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ABSTRACT: To study the dynamic response rules of pile foundations of mega-bridges over faults in strong seismic
areas, a finite element model of the pile foundation-soil-fault interaction of the Haiwen Bridge is established. The 0.2–
0.6 g peak acceleration of the 5010 seismic waves is input to study the effect of the seismic wave of different intensities
and the distance changes between the fault and the pile foundation on the dynamic response of the pile body. The
results show that the soil layer covering the bedrock amplifies the peak pile acceleration, and the amplifying effect
decreases with increasing seismic wave intensity. However, bedrock has less of an effect on peak acceleration. The relative
pile displacement shows the mechanical properties of elastic long piles. The pile foundation generates a large bending
moment at the bedrock face and the upper soil layer interface, and a large shear force at the pile top and the soft-hard
soil body interface. The relative displacement, bending, and shear bearing characteristics of the pile foundations on the
upper and lower plates of the fault are significantly different. The deformation characteristics are affected by faults in
a region ten times the pile diameter. Analysis of the dynamic p-y curves shows that the soil resistance on the pile side
of the lower plate at the same depth is greater than that of the upper plate. Sensitivity of the dynamic response of pile
foundations on either side of the fault to the effects of seismic intensity and distance between the pile foundation and
the fault: distance l > seismic intensity q.

KEYWORDS: Bridge pile foundation; seismic response; fault; upper plate effect; mechanical behavior; numerical
simulate

1 Introduction
When the large diameter, deep, and long pile foundation of the bridge is constructed in strong seismic

areas, the seismic wave will disturb the bridge structure and its surrounding geotechnical body, thus affecting
the bearing capacity and stability of the pile foundation and even causing its damaging failure [1–4]. The
design and construction process becomes much more difficult when faults are encountered during the
building process. The interaction of earthquakes and faults changes the nature of the rock and soil mass
of the foundation to some extent [5–7]. The problem of the dynamic response of bridge pile foundations
is more complicated when considering velocity impulses, displacement misalignments, upper-plate effects,
and directional effects of near-fault surface rupture [8–10]. Many scholars have carried out some research
on this. In terms of theoretical studies, Yang et al. [11] verified the correctness of the response spectrum
analysis method in the structural analysis of bridges crossing strike-slip faults by comparing it with the
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nonlinear response history analysis method. Shirgir et al. [12] established a six-degree-of-freedom bridge
model considering the effect of Spsi to analyse its seismic response under the soil-pile interaction. Dai
et al. [13] used transfer function and frequency domain 3D structural modelling to evaluate the influence and
importance of soil-structure interaction effects on the dynamic properties of the system. In terms of model
tests, Feng et al. [14–16] investigated more systematically the anti-liquefaction performance of bridge pile
foundations and the dynamic response law, such as pile damage under the action of pile-soil-fault coupling.
Jiang et al. [17] tested the dynamic response of scaled-down bridge pier specimens under higher seismic
loads on a shaking table, and the results of the study can provide a reference for the seismic design to change
from the current principle of tertiary to quaternary defence. Fiorentino et al. [18] investigated the interaction
effects between bridge pile foundations and backfill on a seismic simulation table to learn about the dynamic
behaviour of monolithic bridge piers under ground shaking. Xu et al. [19] investigated the structural dynamic
response of pile foundations and the effect of soil-structure interaction on non-liquefiable and liquefiable
sites and rigid foundations. Xie et al. [20] investigated the effect of near-fault seismic waves on the seismic
response of bridge models and pile-soil interaction subjected to near-fault and far-field longitudinal seismic
waves. Yang et al. [21] investigated the dynamic response law of pile-soil-structure in soft foundation under
seismic loading by shaking table test, and the results showed that soft soil has an amplifying effect under
smaller seismic excitation and a vibration isolating effect under larger seismic intensity. In terms of numerical
simulation, Li et al. [22] used numerical modelling of the structure-soil-structure interaction using ANSYS
finite element software based on shaker test results, which showed that contact pressure, strain amplitude,
and pile slip increased with increasing excitation, while the peak acceleration gain factor decreased. Simos
et al. [23] evaluated the sensitivity of the Konitsa Bridge to near-field and far-field earthquakes based on finite
element analysis with nonlinear modelling. Zheng et al. [24] studied the seismic dynamic response of a large
span asymmetric suspension bridge under near-fault seismicity under a magnitude IV earthquake based on
the OpenSees platform and recommended seismic design. Zhang et al. [25] used the hyperbolic hysteresis
model and an equivalent full elastoplastic model for finite element analysis of the dynamic characteristics of
soft clay foundation and pile-pier system, respectively. Anastasopoulos et al. [26] investigated the effects of
positive fault rupture on bridge pile foundations and superstructures by realistically modelling the nonlinear
pile-soil interface and the structural inelasticity of piles. Yan et al. [27] established a two-dimensional
numerical model of the Sulphur Gully Bridge and site soils under strong near-fault earthquakes, and used
finite element dynamic time-range analysis to investigate the dynamic response characteristics of the piers,
pile foundations, and the site under ground motion loading.

