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Abstract: In this paper we propose a degradation model to describe the damage-dependent behavior of saturated soft clay under
cyclic loading, which is then applied to the analysis of a caisson breakwater. The degree of damage and remolding of soft clay is
quantified by a damage parameter related to the accumulated plastic deviatoric strain. Through the correlation between the
maximum pore pressure and the undrained strength of soft clay, we obtain a damage-dependent degradation model that employs
the post-cyclic undrained strength degradation coefficient in terms of the cyclic stress ratio and the number of cycles. Based on the
Tresca yield criterion, the degradation model of undrained strength of soft clay is numerically implemented in the user interface
USDFLD of ABAQUS. The performance of this model is verified by a comparison between numerical results (finite element
method) and experimental data (cyclic triaxial test). The model is applied to the numerical simulation of a caisson breakwater
resting on a partially sand-filled soft clay seabed under cyclic wave loading. The cyclic stress distribution, pore pressure devel-
opment, and strength degradation of the seabed soil are presented to illustrate the applicability and efficiency of the model in the
analysis of the interaction between offshore structures and soft ground.
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1 Introduction undrained strength of clay may be gradually degraded

(Andersen and Lauritzsen, 1988; Yasuhara, 1994;

As a typical offshore structure, a caisson break-
water is always subject to wave-induced cyclic load-
ing (Oumeraci, 1994; Ulker et al., 2010), which is
thus transferred to the soft clay grounds on which the
superstructures are built. Under long-term cyclic
loading conditions such as ocean wave loading, the
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Chen and Randolph, 2007; Liyanapathirana, 2009;
Mortezaie and Vucetic, 2013; Cai et al., 2017; Guo et
al., 2018). This has been attributed to the continuous
destruction of the soil fabric and the development of
excess pore pressure under undrained conditions
(Kudella et al., 2006; Mortezaie and Vucetic, 2013;
Zhou et al., 2014), resulting in the significant loss of
the bearing capacity of foundations and thus the re-
duction of the stability of superstructures. For exam-
ple, during the construction of the guiding dike in the
Yangtze Estuary, some of the caisson units sank into
the soil for 1-5 m or slid about 20 m away from the
original place when a strong storm attacked this area
in 2002 (Yan et al., 2005). The settlement of the
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vertical caisson breakwater in the Yantai port test
section, China was reported to be up to 1 m after a
long period of wave loading (Yang, 2014). These
cases of deterioration demonstrate that degradation of
the strength of soils should be considered in the
analysis of offshore engineering problems (Xiao et
al., 2016).

Some constitutive models can consider the cy-
clic degradation of the undrained strength of soils
(Lee and Oh, 1995; Allotey and El Naggar, 2008;
Huang et al., 2011; Hu and Liu, 2015). However, the
numerous parameters required by these models may
restrict their practical application to caisson break-
waters. Gerolymos and Gazetas (2006) developed a
Winkler-spring method to capture the cyclic response
of caisson foundations in terms of the separation and
slippage of the caisson-soil interface, the uplift of the
caisson base, and the stiffness and strength degrada-
tion of soft clay. However, such a simplified soil re-
action theory fails to provide any information on the
transition from the elastic to the ultimate limit state of
soil reaction (Karapiperis and Gerolymos, 2014).
Other simplified quasi-static methods (Andersen and
Lauritzsen, 1988; Wang et al., 2005; Andresen et al.,
2008) have also been extensively adopted, but do not
reflect the cyclic degradation process of the soft clay
and thus the undrained strength.

