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As long-span cross-sea bridges extend to deeper sea areas, the bridge pile tends to increase in its slenderness ratio and becomes
more susceptible to waves. To improve the structural stability at the construction stage, this study analyses wave-induced response
of foundations. -e wave theory and the method used for computing wave forces on foundations are first introduced. -en, a pile
group foundation is taken as the research object, and different pile lengths ranging from 16m to 46m are considered. -e wave-
induced response of the piles and the cap is calculated. After understanding the effect of the pile length, three optimized
foundations are proposed with the aim of reducing the free length of the pile, and the corresponding finite element models are
established to compare their wave-induced response.-e results show that the displacement at the top of the foundation increases
with the increase in the pile length until the cap partly emerges from water and so does the internal force at the bottom. Setting a
constraint in the middle of the piles can reduce their free lengths and is favourable to the wave-induced response of the foundation
except for the shearing force. A stronger constraint shows better effects on improvement of the stability of the foundation. -e
conclusions provide reference for optimization on pile foundations of deepwater bridges.

1. Introduction

With the rapid development of construction technology, an
increasing number of long cross-sea bridges have been
constructed, greatly promoting the transportation and the
economy in coastal areas. For instance, the Chesapeake Bay
Bridge completed in 1964 connects the banks of the
Chesapeake Bay. -e Great Belt Bridge completed in 1998
crosses the Great Belt Strait. -e Oresund Bridge completed
in 2000 associates Denmark with Sweden. -e Pingtan Strait
Bridge and the Hong Kong–Zhuhai–Macao Bridge were
completed in 2010 and 2018, respectively. As the weather
condition and hydrological environment are more com-
plicated, cross-sea bridges may be subject to strong winds
with huge waves and prone to vibrate, affecting the structural
stability and the running safety of vehicles [1, 2]. Apparently,
the foundation is the key structure supporting the pier and
the superstructure, so its dynamic response closely associates
with the vibration of the whole structure and so does the
vehicle. -e deeper the water is, the longer the foundation

could be, and thereby, its dynamic response becomes more
obvious. In the construction stage when its top is not yet
constrained by the pier, the freestanding foundation can be
regarded as a cantilever. Although the vehicle is not involved
at this situation, possible vibration of the foundation has
potential effects on the construction of the pier. In general,
the wave is accompanied with the wind, but the foundation
is almost or even totally submerged in water, so it is more
sensitive to effects of waves, while less affected by winds. In
the service stage, a rigid foundation which can better resist
strong waves is also favourable to its own safety as well as the
stability of bridges and does the vehicle travelling through.

Apparently, the accurate simulation of the wave load is
the basis of evaluation of structural response under waves.
As for the expression of the wave motion, a linear wave
theory which uses the potential function was proposed in
1845 [3].-e Stokes wave which assumes the wavemotion as
potential motion and belongs to finite amplitude theory was
then proposed [4]. After that, the second-order, third-order,
and fifth-order Stokes wave were successively derived [5, 6].
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-e motion of waves was also described using the elliptical
cosine wave theory [7]. On the basis of this, the theory was
further studied by other scholars and engineers so that it can
be better applied in practice [8–10].With the development of
computer technology, the numerical simulation becomes an
effective way to achieve the target [6, 11, 12]. As for the
computation of fluid-structure interaction, the method
proposed by Morison et al. [13] is used for calculating the
wave force on the small-scale structure, while the theory of
diffraction put forward by MacCamy and Fuchs [14] is used
for the large-scale structure.

