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0is paper proposes a simplified method to analyze the bearing behavior of pile undergoing cyclic lateral load. Firstly, a modified
strain model is proposed by utilizing the Duncan–Chang model to describe the stress-strain behavior of soils in the strain wedge.
0en, a cyclic degradation model of soft clay considering the accumulation of plastic strain and pore water pressure is presented
based on the cyclic triaxial test. Combining with the modified strain wedge model and degradation model of soil, a simplified
method is established for the cyclic laterally loaded pile. 0e accuracy of the present method is verified by comparing it with
existing model tests. 0e results show that the pile lateral displacement and strain wedge depth increase with the number of cycles
and cyclic load amplitude. It is necessary to consider the effect of cumulative pore water pressure during the analysis of cyclic
laterally loaded pile embedded in soft clay.

1. Introduction

Piles supporting offshore engineering structures are mainly
subjected to cyclic lateral loads, such as wind, waves, and
currents, which may cause large lateral displacements of pile
body and attenuation of bearing capacity. 0e major reason
for these phenomena is that the soil strength would be
degraded due to the accumulation of plastic strain caused by
cyclic loads [1]. Many precious approaches have been
proposed to investigate the bearing behavior of pile under
cyclic lateral loads, including simplified p-y curve methods
[2–4] and finite element methods [5–8]. 0e mentioned
simplified p-y methods consider soil degradation by scaling
down the ultimate lateral resistance of soil or the stiffness of
p-y curve. However, these p-y curve methods may not be
applicable to offshore piles under cyclic loads with a large
number of cycles, for they are mainly proposed based on the
lateral loading tests of small-diameter pile under small cycle
numbers, without directly considering the effect of cyclic
loading amplitude and cycle number [9]. Based on

degradation stiffness model in sand, Achmus et al. [6] and
Hu et al. [7] developed finite element methods to study the
bearing behavior of pile under cyclic lateral loads. 0e most
important advantage of these finite element methods is that
they can determine the stress distribution and degree of soil
degradation of pile surrounding soil. However, their cal-
culation process is much more complicated and not con-
ducive to engineering applications. In addition, the above
studies have been mostly conducted on sand, which may be
not suitable for the piles in soft clay. Compared with rigid
pile in sand [6, 7, 10], piles installed in soft clay often behave
as flexible soil-pile systems [11], and the accumulation of
pore water pressure in soft clay cannot be ignored for it
would cause the degradation of soil strength [12].

Unlike the complicated finite element methods, Norris
[13] originally proposed the strain wedge model (SW
model), which can obtain the stress distribution of pile
surrounding soil, to calculate the appropriate reaction
modulus of pile surrounding soil from the soil strain in the
three-dimensional passive wedge in uniform soil.
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Subsequently, Ashour et al. [14] extended Norris’s method to
deal with layered soil in the strain wedge. However, the used
stress-strain relation in Norris’s method was developed
based on limited experiment data and difficult to be applied
in the analysis of pile under cyclic lateral loads [15]. Besides,
the assumption of linear displacement of piles in SW model
would cause some contradictions with the actual bearing
behavior of piles [16].

0e objective of this study is to investigate the bearing
behavior of laterally loaded piles considering cyclic soil
degradation. Amodified SWmodel is introduced to examine
the stress distribution of pile surrounding soil. Besides, a
cyclic degradation model of soft clay considering the ac-
cumulation of plastic strain and pore water pressure is
proposed based on cyclic triaxial tests. 0en, a simplified
method to analyze the bearing behavior of piles under cyclic
lateral loads is presented by applying the cyclic degradation
model into the modified SW model. Finally, the proposed
simplified method is verified by comparing the model
predictions with results obtained from model tests.

2. Modified Strain Wedge Model

2.1. Basic Concept of SW Model. 0e aim of SW model
proposed by Ashour et al. [14] is to determine the subgrade
reaction modulus in the following differential equation:

EI
d4y
dz

4 + k(z)y � 0, (1)

where EI and y denote the flexural stiffness and lateral
deflection of pile, respectively, and k(z) is the subgrade
reaction modulus at a depth of z, which is defined as follows:

k �
p

y
, (2)

where p is the soil resistance per unit length of pile and can
be calculated by SW model.

