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A B S T R A C T

Coral sand, as a geological material for foundation filling, is widely used for reclamation projects in coral reef 
areas. The coral sand is characterized by a wide grain size distribution. A series of centrifuge shaking table tests 
were conducted to explore the seismic response of a shallow buried underground structure in saturated coral 
sand and coral gravelly sand. The emphasis was placed on comparing the similarities and differences in the 
dynamic behavior of the underground structure at the two sites. The responses of excess pore pressure, accel
eration, displacement, and dynamic soil pressure of the structure were analyzed in detail. The results indicated 
that the underground structure in coral sand had a significant influence on the development of excess pore 
pressure in the surrounding soil, but this effect was not evident in coral gravelly sand due to well-drained 
channels. Liquefaction was observed in the soil layer around the structure in coral sand, but it did not occur 
in coral gravelly sand. In coral sand, the liquefaction of the soil layer at the bottom of the structure caused a 
significant attenuation in the acceleration of the structure. Compared to coral gravelly sand, the acceleration 
response of the soil layer near the bottom of the underground structure was higher in coral sand. During the 
shaking, the displacement pattern of the structure in coral gravelly sand was slight subsidence-slight uplift- 
significant subsidence, while it exhibited a significant uplift in coral sand. The maximum dynamic soil pressure 
distribution on the structural sidewalls presented a trapezoidal distribution, and the dynamic soil pressure had a 
strong connection with the development of excess pore pressure in the surrounding soil.

1. Introduction

Coral sand, primarily composed of the skeletal remains of corals, 
shells, and other marine organisms, can be found extensively in coral 
island reefs and seashores situated between 30 degrees north latitude 
and 30 degrees south latitude (Burke et al., 2011). With the advance
ment of marine engineering, land reclamation is increasingly being 
utilized for the construction or enhancement of port infrastructure and 
for filling construction sites (Sengupta et al., 2018). Coral sand is 
increasingly being utilized as a construction material for land reclama
tion projects in coral reef regions. However, these engineering sites are 
inevitably subjected to natural loads such as waves and earthquakes. 
Existing damage surveys have reported that the foundation and infra
structure at coral sand sites have suffered severe damage during earth
quakes (Mejia and Yeung, 1995; Chock et al., 2006; Green et al., 2011; 
Olson et al., 2011).

The seismic behavior of structures at coral sand sites has attracted 
the attention of many scholars. Liu et al. (2020) studied the dynamic 
response of block-type quay walls at coral sand backfill sites and found 
that the seismic ability of block-type quay walls can be improved by 
increasing the density, permeability, and connection between blocks. 
Wu et al. (2020) compared the differences in seismic response of su
perstructure supported by pile groups at coral sand sites and siliceous 
sand sites through shaking table tests. The findings revealed that the 
horizontal displacement of the superstructure and the bending moment 
of the columns and piles at the coral sand site were less than those at the 
siliceous sand site. Through numerical simulations, Wu et al. (2021)
reported that increasing the length of the piles in coral sand amplified 
the seismic response of the soil, but it reduced the settlement of the 
superstructure. The groundwater level had a significant influence on the 
seismic performance of a coral sand foundation–superstructure system 
and the rise in groundwater level could lead to an increase in both the 

* Corresponding author.
E-mail address: chensuchina@126.com (S. Chen). 

Contents lists available at ScienceDirect

Tunnelling and Underground Space Technology  
incorporating Trenchless Technology Research

journal homepage: www.elsevier.com/locate/tust

https://doi.org/10.1016/j.tust.2024.106318
Received 8 July 2024; Received in revised form 22 October 2024; Accepted 5 December 2024  

Tunnelling and Underground Space Technology 157 (2025) 106318 

0886-7798/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0003-0264-8831
https://orcid.org/0000-0003-0264-8831
mailto:chensuchina@126.com
www.sciencedirect.com/science/journal/08867798
https://www.elsevier.com/locate/tust
https://doi.org/10.1016/j.tust.2024.106318
https://doi.org/10.1016/j.tust.2024.106318


settlement and horizontal displacements of the model structure (Ding 
et al., 2022). Zhang et al. (2022) explored the seismic response of the 
revetment breakwaters and nearby aircraft runways built on reclaimed 
lands with coral sand and found that the seismic stability of seawalls and 
airport runways was more adversely affected by loose coral sand 
foundations.

