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Understanding the effect of underground structures on the seismic responses of saturated coral sand sites is
crucial for improving seismic design and preventing liquefaction disasters in island reef engineering. Despite
advancements in this field, the specific effects of underground structures on the seismic behavior of coral sand
sites remain underexplored. This study addresses this issue by conducting dynamic centrifuge shaking table tests
on saturated coral sand sites, both with and without an underground structure. The seismic responses between
the free field (FF) and structure field (SF) were compared in terms of pore pressure, acceleration, response
spectra, and shear stress-strain behavior. Test results reveal that the presence of the underground structure led to
a deeper liquefaction zone beneath it. The excess pore pressure in the soil layer above the structure dissipated
rapidly after peaking and completely dissipated by the end of the seismic motions. Additionally, the soil near the
bottom of the structure exhibited higher dilatancy. The structure amplified the acceleration of the soil above and
near its bottom while reducing the acceleration of the soil adjacent to its sidewall. In the period range of 0.9-3.0
s, the presence of the structure weakened the attenuation of response spectra values for the soil adjacent to the
sidewall and above the structure. Furthermore, the structure limited the deformation of the soil adjacent to its

sidewall and increased the soil shear modulus.

1. Introduction

With the development of marine resources, the construction of island
reef engineering has been accelerating. Coral sand, utilized as a foun-
dational filling material, is extensively employed in reclamation projects
in coral reef regions. There are significant differences in the mechanical
properties between coral sand and siliceous sand (Wu et al., 2020; Xiao
et al.,, 2017). Compared to siliceous sand, coral sand exhibits higher
dynamic cyclic strength, greater shear stiffness, and a lower damping
ratio (Ding et al., 2021; Ha Giang et al., 2017; Javdanian and Jafarian,
2018; Liu et al., 2020). In addition, coral sand has a higher resistance to
liquefaction (Chen et al., 2024; Liu et al., 2021; Ma et al., 2021). The
regions where coral reefs are located are susceptible to significant
seismic risks. Previous studies have reported severe seismic disaster
events at coral sand sites. Lateral spreading and uneven subsidence
caused by liquefaction at coral sand sites led to significant structural
damage during the 1993 Guam earthquake (Mejia and Yeung, 1995).
Severe port damage and underground pipeline destruction were
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observed due to the liquefaction of the coral sand foundation during the
2006 Hawaii earthquake and the 2010 Haiti earthquake (Chock et al.,
2006; Olson et al., 2011).

Considering the shortage of land resources on island reefs, it is
extremely essential to develop underground spaces. Therefore, the
seismic responses of underground structures at coral sand sites have
attracted widespread attention. Wu et al. (2020) compared the seismic
response of pile group foundations in coral sand and Fujian sand through
shaking table tests. They found that the pile bending moment in coral
sand was smaller than that in Fujian sand. Ding et al. (2021) investigated
the seismic responses of underground structures in coral sand under
different groundwater levels. The results reveal that the acceleration
amplification factor, dynamic strain, and bending moment of under-
ground structures at coral sand sites decreased with the increase of the
groundwater level. The coral sand-pile-superstructure dynamic inter-
action was explored by numerical simulation. The results show that the
pile bending moment reduced with the decrease in the permeability of
the coral sand (Wu et al., 2023a). Wu et al. (2023b) established coral
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sand-structure numerical models in FLAC3D and concluded that an in-
crease in the relative density of coral sand would cause higher horizontal
dynamic earth pressure on the underground structure. Soil liquefaction
could increase the energy dissipation of the coral sand-underground
structure system (Wu et al., 2024).

