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Abstract: A suction anchor is an appealing anchoring solution for floating production. However, the
possible effects of residual pore pressure can be rarely found any report so far in term of the research
and design. In this study, the residual pore pressure distribution characteristics around the suction
anchor subjected to vertical cyclic loads are investigated in a soft clay seabed, and a three-dimensional
damage-dependent bounding surface model is also proposed. This model adopts the combined
isotropic-kinematic hardening rule to achieve isotropic hardening and kinematic hardening of
the boundary surface. The proposed model is validated against triaxial tests on anisotropically
consolidated saturated clays and normally consolidated saturated clays. The analytical results show
that the excess pore water pressure accumulates primarily on the outside of the suction anchor,
whereas negative pore water pressure mainly on the inside. The maximum values of both sides
appear in the lower part of the seabed. According to the distribution characteristics of the residual
pore pressure, a perforated anchor is proposed to reduce the accumulation of excess pore water
pressure. A comparative study generally shows that the perforated anchor can effectively reduce the
accumulation of excess pore water pressure.

Keywords: soft clay; cyclic loads; residual pore pressure; suction anchor

1. Introduction

Various types of offshore platforms are applied for energy production in deep-water environments.
As the water depth increases, the offshore platform that rests upon the seabed and relies on gravity
base foundations or traditional pile foundations is uneconomical and impractical. The suction anchor
is widely used as a cost-effective mooring foundation for floating production systems [1,2], as shown
schematically in Figure 1. In natural marine environments, suction anchors are subjected to cyclic loads
produced by the floating platform. With the increase in the cyclic numbers, excess pore water pressure
is developed and accumulated in a soft clay seabed; therefore, the soft clay structure is degraded,
followed by degradation in strength and a reduction in stiffness [3]. Such a phenomenon may reduce
the uplift capacity of the suction anchor, and it is, thus, essential to assess the accumulation of the pore
water pressure within the seabed around the suction anchor subjected to vertical cyclic loads.
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Figure 1. Schematic view of a platform anchored to suction caissons at the seabed. 

In previous research, experimental studies attempted to research the response of suction 
caissons subjected to cyclic loads. Cheng and Wang [4] conducted a series of small-scale laboratory 
model tests to predict the stability of the suction anchor under cyclic loading conditions. Wallace et 
al. [5] studied the response of suction caisson foundations with cyclic loads in soft clay by means of 
centrifuge testing. Dyvik et al. [6] investigated the cyclic response of the suction anchor under 
vertical loads by carrying out field tests on a model foundation. In general, the experimental study 
of the seabed response around a suction caisson primarily contains single-gravity mode tests, 
centrifuge model tests, and reduced scale field tests. Only a small number of field tests on suction 
anchors have been reported in the previously published literature [7]. The pore pressure response 
in soft clay is difficult to measure accurately under cyclic loading conditions. This is because scaling 
rules for different aspects of behavior are conflicting in small models [8]. This is the reason for the 
general lack of available data on pore pressure in the existing model experiments [9–12]. Currently, 
a direct comparative analysis seems impossible. A reasonable numerical analysis model needs to be 
developed to capture the accumulation of pore water pressure. 

To date, considerable effort has been devoted to investigating the pore pressure response 
within the seabed around the offshore foundation by numerical methods [13,14]. The first method is 
the semi-empirical method, which is based on the simplified elastic-plastic model and predicts the 
pore pressure response around the offshore foundation subjected to cyclic loads [15,16]. The 
method is simple, which is suitable for the analysis of the oscillatory pore pressure response 
induced by waves acting on the sandy seabed. The second method is to apply Biot's poro-elastic 
theory for soil models to describe the pore pressure response [17–21]. Based on Biot's poro-elastic 
theory, Shen et al. [22] first explored the pore-pressure response in the soil around the suction 
anchor under cyclic loading conditions, but this was limited to the sandy seabed. 

For soft clay seabeds, the classical elasto-plastic theory is based on the assumption that the soil 
is completely elastic within the yielding surface. It fails to describe the accumulation of pore water 
pressure, nonlinearity of modulus, and other cyclic behaviors of soft clay [23]. The bounding 
surface theory based on plastic hardening modulus presents a general framework to describe the 
cyclic behaviors of soft clay. However, the conventional bounding surface models [24,25] are 
generally based on the assumption that the mapping origin is fixed at the coordinate origin and the 
unloading stage is completely elastic, thereby failing to capture the real soil behaviors, such as 
cyclic stiffness degradation and initial anisotropy, under cyclic loads. 

This study proposes a bounding surface plasticity model with the mixed hardening rule to 
predict the development of pore water pressure within the seabed around the suction anchor under 

Figure 1. Schematic view of a platform anchored to suction caissons at the seabed.

In previous research, experimental studies attempted to research the response of suction caissons
subjected to cyclic loads. Cheng and Wang [4] conducted a series of small-scale laboratory model
tests to predict the stability of the suction anchor under cyclic loading conditions. Wallace et al. [5]
studied the response of suction caisson foundations with cyclic loads in soft clay by means of centrifuge
testing. Dyvik et al. [6] investigated the cyclic response of the suction anchor under vertical loads
by carrying out field tests on a model foundation. In general, the experimental study of the seabed
response around a suction caisson primarily contains single-gravity mode tests, centrifuge model
tests, and reduced scale field tests. Only a small number of field tests on suction anchors have been
reported in the previously published literature [7]. The pore pressure response in soft clay is difficult to
measure accurately under cyclic loading conditions. This is because scaling rules for different aspects of
behavior are conflicting in small models [8]. This is the reason for the general lack of available data on
pore pressure in the existing model experiments [9–12]. Currently, a direct comparative analysis seems
impossible. A reasonable numerical analysis model needs to be developed to capture the accumulation
of pore water pressure.

