can help us understand how
our case study behaves in earthquakes. Its data is commonly utilized as a benchmark in
seismic research due to its documentation. However, the 1995 Kobe earthquake illustrates
how structures are built and react to earthquakes nowadays. Due to the availability of
complete data for both earthquakes, a thorough and meaningful analysis provides solid
results and makes it easy to compare with other research that has used these well-docu-
mented seismic events.

Several influencing factors were considered to investigate the effect of the dynamic
loads on diaphragm wall responses, including the earthquake duration and acceleration.
Table 1 provides a summary of a number of scenarios that were derived utilizing the dy-
namic loads. The model was constructed from the steps list of the Tianjin, China, model
with the same parameters in PLAXIS 2D. To consider the model in the absence of water
before activating step 1, the whole model was dewatered, which is the last step in all mod-
els considered for dynamic loads. This study modeled dynamic loads from the bottom of
the model. In another step, the effect of tunnel displacement on the diaphragm wall was
investigated, which is modeled in the presence of water and the El Centro earthquake. As
presented in Figure 5, the tunnel’s vertical displacement (Sy) was constant in this model,
and the horizontal displacement (Sx) was variable by 2.5, 5, and 10 m. Figure 6 also depicts
the input waves used in the analyses of the current study, considering the El-Centro earth-
quake and the Kobe earthquake [31].

Groundwater Level -2 m %
\\\ Strut
N
™ ! | l
75m 0 50m ——~ 180 m - -
r /
I Z
Sv Constant =
v
( o=t11m sh
(Ve Variable
N’

N

% k!

\
\— Retaining piles
\ g P .2
Diaphragm Wall: thickness 1.2

Sx=25m,5m, 10 m
Sy = 15 m (constant)

Figure 5. Geometry of the model used in FE analysis.

Table 1. Dynamic loads and other parameters of earthquake waves.

Earthquake Magnitude Duration (sec) Rjb (km) Rrup (km)
El-Centro (1940) 6.95 41.86 6.09 6.09
Kobe (1995) 6.9 20 0.9 0.92
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Figure 6. Input waves used in analyses of the current study: (a) El-Centro earthquake and (b) Kobe
earthquake [32].

5. Results and Discussion

In this study, the horizontal displacement versus depth curves and the contour of the
plastic point distribution are found through numerical analysis for earthquakes that were
caused. The results are analyzed as follows:

5.1. Wall Displacements

Inducing the El Centro earthquake, the diaphragm wall’s horizontal displacements
are noticeable. The greatest possible horizontal displacement in the absence of water hap-
pened at 20 m from the top of the wall head, which was about 820 mm, and the head of
the diaphragm wall moved 180 mm (Figure 7a). The diaphragm’s horizontal displacement
was assumed to move in the opposite direction in the presence of water. The highest hor-
izontal displacement happened at 13 m from the wall head, or about 332 mm, and the
wall’s head moved 186 mm (Figure 7b). Inducing Kobe’s earthquake load led to a maxi-
mum horizontal displacement of 20 m from the wall head, or about 401 mm, in the absence
of water. In contrast, the head of the wall has about 125 mm of horizontal displacement.
Figure 7b illustrates the diaphragm wall horizontal displacement in the presence of water,
leading to 78.25 mm in the wall head and 74.7 mm in 8 depths from the wall head. Figure
7a shows that the maximum horizontal wall head displacement was about 50.8 mm in
static conditions. The displacement increased by inducing a dynamic load, which was dif-
ferent in the absence and presence of water. Inducing the El Centro earthquake’s seismic
load, the wall head moved about 186 mm in the presence of water, while the correspond-
ing value was about 78 mm for the Kobe earthquake. Respectively, the movements were
236 and 125.8 mm without water. As mentioned, the magnitudes of the Kobe and El Cen-
tro earthquakes are approximately the same, while the El Centro earthquake duration is
almost twice that of Kobe (Table 1).

In the following, due to more discussion about the obtained results, some comparison
is done based on different research items, which are summarized in Table 2. The provided
discussion (Table 2) offers a glimpse into the complex behavior of diaphragm walls under
seismic loads and varying conditions. A comprehensive discussion, informed by the ref-
erenced studies, could delve into the mechanics underlying the observed phenomena, of-
fering insights into soil-structure interaction, fluid dynamics, seismic characteristics, and
their implications for seismic design and engineering practices.



