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Abstract: Urban spaces are becoming increasingly congested, and excavations are frequently performed close to existing 
underground structures such as tunnels. Understanding the mechanical response of proximal soil and tunnels to these excavations 
is important for efficient and safe underground construction. However, previous investigations of this issue have predominantly 
made assumptions of plane-strain conditions and normal gravity states, and focused on the performance of tunnels affected by 
excavation and unloading in sandy strata. In this study, a 3D centrifuge model test is conducted to investigate the influence of 
excavation on an adjacent existing tunnel in normally consolidated clay. The testing results indicate that the excavation has a 
significant impact on the horizontal deformation of the retaining wall and tunnel. Moreover, the settlements of the ground surface 
and the tunnel are mainly affected by the long-term period after excavation. The excavation is found to induce ground movement 
towards the pit, resulting in prolonged fluctuations in pore water pressure and lateral earth pressure. The testing results are 
compared with numerical simulations, achieving consistency. A numerical parametric study on the tunnel location shows that 
when the tunnel is closer to the retaining wall, the decreases in lateral earth pressure and pore water pressure during excavation 
are more pronounced.
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1 Introduction 

With continuous population growth and urban‐
ization in China, urban underground development has 
involved an increasing number of adjacent projects. In 
construction, the design of a foundation pit must ac‐
count for both environmental impact on the founda‐
tion pit and the influence of construction on existing 
underground structures, necessitating measures that 
prevent deformation and ensure safety (Hsieh and Ou, 
1998; Ou and Hsieh, 2011; Shi JW et al., 2015a; Shi CH 
et al., 2016; Zhang DM et al., 2020; Meng et al., 2021; 
Ran et al., 2023; Sun et al., 2025; Zhang XH et al., 

2025). Meanwhile, clay stratum is the primary ground 
material in numerous coastal areas, such as Shanghai, 
Singapore, and Ningbo (Sharma et al., 2001; Chen et al., 
2016, 2021). The geological attributes of soft clay, 
which include a large void ratio, high compressibility, 
low strength, and low permeability, pose challenges to 
geotechnical engineering projects (Tan and Wei, 2012; 
Wang et al., 2018, 2024; Wang and Yin, 2020; Li et al., 
2021; Peng et al., 2022). Considering these two issues, 
it is imperative to implement measures that mitigate the 
risk of structural failure and reduce economic losses.

To date, numerous studies have examined the im‐
pact of foundation pit excavation on adjacent existing 
tunnels. Developed methods have included on-site con‐
struction monitoring (Shi JW et al., 2015a; Liu GB et al., 
2016; Shi CH et al., 2016; Liu Y et al., 2019), finite 
element numerical simulation (Ou et al., 1996; Ng et al., 
2015a, 2015b; Shi, 2015; Shi et al., 2015b; Zheng et al., 
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2017; Gao et al., 2024), theoretical analysis (Sagaseta, 
1987; Liao et al., 2008; Zhang et al., 2015; Shi et al., 
2017; Cheng et al., 2020), and physical model tests 
(Liang et al., 2012; Ng et al., 2013; Li et al., 2018; 
Shi et al., 2020; Meng et al., 2021). Sharma et al. 
(2001) performed a 2D finite element analysis of the 
effect of adjacent excavation on tunnel deformations. 
Also, Chen et al. (2016) investigated the stress and de‐
formation pattern of a tunnel during excavation using 
3D numerical simulation. Ng et al. (2013) examined 
the impact of excavation in a dry sand layer on under‐
lying and lateral tunnels, and Zheng et al. (2010) in‐
vestigated how excavation in dry sand strata affects 
the internal force and surrounding earth pressure on an 
underlying tunnel; both of these studies simulated base‐
ment excavation by draining heavy fluids away. Huang 
et al. (2014) investigated the effect of excavation on 
an underlying tunnel with 3D centrifuge model tests. 
Although Shanghai soft clay was used, their tests only 
considered the responses of the tunnel over a short 
period of excavation. The advantages of model testing 
over numerical simulation and field testing are mainly 
the lower cost, the ease of controlling and varying 
parameters, and the ease of comparative testing. Al‐
though experimental techniques such as centrifuge 
model testing and simulated excavation have seen suc‐
cess, existing centrifuge tests still have limitations, 
such as for cases of excavating foundation pits in nor‐
mally consolidated soft clay layers, and for cases of 
in-flight excavation.

In this study, a centrifuge model test was per‐
formed for the excavation of a foundation pit, with an 
adjacent existing tunnel in a normally consolidated clay. 
Strong gravity of 120g was simulated during the test, 
where g is the gravitational acceleration. Following 
the backfilling of the tunnel with slurry, consolidation 
in the centrifuge was employed to create a uniformly 
and normally consolidated soft clay stratum. The und‐
rained shear strength of the stratum, surface settlement 
behind the wall, longitudinal settlement of the tunnel, 
bending moment of the tunnel section, soil shear stiff‐
ness, pore water pressure, and lateral earth pressure 
were monitored and analyzed. Following the centrifuge 
test, a numerical model was developed for comparison 
with the testing results. Finally, a parametric study was 
conducted for the effect of the tunnel location on the 
variations of lateral earth pressure and pore water pres‐
sure above and at the side of the tunnel.

