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Abstract
In offshore area, newly deposited Quaternary loose seabed soils are widely distributed. There are a great number of offshore structures has
been built on them in the past, or will be built on them in the future due to the fact that there would be no very dense seabed soil foundation could
be chosen at planed sites sometimes. However, loosely deposited seabed foundation would bring great risk to the service ability of offshore
structures after construction. Currently, the understanding on wave-induced liquefaction mechanism in loose seabed foundation has been greatly
improved; however, the recognition on the consolidation characteristics and settlement estimation of loose seabed foundation under offshore
structures is still limited. In this study, taking a semi-coupled numerical model FSSI-CAS 2D as the tool, the consolidation and settlement of
loosely deposited sandy seabed foundation under an offshore breakwater is investigated. The advanced soil constitutive model PastorZienkiewics Mark III (PZIII) is used to describe the quasi-static behavior of loose sandy seabed soil. The computational results show that
PZIII model is capable of being used for settlement estimation problem of loosely deposited sandy seabed foundation. For loose sandy seabed
foundation, elastic deformation is the dominant component in consolidation process. It is suggested that general elastic model is acceptable for
subsidence estimation of offshore structures on loose seabed foundation; however, Young's modulus E must be dependent on the confining
effective stress, rather than a constant in computation.
Copyright © 2016 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
In recent two decades, more and more marine structures,
such as breakwater, oil platform and turbines are constructed
on seabed floor in offshore area. The stability of these marine
structures after construction, the final settlement of marine
structures, as well as the deformation characteristics of seabed
foundation in consolidation process is one of the main concerns of offshore engineers involved in design.
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In offshore environment, newly deposited Quaternary
seabed soil widely exists, for example, the loose silt soil in
Yellow River estuary, China. Actually, a great number of
offshore structures were built on Quaternary sediments in the
engineering of practice due to the fact that there is no a dense
seabed floor could be chosen in planed sites sometimes. The
particles arrangement of Quaternary seabed soil generally is
loose relatively, far away from the dense status. Under cyclic
loading (ocean wave or seismic wave), it is extremely easy to
become liquefied due to excess pore pressure buildup in
Quaternary loose seabed foundation (Sumer et al., 1999; Ye
et al., 2015). Under high quasi-static loading, for example
the gravity compression of offshore structures, it is quite
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possible to generate excessive plastic deformation in consolidation process, which is significantly different with very dense
seabed soil.
Currently, investigation on the stability of offshore structures built on either very dense seabed foundation or loosely
deposited seabed foundation under ocean wave or seismic
wave loading has been greatly conducted (Ye et al.,
2015; Sassa and Sekiguchi, 1999; Ye and Wang, 2015).
The recognition on wave-seabed-structures interaction, and
instability mechanism of offshore structures under cyclic
loading has been greatly improved. However, investigation
on the deformation characteristics of seabed foundation, and
the estimation of final settlement of marine structures in
consolidation process is limited. To far, there are only few
literature available on the consolidation problem of seabed
foundation under offshore structures, for example, Ye (2012),
Jeng and Ye (2012) and Ye et al. (2012). However, the seabed
foundation in these literature is limited to very dense soil.
Elastic constitutive model is used to describe seabed soil
behavior. For loosely deposited seabed foundation, plastic
deformation would possible to occur in consolidation process. It seems that linear elastic model is not suitable to be
used in computation. To the author's knowledge so far, there
are only few papers investigating the consolidation characteristics of seabed foundation under marine structures with
elastoplastic model. Krost et al. (2010) and Chatterjee et al.
(2012, 2013) investigated the dissipation of pore pressure
induced by the embedment of a marine pipeline in soft clay,
in which modified Cam Clay model is adopted. As a result,
the recognition of consolidation characteristics of loosely
deposited seabed foundation is limited.
In this study, taking a semi-coupled numerical model
FSSI-CAS 2D developed by Ye et al. (2013) as the tool,
the consolidation characteristics of loosely deposited
sandy seabed foundation under an offshore breakwater is
investigated. The advanced soil constitutive model PastorZienkiewics Mark III (PZIII) proposed by Pastor et al.
(1990) is used to describe the complicated mechanical
behavior of loose seabed soil. The computational results
show that PZIII model is capable of being used for consolidation problem of loosely deposited seabed foundation. For
loose sandy seabed foundation under offshore structures,
elastic deformation is still the dominant component in
consolidation process if the increase of mean effective stress
is less than 1 MPa in the influence range of seabed foundation beneath offshore structures.