Buildings 2024, 14, 60

10 of 19

Horizontal displacement (mm)

-20

Depth (m)

-30

-40

Horizontal displacement (mm)

100 200 }'3400\500600 700 800 -400
E
£
/ o
@
/ o
——r —=Zheng's study
= ==Zheng's study
— . -——Presence of water-Kobe
pr— Dry soil-Kobe
~—Dry soil-El-Centro -—Presence of water-El-Centro
-40
(a) (b)

100

Figure 7. Horizontal displacement of the wall versus depth curve for all models: (a) dry soil and (b)

presence of water.

Table 2. The discussions on wall displacements in the present research.

Discussion Aspect

Description

Reference

Effects of Seismic
Loading

The study demonstrates that inducing seismic loads, such as the El Centro and Kobe earth-
quakes, leads to horizontal displacements of the diaphragm wall. This behavior is expected

due to the dynamic forces exerted by the earthquakes. However, the differences in the
magnitude of displacement between the two earthquakes are intriguing. Despite the simi-
lar magnitudes of the Kobe and El Centro earthquakes, their durations differ significantly,
which prompts questions about the relationship between earthquake duration and the re-
sulting structural response.

(32]

Influence of Water
Presence

The diaphragm wall’s response to seismic loads appears to be influenced by the presence

or absence of water. The passage notes that the diaphragm wall’s horizontal displacement

is different when water is present compared to when it’s absent. This suggests that water

may act as a damping or stabilizing factor, affecting the wall’s dynamic behavior. The rea-

sons behind this disparity could be explored, potentially involving the role of water pres-
sure, fluid-structure interaction, and soil mechanics.

(33]

Spatial Variation of
Displacement

The study presents varying displacement values at different depths from the wall head.
This spatial variation indicates that the behavior of the diaphragm wall is not uniform
along its length. Investigating the reasons for this variation could involve factors such as
soil stratification, lateral spreading, and the distribution of seismic forces within the wall.

[34]

Comparison of El
Centro and Kobe
Earthquakes

Despite the similar magnitudes of the two earthquakes, their effects on the diaphragm
wall’s displacement are different. This discrepancy raises questions about how other earth-
quake characteristics beyond magnitude might influence the structural response. The dura-

tion of the seismic event, as mentioned in the passage, could play a role, but other factors
such as wave propagation, frequency content, and the distance from the epicenter might
also contribute to the observed differences.

(35]

Static vs. Dynamic
Displacement

The study notes that the diaphragm wall’s displacement is higher under dynamic load con-
ditions compared to static conditions. This distinction between static and dynamic behav-
ior underscores the importance of considering dynamic effects in seismic design and analy-
sis. Exploring the reasons for this increase in displacement could involve examining the
amplification of forces during dynamic loading and how structures respond differently to
transient and sustained loads.

(36]

Implications for Seis-
mic Design

The findings have potential implications for seismic design practices, particularly in re-
gions prone to earthquakes. Understanding how structures behave under specific seismic
events and conditions can inform design choices, reinforcement strategies, and mitigation
measures. Additionally, the insights gained from this study could contribute to improving

the accuracy of numerical simulations and analytical models used in seismic design.

(37]
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5.2. Plastic Zones

The earthquake-induced plastic points for the models considering the absence and
presence of water are demonstrated in Figure 8. Depending on the kind of plasticity, min-
iature symbols of varying sizes, forms, and colors are used to represent the plastic stress
points. While the solid white square (tension cut-off point) shows that the tension cut-off
criterion was used, the red open square (Mohr-Coulomb point) indicates that the stresses
are on the surface of the Coulomb failure envelope. A blue-crossed square (cap point) de-
notes an expected consolidation condition where the stress during reconsolidation is
equal to the stress at the moment. Only when the soft soil (creep) model or the hardening
soil model are applied can the later sort of plastic point appear.