2 Testing setup 

2.1 Centrifuge testing principle

The geotechnical centrifuge at Zhejiang University 
(ZJU-400) was used to conduct the centrifuge model 
test. The centrifuge has an effective rotation radius of 
4.5 m, and an effective basket volume of 1.5 m×1.2 m×
1.5 m. Its maximum capacity is 400 g·t, and the maxi‐
mum centrifugal acceleration reaches 150g.

Centrifuge simulation enables the reduction of the 
model to 1/N of the prototype size; the equivalent cen‐
trifugal force field and gravity field concurrently am‐
plify the volumetric force acting on the model by a 
factor of N. The corresponding scaling laws and cen‐
trifuge applications have been given by Schofield 
(1980) and Taylor (2018), and are detailed in Table 1. 
Under these conditions, the stress and strain at each 
point in the model align with those in the correspond‐
ing prototype.

2.2 Testing materials

Fig. 1 presents the global view of the centrifuge 
model, with 1200 mm length, 1000 mm width, and 
950 mm height. A 3D centrifuge model test was con‐
ducted, with a designed acceleration of 120g. In this 
model, commercial Malaysian kaolin clay was used 
as the testing material for the foundation soil, which 
has similar mechanical properties to the clays used 
by Purwana (2006), Xie et al. (2012), Taylor (2018), 
Alamanis et al. (2021), and Meng et al. (2021). Table 2 
lists the basic properties for the kaolin clay, including 

Table 1  Centrifuge scaling laws

Item

Gravity

Geometric 
characteristics

Material 
properties

Consolidation

Physical quantity

Acceleration

Geometric dimension

Area

Moment of inertia

Elasticity modulus

Density

Quality

Cohesive force

Internal friction angle

Bending stiffness

Compression stiffness

Time

Scaling factor 
(model to prototype)

N

1/N

1/N2

1/N4

1

1

1/N3

1

1

1/N4

1/N2

1/N2
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its specific gravity, Atterberg’s limit, coefficient of con‐
solidation, permeability, and mechanical properties, as 
measured by consolidated-drained triaxial compres‐
sion tests.

The tunnel model was built from an aluminium 
alloy tube, with an outer diameter D of 50 mm (6 m 
in prototype), a length of 1100 mm (132 m in proto‐
type), a thickness of 1 mm (0.12 m in prototype), and 
a Young’s modulus of 70 GPa (Fig. 1). Under the de‐
signed acceleration, the model tunnel had longitudinal 

and transverse stiffnesses equivalent to 143 mm and 
151 mm thick slabs of concrete with Young’s moduli 
of 35 GPa, respectively (Meng et al., 2021). The tunnel 
size aligns with the typical size of tunnels in China. 
The design buried depth was 100 mm (12 m in proto‐
type), resulting in a cover-to-diameter ratio of 2.0, 
which is a common value in engineering practice (Ng 
et al., 2013; Chen et al., 2016; Meng et al., 2021).

The retaining wall was made of the same alumi‐
num alloy material as the tunnel, with 300 mm length 

Fig. 1  Global view of the centrifuge model: (a) plan view (TC and TS indicate the strain gauges positions at the crown/bottom 
and side of the tunnel, respectively; LVDT indicates the linear variable differential transformer); (b) profile view; (c) photo 
from top of the model
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(36 m in prototype) and 150 mm width (18 m in pro‐
totype) in plan view (Fig. 1a). The 5 mm thick alumi‐
num with a Young’s modulus of 70 GPa was equiva‐
lent to an 800 mm concrete slab in prototype (assum‐
ing a Young’s modulus of 30 GPa in prototype), which 
aligned with those in Ng et al. (2013). The buried depth 
of the retaining wall was 240 mm (28.8 m in proto‐
type). The specific model and prototype dimensions 
are shown in Table 3.

2.3 Instrumentation

2.3.1　Measurement in clay

The distribution of the undrained shear strength 
Su with depth was determined through a T-bar penetra‐
tion test. The probe was 20 mm in length, with a di‐
ameter of 5 mm, a measuring range of 100 kPa, a max‐
imum axial force of 440 N, and a maximum penetra‐
tion depth of 0.5 m. The undrained shear strength was 
measured under static conditions. Two positions were 
selected for the test (Fig. 1): point Tb for the test before 

excavation, and point Ta for the test after excavation. 
Due to the dense arrangement of sensors, Ta was ulti‐
mately placed 60 mm (7.2 m in prototype) from the 
middle of the excavation. In addition, Tb was located 
at 250 mm on the Ta side, far from the excavation range.

Three laser displacement sensors were set behind 
the retaining wall (Fig. 1) to measure the surface set‐
tlement of the clay. The distances of these sensors to 
the nearby side of the retaining wall were 1D, 2D, and 
3.5D, respectively (D is the outer diameter of the tun‐
nel). To reflect the laser signal, small plastic sheets were 
placed at the corresponding positions on the ground.

Four earth pressure sensors were attached to the 
outer surface of the tunnel model at its midpoint (Fig. 1). 
Additionally, two sets of earth pressure-pore water 
pressure sensors were arranged near the tunnel model: 
one located at 25 mm (0.5D) above the crown in the 
middle of the tunnel, and another at 25 mm (0.5D) at 
the side of the tunnel. On the opposite side of the wall, 
nine earth pressure sensors were placed to track the 
variations in the earth pressure at various vertical and 
transverse locations around the foundation pit. Three 
pore water pressure sensors were deployed horizontally 
outside the retaining wall model, at a depth of 30 mm 
from the surface. Prior to sample preparation, all pore 
water pressure sensors were saturated.