Most of the above studies focus on the effects of seismic waves on the mechanical and deformation
characteristics of bridge pile foundations, and there are relatively few studies on the effects of faults on
the dynamic bearing characteristics of bridge pile foundations under seismic loading. The recognition of
the effect of faults on the seismic performance of pile foundations in seismic design also relies heavily on
engineering experience. When bridges are built close to faults, most of them are designed to avoid the
fault zone, or the bridge foundations are set on the lower plate of the fault. At this point, the safe distance
between the pile and the fault is particularly important. However, there will inevitably be situations in the
actual project where the route cannot avoid the fault, and the bridge has to cross the fault. Therefore, it is
of great engineering significance to study in depth the dynamic response law of pile foundations of bridges
across faults under seismic conditions [28,29]. In this paper, because of the current status and existing
problems in the study of the dynamic characteristics of near-fault highway bridges, based on the Haiwen
Bridge project, the finite element software is used to establish a dynamic numerical analysis model to carry
out the research on the load transfer law and dynamic response characteristics of acceleration, horizontal
relative displacement, bending moment and shear force of the bridge pile foundations under the action
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of seismic loading, and to give the safe avoidance distance between the pile foundations and the faults, to
provide technical basis for the design of deep and long pile foundations for near-fault bridges in strong
earthquake areas.

2 Engineering Background
The length of the Haiwen Bridge is 5.6 km, of which the cross-harbour bridge is 3.96 km long. The bridge

pile foundations are located in an environment with high seismic loads, high wind and wave frequencies,
and seismically active faults. The 50-year exceedance probabilities of 10% and 2% of the peak dynamic
acceleration are 0.35 and 0.59 g, respectively, the highest in China. The bridge crosses three faults, of which
the active, positive fault F2 is located between piers 37# and 38#. The fault is approximately 30 m wide, dips
to the south-west, has a dip angle of 75○, and a strike of 345○. Pier 37# is on the lower plate of the F2 fault,
and Pier 38# is on the upper plate, both approximately 25 m from the fault. The construction environment
of the bridge’s pile foundations is an outstanding issue. The location of fault F2, relative to piers 37# and 38#,
is shown in Fig. 1.

Figure 1: Relative position of pile foundation and fault

3 Numerical Simulation
The soil body has a typical nonlinear ontological relationship. The nonlinear time history calculation

method is chosen for the seismic time history analysis to obtain reasonable and accurate analysis results.
An elastic model is used for the bearing platform and pile foundation analysis, and an elastoplastic model is
used for the geotechnical analysis. The modelling is based on the Moore-Cullen convergence criterion, with
nonlinear calculations such as displacements and internal forces as convergence conditions.

3.1 Geometric Model
The numerical modelling was carried out using Midas GTS finite element software. The dimensions of

the bearing platform of both piers 37# and 38# are 9.2 m × 9.2 m × 3 m. Four pile foundations with a pile
spacing of 5.5 m, a pile diameter of 2 m, and a pile length of 54 m were connected under the bearing platform.
The embedment depth of the piles ends in the slightly weathered granite layer, which is 6 m in the lower plate
and 4 m in the upper plate. The dimensions of the model are 100, 62, and 82 m in the X, Y, and Z directions.
The soil distribution is, from top to bottom, a silty clay layer, 14 m thick in the upper plate and 12 m thick in
the lower plate; a 10 m thick layer of sand and gravel; a 26 m thick layer of pebbly soil; and a layer of slightly
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weathered granite. The fault action is implemented by discounting the fault fracture zone parameters, and
the model mesh is shown in Fig. 2. Among them, the grid size of the fault fragmentation zone and the soil
body around the pile is encrypted and divided into 1 m, and the grid size of the outer soil body is gradually
divided into 1–4 m.

Figure 2: Model meshing

3.2 Constitutive Model
3.2.1 Pile Foundation Constitutive Model

The seismic design code for highway bridges (JTGT 2231-01-2020) stipulates that pile foundations should
be kept in an elastic working condition under the level of seismic defense. This study focuses on the dynamic
response of near-fault pile foundations under seismic loading. The pile foundation material is concrete;
therefore, an isotropic elastic model is chosen. It satisfies the generalised Hooke’s law, and the stress-strain
relationship is:

{dσ} = [D] {dεe} (1)

where {dσ} is the stress component matrix, {dσ} = [dσ11 , dσ22, dσ33, dσ12 , dσ23, dσ31]T ; {dεe} is the elastic
strain matrix, {dεe} = [dεe

11 , dεe
22, dεe

33, dγe
12 , dγe

23, dγe
31]

T ; e denotes the elastic state; [D] is the elastic matrix,
and the expression is as follows (where E is the modulus of elasticity and μ is Poisson’s ratio):

[D] = E (1 − μ)
(1 + μ) (1 − 2μ)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 μ
1−μ

μ
1−μ 0 0 0

1 μ
1−μ 0 0 0
1 0 0 0

0 0 0
1−2μ

2(1−μ) 0 0
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2(1−μ) 0
1−2μ

2(1−μ)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(2)
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3.2.2 Rock and Soil Constitutive Model
Damage to pile foundations is mainly caused by the development of plastic zones in the rock and soil

bodies around the piles. There are both elastic and plastic deformations in geotechnical bodies. Therefore,
the Moore-Coulomb elastic-plastic constitutive model is adopted. The elastic deformation phase satisfies
the generalised Hooke law mentioned above, and the plastic deformation phase satisfies the plastic theory
solution, which must simultaneously satisfy the yield criterion, the plastic flow law, and the hardening
law. The stress variables of the structure are assumed to be elastic strain components and plastic strain
components, expressed in incremental form as:

{dε} = {dεe} + {dεp} (3)

where {dε} is the strain component matrix; {dεP} plastic strain matrix; p denotes plasticity.
Numerous theories now suggest that the plastic potential function is identical or similar to the yield

function, and the direction of the plastic strain increment generated during loading is then determined from
the flow law:

{dεp} = dλ { ∂g
∂σ
} (4)

where g is the plastic potential function; dλ is the proportional coefficient of each component of the strain
increment and the corresponding stress deviation, i.e.,

{dε} = [D]−1 {dσ} + dλ { ∂g
∂σ
} (5)

Available for isotropic hardened materials:

f (σi) = F (dωp) (6)

Plasticity work:

dωp = {σ}T {dεp} = {σ}T dλ { ∂g
∂σ
} (7)

Eq. (7) is obtained by bringing in the derivation:

{∂ f
∂σ
}

T
{dσ} = Adλ (8)

where A = F′ {σ}T { ∂ f
∂σ }, it is determined by the material hardening parameters.

Multiply both ends of Eq. (5) by { ∂ f
∂σ }

T
[D], then bring in Eq. (8) and collate:

dλ =
{ ∂ f

∂σ }
T
[D] {dε}

A+ { ∂ f
∂σ }

T
[D] { ∂ g

∂σ }
(9)

Bringing Eq. (9) into Eq. (1) yields:

{dσ} = [Dep] {dε} (10)
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where [Dep] is the elastic-plastic matrix expressed as:

[Dep] = [D] −
[D] { ∂ g

∂σ }{
∂ f
∂σ }

T
[D]

A+ { ∂ f
∂σ }

T
[D] { ∂ g

∂σ }
(11)

3.3 Parameter Selection
Each material parameter in the model is shown in Table 1 according to the geological survey report of

the Haiwen Bridge construction area.

Table 1: Parameters of materials

Materials Elasticity
modu-

lus/MPa

Poisson ratio Cohesive
force/

(kN ⋅m−2)

Internal
friction

angle/(○)

Gravity/
(kN ⋅m−3)

Mud clay 45.7 0.35 48 12 17.0
Silty fine sand 70.6 0.31 3 14 18.6

Sand gravel 85.9 0.30 92 21 19.0
Pebble soil 99.8 0.28 180 30 22.0

Medium weathered
granite

40,280.0 0.24 1200 43 24.8

Slightly weathered
granite

60,058.0 0.20 1760 50 26.5

Mud clay fracture zone 24.6 0.36 38 7 15.0
Sand gravel fracture

zone
35.4 0.32 58 18 17.0

Pebble soil fracture zone 55.8 0.29 150 28 21.0
Medium weathered rock

fracture zone
21,800.0 0.26 1000 40 23.0

Slightly weathered rock
fracture zone

38,800.0 0.22 1500 48 25.0

Reinforced concrete 40,000.0 0.19 – – 24.0

3.4 Boundary Conditions
In seismic time history analysis, the characteristic period in the finite element analysis system is

first obtained by vibration pattern analysis to calculate its damping parameters. Midas GTS finite element
software typically uses elastic boundary conditions to analyse characteristic periods defined by surface
springs. The horizontal and vertical foundation reaction coefficients can be calculated using Eqs. (12)
and (13), respectively.

Vertical foundation reaction coefficient:

kv = kv0 ⋅ (
Bv

30
)
−3/4

(12)

Horizontal foundation reaction coefficient:

kh = kh0 ⋅ (
Bh

30
)
−3/4

(13)
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where kv0 = 1/30 ⋅ αE0 = kh0, Bv =
√

Av , Bh =
√

Ah , Av is the vertical cross-sectional area of the model, Ah
is the horizontal cross-sectional area, α is taken as 1.0, and E0 is the foundation elasticity coefficient.

To avoid errors due to wave reflection effects, the model uses a viscous boundary condition, which is
achieved by adding a curved surface damping spring to the outer boundary of the soil body [30–32]. The
damping ratios of the P and S waves can be calculated using Eqs. (14) and (15), respectively:

CP = γ ⋅ A ⋅
�
���λ + 2G

9.18γ
(14)

CS = γ ⋅ A ⋅
√

G
9.18γ

(15)

where λ is the volume elasticity coefficient of the foundation, λ = νE
(1 + ν) (1 − 2ν) , G is the shear elasticity

coefficient, G = νE
2 (1 + ν) , E is the elasticity coefficient, ν is Poisson’s ratio, A is the cross-sectional area.

3.5 Calculation Programme
According to the ‘Seismic Safety Evaluation Report of Haiwen Bridge Project Site in Wenchang City,

Hainan Province’, the Institute of Geophysics, China Earthquake Administration has synthesized a 5010
seismic wave for the project site, which corresponds to a 50-year probability of greater than 10%. Therefore,
the 5010 seismic waves, which is consistent with the seismic hazard of the site, was selected for the structural
seismic analysis. The seismic intensity of the Haiwen Bridge site area is VIII, and the peak acceleration of
the 50-year probability of exceeding 10% is 0.35 g. The 5010 wave with an intensity of 0.35 g is used as the
reference wave, and the seismic wave processing software SeismoSigna is used to correct the baseline and
limit the peak acceleration to obtain the seismic waves with intensities of 0.20, 0.25, 0.30, 0.35, 0.40, 0.45,
0.50, 0.55, and 0.60 g to study the dynamic response law of the bridge pile foundation across the fault under
the action of seismic waves of different intensities.