It remains a challenging task to develop a prac-
tical yet robust model with fewer parameters which
addresses the influence of the cyclic strength degra-
dation of soft ground on the stability of structures.
Note that Wang et al. (2016) established an empirical
degradation model based on the assumption that the
undrained strength of soils decreases with the ampli-
tude of cyclic-induced pore pressures. However, the
influence of the damage and remolding of soft clay on
the degradation of undrained strength was not con-
sidered. Therefore, in this paper we refine the previ-
ous degradation model to address cyclic damage-
dependency using a damage parameter related to the
accumulated plastic deviatoric strain to quantify the
degree of damage and remolding of soft clay. The
degradation model employs the post-cyclic undrained
strength degradation coefficient, in terms of the cyclic
stress ratio and the number of cycles, through the
correlation between the maximum pore pressure and
the undrained strength of soft clay. Based on the
Tresca yield criterion, the model of undrained

strength of soft clay was numerically implemented in
the user interface USDFLD of ABAQUS, and applied
to the numerical simulation of a caisson breakwater
resting on a partially sand-filled soft clay seabed.

2 Damage-dependent degradation model of
undrained strength of soft clay

Recent studies indicate that the undrained
strength degradation of saturated clay during cyclic
loading can be attributed to two mechanisms: the
destruction of the soil fabric (Hu et al., 2012a) and the
development of excess pore pressure (Mortezaie and
Vucetic, 2013). Therefore, the degree of damage and
remolding of soft clay can be quantified by a damage
parameter related to the accumulated plastic devia-
toric strain. The degradation of undrained strength
due to the development of excess pore pressure can be
evaluated by the correlation between the maximum
excess pore pressure and the undrained strength of
soft clay.

2.1 Damage parameter

According to previous studies (Liang and Ma,
1992; Hu et al., 2012b), a damage scalar parameter o,
which is related to the accumulative plastic deviatoric
strain &°, can be expressed as

w=1-¢"", (1)

where f represents a positive parameter and controls
the rate of damage accumulation.

Many cyclic loading tests on soft clay have
shown that there is a threshold value of cyclic loading,
below which the accumulated plastic deviatoric strain
will reach a shakedown state (Zhou and Gong, 2001;
Hu et al., 2012b; Cai et al., 2017; Guo et al., 2018). If
the loading level exceeds the threshold value, the
accumulated plastic deviatoric strain will increase
sharply and cyclic failure will be triggered. Therefore,
the following hyperbolic curve is adopted to express
the accumulation of cyclic plastic deviatoric strain
below the threshold value:

N
AN + B’

p

2
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where 4 and B are fitting parameters, and by which
we can guarantee a minimum residual sum of squares
between test data and a fitting curve. N is the number
of cycles. Substituting Eq. (2) into Eq. (1) yields

N
w=1-¢" =1-¢ ﬁAN*B. 3)

2.2 Degradation of undrained strength

During undrained cyclic shearing, the build-up
of excess pore pressure in normally consolidated
saturated soft clay leads to degradation of the un-
drained strength. In Fig. 1, OP represents the normal
consolidation line (NCL), PQ represents the unload-
ing line (UL), and CSL represents the critical state
line. The cyclic degradation due to pore pressure
generation denoted by OQ is considered to behave in
a manner similar to the unloading segment PQ of the
over-consolidated clay (Matsui et al., 1992; Yasuhara
et al., 1992). The stress of soft clay reduces from the

initial confining pressure p;, to the current effective

confining pressure p,,. This is regarded as the stress
release of over-consolidated clay from p; to p,.

The reduction of wundrained strength of over-
consolidated clay depends on the horizontal distance
between points P and Q, and the over-consolidated
ratio can be defined as

OCR = p, / p,- 4

Similarly, the equivalent over-consolidated ratio
is defined as

OCReq =p, /p’Q. (5)

Based on the equivalent over-consolidation con-
cept (Yasuhara et al., 1992, Yasuhara, 1994), the un-
drained strength degradation of over-consolidated clay
due to pore pressure generation can be expressed as

4o

(Cuody _ (o) _ gt (OCR,)"™'« , (6)
(cuO )nc (CUO )“C !

where (cy0), represents the degradation of undrained
strength of normally consolidated saturated soft clay

due to pore pressure generation at point O, (cy0)nc 18
the static undrained strength of soft clay at point O,
(cup)oc 1s the static undrained strength of over-
consolidated saturated soft clay at point O, 4, is an
experimental parameter, and ¢; and ¢, are swelling
and compression indices, respectively.