To date, considerable effort has been devoted to investigating the pore pressure response within
the seabed around the offshore foundation by numerical methods [13,14]. The first method is the
semi-empirical method, which is based on the simplified elastic-plastic model and predicts the pore
pressure response around the offshore foundation subjected to cyclic loads [15,16]. The method is
simple, which is suitable for the analysis of the oscillatory pore pressure response induced by waves
acting on the sandy seabed. The second method is to apply Biot’s poro-elastic theory for soil models
to describe the pore pressure response [17–21]. Based on Biot’s poro-elastic theory, Shen et al. [22]
first explored the pore-pressure response in the soil around the suction anchor under cyclic loading
conditions, but this was limited to the sandy seabed.

For soft clay seabeds, the classical elasto-plastic theory is based on the assumption that the
soil is completely elastic within the yielding surface. It fails to describe the accumulation of pore
water pressure, nonlinearity of modulus, and other cyclic behaviors of soft clay [23]. The bounding
surface theory based on plastic hardening modulus presents a general framework to describe the cyclic
behaviors of soft clay. However, the conventional bounding surface models [24,25] are generally based
on the assumption that the mapping origin is fixed at the coordinate origin and the unloading stage is
completely elastic, thereby failing to capture the real soil behaviors, such as cyclic stiffness degradation
and initial anisotropy, under cyclic loads.

This study proposes a bounding surface plasticity model with the mixed hardening rule to predict
the development of pore water pressure within the seabed around the suction anchor under vertical
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cyclic loading conditions. A damage parameter and initial anisotropic tensors are introduced into
the bounding surface model, to represent the remolding of the soil structure and initial anisotropy,
respectively. The present model is efficient at capturing the development of pore water pressure in
the soft clay seabed subjected to cyclic loads. It is validated against available experimental laboratory
data. Subsequently, the influences of the load amplitude and soil material on the distribution of the
residual pore pressure around the suction anchor are examined. Finally, according to distribution
characteristics of the residual pore pressure, an improved rational structure named the perforated
suction anchor is proposed.

2. Theoretical Formulations and Numerical Approach

2.1. Constitutive Model

2.1.1. Anisotropic Bounding Surface

Based on the two-dimensional bounding surface model developed by Hu and Liu [26] for the
cyclic dynamic analysis of saturated clay, a three-dimensional form is established by the generalized

Mises criterion method, q =
√

3
(
si j − pαi j

)(
si j − pαi j

)
/2. The mathematical equation of the bounding

surface is described as:

Fm= (p−ξ(m)
p )2

−(p−ξ(m)
p )p(m)

c +
3

2(M−α2
0

) [ si j − ξ
(m)
i j −(p−ξ

(m)
p

)
α0

i j

]
·

[
si j − ξ

(m)
i j −(p−ξ

(m)
p

)
α0

i j

]
(1)

in which
(
p,si j

)
denotes the image stress point on the bounding surface, as shown in Figure 2; pc is the

reference size of the bounding surface;
(
ξ
(m)
p , ξ(m)

i j

)
is the coordinate of the endpoint; M represents the

slope of the critical state line (CSL) in triaxial space; and α0 denotes the inclination of the bounding
surface, which represents the degree of soil anisotropy:

α0 =

√
3
2
α0

i jα
0
i j. (2)
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For consolidated samples, the initial stress ratio is K0 = σ0
3/σ0

1. The anisotropic tensors can be
defined as follows:

α0
11 =

2(1−K0)

1 + 2K0
, α0

22 = α0
33 =

(K0−1)
1 + 2K0

(3)
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2.1.2. The Evolution of the Boundary Surface

The generalized isotropic hardening rule is applied in the present model, which assumes that
the boundary surface isotropically hardens around the discrete mapping center in the stress space.
When the loading path changes its direction, the boundary surface should translate along the direction
of stress reversal point to the image stress point. The mapping center can be expressed as:

(
op,n+1, oi j,n+1

)
=


(
op,n, oi j,n

)
∂F
∂σi j,n

dσi j,n+1 ≥ 0(
pn, si j,n

)
∂F
∂σi j,n

dσi j,n+1 < 0
, (4)

in which
(
op,n, oi j,n

)
and

(
op,n+1, oi j,n+1

)
are the coordinates of the mapping center at incremental steps

of n and n + 1, respectively. The location of the boundary surface depends on the stress path direction.
(1) When the stress path changes its direction:

ξ
(m+1)
p = ξ

(m)
p (p− p)

ξ
(m+1)
i j = ξ

(m)
i j

(
si j − si j

) . (5)

(2) When the stress path does not change its direction:

ξ
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p,n+1 = o(m+1)

p +(ξ
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p,n − o(m+1)

p )
p(m+1)

c,n+1

p(m+1)
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ξ
(m+1)
i j,n+1 = o(m+1)

i j +(ξ
(m+1)
i j,n − o(m+1)

i j )
p(m+1)

c,n+1

p(m+1)
c,n

, (6)

in which
(
ξ
(m+1)
p , ξ(m+1)

i j

)
,
(
ξ
(m+1)
p,n , ξ(m+1)

i j,n

)
, and

(
ξ
(m+1)
p,n+1 , ξ(m+1)

i j,n+1

)
represent the coordinates of endpoints

at incremental steps of 0, n, and (n + 1) in the (m + 1)th loading events, respectively. To describe
the degradation of soft clay under cyclic loading conditions, a damage parameter is introduced into
the isotropic hardening rule. The evolution of the size of the boundary surface depends on plastic
volumetric strains and the damage parameter, which can be defined as:

pc,n+1 = pc,nexp(
1+e0

λ− κ
dεp

v,n+1)ωn+1, (7)

ωn+1= exp(−βεA), (8)

where

εA =

∫ √
2dep

ij,n+1dep
ij,n+1/3, (9)

in which λ and κ denote the compression index and swelling index in the e− lnp space, respectively;
e0 represents the void ratio after consolidation under p = pc. The state variable ω is a function of the
deviatoric plastic strain ep

ij, which is decreasing with the accumulated ep
ij. The model parameter β

controls the rate of damage accumulation. The decrease in ω represents the degradation in stiffness of
the clay structure.

