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Abstract. Scouring leads to soil loss around piles, which, in turn, changes the ground-vibration
characteristics and influences the seismic performance of bridges. In this study, the Xiang’an
Bridge was used as a reference for constructing a large shaking-table test model to investigate the
dynamic characteristics of the pore-pressure ratio of saturated sandy soils, accelerations, and
bending moments of the piles, as well as the horizontal displacements of the pile-top at scouring
depths of 10, 20, and 32 cm, with ground-vibration intensities ranging from 0.10-0.45 g. The
results indicated that as the scour depth increased, the pile acceleration of the group piles increased
and changed abruptly at the variable cross-section and soil-stratum interface. The peak values of
the horizontal displacement of the pile-top and bending moment of the pile exhibited an increasing
trend. As the ground-shaking intensity increased, the pore-pressure ratio of the saturated sandy
soil, pile acceleration of the group piles, horizontal displacement of the pile-top, and bending
moment of the pile body gradually increased, whereas the base frequency of the pile foundation
gradually decreased. This study can serve as a reference for the seismic design and reinforcement
of scour bridges in areas prone to seismic activity.

Keywords: large-diameter variable-section, group piles, scour, seismic strength, shaker tests,
dynamic response.

1. Introduction

Large-diameter variable-section long piles are advantageous for the construction of bridges in
marine environments because of their large bearing capacity in the vertical direction and impact
resistance in the horizontal direction. As such piles require fewer engineering materials, the
associated engineering costs are relatively low [1-3]. Group-pile foundations generally extend
from the sea level to submarine soil and are therefore, the closest bridge elements to the ocean [4].
Large-diameter variable-section pile foundations constructed at sea change the original
seawater-flow characteristics around the pile and influence the water currents, sediments, and
topography of the ocean environment [5]. Additionally, they cause local scouring of the seabed
around the pile foundation [6], [ 7], thereby reducing its bearing capacity and making it susceptible
to earthquake damage [8-10]. Therefore, studying the seismic performance of bridge pier piles
subjected to scour-depth changes is critical [11], [12].

Most researchers have focused on the dynamic responses of pile foundations with equal
cross-sections and single piles through theory, model tests, and numerical simulations. In
monopile foundation research, Lin et al. [13], Xu et al. [14], Zhang et al. [15], and Liang et al.
[16] used the p-y method to investigate the effects of stress history, scour depth, scour width, and
scour hole size on the transversely loaded monopiles within soil layers. Zhao et al. [17], Song et
al. [18], and Sui et al. [19] used Biot’s consolidation theory to establish a comprehensive 3D
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numerical model of the wave-seabed response around a monopile foundation and investigated the
damage induced in the foundation by the cumulative liquefaction of pore-water pressure under
cyclic shear. Negru et al. [20] and Xiao [21], [22] proposed vibration-based nondestructive
evaluation methods for bridge piers. Zhou et al. [23], Wang et al. [24], and Guo et al. [25]
considered the pile—soil interactions, as well as the structural and geotechnical parameter
uncertainties, and simulated seismic ground shaking using the OpenSees software to establish a
coupled soil-structure finite-element model of a concrete bridge with a monopile structure. They
concluded that scouring significantly increases the basic period of the structure, decreases the
curvature of the pile body, and increases the functionality during seismic action under three
different scour conditions. Chenxi et al. [26] and Basha [27] conducted flow-powder base-
monopile interaction flume tests under different soil and water-flow conditions to investigate the
effects of the consolidation strength and water content of monopiles in a pulverized seabed on the
scour depth and the shape and size of the scour crater. Prendergast et al. [28], Wu et al. [29], and
Gong et al. [30] conducted full-scale field tests to investigate the effects of scouring on the
vibration characteristics of monopiles. They demonstrated that the intrinsic frequency of the pile
decreased significantly as the scour severity increased, which enabled accurate predictions of the
intrinsic frequency of the pile at a given scour depth.