Ao

NCL

Fig. 1 NCL, UL, and CSL in e-Inp’ plane

According to the principle of effective stress,
Eq. (6) is rewritten in terms of the normalized excess
pore pressure ratio u

4

-1
5 — (Cu())u — 1 I-alee :(l_u*)m’ (7)
' (CuO)nc l_u/p'O
7
=1-— 8
" 1-c¢ /c, ®

where d, is the strength degradation coefficient due to
pore pressure generation. The normalized excess pore
pressure ratio u" is defined as the ratio of the maxi-
mum pore pressure u to the confining pressure p’, and
m is a parameter related to Ay, ¢;, and c..

It has been shown that there is a threshold value
of cyclic loading amplitude which governs the pore
pressure response of soils (Chen et al., 2005). When
the stress amplitude is lower than the threshold value,
the excess pore pressure increases gradually with the
number of cycles, and then tends towards a steady
state (Fig. 2). Therefore, a hyperbolic curve is
adopted in this study to describe the development of
the pore water pressure, as follows:

L— ©)
p CN+D’

5

u =

where C and D are fitting parameters.
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Maximum pore pressure ratio

Minimum pore pressure ratio

Normalized pore pressure ratio

e]

Number of cycles N

Fig. 2 Pore pressure development curve with cyclic
number

Substituting Eq. (9) into Eq. (7) gives:

5u = (CU)U :(1_ N j 5
() CN+D

where (cy), is the degraded undrained strength of
normally consolidated saturated soft clay due to the
pore pressure generation, and (cy). is the static un-
drained strength of soft clay.

(10)

2.3 Damage-dependent degradation model of
undrained strength of soft clay

Based on Egs. (1) and (7), the damage-
dependent strength degradation model can be ex-
pressed as

5={9% _ (1 g5, = (1—awy 1=y, (1)
(cu)nc

(i) (ii)

where J is the ratio of post-cyclic undrained strength
(Cu)ey to the static undrained strength (¢y)nc, and a is a
positive model parameter that controls the degrada-
tion rate of undrained strength under cyclic loading.
Note that Eq. (11) includes items (i) and (ii). Item (i)
accounts for the strength degradation caused by the
soil fabric and has an expression similar to that
adopted by Liang and Ma (1992) and Hu et al.
(2012b). Item (ii), dy, is used to consider the strength
degradation induced by the pore pressure. Therefore,
both the influence of the soil fabric and the accom-
panying pore pressure can be considered concurrently
in Eq. (11).

By combining Egs. (3), (10), and (11), we obtain
the following equation for the strength degradation
coefficient of soft clay:

6: (Cu)cy =(1 _a(l _eiﬁA]\]/\iB )J(l —_ N jm , (12)
(€ N+D

where parameters 4 and B are related to the accumu-
lated plastic deviatoric strain of soft clay, and pa-
rameters C and D are related to the excess pore
pressure and can be considered as a function of the
cyclic stress ratio (CSR), defined as

CSR=g,/p/, (13)
where o4 is the amplitude of the cyclic stress.

The damage-dependent degradation model of
undrained strength of soft clay is then written as

PECYS F(CSR,N)

u’/nc

(
N
:[l_a(l_eﬂmfwmn

1= N '
C(CSR)N +D(CSR) )

(14)

The developed model requires seven parameters
(4, B, C, D, m, a, and p). As functions of the CSR, the
parameters A, B, C, and D can be calibrated directly
from cyclic triaxial (CTX) tests. m is an experimental
parameter dependent on soil properties. Parameters a
and S control the degree of damage and remolding of
soft clay, and can be deduced through CTX tests by
several trial and error attempts, as described in detail
in Section 3.5.

3 Calibration of parameters

The muddy-silty clay near Yantai port, China
was used to calibrate the model parameters using a
series of static and CTX tests reported by Yang
(2014).