porous media. Another modulus is soil model, governed by
dynamic Biot's equation, which is solved by FE method. A
coupling algorithm was developed to couple the two modulus
together. More information about FSSI-CAS 2D can be found
in Ye et al. (2013). The semi-coupled model FSSI-CAS 2D
used in this study has been validated by an analytical solution,
and a series of laboratory wave flume tests for FSSI problem.
The consolidation modulus also has been validated by Terzaghi one-dimensional solution in Ye (2012) and Ye et al.
(2012). FSSI-CAS 2D has been successfully applied to
investigate the consolidation process of very dense seabed
foundation (Ye, 2012; Ye et al., 2012). In this study, due to the
fact that wave loading on seabed and structures is not
involved, the wave maker in wave model is shut down in
computation. Only hydrostatic pressure is applied on seabed
and structures.
The reliability of PZIII model has been validated by a series
of laboratory tests involving monotonic and cyclic loading,
especially by the centrifuge tests in VELACS project
(Zienkiewicz et al., 1999). This model is one of the heritages
of Olek Zienkiewicz (Pastor et al., 2011).
The variation of void ratio e, and corresponding permeability k of seabed soil due to volumetric strain are considered
follows:


Dp
enþ1 ¼ ð1 þ en Þexp
þ Dεvs  1
ð1Þ
Q

2. Computational tool

The computational domain is illustrated in Fig. 1. The total
length is 850 m (x ¼ 300 m to x ¼ 550 m). Among them, the
seabed from x ¼ 300 m to x ¼ 100 m is flat; other part of
seabed is slightly sloping with a angle 2:100. The thickness of
flat seabed is 20 m, and the depth of overlying seawater is
15 m. A composite breakwater is built at x ¼ 200 m to
x ¼ 236 m. The detail dimension of the breakwater is also
illustrated in Fig. 1.
Parameters of the loosely deposited seabed foundation for
PZIII model are listed in Table 1. They were determined by

In this study, taking a semi-coupled numerical model FSSICAS 2D (Ye et al., 2013) as the tool, the consolidation and
settlement of loosely deposited seabed foundation under a
breakwater is investigated. FSSI-CAS 2D was specially
developed for the problem of Fluid-Structure-Seabed Interaction. There are two modulus in FSSI-CAS 2D. The first one is
wave model, governed by VARANS equation, which can
effectively simulate wave motion, as well as porous flow in

k ¼ Cf

e3
1þe

ð2Þ

where Dp is the incremental pore pressure, Q is the
compressibility of pore water. Dεvs is the incremental volumetric strain. Cf is an empirical coefficient. n stands for time
step. Void ratio e and corresponding permeability k are
updated in each time step in computation. It is noted that the
above two equations are established based on large deformation condition.
In the consolidation process, accompanying the dissipation
of pore pressure, effective stresses in seabed foundation will
increase correspondingly, resulting in the increase of stiffness
of seabed soil. To reflect this physical mechanism, the stiffness
matrix [K] is updated based on current stress state in each
several time steps in computation.
3. Boundary, initial condition, and parameters
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Fig. 1. Computational domain of seabed-breakwater-seawater system, in which a composite breakwater is built on a slight sloping loosely deposited seabed
foundation.