Two pairs of bending elements were integrated 
into the corresponding polypropylene plates, attached 
to the side of the retaining wall (Fig. 1). One pair of 
the bending elements was used to measure the shear 
stiffness of the clay in the horizontal direction, and the 
other for the vertical direction. Sinusoidal signals with 
frequencies f=1.5 kHz and f=3 kHz were chosen as 
input signals through trial-and-error to ensure an op‐
timal signal. The characteristic point method was ap‐
plied to determine the transmission time of the shear 
wave, using the time difference between the first peak 
and the trough.

2.3.2　Measurement on the tunnel

Two linear variable differential transformers 
(LVDTs) were adopted to monitor the longitudinal set‐
tlement of the tunnel during the test. These LVDTs 
were positioned at intervals of 75 mm (1.5D) along the 
middle profile of the tunnel. Each LVDT was linked 
to an extension rod placed on the tunnel crown. To 
minimize friction, the surfaces of the extension rods 
were coated with silicone grease.

Table 3  Size for testing model and corresponding prototype

Model

Retaining 
wall

Tunnel

Parameter

Length×width

Thickness

Excavation depth

Insertion depth

Clear distance from 
excavation

Outer diameter

Length

Thickness

Buried depth

Model size 
(mm)

300×150

5

100

160

50

50

1100

1

100

Prototype 
size (m)

36×18

0.6

12

19.2

6

6

132

0.12

12

Table 2  Basic soil properties

Property

Specific gravity

Liquid limit (%)

Plastic limit (%)

Coefficient of consolidation at 100 kPa (m2/a)

Coefficient of permeability at 100 kPa (m/s)

Effective cohesion (kPa)

Effective internal friction angle (°)

Unit weight (kN/m3)

Value

2.64

80

35

40

2.0×10−8

3.8

25.7

15.5–16.4

Note: Data from Lim (2004); Purwana (2006); Xie et al. (2012); Meng 
et al. (2021)
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Strain gauges were positioned around the tunnel 
to monitor the longitudinal bending moments of the 
tunnel during the test (Fig. 1). The intervals between 
each group of TC and TS strain gauges were 25 mm 
(0.5D) and 50 mm (1D), respectively. In total, 18 groups 
of strain gauges (including both TC and TS) were at‐
tached to the outer surface of the tunnel. To enhance 
sensitivity and ensure accurate measurements, all the 
strain gauges were configured into a Wheatstone half-
bridge circuit. Before the test, the calibration coeffi‐
cients between the bending moment (theoretical calcu‐
lation) and the strain data (from the acquisition sys‐
tem) were established by performing loading at the 
center of the tunnel.

2.3.3　Measurement on the retaining wall

Seven pairs of strain gauges were attached verti‐
cally to the inner and outer surfaces along the center‐
line of the retaining wall (Fig. 1). The configuration of 
each pair of the strain gauges was similar to the sen‐
sor positions on the tunnel. During the test, the bend‐
ing moments along the retaining wall were measured, 
allowing the lateral displacement of the retaining wall 
to be calculated.

3 Testing methods 

3.1 Sample preparation

First, for effective water drainage during consoli‐
dation, a 50 mm thick sand layer was positioned be‐
neath the clay layer. Drainage pipes were placed at the 
base, with the surplus extending outward along the 
corners of the model box. Second, the sand was cov‐
ered by geotextile, and the reservoir was placed at the 
bottom. Third, the slurry was prepared by mixing ka‐
olin with water to reach twice the liquid limit. After 
72 h of moisture homogenization, the kaolin slurry was 
poured into the model box. And after a 48 h standing 
period, the excess water was drained from the top, fol‐
lowed by stratified static consolidation in the centri‐
fuge. The evolution of pore water pressure during con‐
solidation is depicted in Fig. 2. It can be observed that 
the change in pore water pressure in the final stage of 
consolidation accounts for less than 10% of the total 
variation, suggesting that the degree of soil consolida‐
tion exceeded 90% and the consolidation of the stra‐
tum was largely completed (Lam, 2010; Meng et al., 

2021). In order to avoid disturbance to the shallow 
stratum during the installation of the retaining wall and 
tunnel, the stratum was excavated to the depth of the 
crown. Then, the soil in the tunnel was excavated to 
install the tunnel model, and the retaining wall model 
was squeezed into the design depth. At the same time, 
the ball valve and pipes were connected. Later, the 
saturated slurry was re-injected and consolidated to the 
designed height in the centrifuge. Similar monitoring 
of the pore water pressure as in Fig. 2 was performed 
to ensure the consolidation was largely completed (de‐
fined as the degree of consolidation exceeding 90%). 
Finally, the residual sensors were installed, flexible 
rubber was used to replace the inside stratum of the 
retaining wall model, and it was filled with heavy liq‐
uid (Shi, 2015).

