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A B S T R A C T

This study is an application of the integrated numerical model FSSI-CAS 2D, to predict the subsidence of a
huge rubble mound breakwater in the west part zone at Yantai port. The modified Cambridge clay soil model
and poro-elastic model are adopted to describe the quasi-static mechanical behavior of the seabed foundation,
which is consists of muddy-clay, clay and silt soil layers. The model parameters of soil used in computation are
estimated based on a great number of laboratory tests (over one thousand). A novel point is that the buoyancy
applied on the rubble mounds under SWL (Static Water Line), as well as its nonlinear variation dependent on
the deformation of seabed foundation are considered in computation. Through analytical and experimental
verification, as well as the comparison with observation data monitored in-situ, it is indicated that FSSI-CAS
2D is reliable to numerically predict the subsidence of offshore structures, and has the ability to be applied in
practical engineering.
1. Introduction

It is well known that the geological deposition history of offshore
seabed foundation soil generally is relatively short due to the rapid
depositing rate in offshore environment (Daigle et al., 2017). Most of
offshore seabed foundation has the characteristics of less density and
relatively low bearing capacity (Anderson, 2009). After constructed on
this type of seabed foundation, significant post-construction subsidence
wound occurred for offshore structures (Shen et al., 2017; Setan and
Othman, 2006). Meanwhile, the seabed soil beneath structures will be
compressed to a dense state. Excessive subsidence itself is not neces-
sarily harmful for the ability of offshore structures. However, whether
the magnitude of subsidence is accurately predicted or not would have
an extremely important effect on the normal service performance of
offshore structures after construction. In the practice of engineering,
some redundant height generally will be reserved for offshore struc-
tures in design stage, to counteract the effect of the post-construction
subsidence, guaranteeing the working surfaces reaching the designed
elevation in their service phase. Therefore, the accurate prediction of
the post-construction subsidence of structures is considerably crucial
for the structure design and the normal service performance of offshore
structures.

The subsidence of offshore structures could be caused by the
wave/current-induced scouring (Fazeres-Ferradosa et al., 2018, 2020),
and by the dynamic loading, e.g. seismic wave or ocean wave, as
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well as the structures weight-induced static loading. Subsidence of off-
shore structure caused by dynamic loading is certainly due to
the liquefaction-post consolidation process of seabed foundation
(Karamitros et al., 2013; Konagai et al., 2013; Verdugo and Gonzalez,
2015; Sumer et al., 2007; Ye and Wang, 2015; Ye et al., 2017).
However, the subsidence caused by the weight of structures will be
the focus in this study. The layer wise summation method proposed
by a series of national codes, e.g. Chinese Code for Investigation of
Geotechnical Engineering (GB50021-2001), is widely adopted by engi-
neers to predict the post-construction subsidence of offshore structures.
It is worth to point out that this method is based on the concept of
linear elasticity, considering that seabed foundation soil is linear elastic
material. However, the deformation behavior of real seabed soil is com-
plicatedly nonlinear, rather than simply linear elastic. Therefore, layer
wise summation method is a type of semi-theory and semi-experiences
method. The credibility of the results given by this method is general.
This is the reason why the subsidence of structures predicted by the
layer wise summation method needs a second empirical correction in
practical engineering. Even so, the final predicted subsidence by this
method wound frequently be significantly different with the in-site
monitoring results.