The time history curve and Fourier spectrum of the seismic wave with a peak acceleration of 0.35 g are
shown in Fig. 3. The vibrational time-history of the 5010 wave is mainly concentrated within 50 s, and the
predominant frequencies are mainly concentrated at 4.3–8.8 Hz. Seismic wave inputs with different peak
values from 0.20 to 0.60 g are selected, and the working conditions are given in Table 2.

Figure 3: 0.35 g peak acceleration of 5010 wave: (a) Seismic wave time history, (b) Fourier spectrum
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Table 2: Calculation of working conditions

Pier number Seismic wave Seismic wave intensity
37#, 38# 5010 0.20 g, 0.25 g, 0.30 g, 0.35 g, 0.40 g, 0.45 g, 0.50 g, 0.55 g, 0.60 g

4 Mechanical Characteristics of Pile Foundation under Different Intensities of Seismic Waves

4.1 Pile Acceleration Response
The acceleration of pile foundations 37-1#, 37-3#, 38-2#, and 38-4# under the action of seismic waves of

different intensities is shown in Fig. 4. Fig. 4 shows that the acceleration response laws of pile foundations
in the upper and lower plates of the fault are similar. The acceleration of the pile foundation under the same
bearing platform, whose sections at the same position are almost the same under seismic waves of the same
intensity, increases with the increase in seismic intensity.

Figure 4: Peak pile acceleration: (a) 37-1# (Lower plate), (b) 37-3# (Lower plate), (c) 38-2# (Upper plate), (d) 38-4#
(Upper plate)
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The pile acceleration is essentially unchanged within the rock layers, indicating that the rock has a
relatively small effect on the acceleration. Overall, the acceleration of the pile body increases gradually from
the rock face to the pile top. The reason for this is that the pile bottom is in hard rock, whereas the pile top is
in exposed free space, and the pile top is not restrained and therefore has an enormous amplitude response
to the input seismic wave. In addition, when the input seismic wave frequency is close to the self-oscillation
frequency of the site, the resonance effect will increase the amplifying effect of the site soil layer on the seismic
wave energy, making the pile top more sensitive and responsive to the seismic wave. The complexity of the
pile-soil interaction and the difference in the amplification effect of the soil around the pile on seismic waves
cause a relative decrease in the pile acceleration near the pile top under seismic action.

The acceleration amplification factor α is calculated from Eq. (16), and the acceleration amplification
factors at the top of the pile foundations of 37-1#, 37-3#, 38-2#, and 38-4# are shown in Fig. 5.
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Figure 5: Trend of amplification factor of acceleration at the top of pile

α = αmax

α′max
(16)

where αmax is the peak acceleration, and α′max is the peak acceleration of the input seismic wave.
Fig. 5 shows that the acceleration amplification factor of the top pile decreases as the input acceleration

increases. When the input seismic wave is less than or equal to 0.4 g, the difference in the acceleration
amplification effect between the pile tops of the foundation piles at the upper and lower plates of the fault
is not obvious. When the seismic wave is greater than 0.4 g, the acceleration amplification coefficient of the
pile top at the upper plate is greater than that at the lower plate, indicating that the fault has the ‘upper plate
effect’ under the strong seismic action. The accepted explanation for the ‘upper plate effect’ is the geometric
asymmetry caused by faults, where the upper plate is generally closer to the seismic fault and receives more
seismic wave energy, resulting in a greater seismic response of the pile foundation in the upper plate [33,34].

4.2 Acceleration Time History Response
Taking 37-1# of the lower plate and 38-4# of the upper plate as examples to analyse the acceleration

time history response law of the pile foundation. The time history response of the acceleration at the top
and bottom of the pile foundations of 37-1# and 38-4# piles under the action of seismic waves of different
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intensities is shown in Fig. 6. The amplitude of the time history acceleration response at the bottom of the
pile is similar to that of the input seismic wave, while the acceleration response value at the top of the pile
is larger than the amplitude of the input seismic wave. Taking the 0.35 g seismic wave as an example, the
peak acceleration at the bottom of pile 37-1# is 3.53 m/s2, and the peak acceleration at the top of the pile is
6.17 m/s2. It is because when the frequency of the input seismic wave is close to the self-oscillation frequency
of the site, the pile-soil interaction will increase the amplification of the seismic wave by the soil layer of the
site, and the resonance effect makes the top of the pile sensitive and responsive to the seismic wave.

Figure 6: Acceleration time history response: (a) Pile top of 37-1# (Lower plate), (b) Pile top of 38-4# (Upper plate),
(c) Pile bottom of 37-1# (Lower plate), (d) Pile bottom of 38-4# (Upper)

The acceleration time history response at the bottom of the pile stabilized at 30 s, while the top of the pile
stabilized at 50 s, indicating that the large thickness of the overburden layer has a significant ‘filtering effect’
on the seismic waves, filtering out the high frequency components of the seismic waves, while the bedrock
has less influence on the frequency of the seismic waves.
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Taking the 37-1# pile foundation as an example, under the action of a 0.35 g seismic wave, the frequency
domain analysis of the acceleration at the bottom and top of the pile is shown in Fig. 7. The main frequency
components of the Fourier spectra of both the input seismic wave and the acceleration at the pile bottom are
in the range of 4.3–8.8 Hz, and those at the top of the pile are in the range of 1.7–2.4 Hz, indicating that the
acceleration frequency at the pile bottom is similar to the input acceleration, and that the frequency at the
pile top is smaller than that at the pile bottom.