Given the limited land resources of island reefs, it is crucial to 
develop underground spaces. However, recent seismic events have re
ported severe damage to underground structures caused by strong 
seismic motions (Iida et al., 1996; Ghasemi et al., 2000; Wang et al., 
2001, 2009; Yamaguchi et al., 2012; Moss et al., 2015; Wham et al., 
2017; Hazarika et al., 2017). Some researchers have already conducted 
studies on the seismic response of underground structures in coral sand 
foundations. Ding et al. (2021) conducted a series of shaking table tests 
to investigate the effect of groundwater levels on the seismic response of 
an underground structure. The results illustrated that the settlement of 
the structure decreased with the increase in the groundwater level. The 
nonlinearity of coral sand near the groundwater level had a great in
fluence on the seismic stability of underground structures during strong 
earthquakes and increasing the relative density of the coral sand foun
dation led to an increase in the horizontal dynamic soil pressure of the 
underground structure (Wu et al., 2023, 2024).

However, the maximum grain size of the sand at coral sand sites 
studied above did not exceed 2 mm. Reclaimed foundations on island 
reefs are characterized by a wide grain size distribution, which can be 
divided into coral sand sites and coral gravelly sand sites (Yuan et al., 
2019; Wang et al., 2021; Wang et al., 2021; Gao and Ye, 2023). Few 
researches concern the seismic response of underground structures at 
coral gravelly sand sites. The content of gravel particles has a significant 
influence on the liquefaction behavior of saturated sand sites. Evans and 
Zhou (1995) conducted a series of undrained cyclic triaxial tests on 
sand-gravel composite specimens with different gravel contents. The 
findings revealed that the cyclic resistance increased with the increase in 
the gravel content. Ruttithivaphanich and Sasanakul (2022), Hubler 
(2017), and Xu et al. (2019) reached similar conclusions. Therefore, it is 
crucial to conduct a comparative study on the similarities and differ
ences in the dynamic behavior of the underground structure in coral 
sand and coral gravelly sand.

This study conducted two centrifuge shaking table tests to explore 
the seismic response of a shallow buried underground structure in coral 
sand and coral gravelly sand. The differences and similarities in the 
development of excess pore pressure, acceleration response, vertical 
displacement pattern, and dynamic soil pressure of the underground 
structure were thoroughly compared. It provided a reference for the 
engineering practice at island reefs.

2. Experimental scheme

2.1. Centrifuge test apparatus

The experiments were carried out at a centrifugal acceleration of 50g 
using the DCIEM-40–300 centrifuge and a unidirectional shaking table 
at the Institute of Engineering Mechanics, China Earthquake Adminis
tration. The parameters of the centrifuge shaking table apparatus are 

listed in Table 1. A rigid container with a steel partition plate in the 
middle was employed in the tests. The internal dimensions of the 
container are 78 cm (length) × 58 cm (width) × 60 cm (height) and 52 
cm (length) × 58 cm (width) × 60 cm (height) in model scale. Rigid 
containers are commonly utilized in centrifuge shaking table experi
ments (Yu et al., 2015; Wang et al., 2017; Zhou et al., 2018; Xie et al., 
2021; Fan et al., 2023). Along the direction perpendicular to the 
shaking, a 4 cm thick piece of polystyrene foam board was attached to 
the inner walls of the container to minimize the potential boundary ef
fect (Fig. 2(a)). The scaling laws are listed in Table 2.

2.2. Test materials

The experimental sand was collected from the reclaimed land of a 
certain island reef. Fig. 1 shows the grain size distribution curves of the 
test soil, which were determined based on the gradations in earlier 
research (Wang et al., 2021; Gao and Ye, 2023). According to the Chi
nese National Standard for Classification of Soils (GB/T50145-2007) 
(Chinese Ministry of Water Resources, 2007), the experimental sand can 
be classified as coral sand and coral gravelly sand. The basic properties 
of the test sand are presented in Table 3, determined using the ASTM 
D4253-14 and D4254-14 standards (ASTM, 2016a, 2016b).

The model underground structure was made of aluminum alloy 
material (ρ = 2800 kg/m3), which has a density similar to that of rein
forced concrete. The cross-sectional dimensions of the model structure 
are 150 mm (width) × 100 mm (height) × 15 mm (thickness) (Fig. 2(c)). 
The end of the model structure was sealed with a 3 mm thick acrylic 
sheet. The acrylic sheet was bonded to the model structure with epoxy 
resin and sealed with waterproof tape. It could prevent water and sand 
from flowing into the model structure.