-e dynamic response of offshore structures has
attracted great attention of designers and scholars, especially
for offshore wind turbines [15, 16]. Wave loads acting on the
lower part below the water surface and wind loads acting on
the upper part above the water surface play important roles.
Adhikari and Bhattacharya [17] showed that the natural
frequency of the turbine tower decreases with the decrease in
stiffness of the foundation and the increase in axial load.
Zhang et al. [18] investigated the dynamic response of a
floating foundation of a turbine in 60m deepwater and
pointed out that the semisubmersible floating foundation
can work with significant wave height less than 4m. Wei
et al. [19] computed the capacity of monopile- and jacket-
supported wind turbines and found that structural response
can be dominated by either the wind or the wave depending
on structural characteristics and site conditions. Wang et al.
[20] studied the dynamic response of a monopile-supported
wind turbine subjected to wind, wave, and earthquake ac-
tions and indicated that it is necessary to consider the
combination of the three actions in the design of such a
turbine. Bachynski et al. [21] further studied the response of
a monopile-supported wind turbine subjected to irregular
wave loads, and the experimental results highlighted the
resonant response of the monopile when subjected to severe
wave loads. Sarmiento et al. [22] validated a multiuse
floating platform which combines wave energy converters
and wind harvesting. Wu et al. [23] discussed geotechnical
and structural issues affecting the foundation of the offshore
wind turbine. It is concluded that the foundation presents
one of the main challenges in the design.

-e bridge foundation has a variety of forms such as the
caisson foundation, the tube caisson foundation, and the
open caisson foundation. When the water is deep, the pile
foundation, which consists of a group of bored piles
extending to soil at the bottom and connected to a large cap
at the top, has widely been used owing to its convenient
construction and good adaptability [24–26]. However, it is
difficult to model the precise dynamic response of the pile
foundation under various dynamic loads due to large di-
mensions, structural complexity, and three-dimensional
characteristics [27]. On the basis of the bridge foundation
designed for the East Sea Bridge, Liu et al. [28] investigated
the wave current forces on the pile foundation and examined
the group effectiveness and the reduction coefficient for
engineering design. Yao et al. [29] numerically simulated a
super-long pile foundation in stratified soils under both
vertical and lateral loads and concluded that the sleeved pile
group can significantly reduce the horizontal displacement.

Deng et al. [30] experimentally studied the effect of fluid-
structure interaction on the modal dynamic response of a
bridge pier supported by the pile foundation and found that
the effect increases with the rise in water level, especially
when the pier body is submerged in water. Deng et al. [31]
further experimentally studied the modal dynamic response
of a hollow bridge pier with the pile foundation submerged
in water and provided better understanding of the effect of
fluid-structure interaction. Deng et al. [32] investigated the
cap effect on wave loads on piles, and the force-increasing
effect on piles was observed when the relative cap dimension
is small. In addition, Ya et al. [33] found that the dynamic
response of a pile-cap structure under random sea wave
action is the largest. Tomisawa and Kimura [34] proposed
new techniques to improve seismic performance of the pile
foundation for long life bridges. -e seismic excitation on
the pile foundation was also considered in some studies
[35, 36].

-e aforementioned studies have improved our un-
derstanding of the dynamic response of the pile foundation,
but optimization on the form has not yet been fully explored.
With long-span bridges extending to deeper sea areas, the
length of the pile has to be increased, leading to more slender
and flexible foundations. To reduce the structural dynamic
response, optimization on the pile foundation with longer
piles becomes important. Taking a long-span deepwater
bridge into account, this paper studies the wave-induced
response of a pile group foundation using ANSYS software
and further optimizes the structural form. -e main content
is organized as follows. -e wave loads on the piles and cap
of the foundation are computed in Section 2. Five finite
element models with different pile lengths are established,
and their wave-induced vibration is compared and discussed
in Section 3. After determining the relationship between the
dynamic response and the pile length, the foundation is
optimized with different structural forms in Section 4, and
the effectiveness is evaluated by comparing the changes in
the dynamic characteristics, including the cap’s displace-
ment and the piles’ internal forces. Finally, some main
conclusions are drawn in Section 5, providing reference for
optimization on pile foundations of deepwater bridges.