3.2 Testing procedures

Following the preparation of the centrifuge model, 
the model box was elevated onto the centrifuge plat‐
form. Initially, a T-bar test was conducted at the Tb 
position under 1g gravity. Subsequently, the centrifuge 
acceleration was gradually increased to 120g. After the 
centrifuge acceleration stabilized at 120g, the centri‐
fuge was maintained for around 10 min (60 d in proto‐
type) to eliminate the negative impacts of sensor in‐
stallation and centrifuge acceleration on data stability. 
The heavy liquid (ZnCl2 solution) method was select‐
ed to replicate the excavation (Shi, 2015). The drain‐
age lasted for 5 min, corresponding to 30 d for the 
prototype, which is equivalent to 0.4 m/d as observed 

Fig. 2  Evolution of pore water pressure with time for 
consolidation of soil. u0 is the initial pore water pressure; u1 
is the final pore water pressure; ust is the stable pore water 
pressure; Δ is the change of pore water pressure
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in a foundation pit in Shanghai in 2012 (Ng et al., 
2012). After the excavation was completed, the centri‐
fuge operated continuously for 2.5 h, replicating the 
conditions 4 a after excavation in a practical project. 
Throughout the testing process, the wave velocity of 
bending elements was measured manually, before and 
after the excavation. The testing data were automati‐
cally recorded and saved by the centrifuge’s digital 
signal acquisition system. Finally, the acceleration of 
the centrifuge was gradually decreased to 1g. Immedi‐
ately upon reaching normal gravity, a T-bar test was 
conducted at the Ta position.

4 Interpretation of the testing results 

The subsequent model testing results are convert‐
ed into equivalent prototype values to present the out‐
comes in a straightforward manner. The results primarily 
encompass the undrained shear strength of the stra‐
tum, surface settlement behind the wall, longitudinal 
settlement of the tunnel, bending moment of the tun‐
nel section, stratum shear stiffness, pore water pres‐
sure, and lateral earth pressure.

4.1 Analysis of bending moment

In this section, the effects of excavation and the 
long-term period following excavation on the bend‐
ing moment of the tunnel and the retaining wall are 
analyzed.

4.1.1　Longitudinal bending moment of the tunnel

Fig. 3 displays the vertical and horizontal bend‐
ing moments of the tunnel along the longitudinal di‐
rection. During the test, only some of the strain gau-
ges were operating correctly, which are shown as filled 
signs on the tunnel in Fig. 3. It can be seen that the ex‐
cavation leads to the development of the longitudinal 
bending moment of the tunnel, through the deforma‐
tion of the retaining wall towards the pit. Regarding 
the measurement by the sensors of TC in Fig. 1, the 
vertical bending moment is relatively uniform along 
the longitudinal distribution, both within and outside 
the excavation range (Fig. 3a). In addition, with the in‐
crease of the elapsed period (tp) after excavation, the 
vertical bending moment increases at a given location. 
The value of the bending moment at the center reached 
9.20 kN·m at 1200 d, which was approximately twice 

the value at tp=0 d (5.57 kN·m). Overall, the vertical 
bending moment is smaller than 20 kN·m.

In contrast, the value of the horizontal bending 
moment is higher than the vertical bending moment at 
the corresponding location of the tunnel, particularly 
within the excavation range (Fig. 3b). Furthermore, 
the distribution of the horizontal bending moment is 
not uniform along the longitudinal direction of the 
tunnel, showing a significant value within the excava‐
tion range (41.64 kN·m at the center, and 18.04 kN·m 
at 30 m). This suggests that after excavation, the bend‐
ing moment develops around the tunnel at the side of 
the excavation. Moreover, special attention should be 
paid to the higher horizontal bending moment within 

Fig. 3  Distribution of the bending moment of the tunnel 
in the longitudinal direction: (a) vertical bending moment 
(TC); (b) horizontal bending moment (TS)
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the excavation range. Notably, for almost all positions 
measuring the horizontal bending moment, the value de‐
creased during the elapsed period, with reductions of ap‐
proximately 13.82 kN·m at the center and 1.87 kN·m at 
30 m. This decline was likely due to clay displacement.

4.1.2　Bending moment and horizontal deformation 
of the retaining wall

Fig. 4 depicts the distribution of the bending mo‐
ment and the horizontal deformation at the center of 
the retaining wall along the depth. In this figure, nega‐
tive values for the bending moment and horizontal 
deformation indicate those oriented towards the pit. 
After excavation, the retaining wall exhibits an inward 
bending moment and horizontal deformation, showing a 
cantilever deformation pattern. The bending moment in 
the center of the retaining wall was 7.30 kN·m after ex‐
cavation, and the maximum bending moment occurred 

at the bottom with −75.93 kN·m. Subsequently, the 
central bending moment decreased to 3.86 kN·m, and 
the bottom bending element increased significantly to 
−10.93 kN·m. Below the excavation range, negligible 
horizontal deformation can be identified, thus result‐
ing in higher values of the bending moment. In con‐
trast, above the excavation range, the horizontal defor‐
mation increases, with a higher value moving away 
from the bottom of the excavation. The displacement 
of the retaining wall near the ground surface into the 
pit reached 0.22 m after excavation, and then increased 
to 0.37 m at the end of the test. After excavation, the 
increasing rate of the horizontal deformation of the re‐
taining wall is about 3.6 mm/month, which is slightly 
higher than the value of 3.0 mm/month found by Finno 
et al. (2019) in the case of Chicago medium stiff clay. 
In addition, the elapsed period after excavation has a 
limited influence on the variations of the bending mo‐
ment of the retaining wall/tunnel and the horizontal 
deformation of the retaining wall.

