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As a cross-sea or river deep-water foundation, it is clear that the caisson foundation will be subjected to significant lateral dynamic
loads due to winds or waves and suffer from scouring under its long-term effect. In order to obtain the scour effect on the dynamic
response of the foundation, an analytical model describing the scour-hole effect in terms of scour depth, scour width, and slope
angle was constructed. Combined with the nonlinear Winkler theory, a method for the dynamic response of the caisson
foundation considering the scour-hole dimensions was proposed. Comparisons against the results from the dynamic FEM
demonstrate the reliability of this method. The effects of the scour width, slope angle, and scour depth on the dynamic response of
the caisson were discussed. The results show that the scour depth affects the dynamic displacement and resonant frequency of the
foundation most, whereas the scour width does less and the slope angle does the least; the dynamic response of caisson can be
approximated as the case of the slope angle 5° and the scour width 5B when the slope angle is less than 5° and the scour width is
greater than 5B, respectively; the effects of scour width and slope angle on the dynamic response of caisson have the similar change
pattern in the displacement and resonant frequency when the scour depth is different. However, the effect of amplitude on

dynamic response shows a nonlinear increase trend when the scour depth is relatively large.

1. Introduction

Caisson is a common foundation type which is suitable for
bridge engineering. It is widely used in cross-river and cross-
sea bridges because of its strong integrity and large bearing
capacity, such as the Shanghai-Nantong Yangtze River
Bridge in China, the Brooklyn Bridge in the United States,
and the Akashi Strait Bridge in Japan [1]. Comparing with
the traditional foundation on land, the working environ-
ment of caisson foundation is more complicated. The caisson
foundation not only needs to withstand the upper vertical
load but also needs to withstand the horizontal dynamic load
such as wind, wave currents, and possible earthquakes.
Research has also shown that the mechanism of lateral
interaction is more complicated than that of vertical

interaction and the lateral load takes more significant effect
on the characteristics of foundation than vertical load [2].
Therefore, more strict requirements are put forward for the
horizontal dynamic performance of the caisson foundation
during the design and construction. In addition, the caisson
foundation easily suffers from scouring due to the huge size
resulting in a drastic change in the water crossing section.
Take the caisson foundation used in the Taizhou Yangtze
River Bridge as an example—the length, width, and height of
the caisson is 58.2m, 44.1m, and 76m, respectively.
According to the field measurement data, the maximum
local scour depth reaches 17.4m about one year after the
completion of construction, and the scour depth comes to a
new peak value of 46.6 m according to the laboratory tests
when the factors such as water velocity, flow, and angle are


mailto:xf.ma@tongji.edu.cn
https://orcid.org/0000-0003-2879-6584
https://orcid.org/0000-0002-2010-6510
https://orcid.org/0000-0003-4903-8184
https://orcid.org/0000-0002-8928-4219
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8827498

taken into account [3, 4]. Obviously, such a huge scour depth
value will inevitably cause significant changes in the bearing
performance and dynamic characteristics of the foundation
and may even cause the damage of bridge foundation. Based
on the statistics data of 584 bridge accidents from 1813 to
2018 [5], it is concluded that about 30% of bridge collapses
are related to natural disasters, and bridge scouring caused
by floods is the most common case. Therefore, it is necessary
to study the changes in the characteristics of the caisson
foundation before and after scouring.

In recent years, there is a growing concern on the
characteristics of caisson foundation before and after
scouring. Liu et al. [6] studied the horizontal bearing
characteristics of the suction caisson after scouring in lay-
ered clay soils. Zhang et al. [7] conducted a laboratory test to
investigate the lateral response of the caisson and its de-
pendence on the characteristics of the applied cyclic load and
scouring. However, these methods for analyzing the scour
effect mentioned above focused on the static behavior of the
foundation, and the dynamic behavior of the foundation was
not involved. Tu et al. [8, 9] discussed the influence of
scouring on dynamic impedance and resonant character-
istics of the caisson, but the scour pattern is assumed to be of
layer distribution mode. Nevertheless, it is well recognized
that scour holes formed around the caisson usually involve
certain shapes and sizes [10, 11], and the static and dynamic
characteristics of the foundation is affected by the shape and
size of scour holes [12, 13]. Yang et al. [14] analyzed the effect
of scour-hole dimensions on the response of laterally loaded
piles based on the modified strain wedge method. Zhang
et al. [15] used Mindlin’s solution to analyze the influence of
the scour-hole dimension on the horizontal bearing char-
acteristics of a single pile. However, the caisson is different
from the pile foundation; hence, Mindlin’s solution cannot
be directly used for scour analysis due to the large size of the
caisson foundation. To get a better understanding of the
scour effect, it is necessary to study the dynamic charac-
teristics of foundations in combination with the dimension
of scour holes.