2. Wave Force on the Foundation

2.1. Case Description. -e engineering background of the
paper is a deepwater long-span cable-stayed bridge with a
total length of 1188m, and its main span length is 532m.-e
overall layout is shown in Figure 1.-e measured data of the
bridge location show that, in a-hundred-year return period,
the wave on the transverse bridge direction has the maxi-
mum heightH of 9.69m.-e wave period T is 10.8 s, and the
wave circle frequency ω� 0.581 rad/s. According to the
dispersion relation, the wavelength is about 169m. -e
density of seawater ρ takes 1000 kg/m3, and the water depth
d is considered as 45m after flushing.

-e bridge is supported by six pile group foundations
marked with N01∼N06 among which N03 and N04 are the
main ones. Each of the six pile foundations consists of a
group of piles and a cap on the top (Figure 1). In particular,
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N03 has the longest free length in water, so it is easier to be
affected by the wave force. Because of this reason, the
subsequent analysis of this paper will be carried out around
the N03 pile foundation. -e cap dimension of N03 is
81.2m× 33.2m and the thickness is 7.5m. -e immense cap
is submerged in water and supported by as much as 38 bored
piles each of which has a diameter of 3m. -e basic cross-
sectional design and the pile numbers are shown in
Figure 2(a). For the deepwater pile foundation, the pile
length is a key parameter in its design because long piles and
short piles have their own advantages and disadvantages. To
study the effect of the pile length on wave-induced response
of the foundation, the length of N03 is decreased and in-
creased, respectively. Five lengths ranging from 16m to 46m
until the cap completely emerges from water are selected, as
shown in Figure 2(b). It should be noted that the study
mainly focuses the foundation itself, and the difference in
construction is not considered for a fair comparison.

2.2. Wave Forces on the Pile. As discussed previously, the
accurate simulation of the wave load is the basis of evalu-
ation of structural response. Here, two indicators H/gT2 and
d/gT2 where the parameters were defined and the corre-
sponding values at the bridge site were given in Section 2.2
are computed. According to Le Méhauté’s map and theory
[37], the results show that the linear wave theory is appli-
cable as the water is deep enough (Figure 3(a)). With the aim
of comparing the wave-induced response for different forms
of foundations, the linear wave theory is adopted in this
paper.-erefore, velocity ux and acceleration ax of the wave
can be expressed by the following equations in consideration
of the dispersion relationship:

ux �
zΦ
zx

�
πH

T

cosh k(z + d)

sinh kd
cos(kx − ωt), (1)

ax �
zux

zt
�
2π2H

T2
cosh k(z + d)

sinh kd
sin(kx − ωt), (2)

where Φ is the velocity potential function; z is the depth of
the water particle when the origin of coordinates is set on the
hydrostatic surface, k is the number of fluctuations in the
length of 2π; x is the horizontal coordinate; and the
remaining parameters are unchanged.

For a cylinder, the structure with D/L≤ 0.2 is usually
defined as a small-scale structure, and the structure with

D/L> 0.2 is defined as a large-scale structure, where D is the
horizontal dimension of the structure and L is the wave-
length. Specially, the piles of N03 have a D/L of 0.018, so the
wave force can be calculated according to the theory pro-
posed by Morison, as shown in Figure 3(b). When the origin
of coordinates is set on the seabed, the wave force of the
single pile at the height z is expressed as follows:

fH � fD + fI �
1
2

CDρAux ux


 + CMρV0

dux

dt
, (3)

where fD and fI are the drag and the inertia forces and CD
and CM are the corresponding coefficients, respectively,
which are set as 1.2 and 2.0 according to Chinese code [38].
Taking a pile of N03 as an example and dividing it into
different parts each of which has a unit length (Figure 4(b)),
the time series of fD and fI on the top are shown in
Figure 4(a) with dashed lines. -ere is a certain phase
difference between the two series. As the maximum value
and change speed of fI are larger than those of fD, the wave
force fH is dominated by fI and they almost reach the
maxima simultaneously.

Figure 4(a) also shows the time series of fH at the heights
of 5m, 10m, and 16m, and it can be seen that the wave
forces have similar phases and periods. -e longer the
distance from the calculated position to the seabed is, the
larger the amplitude of fH becomes. Figure 4(c) further
shows the change in the amplitude of fH along the height
direction, and it can be seen that the growth rate gradually
accelerates as the height increases and so does the water
speed. For the single pile, the total maximum wave force fH
is 154.18 kN.