3.1 Test procedures

All of the cyclic tests were conducted using a
Global Digital System triaxial apparatus. Fully satu-
rated samples of Yantai muddy-silty clay were first
isotropically consolidated. Then a sinusoidal cyclic
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stress with a cycle period of 8 s was immediately
applied to the samples under undrained conditions.
Four tests were performed to investigate the influence
of the CSR on the degradation of undrained strength.
The number of cycles was set to 1500, which is
proven to be sufficient for the attainment of a constant
value of excess pore pressure and axial strain. An-
other ten tests were conducted to evaluate the influ-
ence of the number of cycles, N, on the degradation of
undrained strength, where CSR was set to 0.4, and the
number of cycles, N, was set as 50, 100, 150, 200,
300, 500, 800, 1000, 1500 or 2000. The CSRs were all
in the range of the threshold value that was deter-
mined as 0.5. The details of the CTX tests are sum-
marized in Table 1.

Table 1 Details of the cyclic triaxial tests

Confining Cyclic  Cyclic

Number of
Sample pressure stress stress )
(kPa) (kPa) ratio cyeles
14 35 35,70, 0.1,02, 1500
10.5,14.0 0.3,0.4
5-14 35 14.0 04 50,100, 150,
200, 300, 500,
800, 1000,
1500, 2000

3.2 Accumulated plastic deviatoric strain

Test data of the accumulated plastic deviatoric
strain are shown in Fig. 3. By comparing the meas-
ured experimental data and the fitting curves by Eq. (2)
with appropriate values of 4 and B, the accumulated
plastic deviatoric strain can be expressed as follows:

N
~ (-8.70CSR +3.76)N +(918.17¢ %)

p

. (15)

3.3 Maximum excess pore pressure

Similarly, proper values of C and D in Eq. (9)
were selected to describe the development of the
maximum excess pore pressure (Fig. 4). Eq. (16),
which employs the normalized maximum excess pore
pressure ratio u, was thus obtained as follows:

. N
" T (C8.55CSR +5.01)N +(=5017.60CSR +2435.06)

(16)
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Fig. 3 CTX test results and fitting curves of accumulative
plastic deviatoric strain
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Fig. 4 CTX test results and fitting curves of normalized
maximum pore pressure ratio

3.4 Values of experimental parameter m

To predict the undrained strength during cyclic
loading using Egs. (7) and (8), it is necessary to de-
termine precisely the experimental parameter m in
both equations. The experimental parameter 4, of
Yantai muddy-silty clay is 0.829, the swelling index
¢s 18 0.035, and the compression index ¢, is 0.205
(Yang, 2014). Therefore, m can be calculated as
0.000324 according to Eq. (8). However, parameter
Ay is found to vary significantly with the soil proper-
ties and testing conditions (Yasuhara, 1994). For
example, values of A, are different for reconstituted
and undisturbed soils, as well as for low and high
plasticity soils. This could greatly affect the accuracy
of m and cast undesired uncertainties on the model’s
reliability. Large deviations will emerge between the
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undrained strength degradation of soft clay predicted
by Eq. (8) and the CTX test data. Based on the review
by lizuka and Ohta (1987), the following empirical
relations obtained by a statistical method (Ue et al.,
1991) can be used to diminish errors:

¢, /¢, =0.185+0.0021,, (17)
A/ (1=¢,/¢,)=0.939-0.0021,, (18)
m=0.0021, +0.061. (19)

The above equations were derived from fitting
the mean trends shown in Fig. 5, based on test data
obtained from (Mayne, 1980). The values of both
parameters c¢y/c. and A, are evaluated by the plastic
index 1, that can be precisely measured in laboratory
tests. The plastic index 7, of Yantai muddy-silty clay
is 17.41, and the value of m is determined to be 0.096
by Eq. (19), which differs from the prediction of
Eq. (8) by orders of magnitude.

o) O

1 1 1 1 I

0 20 40 60 80 100

15¢
(b)
@)
12f  © ©
O 00
o o g0°
= 09F S D O e}
=~ oX O (©)
O @)
- o0 & 000
= 06} o
= o O 00 ©0 Interprgted mean trend
oS
0.3F
00 1 1 1 1 J
0 20 40 60 80 100