However, the above research primarily focused on the seismic
response of underground structures in the context of soil-structure
interaction in coral sand, with few studies concerning the effect of un-
derground structures on the seismic behaviors of saturated coral sand
sites. Moghadam and Baziar (2016) studied surface acceleration in a
subway tunnel site. This study indicated that spectral acceleration
shifted toward longer periods as the tunnel flexibility ratio increased.
Sun et al. (2019) investigated the influence of subway stations on the
surface ground motion under vertical seismic motions, and significant
peak shear strain amplification was observed at the top of the station.
Mashhadban et al. (2021) declared that the presence of a horseshoe
tunnel influenced the dynamic behavior of slopes and seismic motions of
the inclined surface of the slope were amplified. Wang et al. (2018)
conducted a shaking table model test on an underground
structure-soil-surface structure interaction system. The results demon-
strate that the presence of the tunnel hindered the propagation of
seismic motion and reduced the peak ground acceleration of the ground
surface. This is consistent with the findings by Baziar et al. (2014) and
Abuhajar et al. (2015). In contrast, obvious amplification of the ground
motions was observed in other studies (Besharat et al., 2012; Feizi et al.,
2022; Isari et al., 2022; Tsinidis et al., 2014). Dou et al. (2022) con-
ducted two groups of shaking table tests to explore the effect of
pile-supported structures on the saturated siliceous sand site. They
found that the existence of structures increased the liquefaction resis-
tance of the site. Therefore, it is crucial to explore the effect of the un-
derground structure on the dynamic responses of coral sand sites, which
could aid in seismic design and liquefaction disaster prevention for is-
land reef engineering.

This paper compared the results of centrifuge shaking table tests on a
saturated coral sand site with and without an underground structure.
The influences of the underground structure on the seismic responses of
the site, including the pore pressure, acceleration, response spectra, and
shear stress-strain behavior, were analyzed in detail.

2. Experimental setup
2.1. Testing equipment

The experiments were conducted on a 300 g-t centrifuge at the
Institute of Engineering Mechanics, China Earthquake Administration.
The centrifuge has an effective radius of 5 m and a centrifugal acceler-
ation of 50 g. A unidirectional shaking table installed on the centrifuge
can simulate complex seismic motions with a maximum amplitude of 30
g and a frequency range of 10-300 Hz. More specific experimental
equipment parameters can be found in previous research (Zhang et al.,
2024). The test models were prepared in a rigid container with a steel
partition plate in the middle. The internal dimensions of the container
are 78 cm (length) x 58 cm (width) x 60 cm (height) and 52 cm (length)
x 58 cm (width) x 60 cm (height) in model scale. To mitigate the po-
tential boundary effect, a 4 cm thick polystyrene foam board was affixed
to the inner walls of the container in a direction perpendicular to the
shaking. The experiments were conducted under a centrifugal acceler-
ation of 50 g and the scale factors are listed in Table 1 (Kutter, 1992). All
the results discussed subsequently were on the prototype scale.

2.2. Test material

The coral sand employed in this study was derived from the
reclaimed land of a certain island reef. The grain size distribution curve
of the sand is presented in Fig. 1, obtained by the previous studies (Gao
and Ye, 2023; Wu et al., 2023). The basic properties of the sand are listed
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Table 1
The scale factors for dynamic centrifuge tests.
Physical quantity Dimensions Model/Prototype
Length L 1/50
Density ML~ 1
Elastic modulus ML-IT2 1
Stress ML T2 1
Strain — 1
Acceleration LT ? 50
Velocity LT! 1
Displacement L 1/50
Time (dynamic) T 1/50
Time (consolidation) T 1/50%
Frequency T 50
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Fig. 1. The grain size distribution curve.
in Table 2.

The underground structure model was constructed using an
aluminum alloy material with a density of 2.8 x 10% kg/m>, which is
comparable to the density of reinforced concrete (Yatsumoto et al.,
2019; Jafarian et al., 2021; Zhang et al., 2021; Zhu et al., 2021; Wang
et al., 2022). Fig. 2(c) displays the structure model, with dimensions of
150 mm width, 100 mm height, and 15 mm thickness. The end of the
model structure was sealed with a 3 mm thick acrylic sheet, which was
bonded using epoxy resin and further sealed with waterproof tape. This
setup effectively prevented water and sand from entering the model
structure.

2.3. Designation of the model and instrumentation

Wang et al. (2021) reported that the geological structure of the island
reef as comprising two layers: an upper layer of coral sand about 17 m
thick and a lower reef limestone layer. Thus, the test models were
divided into two layers. Due to the similarity of compressive strength,

Table 2
Basic properties of the coral sand.
D, Dy Ds C, C. Minimum dry Maximum dry
(mm) (mm) density density
Pmin(g/cm?) Pmax(g/cm®)
50% 0.110 0.400 5 1 1.312 1.709
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elastic modulus, and density between C15 concrete and reef limestone
(Wang, 2008), a C15 concrete slab was used to simulate the reef lime-
stone layer. As shown in Fig. 2(a), the left side of the rigid container was
configured as the structure field model, while the right side is the free
field model. This can ensure consistent seismic inputs between the
structure field and the free field. The underground structure was buried
at a depth of 1.5 m on a prototype scale.