Apart from semi-theory, semi-experiences method, another is the
theoretical approach. Generally, Biot’s consolidation equation, and ad-
vanced soil constitutive models, e.g. Cambridge clay model, that could
vailable online 6 November 2020
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describe the complicated mechanical behavior of soil foundation, are
taken to predict the deformation of seabed foundation, and the post-
construction subsidence of overlying offshore structures. To the au-
thor’s best knowledge, there are only few works are available so far. Ye
(2012b), Jeng and Ye (2012), Shen et al. (2017), and Ye et al. (2012)
studied the post-construction subsiding process of large-scale offshore
breakwaters, and the consolidation characteristics of their seabed foun-
dation adopting the numerical model FSSI-CAS 2D/3D. Their works
have improved the understanding of the subsidence problem of offshore
structures. However, the above mentioned previous works were only
performed specially for some idea conditions in which simple topog-
raphy and structure configuration, and pore-elasticity were involved.
There was basically no a work has been conducted for a complicated
practical engineering case in which real complex topography of seabed
floor, and complex nonlinear constitutive soil model were involved.
The integrated numerical model FSSI-CAS 2D is an unique computation
model. It not only can be applied to the problem of fluid–structure-
seabed foundation interaction (Ye et al., 2013, 2014, 2015), and the
seismic dynamics of offshore structure and its seabed foundation (Ye
and Wang, 2015, 2016), but also can be applied to the problem of
seabed consolidation and the subsidence of offshore structures (Ye,
2012b; Jeng and Ye, 2012; Ye et al., 2012). Specially, the hydrostatic
pressure applied by seawater on seabed floor and outer surface of
offshore structures, as well as the buoyancy applied to structures and
its variation dependent on the deformation of seabed foundation can
be effectively taken into consideration in computation by FSSI-CAS 2D,
detailed information please see Ye et al. (2012). However, the above
two factors are frequently difficult to be handled by other commercial
or open source packages due to the fact that a wave model for the
hydrostatic and hydrodynamics of seawater is generally not included
in them. This priority reflects that FSSI-CAS 2D is worth to be used in
the field of offshore geotechnics.

In this study, in order to apply FSSI-CAS 2D into engineering
practice, taking the rubble mound breakwater in the west port zone
at Yantai port as the engineering background, the integrated numerical
model FSSI-CAS 2D is adopted as the computation tool, the weight-
induced post-construction subsidence of a large-scale rubble mound
breakwater will be predicted considering the soil layers division and
the mechanical parameters obtained through in-situ geotechnical engi-
neering investigation and laboratory tests. Comparison analysis finds
that the numerically predicted result is basically anastomotic to the in-
situ monitoring data. It is indicated that FSSI-CAS 2D is feasible for the
engineering problem of subsidence prediction of offshore breakwater.
This works presented in this study can provide an application case of
FSSI-CAS 2D for the purpose of referencing.

2. Numerical model and constitutive model

Dynamic Biot’s equation known as ‘‘𝑢 − 𝑝" approximation proposed
by Zienkiewicz et al. (1980) are used to govern the consolidation
behavior of seabed foundation, as well as the subsidence behavior of
offshore structures:
𝜕𝜎′𝑥
𝜕𝑥

+
𝜕𝜏𝑥𝑧
𝜕𝑧

= −
𝜕𝑝
𝜕𝑥

+ 𝜌
𝜕2𝑢𝑠
𝜕𝑡2

, (1)

𝜕𝜏𝑥𝑧
𝜕𝑥

+
𝜕𝜎′𝑧
𝜕𝑧

+ 𝜌𝑔 = −
𝜕𝑝
𝜕𝑧

+ 𝜌
𝜕2𝑤𝑠

𝜕𝑡2
, (2)

𝑘∇2𝑝𝑠 − 𝛾𝑤𝑛𝛽
𝜕𝑝
𝜕𝑡

+ 𝑘𝜌𝑓
𝜕2𝜖𝑣
𝜕𝑡2

= 𝛾𝑤
𝜕𝜖𝑣
𝜕𝑡

, (3)

where 𝑢𝑠, 𝑤𝑠 are the soil displacements in horizontal and vertical di-
ection, respectively; 𝑛 is soil porosity; 𝜎′𝑥 and 𝜎′𝑧 is effective normal

stresses in the horizontal and vertical direction, respectively (Noted:
compressive stress is taken as negative in this study); 𝜏𝑥𝑧 is shear stress;
𝑝 is the pore water pressure; 𝜌 = 𝜌 𝑛+𝜌 (1−𝑛) is the average density of
2

𝑓 𝑠
porous seabed; 𝜌𝑓 is the fluid density; 𝜌𝑠 is solid density; 𝑘 is the Darcy’s
permeability; 𝑔 is the gravitational acceleration, 𝛾𝑤 is unit weight of
water and 𝜖𝑣 is the volumetric strain. In Eq. (3), the compressibility of
pore fluid (𝛽) and the volumetric strain (𝜖𝑣) are defined as

𝛽 =
(

1
𝐾𝑓

+
1 − 𝑆𝑟
𝑝𝑤0

)

, and 𝜖𝑣 =
𝜕𝑢𝑠
𝜕𝑥

+
𝜕𝑤𝑠
𝜕𝑧

, (4)

where 𝑆𝑟 is the degree of saturation of seabed, 𝑝𝑤0 is the absolute static
ressure of pore water at a position, and 𝐾𝑓 is the bulk modulus of
ore water when 𝑆𝑟=100%, generally, 𝐾𝑓 = 2.24 × 109 Pa. Here, the
ompressibility of pore fluid 𝛽 is taken to consider the unsaturation of
eabed soil, which is only applicable for the nearly saturated soil.