A green square with a plus sign (hardening point) denotes sites on the shear harden-
ing envelope for the hardening soil and HSS models as well (mobilized friction envelope).
A green crossing square, on the other hand, functions as both a cap point and a hardness
point. A comparison between Figure 8a,b illustrates that the plastic points increase when
dynamic loads are induced on the model, which increases significantly in the presence of
water. It is worth mentioning that the higher duration of the El-Cento earthquake load
caused more plastic points in the model compared to the Kobe load. Plastic points are
spread evenly in soil layers in the absence of water, which is concentrated and com-
pressed, and are moved to top areas, especially cap points and Mohr-Coulomb points, in
the presence of water. The density of points is significantly higher around the elements
and excavation areas.

Plastic points
(] MohrCoulomb point Tenson cutoffpoint [ Cap & Hardening point
i cap pont ] Hardening pont
(a) (b)

Figure 8. (a) The distribution of plastic points under static load, and (b) the displacement of soil
layers under static load.

The mathematical underpinnings of the discussed phenomena offer a rich landscape
for deeper analysis (Table 3). By linking concepts of stress-strain relationships, failure cri-
teria, consolidation behavior, shear strength evolution, and energy dissipation, one can
gain a comprehensive understanding of how various factors interact to shape the distri-
bution and behavior of earthquake-induced plastic points. This analysis not only enhances
the theoretical foundation of the study but also provides insights into the real-world be-
havior of geotechnical structures under seismic conditions.

Table 3. The mathematical discussions of plasticity assessment of the different points in this re-
search.

Discussion Aspect

Description Reference

Mohr-Coulomb Cri-
terion and Failure
Envelopes

lomb criterion. This criterion is mathematically expressed as T = c + on x tan(¢), where T is the
shear stress, c is the cohesion, on is the normal stress, and @ is the angle of internal friction.

The use of the red open square to denote the Mohr-Coulomb point is crucial. This point signi-
fies that the stress state of the soil aligns with the failure envelope defined by the Mohr-Cou-

(38]
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When stresses lie on this envelope, it indicates that the soil is on the verge of failure. The visu-
alization of this alignment through the red open square provides an intuitive representation of
soil stability and its proximity to failure conditions.

Tension Cut-off Cri-
terion and Negative
Stresses

The solid white square representing the tension cut-off point holds significance in terms of
mathematical interpretation. The concept of negative stresses in soils, especially in tension, is
non-physical due to the inherent cohesion among soil particles. The tension cut-off criterion
prevents the calculation of tensile stresses beyond a certain threshold, often defined by tensile
strength or cohesion. This is expressed as T <0, ensuring that negative shear stresses are not
considered in the analysis. Mathematically, this criterion ensures that the soil’s response re-
mains consistent with its mechanical behavior and prevents unrealistic results.

(39]

Cap Points and Re-
consolidation Stress

The introduction of the blue-crossed square to represent cap points introduces the notion of
reconsolidation stress. This concept is pivotal, especially in scenarios involving cyclic loading.
Mathematically, the cap point implies that the reconsolidation stress equals the current stress
state. In equations, this can be expressed as o_reconsolidation = o_current, indicating that the

soil is reverting to a state of consolidation. The introduction of cap points provides insights
into the soil’s dynamic behavior, capturing its response to cyclic loading and stress reversals.

(40]

Hardening Points
and Shear Strength
Evolution

The significance of the green squares, both with and without a plus sign, goes beyond their
visual representation. These points provide a direct link to the evolving shear strength of the
soil under cyclic loading. Mathematically, the concept of shear hardening implies an increase
in the soil’s shear strength with increasing shear strain. This is often modeled using constitu-
tive equations that capture the evolution of shear strength parameters. The presence of hard-
ening points on the shear hardening envelope illustrates the interplay between soil stiffness,

strength, and deformation under varying loading conditions.

(41]

Effect of Water and
Stress Localization

The researchers’ observation that plastic points are more concentrated and compressed in the
presence of water opens a pathway for deeper analysis. The mathematical connection between
water content, pore pressure, and effective stress is fundamental. Changes in pore pressure
due to water can significantly affect effective stress and consequently alter the soil’s shear
strength parameters. The concentration of plastic points in specific areas can be attributed to
localized changes in shear strength, driven by variations in water content and its distribution.
Mathematically, this can be linked to Terzaghi’s effective stress principle, which relates total
stress, pore water pressure, and effective stress.