As shown in Figure 1, a three-dimensional passive wedge
of soil is developed in front of the deflected pile in SW
model. 0e passive soil wedge is described by the base angle
βm, fan angle φm, and depth of the passive wedge H. 0e pile
embedded length is L, and the depth of the passive wedge H

is equivalent to the depth of first zero-deflection point of
pile. 0e lateral deformation of pile is assumed to vary
linearly with depth, and the rotation angle of pile δ is
consistent along pile shaft (see Figure 1(b)) [14]. 0e soil
stress condition in the passive wedge can be determined by
using triaxial test. 0e lateral earth pressure coefficient K0
can be assumed to be 1 owing to pile driving effect. Hence,
the major principle stress change in the direction of pile
movement Δσh is equal to the deviatoric stress in the triaxial
test, and vertical stress σv in the subgrade is taken as con-
fining stress in the triaxial test. With the increase of the
lateral load acting on the pile head, the size and stress level of
passive soil wedge would change accordingly. φm also de-
notes the mobilized internal friction angle of soil. 0e re-
lationship of βm, width of the wedge face BC at depth z, and
φm can be obtained as follows [14]:

βm � 45∘ + φm,

BC � D + (H − z)tan φm tan βm,
(3)

where D represents the diameter of pile. For square piles, D

can be calculated in the form of equal perimeter.
0e soil resistance p at depth z is written as follows:

p � S1BCΔσh + 2S2Dτ , (4)

where S1 and S2 are pile shape factors which equal 0.75 and
0.5 for circular pile, and both equal 1 for square pile, re-
spectively. τ denotes the mobilized pile side shear stress,
which can be calculated as follows [14]:

τ
τult

�
12.9yD − 40.5y

2
D

2
, (x< 6m),

32.3yD − 255D
2
, (x> 6m),

⎧⎪⎨

⎪⎩
(5)

where the units of y and D are centimeter and meter, re-
spectively. τult is the ultimate shear stress of surrounding soil
acting on pile shaft and given as τult � ζSu, in which Su and ζ
are undrained shear strength and adhesion factor, respec-
tively. ζ is equal to 0.5, 1 − (Su − 25)/90 and 0.5 for
Su ≤ 25 kPa, 25 kPa< Su ≤ 70 kPa, and Su > 70 kPa,
respectively.

2.2. Modifications of SM Model. 0e modifications of SM
model mainly include two aspects: (1) based on the non-
linear deformation assumption of single pile, the relation-
ship between lateral deflection of pile and lateral strain of soil
in passive wedge is established; (2) the Duncan–Chang
model is introduced to describe the stress-strain relationship
of clay.

In the SM model proposed by Norris’s group [13, 14],
the lateral deformation of pile is assumed to vary linearly
with depth, and the rotation angle of pile δ is consistent
along pile shaft (see Figure 2(a)). However, the actual
rotation angle of the lower part of pile should be less than
the assumed one, which would lead to a discrepancy with
the actual conditions [15, 16]. 0erefore, this work in-
troduces the nonlinear deformation assumption pro-
posed by Xu et al. [16] for laterally loaded pile in sand. As
shown in Figure 2(b), the strain wedge-pile system is
divided into a series of segments or layers with thickness
h. 0e strain of the ith strain wedge is εi, and the dis-
placements at the upper and lower interfaces of the ith
pile segments are yi− 1 and yi, respectively. 0e rotation
angle of pile is assumed to vary with depth and satisfy the
following equation:

δi �
dy

dz
 

i

,

�
yi− 1 − yi

h
.

(6)

Meanwhile, the rotation angle also has the following
relationship with εiand φmi [13]:
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δi �
ci

2

�
1 + ]i( εi

2
cos φmi,

(7)

where ci and ]i are the shear strain and Poisson’s ratio of the
ith soil layer, respectively. φmi is the fan angle of the ith
passive soil wedge.

0en, the Duncan–Chang model [17] is used to obtain
the Δσh ∼ ε relationship as follows:

Δσhi
�

εi

1/Eini(  + Rfεi/Δσhfi 
, (8)

where Rf is the failure ratio within the range of 0.75–1.
Eini � KePa(σvi

′ /Pa)n denotes the initial elastic modulus, in
which Ke and n are the calculated parameters within the
range of 20–200 and 0.5–0.8 for clay [18], respectively. Pa �

101 kPa represents the standard atmospheric pressure. Δσhfi
is the deviatoric stress σsfi at failure and can be expressed as
follows:

Δσhfi � σsfi|failure,

�
2ci cos ji + 2σvi sin ji

1 − σvi sin ji

,
(9)

where ci and φi are the cohesion and internal friction angle
of the ith soil layer, respectively, which can be determined by
unconsolidated undrained (UU) triaxial test.