2.1.3. Mapping and Flow Rules

The classical radial mapping criterion developed by Dafalias [27] is used in the model, due to its
effectiveness. The conventional radial mapping criterion was modified for soft clay in this research.
The mapping rule is shown in Figure 3 and can be expressed as:

p = b(p−op)+op

si j= b(si j − oi j)+oi j

}
, (10)
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where b is a scalar factor, that can be expressed as:

b =
δ0

δ0−δ
, (11)

in which δ0−δ denotes the distance between the current stress point and the mapping center, and δ0

indicates the distance from the current stress point to the image stress point. The loading index is
calculated by imposing the consistency condition to its corresponding bounding surface equation:

Λ = L =
1

Kp

(
∂F
∂p

dp+
∂F
∂si j

dsi j

)
, (12)

in which Kp is the plastic modulus at image stress states.
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2.1.4. Incremental Equations

The elastic volumetric strain increment and elastic shear strain increment can be given by:

dεe
v =

dp
K

, dee
i j =

dsi j

2G
(13)

It is assumed that the bulk modulus and shear modulus can be obtained by:

K =
1+e0

κ
p, G =

3K(1− 2ν)
2(1+ν)

, (14)

in which, ν denotes Poisson’s ratio. Here, an associated flow rule is used, i.e., the plastic strain
increment vector is always normal to the yield surface, with Лand L coinciding. The plastic strain
direction is defined by the boundary. The plastic constitutive relations can be defined as:

dεp
v= Λ

∂F
∂p

, (15)

dep
ij= L

∂F
∂si j

, (16)
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2.1.5. Hardening Modulus

Kp and Kp are related to the actual plastic modulus and the bounding plastic modulus at the image
stress si j, respectively. According to the consistency condition, the following equation can be obtained:

∂F
∂p

dp+
∂F
∂si j

dsi j +
∂F
∂ε

p
v

dεp
v +

∂F
∂ω

dω = 0. (17)

Substituting the hardening rules, the loading index and the equation of the bounding surface into
the consistency conditions, the bounding plastic modulus at the image stress can be written as:

Kp= (p−ξp)pcnp(χ0 −
2β

M2 − α2
0

q
np

), (18a)

in which:
χ0 =

1+e0

λ− κ
, (18b)

q =

√
3
2

ŝi jŝi j, (18c)

np =
∂F
∂p

, (18d)

ŝi j = si j − ξi j−(p−ξp
)
. (18e)

Here, the interpolation is adopted to calculate the plastic-hardening modulus at the current
stress state.

Kp = Kp+H(p, q,εp
v,ω)(

δ
δ0−δ

)r, (19)

in which H(p, q, εp
v,ω

)
is the shape hardening function. Different shape hardening functions are

adopted in the first loading, reloading, and unloading stages, respectively.

H(p, q, εp
v,ω) =


∣∣∣Km −Kp

∣∣∣ for first loading∣∣∣ζrKm −Kp
∣∣∣ for reloading∣∣∣ζuKm −Kp
∣∣∣ for unloading

(20a)

in which:

ζu= (1+
∂F
∂p

/η)ζr, (20b)

Km= 8χ0(pc)
3, (20c)

where γ and η are model parameters. The material parameter ζr controls the reloading events, of which
a detailed account of physical meaning can be found in the paper by Hu et al. [26].

2.1.6. Implicit Integration Algorithm

In this section, the implicit integration algorithm is used for the implementation of the models.
The calculation steps are as follows:
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(1) Assume that strain increment ∆εn+1 is complete elastic increment at incremental steps of n + 1.
For initial iteration count k = 0, these variables are defined as follows:

Λ(0)
n+1 = 0, ∆ω(0)

n+1 = 0, ∆ε
p (0)

v,n+1 = 0

∆e
p (0)

i j,n+1 = 0, b(0)n+1 = bn, p(0)c,n+1 = pc,n

K
(0)
p,n+1 = Kp,n, ξ

(0)
i j,n+1 = ξi j,n, o(0)i j,n+1 = oi j,n


, (21)

(2) Non-linear elastic predictor:

p(0)n+1 = pnexp
( 1+e0

κ ∆εv,n+1
)

s(0)i j,n+1 = si j,n + 2G(0)
n+1∆ei j,n+1

, (22)

K(0)
n+1 = pn

1+e0
κ , G(0)

n+1
=

3K(0)
n+1(1− 2ν)

2(1 + ν)
. (23)

(3) Distinguish the unloading process from the loading event, according to Equation (4). (a) reloading,
homological center remains constant. (b) unloading, update the homological center and the
bounding surface, according to Equations (5) and (6). Then evaluate the following residuals:

r(k)l,n+1 =



p(k)n+1 − pnexp

 1+e0
κ

∆εv,n+1−∆ε
p (k)

v,n+1


∆ε

p (k)
v,n+1 −Λ(k)

n+1n(k)
p,n+1

s(k)i j,n+1 − si j,n−2G(k)
n+1(∆ei j,n+1−∆e

p (k)
i j,n+1 )