Plastic index /p

Fig. 5 Experimental fitting trends
(a) Relationships between cy/c. and I,; (b) Relationships
between Ay/(1—cy/c.) and I,

The parameter m quantifies the degree of
strength degradation induced by the development of
excess pore pressure. Fig. 6 shows that the strength
degradation due to pore pressure development J, is
hardly degraded using Eq. (8), while it is highly de-
graded using Eq. (19), and matches well with the test
data of the undrained strength degradation after cyclic
loading. The latter indicates that the development of
excess pore pressure is the main cause of strength
degradation rather than the destruction of the soil
fabric below a threshold value of cyclic loading,
which is in agreement with previous studies (Hu et al.,
2012b; Yang, 2014). Therefore, Eq. (19) was used to
evaluate the value of m in this study.

1.0F gg%g OoOo 00 god
g INUR- S
2 A o
= A & 99
8 os} N
©
©
o
5 -
8 osl O s byEq. (8)
£ O 5 byEq. (19)
§ A &, by CTX tests
7]
07 1 1 1 1
0.0 0.2 0.4 0.6 0.8

Maximum pore pressure ratio v*

Fig. 6 Influence of various m values on strength degra-
dation coefficients

3.5 Parameters a and S

Parameters o and f are related to the degree of
damage and remolding of soft clay. The values of o
and f are typically in the range of 0-5 for clay (Hu et
al., 2012b). Considering the residual strength of the
soil skeleton (0<l—aw<1), values of a and f are
suggested to vary in the ranges of 0-1.0 and 0-5.0,
respectively.

Fig. 7 presents the influence of different com-
binations of & and £ on post-cyclic strength degrada-
tion coefficients using Eq. (11). The undrained
strength is degraded significantly with increasing
values of a and f. Values of a and f can be obtained
by the least square method as 0.9 and 1.5, respectively.
Fig. 8 shows that the values of ¢ calculated by Eq. (11)
fit the test data well. Values of J are not single-valued
with u because they are also affected by the damage
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parameters that are different under various CSRs,
indicating that the model can consider the effects of
the soil fabric and the accumulation of pore pressures
concurrently.

“
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c [m]
O
28 o og:I m}
€ o) B o o
8 ) O
5 0.9 : £o “o
=T A ) o
K A )
& A
g A
£ A
208}
3 Aa
= O «=0.0, 5=0.0 A,
L2 QO «=05,5=25
s A a=10, =50
‘5‘) 0.7 " " " )
£ 00 0.2 0.4 0.6 0.8

Maximum pore pressure ratio ¢*

Fig. 7 Influence of ¢ and f on post-cyclic strength deg-
radation coefficients
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Fig. 8 Fitting points of Eq. (11) with test data when « is
0.9 and pis 1.5

4 Finite element analysis
4.1 Finite element implementation

The Tresca failure criterion is adopted to evalu-
ate undrained capacity for monotonic or cyclic load-
ing boundary value problems. To guarantee a good
convergence, particularly in the calculation of the
caisson-soft foundation problem, the following as-
sumptions were made: (1) the soil will yield and fail
quickly when the CSR reaches a threshold value; (2)
there exists a lower limit value of the undrained
strength ratio (Einav and Randolph, 2005; Xiao et al.,
2016), and upper limit values of the accumulated

plastic deviatoric strain and maximum excess pore
pressure ratio (Wang et al., 2016). The following five
key steps were used to implement the damage-
dependent degradation model of undrained strength
of soft clay with the Tresca failure criterion in the
finite element program ABAQUS:

1. The confining pressure and stress in the major
direction over the whole soil domain can be obtained
from the field output and stored as two solution-
dependent state variables Sy and S}, respectively.

2. Afterwards, the stress in the major direction of
each soil element can be obtained with the GETVRM
utility routine and stored as the third solution-
dependent state variable S, in each increment. Thus,
the CSR is obtained with the confining pressure S.

3. The undrained strength ¢, for the Tresca
model is defined as a field variable and calculated
based on solution-dependent state variables in each
increment by relating the Tresca model with the
damage-dependent degradation model.