For studying equal-section pile foundations, Zhang et al. [31], Zhou and Wang [32], Wu et al.
[33], and Deng et al. [34] applied the Euler-Bernoulli beam theory to establish the equation of
pile-soil control under arbitrary harmonic action and determined the dynamic responses of
equal-section pile groups using the dynamic pile-soil interaction factor. Sun et al. [17] established
a theoretical formula for predicting the maximum scour depth of equal-section piles based on
energy balance. Their calculation results were in good agreement with the laboratory and
field-measured data. Janalizadeh and Zahmatkesh [35], Rahmani and Pak [36], Prasad and
Banerjee [37], Zhou et al. [38], and Wang et al. [39] developed a probabilistic seismic-demand
model for equal-section sandy-soil group-pile bridges by combining scour-depth variations.
Moreover, they investigated a probabilistic seismic-demand model for soil stratification, motion,
and soil-layer movement at different scour depths, seismic-wave frequencies, and densities.
Furthermore, the soil-stratification degree, kinematic and inertial forces affecting seismic demand,
and potential pile-damage distribution of group-pile bridges were verified through shaking table
tests. Wang et al. [40], Wang et al. [41], Liang et al. [42], and Bao et al. [43] conducted several
shaking table tests against white noise and harmonic and historical seismic excitations on an
isotropic reinforced-concrete mono-pier structure embedded in cohesionless soil with 2x2 pile
groups. They found that the resonance period of the soil-pile structural system generally increased
as the scour depth and excitation intensity increased.

Subsequently, based on the results of the aforementioned studies, several experts and scholars
have further investigated the dynamic responses of pile foundations comprising long piles with
large diameters and variable cross-sections through finite-element methods such as the equivalent
embedment model of pile foundation [14], site-structure model based on the p-y curve [44], and
2D site-foundation-structure integration model [45]. However, it is difficult to accurately simulate
the effects of various factors through these methods. Liang et al. [46] used centrifugal shaking
table tests to study the seismic responses of structural bridges with monopile and group-pile
foundations. However, these studies only investigated the pile-column foundations or employed
specimens made of aluminum alloys. However, reinforced-concrete structures and group-pile
foundations differ significantly.

In summary, shaking table tests for pile-soil dynamic interactions were established, and 1004
waves with ground-vibration intensities of 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, and 0.45 g were
selected, and four working conditions with scour depths of 0, 10, 20, and 32 cm were designed to
study the dynamic mechanical-response characteristics such as saturated sandy soil pore-pressure
ratio, pile-body acceleration, pile-body bending moment, and pile-top horizontal displacement.
They can also be used to verify the numerical-simulation method in the later stage and provide a
basis for the reasonable value of the parameters. Therefore, the remainder of this paper is
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organized as follows. Section 2 describes the case-study area, proposed methods, and experimental
details. Section 3 presents the results and discusses them. Finally, Section 4 concludes the paper
and presents directions for future research.

2. Materials and methods
2.1. Case-study background

The Xiang’an Bridge is located in the mid-section of the Changle-Zhao’an fault zone, which
is characterized by two near-northeast-oriented deep grooves in highly weathered bedrocks.
Seismic activity is frequent in this region because of the influence of nearby active faults. From
July 1974 to July 2024, 29 earthquakes occurred in this region, with the worst occurring on January
26, 2018, at a depth of 20 km and magnitude of 6.2 [47]. The seismic intensity of the area is VII,
seismic response spectrum peak ground acceleration is 0.15 g, and characteristic period is 0.45 s.
Bridge pile foundations in this region are significantly influenced by the scouring actions of
typhoons and waves in the marine environment, which have resulted in critical seismic design
challenges. The Xiang’an Bridge comprises a pile group wherein the four pile foundations have
four end-bearing piles with diameters of 2.5/2.15 m and lengths of 44.4 m. The piles are spaced
5.4 m apart and connected to the bridge substructure through a pile cap with dimensions of
17.8 x13x5.1 m. The diameters of the bridge piles exceed the standard conventional pile diameter
of 0.8 m and are therefore categorized as large diameters. The subsurface soil layers adjacent to
the piles comprise 15 m of saturated sandy soil, underlaid with a 15 m layer of highly weathered
granite, followed by 25 m of moderately weathered granite. A map of the case-study location is
shown in Fig. 1 and the workflow is illustrated in Fig. 2.
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Fig. l.rGeographical location of the Xiang’an Bridge considered for the case study
2.2. Shake-table parameters