∆e
p (k)

i j,n+1 −Λ(k)
n+1n(k)

s,n+1

p(k)c,n+1 − pc,nexp

 1+e0
λ−κ ∆ε

p (k)
v,n+1

ω(k)
n+1

ω
(k)
n+1 −ωnexp

−β
√

2
3 ∆e

p (k)
i j,n+1 ∆e

p (k)
i j,n+1


b(k)n+1 − bn −Λ(k)

n+1

K
(k)
p,n+1−b(k)n+1K(k)

p,n+1

A(k)
n+1(

p(k)n+1 − ξ
(k)
p,n+1

)2
−

(
p(k)n+1 − ξ

(k)
p,n+1

)
p(k)c,n+1 +

3
2(M2−α2

0)
ŝ(k)i j,n+1ŝ(k)i j,n+1

K
(k)
p,n+1 −

(
p(k)n+1 − ξ

(k)
p,n+1

)
p(k)c,n+1n(k)

p,n+1

χ0 −
2β

(M2−α2
0)

q(k)n+1

n(k)p,n+1



, (24)

where l is the number of nonlinear equations. Variable A can be presented as:

A = pc
(
p− op

)
+ 2

(
p− op

)(
ξp − op

)
+ 3

(M2−α2
0)

[(
si j − oi j

)
−

(
p− op

)
α0

i j

]
[(
ξi j − oi j

)
−

(
ξp − op

)
α0

i j

] (25)

If the ‖r(k)l,n+1‖ < tolerance (taken as 10−8), THEN EXIT

Else GO TO step 4
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(4) Solve the linear equations: (
∂r
∂U

)(k)
n+1

δU(k)
n+1 = −r(k)l,n+1, (26)

where δU =
{
δp, δsi j, δ∆εp

v, δ∆ep
ij, δpc, δb, δΛ, δKp, δω

}
.

(5) Update stresses and internal variable U(k+1)
n+1 = U(k)

n+1 + δU(k)
n+1, k = k + 1 and GO TO step (3).

(6) Satisfy the convergence condition, END.

2.2. Numerical Scheme

Based on the proposed model, simulations were carried out with the finite element software
ABAQUS (Version 6.14) (Dassault Systemes, Paris, France). The 3D finite element model for the analysis
of a suction anchor embedded in a soft clay seabed was established to predict the accumulation of pore
water pressure under cyclic loads. The uniform effective unit weight of the seabed was 7.17 kN/m3,
representing a typical average value for seabed conditions. The parameters for seabed soil are listed in
Table 1 for clarity, in accordance with Dafalias [28], which were simulated by Manzari et al. [23] and
Tao and Messiner [29]. The anchor length to diameter ratio was h/D = 3, where D is the diameter of
the anchor. The suction anchor analyzed was 2 m in diameter, and the penetration depth was 6 m
below the seabed floor. The suction anchor was expected to be anchored in a normally consolidated
clay seabed. To reduce the influence of the boundary conditions, a seabed diameter of 10 times the
suction anchor diameter and a seabed depth of 3.3 times the anchor wall was used. This model was
built in terms of a half portion of the anchor and seabed, with the symmetry axis through the center of
the anchor.

Table 1. Properties of seabed adopted in the case studies.

Effective Unit
Weight (kN/m3)

Compression
Index (λ)

Swelling
Index (κ)

Poisson’s
Ratio (ν)

Permeability
Coefficient (m/s) Void Ratio (e0)

7.17 0.17 0.34 0.3 1× 10−9 0.62

γ ςr η β

1.72 3.5 120 0.5

2.3. Meshing and Boundary Conditions

A graded mesh was used in the simulation. Denser meshes and sparser meshes were adopted
in the regions close to the anchor and further away from the anchor, respectively. The finite element
mesh used for the analysis of the anchor is illustrated in Figure 4. The suction anchor was modeled as
rigid bodies, since the anchor is much stiffer than soft clay. The cyclic load amplitude Fcz was 20 kN,
with a typical cyclic period (T) of 10 s. The total calculation time was one hour (360T). A drainage
boundary at the seabed surface was assumed, that is to say, the upper surface of the seabed layer was
allowed to drain freely (i.e., p = 0 at z = 0). The displacements were fixed horizontally on the periphery
and in both directions at the bottom of the model domain. The conventional Coulomb friction law was
adopted to simulate the friction at the interface between the anchor wall and the surrounding soil.
The coefficient of wall friction (tanδ) was set to 0.42 [30].
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3. Verification of the Model

In this section, we describe the calibration of the proposed bounding surface model with the
combined isotropic-kinematic hardening rule against available existing published experimental data,
including those of Stipho [31], Tao et al. [29], and Zhong et al. [32]. The triaxial tests included monotonic
loading tests on anisotropically consolidated clay, pore pressure response tests under cyclic loads,
and tests on the plastic strain accumulation of soft clay under cyclic loads, respectively. The validity of
the proposed model was evaluated based on comparisons between numerical results and experiments.
The properties of the soil adopted in this study were the same as those used in the experiments,
as tabulated in Table 2.

Table 2. Model parameters in verification cases.

Parameters Kaolin Clay (Stipho) Kaolin Clay
(Tao)

Soft Clay
(Zhong)

Slope of critical state line (M) 1.12 1.1 1.15
Compression index (λ) 0.14 0.17 0.25

Swelling index (κ) 0.05 0.34 0.05
Effective Poisson’s ratio (ν) 0.2 0.3 0.25

γ 2 1.72 1.5
ςr - 3.5 6
η - 120 40
β - 0.5 1.5

The first validation case involved monotonic loading tests on anisotropically consolidated clay,
which was performed by Stipho [31]. The tests were performed under strain-controlled conditions.
The axial strain was applied to the top surface of the specimen with a magnitude of 12% for compression
and extension, respectively. The specimen was consolidated under p0 = 204 kPa, with the initial
void ratio of e0 = 1.1, with the value of K0 being about 0.8. Figure 5a,b show the normalized q/p0

versus the axial strain ε1 and the normalized excess pore water pressure u/p0 versus the axial strain ε1,
respectively. Figure 5c illustrates a comparison between model simulation and experimental data in
terms of stress paths in the normalized q/p0 versus p/p0. As shown in Figure 5c, when it reaches the
critical state line(CSL), p from the compression test is different from that obtained by extension test.
That is to say, the proposed model can capture a non-unique critical state line (CSL) in the e− lnp space.
As one can see, there is an excellent agreement between the model simulation and the experiment.
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Figure 5. A comparison between the model simulation and experimental data with K0 = 0.8.