Fig. 2(a) and (b) present the soil profile and sensor layout of the test
models. Various transducers were employed in both models to measure
the acceleration, pore pressure, and displacement of the soil surface and
the underground structure. The acceleration transducers are represented
in the figures by the letter A. AO was installed on the model container to
record the seismic input motions. For the structure field model, A1-A3
were used to measure the acceleration of the soil away from the base
of the structure. A4-A6, A12, and A13 were installed around the un-
derground structure to record the acceleration of the soil surrounding
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the structure. A7-A11 were installed to monitor the boundary effect. A14
was used to record the acceleration of the structure. The pore pressure
transducers are shown by the letter P in the figures. PO-P2, P12, and P13
were employed to measure the pore pressure in the soil away from the
base of the structure. P3-P5, P10, and P11 were installed to monitor the
pore pressure in the soil surrounding the structure. The linear variable
differential transformers are represented in the figures by the letter L. L1
and L2 were used to measure the displacement of the structure and the
soil surface, respectively. All the transducers with the same labels in the
free field were installed at the same depths as those in the structure field.

2.4. Model preparation and test cases

To maintain model uniformity, the coral sand layer was divided into
several sublayers. Each sublayer was prepared according to the grain
size distribution curves. The coral sand with a relative density of 50%
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was achieved by controlling the mass of each sublayer to be equal to the
theoretical value. The methylcellulose solution with a viscosity of 50 cSt
was employed as the pore fluid to resolve the disagreement between the
time scale factor for dynamic and consolidation at a centrifuge accel-
eration of 50 g (Adamidis and Madabhushi, 2015). Then, the models
were placed in a vacuum device to saturate. The detailed saturation
process was comprehensively described in previous research (Zhang
et al., 2024).

Fig. 3 displays the acceleration time histories and Fourier spectra of
the 0.1 g input motions recorded by AQ. The Motionl 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. It is noted that there
are significant differences between Motionl and Motion2. The Motion1
has abundant low-frequency components and long duration.

To investigate the differences in the seismic response between the
free field and structure field under the various intensities of ground
motions. The acceleration amplitudes of the two seismic motions were
scaled to 0.1 g, 0.2 g, and 0.3 g, respectively. The input motion sequence
is listed in Table 3.

3. Result and discussion
3.1. Effect of the underground structure on pore pressure response

The effect of the underground structure on pore pressure develop-
ment of site soil was investigated by comparing the results of the free

field (FF) and structure field (SF). Fig. 4 shows the maximum values of
the excess pore pressure ratio (ry max) beneath the structure. In Fig. 4,

0.10} Motionl

Table 3

Applied Ocean Research 154 (2025) 104392

The input motion sequence.

Shake sequence

Input motion type

Amplitude (g)

Motionl
Motion2
Motionl
Motion2
Motionl
Motion2

0.10
0.10
0.20
0.20
0.30
0.30

QU A WN -

the first and second columns present the ry max under the Motionl and
Motion2, respectively. The 1, max values exceeding 1 could be attributed
to a momentary increase in total vertical stresses. This increase might
result from dynamic vertical accelerations caused by container rocking
during horizontal shaking, or from pulling and pushing on sensor cables
due to soil movement or interaction between the soil and sensors
(Hughes and Madabhushi, 2018; Kutter et al., 2020; Manandhar et al.,
2021). There was a significant discrepancy in the pore pressure response
beneath the structure between the FF and SF. Due to the existence of the
underground structure, the ry max at different depths in the SF was
higher than that in the FF. It could be attributed to the underground
structure blocking the direct migration of pore water from the deep to
the shallow layer and prolonging the drainage path. Under 0.1 g ground
motions, the difference in the r, max between the two sites gradually
decreased as the distance from the structure increased. However, this
phenomenon was not obvious with the increase in the intensity of
shaking, indicating that the influence depth of underground structure on
the development of pore pressure increased with the increase of ground
motion intensity. In addition, liquefaction occurred under 0.2 g and 0.3
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Fig. 3. The acceleration time histories and Fourier spectra of the 0.1 g input motions: (a) Motion1, (b) Motion2.
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Fig. 4. The ry, max beneath the structure under different seismic motions: (a) Motionl, (b) Motion2.

g seismic motions, and the liquefaction depth in the SF was greater than
that in the FF. It could be concluded that the presence of the under-
ground structure would increase the liquefaction depth of the soil
beneath the structure.