The tests were conducted on a three-axis, six-degree-of-freedom seismic-simulation shake
table with dimensions of 5x5 m at the Open Laboratory of Earthquake Engineering and
Engineering Vibration of the Institute of Engineering Mechanics, China Earthquake
Administration (CEA). Its technical parameters are listed in Table 1.

A rigid model box with dimensions of 3.05x1.7x1.8 m (length x width x height), as shown in
Fig. 3, was used for the tests. Its inner walls were filled with 2 cm thick foam boards to reduce the
boundary effect, thereby preventing soil from overflowing during vibrations and reducing the
influence of seismic-wave reflections during the test. The model box was divided into functional
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areas (I, II, III, and IV) with welded steel plates, where functional area I was used as the control
group (scour depth: 0 cm) and II, III, and IV were used as the test groups.

Investigations and

analyses

I |
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and Environment of Xiang'an Bridge

same type

| | | I | I

Design shake table Determine model Design the pile-soil Determine test
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Fig. 2. Workflow diagram

Table 1. Technical parameters of the shake table

Parameter Value
Vibration mode Sine, random (seismic motion)
Frequency range 0.5-50 Hz
Maximum model load 30t
Maximum acceleration amplitude | Full load: XY direction 1.0 g, Z direction 0.7 g
Maximum displacement amplitude | XV direction: £80 mm, Z direction: 50 mm

Bolt ; Test component
e e
Fig. 3. Image of the model box

output cireuit

2.3. Model-similarity ratio

A similarity ratio of 1/50 was used to construct the models. The Buckinghamrm theory was
employed to fully consider the similarity of seismic loading, and dimensionless parameters were
constructed to ensure that the scaling relationship between key physical quantities in the artificial
mass model was the same as that in the prototype structure [48]. The functional relationship is
expressed as follows:
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o=f(,E,p,t,r,v,a,9 w), (1)

where o is the structural stress, [ is the structural dimension, E is the structural modulus of
elasticity, p is the structural mass density, t is the time, r is the structural response displacement,
v is the structural response velocity, a is the structural response acceleration, g is the gravity
acceleration, and w is the structural self-oscillation circular frequency. Considering [, E and p as
the basic quantities: [I] = L, [E] = E, and [p] = p, the remaining physical quantities can be
expressed as dimensionless parameters L, E and p.

Because the total mass of the model is the sum of the mass m,,, of the model and the artificial
mass m,, a 400 kg artificial mass was configured at the top of the pile without affecting the
stiffness of the structure and considering the actual bearing capacity of the shaking table and
similar conditions for the artificial mass. The similar constants for each physical quantity are
presented in Table 2. The resulting artificial mass was calculated as follows:

mg =Cg Clzmp —Mm, 2

where my is the artificial mass, Cg is the elastic modulus similarity ratio, C? is the geometric
similarity ratio, m,, is the prototype mass, and m,,, is the model mass.

Table 2. Similarity constants of the physical experimental parameters

Category Parameter Dimension® | Similarity constant
Acceleration (a) LT-2 1
Load Gravitational acceleration (g) LT-2 1
Velocity (v) LT-1 501/2
Time (t) T 1/501/2
Length (1) L 1/50
Geometry Linear displacement (&) L 1/50
Frequency (w) T-1 501/2
Elastic modulus (E) FL-2 1/3.5
Stress (o) FL-2 1/3.5
Material Strain (&) / 1
Poisson's ratio (1) / 1
Density (p) FL-4 T2 1
L denotes length, T denotes time, and F denotes force