When the pile length increases, the time series of fH on a
single pile is computed in the same way, and the results are
shown in Figure 5(a). For the five cases, the piles of the
foundation are immersed in water, so they are completely
subject to wave loads. With the increase in pile length from
16m to 46m, the period of the wave force on the pile re-
mains the same but the amplitude increases gradually, i.e.,
154 kN, 274 kN, 432 kN, 510 kN, and 669 kN, respectively, as
shown in Figure 5(b). Moreover, it can be seen that the
increasing range of the wave force is obviously larger than
the increasing range of the pile length. For instance, the pile
height increases by 1.88 times from the minimum to the
maximum, but the wave force increases by 3.34 times. -is
phenomenon occurs because the water velocity increases
with the increase in the distance from the calculated position

532 196
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N01 N02 N03 N04 N05 N06

Calculated water level

Figure 1: Layout of the target bridge (unit: m).
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to the seabed. As a result, the wave effect on the foundation
with longer piles becomes more obvious, which is unfav-
ourable to the structural stability.

-e previous calculations of the wave loads focus on a
single pile. However, there are 38 piles for N03 foundation,
and the pile group effect has to be taken into account in the
following analysis. To do this, the phase differences of the
wave forces on the 38 piles are modified according to their
spatial position relationships. -en, the group pile co-
efficient K, which is related to the ratio of the center distance
l between two adjacent piles to their diameter D, is in-
troduced to consider the interference among piles. For the
piles in parallel arrangement, that is, the vertical direction to
the flow direction of water, the ratio D/l is equal to about 2,
so K � 1.5 is adopted according to the code [38]. For the
piles in tandem arrangement, that is, the parallel direction to
the flow direction of water, the shadowing effect of the
upstream pile on the downstream pile is not considered
conservatively, and K � 1.0 is adopted.

2.3. Wave Forces on the Cap. For the cap of the foundation,
the dumbbell-type cross section is converted into a circular

cross section based on area equivalent. -e original cross-
sectional area of the cap is 2,028.52m2, so the diameter D of
the equivalent circular cross section is equal to 50.8m. As
D/L � 0.3> 0.2, the cap belongs to a large-scale structure on
which the wave force could be calculated according to the
method proposed by MacCamy and Fuchs. As shown in
Figure 3(c), when the origin of the coordinate axis is set on
the seabed, its forward wave force at a height of z is expressed
as follows:

FH(z) � −
2ρgH

k

cosh kz

cosh kd
A(ka)sin(ωt − α), (4)

A(ka) �
1

������������������

J1′(ka) 
2

+ Y1′(ka) 
2

 , (5)

tan α �
J1′(ka)

Y1′(ka)
, (6)

where J1′ and Y1′ are the derivatives of the first-order first-
class and the first-order second-class Bessel functions, re-
spectively; a is the radius of the cap; and α is the phase lag
angle.
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Figure 2: Computed pile foundations with different pile lengths. (a) Cross section. (b) Elevation.

4 Shock and Vibration



-e time series of the wave force on the cap at different
positions are shown in Figure 6(a). For the five cases, the
maximum of FH is observed at 8.8 s as compared in
Figure 6(b). When the cap is totally submerged in water, FH
increases as the distance from the calculated position to the
seabed increases and so does the water velocity. It can be
seen that FH on the cap is larger than fH on a single pile
obviously and is also larger than the total value of fH on all
the piles. When the cap emerges from water, the wave force
on the part exceeding sea level is no longer considered, and
thereby FH decreases rapidly until the cap completely floats

out of water and the wave force on the cap disappears. At this
time, the wave force on the foundation is gradually domi-
nated by fH on the piles.