0e mobilized internal friction angle φmi can be deter-
mined according to the stress level of soil in strain wedge (see
Figure 3):

sin φmi �
Δσhi

Δσhi + 2σvi + 2ci/tan φi( 
. (10)

With the increase of lateral load, the stress level of soil in
strain wedge increases continuously until approaching the
ultimate state. 0en, the soil reaction at pile side reaches the
ultimate soil resistance pu and can be expressed as follows
[19]:

pu � S110Su + S22Su( D. (11)

yl

yi

y2

y1

y0
y0

εiHH

δ

ε2

δ1

δ2

ε1 h

(a) (b)

Figure 2: Displacement distribution of pile in SW model. (a)
Linear displacement of pile in SWM. (b) Nonlinear displacement of
pile in SWM.
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Figure 1: Basic strain wedge model [14]. (a) 0ree-dimensional wedge in front of pile. (b) Deformation of pile and vertical wedge profile.
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2.3. Calculation of SMModel. 0e finite difference method
is used to solve (1), and the soil-pile system is evenly divided
into NL(� L/h) elements or layers with thickness h, and the
soil-pile system within strain wedge range is divided into
NH(� H/h) segments. Combining with the lateral force and
bending moment constraints of pile head and pile end, the
differential solution equations of pile-strain wedge system
are expressed as follows:

[K][Y] � [P], (12)

where [K] is the pile stiffness matrix of order
(N + 1) × (N + 1). [Y] and [P] are the vectors of pile
displacement and lateral load of (N + 1), respectively. 0e
specific solution of (12) can be referred to in [20, 21].

Combining equation (4) and equations (6) and (7), the
subgrade reaction modulus of soil within the depth of strain
wedge can be obtained as follows:

ki �
pi

yi− 1 + yi( /2
, 1≤ i≤NH. (13)

0e subgrade reaction modulus below the strain wedge
varies linearly with depth and can be expressed as follows:

ki � ηhz, NH < i≤NL, (14)

where ηh is the coefficient of the subgrade reaction [22].
Figure 4 shows the specific process for solving the static

response of laterally loaded pile by utilizing the modified SM
model. 0e corresponding computational program has
developed using MATLAB software [23]. Based on the
proposed procedure, the stress and strain levels of pile
surrounding soil under different load levels can be deter-
mined for different depths. To facilitate calculation, the
initial displacement value of pile in Figure 4 can be deter-
mined according to the solution solving by elastic-plastic
analyzing method [24].

3. Degradation Model of Soft Clay under
Cyclic Loading

For the lateral loading conditions, the stress states of soil in
the strain wedge under static load are similar to the static
triaxial test and undrained cyclic triaxial test, respectively. In
other words, the vertical stress σv is equivalent to confining
pressure and lateral stress increment is equivalent to cyclic
deviatoric stress σcyc. During cyclic triaxial test, with the
increase of the number of cycles, cumulative plastic strains
and pore water pressure would occur in the soil sample,
which leads to the decrease of effective stress and further
causes the weakening of the secant stiffness of clay and the
increase of pile lateral displacement. Assuming that the
elastic strain can be negligible, the degradation of secant
stiffness after N cycles EsN can be described by the cumu-
lative plastic axial strains and pore water pressure as follows:

EsN

Es1
�

σcyc − uN /εa
N

σcyc/ε
a
N�1

,

�
σcyc − uN

σcyc

εa
p,N�1

εa
p,N

,

(15)

O′

O

C

c/tanφ

φ

φm

σ1

Δσhf

Δσh

σ3

Figure 3: Relationship between friction angle and stress level of
soil.