Table 1
Parameters of loosely deposited seabed foundation
for PZIII model.
Item

Value

Kev0
Ges0
p00
Mf
Mg
af
ag
b0
b1
H0
HU0
gU
gDM

770 kPa
1155 kPa
4 kPa
1.15
1.035
0.45
0.45
4.2
0.2
600
40 MPa
2.0
0.0

Zienkiewicz et al. (1999) for Nevada loose sand (Dr ¼ 40%)
when taking part in VELCAS project. Here, although the
parameters were determined based on a series of laboratory
tests on Nevada loose sand, it does not mean that Nevada
sand is seabed soil. In the engineering of practice, we must
also conduct a series of tests on specimens sampled from a
real seabed floor where offshore structures will be built. In
this study, we only take the parameters of Nevada loose sand
as an example, to seek some general consolidation characteristics of loosely deposited seabed soil under offshore
structures.
According to the test results provided by VELACS project,
Nevada sand has the following basic physic properties:
Gravity of particle soil Gs ¼ 2.68, maximum/minimum dry
density rdmax ¼ 17.33 kN/m3, rdmin ¼ 13.87 kN/m3, corresponding maximum/minimum void ratio emax ¼ 0.888,
emin ¼ 0.511. Mean particles size d50 ¼ 0.14 mme0.19 mm.
Cohesion c ¼ 0, and friction angle 4 ¼ 35 . For Nevada sand
with Dr ¼ 40%, its initial void ratio e0 is 0.7372. Based on the
regression relation between Darcy's flow permeability k and
void ratio e for Nevada sand: k ¼ 3.2894  e1.7028
(  104 m/s), the initial permeability of Nevada sand with
Dr ¼ 40% is estimated as k0 ¼ 7.2  105 m/s. Initial void
ratio e0 and k0 are automatically updated in computation according to Eqs. (1) and (2). Due to the fact there are air/NH4/
CH4 bubbles more or less in seabed soil, generally seabed soil

is not fully saturated. In this study, the saturation of seabed soil
is set as 98%.
The rubble mound and caisson of breakwater is made of
gravel stone and concrete, respectively. Elastic model is
adopted to describe breakwater behavior because of no plastic
strain occurring in it. The parameters of rubble mound are:
E ¼ 1.33 GPa, n ¼ 0.33, e ¼ 0.5385, Sr ¼ 100%,
k ¼ 2.0  101 m/s, The parameter of concrete caisson are:
E ¼ 10 GPa, n ¼ 0.25, e ¼ 0.1, Sr ¼ 80%, k ¼ 1.0  1012 m/
s. Actually, the function of breakwater is mainly to provide a
gravity compression on the loose seabed foundation. The
computational results of consolidation characteristics of loose
seabed foundation are not sensitive at all to the parameters of
breakwater.
In this study, one of investigation purposes is to recognize
the differences of consolidation characteristics between very
dense seabed soil and loosely deposited loose seabed soil. For
very dense seabed soil, elastic model should be used to
describe its behavior. The consolidation process of a very
dense seabed soil foundation under breakwater has been
investigated in Ye (2012). As a comparison, we also adopt
elastic model for the loosely deposited seabed soil with
properly estimated parameters, to recognize the differences.
According to the following relationships:
p0
p0
G
¼
G
es0
p00
3p00

