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For the study of interaction between piles-soil-structure with different caps, the FLAC3D finite difference software was used as the
research tool, and dynamic load was El Centro seismic wave.*e numerical model of obliquely pile groups of the pile-soil-structure with
low cap and high cap was established, respectively. *e variation of pore pressure, the moment, the displacement of piles, and the
displacement of pier was analyzed.*e results indicate that under the action of earthquake, the distribution of pore water pressure in the
soil layer increases gradually from top to bottom.*e instantaneous negative value of partial soil due to shear dilation occurs at the peak
of vibration acceleration.*emiddle area of the pile foundation in sandy soil is prone to liquefaction. In the samemodel, the maximum
bending moment of inclined piles is greater than that of vertical piles. *e vertical displacement of the vertical piles is a constant value
along the depth, while the vertical displacement of the inclined piles is changed along the depth of the buried piles. In the high capmodel,
the horizontal displacement of the inclined piles is no longer monotonous along the burying depth, and the maximum value occurs in
the sand soil layer. *e vertical and horizontal displacements of the inclined piles and vertical piles in the high cap model are obviously
greater than those of the low cap model. *e maximum horizontal displacement of the pier of the two models occurs at the same time.

1. Introduction

According to the results of earthquake disaster in-
vestigations, soil liquefaction is one of the important reasons
for the damage of pile foundation bridge structures [1]. With
the vigorous development of the bridge undertakings in
China, applications of the oblique pile group foundations are
becoming increasingly common [2–4]. In addition, with the
wide distribution and multiple earthquakes in China, most
of the areas where bridges are built are very easy to liquefy.
*erefore, whether soil liquefaction in earthquakes leads to
the destruction of the pile foundation bridge structure of
oblique and straight groups has become a problem that
needs to be seriously considered in the earthquake resistance
of bridge projects in China [5]. Group piles with low caps
and high caps are widely used in bridge engineering [6–8].
*e dynamic interaction analysis of a pile-soil-structure in a
liquefied site plays an important role in seismic research of
bridge pile foundations and has attracted the attention of

many scholars [9]. As the finite element method can better
simulate the liquefaction effect and large deformation of soil,
as well as the physical characteristics of the pile-soil dynamic
interaction process, it has been widely used in the seismic
problems of pile-based bridges in liquefaction sites [10, 11].
For this reason, the numerical models of low and high caps
of the pile-soil-bridge with inclined and straight alternating
groups were established on the clay-sandy soil layer, re-
spectively, by using FLAC3D finite difference software as a
research tool. In this paper, the variation of pore pressure
ratio, pile foundation stress and displacement, and the stress
and displacement of the superstructure of the bridge under
an earthquake condition are analyzed in detail.

2. Establishment of the Numerical
Calculation Model

2.1. Selection of Seismic Waves. *rough the observation of
the time history of the El-Centro seismic wave acceleration
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shown in Figure 1, it is found that the greater acceleration is
mainly concentrated in the first half of the time-history
diagram. To reduce the computational burden, only the first
27 seconds of El Centro waves are used as seismic loads.

*e first 27 s of seismic waves are filtered by Seismo-
Signal software. Figure 2(a) shows the graph of the relation
between the acceleration and frequency before filtering. It
can be observed that the acceleration amplitude is mainly
distributed between 0 and 7Hz segments, so the truncation
frequency of filtering is 7Hz for filtering processing, and the
relation curve between the acceleration and frequency,
shown in Figure 2(b), is obtained.

After the completion of filtering, the seismic waves are
corrected at the baseline, and the corrected El Centro waves
are shown in Figure 3. Using the El Centro seismic wave after
the baseline correction as the dynamic load, the ground base
and foundation is returned to the original position after the
calculation, and there will be no continuous velocity and
residual displacement [12].

2.2. Establishment of GeometricModels. To study the seismic
response of the oblique pile group-soil-structure with dif-
ferent caps, the parameters of soil and piles were selected
from “FLAC/FLAC3D foundation and engineering cases”
[13]. *e type of this site is type II.