The objective of this paper is to propose a simplified
model for the analysis of laterally loaded caisson foundations
under scouring, which can account for the effects of scour-
hole dimensions on the dynamic performance of founda-
tions. In order to verify the proposed simplified model for
the lateral vibration of the scoured caisson, 3D finite element
simulations are conducted and good agreements are ob-
tained between the results of the numerical method and the
theoretical model. Finally, to provide a reference for engi-
neering application, the influence of the scour depth, scour
width, and scour slope angle of scour holes on the dynamic
characteristics of the caisson foundation are studied based
on the proposed model.

2. Lateral Dynamic Analysis Model for the
Scoured Caisson

2.1. Analysis Model for Caisson in Layered Soils. Based on the
Winkler dynamic analysis theory, a two-dimensional plane
analysis model of caisson in a homogeneous elastic
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foundation without any scouring can be established, as
shown in Figure 1 [16]. Here, the caisson is assumed to be a
rigid embedded foundation. For a caisson subjected to the
harmonic horizontal load Q, and moment M, at the top
center of the foundation, the lateral dynamic equilibrium
equation can be expressed as

i fria fa } =g 00
(1)

where D is the height of the foundation, and u, and 6, are the
horizontal displacement and the rotation angle of the base
center of the foundation. [M,], [K,], and [C,] are the mass
dynamic matrix, stiffness matrix, and damping matrix of the
foundation, respectively. They can be rewritten as

M,] [ m mh, ]
b __mh1 ]C+mhf ’
[ K, K
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L Krh Krr
[ Cin Chyr
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where m is the mass of caisson foundation, /; is the distance
from the center of gravity to the base surface of the caisson,
and J, is the mass moment of inertia of the caisson. K, K,
and K}, (K,;) are the horizontal dynamic stiffness, rocking
dynamic stiffness, and coupled horizontal-rocking dynamic
stiffness of caisson, respectively. Cy,;,, C,,, and Cy, (C,;) are
the horizontal dynamic damping, rocking dynamic damp-
ing, and coupled horizontal-rocking dynamic damping of
caisson, respectively:

n
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where z; is the distance from the center of layer i to the soil
surface, d; is the thickness of soil layer i, and d is the em-
bedment depth of the caisson. Kj, Cj, and K,, C, are the
horizontal and rotational spring stiffness and damping
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FiGure 1: Dynamic Winkler model for the lateral vibration of the
caisson.

coeflicient of the concentrated springs with respect to the
bottom of the caisson, respectively. k,;, c,; and k,;, ¢,; are the
stiffness and damping coeflicient of the distributed hori-
zontal and rocking springs of layer i (i ranges from 1 to n),
respectively. k,;, ¢, and k,;, c,; are given in Appendix A in
detail.

2.2.  Simplified Method considering the Scour-Hole
Dimensions. During the analysis of the scour effect, most of
the studies assume that the loss of soil around the foundation
is distributed in a plane mode. In reality, the scour pattern is
in irregular shape, which is significantly affected by some

factors, such as the water velocity and foundation type.
Generally, the scour pattern at a certain state can be ap-
proximated by scour depth S, scour width S,,, and scour
slope angle 6, as shown in Figure 2 [12, 15]. According to the
symmetry of the model, the illustration of stress loss around
the caisson is shown in Figure 3.
For a caisson embedded in clay, the mean effective stress
o, at a certain point before scouring can be determined as
JI (1 + 2K0)Y(;h0 R

A (4)
where y, and hj are the effective unit weight of soil and the
embedded depth, respectively. Kj is the coefficient of earth
pressure at rest.