2.4. Design of the pile—soil model

The model piles had lengths and diameters of 90 and 5.0/4.3 cm, respectively, with the variable
section located 56 cm below the top of the pile. The model pile was fabricated using particulate
concrete with a reinforcement ratio of 2.4 %. The ordinary silicate cement was used, with river
sand as the aggregate having a maximum particle size of 4.75. The mix proportion was cement:
stone: sand: water: = 1.0:4.19:1.48:0.60, a chieving a compressive strength of 17.0 MPa, and
modulus of elasticity of 25.2 GPa. Four galvanized iron wires with a diameter of 4 mm were
selected for the main reinforcement, and one with a diameter of 2.8 mm was selected for the hoop
reinforcement. The hoop bar was made of galvanized iron wire of type Q235 with a yield strength
of 235 MPa and elastic modulus of 200 GPa. The four-pile foundation construction entailed
reinforcement placement and tying, formwork erection, concrete pouring, and formwork removal,
as shown in Fig. 4.

Based on the geological data of the site, the model soil was simplified into three layers (from
top to bottom): saturated sandy-soil layer, strongly weathered granite, and moderately weathered
granite. To satisfy the similarity-ratio relationship, a particulate concrete configuration was
adopted to simulate the medium-weathered granite. In addition, a soil configuration was employed
to simulate the physical and mechanical parameters of sandy soil and strongly weathered granite.
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The model soil preparation and piles are shown in Fig. 5, and the physical and mechanical indices
of sandy soil and strongly weathered granite are listed in Table 3. The sieve method was used to
test the grain-size composition of the sandy soil, and the cumulative curves are shown in Fig. 6.

¢) Placement of reinforcing steel

P

¢) Formwork removal

d) Pouring concrete
Fig. 4. Pile-model construction

e

0 S
a) Model soil b) Model piles
Fig. 5. Model preparation

2.5. Selection of seismic waves

The 1004 wave was selected as the seismic wave and artificially synthesized by the CEA for
the Xiang’an Bridge. The seismic acceleration exceeding a probability of 4 % in the design-base
period of 100 years was 0.15 g. This reference wave was fed into the seismic-wave processing
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software SeismoSigna, which was used to perform filtering and baseline corrections to limit the
peak acceleration and obtain the seismic-wave intensities of 0.10, 0.15, 0.20, 0.25, 0.30, 0.35,
0.40, 0.45, and 0.45 g. The loading direction was bidirectional in the horizontal X and Y
directions, and the acceleration amplitude was adjusted according to a horizontal X-direction:
horizontal Y-direction ratio of 1.00:0.85. Additionally, the bidirectional horizontal excitation was
employed in the test. The acceleration-time-course curves and response spectra of the 1004 0.15 g
seismic wave is shown in Fig. 7.

Table 3. Physical and mechanical properties of the soil layers

Soil tvpe Natural moisture Density p Cohesion ¢ Internal friction
yp content (w, %) (g:em™) (kPa) angle ¢ (°)
. Prototype 25.3 1.83 0 34
Sandy soil Model 25.5 1.86 0 35
Highly weathered | Prototype 11.9 2.63 23.1 37
granite Model 11.2 2.56 22.5 43
120
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Fig. 6. Particle gradation curve
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Fig. 7. Characteristics of the 1004 seismic wave
2.6. Test conditions

The scour depth of the Xiang’an Bridge abutment is 1.0-6.0 m and the local scour depth is
6.55 m. However, owing to environmental factors such as heavy rainfall and flooding, its scour
depth is predicted to reach or exceed 16 m in the upcoming decades based on historical data
processed using mathematical models. The test in this study employed four model piles to simulate
the seismic response of a structure under a small scour depth (0-4 x pile diameter) and large scour
depth (6-8 x pile diameter). Scour depths of 0 and 5 m (2 x pile diameter), 10 m (4 x pile
diameter), and a maximum of 16 m corresponded to scour depths of 0, 10, 20, and 32 cm for
functional areas I, II, III, and IV in the modeling box, respectively. Functional area I, with a scour
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depth of 0 cm (no scouring), was the control group, as shown in Figs. 8(a) and 8(b).
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¢) Displacement Sensor
Fig. 8. Model plans and test elements