2.2.1. Establishment of a Two-Layer Free Site Grid Model.
*e soil body models are all constructed with an 8-node
solid grid, which is 40m long, 30m wide, and 30m high.
*e center of the surface on the model is taken as the
coordinate origin. *e excavation part of the bearing
platform is the same as the volume of the bearing platform:
4m long, 4m wide, and 1m high; the upper part of the
model consists of 2m thick clay soil; the middle part is 27m
thick sand soil; and the bottom is a 1m thick rock layer.
Considering the calculation precision and the size re-
quirements of the FLAC3D dynamic computation time
step on the maximum grid during the establishment of the
model, the whole free-field model has symbiotic features of
36,000 zones and 39,442 grid-points. Figure 4 shows the
model of the free field.

*e Mohr–Coulomb model [14] is adopted for both
layers of soil, and the isotropic elastic model is adopted for
the bottom rocks. In the selection of the groundwater
seepage model, the isotropic seepage model (fl_isotropic) is
adopted for both layers of soil. *e model of impervious
material (fl_null) is adopted in the bottom strata. *e
groundwater fills the whole soil layer, as shown in Table 1.

2.2.2. Establishment of an Oblique Group Pile-Bridge
Structure Model with Low Caps. *e inclined pile and
vertical pile are simulated by the pile structural element. *e
simulation of the bridge superstructure is realized by a beam
element. Figure 5 shows the model of the pile group-pile
cap-bridge structure system is established by FLAC3D finite
difference software.

*e pile cap model is built with an 8-node solid grid, 4m
long, 4m wide, and 1m thick.*e pile foundation is a group
of 2× 2 piles, including 2 inclined piles and 2 vertical piles.
*e pile body is simulated by a pile structure unit. Each pile
foundation includes 8 pile members (pilesel). *e vertical
pile is 10m long, and the inclined pile has a tilt angle of 12°.
*e inclined pile and the vertical pile have the same ele-
vation. *e top of the pile is inserted into the platform at
0.5m, and the freedom of the top node is fixed. *at is, it is
set to a fixed end connection.*e joints at the end of the pile
body only limit the freedom of translational movement in
three directions.

A beam element is adopted for the piers and the su-
perstructure of the model. *e piers are single-column piers
with a beam length of 4m, and the lower part is inserted into
the inner part of the bearing platform. *e freedom of the
lower joints is fixed (rigid), and the bottom end of the bridge
pier is in the middle of the bearing platform, increasing the
density of the top member of the beam element to simulate
the upper structure of the bridge.

*e interaction between the pile element and the oil
mesh is realized by tangential and normal coupling springs,
which are nonlinear and sliding connectors. *e action
mechanism of the tangential spring is equal to the tangential
action of the grouting anchor. *e normal spring can
simulate the mutual squeeze between the pile and the soil.
When the pile is subjected to a lateral load, cracks will appear
between the pile and the soil. Normal springs are set with gap
parameters to simulate cracks between piles and soils.

*e constitutive relationship of the bridge bearing
platform adopts an isotropic elastic model, the seepage
model adopts the impervious water model (fl_null), the
surface of the bearing platform is the same as the elevation of
the ground, and the interface element is set around the
bearing platform and the bottom surface. Figure 6 shows the
piles of the bearing platform. Table 2 shows parameters of
the pile element of the model. Table 3 shows parameters of
the bridge structure and the interface.

2.2.3. Establishment of an Oblique Group Pile-Bridge
Structure Model with High Caps. On the basis of the oblique
group-pile-bridge structure model, the buried depth at the
end of piles, the size of the cap, and the arrangement of piles
have not changed, but the elevation of the cap has increased.
*e distance between the bottom of the cap and the ground
level is 1.7m, as shown in Figure 7.

3. Analysis of Numerical Results

3.1.Analysis of SeismicResponseCharacteristics of Foundation
Soil

3.1.1. Analysis of Pore Water Pressure. In the dynamic
calculation stage, considering the reflection of seismic waves
on the boundary, the free-field boundary is adopted as the
boundary condition in the numerical simulation. After
setting up, FLAC3D will generate four two-dimensional
planar grids and four one-dimensional cylinder grids around
the model, in which the planar grid is calculated in two
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dimensions, assuming the normal extension of the plane to
infinity, and the cylinder grid is calculated in one dimension,
assuming the infinite extension at both ends of the cylinder.
*e dynamic model is shown in Figure 8.