Finite element method (FEM) is utilized to solve the above govern-
ng equation (1) to (3), and Generalized Newmark Scheme (implicit
cheme) is adopted to calculate the time integration when solving the
bove governing equations (Chan, 1988; Zienkiewicz et al., 1999).
or the problem of Fluid–Structure–Seabed Interaction (FSSI), an in-
egrated/coupled numerical model FSSI-CAS 2D was developed by
he authors (Ye, 2012a). In FSSI-CAS 2D, the wave motion and the
orous flow in porous seabed is governed by VARANS (Volume Av-
rage Reynolds Average Navier–Stokes) equation (Hsu et al., 2002).
eanwhile, the dynamic behavior of offshore structure and its seabed

oundation is governed by the above Eqs. (1), (2) and (3). A coupled
lgorithm was developed to couple the VARANS equation and Biot’s
ynamics equation together. Actually, FSSI-CAS 2D has been widely
erified by analytical solutions, a series of physical wave flume tests (Ye
t al., 2013). More detailed information about the architecture and
he reliability of FSSI-CAS 2D can be found in Ye et al. (2013) and
e (2012a). Actually, comparing with other numerical model, such
s ABAQUS, FLAC, the key advantages of FSSI-CAS 2D includes three
spects. Firstly, ‘u-p’ approximation of Biot’s equation is taken as the
overning equation in the soil model, in which the acceleration term
as been considered. As a result, FSSI-CAS 2D is not only can be used
or consolidation problems, but also can be used for the problems of
eismic dynamics of structures built on porous foundation in which
ore water exists (Ye and Wang, 2015). However, the soil modulus
n ABAQUS is not applicable for problems of seismic dynamics of
tructures built on porous foundation if there is pore water to our best
nowledge. Secondly, two wave models, COBRAS and OLAFLOW for
he hydrodynamics of all types of ocean waves have been integrated
ogether with the soil model in FSSI-CAS 2D. As a result, FSSI-CAS 2D
an be used to study the ocean waves-induced dynamics of offshore
tructures built on porous seabed foundation (Ye et al., 2014). So far as
e know, these commercial software, such as ABAQUS, FLAC, ANASIS,
LAXIS all have no this function. Thirdly, even though there are also
everal integrated models developed based on OpenFoam (Li et al.,
020) or COMSOL MultiPhysics (Liao et al., 2018) so far; however,
nly poro-elastic soil model can be used in them. In FSSI-CAS 2D, a
ew elasto–plastic soil models, such as Drucker–Prager model, Mohr–
oulomb model, Modified Cambridge soil model, Pastor Zienkcisz III
odel etc. have been available (Ye et al., 2015). Furthermore, the
rogram interface for soil constitutive models also has been opened
n FSSI-CAS 2D. As a consequence, the users can implant their own
onstitutive models developed by themselves through the dynamic-
ink library technique. Overall, there are some unique advantages in
SSI-CAS 2D developed by ourselves.

Void ratio 𝑒 and related Darcy’s permeability 𝑘 of soil generally is
ariational depending on the deformation of soil. In computation, the
ariation of void ratio of seabed soil is considered following 𝑒𝑛+1 = (1+
𝑛) exp (

𝛥𝑝
𝑄 + 𝛥𝜖𝑣𝑠)−1, which is established from the perspective of large

deformation, where 𝑛 stands for 𝑛th time step, 𝛥𝑝 is the incremental
pore pressure, 𝛥𝜖𝑣𝑠 is the incremental volumetric strain of soil, and 𝑄 =
1∕𝛽 is the compressibility of pore water. Correspondingly, permeability
of seabed soil 𝑘 variates following 𝑘 = 𝐶𝑓