Soil: γ, c, φ, Su, Rf, v, Ke, n
Pile: L, EI, D
Load at pile head: P0

The soil-pile system is divided into NL segments with a
discrete value of h

Assume an initial displacement
vector [Y0] of pile, and yi = [Y0]i

Assume initial strain wedge depth H0 is equivalent to the
depth of the first pile zero-deflection point, and NH = H0/h

For 1 ≤ i ≤ NH, ki = pi/yi; for NH ≤ i ≤ N,
ki = ηhz. Substitute ki into eq. (1) to solve pile

response [Y] using finite difference method and
determine the strain wedge depth H

Output pile displacement vector [Y].
Obtain εi, ∆σhi of soil sublayer

Yes

No|[Y] – [Y0]| ≤ 10–5

|H – H0| ≤ 10–5 |Y
0| 

= 
[Y

]

For 1 ≤ i ≤ NH, substitute yi into eq. (7) to solve for δi. 
Combine eqs. (8), (9), and (11) to calculate φmi, εi, and ∆σhi.
Utilize eqs. (6) and (4) to calculate τi and BCi, and then use

eqs. (5) and (12) to determine pi and pui. Determine the
relationship between pi and pui. if pi > pui, let pi = pui

Figure 4: Flowchart for procedure of modified SW model.
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where εa
p,N�1 and εa

p,N are the plastic strains of soil after first
cycle and N cycles of cyclic deviatoric stress σcyc, respec-
tively. εa

N�1 and ε
a
N are the vertical strains after first cycle and

N cycles, respectively. uN is the pore water pressure after N
cycles, and Es1 is the secant stiffness after the first cycle.

3.1. Semiempirical Formulas forCumulative Plastic Strain and
Pore Water Pressure of Soft Clay. According to (15), the
cumulative plastic strain and pore water pressure are key
parameters to determine the degradation degree of clay.
Triaxial test results [25, 26] show that εa

p,N and uN of soft clay
are related to the amplitude of cyclic deviatoric stress and the
number of cycles. Based on triaxial tests, many scholars have
fitted the curves of εa

p,N ∼ N and uN ∼ N to obtain the
semiempirical calculation formulas of cumulative plastic
strain and pore water pressure of soft clay, which have been
widely applied in engineering [27–30]. Here, based on the
results of cyclic triaxial test [25] and considering the increase
of cumulative pore water pressure, two semiempirical for-
mulas cumulative plastic strain and pore water pressure of
soft clay are proposed as follows:

εa
p,N � εa

p,N�1N
aεηd

bε( ), (16)

u
r
N � u

r
N�1N

auη
bu
d

( 
, (17)

where ηd � σcyc/σsf denotes the cyclic stress ratio of pile
surrounding soil, that is, the ratio of cyclic deviatoric stress to
ultimate static deviatoric stress which satisfies σsf � (σ1 − σ3)f.
ur

N � uN/σ3 and u1
r � u1/σ3 denote the ratios of cumulative

pore water pressure and initial pore water pressure to minor
principal stress σ3. aε, bε, au, and bu are corresponding fitting
regression parameters, which can be determined by cyclic
triaxial test. 0en, εa

p,N�1 can be calculated as follows:

εa
p,N�1 �

σcyc
Ein 1 − σcyc/σsf 

−
σcyc
Eur

, (18)

where Eur is unloading elastic modulus and is 1 to 3 times of
the initial elastic modulus Ein [17].

3.2.Determination andValidation of Semiempirical Formulas
Parameters. Liu et al. [25] conducted a series of undrained
cyclic triaxial tests on soft clay and obtained the cumulative
plastic strain and pore water pressure curves of soil under
different cyclic stress ratios. 0e parameters of equations
(16) and (17) can be obtained by fitting the test results.
Typical regression parameters are found for cumulative
plastic strain to be aε � 0.594 and bε � 1.908, and for cu-
mulative pore water pressure to be au � 0.828 and
bu � 1.124. 0en, the regression equation of the initial pore
water pressure ratio is expressed as follows:

u
r
1 � 0.06125η1.6085

d . (19)

Equations (16) and (17) with the given parameters are used
to fit the results of cyclic triaxial tests by Liu et al. [25], and the
fitting results are shown in Figure 5. It is found that the two
semiempirical formulas presented in this paper have sufficient

accuracy and can better reflect the engineering characteristics
of soft clay undergoing cyclic loads. Furthermore, substituting
equations (16) and (17) into equation (15), the stiffness at-
tenuation of soft clay can be reasonably simulated.