FLAC3D provides a variety of dynamic load input types,
including acceleration time interval, velocity time interval,
stress time interval, and concentrated force time interval. A
dynamic load is applied to the boundary or internal nodes of
the model to simulate the response of the model when the
model is driven internally or externally. Since the numerical

calculation load is input along the bottom of the model, and
the bottom of the model is a rock stratum with a large
modulus and belongs to a rigid foundation, the acceleration
load is directly applied at the bottom of the model, and no
static boundary conditions need to be set.

*e adjusted El Centro seismic wave was used as the
dynamic load. *e peak acceleration is 0.35 g, and the

10 20 30 40 500
Time (s)

A
cc

el
er

at
io

n 
(m

/s
2 )

–3

–2

–1

0

1

2

3

4

Figure 1: Acceleration and time curve of El Centro wave.
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Figure 2: Acceleration-amplitude frequency diagram for the El Centro seismic wave before 27 s. (a) Before filtering. (b) After filtering.

A
cc

el
er

at
io

n 
(m

/s
2 )

–3
–2
–1

0
1
2
3
4

2 4 6 8 10 12 14 16 18 20 22 24 260
Time (s)

Figure 3: Corrected date of the seismic wave.
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dynamic load is applied to the bottom of the model, along
the x-axis. *e displacement, force, and pore pressure ratio
of the structure are monitored during calculation. A vertical
section is made along the x-axis, that is, four units a, b, c,
and d are monitored in the plane composed of the x-axis and
z-axis. *e monitoring contents include over pore pressure
ratio, ultrastatic pore water pressure, vertical effective stress,
and so on. Figure 9 shows the location of the monitoring
point. Table 4 shows the coordinates of the four points
monitored.

Figure 10 shows that maximum pore water pressure of
this model is 0.39MPa, while the initial pore pressure is
0.29MPa. *e largest pore water pressure increases by
approximately 35%, and the distribution of pore water
pressure is still a gradual top-down increase. *e maximum
pore water pressure occurs about 2m above the bottom
surface of the sandy soil layer, and it has a wide distribution
range.

*e time-history curve of monitored four-point pore
pressure ratio is shown in Figure 11. As seen from the curves,
the pore pressure before 1.5 s basically does not change; after
1.5 s, with the increase of acceleration amplitude, the pore
pressure ratio begin to rise sharply, while at 2.1 s, it reaches
the maximum acceleration amplitude of 0.35 g. At this point,
the pore pressure ratio is an instantaneous negative value at
point a and point c; an analysis of the causes may indicate
that the acceleration peak moment arrived in liquefied soil is
caused by the instantaneous dilatancy effect.

In 3 s, the pore pressure ratio of point b and point d of
the pile foundation reaches 1, indicating that the sand began
to liquefy, and then the pore pressure ratio of
point d decreased to a certain extent. *e pore pressure ratio
of point c remained at approximately 0.8 after 3 s and did not
fully liquefy. Point a began to liquefy after 7 s, and its pore
pressure ratio fluctuated between 0.8 and 1 after 7 s.

*e reason for the aforementioned phenomenon is that
the initial pore pressure of the water in a is relatively small.
*e ultrapore water pressure does not reach the initial ef-
fective stress of sand, and the pore pressure ratio is due to the
penetration of the groundwater through the upper clay layer.
*e consolidation pressure at point c is large, and the
consolidation degree of the sand and soil is high, so it is not
easy to liquefy. However, since point b and d are located in
the middle part of the pile, the same phenomenon of point a
and point c will not occur.

3.1.2. Analysis of Soil Acceleration. In the calculation pro-
cess, the soil layers in the distant field at different depths far
from the pile foundation were monitored in the x-direction,
and the acceleration time-history curve, shown in Figure 12,

Table 1: Soil parameters of the free field.

Layer
name

*ickness
(m)

Saturation density
(kg·m− 3) Porosity Cohesion

(kPa)
Bulk modulus

(MPa)
Shear modulus

(MPa)
Internal friction

angle (°)
Permeability

coefficient (cm·s− 1)
Clay 2 1850 0.61 10 14.6 5.7 25 1× 10− 7

Sand 27 2060 0.45 0 30 11 32 1× 10− 2

Rock 1 2700 0 — 67000 31000 — 0

X

Y

Z

Figure 5: Computational model of the pile group-pile cap-bridge
structure system.
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Figure 6: *e cushion cap and pile arrangement.
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was obtained. It is observed from the figure that the max-
imum acceleration peak of the soil at each position is greater
than the input acceleration peak, and the maximum ac-
celeration increases with the soil depth.