2.3. Sensor layout and model preparation

According to previous research, the geological structure of the island 
reef is divided into two layers: an upper layer of coral sand about 17 m 
thick and a lower reef limestone layer (Wang et al., 2021). Therefore, the 
model was divided into two layers. Because the compressive strength, 
elastic modulus, and density of C15 concrete are close to those of reef 
limestone (Wang, 2008). The lower reef limestone layer was simulated 
with a C15 concrete slab.

To compare the similarities and differences in the seismic response of 
the underground structure at the two sites, the excess pore pressure, 
acceleration, displacement, and dynamic soil pressure of the structure 
were measured in the tests. Fig. 2 shows the soil profile and sensor 

Table 1 
The parameters of the centrifuge shaking table apparatus.

Parameters Values

Effective radius 5 m
Dynamic bearing capacity 1500 kg
Max. dynamic centrifugal acceleration 50 g
Max. shaking acceleration 30 g
Max. shaking velocity ± 1 m/s
Max. shaking displacement ± 15 mm
Shaking frequency 10–300 Hz
Payload area (length × width) 1.6 m × 0.8 m Fig. 1. The grain size distribution curves.
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layout of the models. Due to article length constraints, the study of the 
model on the right side of the container was not covered in this paper. 
The sensors employed in the tests include fourteen pore pressure 

transducers, two linear variable differential transformers, fifteen accel
erometers, and twelve soil pressure cells, denoted as P, L, A and TP(BP, 
LP and RP), respectively. P8 was used to monitor the pore pressure of the 
ground surface. P6, P7 and P9 were used to measure the pore pressure of 
the far-field soil. The other pore pressure transducers were employed to 
record the pore pressure of the near-field soil. L1 and L2 were installed 
to measure the vertical displacement of the structure and ground sur
face, respectively. A0 was installed to measure the input ground mo
tions. A7-A11 were used to monitor the boundary effect. A14 was 
employed to record the horizontal acceleration of the underground 

Fig. 2. Soil profile and sensor layout (in prototype scale).

Table 2 
The scaling laws for dynamic centrifuge modeling.

Types Physical quantity Dimensions Model/Prototype

Geometry properties Length L 1/50

Material property Density ML-3 1
Elastic modulus ML-1T− 2 1
Stress ML-1T− 2 1
Strain – 1

Dynamics Properties Acceleration LT− 2 50
Velocity LT− 1 1
Displacement L 1/50
Time (dynamic) T 1/50
Time (consolidation) T 1/502

Frequency T− 1 50

Table 3 
Physical parameters of the coral gravelly sand and coral sand.

Model Dr D10 

(mm)
D50 

(mm)
Minimum dry 
density 
ρmin(g/cm3)

Maximum dry 
density 
ρmax(g/cm3)

Coral sand 50 
%

0.110 0.400 1.312 1.709

Coral gravelly 
sand

50 
%

0.125 3.184 1.205 1.733
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structure. The other acceleration transducers were used to measure the 
acceleration of the near-field soil. Notably, as shown in Fig. 2(c) and (d), 
grooves were pre-machined on the surface of the structure to facilitate 
the installation of soil pressure gauges and the burying of wires. The soil 
pressure gauges were embedded in the surface of the structure, ensuring 
a more accurate measurement of dynamic soil pressure.

To ensure model uniformity, the model was layered to prepare 
within the height range based on the model height and sensor positions 
during model construction. In addition, the target relative density of 50 
% was guaranteed by controlling the mass of each soil layer. The mass of 
the layered coral sand was calculated based on the container’s geometric 
dimensions and target relative density, configured according to the 
grain size distribution curves. The hydroxypropyl methylcellulose 
(HPMC) solution with a viscosity of 50 times that of water was used as 
the pore fluid to satisfy a constant scaling for dynamic time and 
consolidation time in the tests (Adamidis and Madabhushi, 2015). The 
prepared model was placed in a vacuum container, which was contin
uously evacuated by a vacuum pump. To avoid disturbing the model 
soil, a lower saturation speed was controlled. The saturation of the 
models was confirmed by the mass of the solution utilized being iden
tical to the theoretical value.