Figure 7: Fourier spectrum: (a) Pile top of 37-1#, (b) Pile bottom of 37-1#

As can be seen from Fig. 8, when the input seismic wave is 0.20–0.60 g, respectively, the peak
acceleration at the base of the pile foundations in both the upper and lower plates of the fault appear at 7.96 s.
The moments of peak acceleration at the pile top were different, between 11.28–18.20 s for the lower plate
pile and 10.06–15.36 s for the upper plate pile, which shows that there is a relative delay in the moment of
peak acceleration at the pile top compared to that at the pile bottom. It is due to the fast response rate of the
bedrock to the input seismic waves and the hysteresis in the response rate of the upper overburden layer to
the input ground shaking due to inertial effects and pile-soil interaction. The moment when the lower peak
lags behind the upper peak, and there is an ‘upper effect’ on the fault.

Figure 8: Moment of peak acceleration at pile top
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4.3 Pile Body Horizontal Relative Displacement Response
The relative displacement of the pile body at the moment of maximum amplitude of the pile top

relative displacement under the seismic waves of different intensities is shown in Fig. 9. Fig. 9 shows that
the horizontal relative displacement of the pile body of piers 37# and 38# increases with the increase of the
input seismic wave intensity. The law of change under the seismic waves of different intensities is almost the
same. The horizontal relative displacement of the pile body is almost zero within the rock layer. It gradually
increases from the rock face to the pile top, showing the mechanical properties of elastic long piles.

Figure 9: Horizontal relative displacement of pile: (a) 37-1# (Lower plate), (b) 37-3# (Lower plate), (c) 38-2# (Upper
plate), (d) 38-4# (Upper plate)

The relative displacement of the piles varies very little from the pile’s bottom to the bedrock face,
indicating that the bedrock has little effect on the pile displacement. The increase in relative pile displacement
from the bedrock face to the pile top is significant. This is because the bedrock has a greater embedding effect
on the pile foundation than the overburden. In addition, when the response spectrum frequency of the input
seismic wave is close to the natural frequency of the site, the amplification of the seismic wave by the soil
layer of the site is increased.
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Fig. 10 shows that the pile top horizontal relative displacement becomes more significant with increasing
seismic intensity. Under the same intensity of seismic waves, the pile top horizontal relative displacement of
the pile foundation on the same side of the fault is the same. The pile top horizontal relative displacement
of the pile foundation of pier 38# is always greater than that of pier 37#. This is because the pile foundation
of pier 38# is in the upper plate of the fault. Due to the fault, the difference in the soil around the pile,
and the different depths of the embedded rock, there is a noticeable ‘upper plate effect’ under the action of
seismic waves.

Figure 10: Trend of horizontal relative displacement of pile top

4.4 Pile Bending Moment Response
The design value of the bending capacity of the pile foundations of piers 37# and 38# of Haiwen

Bridge is 37.1 MN⋅m. The bending moments of piles under seismic effects of different intensities are shown
in Fig. 11. Fig. 11 shows that the maximum pile bending moment in the upper plate pile foundation is more
significant than that in the lower plate under seismic waves of the same intensity. This is because the fault
makes the embedded rock depth and the distribution of rock and soil around the piles different between
the upper and lower plate pile foundations. Therefore, the effect of faults should be taken into account when
designing the flexural capacity of bridge pile foundations.

Under the effect of seismic waves of different intensities, the trends of bending moments of piles 37-1#,
37-3#, 38-2#, and 38-4# are the same. The maximum bending moments of the upper and lower plate pile
foundations increase with increasing seismic intensity, and the maximum value is concentrated in the range
of 15.9 to 38.9 MN ⋅ m. The significant difference in soil intensity causes relatively large bending moments
at the interface between the bedrock surface and the upper soil layer. Therefore, the seismic resistance of
bridge pile foundations should pay attention to the bending capacity design at the locations with significant
differences in the softness and hardness of the geotechnical body.
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Figure 11: Bending moment diagram of pile body under seismic action of different intensities: (a) 37-1# (Lower plate),
(b) 37-3# (Lower plate), (c) 38-2# (Upper plate), (d) 38-4# (Upper plate)

Fig. 12 shows that the maximum bending moments of piles 37-1#, 37-3#, 38-2#, and 38-4# are not the
same when seismic waves of different intensities are input. When the seismic wave intensity is 0.35 g, the max-
imum pile bending moment at the upper and lower plates is 26.78 MN-m, which is smaller than the bending
capacity of the pile foundation. It shows that the bending bearing capacity of the pile foundation of Haiwen
Bridge meets the seismic intensity requirement VIII. When the seismic intensity is equal to or greater than
0.55 g, the maximum bending moment of piles 37-1#, 37-3# and 38-4# exceeds the bending capacity of the
pile section with a difference of 0.26 to 2.76 MN ⋅m, which is exceeded by 0.7% to 7.4%.
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Figure 12: Maximum value of pile bending moment

4.5 Pile Shear Response
The pile shear response at different seismic intensities is shown in Fig. 13. Fig. 13 shows that the pile

section shear force increases as the input seismic intensity increases, with the maximum pile shear force
appearing at the rock-soil interface. This is due to the significant difference in the degree of pile embedment
by the rock and overburden layers and the large shear forces generated at the rock face under seismic action.
In addition, a large shear force is generated at the top of the pile. This is due to the sudden change in stiffness at
the pile-bearing joint. The inertia of the structure above the pile top under horizontal seismic loads weakens
the shear capacity of this area. Therefore, the seismic design of the pile foundation should fully take into
account the pile shear capacity at the pile top and the boundary between soft and hard rock.