Three pore pressure transducers were used to monitor the influence
of the structure on the pore pressure response of the surrounding soil.
Results were similar between 0.2 g and 0.3 g shaking events and
therefore only the results for 0.2 g input motions are presented. Fig. 5
displays the time histories of r, at P11 in the FF and SF under different
input motions. The results in Fig. 5 clearly show that the excess pore
pressure was larger in the SF. This is because the existence of the
structure changed the dissipation path of the excess pore water and
hindered the migration of the pore water. Additionally, it is noted that a
large number of dilation spikes were observed during the pore pressure
development in the SF under various motions, signifying higher dilat-
ancy. It could be concluded that soil-structure interaction had a signif-
icant influence on the dilatancy characteristics of the soil layer near the
bottom of the structure.

Fig. 6 shows the time histories of excess pore pressure ratios (r,) at P4
in the FF and SF under different input motions. As shown in Fig. 6(a) and
(c), the ry at P4 in the SF was larger than that in the FF and liquefaction
occurred at P4 in the SF under 0.1 g Motionl, indicating that the
structure increased excess pore pressure in the soil adjacent to its side-
wall. However, in the dissipation stage of excess pore pressure, the

dissipation velocity in the SF was greater than that in the FF. As can be
noted from Fig. 6(b) and (d), for the 0.2 g seismic motions, the dissi-
pation of excess pore pressure at P4 in the SF occurred earlier than that
in the FF when the soil layer reached a liquefaction state. There is one
possible explanation for this. The contact area between the side wall of
the underground structure and the soil formed a drainage channel under
the seismic motions, which accelerated the dissipation of excess pore
pressure in the SF. A similar observation was reported by other re-
searchers (Dou et al., 2022).

The comparisons for pore pressure development in the soil layer
above the underground structure between the FF and SF are shown in
Fig. 7. Results were similar from all of the seismic motions and therefore
only the results for 0.1 g Motionl and Motion2 are presented in the
figure. The time histories of r, at P10 exhibited obvious differences
between the FF and SF. The rapid accumulation of excess pore pressure
in the FF began earlier than in the SF under the Motionl. The r,, in the FF
was greater than that in the SF and the soil layer above the structure was
close to liquefaction in the FF under the same shaking. The excess pore
pressure dissipated rapidly after reaching its peak in the SF. In addition,
the excess pore pressure in the SF had completely dissipated at the end of
the shaking, while it had not begun to dissipate in the FF. For the FF, it
can be attributed to the upward migration of pore fluid from the bottom
layers, increasing the severity of liquefaction. However, for the SF, the
underground structure blocked the continuing upward migration of pore
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Fig. 5. Time histories of excess pore pressure ratios (r,) at P11 in the FF and SF: (a) 0.1 g Motionl, (b) 0.2 g Motionl, (c) 0.1 g Motion2 and (d) 0.2 g Motion2.

fluid from the deep to the shallow layer, ensuring the rapid dissipation of
the excess pore pressure in the soil layer above the structure.

3.2. Effect of the underground structure on acceleration response

3.2.1. Arias intensity

The Arias intensity I, represents the total seismic energy, which in-
tegrates the amplitude, frequency, and duration of ground motion (Arias
A, 1970). The Arias intensity I, can be obtained by the Eq. (1).

Tq

T a()de

== (€H)
28 Jo

I,

where a(t) is the time history of the acceleration, Ty is the duration of
the acceleration, and g is the gravitational acceleration. The Arias in-
tensity amplification factor (AAF) at each accelerometer depth is the
ratio between the Arias intensity of soil acceleration and the base input
motion as stated in Eq. (2).