The second validation case involved cyclic stress-controlled loading tests on isotropically
consolidated clay. Tao et al. [29] carried out a series of cyclic three-axis undrained shearing tests on
normally consolidated clays, with an initial void ratio of e0 = 0.62. The triaxial test loading frequency
was 0.1 Hz. Figure 6a presents the experimental results and model predictions for a confining pressure
of p0 = 450 kPa, and a cyclic stress amplitude of qd = 116 kPa, and Figure 6b presents the experimental
results and model predictions for a confining pressure of p0 = 350 kPa, and a cyclic stress amplitude of
qd = 130 kPa. It is found that the pore water pressure versus the number of cycles can be predicted
well by the proposed model.
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The third validation case involved plastic strain accumulation tests on isotropically consolidated
clay, which were performed by Zhong et al. [32]. The tests were conducted under stress-controlled
conditions. The axial stress was applied to the top surface of the specimen with different amplitudes qd.
The specimen was consolidated under an initial pressure of p0 = 50 kPa, with an initial void ratio of
e0 = 1.099. The triaxial test loading frequency was 0.1 Hz. Figure 7 shows a comparison between the
model predictions and the experimental data. Though the permanent strain predicted by the proposed
model was smaller than that shown in the experiment at a higher stress level, the general trend was
consistent. Figure 8 shows the effective stress path under typical conditions. With the increase in the
cyclic number, the soft clay specimen finally reached a cyclic steady state, which means that the cyclic
shakedown phenomena occur.

Overall, these validation cases demonstrate that cyclic behaviors of soft clay can be well predicted
by the present model under cyclic loading conditions. The model is able to capture the build-up of
pore water pressure caused by cyclic loads.
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4. Numerical Results and Interpretations

4.1. Accumulation of Pore Water Pressure Around the Suction Anchor

Figure 9 indicates the residual pore pressure (ps) distribution within the seabed around a suction
anchor at different times. The maximum excess pore water pressure appeared at the base of the suction
anchor. The excess pore water pressure accumulated primarily on the outside of the suction anchor,
while the negative pore water pressure built up mainly on the inside. With the increase in loading
time, the negative pore water pressure inside the suction anchor gradually developed upwards.
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of the suction anchor was diminished. The residual pore pressure at the seabed surface was zero. 
This is because, during cyclic loading, drainage occurs at the seabed surface. 

Figure 9. Distribution of the residual pore pressure in the soil around a suction anchor at different times.

Figure 10 indicates the vertical distribution of the residual pore pressure within the seabed along
the anchor wall. As can be seen from the figures, with an increase in the loading time, the residual pore
pressures on both sides of the anchor wall increased remarkably. The maximum residual pore pressure
was distributed in the region of 0.9 < z/h <1. The maximum value of excess pore water pressure was
about 3 kPa, and the maximum value of negative pore water pressure was about 4 kPa. The maximum
value of residual pore pressure for both sides appeared in the deep layer of the seabed, due to the
larger effective stress acting on the anchor wall. It is worth noting that, in this region, the length of the
suction anchor accounted for 10% of the total length, but the excess pore water pressure accounted
for 27~31% of the total excess pore water pressure, and the negative pore water pressure accounted
for 15.6~22% of the total negative pore water pressure. The external wall friction force was reduced,
according to the principle of effective stress. Therefore, the uplift capacity of the suction anchor was
diminished. The residual pore pressure at the seabed surface was zero. This is because, during cyclic
loading, drainage occurs at the seabed surface.
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The method used to determine the uplift capacity was adopted from the limit equilibrium 
method for a suction anchor in clay recommended by API. For a fully sealed anchor, the failure 
mechanism of the suction anchor is usually assumed that the soil plug is broken and the soil plug is 
pulled out together with the anchor. This failure mechanism has been verified by tests for anchors 
with aspect ratios between 1.7 and 10 [33,34]. The uplift capacity can be expressed as: 

f PR = Q + Q + W , (27) 

Figure 10. Vertical distribution of the residual pore pressures in the soil along the anchor wall.

Figure 11 illustrates the time series of residual pore pressure at position z/h = 0.95 within the
seabed, where the maximum residual pore pressure occurred. Figure 11a,b show the accumulation of
pore water pressure on the inside and outside of the suction anchor, respectively. The values of residual
pore pressures increased continuously over time. On the outside of the anchor, the rate of increase in
excess pore water pressure was rapid in the initial loading stage. Thereafter, the rate became slower
with time. It is noted that the excess pore water pressure did not reach a steady state. On the inside
of the anchor, the negative pore water pressure experienced a rapid increase in the initial loading
stage, and then gradually reached a relatively steady state. A potential reason that might account
for this phenomenon is that the soil inside the suction anchor showed shear dilatation characteristics
under cyclic loads. When the plastic deformation reached a certain level, plastic deformation no longer
increased due to the limitation of the anchor wall.
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The method used to determine the uplift capacity was adopted from the limit equilibrium method
for a suction anchor in clay recommended by API. For a fully sealed anchor, the failure mechanism
of the suction anchor is usually assumed that the soil plug is broken and the soil plug is pulled out
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together with the anchor. This failure mechanism has been verified by tests for anchors with aspect
ratios between 1.7 and 10 [33,34]. The uplift capacity can be expressed as:

R =Q f + QP+W, (27)

where W and QP are the soil plug weight and reverse end bearing, respectively. Q f is the external wall
friction force, which can be calculated as:

Q f =

∫ h

0
σ′vdz(Ktanδ)(πD), (28)

in which h represents the embedded depth, K is the lateral pressure coefficient, σ′v denotes the effective
vertical stress in soil, and D represents the external diameter of the anchor.