3. Wave-Induced Response of the Foundation

3.1. Structural Dynamic Characteristics. Five finite element
models of the foundation with different pile lengths are
established using ANSYS software. Beam4 and Mass21 el-
ements are adopted, and Figure 7 shows the first four modes
including their modal shapes and frequencies. For each of
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the five foundations, the first-order and the second-order
modes correspond to the translations of the cap along y axis
and x axis (Figure 2(a)), respectively. -e frequencies of the
two modes are close to each other, especially for larger pile
lengths. When the pile length is larger than 36m, the dif-
ference between the two frequencies is only about 0.1Hz, so
the wave-induced vibration could occur in both directions.
-e third-order and fourth-order modes correspond to the
rotations of the cap around x axis and z axis, but they ex-
change with each other when the pile height is equal or larger
than 26m, indicating that the torsional stiffness around z
axis decreases more rapidly. As can be seen from Figure 7,
with the increase in pile height from 16m to 46m, the
fundamental frequency of the foundation significantly de-
creases from 2.82Hz to 0.54Hz. Although the fundamental
frequency is still larger than the wave frequency, that is,
0.09Hz, the foundation with longer piles obviously becomes
flexible and is easier to be affected by the wave.

3.2. Structural Response with Different Pile Lengths.
Under the action of the wave force, the response of the
foundation with different pile lengths is analyzed using
ANSYS software in the time domain. As is discussed in the
introduction, the foundation can be regarded as a cantilever
structure in the construction stage, so the response of the cap
is the most obvious.

-e results are shown in Figure 8, including the time
series of the acceleration, the velocity, and the displacement
at the top of the foundation. As can be seen from the figure,
the time series include two components, the higher fre-
quency response in the initial stage and the lower frequency
response in the stable stage, which is particularly obvious in
the acceleration series. -e further spectrum analysis on the
time series shows that the higher frequency is close to the
fundamental frequency of the foundation, while the lower
frequency is consistent with the wave frequency. -is
phenomenon can be verified by the damped structure model
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analysis in structural dynamics. Although the acceleration
and velocity of the foundation vary greatly in the initial
stage, the vibration is largely attenuated in the stable stage
because there is no external energy input. -e following
study will focus the structural response in the stable stage.

-e results show that the foundation with the pile length
of 40m when the cap partly emerges from water is the most
sensitive to wave effects though the wave force on the cap
decreases to some extent. One reason is that the wave forces
on the piles continue to increase, and another reason is the
foundation further becomes flexible. As a result, the max-
imum response of the foundation occurs in this situation.
Moreover, the wave force on the cap is no longer considered
when it emerges from water completely, and the time series
of the acceleration and the velocity have multiple dominant
frequencies.

Among the three parameters, the displacement response
is the most intuitive parameter to evaluate the structural
stability under the wave. It can be seen from Figure 8(c) that
the amplitude of the displacement response of the cap in-
creases from 1.46mm when the pile length is 16m to

39.5mm when the pile length is 40m but then decreases to
27.1mm when the pile length is 46m. For the piles, the
maximum displacements are observed at their tops and are
approximate to that of the cap due to the fixed connection.
In the following study, therefore, the displacement response
of the piles is omitted for brevity while the internal force
response at the bottom is further studied.

-e research begins with the comparison of the internal
forces at the bottom for different piles. Taking the pile length
of 16m as an example, the peaks of the bending moments
and the shearing forces of piles 1–5 (Figure 2(a)) on the
upstream side and piles 31–35 on the downstream side are
shown in Figure 9. For different piles, as there are phase
differences in the wave forces, the corresponding times when
the internal forces reach their peaks are different. -e wave
forces on the piles located in the middle have smaller phase
differences from that of the cap, so these piles show higher
internal forces. Among the ten piles, it can be seen that pile
35 has the maximum bending moment of 4.69MN·m and
the maximum shearing force of 0.64MN. Pile 1 has the
minimum bending moment of 4.43MN·m and the
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Figure 7: Dynamic characteristics of the foundations with different pile heights.
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minimum shearing force of 0.57MN. Although Figure 9
shows only one peak of the time series, the results are typical
because the internal force changes periodically.