[42]

Dynamic Loading

The variation in plastic point distribution with different earthquake load durations is intri-
guing. Mathematically, this can be correlated to the concept of energy dissipation. Longer-du-
ration seismic loads lead to more cumulative loading cycles, which can result in greater en-

Duration and Energy ergy dissipation within the soil matrix. This dissipation can influence the soil’s stiffness, shear

Dissipation

strength, and deformation characteristics, directly impacting the distribution and density of
plastic points. The relationship between loading duration, energy dissipation, and soil behav-
ior can be analyzed using concepts from cyclic loading theories and hysteresis loops.

(43]

5.3. Displacement of Soil Layers

The comprehensive analysis of the presented data, encapsulated within Figures 7-9,
lays bare intricate insights into the dynamics of soil displacement within the outlined
structural context. These visual depictions serve as windows into the underlying mechan-
ical phenomena governing soil behavior under varying conditions, thus paving the way
for profound discussions in the realms of geotechnical engineering and mathematical
modeling. In Figure 8, a topographical representation of the peak soil displacement encir-
cling the structural elements and the excavation zones is manifestly portrayed. This figure,
a testament to the meticulous monitoring of localized soil responses, offers a crucial van-
tage point for discerning the disparities in deformation magnitudes across distinct re-
gions. Its visual clarity aids in grasping the spatial distribution of soil displacement,
thereby facilitating the identification of zones subjected to more pronounced mechanical
strain. The logical implications are evident: elements experiencing higher stress loads due
to their position or load-bearing function may exhibit greater soil displacement, a conse-
quence of the interplay between mechanical forces and material characteristics.
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(c) El-Centro

Plastic points
[ Mohr-Coulomb point Tension cut-off point M cap & Hardening point
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Figure 9. The distribution of plastic points: (a,b) Dry soil (c¢,d) presence of water.

Turning attention to Figure 10, a more holistic perspective emerges as it encompasses
the aggregate soil displacements witnessed across the entire model. Notably, this illustra-
tion is engendered under dynamic loading conditions, a context that introduces an added
layer of complexity to the analysis. This figure serves as a testament to the model’s over-
arching structural response to external forces, encompassing the intricate interconnections
between the various elements. It becomes a cornerstone for further discussions, inviting
considerations regarding wave propagation, stress wave interactions, and the propagation
of soil deformation fronts.
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Figure 10. The displacement of soil layers: (a,b) Dry soil (c,d) presence of water.

A particularly intriguing inference emerges from the comparative analysis between
the two figures. A salient observation is that the degree of soil displacement exhibits a
profound dependence on the moisture content of the soil. This connection finds its roots
in the intricate interplay between soil mechanics, pore water pressure, and material be-
havior. The significantly greater displacement observed when the soil is dry as opposed
to when it is saturated with water underscores the critical influence of water content on
soil stiffness and, consequently, its ability to resist deformation. This is where mathemat-
ical models can step in, utilizing constitutive relationships and soil performance theories
to simulate and predict these variations under different conditions [44].

The stratification of soil displacement, with deeper layers showcasing greater defor-
mation compared to the shallower regions, introduces another layer of inquiry. Here, ge-
ological and geotechnical principles come into play, including the concept of lateral stress
distribution in soil masses and the role of confining pressures. These factors, intricately
interwoven with mathematical models like Terzaghi’s consolidation theory or various fi-
nite element methods, provide avenues for understanding the mechanisms underlying
the observed disparities [29].

5.4. Displacement of the Tunnel

Based on Figure 6, the tunnel has been displaced at different horizontal distances (2.5,
5, and 10 m) in the presence of water and the El Centro earthquake; the results are shown
in Figure 11. Figure 11a clearly shows that when the tunnel comes close to the wall, the
wall’s displacement outside the excavation increases. Also, this figure shows that the wall
has severe concave behavior, and the maximum displacement happened at 15 m from the
top, which was almost equal in all three curves (Sx =2.5, 5, and 10 m). The tunnel approach
to the wall did not affect the maximum deformation of the wall. Furthermore, the influ-
ence zones of the tunnel displacement on the diaphragm wall are less than 5 m and more
than 2.5 m. As the curves show, when the tunnel is close to the diaphragm wall, the de-
formation of the wall increases significantly (Sx = 2.5 m).
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Figure 11. The diaphragm wall’s displacement for various values of Sx: (a) The profiles of the wall’s
horizontal displacement and (b) the maximum horizontal wall displacement relative to Sx values.