It is acknowledged that the excess pore water pressure in the seabed soil could diminish the
effective stress in soil, consequently, reducing the friction along the external wall–soil interface.
By assuming that K and δ remain as constants, the interface friction can be calculated according to
Equation (28), and normalized by the initial values.

Figure 12 illustrates the relationship between the normalized friction force versus the loading
time at the soil–anchor interface. It is shown that the increase in excess pore water pressure led to a
slight decrease in the friction force. Under current conditions, the external wall–soil friction is reduced
by about 4%.
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4.2. Effect of Load Amplitude

To investigate the effect of the load amplitude, four grades of load amplitudes (FCZ = 10, 20, 30,
and 40 kN) were adopted in the simulation. The period of cyclic loads was 10 s. The total calculation
time was one hour (360T). The seabed parameters remained constant. The residual pore pressure
distributions on both sides of the anchor wall for various load amplitudes are plotted in Figure 13. It is
shown that the load amplitude has a remarkable influence on the distribution characteristics of the pore
water pressure. The increase in the load amplitude resulted in a remarkable increase in the residual
pore pressure. In the region of 0.9 < z/h <1, the excess pore water pressure accounted for 17~31% of the
total excess pore water pressure. As the load amplitude increased, the proportion increased gradually.
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4.3. Effect of λ and κ

The soil properties are key influential factors that determine the development of residual pore
pressure within the seabed. Among those soil properties, the compression index (λ) and swelling index
(κ) have important effects on the distribution of the residual pore pressure [35]. To evaluate the effect
of λ and κ on the distributions of residual pore pressure, κ was kept constant, and λ was changed.
Analyses were performed with κ = 0.034 and κ/λ ranging from 0.2 to 0.4 [36]. Figure 14 shows the
residual pore pressure distributions along the anchor wall when κ was 0.034 and λ was varied from 0.17
to 0.85. It is shown that κ/λ and the load amplitude had opposite effects on the residual pore pressure
distribution. As κ/λ increases, the residual pore pressures on both sides of the anchor wall showed
obvious decreases. In the region of 0.9 < z/h <1, the proportion of excess pore water pressure to the
total excess pore water pressure increased from 20.1% at κ/λ = 0.4 to 31.3% at κ/λ = 0.2. The negative
pore pressures inside of the anchor accounting for the total negative pore water pressures increases
from 6.9% to15.6%.
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5. Perforated Suction Anchor

5.1. New Anchor Structure Style

The numerical analysis shows that the excess pore water pressure appears outside of the anchor,
while negative pore water pressure appears inside. According to the principle of effective stress,
the soft clay structure on the external anchor wall is degraded followed by the degradation in strength.
The uplift capacity of suction anchor gradually decreases with the development of excess pore water
pressure. According to the distribution characteristics of the residual pore pressure, a perforated anchor
is proposed based on the traditional suction anchor, as shown schematically in Figure 15. Perforation at
the lower part of the anchor wall is helpful to reduce the accumulation of excess pore water pressure.
The installation process of the suction anchor is divided into two stages. First, the suction anchor is
installed by self-weight to around half the design depth, and then negative pressure is applied until
the anchor reaches the final depth [37,38]. Perforation is located at the lower part of the suction anchor,
and therefore, the new structure style will not influence the installation process.
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5.2. Comparative Study of the Pore Water Pressure Distribution

To investigate the effectiveness of the perforated suction anchor on reducing the development
of excess pore water pressure, the distribution characteristics of residual pore pressure around
the perforated anchor are analyzed, and a comparison with the traditional anchor is presented.
The perforation height is 0.5m, and this is located at the lower part of the suction anchor (0.9 < z/h <1).

Figure 16 shows a comparison of the residual pore pressure distributions between the traditional
anchor and the perforated anchor. As shown in Figure 16, the accumulation of excess pore pressure
outside of the perforated anchor is reduced remarkably, compared with the traditional structure.
The excess pore water pressure around the perforated anchor is reduced by about 27.5%. Therefore, the
perforated anchor can effectively reduce the accumulation of excess pore water pressure and increase
the effective stress in the soil. In this paper, the perforation height and perforation size were not
quantified according to the length ratio of suction anchor and the initial penetration depth, so further
research is wanted.
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6. Concluding Remarks

In this study, numerical simulations were conducted to investigate the buildup of pore water
pressures in a soft clay seabed around a suction anchor under cyclic loading conditions. Based on the
existing two-dimensional bounding surface model, a three-dimensional bounding surface model was
proposed to describe the cyclic behaviors of soft clay. Based on the analysis results obtained, the most
significant conclusions can be summarized as follows:

(1) A damage-dependent bounding surface model with combined isotropic-kinematic hardening rule
was proposed to predict the accumulation of pore water pressure. The proposed model reasonably
agreed well with the experiment result, against triaxial tests on anisotropically consolidated
saturated clays and normally consolidated saturated clays. Thus the presented model was
available to describe the key features of the cyclic behaviors of soft clay under cyclic loading
conditions, including the pore water pressure response, accumulation of plastic deformation,
and initial anisotropy.

(2) Under the vertical cyclic loading condition, the excess pore water pressure primarily appeared
on the outside of the suction anchor, and negative pore pressure mainly appeared on the inside,
respectively. The maximum values on both sides appeared in the lower part of the seabed, due to
the larger effective stress in the seabed soil, and these increased gradually with the loading
time. The accumulation of excess pore water pressure can decrease the effective stress in the soil,
and further reducing the uplift capacity of the suction anchor.