2.4. Input motions and test cases

Fig. 3 shows the acceleration time histories, Arias intensity, and 
Fourier spectrums of the input motions. The Motion1 was recorded by 
the K-net submarine station KNG204 during the 2011 Great East Japan 
earthquake, and the Motion2 was recorded by station KNG205 during 
the 2006 East Coast of Izu Peninsula earthquake. As shown in Fig. 3, the 
Motion1 is characterized by abundant long-period components and long 
duration, and the Motion2 is dominated by short-period components. 
The Arias intensity represents the overall energy released by seismic 
motions, integrating the amplitude, frequency, and duration of ground 
motion (Arias A, 1970). It is clear that Motion1 contains more seismic 
energy than Motion2.

The ground motion sequences are listed in Table 4. The peak accel
eration of the two input motions was scaled to 0.1 g, 0.2 g, and 0.3 g, 
respectively. Before and after each seismic motion, there was a white 
noise with an amplitude of 0.01 g to obtain the dynamic characteristics 
of the sites. In addition, to ensure the full dissipation of excess pore 
pressure, an interval of 20 min was maintained between consecutive 

excitations.

3. Test results and analysis

The test results are all provided in the prototype scale unless other
wise indicated. The excess pore pressure, accelerations, displacement, 
and dynamic soil pressure of the underground structure are presented 
and discussed in the following.

3.1. Excess pore pressure response

Fig. 4 shows the time histories of the excess pore pressure ratios ru at 
the two sites under 0.1 g Motion1. Due to the long dissipation time of 
excess pore pressure in coral sand, only data of 50 s after the shaking is 
displayed. As shown in Fig. 4, except for P4, the peak values of ru 
increased with the decrease in depth in coral sand and coral gravelly 
sand. However, the increase in ru, max (P10-P13) in coral gravelly sand 
was much less than that in coral sand. In addition, the ru, max in coral 
gravelly sand was lower than that in coral sand at various depths. It can 
be attributed to gravel grains, which established well-drained channels 
in coral gravelly sand, ensuring the timely drainage of pore water. At the 
end of the shaking, the excess pore pressure beneath the underground 
structure (P11-P13) in coral gravelly sand had completely dissipated, 
while significant residual excess pore pressure remained in coral sand. 
However, it is worth noting that the excess pore pressure above the 
structure (P10) in coral sand exhibited a similar development mode to 
that in coral gravelly sand. The excess pore pressure dissipated rapidly 
after reaching its peak. There is one possible explanation for this. For 
coral sand, due to the presence of the underground structure, the 

Fig. 3. The acceleration time histories, Arias intensity, and Fourier spectrums of the inputs.

Table 4 
The ground motion sequence.

Shake sequence Input motion type Amplitude (g)

1 Motion1 0.10
2 Motion2 0.10
3 Motion1 0.20
4 Motion2 0.20
5 Motion1 0.30
6 Motion2 0.30

Note: Before and after each seismic motion, there was a white noise with an 
amplitude of 0.01 g.
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continuing upward migration of fluid from the deep to the shallow layer 
was blocked.

The ru, max at the side of the structure (P4) reached 1.11 in coral sand, 
indicating liquefaction of the soil layer, which was significantly higher 
than that at the bottom of the structure (P11). This phenomenon was 
also observed in a previous study (An et al., 2021). The contact area 
between the side wall of the underground structure and the soil formed a 
drainage channel under the seismic motions. The pore water beneath the 
structure migrated upward along the drainage channel. Owing to the 
limited drainage capacity of coral sand, the pore water in the shallow 
soil (P4) was not promptly discharged and was continuously replenished 
by the pore water from the lower soil layer, resulting in a higher excess 
pore pressure ratio at P4. However, the ru, max at P4 was slightly lower 
than that at P11 in coral gravelly sand. Due to the well-drained channels 
formed by the gravel particles and the shorter drainage path at P4 
compared to P11, the ru, max at these two positions was similar.

Fig. 5 shows the time histories of the ru from the two vertical arrays 
beneath the structure at the two sites under 0.1 g Motion1. One array 
(P11-P13) was at the center of the structure, and the other array (P1-P3) 

was at the edge of the structure. As depicted in Fig. 5 (a), the ru of the 
two arrays at the same depth almost reached their peaks simultaneously 
in coral gravelly sand. Furthermore, the ru, max near the edge of the 
bottom of the structure was greater than that at the center of the bottom 
of the structure. This phenomenon was also observed in a previous study 
(Chou et al., 2011). However, compared to the center position at the 
bottom of the structure, there was a time lag when the ru reached its 
peak at the edge of the bottom of the structure in coral sand. In addition, 
the time lag increased with the decrease in the distance from the un
derground structure. This indicated that the influence of underground 
structure on the drainage of the foundation in coral sand was greater 
than that in coral gravelly sand.