Figure 13: (Continued)
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Figure 13: Shear response of pile body under different seismic intensities: (a) 37-1# (Lower plate), (b) 37-3# (Lower
plate), (c) 38-2# (Upper plate), (d) 38-4# (Upper plate)

Fig. 14 shows that the maximum pile shear of 37-1#, 37-3#, 38-2#, and 38-4# piles are different under
the same intensity of the seismic wave. When the peak input acceleration is 0.20–0.60 g, respectively, the
difference between the peak pile body shear force of the upper and lower plate pile foundation is in the range
of 0.2–5.7 MN, which is due to the difference in the soil and embedded rock depth around the pile of the
upper and lower plate of the fault.

Figure 14: Maximum value of pile shear

When the seismic wave intensity is 0.35 g, the maximum shear force of piles 37# and 38# is 7.8 MN and
5.4 MN, respectively, which is smaller than the design value of the shear bearing capacity of the pile section
of the Haiwen Bridge pile foundation of 11.3 MN. It can be seen that its shear-bearing capacity meets the
requirements of seismic intensity VIII. Under the effect of different seismic wave intensities, the peak pile
shear force of the 37# pile foundation is generally more significant than that of 38# pile foundation. When
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the seismic wave intensity is greater than or equal to 0.5 g, the peak shear force of the 37# pile foundation
is greater than its shear capacity. However, the peak shear force of the 38# pile foundation under different
intensity seismic waves is within the shear-bearing capacity. Therefore, attention should be paid to the design
of the shear-bearing capacity of the 37# pile foundation.

4.6 Dynamic p-y Curve
Dynamic p-y curves are widely used in the analysis of pile-soil interaction problems under dynamic

loading. Under dynamic loading, y in the dynamic p-y curve refers to the relative pile-soil displacement, i.e.,
the displacement of the pile minus the displacement of the soil. The relationship between soil resistance on
the pile side, pile displacement, and pile bending moment can be expressed by the following equation:

p (z) = d2 [M (z)]
dz2 (17)

M (z) =
d2 yp

dz2 EI (18)

where M(z) is the bending moment of the pile; yp is the lateral displacement of the pile; p(z) is the soil
resistance on the pile side; z is the vertical depth of a point on the pile; EI is the bending stiffness of the pile
cross-section; E is the modulus of elasticity; and I is the cross-section penetration moment.

4.6.1 Soil Resistance on the Pile Side p
The pile lateral soil resistance is determined by double differentiation based on the pile dynamic bending

moment data, but there is a potential numerical error in the double differentiation process, therefore, so in
this study, the pile lateral soil resistance p(z) distributed along the pile body is solved by the weighted residual
method [35]. The calculations are performed by using the points where the pile body strains are measured
as separation points, assuming that f (z) is a function of the absolute value of the bending moment along
the pile body and g(z) is a function of the shear force along the body of the pile. Thus, g (z) ≈ f ′ (z), f ′ (z)
is the first order derivative of the bending moment. Based on the weighted residual method, the following
equation is obtained:

∫ [g (z) − f ′ (z)] ⋅ φ (z)dz = 0 (19)

where φ (z) is the basis function.

φ0 (z) =
⎧⎪⎪⎨⎪⎪⎩

z − z1

z0 − z1
, z0 ⩽ z ⩽ z1

0, z1 ⩽ z ⩽ zn
(20)

φi (z) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

z − zi−1

zi − zi−1
, zi−1 ⩽ z ⩽ zi

z − zi+1

zi − zi+1
, zi ⩽ z ⩽ zi+1

0, z0 ⩽ z ⩽ zi−1zi+1 < z ⩽ zn

(21)

φi (z) =
⎧⎪⎪⎨⎪⎪⎩

z − zn−1

z0 − z1
, zn−1 ⩽ z ⩽ zn

0, z0 ⩽ z ⩽ zn−1
(22)
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where n is the total number of measurement points; i is the measurement point number i = 1, 2, 3, ⋅ ⋅ ⋅, n − 1.
Thus, f (z) and g(z) can be expressed as

f (z) =
n
∑
i=0

fi ⋅ φi (z) (23)

g (z) =
n
∑
i=0

gi ⋅ φi (z) (24)

where f i is the bending moment at measurement point i; gi is the shear force at measurement point i.
For different measurement points, the following equation can be obtained using Eq. (19) for the 0th

measurement point:

(z1 − z0) (g1 + 2g0) = 3 ( f1 − f0) (25)

The ith measurement point:

(z1 − zi−1) gi−1 + 2 (zi+1 − zi−1) gi + (zi+1 − zi) gi+1 = 3 ( fi+1 − fi−1) (26)

nth measurement point:

(zn − zn−1) (2gn + gn−1) = 3 ( fn − fn−1) (27)

Joint Eqs. (25)–(27), solve this system of equations to obtain the shear segmentation function at each
measurement point, and by the weighted residual method, the resistance function p(z) is obtained. Then, by
interpolation, the soil resistance p(z) at any depth of the pile body can be obtained.