*e analytic reason is that the dynamic load is input at
the bottom of the soil. As the energy travels upward, as the
buried depth decreases, the energy is gradually consumed
and the acceleration peak decreases. *e existence of
maximum instantaneous acceleration should be caused by
the existence of a large modulus of the rock layers.

Table 2: Parameters of the pile element.

Name Angle
(°)

Length
(m)

Diameter
(m)

Modulus
of

elasticity
(GPa)

Poisson’s
ratio

Tangential
coupling spring
stiffness (GPa)

Tangential
coupling spring
adhesive strength

(kPa)

Normal
coupling
spring
stiffness
(GPa)

Normal coupling
spring adhesive
strength (kPa)

Vertical
pile 0 10 0.6 40 0.3 23.4 97.4 2.34 97.4

Inclined
pile 12 10.2 0.6 40 0.3 23.4 97.4 2.34 97.4

Table 3: Parameters of the bridge structure and the interface.

Name Modulus of elasticity
(GPa)

Poisson’s
ratio

Density
(kg·m− 3)

Normal stiffness
(MPa)

Tangential stiffness
(MPa)

Internal friction
angle (°)

Cohesion
(kPa)

Pier 40 0.3 2400 — — — —
Additional
weight 40 0.3 24000 — — — —

Interface — — — 100 100 14 8

Figure 7: *e static calculation model.

Figure 8: Dynamic calculation model.

a

b
d

c

Figure 9: Arrangement of the monitoring location.

Table 4: Information of the monitoring location.

Name of
monitoring
point

Monitoring point
coordinates (x, y, z)

Unit: m
Remarks

a (16, 0, − 2.5) a, b, and c are located in
the far-field soil layer far

from the pile. *e
horizontal coordinates
of the three points are
the same, and the

elevation is different; b
and d are in the same
horizontal plane, but d

points are located
between piles.

b (16, 0, − 6.5)
c (16, 0, − 10.5)

d (0, 0, − 6.5)
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Figure 11: *e time-history curves of the pore pressure ratio. (a) Pore pressure ratio at point a. (b) Pore pressure ratio at point b. (c) Pore
pressure ratio at point c. (d) Pore pressure ratio at point d.
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Figure 10: Contour of the pore pressure.
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3.2.Analysis of SeismicResponseCharacteristics of theOblique
Pile Group-Soil-Structure with Different Pile Caps

3.2.1. Analysis of the Bending Moment of the Piles. In the
whole acceleration process, the maximum bending moment
of pile foundation with different buried depths was
extracted, and the envelope diagram of the pile foundation
bending moment was obtained, as shown in Figure 13.

*e figure shows that the maximum bending moment of
vertical and inclined piles occurs at the junction of the pile
and the bearing platform, and the maximum bending
moment of the inclined pile is approximately 16% higher
than that of the vertical pile, indicating that the force of the

vertical pile is more favorable at the junction of the pile body
and the bearing platform. *e maximum bending moment
of the two piles is zero at the base of the pile and increases
gradually with the decrease of buried depth.

*e reason for the above analysis is that when the model
is established, the pile bottom elevation of the two pile
foundations is the same. So, the total length of the inclined
piles is more longer. *erefore, when the piles are subjected
to the same force, the long arm at the top of the inclined pile
increases the bending moment value of the pile. Moreover,
the frictional resistance of the soil around the pile decreases
after liquefaction. *e vertical supporting force of the pile
increases, and the supporting force at the bottom of the
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Figure 12: Soil acceleration time-history curve. (a) Depth 28m. (b) Depth 20m. (c) Depth 10m. (d) Depth 1m.
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vertical pile coincides with the pile axis, which will not
increase the bending moment at the top of the pile. In
addition, the supporting force at the bottom of the inclined
pile does not exactly coincide with the pile axis, thus in-
creasing the moment at the top of the pile. Since the model
only �xed the translational freedom at the bottom of the pile
element and did not restrict the rotation freedom, the
moment of the pile foundation at the bottom was zero.

3.2.2. Analysis of Pile Displacement. �e vertical displace-
ment of the pile body at di�erent burial depths was monitored,
and the maximum displacement of each part during the whole
calculation stage was extracted to obtain the curve of vertical
displacement and buried depth of piles, as shown in Figure 14.