2.7. Test setup

To measure the strain on the pile body and determine the bending moment, strain gauges were
placed symmetrically at specific intervals near the top of the pile, center of the sandy-soil layer,
soil-layer interface, variable cross-section, and bedrock surface of the model pile. Accelerometers
were placed at the corresponding locations on the model piles to measure their accelerations, and
pore-water manometers were placed at the corresponding locations around the soil body. The pile
acceleration and strain were both in the X-direction, and the staking-point layout and test elements
employed are shown in Figs. 8(b) and 8(c), respectively.

3. Results and discussion
3.1. Damage to the pile foundations

The changes in the base frequency of the pile foundation at different scour depths are shown
in Fig. 9. The results indicate that irrespective of the scour depth, the increase in seismic
acceleration caused the base frequency of the pile foundation to decrease abruptly from the
original relatively stable value and then restabilize. The magnitudes of the abrupt decreases at
different scour depths were similar, ranging from 30-40 % (38.2, 33.3, 35.7, and 39.8 % for scour
depths of 0, 10, 20, and 32 cm, respectively). By contrast, larger differences were evident in the
critical accelerations of the abrupt decreases in the fundamental frequency at different scour depths
(critical accelerations of 0.30, 0.25, 0.20, and 0.15 g occurred at scour depths of 0, 10, 20, and
32 cm, respectively). These abrupt decreases in the fundamental frequency generally indicate that
the pile foundation was damaged or destroyed [49]. Additionally, as the scour depth increased, the
ability of the pile foundation to resist damage or destruction decreased significantly.
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Fig. 9. Changes in the fundamental frequency of the pile foundation
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3.2. Pore-pressure ratio

The pore-pressure ratio, which is the ratio of the pore-water pressure to the effective stress,
can be used to indicate the degree and impact of scouring on a pile foundation. The pore-pressure
ratio is directly related to the bearing capacity of the pile foundation. As shown in Fig. 10, the
trend of the pore-pressure ratio was essentially the same for all the scour depths and
ground-shaking intensities investigated; it remained approximately 0 when the seismic wave was

loaded, and then increased rapidly and eventually stabilized.

For different ground-shaking intensities at the same scour depth, the time required to reach the
peak value was shorter than that of the input seismic wave. As the ground-shaking intensity
increased, the value for pore-pressure ratio stabilization also increased.
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Fig. 10. Variations in the pore-pressure ratios of models with different scour depths during
excitation under various seismic intensities: a) 0.10 g, b) 0.15 g, ¢) 0.20 g,
d)0.25¢g,e)0.30¢g,1) 0.35g,2)0.40 g,andh) 0.45 g

For example, as the ground-shaking intensity was increased from 0.10 to 0.45 g for a scour
depth of 10 cm, the pore-pressure ratio increased at 2.43, 2.38, 2.35, 2.32, 2.30, 2.27, 2.24, and
2.21 s to reach peak values of 0.69, 0.72, 0.79, 0.82, 0.84, 0.85, 0.86, and 0.87, respectively, at
12.15, 11.94, 10.52, 10.13, 9.84, 9.25, 8.72, and 8.24 s, respectively, which were all earlier than
those of the input seismic wave. This is because as the ground-shaking intensity increased, the
pore-water pressure in the soil could not be rapidly discharged, which increased the stable pore-
pressure ratio of the saturated sandy-soil layer. When the ground-vibration intensity loading was
initiated, the pore-pressure ratio appeared negative owing to the shear expansion of the sandy soil
during vibration, which led to a negative increase in the superstatic pore-water pressure.