4. Calculation Method of Pile Lateral
Displacement under Long-Term
Cyclic Loading

In this section, the modified SM model and degradation
model of soft clay are used to calculate the pile lateral
displacement under long-term cyclic loading with the
constant loading amplitude Pmax and the number of cycles
N. Firstly, based on the quasistatic method, the modified SM
model is adopted to calculate the distribution law of stress
and strain of pile surrounding soil undergoing the static load
Pmax along the depth. Based on the stress state determined by
the modified SMmodel, the distribution of cyclic stress ratio
of pile surrounding soil can be obtained, and then the at-
tenuation stiffness of soil after N cycles can be calculated
according to the degradation model of soft clay. Finally, the
attenuation stiffness is introduced into the modified SW
model to calculate the lateral displacement of pile. 0e
specific calculation steps are as follows:

(i) Step 1. Determine ηdi. Let P0 � Pmax, and input the
parameters of pile and soil into flowchart (Figure 4).
Based on the modified SW model, the lateral dis-
placement of pile under load P0 is calculated. 0en,
the increment of lateral stress Δσhi and lateral strain
εi of the ith soil layer at different depths are ob-
tained. Letting σcyci � Δσhi and taking Δσhi as the
amplitude of cyclic deviatoric stress, the corre-
sponding cyclic stress ratio of pile surrounding soil
ηdi � σcyci/σsfi is determined.

(ii) Step 2. Determine εa
pi,N, uNi, and EsNi. Calculate the

cumulative plastic strain εa
pi,N and cumulative pore

water pressure uNi of the ith soil layer in strain
wedge subjected to different cyclic stress ratios by
using equations (16) and (17). 0en, substituting
εa

pi,N and uNi into equation (15), the attenuation
stiffness EsNi of the ith soil layer in strain wedge
after N cycles can be obtained.

(iii) Step 3. Determine the stress-strain relationship of
each soil layer during the Nth loading process. As
shown in Figure 6, unlike the static loading process,
the soil stiffness is attenuated due to the cumulative
plastic strain and pore water pressure in soft clay. If
the elastic strain during the reloading process is not
considered, the stress-strain relationship of the ith
soil layer during the Nth loading process can be
approximated as follows:

Δσhi �

EsNiε, ε≤ εap,Ni ,

ε
1/Eini(  + Rfε/Δσhfi 

, ε> εap,Ni .

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(20)

Advances in Civil Engineering 5



(iv) Step 4. Letting P0 � Pmax, and replacing equation
(20) with equation (8) and substituting it into the
flowchart of SW model procedure to consider the
effect of cyclic load, the lateral displacement and
internal force of pile are calculated when there is
lateral cyclic load acting on the pile head.

Based on the above four steps, the authors utilize
MATLAB [23] to compile a corresponding calculation
program for the analysis of laterally loaded piles considering
cyclic soil degradation.

5. Verification and Discussion

In this section, a comparison with existing model tests is
conducted to verify the proposed method. Liao et al. [11]
carried out a series of 1 g model tests to study the response of
flexible pile under static and one-way cyclic loading on
marine clay. 0e model pile was a circular PVC tube with a
total length of 1000mm and an embedded length of 700mm.
0e outer diameter and wall thickness of the model pile are
50mm and 5mm, respectively. 0e loading position is
100mm below the pile head. 0e bending stiffness of model
pile is 0.4 kN · m2, and the unit weight of soil is 17.82 kg/m3.
0e undrained shear strength of soil varies linearly with
depth and can be expressed as Su � 1.2 + 3.24z. 0e other
selected parameters of soil are given in Table 1.

0e present modified SW model is applied to calculate
the load-displacement curve at loading position and dis-
placement distribution of pile under different lateral cyclic
loads. 0e comparison between the calculated results and
test results are shown in Figure 7. It is noted that the results
predicted by the proposed method are almost consistent
with those results from tests. It also shows that the modified
SW model can effectively simulate the bearing behavior of
pile in soft clay under static lateral load.