4. Update the Tresca model with the field varia-
ble (cu)ey: the plasticity strain is corrected and the
stress of the soil is renewed based on the yield func-
tion, potential function, and flow rules of the Tresca
model. The updated field variable (c,)cy is employed
as the initial condition in the next increment.

5. If the computing time reaches the designated
time in the implicit dynamic step, then the computing
process will be terminated. Otherwise, steps 2—4 are
repeated and output variables are obtained.

A flow chart of the finite element implementa-
tion of the damage-dependent degradation model of
soft clay based on the Tresca criterion is illustrated in
Fig. 9.

‘ Start  [22RIY \/ertical loads }&o{ Cyclic loading ‘
dynamic

-=>1 So, S1, Sz, CSR }:;{ Increment‘

Updating
field
variable

(Cu)ey

‘ Output variables F:'
No

Reach the
designated time

Jacobian matrix and determinant, [NoYield Calculating the Tresca
renewable of stress yield function

\}d/

Plasticity correction based on Tresca potential
function and flow rules

Elastic rigidity matrix

Elastic tentative
stress

Fig. 9 Flow chart of finite element implementation
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4.2 Numerical results and verification

A numerical calculation of a soil element using
the damage-dependent degradation model of un-
drained strength was performed in ABAQUS to sim-
ulate the CTX tests. The performance of this model
was verified by a comparison between the finite el-
ement method (FEM) results and CTX test data.

4.2.1 Damage parameter @

Fig. 10 presents the finite element predictions of
the damage parameter . Maximum values of w in-
crease with the number of cycles and tend to stabilize
after a certain number of cycles. Maximum values of
w show a tendency to rise as the CSR increases.

0.06
S St st -
) — CSR=0.1, FEM
§ ./" - - CSR=0.2, FEM
s I_/ ...... CSR=0.3, FEM
% / ----CSR=0.4, FEM
£ 0.02F§
@© 1]
o i
N
0.00 : | |
0 500 1000 1500

Number of cycles N

Fig. 10 Finite element predictions of damage parameter o

4.2.2 Normalized maximum excess pore pressure
. *
ratio u

The finite element predictions of the normalized
maximum excess pore pressure ratios u generally
correspond to the test data in Fig. 11 for cyclic stress
ratios of 0.1, 0.2, 0.3, and 0.4. The excess pore pres-
sure increases with the increase of N and CSR, and
generally remains unchanged after a certain number
of cycles. Thus, the accuracy of the finite element
development is confirmed.

4.2.3 Post-cyclic strength degradation of undrained
strength of soft clay

Fig. 12 shows the finite element predictions and
CTX test data of the post-cyclic undrained strength
degradation coefficients of soft clay. The coefficients
show a tendency to decline steeply at first and finally
stabilize as N increases, while they decrease with

increasing CSR. A generally acceptable correlation
between the predictions by the finite element analysis
and test data was achieved for CSRs of 0.1, 0.2, and
0.3 after 1500 number of cycles. The predictions of
the post-cyclic undrained strength degradation coef-
ficients were in good agreement with test data for
CSR=0.4 with a series of numbers of cycles. Thus, the
accuracy of the finite element development and the
cyclic strength degradation model was affirmed.

081 GSR=0.1, FEM O CSR=0.1, CTX tests
¥, [- - CSR=0.2, FEM & CSR=0.2, CTX tests
o [« CSR=0.3, FEM A CSR=0.3, CTX tests
g 0.6F-... CSR=0.4, FEM 0 CSR=0.4, CTX tgsts O
5 Q ................
2 LT
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s 0.4 /,o .
E— ’ ° A AN Lerseenseree

/ D _ _—

E 0.2 A _—e--%- < ©
<
©
=

0.0 > 1 1 1

0 500 1000 1500

Number of cycles N

Fig. 11 Comparison between finite element predictions
and cyclic triaxial test data

5 Numerical case study

The damage-dependent strength degradation
model was applied to the numerical simulation of a
caisson breakwater resting on a partially sand-filled
soft clay seabed. The case study illustrates the ap-
plicability and efficiency of the model.