Under the same seismic intensity, the increase in scour depth resulted in an earlier increase
and peak of the pore-pressure ratio, which gradually decreased after it stabilized. For example, for
a ground-shaking intensity of 0.15 g, the pore-pressure ratio began increasing rapidly at 3.22, 2.38,
2.06, and 1.28 s for scour depths of 0, 10, 20, and 32 cm, respectively, peaked at 23.65, 21.92,
9.95, and 6.43 s, respectively, before stabilizing at 0.81, 0.77, 0.69, and 0.51 s, respectively. This
may have occurred because as the scour depth increased, the missing range of the soil layer around
the pile increased and the self-weight of the overlying sandy soil decreased, which influenced the
infiltration capacity of the soil around the pile and enhanced the growth rate of its superstatic
pore-water pressure. The change in the pore-pressure ratio led to a more violent response from the
pile foundation under seismic loading, thus increasing the risk of structural damage. Therefore,
real-time monitoring of changes in pore-pressure ratio can enable the swift detection of potential
scour problems, which can help implement appropriate preventive and reinforcement measures
and avoid structural damage.

4. Acceleration response of the pile foundation
4.1. Peak acceleration response of the pile body

As shown in Fig. 11, considering the fixing conditions and tip mass, under seismic waves of
different intensities, the acceleration of a pile body with large-diameter variable cross-section
group piles along the direction of the pile length is basically the same: it gradually increases from
the bottom of the pile to the top, whereas that at the same location gradually increases as the
ground-shaking intensity increases.

The softness and hardness of the transition zone of the rock and soil medium are relatively
high, resulting in a larger amplitude of the seismic transmission wave than that of the incident
wave. The growth rate of the pile-body acceleration was the lowest in the moderately weathered
granite layer, strongest in the highly weathered granite layer, and fastest in the saturated sandy-
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soil layer. An abrupt change occurred at the soil-layer interface and variable cross-section, and the
peak was at the top of the pile. The increase in the acceleration of the pile body differed for the
different soil layers and changed abruptly at the interfaces because of the weaker soil body, weaker
restraining effect on the pile foundation, and enhanced amplifying effect of the scouring soil layer
on seismic waves. The sudden change in pile acceleration at the variable cross-section was due to
the reduction in the size of the lower part of the large-diameter variable cross-section pile as the
overall pile—soil stiffness weakened and the acceleration law of the pile body changed accordingly;
thus, the acceleration at the variable cross-section significantly increased.
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Fig. 11. Pile accelerations according to seismic intensity at various scour depths:
a) 0 cm, b) 10 cm, ¢) 20 cm, and d) 32 cm

As the scour depth increases, the acceleration at the top of the pile gradually increases. For
example, under a ground-vibration intensity of 0.15 g, the peak acceleration of the pile body was
at the top of the pile at scour depths of 0, 10, 20, and 32 cm and the accelerations were 4.1, 4.3,
5.1, and 5.6 m/s?, respectively. This may have occurred because as the scour depth increased, the
thicknesses of the saturated sandy soil and strongly weathered granite layers decreased, the
restraining effect of the soil layer on the side of the pile weakened, and the free length of the pile
base increased. Additionally, as the free section of the pile base was sensitive to the vibrations
caused by the input seismic wave, the acceleration of the pile body increased further. Therefore,
the distribution of the foundation soil layer and the soil characteristics had a greater influence on
the acceleration-time response at the top and bottom of the pile-foundation group.
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4.2. Acceleration-time-range response of the pile foundation

The acceleration-time responses of the top, variable section, and bottom of the pile for a
seismic wave of 0.15 g and scour depth of 10 cm are shown in Fig. 12, wherein it is evident that
they varied according to the ground-shaking intensity and scour depth. The acceleration response
at the bottom was dense and close to the frequency of the input seismic wave, whereas those at
the variable section and top were sparse and had a lower frequency, differing significantly from
that of the input seismic wave. Additionally, the acceleration peak at the top lagged behind that at
the bottom. The response trends exhibited characteristics similar to those of the other seismic-
wave intensities and scour depths.
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Fig. 12. Acceleration-time-range responses of the pile foundation at a scour depth
of 10 cm and ground-vibration intensity of 0.15 g