 I(A1 - A3)

AAF = T.(A0) (2

The AAF can be used to investigate the differences in the propagation
law of seismic motions beneath the structure between the FF and SF. The
effect of the structure on the Arias intensity around the structure was
analyzed in detail in the next section. In Fig. 8, the first and second
columns present the AAF beneath the structure (A1-A3) under the Mo-
tionl and Motion2, respectively. There was obvious seismic energy
amplification at the two sites, and the AAF at A3 in the FF was greater
than that in the SF. As the distance from the structure decreased, the

difference in AAF between the two sites gradually increased, indicating
the influence of the structure on the seismic wave propagation. In
addition, as the intensity of seismic motion increased, the difference in
AAF between the two sites gradually increased, and the AAF at various
depths in the FF was larger than that in the SF. The presence of the
underground structure restricted the propagation of seismic energy. As
mentioned earlier, the structure increased excess pore pressure in the
soil beneath the structure. It caused more severe soil softening and
stiffness loss, increased soil damping, and weakened the upward prop-
agation of shear wave energy.

3.2.2. Acceleration time histories

To investigate the effect of the underground structure on the accel-
eration response in the soil around the structure, the acceleration time
histories above, on the side, and below the structure in the FF and SF
were compared. Results were similar from all of the seismic motions and
therefore only the results for 0.1 g Motionl and Motion2 are presented.
The comparison of corresponding Arias intensity was also shown.

Fig. 9 displays the acceleration time histories and Arias intensity at
A4 at the two sites. For the Motionl, the results show that the peak
ground acceleration (PGA) and seismic energy in the FF were smaller
compared to the SF. For the Motion2, although the PGA in the SF and FF
was close, the seismic energy at A4 in the SF was greater than that in the
FF. This phenomenon was also observed in a previous study (Wang et al.,
2022). This indicates that the existence of the underground structure
would increase the seismic motions of the soil layer near the bottom the
structure. As shown in Fig. 5, the excess pore pressure at A4 in the SF was
much greater than that in the FF, signifying more severe soil softening
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0.0

and a greater damping ratio in the SF. In general, it would weaken the The comparison of seismic motions at A6 in the FF and SF was pre-
propagation of shear waves. However, the result was the opposite. This sented in Fig. 11 to analyze the effect of the structure on the near-surface
is attributed to the soil-structure dynamic interaction. ground motion. The results show the difference between the FF and SF.

Fig. 10 compares the acceleration time histories and Arias intensity Compared to the SF, there was significant attenuation in the acceleration
at A5 in the FF and SF under 0.1 g seismic motions. It is noted that the in the FF. This is because the soil layer at A4 in the FF has completely
PGA and the seismic energy in the FF were greater than that in the SF. liquefied and remained in a liquefied state at the end of the shaking
This indicates that the presence of the underground structure would (Fig. 7), reflecting the filtering effect of liquefaction on shear waves.
reduce the acceleration of the soil adjacent to the side walls of the However, for the SF, although the r, reached a high level, it dissipated
structure. quickly after reaching its peak, allowing the soil shear stiffness to



Z. Zhang et al.

0
0.1g! |--—o--Free Field
41 { |---0- - Structure_Field
T
_ [ Y
212t D
D e e a2
16} 7 .
go s
200 7
1.0 1.5 2.0 25 3.0
AAF
0
0.2g§ —--o—--Free_Field
41 { |- - Structure_Field =
glz- ; /.""""””o W A3
9] : oo u a2
Qiep T
-
201 #
1.0 1.5 2.0 2.5 3.0
AAF
0 .
0.3g! |- -0~ Free Ficld
4t { |0~ Structure_Field
= : 0 _.--0 a3
=212F T
8 ‘ "‘//.Q,O’ A2
16+ /go.)f/ -
201 &
1.0 1.5 2.0 2.5 3.0
AAF

Applied Ocean Research 154 (2025) 104392

0 ;
0.1g} |- —o- ~Free Field
41 ! |---o---Structure_Field =

- .0._.-0 mas

2 121 T

O Pelog LR

Q16 )o,/ .
20 7

1.0 1.5 20 25 3.0 35 40 45
AAF
0 ;
0.2g! [~ -0~ -Free Field
4r 1|0 Stucture Field =

z 5

= .0 _.-0 a3

'5.12 r v;:':-':’ -

8 //o— A2
16+ ,cf'/ - Al
200 17

1.0 1.5 20 2. 3.0 35 40 45
AAF
0 ;
0.3g! [~ -0~ -Free Field
4f | |--0- Structure_Field =
2 5
_ W a3

£ 12} DD

Q o707 A2

S 16t 2

,@(/ m Al
20 : ,,/’/
1.0 1.5 20 25 3.0 35 40 45
AAF

(b)

Fig. 8. Arias intensity amplification factor (AAF) beneath the structure (A1-A3) under various motions: (a) Motionl, (b) Motion2.