ð3Þ

3K  2G
E ¼ 2Gð1 þ nÞ
6K

ð4Þ

K ¼ Kev0
n¼

where K,G and E are volumetric modulus, shear modulus and
Young's modulus; n is Possion's ratio. p'0 is a reference
0
confining pressure, and p is the mean effective stress. In order
to properly estimate the elastic parameters of Nevada sand
with Dr ¼ 40% based on Table 1, it is necessary to estimate the
0
value of p in the seabed beneath the breakwater. Due to the
0
0
fact that p is highly dependent on buried depth, the value of p
at the middle depth of seabed foundation beneath the breakwater is chosen here from the respective of average. According
0
to the stress results determined using PZIII model, p is about
200 kPa at the middle depth of seabed foundation beneath the
breakwater. Adopting Eqs. (3) and (4), Young's modulus E and
Possion's ratio n of the loosely deposited seabed soil is
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determined as 25 MPa and 0.286, respectively. They are kept
as constant in computation. It is noticed that the above elastic
parameters of loose seabed soil used are only rough estimation
for elastic model.
In computation, the bottom of loose seabed foundation is
fixed; and the lateral sides are only fixed in horizontal direction. On the surface of seabed, the hydrostatic pressure is
applied. At the meantime, the pore pressure in seabed
foundation and the water pressure in seawater are continuous
on the surface of seabed, guaranteeing the effective stresses
on seabed surface is zero all the time. The caisson breakwater is applied by hydrostatic pressure on its lateral sides;
and its bottom is applied by upward bouyant. The caisson
breakwater is treated as a rigid body with apparent small
permeability. Additionally, the hydrostatic pressure acting on
seabed floor and breakwater as the boundary value is updated
based on the settlement of seabed surface and breakwater,
following p ¼ p0 þ rwgsv ¼ rwgd0 þ rwgsv, where d0 is the
initial water depth, and sv is the vertical settlement, rw is the
seawater density. Due to the fact that the two lateral sides of
computational domain is far away from the breakwater zone
where we most concern, the effect of boundary condition
applied on lateral sides can be minimized.
Beside boundary conditions, initial conditions including
displacement, effective stresses and pore pressure at t ¼ 0 s is
also necessary to solve Biot's equation for consolidation
problem. Here, it is assumed that the breakwater is built in
short time, without considering the construction process.
Namely, the gravity of breakwater is suddenly applied on the
seabed foundation. Once the breakwater is suddenly built,
there is an instantaneous settlement of breakwater due to the
instantaneous elastic deformation of seabed foundation. At the
meantime, excess pore pressure is generated within seabed
foundation. Elastic model is used to determine the initial
conditions due to the fact that there is only instantaneous
elastic deformation within seabed foundation once the gravity
of breakwater is suddenly applied.
Fig. 2 shows the distribution of initial conditions. It is
obviously observed that the excess pore pressure beneath the
breakwater is great; and the effective stress field is significantly disturbed by the breakwater. It is indicated that pore
water and seabed soil beneath the breakwater are bearing the
gravity of breakwater jointly. The partial bearing of gravity of
breakwater by beneath seabed soil directly results in the formation of shear stress concentration zones as illustrated in
Fig. 2. In the zone far away from the breakwater, distribution
of pore pressure and effective stress is layered. The effect from
breakwater construction is minor. In computation, the caisson
is treated as an impermeable rigid, the pore pressure within it
basically keeps zero all the time.
As mentioned above, seabed soil and pore water jointly
undertake the gravity of overlying breakwater at initial time. It
is interesting to know about the effect of seabed stiffness on
the undertaking ratio of pore water to seabed soil. Fig. 3
demonstrates this effect of seabed stiffness on excess pore
pressure at initial time. It is shown that seabed soil with less
stiffness (Young's modulus E is less) will undertake less
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portion of the gravity of overlying breakwater, resulting in
much greater excess pore pressure correspondingly. The distribution of excess pore pressure at initial time is sensitive to
stiffness of seabed soil. Therefore, determination of Young's
modulus E of seabed foundation based on laboratory tests
needs to pay attention in practice engineering.
4. Results
4.1. Consolidation process
Taking the above determined displacement, effective
stresses and pore pressure as the initial condition, the
consolidation characteristics of loosely deposited seabed
foundation (Dr ¼ 40%) under a breakwater is computed.
Following is to discuss the results.
Fig. 4 illustrates the time history of the breakwater
displacement in the consolidation process, in which the results
adopted PZIII model and elastic model are both shown. It is
found that the instantaneous displacement of the breakwater
after it suddenly built reaches up to 14 mm (leftward) and
160 mm (downward), respectively. The thereafter consolidation final displacement of breakwater is 5 mm in horizontal
and 65 mm in vertical, respectively if PZIII mode is used.
While, it is only 2.2 mm in horizontal and also nearly 65 mm
in vertical, respectively if elastic model is used. The predicted
horizontal displacement and final settlement of breakwater in
consolidation process is not significantly different using PZIII
model and elastic model.
In essence, both PZIII model and elastic model can both
effectively describe the historic characteristics of breakwater
settlement in consolidation process. These time history curves
of breakwater displacement predicted by PZIII model and
elastic model are similar as illustrated in Fig. 4, so long as
Young's modulus E could be estimated appropriately. In the
practice of engineering, the magnitude of final settlement of
offshore structures is an important aspect concerned by ocean
engineers. If final settlement of offshore structures is only
predicted using simple linear elastic model or MohreCoulomb
model, then the stiffness (Young's modulus E ) of seabed
foundation must be estimated appropriately. Otherwise, the
computational result of final settlement of offshore structures
could not be reliable.
The settlement of offshore structures mainly results from
the deformation of seabed foundation under overlying
compression. The change of void ratio in seabed is the
measure of volumetric strain under quasi-static loading.
Fig. 5 demonstrates the distribution of De/e0 after consolidation on line x ¼ 217.3 m which is under the breakwater.
The change of void ratio on x ¼ 217.3 m when initial
instantaneous deformation within seabed foundation occurring is also shown. Overall, regardless of at initial time or
after consolidation, and no matter PZIII model or elastic
model is used; the change of void ratio in lower seabed is
greater than that in upper seabed. And all changes De/e0 are
negative. It means that seabed soil beneath the breakwater all
trends to compact.
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Fig. 2. Distribution of pore pressure and effective stresses at the initial time after the sudden application of breakwater gravity on loose seabed foundation.