4.3. Pile-bending moment

As can be seen from Fig. 13, considering the fixing conditions and tip mass, under seismic
waves with different intensities, the change rule of the bending moment of the pile body with
large-diameter variable cross-section group piles along the direction of the pile length is basically
the same: first, it increases from the bottom to the top of the pile and then decreases, and the whole
shows the “single-peak” rule of change. As the ground-shaking intensity increases, the bending
moment of the pile body gradually increases. Additionally, as the scour depth increases, the
bending moment of the pile body at the same location gradually increases, and the maximum
bending moment of the pile body gradually shifts downward. The maximum bending moments of
the pile body at scour depths of 10, 20, and 32 cm was 15, 20, and 25 cm. Taking the 0.15 g, 1004
wave action as an example, the maximum bending moments of the pile shaft with scouring depths
of 0, 10, 20, and 32cm are 30.89, 42.99, 44.33, and 54.12 kN-m, respectively. This is because as
the scour depth increases under seismic action, the effective pile length decreases, free length
increases, and restraining effect of the geotechnical body on the pile body decreases, resulting in
a poor pile—soil stability. The sudden change in the bending moment of the pile body at the variable
section is due to the decrease in the pile diameter in the lower part of the section. This causes the
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geometric characteristics to change, and the bending stiffnesses of the upper and lower parts of
the pile body generate a large difference. Therefore, the hoop reinforcement and the reinforcement
of the pile at in the variable section should be increased to ensure that the pile near the variable
section has a sufficient bending capacity.
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Fig. 13. Trends of the pile-bending moment at different scour depths under various seismic intensities:
a) 0 cm, b) 10 cm, ¢) 20 cm, and d) 32 cm

According to the reinforcement of the model pile foundation calculated using the Design Code
for Highway Reinforced Concrete and Prestressed Concrete Bridges and Culverts [50], the
bending capacity of the pile body was 85.12 kN-m. Fig. 14 indicates that for ground-vibration
strengths of 0.10, 0.15, 0.20, 0.25, 0.30 g, the peak bending moments of the pile body were 29.33,
33.75,46.26, 60.46, and 74.72 kN-m, corresponding to bending capacity surpluses of 65.5, 60.4,
45.7, 29.0, and 12.2 %, respectively. For peak seismic-wave accelerations of > 0.35 g, the peak
bending moment of the pile body was in the range of 86.51-101.42 kN-m, which exceeded the
bending capacity by 1.6-19.1 %. This indicates that the bending capacity of the pile foundation of
the Xiang’an Bridge satisfies the design requirements for seismic intensity VII (0.15 g).

4.4. Pile-cap horizontal displacement

Rezazadeh et al. [51] suggested transforming data into other domains, such as frequency or
time—frequency, to make the results more visible. Therefore, we also obtained the time-range
responses of the horizontal displacement at the top of the pile, as shown in Fig. 15, as well as the
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change patterns of the peak horizontal displacement and moments of peak occurrence, as shown

in Figs. 16 and 17, respectively.
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Fig. 14. Trend of the peak bending moment of the pile body
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Fig. 15. Time responses of the horizontal displacements at the pile top:
a) 0 cm, b) 10 cm, ¢) 20 cm, and d) 32 cm

It is evident from Fig. 15 that the horizontal displacement time-range responses of the pile top
are relatively unchanged under various ground-shaking intensities. As the input seismic wave was
maintained for 40 s, the horizontal relative displacement of the pile top in the figure ranges from
0-40 s, after which the displacement curve becomes a straight line but does not go drop down to
zero. Additionally, its baseline value generates an offset, i.e., the pile top exhibits permanent
lateral displacement after the vibration ceases. This is because the soft soil experiences scour under
seismic action, which lowers the soil-layer constraint around the pile foundation as well as the
lateral force of the pile foundation, leading to higher deformation of the pile top.