The ru, max in the vertical direction at the two sites under different 
intensities of seismic motions are presented in Fig. 6. For coral gravelly 
sand, the ru, max at various depths increased with the intensity of seismic 
motions and was all less than 1.0, indicating that liquefaction did not 
occur. In addition, the difference in ru, max at different depths was 
relatively small. However, the liquefaction was observed in coral sand 
and the liquefaction depth of the soil gradually increased as the intensity 

Fig. 4. Time histories of the excess pore pressure ratios in the vertical direction under 0.1 g Motion1.
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of seismic motions increased. The soil beneath the underground struc
ture had completely liquefied under the 0.3 g Motion1. Compared to 
Motion2, Motion1 contained more seismic energy (Fig. 3). Therefore, 
the ru, max at various depths under the Motion1 was larger than that 
under Motion2 with the same peak acceleration.

The peak values of the differential excess pore pressure between the 

bottom and top of the underground structure are listed in Table 5. 
Obviously, the differential excess pore pressure in coral sand was larger 
than that in coral gravelly sand under the same shaking. For the soil 
layer under the structure in coral sand, the underground structure 
restricted the upward discharge of pore water and prolonged the 
drainage path of pore water, resulting in a continuous increase in excess 

Fig. 5. Time histories of the excess pore pressure ratios from the two vertical arrays beneath the structure at the two sites under 0.1 g Motion1: (a) Coral gravelly 
sand, (b) Coral sand.

Fig. 6. The ru, max in the vertical direction at the two sites under different intensities of seismic motions: (a) Motion1, (b) Motion2.
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pore water pressure. However, due to the well-drained channels, the 
negative effect of the structure on the action of drainage was small in 
coral gravelly sand. The peak values of the differential excess pore 
pressure under the Motion1 were greater than those under the Motion2. 
There are two possible explanation for this. First, it can be attributed to 
the longer duration of Motion1, which provided the required time for 
the higher excess pore pressure accumulation of the soil beneath the 
structure. In addition, Motion1 contains more seismic energy than 
Motion2.

3.2. Acceleration response

3.2.1. Acceleration response of the foundation
Fig. 7 shows a comparison of acceleration time histories at the two 

sites under the 0.1 g Motion1. Due to the malfunction of sensor A5 in 
coral gravelly sand under the 0.1 g Motion1, the corresponding data was 
not provided in the figure. The acceleration time histories at deeper 
depths (A1, A2, A3) were similar at the two sites. As the depth 
decreased, there were significant differences in the propagation of 
seismic motion between coral gravelly sand and coral sand. As 
mentioned above, the ru, max at A4 in coral sand was higher than that in 
coral gravelly sand, implying that the stiffness attenuation in saturated 
coral sand was more severe. In general, It would weaken the propagation 

of shear waves. However, the acceleration at A4 in coral sand was 
significantly greater than that in coral gravelly sand. It could be attrib
uted to the influence of the underground structure. The structure might 
increase the shear stiffness of the soil. Although the peak value of ac
celeration at A6 was very close at the two sites, a significant acceleration 
attenuation was observed in coral sand within about 50 s after reaching 
the peak acceleration. This was because after reaching the peak accel
eration, the soil layer at point A6 in coral sand approached a liquefaction 
state and the soil severely softened. As a result, it weakened the prop
agation of seismic motion. This phenomenon also appeared at A13 in 
coral sand, which was located on the side of the structure and had the 
same depth as A6, but with a greater degree of attenuation.

The acceleration amplification factors of the model foundation at the 
two sites under different intensities of seismic motions are presented in 
Fig. 8. Due to the malfunction of sensor A4 in coral sand under the 0.2 g 
Motion1 and 0.3 g Motion2, the corresponding data is not provided in 
the figure. A significant site amplification effect was observed at the two 
sites under different seismic motions. The site amplification effect 
basically weakened as the intensity of the seismic motion increased. The 
amplification factors at A1, A2, and A3 were close between the coral 
sand and coral gravelly sand. However, the amplification factors near 
the structure (A4, A6) in coral sand were significantly greater than that 
in coral gravelly sand under the Motion1. Interestingly, under the Mo
tion2, the acceleration amplification factor at A6 in coral sand was 
smaller than that in coral gravelly sand, which was contrary to the 
response under the Motion1. This was because there were differences in 
the dominant frequency components between Motion1 and Motion2. As 
shown in Fig. 3, the Motion1 contains a wealth of long-period compo
nents, which are dominant in the frequency range. The soil layer at A6 in 
coral sand was nearly liquefied, which significantly reduced the shear 
modulus of the soil and enhanced the propagation efficiency of the long- 
period component of the seismic motion. However, for Motion2, the 
main seismic energy was concentrated in the high-frequency range and 
liquefaction attenuated the high-frequency seismic components.