1.00

“

5 A, FEM

2 , FEM

€ 0951 , FEM

° By --—-CSR=0.4, FEM

8 o o & CSR=0.1, CTX tests

-‘§ oS - A CSR=0.2, CTX tests

— -\'\_ o =

5090} - O CSR=0.3, CTX tests

o B o CSR=0.4, CTX tests

1

o o ul

E u]

2] 085 1 1 1 1 ]
0 500 1000 1500 2000 2500

Number of cycles N

Fig. 12 Finite element predictions and cyclic triaxial test
data of strength degradation coefficient 0
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5.1 Case description

Fig. 13 presents the geometrical parameters of a
caisson breakwater, which is 13 m high and 12 m
wide with a 2-m-high parapet on the top, and con-
structed on a 5-m-high rubble bed. The depth of the
soft layer is 20 m. After replacing the upper soft clay
with a 7-m-deep sand layer, the depth of the remain-
ing soft layer is 13 m. A sinusoidal wave cyclic
loading was applied to the wave side of the caisson.
The types of soil from the top to the bottom are:
backfilled sand, soft clay, and medium sand. The
main soil parameters are summarized in Fig. 13 and
Table 2. In this study, the proposed undrained strength
degradation model was used for the clay, and the
Mohr-Columb model for the sand.

The finite element mesh is shown in Fig. 14.
Plane strain elements were adopted to simulate the
caisson, rubble bed, and soil. Also, nonlinear fric-

tional contact was set up at the soil-structure interface.

Fixed boundary conditions were adopted for the bot-
tom of the numerical model, whereas the free
boundary conditions and symmetry boundary condi-
tions were adopted for the foundation surface and side
surface, respectively. The boundaries were taken as
impervious.

5.2 Responses of the soft layer

In this section, the responses of the soft layer are
presented in terms of the CSR, the maximum excess
pore pressure, and the strength degradation of the
foundation. The distribution of the CSR is first ana-
lyzed, after which the distributions of the maximum
excess pore pressure and strength degradation of the
foundation in relation to the cyclic stress and the
number of cycles are investigated.

5.2.1 Cyclic stress distribution

Cyclic stress distribution of the soft layer is an-
alyzed in terms of cyclic stress ratio in Fig. 15. As the
distribution is hardly affected by the number of cycles
when N>100, only the distribution of N=100 is pre-
sented. It can be seen that the cyclic stress is mainly
distributed at the bottom of the rubble bed, or more
specifically, the distribution mode is bowl-shaped at
the toes and right in the middle of the rubble bed due
to the oscillating motion of the caisson under wave
cyclic loading. Comparing with the cyclic stress in the
middle of the rubble bed and the back side, the cyclic
stress in the wave side (Fig. 14) is somewhat larger.
Maximum values of cyclic stress are generated at the
upper soft layer underneath the toe of the rubble bed.

5.2.2 Maximum excess pore pressure distribution

12 m The maximum excess pore pressure distributions
- of the soft layer after 100 cycles and 500 cycles of
15.29 kPa m 13m wave loading are shown in Figs. 16a and 16b,
3.77 kPa Y
3.10 M 91kP 5m
Backfilled sand 7m Wave side Back side
20m
Soft clay 13 m
5 °p,
60 m
Medium sand
60 m
Fig. 13 Sketch of the numerical case study Fig. 14 Finite element discretization
Table 2 Soil parameters in the simulations
Soil laver Young’s Effective unit Friction Cohesion Vane shear Soil depth
Y modulus (MPa)  weight (kN/m3) angle (°) (kPa) strength (kPa) (m)
Backfilled sand 75 10.0 30.0 0.1 - 7
Soft clay 15 7.9 16.2 10.2 30.92 13
Medium sand 100 10.0 31.6 0.1 - 60
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Fig. 16 Maximum excess pore pressure distributions of
soft layer after 100 (a) and 500 (b) cycles of wave loading
(unit: kPa)