According to Figure 3, with the formation of the scour
hole, the mean effective stress at a certain state can be
expressed as

Oims = O~ O (5)

where o) is the mean effective stress after scouring, and o,
is the stress loss caused by the unloading of the soil when the
scour hole is formed.

Based on the plane strain hypothesis, the stress loss of the
point of interest around the caisson shaft after scouring can
be calculated by the superposition principle. It can be ap-
proximately expressed as the sum of the stress loss caused by
the triangular scour hole “abc” and the quadrilateral scour
hole “bede,” as shown in Figure 3. Then, taking point “a” as
the origin of coordinates to establish local coordinates, the
vertical stress loss and lateral stress loss of the point of
interest can be given as [17]

2! h3 28,+S,/tan 0 1 2 ’h3t Syl tan 6
o = YoSa oj ¢ 5 Sdx + Yo'lo anejd x2 5 dx, (6)
T Sa/tan 6 [ (Sy + Sy/tanf — x)” + hg] T 0 [(Sd/tan 0)” + hé]
ol = 4y4Saho JSd/tanf) (S, + Sy/tan 6)22 de+ 4yoh, tan 0 J’Sd“z‘“‘9 (S;/tan 0 — ch)zx & ()
T Sy+S4/ tan @ [(Sw +S,/tan 0 - x)" + hg] T 0 [(Sd/tan 6- x)" + hg]

where o, and o are the vertical and lateral stress loss of the
point of interest, respectively. S;, S,,, and 6 are the scour
depth, scour width, and scour slope angle of the scour hole,
respectively. x is the coordinate of the location from point
“a” to “d,” as shown in Figure 3.

The mean effective stress o,,. after scouring obtained by

putting equations (4)-(7) together can be expressed as

o I _ (1 + ZKO)y(;hO (8)
™ (3= (o) +20)))13

With the formation of the sour hole, the soil around the
caisson also changed from a normal consolidated state to an
overconsolidated state. As the change of the gravity of soil is
limited, the OCR can be expressed as

!
OCR = o0 (9)

!

Yoho — 0

In the meantime, the stress loss of the soil around the
caisson will also cause a change in void ratio, and the change
value in void ratio Ae is given as

!
Ae=ey — ey = —Kln(0“,“>, (10)

Om

where e, and ey are the void ratio before and after scouring,
respectively; and « is the swelling index from an isotropic
consolidation test.
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Figure 2: Illustration of the scour hole around the caisson
foundation.
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Ficure 3: Illustration of scour-hole stress loss.

By putting equations (4) and (8) together, Ae can be
rewritten as

(1+ ZKO)V(;hO - (Uz, + 20;;)
(1+2K,)yoho

Ae = —xIn (11)

In addition, the shear modulus of soil is related to the
mean effective stress, void ratio, and overconsolidation ratio
(OCR). For normally consolidated clay, it can be taken as
[18, 19]

(2.97 - ¢,)
1

2
G, = 3230 (OCR) (a,))*°, (12)

€

where k is the parameter related to the plasticity index, equal
to 0.18 as suggested in [19].

After scouring, the shear modulus of soil can be re-
written as

297 e, ) he \F
GOS=3230( ) ( Yo't ,) (o). (13)
1 + eqq Yoho — 0

Generally, the soil around the caisson foundation shows
nonlinear characteristics in practical engineering. In order to
consider the nonlinear characteristics of the soil with the
change of soil strain and the change of cyclic loading and
unloading, the hyperbolic stress-strain relationship model
was introduced to modify the proposed model:
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Gy -y

Go - p/(S, + 1) (1)

T(y) =
where Gy is the shear modulus of soil, 7 (y) is the shear stress,
and S, is the undrained shear strength. y is shear strain of

soil, which can be approximated by the following equation
[20]:

_1+v

_L+v 15
2587 (15)

Y
where y is the lateral displacement of the foundation, v is
Poisson’s ratio of soil, and B is the diameter of the
foundation.