4.2 Analysis of settlement

4.2.1　Ground surface settlement

The evolution of the ground surface settlement 
behind the retaining wall with respect to the elapsed 
period is shown in Fig. 5. It can be observed that after 
excavation, the ground surface settlement increases 
rapidly at each sensor behind the retaining wall. As 
the elapsed period following excavation increases, the 
ground surface settlement continues to increase, at the 
rates of 0.24 mm/d, 0.18 mm/d, and 0.22 mm/d for 
sensors J1, J2, and J3, respectively. Comparing with the 
settlement rate in Meng et al. (2021), these increasing 
rates indicate that the normally consolidated clay was 
softer than the over-consolidated clay stratum. In add-
ition, no stiff structure was installed at the bottom of 
the foundation pit after excavation, due to the limita‐
tions of the centrifuge test. This might lead to a slid‐
ing flow of the surrounding soil into the foundation pit, 
causing extra settlement. In addition, the distribution of 
the ground surface settlement behind the retaining wall 
shows a convex pattern, with the settlement for J2 being 
the lowest. This may be induced by the existence of the 
tunnel, which prohibits settlement development at sen‐
sor J2 above the tunnel. In addition, due to the defor‐
mation mode of the retaining wall and the positions of 
the sensors, the settlement amount and rate at J1 are 
greater than at J3.

Fig. 4  Distributions of (a) bending moment and (b) 
horizontal deformation of the retaining wall along the depth
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4.2.2　Tunnel settlement

Fig. 6 depicts the variations of the settlement on 
the tunnel (L1 and L2; see detailed locations in Fig. 1a) 
with differing elapsed periods. During excavation, neg‐
ligible settlement can be identified at both measuring 
points on the tunnel. As the elapsed period after exca‐
vation increases, the settlement increases at a stable 
rate at each sensor, which is attributed to the sliding 
flow of the surrounding stratum into the excavation 
range. Owing to the sustained rise in ground subsid‐
ence observed in Fig. 5, the tunnel experienced com‐
prehensive settlement. Concurrently, the longitudinal 
differential settlement within the tunnel was mitigated. 
Also, compared to the ground settlement in Fig. 5, the 
settlement on the tunnel here was smaller.

4.3 Soil testing and analysis

4.3.1　Undrained shear strength of the soil

Fig. 7 shows the results of the T-bar testing. The 
results for Tb correspond to the normally consolidated 
clay after the centrifuge consolidation but before exca‐
vation, while those for Ta are for the case after the test. 
It can be seen that the undrained shear strength at Tb 
exhibits a linear increase with depth. Furthermore, the 
curve for Tb is continuous, demonstrating that the sec‐
ondary slurry is well consolidated. A fitting line can 
be plotted for Tb to reflect the preparation condition 
of clay, which gives the relationship between the und‐
rained shear strength Su and the effective earth pres‐
sure σ′v as:

Su = 0.19σ′v. (1)

The fitting slope of 0.19 is slightly smaller than 
that for clay in Taipei, China (Su = 0.22σ′v) (Lim et al., 
2010), and slightly larger than that for clay in Ningbo, 
China (Su = 0.14σ′v) (Li, 2015). Instead of undrained 
shear strength as shown by Meng et al. (2021), the 
curve for Ta within the excavation depth is close to that 
of Tb. This may be due to the over-consolidation of the 
surface layer within 8 m, resulting in a more pronounced 
difference between Ta and Tb than in our results.

4.3.2　Shear stiffness between the tunnel and retaining 
wall

Using the characteristic point method, the propa‐
gation time t of the shear wave transmitted in the soil 

Fig. 7  Distribution of undrained shear strength of soil 
along the depth

Fig. 5  Evolution of the ground surface settlement behind 
the retaining wall with the elapsed period

Fig. 6  Evolution of the settlement on the tunnel with the 
elapsed period
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can be obtained from the signal measured by the bend‐
ing elements. Thus, the shear wave velocity Vs can be 
calculated as:

Vs = L/t (2)

where L is the distance between bending elements 
(60 mm, as shown in Fig. 1). Then, the small-strain 
shear stiffness G0 can be determined as:

G0 = ρV 2
s  (3)

where ρ is the density of the soil.
For validation, the initial shear stiffness proposed 

by Rampello et al. (1997) is also calculated as:

G0

Pa

= Sf (e) ( )p′
Pa

n

 (4)

where f (e) is the void ratio function, equal to f (e)=
(1 + e) -2.4

 for clay (Shibuya et al., 1997); e is the void 
ratio; p′ is the average effective stress of the soil; Pa is 
the reference stress; S is a stiffness multiplier for the 
isotropic stress history; n is the exponent of mean 
effective stress.

Fig. 8 plots the variations of the soil shear stiff‐
ness at different sensors beside the retaining wall 
(BES1–BES4 represent the bending element sensors). 
The measured data of the initial shear stiffness corre‐
spond to the data in Rampello et al. (1997), validating 
the accuracy of the centrifuge model test. During ex‐
cavation, the increment of the shear stiffness is simi‐
lar for the two pairs of bending elements. After exca‐
vation, the shear stiffness in the vertical direction of the 
deeper soil increases with the elapsed period, while 
that in the horizontal direction of the shallower soil 
stays relatively stable with increasing time. This is be‐
cause during the period after excavation, the soil out‐
side the retaining wall tends to move towards the wall 
in a circumfluent manner, densifying the soil in the 
vertical direction between the bending elements in 
Fig. 8a. However, the soil is not densified in the hori‐
zontal direction for the sensors in Fig. 8b, resulting in 
stable shear stiffness values with respect to the elapsed 
period. Furthermore, for deeper soil (which likely has 
a higher degree of consolidation), the shear stiffness 
is higher than at shallower depths.