0.

M.

Arias Intensity (1

3

[\

[u—

(=]

Free Field

Structure_Field

i Free Field
—— Structure_Field
0 50 100 150 200 250
Time (s)

(a)

0 Free Field
ree Fie
| —— Structure_Field
= O1f A
~ i
< -0.1F |
-0.2 F 0] = 0.18¢
03} a0 = 0.19¢ o
206}
=
g 04+
3]
g
g 2 Free_Field
.5 Structure Field
00 L L 1 1 I n =
0 5 10 15 20 25 30 35 40
Time (s)

(b)

Fig. 9. Acceleration time histories and Arias intensity at A4 under 0.1 g seismic motions: (a) Motionl, (b) Motion2.



Z. Zhang et al.

Free Field
—— Structure_Field

EI
23}
g2l /
k=
.g 1F Free Field
2 0 = | — Struc[ture_Field

0 50 100 150 200 250

Time (s)
(a)
Fi,

a 0.24¢ Free Field
@ mer TS Structure_Field

e
[\
T

la, .| =0.26g

'm: axl

S
N
T

I Free_Field
74.16s — Structure_Field
0 - .
0 50 100 150 200 250
Time (s)

(a)

Applied Ocean Research 154 (2025) 104392

0.3

Free_Field
— Structure_Field

Acc (g)

Sbooo
o = O = N

|
(=]
w

o
(o)}
T

Arias Intensity (m/s)
=)
~

10 15

20 25 30 35
Time (s)

(b)

40

g. 10. Acceleration time histories and Arias intensity at A5 under 0.1 g seismic motions: (a) Motionl, (b) Motion2.

0.4
Free Field

0.2 f Structure_Field
) il
0.0 73{ 1 TN PO SN
3 %WW’W
< .02 A6

Iamaxl = 0‘25g
-04F 1 0.32g

It
O
T

Arias Intensity (m/s)
=)
(@)Y

03+ f _
' Free Field
E 4.09s Structure_Field
0.0 —L L L 1 1 1 I
0 5 10 15 20 25 30 35 40
Time (s)

(b)

Fig. 11. Acceleration time histories and Arias intensity at A6 under 0.1 g seismic motions: (a) Motion1, (b) Motion2.

recover. This ensured the propagation of shear waves. As shown in
Fig. 11(a), the dashed line represents the moment of liquefaction. Both
the acceleration and seismic energy in the FF were greater than those in
the SF before the soil layer liquefied. But for Moiton2, the seismic energy
was close between the two sites before the liquefaction occurred. This is
due to the different seismic energy release patterns between Motionl
and Motion2. The PGA at A6 in the SF was larger than that in the FF
under the Motionl, while the PGA in the FF was greater under the
Motion2. However, the seismic energy in the SF was greater than that in
the FF under the two input motions. Thus, for the seismic design of
superstructures over underground structures in potentially liquefiable
sites, it is inappropriate to use only the PGA as the main parameter for
seismic motion design. It is necessary to consider the amplification effect
of the underground structure on the seismic energy at the near-surface,
as well as the type of seismic motion.

3.2.3. Acceleration response spectra

The influence of the underground structure on acceleration response
spectra (ARS) was determined by comparing the acceleration data
recorded around the structure between the FF and SF.

For the position near the bottom of the structure, Fig. 12 shows the
acceleration response spectra (damping ratio=5%) normalized by PGA
at A4 in the FF and SF under different seismic motions. Due to the
malfunction of sensor A4 in the SF under 0.2 g Motion1 and 0.3 g Mo-
tion2, the corresponding data is not provided in the figure. As shown in
Fig. 12(a), amplification of ARS was observed around the period of 0.5 s
in the FF under the 0.1 g Motionl, but not in the SF. The results
demonstrate that the de-amplification effect of the ARS values near the
period of 0.5 s due to the presence of the structure. In addition, a sig-
nificant attenuation was observed in both the FF and SF within the
period range of 0.9-3.0 s, and the curves of these two fields were similar,
which indicated that the existence of the structure had no influence on
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acceleration response within this period range. The de-amplification
effect of the structure was also observed under the Motion2, and this
effect became more pronounced with the increase in ground motion
intensity.