3.2.2. Acceleration response of the underground structure
Fig. 9 shows the acceleration time histories of the underground 

Table 5 
The peak values of the differential excess pore pressure between the bottom and 
top of the underground structure (unit: kPa).

Layout of pore 
pressure 
transducers

Loading 
condition

Loading condition

Motion1 Motion2

0.1 
g

0.2 
g

0.3 
g

0.1 
g

0.2 
g

0.3 
g

Coral sand 22.7 42.9 46.2 20.1 37.8 43.3
Coral 
gravelly 
sand

8.9 14.0 17.2 5.2 13.2 16.5

Fig. 7. A comparison of acceleration time histories at the two sites under the 0.1 g Motion1.
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structure under the Motion1 and Motion2. The ru of the soil layer 
beneath the structure (P11) is also plotted in the figure. As illustrated in 
Fig. 9(c), under the ground motion with low intensity, the acceleration 
response of the underground structure at the two sites was similar, and 
the response in coral gravelly sand was slightly larger than that in coral 
sand. However, with the increase in ground motion energy, the excess 
pore pressure of the soil layer beneath the structure in coral sand 
gradually increased. Compared to coral gravelly sand, the acceleration 
of the structure noticeably decreased when the soil layer lost most of its 

shear stiffness or was completely liquefied (Fig. 9(a), (b), and (d)). This 
indicated that the acceleration response of the underground structure 
was closely related to the degree of softening of the soil layer beneath 
the structure. It can be attributed to the isolation effect of the liquefied 
soil layer on shear waves. This phenomenon also occurred in a previous 
experimental study (Chen et al., 2020).

The acceleration response spectra (ARS) 5 % damped of the under
ground structure under different seismic motions are presented in 
Fig. 10. The frequency component distributions of the structure’s 

Fig. 8. Acceleration amplification factors of model foundation at the two sites under different intensities of seismic motions: (a) Motion1, (b) Motion2.

Fig. 9. Acceleration time histories of the underground structure and the ru at P11 under different seismic motions: (a) 0.1 g Motion1, (b) 0.3 g Motion1, (c) 0.1 g 
Motion2, and (d) 0.3 g Motion2.
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acceleration were similar at the two sites and the dominant period was 
near 0.5 s under the 0.1 g Motion1. However, with the increase in 
seismic intensity, a significant change was observed in the frequency 
component distribution of the structure’s acceleration in coral sand 

under the Motion1. The dominant period shifted towards the long period 
(Fig. 10(a)). This was because the soil layer beneath the structure liq
uefied under strong seismic motions, which amplified the long-period 
components in the seismic motion and weakened the propagation of 

Fig. 10. Acceleration response spectra (ARS) of the underground structure under different seismic motions: (a) Motion1, (b) Motion2.

Fig. 11. Relationship among the acceleration, ru at P11, and movement of the underground structure at the two sites under the 0.1 g Motion1: (a) coral gravelly sand, 
(b) coral sand.
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high-frequency seismic energy. As shown in Fig. 10(b), for the Motion2, 
the ARS curves of the underground structure at the two sites were 
similar. It could be attributed to the fact that there were few long-period 
components in the Motion2. In addition, as the seismic intensity 
increased, the ARS values of the structure near the dominant period in 
coral gravelly sand was greater than that in coral sand.