The hysteretic curves of shear stress and strain obtained
by Masing’s rules are used to simulate the loading, reloading,
and unloading, which is expressed as

- y i YUY
Gy +|y £ yul/(27f)
where y,, and 7, are the current shear strain and shear stress

at the onset of unloading or reloading, and 7 is the shear
stress at failure, given as [19]

0.5
K, A (1=K, )\
¢ = > 0,8In¢Q +ccosg | — 2 g, >

(16)

* Ty

(17)

where o, is the vertical effective stress of soil, and c and ¢ are
the cohesive force and effective internal friction angle of soil,
respectively.

The key to calculating the dynamic stiffness matrix [Kp]
and damping matrix [C,] is to determine the stiffness co-
efficient k,;, k,; and the damping coefficient c,;, ¢,;, which are
closely related to the shear modulus of soil. Once the soil
parameters, such as the effective unit weight of soil y, and
void ratio ey, are determined, the stiffness coefficients k,;, k,;
and the damping coefficients c,;, ¢,; at a certain scour state
with scour depth S, scour width S, and scour slope angle 6
can be re-examined by equation (13). Then, the dynamic
response of a caisson subjected to the lateral load can be
calculated based on the proposed model.

3. Verification of the Proposed Model

A numerical simulation presented herein demonstrates the
application of the proposed method for the lateral response
of the caisson. The height, embedded depth, and diameter of
the caisson are 120m, 70 m, and 90 m, respectively, em-
bedded in cohesive soil stratum. Young’s modulus, Poisson’s
ratio, and mass density of the concrete caisson are 36 GPa,
0.3, and 2600 kg/m®, respectively. The thickness of the top,
bottom, and side walls of caisson are 3.0m. The density,
initial void ratio, Poisson’s ratio, and undrained shear
strength of soil around the caisson are 1600 kg/m?, 0.7, 0.49,
and 100 kPa, respectively. It is assumed that the scour depth
Sa the scour width S, and the scour slope angle 6 around
the caisson foundation are 20 m, 18 m, and 30°, respectively.
According to the symmetry principle, half of the meshing
model is depicted in Figure 4, where the model sizes are
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FiGure 4: FEM model of caisson foundation.

marked. During the dynamic finite element calculation, the
boundary processing is an important factor affecting the
accuracy of the results. Here, the sponge boundary is
adopted to attenuate the wave reflection in the dynamic
finite element analysis, which was proposed by Varun et al.
[21]. The gray elements enveloping the soil and caisson
elements are the sponge boundary elements. It is believed
that the purpose of attenuating the wave reflection can be
achieved by changing the Rayleigh damping parameters
within the sponge layer and the thickness of the sponge
boundary layer [21]. Based on this fundamental, the Rayleigh
damping parameters are selected 10.5 and 0.0105, and
boundary thickness in this example is determined as 300 m.
Then, the resulting amplitude reduction of P wave and S
wave with frequency can be described by the curves in
Figure 5. It can be seen that the higher the frequency, the
more the energy of the wave being absorbed by the sponge
boundary.

In order to consider the soil nonlinearity around the
caisson, a hyperbolic stress-strain curve has been used in the
simplified theoretical model. However, the constitutive
model of soil in the finite element method (FEM) is usually
selected as ideal elastoplastic, which is different from the
hyperbolic stress-strain relationship used in the theoretical
model. Therefore, the hyperbolic stress-strain characteristics
in the FEM are simulated by the method of importing yield
stress and plastic strain, and the hyperbolic hardening law
can be defined by a multisegment line [22]. The yield stress
and corresponding plastic strain within the embedded depth
of the caisson before and after scouring are shown in Table 1.

Here, the caisson subjected to lateral harmonic loads
200 MN is used to compare the dynamic responses by
considering the soil nonlinearity effect. The dynamic re-
sponse curves of the top displacement of the caisson before
and after scouring at different frequencies are calculated by
the FEM. Comparison with the theoretical results are shown
in Figure 6. It can be seen that the result of the simplified
method is slightly larger than the FEM results, but the trend
of the theoretical results is close to that of the FEM results,
which indicates the rationality of the simplified method. In
the meantime, the dynamic displacement of the caisson
foundation before and after scouring both have a resonance
peak value under the different frequencies of vibration loads.
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FI1GURE 5: Absorption of S and P waves at the sponge boundary.

TaBLE 1: Yield stresses and corresponding plastic strains at different
embedded depths.