For the position adjacent to the side walls of the structure, Fig. 13
presents the normalized response spectra at A5 in the FF and SF under
different seismic motions. As shown in Fig. 13(a), under the 0.1 g Mo-
tionl, the amplification around the period of 0.5 s in the SF was greater
than that in the FF due to the effect of the structure. This phenomenon
was also observed under the 0.1 g Motion2. There was a heavy attenu-
ation within the period range of 0.9-3.0 s in the FF under the Motion1.
However, the attenuation of response spectra was weakened due to the
existence of the structure in the SF, especially for the period of 0.90-1.2
s. In addition, the effect of the structure reduced with the increase of the
amplitude of input motions.

For the position above the structure, Fig. 14 displays the comparison
of normalized response spectra at A6 between the FF and SF under

10

different seismic motions. The results in Fig. 14(a) show that the pres-
ence of the structure could weaken the attenuation of the ARS values
within the period range of 0.9-3.0 s, especially for around the period of
1.2 s. As shown in Fig. 14(b), due to the effect of the structure, the ARS
values around the period of 0.5 s in the SF were greater than those in the
FF under the Motion2. This was different from the behavior observed
under the Motionl. It could be attributed to the different liquefaction
processes in the soil layers above the structure. As shown in Fig. 11, for
the Motion2, liquefaction occurred in the soil layers at the beginning of
the shaking, causing the shear waves to attenuate rapidly. But for the
Motionl, a portion of shear wave propagation was maintained before
liquefaction happened.

Fig. 15 shows the normalized response spectra of the underground
structure and the soil adjacent to the side walls of the structure in the SF
under 0.1 g seismic motions. Clearly, the acceleration frequency
component distributions of the underground structure exhibited a high
similarity to that of the soil adjacent to the structure’s side walls,
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reflecting the dominant role of soil movement in influencing the seismic
response of the underground structure. The same results were obtained
from a previous study (Zhu et al., 2021).

3.3. Effect of the underground structure on shear stress-strain behavior

To investigate the effect of the structure on the shear stress-strain
behavior of the soil adjacent to the side walls of the structure, the
shear stress and shear strain at A5 were calculated from acceleration
time histories according to the method used in previous studies (Zeghal
et al., 1999, 1995). The shear stress at a depth z; can be obtained by Eq.
(3.

U g +U;

D) Az 4 (l:27 3, )

7i(t) = tio1 + pia 3)
In which subscript i refers to level z;, 7; = 7(z;, t), U; = ii(z;, t), Az is
the spacing interval and p, , is the average mass density for the soil layer

between levels z; ; and z;. The shear strain can be calculated by Eq. (4).

1 Azi,l

= (w ;) Az
o Az + Az; il ! Az;

Az

7i(t) + (U —ui) (2,3, ..) 4

Where u; = u(z;, t) is displacement evaluated through double integra-
tion of the corresponding acceleration histories. The shear stress and the
shear strain are second-order accurate. Additionally, the Butterworth
band-pass filter (0.2-6.0 Hz) was employed to process the acceleration
time histories to remove noise and mitigate drift errors during the
integration process.

3.3.1. Shear stress and shear strain

Fig. 16 presents the maximum values of shear stress (7ax) at A5 in
the FF and SF under different input motions. The 7.« in the FF was much
smaller compared to the SF data. The results demonstrate the effect of

0.1
Period (s)

10

Period (s)

(b)

Fig. 13. Normalized response spectra at A5 in the FF and SF under different seismic motions: (a) Motionl, (b) Motion2.
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the structure on the shear stress of the soil adjacent to the side walls of
the structure. As the PGA of the earthquake at the model base increased,
the effect of the underground structure was more pronounced in
increasing the 7ymax. Due to the soil-structure interaction, the shear stress
of the soil adjacent to the side walls of the structure was amplified.
The time histories of shear strain at A5 in the FF and SF under the
Motionl are shown in Fig. 17. It is noted from Fig. 17 that the shear
strain of the SF was smaller in comparison with the FF. In addition, the
difference in maximum shear strain (y,,,,) between the FF and SF
increased with the increasing intensity of ground motion. As shown in
Fig. 6, the excess pore pressure at P4 in the SF was larger than that in the
FF, indicating a greater degradation of stiffness. However, due to the
existence of the underground structure, the soil experienced smaller
shear strain under greater shear stress. It could be concluded that the
structure limited the deformation of the soil adjacent to its side walls.