4.3.3　Analysis of pressure around the tunnel

The variations of the relative lateral earth pressure 
at the side of the tunnel with respect to the elapsed pe‐
riod are shown in Fig. 9. In this study, the relative lat‐
eral earth pressure is defined as the difference between 
the lateral earth pressure at a given elapsed period and 
its initial value. During excavation, the lateral earth 
pressure at the sensor close to the excavation (SP2) 
decreases significantly, while the decrease at the sen‐
sor away from the excavation (SP4) is less pronounced. 
After excavation, the value at SP2 first increases and 
then decreases. The value at SP4 continues to decrease. 
After 400 d, the two values approach a similar trend.

Fig. 10 illustrates the development of the excess 
pore water pressure (Pp) and relative lateral earth 
pressure (Ps) in the soil around the tunnel. In this 
figure, the sensor captions of PP and SP represent the 
pore water pressure sensor and soil pressure sensor, 

Fig. 8  Evolution of the shear stiffness in the soil for different 
sensors beside the retaining walls with the elapsed period: 
(a) shear stiffness in the vertical direction; (b) shear stiffness 
in the horizontal direction
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respectively. It can be observed in Fig. 10a that the 
excavation leads to the development of negative excess 

pore water pressure and the decrease of the lateral earth 
pressure. During the elapsed period after excavation, 
the lateral earth pressure gradually increases at both 
locations, while the excess pore water pressure remains 
relatively stable (Fig. 10). In other words, the excavation 
process induces the unloading effect, which is followed 
by the recovery of the effective lateral earth pressure 
(an increasing amplitude of 6.9 kPa above the crown 
and 13.7 kPa on the side) over a long-term period after 
excavation. This variation trend is probably caused by 
the squeezing effect of the soil between the tunnel and 
the retaining wall.

4.3.4　Analysis of pressure behind the wall

The evolution of the relative lateral earth pres‐
sure and the excess pore water pressure behind the re‐
taining wall at 3.6 m depth is presented in Fig. 11. As 
shown, due to the excavation, the negative excess 

Fig. 9  Evolution of the relative lateral earth pressure at 
the side of the tunnel with the elapsed period

Fig. 10  Distributions of the relative lateral earth pressure and the excess pore water pressure around the tunnel for different 
elapsed periods: (a) tp=0 d; (b) tp=400 d; (c) tp=800 d; (d) tp=1200 d

940



J Zhejiang Univ-Sci A   2025 26(10):931-949    |

pore water pressure and the decrease of the lateral 
earth pressure still occur. However, during the period 
after excavation, the pore water pressure increases 
slightly, but the lateral earth pressure continues to de‐
crease, which is different from the sensors around the 
tunnel shown in Fig. 10. This is because in the elapsed 
period, the soil continues to move towards the excava‐
tion area, as evidenced by the settlement development 
in Figs. 5 and 6. No squeezing effect of the soil can be 
supported behind the retaining wall, which leads to the 
variation trend of the lateral earth pressure and pore 
water pressure presented in Fig. 11. The evolution of 
the relative lateral earth pressure behind the retaining 
wall at 7.2 m depth is shown in Fig. 12, with a similar 
variation trend as behind the retaining wall in Fig. 11.

5 Numerical simulation 

5.1 Overview of the numerical model

To better understand the effect of excavation on 
the nearby underground structure, a numerical model 

was developed using the software PLAXIS 3D (Plaxis, 
2002). The model development matched the testing 
conditions in our centrifuge model test. In the numeri‐
cal simulation, the parameters were derived from the 
prototype parameters corresponding to the model test. 
The size of the model was set as 144 m×114 m×72 m 
(length×width×height), as shown in Fig. 13. The dis‐
tance between the boundaries of the numerical model 
and the tunnel/retaining wall was kept large enough to 
diminish boundary effects. Specifically, the bottom 
boundary of the model was located 5 times the exca‐
vation depth below the foundation pit, while the side 
boundary was approximately 5 times the tunnel diam‐
eter (D) away from the tunnel. The top of the model 
was set as a free boundary, while the sides and the 
bottom of the model were set with hinge and fixed 
constraints, respectively. Simultaneously, seepage 
boundaries were opened on the top and the bottom of 
the model, while the boundaries for the sides of the 
model were closed. The groundwater level was situat‐
ed at the top of the model, indicating the soil was satu‐
rated. The finite element model was then validated 

Fig. 11  Evolution of the relative lateral earth pressure and the excess pore water pressure behind the retaining wall at 
3.6 m depth: (a) tp=0 d; (b) tp=400 d; (c) tp=800 d; (d) tp=1200 d
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against the centrifuge test (Liu, 2020; Meng et al., 
2021). The numerical model was adjusted according 
to the centrifuge test, with the clay and model parame‐
ters remaining consistent as obtained through the 1D 
standard consolidation test and the consolidated und‐
rained triaxial test (Meng et al., 2021). The remaining 
basic soil parameters, such as unit weight, coefficient 
of consolidation, and coefficient of permeability, came 
from literature on Malaysian kaolin recorded by Lim 
(2004), Purwana (2006), and Xie et al. (2012).

5.2 Material properties

In this centrifuge model test, Malaysian kaolin was 
employed to replicate a clay stratum (Anagnostopoulos 
et al., 2020). In the numerical simulation, a hardening 
soil model with small-strain stiffness (HSS model) was 
used, which has been extensively applied in numeri‐
cal simulations of clay (Wang et al., 2013; Alamanis 
et al., 2021). Table 4 lists the model parameters for 
the kaolin.