4.6.2 Relative Pile Displacement y
Integration of the absolute value distribution function of the bending moment M(z) gives the pile

displacement Eq. (18) and requires two boundary conditions to determine. Since the pile foundation is fixed,
the boundary conditions for the corner and the displacement at the pile end are assumed to be zero, and
the pile displacement yp is calculated. From Fig. 3, the acceleration time-history response of the soil layer
at different depths can be obtained, and the displacement response of the soil body at different depths is
obtained by numerical integration. The relative pile-soil displacement is obtained by the difference between
the pile displacement and the soil displacement.

4.6.3 Dynamic p-y Curves Analysis
Corresponding to the seismic loads of 0.20–0.60 g, the p-y curves at the location of the maximum

bending moments of the four pile foundations are shown in Fig. 15. The figure shows that the changes rules
of the p-y curves of the pile foundations of the upper and lower plates are similar, and the soil resistance on
the pile side increases with the increase of the relative displacement of the pile and soil. The soil resistance on
the pile side of the lower plate at the same depth is greater than that of the upper plate, and the maximum soil
resistance of the lower plate is about 16.8% greater than that of the upper plate. It is because the lower plate
belongs to the stabilization plate, and when the horizontal distance between the fault and the pile foundation
is certain, the effective range of rock and soil bodies that can bear the load around the pile in the lower
plate is larger than that in the upper plate, and the range of stress diffusion is larger, which can provide a
stronger constraint. The soil resistance on the pile side of pile 37-1# in the lower plate of the fault is greater
than that of pile 37-3#, and the soil resistance on the pile side of pile 38-4# in the upper plate is greater than
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that of pile 38-2#. It shows that for the pile foundation on the same side of the fault, the larger the distance
from the fault, the smaller the rock and soil body on the pile side is affected by the fault, the larger the soil
resistance on the pile side is, and the horizontal bearing characteristics of the pile foundation have obvious
‘upper plate effect’.

Figure 15: Pile foundation p-y curves on the upper and lower plates

5 Effect of Pile-Fault Distance on Pile Foundation’s Mechanical Properties

5.1 Change in Peak Relative Pile Displacement
Since the 38-2# pile foundation is located in the upper plate of the fault, the seismic effect on it is

significantly more significant than that on the lower plate. Therefore, 38-2# is taken as an example to analyse
the response of the relative displacement, bending moment and shear force of the pile with the change of
the distance between the fault and the pile foundation under the 5010 waves at 0.35 g, as shown in Figs. 16–
18, respectively. The distances between the piles and the fault are 4, 8, 12, 16, 20, 25 m (actual project),
28, and 32 m, respectively. Relative pile displacements, bending moments, and shear forces are taken as
absolute values.

Figure 16: Variation of peak relative displacement of pile foundation: (a) Change in relative pile displacement,
(b) Change rules of pile tops’ horizontal relative displacement with the distance of faults
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Figure 17: Variation of peak pile bending moment: (a) Change in pile bending moment, (b) Change rules of peak pile
bending moment with fault distance

Figure 18: Variation of peak pile shear: (a) Changes in pile shear, (b) Change rules of peak pile shear with fault distance

Fig. 16 shows that the relative displacement of the 38-2# pile foundation increases gradually from bottom
to top. The relative displacement of the pile is maximum in the upper weak cover layer, while it is almost
zero in the embedded rock layer. As the distance between the pile foundation and the fault increases, the
maximum relative displacement at the top of the pile decreases in an inverse proportional curve shape, and
the reduction decreases gradually. When the distance between the pile foundation and the fault is greater
than 20 m, the maximum relative displacement at the top of the pile gradually stabilises.

5.2 Change in Peak Pile Bending Moment
Fig. 17 shows that the maximum bending moment for the 38-2# pile foundation appears at the silty

clay-sand and gravel layer interface, and the second peak bending moment appears at the pebbly soil-granite
interface. As the distance between the pile foundation and the fault gradually increases, the maximum pile
bending moment gradually decreases, and the reduction decreases gradually. When the distance between
the pile foundation and the fault is greater than 20 m, the maximum pile bending moment gradually tends
to stabilise.
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5.3 Change in Peak Pile Shear Force
Fig. 18 shows that the shear force of the 38-2# pile foundation is relatively large at the top of the pile and

at the junction of the bedrock and overburden layers, with the maximum appearing at the bedrock face. As
the distance between the pile foundation and the fault increases, the maximum pile shear force decreases as
an inverse proportional curve, and the reduction gradually decreases. When the distance between the pile
foundation and the fault is greater than 20 m, the peak pile shear force gradually tends to stabilise.

In summary, as the distance between the pile foundation and the fault increases, the peak relative
displacement at the pile top, the peak pile bending moment, and the peak shear force decrease in the form
of inversely proportional curves. When the distance between the pile foundation and the fault is more than
20 m (ten times the pile diameter), the relative displacement at the pile top, the pile bending moment, and
the shear force tend to be stable. Compared to the ‘areas where active fault traces exist, an avoidance distance
of 50 ft (approximately 16 m) may be specified’, as stated in the Seismic Design Rules for Highway Bridges,
which is safer [36]. The distance between the pile foundations of Haven Bridge and the fault is 25 m. The
effect of the fault on the mechanical deformation characteristics of the pile foundations is small.