Yield stress (kPa) 40 120 160 195
0-20m 2.8e—5 5le—4 0.0018 0.021
Before scourin 20-40m  14de—5 2.6e—4 92e—4 0011
[ &  40-60m 1le—5 2.0e—4 7.2e—4 0.009
&
Below g o, 6 18¢—4 64e—4 0.008
60 m
0-20m 25e—5 45e—4 0.0016 0.019
After scouring 20-40m 1.3e-5 2.5e-4 88e-4 0.010
sp
[ Below ) 15 20e—4 7.3e—4 0.009
40 m
0.2 -

0.15 +

0.1 |-

0.05 +

Displacement atop the caisson (m)

0 0.5 1 1.5 2 2.5 3
Frequency (Hz)

- = - Before scouring-FEM

- - After scouring-FEM

—— Before scouring-simplified method
—— After scouring-simplified method

FIGURE 6: Dynamic response of caisson before and after scouring.

Notice that the displacement amplitude after scouring shows
an increasing trend compared with that before scouring,
while the resonant frequency shows a decreasing trend. The
maximum displacement deviation between the results of the



simplified method and the FEM after scouring is about
13.3%. This is partly attributed to the limitation of the plane
strain assumption in considering three-dimensional prob-
lems, which slightly magnifies the stress loss caused by the
scour hole. Finally, time histories of lateral displacement
atop the caisson when the frequency equals to 1.4 Hz before
scouring and the frequency equal to 1.2 Hz after scouring
have been extracted to make a further comparison between
the FEM and the proposed simplified method, as shown in
Figures 7 and 8. These comparisons show that the simplified
method agrees well with the FEM, ensuring the reliability of
the simplified method.

4. Simulation of the Scour Holes and
Parametric Study

In order to further explore the effect of the scour hole on the
lateral dynamic characteristics of the caisson foundation, the
caisson foundation adopted in the FEM is used for analysis.
A parametric study was conducted to evaluate the effects of
scour depth, scour width, and scour slope angle on the
responses of the caisson. The scour width varied from 0.2B,
B, 5B to 10B, whereas the scour depth (S, =0.3d) and scour-
hole slope angle (8=30°) were kept unchanged. Four scour
slope angles (0=1°, 5°, 10°, and 30°) were considered to
evaluate their effects on the responses of caisson when the
scour depth was 0.3d and the scour width was 0.2B. Three
scour depths (S;=0.15d, 0.3d, and 0.45d) were investigated
when the scour width was 0.2B and the scour-hole slope
angle was 30°. The corresponding working conditions of
scouring are summarized in Table 2. Here, S,,=0.2B (18 m),
0=30°, and S;=0.3d (20m) were selected as reference
values.

4.1. Effect of Scour Width. Figure 9 shows the dynamic lateral
displacement atop the caisson after scouring as a function of
the frequency computed by the simplified method at four
different scour widths. It can be seen that the dynamic
displacement increased significantly with scour width at an
accelerating rate. The percentage increases in the peak value
of the displacement compared with the no scouring con-
dition are 70.1%, 112.7%, 141.7%, and 146.8% when scour
width varied from 0.2B to 10B. The total amplitude change in
the peak displacement caused by the scour width is about
76.7%. It can also be found that the resonant frequency of the
foundation changes very little under different scouring
widths. The resonant frequency and the peak value of the
displacement when the scour width was 5B are basically the
same as when the scour width was 10B, which indicates that
the effect of the scour width was found to be the same as that
at complete removal of the soil layer when the scour width
was greater than 5B. This phenomenon can also be observed
from the stress-strain hysteresis curves of the surface soil
around the caisson under different scour widths, as shown in
Figure 10. The stress-strain curve gradually slopes down-
ward as the scour width increases, and the peak value of
curves approached a constant when the scour width
exceeded 5B. Therefore, it can be known that the traditional
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TaBLE 2: Working conditions of scouring.