Subsequently, the internal forces at the bottom for
different pile lengths are compared. Taking pile 1 as an
example, the time series of the bending moments and the
shearing forces for the five foundations with different
heights are shown in Figure 10. When the cap is totally
submerged in water, the amplitude of the internal force
increases with the increase in pile length. When the cap
emerges from water partly, the amplitude of the internal
force decreases, especially for the shearing force. When the
cap completely floats out of water surface and the pile length
is 46m, the shearing force is even less than the value with the
pile length of 16m. It can be seen that the maximum internal

force at the bottom is observed with the pile length of 36m,
while the maximum displacement at the top is observed with
the pile length of 40m. In other words, with the increase in
pile length from 36m to 40m, the displacement response is
further enhanced though the internal force has decreased,
which verifies the adverse effect of the decreasing stiffness of
the foundation, as discussed above.

In summary, the lower foundation with shorter piles
shows better mechanical performance, and the wave-in-
duced vibration is relatively small. However, the construc-
tion of this type of foundations is more complex. For
instance, the lower foundation may require a bigger cof-
ferdam. Such cofferdam also suffers from the wave and
produces extra loads on the foundation, and an anchoring
system may be necessary to keep the cofferdam stable. With
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Figure 9: Internal forces of piles. (a) Bending moment. (b) Shearing force.
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Figure 10: Internal forces of the five foundations. (a) Bending moment. (b) Shearing force.
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the increase in pile length when the cap is close to or exceeds
sea level, the difficulty in constructing the foundationmay be
reduced to some extent. However, the higher foundation
with longer piles becomes more flexible and sensitive to the
wave.

4. Optimization of the Foundation

4.1. Structural Forms and Dynamic Characteristics. To re-
duce deepwater operations and effects on navigation, the
higher foundation with longer piles seems to be more
suitable in deepwater areas with stronger waves. However, it
can be seen from the previous analysis that the increase in
pile length makes the structural stiffness decrease and so do
the structural natural frequencies. Under the action of the
wave, the dynamic response of the foundation is more
obvious. Based on the understanding, reducing the free
length of the pile may be favourable to improvement of the
structural stability, and thereby three optimized forms are
compared. Taking the foundation with the pile length of
36m as an example, the first scheme is to set another cap at
the center of the piles and is called the double caps foun-
dation. -e lower cap has a thickness of 8.0m and the same
cross-sectional size with the upper cap. -e finite element
model of the foundation adopts a double caps rigid frame
structure. However, the wave force on the double caps
foundation increases as the lower cap also suffers from the
wave. In order to reduce the block area of the lower cap but
not seriously weakening the overall rigidity of the founda-
tion, the lower cap is divided into two separated caps with
the diameter of 33.2m. As there are three separated caps
including one upper cap and two lower caps, this foundation
is called the three caps foundation. In the third scheme, the
separated lower cap is replaced by the steel lattice structure,
which is installed among the piles and makes them into an
integrated whole, to further reduce the block area, and this
foundation is called the joint piles foundation. -e steel
lattice structure consists of many circular steel pipes with the
diameter of 1m and a thickness of 18mm. -e schemes of
the three optimized foundations and the corresponding
finite element models are shown in Figure 11.

-e dynamic characteristics of the first four modes are
listed in Table 1. -e results show that the added structure
could enhance the constraint on the foundation and improve
its natural frequencies. -e constraint effect of the double
caps scheme is the most obvious, for the increases in the first
four frequencies are the largest with an average percentage
increase of 111.7%. -e three caps scheme with the average
percentage increase of 94.4% takes the second place. -e
joint piles scheme with the average percentage increase of
20.6% has the weakest constraint effect. For the first mode
corresponding to the translation of the upper cap towards y
axis, the frequency is gradually increased with the increase in
constraint effect. -e improvement by the double caps
scheme is the highest, but it is slightly higher than that of the
three caps scheme. -e trends of the second and the third
modes, which correspond to the translation towards x axis
and the rotation around z axis of the upper cap, are similar
with that of the first mode. In particular, the lower cap in the