(3) According to the distribution characteristics of the residual pore pressure around the suction
anchor, a new structure can reduce the accumulation of excess pore water pressure in the lower
part of the seabed was proposed, which could increase external wall friction force under cyclic
loading conditions. For the working conditions adopted in the present study, the new structure
can reduce the excess pore water pressure by about 27.5%.

Author Contributions: Data curation, C.H.; Methodology, H.L.; Software, J.L.; Writing—review and editing, X.C.
and S.W.

Funding: The authors are grateful for the financial support from the Distinguished Young Scholars (Grant no.
51625902), the National Natural Science Foundation of China (Grant no. 51379196), the Young Elite Scientist
Sponsorship Program by Cast (Grant no. 2016QNRC001) and the Taishan Scholars Program of Shandong Province
(Grant no. TS201511016).

Conflicts of Interest: The authors declare no conflict of interest.



J. Mar. Sci. Eng. 2019, 7, 308 20 of 21

References

1. Andersen, K.H.; Dyvik, R.; Schroder, K.; Hansteen, O.E.; Bysveen, S. Field tests of anchors in clay II:
Predictions and interpretation. J. Geotech. Eng. 1993, 119, 1532–1549. [CrossRef]

2. Randolph, M.F.; Gaudin, C.; Gourvenec, S.M.; White, D.J.; Boylan, N.; Cassidy, M.J. Recent advances in
offshore geotechnics for deep water oil and gas developments. Ocean Eng. 2011, 38, 818–834. [CrossRef]

3. Moses, G.G.; Rao, S.N.; Rao, P.N. Undrained strength behaviour of a cemented marine clay under monotonic
and cyclic loading. Ocean Eng. 2003, 30, 1765–1789. [CrossRef]

4. Cheng, X.; Wang, J.; Wang, Z. Incremental elastoplastic FEM for simulating the deformation process of
suction caissons subjected to cyclic loads in soft clays. Appl. Ocean Res. 2016, 59, 274–285. [CrossRef]

5. Wallace, J.F.; Rutherford, C.J. Response of vertically loaded centrifuge suction caisson models in soft clay.
In Proceedings of the Offshore Technology Conference, Houston, TX, USA, 1–4 May 2017.

6. Dyvik, R.; Andersen, K.H.; Hansen, S.B.; Christophersen, H.P. Field tests of anchors in clay. I: Description.
J. Geotech. Eng. 1993, 119, 1515–1531. [CrossRef]

7. Tjelta, T.I.; Guttormsen, T.R.; Hermstad, J. Large-scale penetration test at a deepwater site. In Proceedings of
the Offshore Technology Conference OTC 5103, Houston, TX, USA, 5–8 May 1986; pp. 201–212.

8. Luke, A.M.; Rauch, A.F.; Olson, R.E.; Mecham, E.C. Components of suction caisson capacity measured in
axial pullout tests. Ocean Eng. 2005, 32, 878–891. [CrossRef]

9. Allersma, H.G.B.; Kierstein, A.A.; Maes, D. Centrifuge modelling on suction piles under cyclic and long
term vertical loading. In Proceedings of the Tenth International Offshore and Polar Engineering Conference,
Seattle, WA, USA, 28 May–2 June 2000.

10. Mcmanus, K.J.; Kulhawy, F.H. Cyclic axial loading of drilled shafts in cohesive soil. J. Geotech. Eng. 1994,
120, 1481–1497. [CrossRef]

11. Rao, S.N.; Ravi, R.; Prasad, B.S. Pullout behavior of suction anchors in soft marine clays.
Mar. Georesources Geotechnol. 1997, 15, 95–114.

12. Zhang, J.H.; Zhang, L.M.; Lu, X.B. Centrifuge modeling of suction bucket foundations for platforms under
ice-sheet-induced cyclic lateral loadings. Ocean Eng. 2007, 34, 1069–1079. [CrossRef]

13. Liao, C.; Chen, J. Accumulation of pore water pressure in a homogeneous sandy seabed around a rocking
mono-pile subjected to wave loads. Ocean Eng. 2019, 173, 810–822. [CrossRef]

14. Zhang, Y.; Ye, J.; He, K.; Chen, S. Seismic dynamics of pipeline buried in dense seabed foundation.
Mar. Sci. Eng. 2019, 7, 190.

15. Jeng, D.; Rahman, M.; Lee, T. Effects of inertia forces on wave-induced seabed response.
Int. J. Offshore Polar Eng. 1999, 9, 307–313.

16. Marin, M.; Craciun, E.M.; Pop, N. Considerations on mixed initial-boundary value problems for micopolar
porous bodies. Dyn. Syst. Appl. 2016, 25, 175–195.

17. Jeng, D.S.; Ye, J.H.; Zhang, J.S.; Liu, P.F. An integrated model for the wave-induced seabed response around
marine structures: Model verifications and applications. Coast. Eng. 2013, 72, 1–19. [CrossRef]

18. Duan, L.; Jeng, D.-S.; Liao, C.; Zhu, B.; Tong, D. A three-dimensional poro-elastic integrated model for
wave and current-induced oscillatory soil liquefaction around an offshore pipeline. Appl. Ocean Res. 2017,
68, 293–306. [CrossRef]

19. Duan, L.; Jeng, D. 2D numerical study of wave and current-induced oscillatory non-cohesive soil liquefaction
around a partially buried pipeline in a trench. Ocean Eng. 2017, 135, 39–51. [CrossRef]

20. Foo, C.S.X.; Liao, C.; Chen, J. Two-dimensional numerical study of seabed response around a buried pipeline
under wave and current loading. J. Mar. Sci. Eng. 2019, 7, 66. [CrossRef]

21. Cristescu, N.D. Mechanics of elastic composites. Math. Z. 2003, 258, 381–394.
22. Shen, K.; Wang, L.; Guo, Z.; Jeng, D.S. Numerical investigations on pore-pressure response of suction anchors

under cyclic tensile loadings. Eng. Geol. 2017, 227, 108–120. [CrossRef]
23. Manzari, M.T.; Noor, M.A. On implicit integration of bounding surface plasticity models. Comput. Struct.