Fig. 3. Effect of seabed stiffness on the pore pressure distribution at the initial
time in loose seabed foundation.

Again, it is observed that the volumetric strain determined
by PZIII model is similar than that determined by elastic
model. In PZIII model, Young's modulus E is not constant in
time, and not uniform in seabed. It is directly dependent on the
mean confining pressure p0 at one position. In the seabed
foundation, Young's modulus is not uniform due to the uneven
distribution of effective stresses at one time; and it also
changes with time due to the increase of effective stresses in
the process of pore pressure dissipation at each position as
illustrated in Fig. 6. Obviously, PZIII model can appropriately
describe the property of sand soil that its stiffness is dependent
on effective confining pressure. However, elastic model treats
stiffness of seabed soil as a constant in time, and uniform in
seabed foundation. In this study, Young's modulus E is estimated as 25 MPa for elastic model based on the stress state at
the middle depth beneath the breakwater. From the respective
of breakwater settlement (Fig. 4) and the change of void ratio
within seabed foundation, it seems that Young's modulus of
seabed soil is indeed appropriately estimated for elastic model.
In my opinion, it is inappropriate to estimate the stiffness of
loose seabed soil for elastic model adopting test results under
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Fig. 4. Time history of the breakwater displacement in the consolidation process.

Fig. 5. Vertical distribution of the change of void ratio along depth of loose
seabed foundation after consolidation.

Fig. 6. Time history of pore pressure dissipation, effective stress increase in
consolidation process at x ¼ 217 m, z ¼ 23.1 m, which is beneath the
breakwater (Cv is consolidation coefficient, h ¼ 20 m is the thickness of
seabed).

only one reference confining pressure. It is better to establish a
general elastic model in which the mechanism that stiffness of
seabed soil is dependent on effective confining pressure can be
considered. Then the difficulty of estimation of only one
Young's modulus for whole seabed foundation (also keeping
constant in time) can be overcome.
In Fig. 6, it is also observed that the consolidation process
determined by PZIII model and elastic model, respectively are
basically similar. The significant difference between two
processes is the speed of effective stresses increase. As shown
in Fig. 6, pore pressure dissipation predicted by PZIII model is
basically the same with that predicted by elastic model with
appropriate stiffness. However, the increase of effective stress
at the same position is faster than that predicted by elastic
model. More detailed observation find that the magnitude of
pore pressure dissipation is much greater than the magnitude
of effective stress increase at one position, for example, the
dissipation of pore pressure is finally 80 kPa; however, the
increase of mean effective stresses I1 is finally about 55 kPa as
illustrated by Fig. 6. It seems that the effective stress principle
at position x ¼ 217 m, z ¼ 23.1 m is not satisfied, because
there is no extra external loading is applied in the consolidation process except for the gravity of breakwater. Actually, this
phenomenon is the result of effective stress diffusion in the
zone beneath the breakwater. Effective stress is gradually
diffused or transmitted to its surrounding soil in consolidation
process. This process is also can be referred as to “stress redistribution”. Elastic model with larger stiffness of seabed soil
makes the diffusion of effective stress faster; and the size of
affected zone larger.
Fig. 7 illustrates the dissipation process of excess pore
pressure along seabed depth. It is observed that the excess pore
pressure determined by elastic model is always less than that
determined by PZIII model at the same depth and at the same
time; especially in the upper seabed foundation beneath
offshore structures at the initial time. At other times, the distribution of excess pore pressure determined by elastic model
and PZIII model basically is similar so long as appropriate
estimation of seabed stiffness. It is also seen that estimation of
seabed stiffness has no effect on the final distribution of pore
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Fig. 7. Vertical distribution of excess pore pressure along seabed depth at
different time.