�e maximum vertical displacement of the whole pile is
the same. �e maximum vertical displacement of the in-
clined pile at the top position is the smallest. �e maximum
vertical displacement of the pile increases monotonically
with the increase of the buried depth. �e maximum vertical
displacement occurs at the bottom of the pile, slightly greater
than that of the vertical pile. It indicates that the inclined pile
can better control the subsidence of the superstructure.

It can be observed from Figure 15 that the maximum
horizontal displacement of the inclined piles and the vertical
piles appears at the top of the pile, and the value is the same.
�e maximum horizontal displacement of the vertical and
inclined piles above 8m is similar. With the increase of the
buried depth, the displacement of the pile body decreases
gradually, and the maximum horizontal displacement of the
inclined vertical piles at the bottom of pile reaches the
minimum value, and the maximum horizontal displacement
of the vertical pile is more greater.

3.3.Analysis of SeismicResponseCharacteristics of theOblique
Pile Group-Soil-Structure with Di�erent Pile Caps

3.3.1. Analysis of the Bending Moment of the Piles.

Extracting the maximum bending moment of pile foun-
dation with di�erent buried depth in the whole dynamic
analysis stage, the envelope diagram of pile foundation
bending moment is obtained, as shown in Figure 16. From
the analysis in the �gure, it can be seen that the bending
moment at the joint of the pile and cap reaches the maxi-
mum value, and the minimum value is zero, which occurs at
the end of the pile.�e bendingmoment of the pile decreases
gradually from the bottom of the pile cap to the ground level,
while it does not change signi�cantly in the clay layer but
decreases monotonously with the increase of buried depth in
the sand layer. �e bending moment of the inclined pile is
greater than that of the straight pile in the upper part of the
pile, but opposite in the lower part of the pile.

�e maximum bending moment of the inclined pile is
larger than that of the straight pile because of the longer
length of the inclined pile. �e bending moment has little
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Figure 13: Pile moment and depth curve.
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change between the cap and the interface of clay and sand
soil. It should be caused by the binding e�ect of the clay layer
on the pile and the length of the pile between the cap and
ground level after liquefaction of sand soil.

3.3.2. Analysis of Pile Displacement. It can be seen form
Figure 17 that the maximum vertical displacement of the
vertical pile is a constant value. �e maximum vertical
displacement of the inclined pile appears at the end of the
pile, and the minimum displacement occurs in the middle of
the pile in the sand layer. �e vertical displacement of in-
clined piles is greater than that of vertical piles.

3.3.3. Analysis of the Causes of the Aforementioned
Phenomena. Since the lateral force on the pile is weakened
after liquefaction of sand soil, the inclined pile is inclined in
the process of sinking. �erefore, the inclined pile bends
upward in the middle of the pile, reducing the vertical
displacement of the pile.

In Figure 18, the horizontal displacement of inclined
and vertical piles at the top of piles is the same, and the
minimum horizontal displacement of both piles occurs at
the end of pile. �e maximum displacement of a vertical
pile occurs at the top of the pile. With the increase of buried
depth, the displacement decreases monotonously, and the
decreasing rate of the displacement from the top to the
bottom of the pile increases gradually. Horizontal dis-
placement of the inclined pile is not monotonous. �e
upper part of the pile increases with the depth of burial,
while the lower part of the pile decreases with the depth of
burial. �e reason for this phenomenon is that the maxi-
mum horizontal displacement of the vertical pile appears at
the joint of the pile cap. Pile side constraint increases
gradually with the increase of buried depth, so the

displacement of vertical piles decreases gradually. While
the maximum horizontal displacement of the inclined pile
occurs in the middle of the pile foundation because of its
bending.

4. Comparative Analysis of Numerical
Results for Different Types of Caps

4.1. Comparative Analysis of Pile Bending Moment. For
convenience, the model of oblique-straight alternating pile
groups with low caps is referred to as model 1, and the model
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of oblique-straight alternating pile groups with high caps is
referred to as model 2. *e maximum bending moments of
inclined piles at different burial depths in the dynamic
calculation of the two models are taken. Figure 19 shows the
relationship curve between the bendingmoments of inclined
piles and buried depth. *e minimum bending moment of
inclined piles in both models is zero, and both of them
appear at the end of pile foundation.*e maximum bending
moment of inclined piles in both models occurs at the

junction of piles and the cap. *e maximum bending mo-
ment of the second model is larger than that of the first
model, and the influence of the cap form on the bending
moment of piles is small.