1997, 63, 385–395. [CrossRef]
24. Liu, M.D.; Carter, J.P. A structured Cam Clay model. Can. Geotech. J. 2002, 39, 1313–1332. [CrossRef]
25. Yu, H.S.; Khong, C.; Wang, J. A unified plasticity model for cyclic behavior of clay and sand.

Mech. Res. Commun. 2007, 34, 97–114. [CrossRef]

http://dx.doi.org/10.1061/(ASCE)0733-9410(1993)119:10(1532)
http://dx.doi.org/10.1016/j.oceaneng.2010.10.021
http://dx.doi.org/10.1016/S0029-8018(03)00018-0
http://dx.doi.org/10.1016/j.apor.2016.05.015
http://dx.doi.org/10.1061/(ASCE)0733-9410(1993)119:10(1515)
http://dx.doi.org/10.1016/j.oceaneng.2004.10.007
http://dx.doi.org/10.1061/(ASCE)0733-9410(1994)120:9(1481)
http://dx.doi.org/10.1016/j.oceaneng.2006.08.009
http://dx.doi.org/10.1016/j.oceaneng.2018.12.072
http://dx.doi.org/10.1016/j.coastaleng.2012.08.006
http://dx.doi.org/10.1016/j.apor.2017.09.009
http://dx.doi.org/10.1016/j.oceaneng.2017.02.036
http://dx.doi.org/10.3390/jmse7030066
http://dx.doi.org/10.1016/j.enggeo.2016.12.001
http://dx.doi.org/10.1016/S0045-7949(96)00373-2
http://dx.doi.org/10.1139/t02-069
http://dx.doi.org/10.1016/j.mechrescom.2006.06.010


J. Mar. Sci. Eng. 2019, 7, 308 21 of 21

26. Hu, C.; Liu, H.; Huang, W. Anisotropic bounding-surface plasticity model for the cyclic shakedown and
degradation of saturated clay. Comput. Geotech. 2012, 44, 34–47. [CrossRef]

27. Dafalias, Y.F. An anisotropic critical state soil plasticity model. Mech. Res. Commun. 1986, 13, 341–347.
[CrossRef]

28. Dafalias, Y.F. On Cyclic and Anisotropic Plasticity: (1) A General Model Including Material Behavior Under
Stress Reversals; (2) Anisotropic Hardening for Initially Orthotropic Materials. Ph.D. Thesis, University of
California, Berkeley, CA, USA, 1975.

29. Tao, L.; Meissner, H. Two-surface plasticity model for cyclic undrained behavior of clays. J. Geotech.
Geoenviron. Eng. 2002, 128, 613–626.

30. Yi, J.T.; Lee, F.H.; Goh, S.H.; Zhang, X.Y.; Wu, J.F. Eulerian finite element analysis of excess pore pressure
generated by spudcan installation into soft clay. Comput. Geotech. 2012, 42, 157–170. [CrossRef]

31. Stipho, A.S.A.Y. Experimental and Theoretical Investigation of the Behavior of Ansiotropically Consolidated
Kaolin. Ph.D. Thesis, Cardiff University, Cardiff, UK, 1978.

32. Zhong, H.H.; Huang, M.S.; Wu, S.M.; Zhang, Y.J. On the deformation of soft clay subjected to cyclic loading.
Chin. J. Geotech. Eng. 2002, 24, 629–632.

33. Cho, Y.; Lee, T.H.; Chung, E.S.; Bang, S. Field tests on pullout loading capacity of suction piles in clay.
In Proceedings of the 22nd International Conference on Offshore Mechanics and Arctic Engineering, Cancun,
Mexico, 8–13 June 2003; pp. 693–699.

34. Steensen-Bach, J.D. Recent model tests with suction piles in clay and sand. In Proceedings of the Offshore
Technology Conference, Houston, TX, USA, 4–7 May 1992.

35. Mahmoodzadeh, H.; Randolph, M.F.; Wang, D. Numerical simulation of piezocone dissipation test in clays.
Géotechnique 2014, 64, 657–666. [CrossRef]

36. Schofield, A.N.; Wroth, C.P. Critical State Soil Mechanics; McGraw-Hill: London, UK, 1968.
37. Chen, W.; Zhou, H.; Randolph, M.F. Effect of installation method on external shaft friction of caissons in soft

clay. J. Geotech. Geoenviron. Eng. 2009, 135, 605–615. [CrossRef]
38. Andersen, K.H.; Murff, J.D.; Randolph, M.F. Suction anchors for deepwater applications. In Proceedings of the

International Symposium on Frontiers in Offshore Geotechnics, Perth, WA, Australia, 19–21 September 2005.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.compgeo.2012.03.009
http://dx.doi.org/10.1016/0093-6413(86)90047-9
http://dx.doi.org/10.1016/j.compgeo.2012.01.006
http://dx.doi.org/10.1680/geot.14.P.011
http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000033
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theoretical Formulations and Numerical Approach 
	Constitutive Model 
	Anisotropic Bounding Surface 
	The Evolution of the Boundary Surface 
	Mapping and Flow Rules 
	Incremental Equations 
	Hardening Modulus 
	Implicit Integration Algorithm 

	Numerical Scheme 
	Meshing and Boundary Conditions 

	Verification of the Model 
	Numerical Results and Interpretations 
	Accumulation of Pore Water Pressure Around the Suction Anchor 
	Effect of Load Amplitude 
	Effect of  and  

	Perforated Suction Anchor 
	New Anchor Structure Style 
	Comparative Study of the Pore Water Pressure Distribution 

	Concluding Remarks 
	References