respectively. The generation of maximum excess pore
pressure was concentrated mainly at the toes and in
the middle of the rubble bed, roughly in agreement
with the distribution of the cyclic stress. Maximum
excess pore pressure reached a peak in the upper soft
layer underneath the toe of the rubble bed. However,
some differences are apparent between cyclic stress
areas and maximum excess pore pressure areas after
500 cycles. This is because the cyclic stress areas are
presented in terms of the CSR which considers the
influence of the confining pressure. Furthermore, the
areas of excess pore pressure were significantly af-
fected by the number of cycles, and were greater after
500 cycles than after 100 cycles. Numerical results
show that maximum excess pore pressure is influ-
enced by both the cyclic stress and the number of
cycles.

The excess pore pressure time series at two
typical points, P, and P,, are shown in Fig. 17. The
locations of these two points (Fig. 13) are underneath
the front toe and in the center of the caisson, respec-
tively, in the middle of the soft layer (13.5 m below
the seabed surface). Excess pore pressure can be di-
vided into the oscillating pore pressure and the re-
sidual pore pressure, as observed in previous study
(Wang et al.,, 2014). The maximum excess pore
pressure increased continuously with the number of
cycles and reached 16 kPa after 500 cycles.

(a)

=y -
oo N (e}

Pore pressure (kPa)

£

0 100 200 300 400 500
Number of cycles N

-

Pore pressure (kPa)

0 100 200 300 400 500
Number of cycles N

Fig. 17 Excess pore pressure time series at two typical
points P; (a) and P (b)

5.2.3 Strength degradation distribution

The degraded areas where the strength degrada-
tion coefficients were less than 0.84 were concen-
trated at the toes and in the middle of the rubble
foundation in the upper soft layer, corresponding to
the areas of cyclic stress (Figs. 18a and 18b). How-
ever, an effect of the number of cycles was not dis-
cernible due to the small size of the areas that were
degraded.
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Fig. 18 Strength degradation coefficients of soft layer
after 100 (a) and 500 (b) cycles of wave loading

6 Conclusions

This paper introduces a degradation model to
describe the damage-dependent behavior of soft clay
under cyclic loading conditions. In the model, a
damage parameter that quantifies the degree of
damage and remolding of soft clay was first related to
the accumulated plastic deviatoric strain. The corre-
lation was then established between the maximum
pore pressure and the undrained strength of soft clay
to employ the post-cyclic undrained strength degra-
dation coefficient in terms of the CSR and the number
of cycles. Model parameters were calibrated by a
series of static and CTX tests of muddy-silty clay near
Yantai port. Based on the Tresca yield criterion, the
damage-dependent strength degradation model of
undrained strength of soft clay was numerically im-
plemented in the user subroutine of ABAQUS. Some
conclusions can be drawn as follows:

1. The numerical response of a soil element us-
ing the damage-dependent strength degradation
model of undrained strength was implemented in
ABAQUS to simulate the response of a soil element
in CTX tests below a threshold value of CSR. Results
showed that the maximum values of the damage
variable w and the maximum excess pore pressure

ratio ' increased with the number of cycles N and
stabilized after a certain number of cycles, and in-
creased with the CSR. The undrained strength deg-
radation coefficients of soft clay showed a tendency
to fall at first then finally reached a stable status with
increasing N, and decreased with increasing CSR.

2. Finite element predictions of the maximum
excess pore pressure and the undrained strength
degradation coefficients generally matched the test
data well, confirming the accuracy of the finite ele-
ment development and the damage-dependent
strength degradation model.

3. The damage-dependent strength degradation
model was applied to the numerical simulation of a
caisson breakwater resting on a partially sand-filled
soft clay seabed. Results showed that the responses of
the soft layer were mainly distributed at the toes and
in the middle of the rubble bed. There was an effect of
the number of cycles on the maximum excess pore
pressure, but not on the cyclic stress and undrained
strength degradation. The proposed model of the
damage-dependent strength degradation of undrained
soft clay is practical and robust, and provides an ef-
ficient method for analyzing the interaction between
offshore structures and soft soil foundations.
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