The PLAXIS 3D Tunnel Designer was employed 
for tunnel generation, with the tunnel lining constituted 
by 6-node plate elements. The outer diameter and the 
length of the tunnel were 6 m and 112 m, respectively. 
The behaviour of the surface flow boundary condition 
of the tunnel was set to be closed, with the correspond‐
ing model parameters listed in Table 5. The retaining 
wall was similarly modelled using the 6-node plate el‐
ements. Aligning with the prototype parameters de‐
rived from the centrifuge test, the foundation pit had a 
depth of 31 m, a length of 36 m, a width of 18 m, and 
an equivalent thickness of 0.8 m. Table 5 also lists the 
model parameters for the retaining wall.

Fig. 13  Model overview for the numerical simulation

Fig. 12  Evolution of the relative lateral earth pressure behind the retaining wall: (a) tp=0 d; (b) tp=400 d; (c) tp=800 d; (d) 
tp=1200 d
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5.3 Simulation procedures

Initially, the in-situ stress field was established for 
the numerical simulation before excavation. Then, a 
tunnel was generated to simulate tunnel excavation. 
Subsequently, a 100-d consolidation period was initi‐
ated to stabilize the earth pressure and pore water pres‐
sure surrounding the tunnel. Upon completion, the re‐
taining wall was installed. The displacements were re‐
set to zero, with another 100-d consolidation calcula‐
tion performed to represent stabilization (similar to the 
actual stabilization time), which minimizes the distur‐
bance from the tunnel generation. After that, the soil 
inside the retaining wall was replaced with a surface 
load to simulate the heavy liquid. The surface load was 
removed to simulate the excavation process, corre‐
sponding to a 30-d prototype duration. Finally, upon 
completion of the excavation, the simulation was ter‐
minated when the elapsed period reached 1200 d. The 
calculation of the pore water pressure from the previ‐
ous step was used for the deformation calculation in 
the subsequent step. During the numerical simulation, 
the lateral earth pressure and pore water pressure in 
the model were measured.

5.4 Numerical comparison

Fig. 14 presents a comparison between the test‐
ing results from the present centrifuge tests and the 
calculated results from the numerical simulation, re‐
garding the variation of the relative lateral earth pres‐
sure with the elapsed period. Overall, the calculated 
results show strong agreement with the measurements. 
Due to the movement of soil to the excavation range, 
the relative lateral earth pressure decreases with the 
elapsed period for both the measured and calculated 
values.

Next, the variation of the excess pore water pres‐
sure with the elapsed period for both the testing re‐
sults and numerical results is shown in Fig. 15. Simi‐
larly, consistency is found between the measured and 
calculated results, illustrating the robustness and accu‐
racy of our numerical modelling.

5.5 Parametric study

To achieve a better understanding of the effect of 
the tunnel location on the variations of relative lateral 
earth pressure and excess pore water pressure, para‐
metric studies are conducted. The basic soil parame‐
ters are given in Table 4, and the basic parameters for 
the tunnel and the retaining wall are shown in Table 5, 
with the plate element adopted for these two struc‐
tures. Fig. 16 shows the four cases for the parametric 
study, including three tunnel locations (Cases 1, 2, and 
3) and Case 4, where a bottom plate is added based 
on Case 1. Two measuring points are set around the 
tunnel: point A above the crown of tunnel 1, and point 
B at the side of tunnel 1. Note that Case 1 corresponds 
to the present centrifuge model test.

5.5.1　Relative lateral earth pressure

Fig. 17 shows the evolution of the relative lateral 
earth pressure around the tunnel with the elapsed period. 
Upon excavation, the relative lateral earth pressure de‐
creases rapidly. During the elapsed period, the relative 
lateral earth pressure only changes slightly for all the 
cases. In comparison with point A, the decreasing 

Table 4  HSS model parameters for the kaolin

Parameter

E ref
oed (MPa)

E ref
50  (MPa)

E ref
ur  (MPa)

c′ (kPa)

φ′ (°)

ψ (°)

Value

1.9

1.9

8.36

2

23

0

Parameter

Rf

m

K0

υur

G0 (MPa)

γ0.7

Value

0.9

0.83

0.61

0.2

29.5

2×10−4

Note: E ref
oed is the tangent stiffness for the primary oedometer loading; 

E ref
50  is the secant stiffness from a standard drained triaxial test; E ref

ur  is 
the unloading/reloading stiffness from a drained triaxial test; c′ is the 
effective cohesion; φ′ is the effective friction angle; ψ is the dilatancy 
angle; Rf is the failure ratio (default is 0.9); m is the power exponent 
of the stiffness stress level correlation; K0 is the coefficient of the 
static lateral pressure under normal consolidation conditions; υur is the 
unloading/reloading Poisson’s ratio (default is 0.2); G0 is the reference 
shear modulus at very small strains (ε<10−6); γ0.7 is the shear strain 
corresponding to the attenuation of the secant shear modulus to 70% 
of the initial shear modulus

Table 5  Model parameters for the tunnel and the retaining wall

Structure

Tunnel

Retaining wall

Equivalent 
diameter (m)

6

NA

Equivalent 
thickness (m)

0.15

0.8

Elastic modulus in the 1st and 2nd 
axial directions (kN/m2)