pressure within seabed foundation. There is only hydrostatic
pressure.
4.2. Stress paths and stressestrain relation
The stress paths at four typical positions on x ¼ 217 m for
the consolidation process of loosely deposited seabed foundation are shown in Fig. 8. It is found that all stress states on
the four typical positions after consolidation are all far away
from critic state line (Mf ¼ 1.15) regardless determined by

PZIII model or elastic model. It is indicated that the seabed
soil beneath the breakwater does not fail after consolidation.
The slope of stress paths determined by elastic model is
generally greater than that determined by PZIII model. It
means that seabed soil described by elastic model will undertake much more shear stress under the same confining
pressure. With the increase of buried depth, the difference of
stress paths determined by PZIII model and elastic model
gradually disappears. In Fig. 8, it is also found that the soil
beneath breakwater will undertake more confining pressure,
and less shear stress if PZIII model is used comparing with
elastic model, after consolidation finishing. However, the final
subsidence of the breakwater, as well as the pore pressure
dissipation process are basically the same, regardless of PZIII
model or elastic model, as illustrated in Figs. 4 and 6.
Stressestrain relation is a direct way to observe whether
there is plastic deformation or not within the seabed foundation in the consolidation process. The stressestrain relations
on a typical position x ¼ 217 m, z ¼ 24.65 m are shown in
Fig. 9. It is found that all stressestrain curves on this typical
position are linear regardless determined by PZIII model or
elastic model. The only difference is the slope of these curves.
It seems that elastic deformation is absolutely the dominant
component within the seabed foundation. And εz determined
by elastic model is a little less than that determined by PZIII
model; while, εv determined by elastic model is a little greater
than that determined by PZIII model. Overall, their difference
is insignificant.
For sand soil, even though it is loosely deposited, plastic
deformation could only occur under very high stress condition
when it is loaded by quasi-static load. However, it is extremely

Fig. 8. Stress paths on four typical positions on x ¼ 217 m in the consolidation process.
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Fig. 9. Stressestrain relations on a typical point beneath the breakwater in the consolidation process.

easy for plastic deformation to occur under dynamic cyclic
loading for loosely deposited sand soil. The deformation
characteristic of loose seabed soil is significantly different
under quasi-static load and cyclic loading. Fig. 10 shows the elgp and lgεv-lgp curves of Sacramento River sand under
isotropic compression conducted by Yasufuku et al. (1991).
The maximum testing confining pressure reaches up to
16 MPa. It is obviously found that the reduction of void ratio e
is apparently little when confining pressure is less than 1 MPa.
It means that there is no obvious plastic deformation for
Sacramento River sand soil when confining pressure is less
than 1 MPa. This deformation phenomenon of sand soil also
has been observed by (Lee and Seed, 1967; Lade and Bopp,
2005). In this study, the increase of mean effective stress p0
induced by gravity compression is generally less than 250 kPa
in the sandy seabed under the breakwater. This magnitude of
quasi static load-induced effective stress is really difficult to
force the loose sand foundation soil to generate obvious plastic
deformation in consolidation process. Additionally, Yasufuku
et al. (1991). found that the relation between volumetric
strain and confining pressure was linear until the confining
pressure is not greater than 16 MPa for Sacramento River sand
as illustrated in Fig. 10 (b), regardless of its initial relative
density (Dr). Actually, the linear relation between volumetric
strain and mean effective stress in the loose seabed foundation
shown in Fig. 9 is highly consistent with these experimental

results on sand soil. It tells us that the deformation in the
seabed foundation under offshore structures basically is elastic
if the increase of mean effective stress is less than 1 MPa. In
the practice of engineering, it is rare for the increase of mean
effective stress to exceed 1 MPa. However, the situation is a
little different for clay soil. There generally could be obvious
plastic deformation in clay when the increase of mean effective stress p0 is greater than 200 kPa (also depending on specific clay's properties). It reminds us that the following
suggestions should be adopted when estimating the consolidation deformation of seabed, as well as the settlement of
offshore structures:
(1) For sand seabed soil, general elastic model could be
acceptable, in which the stiffness of seabed soil must be
dependent on the effective confining pressure; for
" 
  2 #l
2
I1
1þv
example, (1) E ¼ MPa Pa þ 6 12v PJ22
proposed
a