Working conditions Sa S

w

W1 0.3d 0.2B 30°
w2 0.3d B 30°
W3 0.3d 5B 30°
W4 0.3d 10B 30°

Al 0.3d 0.2B 1
A2 0.3d 0.2B 5°
A3 0.3d 0.2B 10°
A4 0.3d 0.2B 30°

S1 0.15d 0.2B 30°

Variation of scour depth S2 0.3d 02B  30°
S3 0.45d 0.2B 30°

Variation of scour width

Variation of scour slope angle

method of completely removing the soil layer is conservative
for the scouring analysis. The percentage difference of the
peak value of the dynamic displacement atop the caisson
between case W1 and case W4 can reach 45.4%.
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FIGURE 10: Stress-strain hysteresis loops of the surface soil under
different scour widths.

4.2. Effect of Scour Slope Angle. The effects of the scour-hole
slope angle on the dynamic lateral displacement atop the
caisson are shown in Figure 11. An increase in the scour-hole
slope angle decreased the dynamic response of the caisson.
The percentage increases in the peak value of the dis-
placement compared with the no scouring condition are
70.1%, 90.5%, 111.7%, and 129.4% when the scour slope
angle varied from 30° to 1°. A decrease in the slope angle
from 30° to 1° results in an increase in the displacement by
approximately 59.3%. This stems from the fact that a smaller
scour-hole slope angle means less overburden soil remaining

0.3

0.25

0.2+

Displacement (m)

0.1

0.05

0 0.5 1 1.5 2 2.5 3
Frequency (Hz)

-B- Al-scour slope angle 1°
-&- A2-scour slope angle 5°
-A- A3-scour slope angle 10°
-@- Ad4-scour slope angle 30°

FiGUure 11: Dynamic response of caisson foundation under dif-
ferent scour slope angles.

above the post scour groundline, consequently, more soil
resistance is induced. Similar to the previous comparisons, it
can also be found that the dynamic response of case Al
almost coincided with that of case A2, and the maximum
difference of displacement between case Al and case A2 is
17.7%, which is relatively small for practical engineering. It
can be concluded that the scour slope angle effect could be
ignored when the scour slope angle was smaller than or
equal to 5°. Compared with the effects of the scour slope
angle, the variation of the dynamic response caused by the
effect of scour width becomes more notable when scour
depths are the same. This similar trend also reflected in the
stress-strain hysteresis curves of the soil around the caisson,
as shown in Figure 12. The smaller the scour slope angle is,
the soil stress-strain hysteresis curve gradually slopes
downward, that is, the increase in the strength of soil
nonlinearity.

4.3. Effect of Scour Depth. 'The effects of the scour depth on
the dynamic lateral displacement atop the caisson are shown
in Figure 13. Here, three different scour depths 0.15d, 0.3d,
and 0.45d are discussed. Considering the effect of scour
depth on the resonant frequency, the value of resonant
frequency gradually decreases with the increase in the scour
depth around the caisson, which is different from the effect
of the scour width and scour slope angle on the resonant
frequency of the foundation; and the percentage increases in
the peak value of the displacement compared with the no
scouring condition are 14.4%, 70.1%, and 242.1% when
scour depth varied from 0.15d to 0.45d. It shows an obvious
nonlinear increasing trend compared with the effect of scour
width and scour slope angle. The main reason for this
phenomenon is that the soil loss around the caisson leads to
the weakening of the lateral restraint of foundation, and the
change of the stress state of the remaining soil may be the
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FIGURE 12: Stress-strain hysteresis loops of the surface soil under
different scour slope angles.
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FIGURE 13: Dynamic response of caisson foundation under dif-
ferent scour depths.

second important factor resulting in the increase in the
displacement. Figure 14 shows the stress-strain hysteresis
curves of the soil around the caisson under different scour
depth. It can be seen that the strength of soil nonlinearity is
the other factor affecting the dynamic response of the
foundation. The greater the scour depth, the larger the
strength of the soil nonlinearity around the foundation and
the greater the displacement response of the foundation.
From the above analysis, it can be drawn that the scour
depth is the most important factor among the three scour-
hole dimensions (scour depth, scour width, and scour slope
angle) influencing the dynamic responses of the laterally
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FIGURE 14: Stress-strain hysteresis loops of the surface soil under
different scour depths.

loaded foundation. Obviously, it should be worth paying
more attention on the effect of scour depth on the dynamic
response of the foundation. Whether the effect of the scour
slope angle and the scour width on the dynamic charac-
teristics of foundation is still affected by the scour depth
should be further investigated. Therefore, the effect of scour
slope angle and scour width on the dynamic characteristics
of foundation are discussed when the scour depth is 0.15d
(10 m). The working conditions are summarized in Table 3.