3.3.2. Equivalent shear modulus

To investigate the effect of the structure on the shear modulus of the
soil adjacent to the side walls of the structure, the approach of Brennan
etal. (2005) was applied to compute equivalent shear modulus Ge. It can
be obtained by Eq. (7).

Tmax — Tmin

Te = D) %)
_ Ymax — Vmin
Ge = @
Ve

Where 7Tyax and 7pin represent the maximum and minimum values of
shear stress during a shear stress-strain loop, respectively. 7., and 7
represent the maximum and minimum values of shear strain developed
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Fig. 15. Normalized response spectra of the underground structure and the soil adjacent to side walls of the structure in the SF under 0.1 g seismic motions: (a)
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in the loop, respectively.

The first shear stress-strain loop of Motion2 was selected to explore
the effect of the underground structure on shear modulus. Fig. 18 shows
the time histories of shear strain and selected shear stress-strain loops at
AS5 in the FF and SF under the Motion2. It is noted from Fig. 18 that the

Furthermore, for the selected shear stress-strain loops, the difference in
the G value between the FF and SF increased as the PGA of the seismic
motion increased. It indicated that the effect of the underground struc-
ture became more pronounced with the increase in the input motion
intensity.

G. at A5 was larger in the SF than that in the FF under the same shaking,
signifying that the soil-structure dynamic interaction increased the shear
modulus of the soil adjacent to the side walls of the structure.

12

(b)
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4. Conclusions

In this study, 50 g centrifuge shaking table tests were conducted to
investigate the effect of an underground structure on the seismic re-
sponses of saturated coral sand sites. By comparing the experimental
results of the free field and structure field, the differences in pore
pressure response, acceleration response, and shear stress-strain
behavior between the two sites were discussed and analyzed. The
main conclusions are as follows:

(1) Compared to the free field, the underground structure increased
the liquefaction depth of the soil beneath it. Additionally, the
presence of the structure led to an increase in the excess pore
pressure in the soil near the side walls and the bottom of the
structure, while causing a decrease in the excess pore pressure in
the soil layers above the structure. Due to the structure blocking
the continuing upward migration of pore fluid from the deep to
the shallow layer, the excess pore pressure in the soil layer above
the structure dissipated rapidly after reaching its peak and had
completely dissipated by the end of the shaking. Furthermore,
soil-underground structure dynamic interaction resulted in
higher dilatancy in the soil layers near the bottom of the
structure.

For the soil layers beneath the underground structure, the influ-
ence of the structure on seismic wave propagation gradually
decreased with increasing distance from the structure. The un-
derground structure was observed to influence the acceleration
response of the surrounding soil. Compared to the free field, soil-
structure interaction amplified the seismic motions in the soil
layers near the bottom of the structure, whereas it reduced the
seismic energy in the soil layers adjacent to the structure’s side
walls. For the soil above the structure, significant attenuation in

(2
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the acceleration was observed in the FF due to soil liquefaction,
which caused the seismic energy in the SF to be greater than that
in the FF under the same shaking. It can be concluded that the
underground structure had an amplification effect on the seismic
motions in the soil above the structure. However, this behavior
cannot be fully reflected by the PGA values of the soil layers.
The structure has a significant influence on the acceleration
response spectra of the surrounding soil. For the position near the
bottom of the structure, the de-amplification effect of the struc-
ture in the ARS values was observed near the period of 0.5 s. The
structure had no influence on acceleration response within the
period of 0.90-1.2 s. For the soil near the sidewalls and above the
structure, the presence of the structure weakened the attenuation
of the ARS values within the period range of 0.9-3.0 s.

For the soil near the side walls of the structure, the underground
structure amplified the maximum values of shear stress, and the
effect of the underground structure was more pronounced with
the increase of seismic intensity. In addition, the presence of the
structure reduced the deformation of the soil and increased the
soil shear modulus.

3
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