Furthermore, Fig. 16 shows that the relative peak horizontal displacement at the pile top varies
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significantly. As the ground-shaking intensity and scour depth increased, the peak horizontal
displacement of the top of the pile group increased gradually. For example, under a seismic
acceleration of 0.15 g, the maximum horizontal displacement at the pile-top were 0.74, 0.80, 1.39,
and 1.70 mm at scour depths of 0, 10, 20, and 32 cm, respectively, suggesting that it increased
approximately linearly. This may have occurred because as the scour depth increased, the effective
pile length decreased, free length increased, and the overall pile-soil stability became poor. For
example, under seismic-wave intensities of 0.10, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, and 0.45 g at a
scour depth of 10 cm, the maximum horizontal displacements were 0.69, 0.80, 1.34, 2.54, 3.66,
4.75,5.11, and 6.25 mm, respectively. This is because as the ground-vibration intensity increases,
the shear modulus of the soil layer decreases and damping increases, thereby enhancing the
interaction force between the pile and soil and the dynamic response of the pile foundation, which
further induce relative displacements in the piles and soil, leading to higher horizontal
displacements at the top of the piles.

Additionally, Fig. 17 shows that at the same scour depths, the maximum horizontal
displacements of the pile-top occur at different moments. For a scour depth of 10 cm, the
maximum horizontal displacements under seismic wave intensities of 0.10, 0.15, 0.2, 0.25, 0.3,
0.35, 0.4, and 0.45 g are reached at 10.18, 12.14, 14.39, 15.63, 17.03, 17.45, 17.73, and 17.80 s,
respectively. This is because the scour depth affects both the saturated sandy soil and pile
foundation, resulting in variations in their response sensitivities to seismic waves of different
intensities.
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Fig. 16. Change pattern of peak horizontal displacement of pile top
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Fig. 17. Moment of peak horizontal displacement of pile top
5. Conclusions

This study investigated the dynamic response characteristics of the large-diameter variable
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section group-pile foundation at scour depths of 10, 20 and 32 cm based on the characteristics of
the complex sea scour environment of Xiang’an Bridge through a large shaking-table model test
under 1004 waves with ground-vibration intensities of 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40,
0.45 g. The following conclusions were drawn:

1) As the seismic intensity increased, the pore-pressure ratio gradually increased and then
stabilized. The stable pore-pressure ratio increased as the ground-shaking intensity increased.
However, it started to increase at different times and reached its maximum value earlier than the
input seismic wave. Additionally, as the scour depth increased, the stable pore-pressure ratio, shear
strength, and bearing capacity of the soil layer decreased. Therefore, the effects of larger scour
depths on the pore-pressure ratio should remain an area of focus.

2) At different scour depths, the acceleration and bending moment of the pile body changed
abruptly in the variable section and at the soil-layer interface. As the scour depth increased, the
horizontal displacement of the pile-top, acceleration of the pile body, and bending-moment peaks
gradually increased.

3) At the same scour depth, the saturated sandy-soil pore-pressure ratio, pile acceleration, pile-
top horizontal displacement, and pile-bending moment increased as the ground-shaking intensity
increased. A higher ground-shaking intensity amplified the disturbance of the saturated sandy-soil
layer around the pile foundation, thus weakening the saturated sandy-soil layer and the soil
constraint on the pile side.

4) As the scour depth and dynamic strength increased, the dynamic characteristics of the pile
foundation of the Xiang’an Bridge changed; therefore, the changes in the pore-pressure ratio and
pile acceleration should remain an area of focus. Additionally, if the bending strength of the piles
is selected as the structural control factor, the bending capacity of the pile foundation with a
variable cross-section should be addressed to ensure the earthquake-resistant performance of the
large-diameter variable-section tetra-pile foundation.

It is worth noting that owing to the limitations of the testing laboratory, the soil and pile
material properties were assumed to be constant; therefore, the proposed methodology is only
applicable to bridges that are not subjected to significantly varying geological conditions.
However, the dynamic response in the real world are more complex and vary with the road
sections and environmental conditions, wherein the material properties may vary significantly
owing to factors such as water content, soil composition, and weathering. Therefore, future
research should apply the proposed methodology to real-world environments by considering these
variations.
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