double caps scheme connects the left pile group and the right
pile group, so it has strong constraint on the rotation around
z axis and makes this modal to occur at a higher order. For
the fourth mode corresponding to the rotation of the upper
cap around x axis, the frequency is still increased by the three
optimized schemes. However, the effect of the double caps
scheme becomes limited and is even less than that of the
joint piles scheme. -e probable reason is that the lower cap
in the double caps scheme has the constraint effect, but the
larger mass placed at the middle position with the maximum
modal displacement makes the modal frequency to decrease
at the same time.

4.2. Wave Forces on Optimized Forms. Since the three op-
timized foundations are obtained by installing the extra
structures on the original foundation, the wave forces on the
extra structures should be determined before analyzing their
wave-induced response. For the joint piles scheme, the steel
lattice members have a smaller diameter and shorter lengths
when compared with the piles or the cap, so the wave forces
on them are also smaller. -e results show that the maxi-
mum wave forces on the members whose axes are vertical to
the flow direction of water vary from 11 kN to 15 kN, while
the members whose axes are parallel to the flow direction
receive even less wave forces. -erefore, the wave force on
the steel lattice structure is ignored. For the double caps and
the three caps scheme, the wave forces on their lower caps
are computed, as shown in Figure 12. Specifically, the upper
and the lower caps in the double caps scheme have the same
geometric dimension, so the wave forces on them have the
same phase but different amplitudes. -e maximum wave
force on the lower cap is 18.50MN, and the maximum wave
force on the upper cap is 32.29MN. -e lower cap in the
three caps scheme consists of two separated caps named as
the upstream lower cap and the downstream lower cap
according to the flow direction. As their values of D/L are
equal to 0.196 and less than 0.2, the separated caps belong to
small-scale structures, and the Morison equation is suitable
to calculate the wave forces on them. -e maximum wave
force on each of the two separated caps is 10.94MN, but the
total wave force has the maximum value of 13.8MN due to
the phase difference between the two caps. In summary,
although the structural fundamental frequency increases, the
optimized foundation is subject to a larger wave force, and it
is necessary to understand which factor has more effects on
the structural stability.

4.3. Structural Response with Different Forms. -e wave-
induced vibration of the optimized foundations is com-
puted, and the time series of their displacements, bending
moments, and shearing forces are shown in Figure 13. As
can be seen from the figure, the higher frequency response is
also observed in the initial stage, and it is close to the
structural fundamental frequency. When the constraint
effect of the extra structure increases and so does the
structural fundamental frequency, the higher frequency
response disappears gradually. Figure 13(a) compares the
displacement response of the foundations with different
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forms at the tops. As the stiffness is improved after adding
the lower cap or the steel lattice structure, the displacement
response of the optimized foundations significantly

decreases. -e double caps foundation and the three caps
foundation have almost the same performance for dis-
placement optimization, and their percentage decreases of
the maximum displacement are 86.2% and 85.9%, re-
spectively. -e joint piles foundation has weak effects on the
displacement suppression, and its percentage decrease of the
maximum displacement is 39.9%. Figure 13(b) compares the
bending moment response of pile 1 at the bottom with
different constraints. -e optimized foundations effectively
suppress their bending moments, especially for the three
caps foundation with which the maximum bending moment
decrease from the original value of 20.6MN·m to
10.4MN·m. Although the double caps foundation has better
constraint effects, the larger wave force on the lower cap
increases the maximum bending moment slightly.
Figure 13(c) compares the shearing force response of pile 1
at the bottom with different constraints. However, the three
optimized foundations all show adverse effects on their
shearing forces.-emaximum shearing force increases from
1.18MN for the original scheme to 1.34MN for the joint
piles scheme, 1.49MN for the three caps scheme, and
1.63MN for the double caps scheme. Unlike the displace-
ment and the bending moment response, the stronger the
constraint effect on the foundation is, the larger the shearing
force at the bottom becomes.
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Figure 11: Optimized foundations (unit: m). (a) -e double caps foundation. (b) -e three caps foundation. (c) -e joint piles foundation.