3.3. Displacement response

3.3.1. Vertical displacement of the underground structure
Fig. 11 shows the relationship among the acceleration, ru at P11, and 

displacement of the underground structure at the two sites under the 0.1 
g Motion1. It was clear that there were significant differences in the 
development process of vertical displacement of the underground 
structure in coral sand and coral gravelly sand. The uplift of the structure 
did not immediately occur when the shaking began, and the displace
ment of the structure was closely related to the development of excess 
pore pressure in the soil layer beneath the structure. It was consistent 
with the law obtained from previous studies (Hu et al., 2018; Fan et al., 
2023). For the coral gravelly sand site, the structure exhibited a slight 
downward movement due to soil densification after the shaking started. 
The structure gradually floated up as the excess pore pressure accumu
lated when the ru of the soil layer beneath the structure reached 0.22. 
The uplift displacement of the structure and the ru at P11 reached their 
peaks simultaneously. Subsequently, a significant subsidence was 
observed in the structure with the rapid dissipation of the excess pore 
pressure. At the end of the shaking, the absolute displacement of the 
structure manifested as settlement and had already reached a stable 
state. However, for the coral sand site, the structure began to float up 
when the excess pore pressure ratio at P11 reached 0.35. The uplift of 
the structure continued after the ru at P11 reached its peak. The phe
nomenon was different from that in coral gravelly sand. It could be 
attributed to the difference in the dissipation pattern of excess pore 
pressure. The structure slightly moved downward as the excess pore 
pressure dissipated. At the end of the shaking, the movement of the 
structure continued due to the large residual excess pore pressure at P11. 
The absolute displacement of the structure manifested as a significant 
uplift in coral sand. The same process was also observed in other 
experiment research (Wang et al., 2022; Fan et al., 2023). Additionally, 
the uplift displacement of the structure in coral sand was much greater 
than that in coral gravelly sand during the shaking. It can be concluded 
that the differences in excess pore pressure development between the 
two sites led to the differences in the vertical displacement response of 
the underground structure. Higher excess pore pressure and its longer 
duration resulted in greater uplift displacement of the underground 
structure in coral sand.

3.3.2. Macroscopic phenomenon
Fig. 12 shows the macroscopic phenomenon of the displacement 

response at the two sites. To investigate the differences in seismic re
sponses between the underground structure and the above-ground 

object, a toy car was placed on the ground. From the macroscopic 
phenomenon, the underground structure at the two sites floated up 
while the toy car sank down. This phenomenon was consistent with the 
results of previous investigations into actual seismic damage at satu
rated sites (Wakamatsu, 2012). However, the mechanisms causing this 
macroscopic phenomenon were markedly different between the two 
sites. Due to the densification of the soil from the shaking, there was a 
slight downward movement of the toy car with the redistribution of sand 
beneath at the coral gravelly sand site. But for the coral sand site, the 
severe sinking of the toy car can be attributed to soil liquefaction, which 
led to soil softening and a loss of carrying capacity. Fig. 13 presents the 
foundation settlement and displacement of the underground structure at 
the two sites. As shown in Fig. 12 and Fig. 13(a), for the coral gravelly 
sand site, although the macroscopic displacement of the structure 
manifested as “uplift”, the reason that the elevation of the soil layer 
above the structure was higher than the surrounding ground was that 
the absolute settlement of the structure was less than that of the foun
dation. However, for the coral sand site, the structure continually floated 
up during the seismic motion, while the foundation settled (Fig. 13(b)).

The relative displacement between the underground structure and 
the foundation at the two sites under the 0.1 g Motion1 was presented in 
Fig. 14. It was clear that the relative displacement at the coral sand site 
was much greater than at the coral gravelly site. Pipeline projects con
nected to underground structures in coral sand foundations would suffer 
greater earthquake damage. This provided a reference for practical en
gineering design.

3.4. Dynamic soil pressure response

Fig. 15 shows the maximum dynamic soil pressure measured in the 
sidewall at the two sites. It was clear that the dynamic soil pressure 
increased with the increase in the PGA of input motions. In addition, the 
distribution pattern of the maximum dynamic soil pressure of the side
wall presented a trapezoidal distribution. The distribution pattern was 
also observed in previous studies (Watanabe et al., 2016; An et al., 2021; 
Wang et al., 2022). The maximum dynamic soil pressure in coral sand 
was greater than in coral gravelly sand under the same seismic motion. It 
could have been caused by the differences in the development of excess 
pore pressure on the sides of the structure at the two sites during the 
shaking. Fig. 16 presents the dynamic soil pressure on the sidewall and 
the development of excess pore pressure near the sidewall. Interestingly, 
the development of the dynamic soil pressure was highly similar to that 
of the excess pore pressure, indicating that the excess pore pressure was 
one of the main factors contributing to the development of dynamic soil 
pressure. Additionally, at the end of shaking, the residual dynamic soil 
pressure remained high in coral sand, whereas the dynamic soil pressure 
in coral gravelly sand was close to zero. It could potentially lead to 
greater seismic damage to the underground structure in coral sand.