*rough comparison in Figure 20, it is found that the
difference between the two models is small; especially at
the end of the pile foundation, the values of the two
models are basically the same. *e influence of the
cap form on the bending moment of the straight pile is
small.
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Figure 20: Contrastive analysis of bending moment of vertical
piles.
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Figure 21: Contrastive analysis of horizontal displacement of
inclined piles.
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Figure 22: Contrastive analysis of horizontal displacement of
vertical piles.

10 Shock and Vibration



4.2. Comparative Analysis of Pile Displacement. *e re-
lationship curves between the final horizontal displacement
and the buried depth of the inclined pile and vertical pile are
shown in Figures 21 and 22, respectively.*e reason why the
horizontal displacement of model 2 is larger than that of
model 1 is due to the influence of the cap. Because model 1 is
a low cap and the cap is in the clay layer, the side of the cap
will be bound by the clay layer in the process of vibration.
Model 2 belongs to the high cap model, and the lateral
resistance of the structure is obviously smaller.

*e relationship curves between the final vertical dis-
placement and the depth of the inclined pile and the vertical

pile are shown in Figures 23 and 24, respectively. It can be
seen that the vertical displacement of model 2, whether
inclined or vertical, is significantly larger than that of model
1.

*e reason is that the second model belongs to the high
cap model, and all loads of the superstructure are assumed
by the pile foundation, while the first model belongs to the
low cap model. *e so-called cap effect exists in the bearing
force. *e bottom part of the cap bears a part of the load,
resulting in the reduction of the load on the pile body and the
corresponding reduction of the vertical displacement of the
pile foundation.

4.3. Contrastive Analysis of Horizontal Displacement of Pier
Top. *e horizontal displacement time-history curves of the
top of the piers of the two models along the x-direction are
shown in Figure 25. *e horizontal displacement of the pier
top of the two models is zero at the beginning, and the
horizontal displacement begins to change with time. By the
end of 27 s, the horizontal displacement tends to zero. In the
whole dynamic calculation stage, the maximum horizontal
displacement of model 2 is obviously larger than that of
model 1. *e time of the maximum horizontal displacement
of model 1 is almost the same as that of model 2, and it
occurs about 7 seconds after liquefaction.

*e reason why the time-history curves of horizontal
displacement of pier top are different between the two
models is that model 2 belongs to the high cap model, the
structure is longer above the ground level, and there is no
embedded effect of soil on the cap. It is easy to form voids
between the pile body and soil, so the maximum horizontal
displacement of pier top is larger.

5. Conclusions

(1) *e instantaneous negative value of pore pressure
due to soil dilatation occurs when the peak vibration
acceleration of the upper and lower regions of pile
foundation in the sandy soil layer occurs. *e liq-
uefaction is easy to occur in the middle area of the
pile, but the liquefaction of the sand layer is not
obvious in the upper area of the pile because the
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Figure 23: Contrastive analysis of vertical displacement of inclined
piles.
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Figure 24: Contrastive analysis of vertical displacement of vertical
piles.
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groundwater penetrates the upper clay layer, and the
liquefaction of the sand layer is not easy to occur in
the bottom area of the pile because of the thicker
overlying layer and the higher consolidation
pressure.

(2) In the same model, the maximum bending moment
of vertical piles is less than that of inclined piles. In
different models, the maximum bending moment of
inclined piles and the vertical piles occurs at the
junction of the piles and the cap, and the bending
moment of the piles with high cap is larger from the
bottom of the cap to the ground level.

(3) In the model that piles with low cap, the horizontal
displacement of the inclined piles and vertical piles is
the same. *e maximum horizontal displacement
occurs at the top of the all piles. *e vertical dis-
placement of the vertical pile is a constant value,
while the vertical displacement of the inclined pile
varies along the buried depth. In the high cap model,
the horizontal displacement of the inclined pile along
the buried depth is no longer monotonous, and the
maximum value appears in the sand layer. Compared
with different models, the vertical and horizontal
displacements of the piles with high cap are signif-
icantly larger than those piles with low cap at the
same buried depth.

(4) *e maximum horizontal displacement of the pier
top with high cap is larger than that with low cap; the
maximum horizontal displacement of the pier top of
the two models occurs at the same time.
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