6. Conclusions

This research significantly contributes to the field by shedding light on the intricate
dynamics of diaphragm walls, providing practitioners and researchers with a nuanced
understanding of seismic interactions. The emphasis on earthquake duration as a key fac-
tor influencing displacement, the influence of soil conditions on dynamic responses, and
the critical importance of tunnel proximity enrich our knowledge of the design and con-
struction of resilient underground structures.

Our comprehensive dynamic study has illuminated critical aspects of diaphragm
wall behavior under seismic conditions, providing valuable insights into horizontal wall
movement and plastic point distribution. Through an exhaustive analysis, we explored
the seismic repercussions of the El Centro and Kobe earthquakes, uncovering nuanced
connections between earthquake duration and wall displacement, surpassing the impact
of peak ground acceleration.

A pivotal finding emerged from our comparison of diverse earthquake scenarios, re-
vealing the profound influence of earthquake duration in relation to maximum accelera-
tion. The study showcased significant displacement at the wall head under static condi-
tions, with dynamic analysis, particularly in dry soil, concentrating displacement at two-
thirds of the wall head. Conversely, saturated soil conditions resulted in substantial dis-
placement around one-third from the top. The plastic point distribution patterns were no-
tably dense, particularly in the presence of water, underscoring the complexity of the soil-
structure interaction.
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The investigation also highlighted the correlation between increased earthquake ac-
celeration and amplified soil displacement. A critical distance was identified, linking tun-
nel diameter to wall displacement and deformation, emphasizing the substantial impact
of tunnel proximity and excavation activities. Our research contributes to the evolving
understanding of diaphragm wall dynamics, underscoring the significance of earthquake
duration, soil conditions, tunnel proximity, and dimensions in governing displacement
and deformations.

Having managerial insights based on our findings, we recommend a heightened fo-
cus on earthquake duration in seismic design considerations, especially in regions prone
to seismic activity. Additionally, practitioners should carefully assess soil conditions and
the proximity of tunnels during the design phase to optimize the performance and resili-
ence of diaphragm walls.

Future research endeavors should delve into refining seismic design guidelines for
diaphragm walls and tunnels, considering the insights gained from this study. Exploring
the applicability of our findings in real-world scenarios and conducting field validations
will further enhance the robustness of seismic resilience measures [45]. Moreover, extend-
ing the investigation to include three-dimensional numerical modeling and exploring in-
novative construction techniques could contribute to advancing the state-of-the-art in un-
derground infrastructure resilience [46].
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Figure A1. The geometry of the tunnel and excavation [16].
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Table A1. The soils’ mechanical and physical characteristics [16].

Layer No. Soil Type Thickness (m) v (kN/m?) ¢’ (kPa) @ (°)
1-1 Miscellaneous fill soil 6.5 18.5 12.4 16.1
3-1 Silty clay 2 18.55 5.6 2629
6-3 Silt 1.2 18.69 6 27.65
6-4 Silty clay 7.8 19.46 9.54 28.59
8-1 Silty clay 5.5 19.78 13.95 25.66
8-2 Silt 2 18.36 10 32.3
9-1 Silty clay 6 19.83 21.45 21.6
10-2 Silty sand 3 20.98 10.2 36.4
11 Silty clay 66 20.28 14.62 24.66

Table A2. The mechanical properties of structural elements [16].

Specific  Elasticity Poisson’s

Element Weight Modulus Ratio Height (m) De;{r;lg:)ng Thickness (m)
(kN/m?3) (kPa)
Diaphragm wall 25 3 x106 0.2 34 10% 1.2
. 19 Y 0.8
Piles 25 3 x106 0.2 298 10% 0.9
Struts 25 3 x 106 0.2 50 10% -
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