by Lade and Nelson (1989), where Pa is air pressure, I1
and J2 are stress invariants, n is Poisson's ratio, M and l
 n
are two constants. (2) E ¼ kPa Ps3a
proposed by Janbu,
where s3 is effective confining pressure, and k and n are
material parameters. (3) E ¼ h 1 i2 proposed by
a

1
1bðs1 s3 Þ

Fig. 10. (a) e-lgp curves of Sacramento River sand under isotropic compression, (b) lgεv-lgp relations of Sacramento River sand under isotropic compression
(Yasufuku et al., 1991; Zhao et al., 2011).
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Duncan-Chang soil model, where a and b are material
qﬃﬃﬃﬃ0
2
p
parameters. (4) G ¼ Pa G0 ð2:973eÞ
1þe
Pa proposed by Wang
et al. (1990) and Wang and Xie (2014), where G0 is the
0
shear stress at small strain, p is the mean effective stress
of soil.
(2) For clay or soft clay seabed soil, modified Cambridge Clay
model must be used, rather than an elastic model.
(3) For silty seabed soil, it is better to conduct isotropic
compression tests to understand the deformation characteristics, as well as determine the critic confining
pressure to generate plastic deformation on the one
hand, and also estimate the increase of mean effective
stress in seabed foundation adopting rough trial numerical computation on the other hand. If the estimated
maximum increase of mean effective stress is less than
the critic confining pressure, general elastic model is
acceptable; otherwise, elastoplastic model must be used
in computation.
4.3. Final distribution
The distribution of final total displacements, including
instantaneous displacement and consolidation displacement
is shown in Fig. 11. Comparing with the results determined in
Ye (2012) for very dense seabed foundation (elastic model
was used), it is found that the distribution style of the final
total displacement within loosely deposited seabed foundation is basically the same with that within very dense seabed
foundation. However, the magnitude of predicted displacements is different. Fig. 11 shows that the loose seabed soil
close to offshore structure moves toward to lateral sides
under the gravity compression of structures, reaches up to

about 40 mm. The offshore breakwater settles over 220 mm
as whole.
The distribution of final pore pressure and effective stresses
within the loosely deposited seabed foundation are shown in
Fig. 12. It can be observed that the distribution of pore pressure is layered. There is no excess pore pressure within the
loosely deposited seabed foundation. The construction of
offshore breakwater has significant effect on the distribution of
effective stresses. There are a high stress zone and two concentration zones of shear stress beneath the breakwater.
5. Conclusion
In this study, the consolidation characteristics of loosely
deposited seabed foundation under an offshore breakwater is
investigated taking a semi-coupled numerical model FSSI-CAS
2D as the tool. An advanced soil elastoplastic constitutive
model PZIII is adopted to describe the complex behaviors of
loosely deposited foundation in the consolidation process. For
sandy seabed soil, the increase of effective stress within seabed
foundation induced by overlying built offshore structures
generally is less than 300 kPa.This magnitude of effective stress
increase (quasi-static) is difficult for sand soil to generate
obvious plastic deformation, even within loosely deposited
seabed foundation. The elastic deformation in consolidation
process is the absolutely dominant component within seabed
foundation. Therefore, besides advanced soil constitutive
models, for example PZIII model, elastic model could be
acceptable to describe the consolidation process of sand seabed
foundation, and to estimate the final subsidence of offshore
structures, regardless of in dense status or loose status; However,
the elastic parameters of seabed soil must be tested carefully in
laboratory at a reference confining pressure p00 , and Young's

Fig. 11. Distribution of final displacements (instantaneous displacement plus consolidation displacement) after consolidation.
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Fig. 12. Distribution of final pore pressure and effective stresses after consolidation.

modulus E must be positively dependent on the mean confining
0
pressure p of elements in the whole seabed foundation.
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