6 Sensitivity Analysis of Dynamic Response Parameters of Pile Foundation
To study the sensitivity of the dynamic response of the pile foundation on both sides of the fault to

the seismic intensity and the distance between the pile foundation and the fault, a multi-factor effect system
model is established as shown in Eq. (28), and the sensitivity function Si(xi) of the parameter xi is defined
by the ratio of the system characteristic P to the relative error of the parameter xi as shown in Eq. (29). The
maximum bending moment Mu of the pile foundation is taken as the system characteristic P, with the seismic
load (q = 0.35 g) and the distance between the pile foundation and fault (l = 25 m) as the base parameters. The
effect of the parameters analysed in the study on the system characteristic P is investigated, with the other
parameters taking the baseline values.

P = f (x1 , x2, ⋅ ⋅ ⋅, xn) = φi (xi) (28)

Si (xi) = ∣
dφi (xi)

dxi
∣ xi

P
(i = 1, 2, ⋅ ⋅ ⋅, n) (29)

Functional models between the maximum bending moment Mu and the parameters q and l are fitted
by the characteristic curve of the system in Figs. 11 and 17b, respectively, as shown in Table 3. The sensitivity
function of each parameter is obtained according to Eq. (29), and the baseline parameters are inserted into
the Sensitivity function to obtain the baseline sensitivity factors, as shown in Table 4. The sensitivity function
curves for seismic load and the distance between pile foundation and the fault are shown in Fig. 19.

Table 3: Function models between maximum bending moment and each parameter

Analysis parameter xi Function model Fitting accuracy R2

q Mu = φq(q) = 52.7446q2 + 5.8443q + 17.3085 0.95196
l Mu = φl(l) = 0.0365l 2 − 1.9272l + 50.5512 0.9770
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Table 4: Sensitivity function and baseline sensitivity factor for each parameter

Analysis parameter xi Sensitivity function Benchmark sensitivity factor

q Sq(q) = ∣
−5.8443q − 34.6170

52.7446q2 + 5.8443q + 17.3085
+ 2∣ 0.5798

l Sl(l) = ∣
1.9272l − 101.1024

0.0365l 2 − 1.9272l + 50.5512
+ 2∣ 0.1015

Figure 19: Sensitivity function curve: (a) Seismic load; (b) Distance between pile foundation and fault

Fig. 19 shows that Sq increases linearly with increasing seismic intensity. It shows that the maximum
value of the pile bending moment is positively correlated with the seismic intensity, with a baseline sensitivity
factor of 0.5798. As the distance between the pile foundation and the fault increases, Sl increases, then
decreases, then increases again. Distances of 16 and 25 m are the sensitivity inflection points. It shows that
the positive correlation between the maximum value of pile bending moment and distance is weakened after
the distance is greater than 16 m. After the distance is greater than 25 m, the positive correlation between the
maximum value of pile bending moment and distance is gradually strengthened, and its baseline sensitivity
coefficient is 0.1015. Therefore, the sensitivity of the maximum value of the bending moment of the pile
foundations on both sides of the fault to the effects of the seismic intensity and the distance between the pile
foundations and the fault is: distance l > seismic intensity q.

7 Conclusions and Recommendations
In this paper, a numerical model is established based on the actual project of Haiwen Bridge to study

the dynamic response law of pile foundation of bridge across active fault under the action of earthquake, give
the safe avoidance distance of pile foundation of bridge near the fault, and analyse the sensitivity degree of
the dynamic response of pile foundation to each factor. The following conclusions are obtained:

1. The bedrock affects the peak pile acceleration to a lesser extent. However, the overburden layer
amplifies the pile acceleration, and the magnitude of the effect gradually decreases with increasing seismic
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wave intensity. When the seismic wave intensity is greater than 0.4 g, the pile top acceleration amplification
coefficient of the pile foundation in the upper plate is significantly greater than that in the lower plate.

2. The horizontal relative displacement of the pile is almost zero in the embedded rock layer and
gradually increases from bottom to top in the overburden layer. The pile foundation has the mechanical
properties of an elastic long pile. The horizontal relative displacement of the pile tops of the pile foundations
in the upper plate is more significant than that in the lower plate, and the ‘upper plate effect’ of the fault
is significant.

3. Under seismic action, the pile foundation generates a large bending moment at the interface between
the upper soil layer and the rock face and a large shear force at the top of the pile and the rock face. The seismic
resistance of pile foundations should take into account the design of the bending capacity at the location of
the change in elasticity modulus of the foundation soil layer and the design of the shear-bearing capacity at
the location of sudden changes in stiffness of the structure. The maximum bending moment and shear force
of the pile foundation in the upper plate are greater than those in the lower. Therefore, the difference in the
effect of the upper and lower plates of the fault on the bending and shear capacity of the pile foundation
should also be considered.

4. As the distance between the pile foundation and the fault increases, the peak relative displacement
of the pile top, the peak bending moment, and the peak shear force of the pile foundation decrease as
inversely proportional curves and gradually tend to stabilise. The dynamic response characteristics of the
pile foundation within ten times the pile diameter from the fault are more significantly affected by the fault.
Bridge pile foundations should be constructed outside the safe avoidance distance from the fault.

5. Analysis of the dynamic p-y curves shows that the soil resistance on the pile side of the lower plate at
the same depth is greater than that of the upper plate. Sensitivity of the dynamic response of pile foundations
on either side of the fault to the effects of seismic intensity and distance between the pile foundation and the
fault: distance l > seismic intensity q.

At the same time, this paper has some limitations, only studied the dynamic response of pile foundation
across the fault under the action of 5010 seismic wave, and should continue to research the effect of other
types of seismic waves on the dynamic response of pile foundation.
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