When the lateral displacement of pile at the loading
position is 0.2D, the pile reaches the ultimate bearing state
[31]. According to Figure 7, the ultimate static lateral
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Figure 5: Comparison between the results of prediction and cyclic triaxial test [25]. (a) Simulation of εa
p,N ∼ Ncurve. (b) Simulation of
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r ∼ Ncurve.
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Figure 6: Relations of stress-strain of the soils during the
Nthloading process.
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capacity of the model pile Pu is approximately 100N. In
literature [11], three sets of cyclic loading tests with the
loading amplitudes of 0.3Pu, 0.45Pu, and 0.6Pu were also
carried out by one-way cyclic loading.0e proposed method
is applied to fit these tests and validate itself. Since the
engineering properties of the test soil are similar to the soil
sample of the cyclic triaxial test in literature [25], those
fitting parameters in literature [25] are used in this fitting
process. As well known, clay in different regions has different
cyclic softening characteristics. For specific cases of cyclic
laterally loaded pile, the fitting parameters of cyclic degra-
dation model should be obtained by cyclic triaxial test on in-
site sample. 0e proposed fitting parameters are only for
reference.

Figure 8 depicts the comparison between the results
calculated by the present method and the test results under
different cyclic loading amplitudes. As shown in Figure 8, y1

and yN are the peak lateral displacement of the pile at

loading position after the 1st cycle and the Nth cycle, re-
spectively. yN/y1 represents the development degree of
displacement and can reflect the softening degree of pile
lateral stiffness; that is, (Pmax/yN)/(Pmax/y1) � y1/yN.

It is found that the results obtained by the present
method are in good agreement with the test results. As the
number of cycles and the load amplitude increase, the lateral
displacement of pile shaft increases, but the pile lateral
stiffness decreases. 0is indicates that the simplified calcu-
lation method can reasonably reflect the development of pile
lateral displacement and the degradation of pile lateral
stiffness when the pile in soft clay is undergone long-term
cyclic loading.

Figure 9 shows the influence of cumulative pore water
pressure on the lateral displacement of pile. For the cases of
cyclic load amplitude of 0.45Pu and 0.6Pu, when the effect of
cumulative pore water pressure on the stiffness of pile
surround soil is considered, the development degrees of pile
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Figure 7: Comparison of measured data [11] with calculated results in static test. (a) Load-displacement curve at loading position.
(b) Displacement distribution of pile.

Table 1: Parameters of soil.

c(kPa) φ (∘) ] Ke n ηh(kN/m3)

0.82 17.4 0.49 100 0.68 6000
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displacement are increased by 9% and 13% relative to the
method of ignoring the cumulative pore water pressure,
respectively. It means that the cumulative pore water
pressure has a negative effect on the development of pile
displacement in soft clay, and this negative effect increases
with the cyclic load amplitude. 0erefore, it is necessary to
consider the influence of cumulative pore water pressure in
the analysis of cyclic laterally loaded pile, in the calculation

response of pile in clay, which is also one of the main
differences between clay subgrade and sandy subgrade under
low-frequency cyclic loads.

Figure 10 illustrates the influence of the number of cycles
on the depth of strain wedge. 0e strain wedge depth is an
index reflecting the degree of bearing capacity of pile sur-
rounding soil. It is found that the strain wedge depth in-
creases as the number of cycles and cyclic load amplitude
increase. 0is indicates that the degradation of soil in the
upper strain wedge depth would lead to the deeper soil layers
to participate in resisting lateral movement of pile shaft and
exert its bearing capacity, which also reflects the working
state of the soil-pile system under cyclic loads.

6. Conclusions

In this paper, a simplified method for the analysis of laterally
loaded pile is proposed by combining a modified SW model
with degradation model of soft clay. 0e effectiveness of the
proposed method is verified by comparing with the results of
1g model tests by Liao et al. [11]. Moreover, the study on the
influence of pore water pressure implies that there is a need
to consider the effect of cumulative pore water pressure
during the analysis of cyclic laterally loaded pile embedded
in soft clay. Finally, it is also found that the strain wedge
depth increases as the number of cycles and cyclic load
amplitude increase, which can reflect the working state of the
soil-pile system under cyclic loads.

Compared with the finite element methods, the present
method has a greater advantage in terms of calculation
speed. Compared with p-y curve method recommended by
API, the present method can more effectively reflect the
cyclic softening characteristics of pile surrounding and
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consider the influence of cyclic load characteristics. How-
ever, the research in this paper is currently only applicable to
the cyclic loading conditions with constant amplitude. 0e
calculation of pile under cyclic loading cases with variable
amplitude still needs to be further studied in the future.
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