The difference in dynamic soil pressure between the bottom and the 
top of the structure is one of the main causes of vertical displacement of 
underground structures at saturated sites (Chen et al., 2015; An et al., 

Fig. 12. Macroscopic phenomenon of the displacement response at the two sites.
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2021). The peak values of the differential dynamic soil pressure between 
the bottom and top of the underground structure at the two sites are 
listed in Table 6. The differential values increased with the intensity of 
the seismic motion. Comparing the peak values of the differential dy
namic soil pressure under the Motion1 and Motion2 with the same PGA, 
it can be found that the differential value was greater under the Motion1. 
This was because the Motion1 contained more seismic energy. 
Furthermore, the differential dynamic soil pressure in coral sand was 
larger than that in coral gravelly sand under the same shaking, which 
could lead to a larger uplift displacement of the underground structure.

4. Conclusions

In this study, two centrifuge shaking table tests were conducted to 
investigate the seismic response of a shallow buried underground 
structure in saturated coral sand and coral gravelly sand. The similarities 
and differences in the dynamic behavior of the underground structure at 
the two sites were analyzed in detail. The main findings were as follows: 

(1) The presence of the underground structure significantly affected 
the development of excess pore pressure in the soil layers around 
the structure in coral sand. Due to the structure’s isolation effect 
on the pore water below it, the excess pore pressure in the soil 
layer above the structure quickly dissipated after reaching its 
peak. However, for the coral gravelly sand, due to the well- 
drained channels formed by gravel particles, the structure had a 
small effect on the drainage action during the shaking. Under the 
same seismic motion, the ru at various depths in coral sand was 
greater than that in coral gravelly sand, especially in the positions 
around the structure. Liquefaction occurred in the soil layer 
around the structure in coral sand, but it did not occur in coral 
gravelly sand.

(2) Due to the influence of the structure, the acceleration response of 
the foundation near the bottom of the structure in coral sand was 
greater than that in coral gravelly sand. Compared to coral 
gravelly sand, the acceleration of the soil above the structure in 
coral sand exhibited a significant attenuation after reaching its 
peak, which was caused by soil liquefaction. Furthermore, a 
significant site amplification effect was observed at the two sites. 
As the intensity of seismic motion increased, the site amplifica
tion effect diminished.

(3) The acceleration response of the underground structure was 
closely related to the development of excess pore pressure in the 
soil layer at the bottom of the structure. The acceleration 
response of the underground structure at the two sites was very 
similar when the excess pore pressure of the soil below the 
structure was small. However, for the coral sand site, with the 
increase of seismic intensity, the acceleration of the structure was 
significantly attenuated and the dominant period shifted towards 
the long period due to the filtering effect of the soil liquefaction at 
the bottom of the structure.

(4) There were significant differences in the development process of 
vertical displacement of the underground structure at the two 

Fig. 13. Foundation settlement (L2) and displacement of underground structure (L1) at the two sites: (a) coral gravelly sand site, and (b) coral sand site.

Fig. 14. Relative displacement between the underground structure and the 
foundation at the two sites under the 0.1 g Motion1.

Fig. 15. Maximum dynamic soil pressure on the sidewall of the structure at the two sites: (a) Motion1, (b) Motion2.
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sites. The underground structure in coral sand had significantly 
uplifted under the seismic motions. However, in coral gravelly 
sand, the displacement mode of the structure was slight 
subsidence-slight uplift-significant subsidence, and the absolute 
displacement of the structure was subsidence at the end of the 
shaking. From the macroscopic phenomenon, the soil layer above 
the structure was higher than the surrounding ground, which was 
due to the fact that the settlement of the structure was less than 
that of the surrounding foundation.

(5) For the sidewalls of the structure, the distribution pattern of the 
maximum dynamic soil pressure exhibited a trapezoidal distri
bution and the maximum dynamic soil pressure in coral sand was 
larger than in coral gravelly sand under the same shaking. In 
addition, the development of the dynamic soil pressure was 
closely related to the development of excess pore pressure. 
Compared to coral gravelly sand, the larger differential dynamic 
soil pressure between the bottom and top of the underground 
structure caused the greater uplift displacement of the structure 
in coral sand.
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