7.20×107

7.20×107

Equivalent weight 
(kN/m3)

27.2

27.0

Poisson’s ratio

0.15

0.15

NA: not applicable
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Fig. 14  Comparison of the relative lateral earth pressure between measured and computed results: (a) SP13; (b) SP16; 
(c) SP18; (d) SP20

Fig. 15  Comparison of the excess pore water pressure between measured and computed results: (a) PP1; (b) PP2; (c) 
PP6; (d) PP8
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amplitude of the relative lateral earth pressure at point 
B is more significant, because point B is closer to the 

excavation range. At point A, the decreasing ampli‐
tude of the relative lateral earth pressure has the great‐
est magnitude for Case 3 and the smallest magnitude 
for Case 4, while the variation of the relative lateral 
earth pressure shows a similar trend for Cases 1 and 
2. This is probably because the soil arching effect oc‐
curs after the excavation of the retaining wall, and the 
horizontal deformation of the tunnel affects the range. 
Moreover, the difference in buried depth leads to a 
change in the soil arching effect and a significant 
change in lateral earth pressure at point A. In contrast, 
at point B, the decreasing amplitude of the relative lat‐
eral earth pressure is most significant for Case 1, 
whereas Cases 2 and 3 have a similar variation trend. 
The change for Case 4 (where the bottom plate is ap‐
plied) is the smallest, which is consistent with the re‐
sult at point A. The lateral earth pressure at point B is 
influenced not only by soil compression, but also by 
the deformation of the retaining wall. The closer the 
point is to the tunnel, the greater the variation in earth 
pressure during excavation. After excavation, all the 
relative lateral earth pressures change slightly with 
the elapsed period.

5.5.2　Excess pore water pressure

The evolution of the excess pore water pressure 
around the tunnel with respect to the elapsed period is 
presented in Fig. 18. For all cases, the excess pore 
water pressure decreases around the tunnel during ex‐
cavation, followed by a gradual dissipation after exca‐
vation. During excavation for a given case, the change 
of the excess pore water pressure at point B is greater 
than that at point A. This phenomenon becomes less 
obvious as the measuring point moves farther away 
from the tunnel. For both measuring points, the de‐
creasing amplitude of the excess pore water pressure is 
more significant for Case 1 during excavation. After 
excavation, horizontal deformation of the tunnel and 
the retaining wall immediately occurs. Thus, Case 1 
(with the tunnel closest to the excavation) results in 
more significant variation of the excess pore water 
pressure. For the pore water pressure above the crown, 
the excess pore water pressure gradually dissipates to 
0 during the elapsed time. In Case 4, due to the und‐
rained boundary at the bottom, the excess pore water 
pressure does not dissipate completely, which is con‐
sistent with the results of all cases at point B.

Fig. 16  Diagram of different calculation cases

Fig. 17  Evolution of the relative lateral earth pressure with 
the elapsed period around the tunnel at (a) point A and (b) 
point B, for the four cases
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6 Conclusions 

A centrifuge model test and numerical simula‐
tions were conducted to investigate the effect of exca‐
vation on an existing adjacent tunnel in a normally 
consolidated clay stratum. The test replicated excava‐
tion under 120g gravity, providing insights into the 
short- and long-term responses of the existing tunnel‐
ling and surrounding stratum.

We found that the excavation significantly affects 
the horizontal deformation of the retaining wall and 
tunnel. However, over a long-term period after exca‐
vation, the horizontal deformation of the retaining wall 
and tunnel stabilizes, with only slight variations ob‐
served after excavation. Notably, the long-term elapsed 
period has a more significant impact on ground sur‐
face settlement and tunnel settlement. These changes 
are more pronounced compared to the horizontal 

deformation. During excavation, the negative excess 
pore water pressure increases, and the lateral earth 
pressure decreases around the excavation range. In the 
soil between the tunnel and retaining wall, the excess 
pore water pressure remains relatively stable, while the 
lateral earth pressure gradually increases during the 
long-term period after excavation due to the soil’s 
squeezing effect. At other measuring locations, the pore 
water pressure increases slightly, while the lateral earth 
pressure continues to decrease after excavation.

Our numerical modelling showed that excava‐
tion leads to a reduction in both the lateral earth pres‐
sure and the pore water pressure. Through the elapsed 
period, the lateral earth pressure stays relatively stable, 
while the excess pore pressure dissipates gradually. 
When the tunnel is closer to the retaining wall, the de‐
creases in lateral earth pressure and pore water pres‐
sure during excavation are more pronounced. However, 
the variations of the lateral earth pressure and pore 
water pressure above the tunnel are inconsistent, which 
may be related to the soil arching effect caused by the 
combined deformation of the tunnel and excavation.

These findings can be adopted for predicting and 
mitigating the impact of excavation on existing tun‐
nels. They might also act as a technical reference for 
the design and construction of retaining walls and tun‐
nels in similar geological conditions, enhancing safety 
and efficiency in urban excavation projects. However, 
a few limitations should be noted. First, due to the 
limitations of centrifuge testing, it is challenging to 
fully replicate the installation of a stiff structure at the 
bottom of a foundation pit after excavation. This may 
lead to extra settlement of the surrounding stratum. 
Second, the overly dense arrangement of sensors might 
disturb the testing results. Finally, the extensive test‐
ing period and complicated centrifuge setup permitted 
only one test. Additional tests and broader investiga‐
tions should be performed to gain more insights.
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