Table 1: Dynamic characteristics of the foundations with different forms

Mode
Frequency (Hz) (modal shape)

Double caps foundation -ree caps foundation Joint piles foundation Original foundation
1 1.87 (T-y axis) 1.86 (T-y axis) 0.99 (T-y axis) 0.80 (T-y axis)
2 2.11 (T-x axis) 2.08 (T-x axis) 1.04 (T-x axis) 0.81 (T-x axis)
3 4.08 (R-x axis) 3.38 (R-z axis) 2.41 (R-z axis) 1.93 (R-z axis)
4 5.55 (R-y axis) 4.45 (R-x axis) 4.14 (R-x axis) 3.93 (R-x axis)
T represents the translation of the upper cap towards x or y axis and R represents the rotation of the upper cap around x, y, or z axis.
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Subsequently, the changes in bending moment and
shearing force along pile 1 are studied, and the results for the
three optimized foundations are shown in Figure 14. For the
double caps scheme and the three caps scheme, due to the
existence of the lower cap, the pile can be regarded as two
parts, the upper one between the upper cap and the lower
cap and the lower one between the lower cap and the ground.
Each part can be regarded a member consolidated at its two

sides where the internal forces are the maximum and the
minimum, respectively. -e bending moments at the two
sides are opposite and change the sign in the middle po-
sition, while the shearing forces have the same sign. -e
bending moment of the lower part is larger than that of the
upper part. -e shearing force of the lower part is also larger
due to the existence of the lower cap which increases the
wave force on the foundation. For the joint piles scheme,
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Figure 13: Response of different foundations. (a) Displacement. (b) Bending moment. (c) Shearing force.

12 Shock and Vibration



however, the distributions of the bending moment and the
shearing force along the pile are different. It seems that the
steel lattice structure provides an articulated constraint on the
piles, as the bending moment in this region is close to zero.

5. Conclusions

-is paper investigates the wave-induced response of a pile
group foundation in deepwater area to improve the

structural stability at the construction stage. -e effects of
the pile length and the structural form on the displacement
and internal force of the foundation are studied, and the
following main conclusions are made.

(1) For a determined water depth, the wave force on a
pile increases with the increase in its length, and the
increasing range of the former is obviously larger
than that of the latter. Meanwhile, the wave force on
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the cap also increases before it emerges from water
and is larger than the total wave force on the 38 piles.
On the contrary, the foundation with longer piles
obviously becomes flexible, and its natural frequencies
significantly decrease though the fundamental fre-
quency is still larger than the wave frequency.

(2) -e lower foundation with shorter piles shows better
mechanical performance. -e wave-induced re-
sponse of the foundation including the displacement
and the internal force is relatively small, but its
construction may be more complex. -e higher
foundation with longer piles is convenient to the
construction. As the wave force increases and the
natural frequencies decrease, the foundation be-
comes more sensitive to the wave, especially when its
cap partly emerges from water.

(3) All piles of the foundation have the same maximum
displacement at the top where they are constrained
by the rigid cap, but the time series of the internal
forces have different amplitudes and phases. -e
internal force of a pile is larger when the wave force
on the pile has a smaller phase difference from that of
the cap. Setting a whole lower cap, two separated
lower caps, or a steel lattice in the middle height of
the foundation can reduce the free length of the pile
and improve the structural frequencies to varying
degrees. -e lower cap and the steel lattice provide
the consolidated constraint and the articulated
constraint on the piles, respectively. Apparently, the
lower cap has stronger constraint effects and de-
creases the displacement and the bending moment
response of the foundation effectively. However, the
wave force on the lower cap increases, which en-
hances the shearing force response.

(4) -e study mainly focuses the wave-induced response
of the foundation itself, while the practical con-
struction conditions need to be considered as well
when determining structural forms of pile group
foundations of deepwater bridges.
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