The lateral dynamic displacement of the caisson as a
function of frequency under different scour widths and scour
slope angles are shown in Figures 15 and 16. Compared with
Figures 9 and 11, the overall trend of the results is roughly
consistent with the change pattern given in Figures 15 and 16;
however, the variation amplitude of dynamic responses is
significantly reduced with the change of scour width and
scour slope angle when scour depth is at a low value. The
degree of displacement increase became more notable under a
higher scour depth. This is mainly attributed to the small
change in the stress state of the soil around the caisson. In the
meantime, it can also be found that the scour width effect
could be ignored when the width was greater than or equal to
5B and the scour slope angle effect could be ignored when the
scour slope angle was less than or equal to 5°.

It is worth noting that there are two major limitations
that need to be addressed for the simplified method. First, a
gap will occur between the caisson foundation and soil, and
this effect was not considered in this simplified method.
Second, the proposed model for evaluating the dynamic
response of the caisson is based on the plane strain hy-
pothesis, as well as the scour hole around the caisson
foundation. More accurate analysis needs to be studied
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TaBLE 3: Working conditions with scour depth at 0.15d.

Working conditions Sa S

w

WS1 0154  0.2B 30°
WS2 0.15d B 30°
WS3 0.15d 5B 30°
WS4 0154 10B 30°

AS1 0154  0.2B 1°
AS2 0.15d  0.2B 5°
AS3 0154  0.2B 10°
AS4 0.15d  0.2B 30°

Variation of scour width

Variation of scour slope angle

0.2

0.1 +

Displacement (m)

0 0.5 1 1.5 2 2.5 3
Frequency (Hz)

-A- WSl-scour width 0.2B
-©- WS2-scour width B
-B- WS3-scour width 5B
-&- WS4-scour width 10B

Figure 15: Effect of scour width on the dynamic response of
caisson foundation (S;=0.15d).
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Fi1Gure 16: Effect of slope angle on the dynamic response of caisson
foundation (S;=0.15d).

further through a three-dimensional model. However, given
its simplicity, the proposed method can still obtain the
dynamic response of the scoured caisson foundation from a
qualitative perspective.

5. Conclusions

In this paper, the dynamic characteristics of the caisson
foundation before and after scouring have been studied. A
simplified method was developed to evaluate the effects of
the scour-hole dimensions on the responses of the laterally
loaded caisson in layered soils. The influence of three factors
of the scour-hole dimension on the dynamic characteristics
of the foundation is discussed. The following conclusions
can be drawn:

(1) Scour depth is the most important factor influencing
the dynamic displacement and resonant frequency of
the laterally loaded caisson foundation, whereas the
scour width does less and the slope angle does the
least. An increase in scour depth significantly in-
creases the lateral displacement and decreases res-
onant frequency of foundation.

(2) An increase in scour width and scour slope angle
correlates with an increase in dynamic displacement
of the caisson at first, and then the peak value of
displacement remains constant with the increase in
the scour width and scour slope angle. It can also be
found that the effect of scour width could be ignored
when the width was greater than or equal to 5B and
the effect of scour slope angle could be ignored when
the scour slope angle was less than or equal to 5°.

(3) The overall trend of the result is roughly consistent
with the change pattern when scour depth is at
different values, and it is found that the degree of
displacement increases more significantly when the
sour depth is at a larger value.

Appendix

The stiffness and damping coeflicient of the distributed
horizontal and rocking springs of soil k,;, ¢,; and k,;, c,; can
be given as [16]

1

ky = P (Kp, — Kp)- (A1)
1

Cxi = 4 (Cun = C), (4.2)
1 I 1,

kri =H<K”,—Kr+§d Kh—gd Khh)’ (A3)
1 1 1

C,i = E (Crr — Cr + gdzch — gdzchh)’ (A4)

where
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<) (a14
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a\2
py = 0.4+ 0.12(5) : (A.17)

where G, v, and V are the shear modulus, Poisson’s ratio,
and shear wave velocity of soil.
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