𝑒3

1+𝑒 , where 𝐶𝑓 = 𝑘0
1+𝑒0
𝑒30

is
n empirical coefficient (Miyamoto et al., 2004), in which 𝑒0 and 𝑘0
is the initial void ratio and permeability. Additionally, the hydrostatic
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water pressure acting on marine structure and its seabed foundation, as
is the boundary values in FEM computation, is automatically variable
based on the displacement of marine structures, and the deformation
of seabed foundation. In the consolidation process, the void ratio of
seabed foundation must reduce accompanying the pore water is drained
out, leading to the subsidence of seabed foundation and its overlying
marine structure. As a result, the hydrostatic pressure acting on struc-
ture and its seabed foundation would change significantly, especially
in the cases involving large deformation.

3. Model validation

3.1. Analytical solution

There have been a series of analytical solutions for the soil con-
solidation problem in literature. Among them, the analytical solution
proposed by Terzaghi (1925), and the one proposed by Mandel (1953)
and Cryer (1963) are the most typical ones. It is noted that the vali-
dation for FSSI-CAS 2D by adopting the Terzaghi’s solution has been
previously conducted, see Ye (2012b) and Ye et al. (2012). Here, only
the validation by adopting the analytical solution proposed by Mandel
(1953) and Cryer (1963) is presented.

The typical Terzaghi’s solution is actually a 1D solution for soil
consolidation problem. While, the solution proposed by Mandel (1953)
and Cryer (1963) is a 2D plane strain solution, as demonstrated in
Fig. 1(a). A poro-elastic fully saturated medium, e.g. soil, is sand-
wiched by two rigid and impermeable plates; and this porous medium
is compressed by the two plates on which two constant uniformly
distributed pressure are applied reversely. The pore water in the poro-
elastic medium can be freely drained out through the two lateral
sides, resulting in the pore pressure on the lateral sides can be set as
zero. The pore pressure will display a non-monotonic variation with
consolidation time. At the initial consolidation time, an increase of the
pore pressure will be induced near to the center of the rectangular
medium. Subsequently, the pore pressure will dissipate normally. This
phenomenon was firstly discovered and explained by Mandel (1953)
and Cryer (1963), and was called as ‘‘Mandel–Cryer effect’’. The general
solution to this Mandel–Cryer problem considering the compressibility
of the poro-elastic medium was given by Cheng and Detournay (1988).
The pore pressure 𝑝 on the x axis is analytically expressed as:

𝑝(𝑥, 𝑡) =
2𝐹𝐵(1 + 𝜈𝑢)

3𝑎

∞
∑

𝑖=1

sin 𝛼𝑖 cos 𝛼𝑖
𝛼𝑖 − sin 𝛼𝑖 cos 𝛼𝑖

(cos
𝛼𝑖𝑥
𝑎

− cos 𝛼𝑖) exp(−
𝛼2𝑖 𝑐𝑣𝑡

𝑎2
)

(5)

tan 𝛼𝑖 =
1 − 𝜈
𝜈𝑢 − 𝜈

𝛼𝑖 (6)

n which 𝐺 is the shear modulus. 𝜈 and 𝜈𝑢 = 3𝜈+𝛼𝐵(1−2𝜈)
3−𝛼𝐵(1−2𝜈) is the drained

nd undrained Poisson’s ratio. 𝐵 = 𝛼𝑀
𝐾𝑢

is the Skenpton coefficient, B
is nearly 1.0 for fully saturated medium. 𝐾𝑢 = 𝜆 + 2𝜈∕3 + 𝛼2𝑀 is the
undrained bulk modulus. 𝑀 = [ 𝑛

𝐾𝑓
+ 𝛼−𝑛

𝐾𝑠
]−1 is the Biot modulus. 𝑛 is

the porosity. 𝛼 = 1− 𝐾𝑇
𝐾𝑠

is the Biot’s coefficient. 𝐾𝑓 is the bulk modulus
f pure water, 𝐾𝑠 is the bulk modulus of the particles making up the
oro-elastic medium, and 𝐾𝑇 is the overall bulk modulus of the poro-

elastic medium, which is generally much less than 𝐾𝑠, resulting in 𝛼
enerally is very near to 1.0. 𝑐𝑣 = 𝑘

𝜌(𝑀−1+𝛼2(𝜆+2𝜈)−1) is the consolidation
oefficient. 𝜌 is the density of pore water. 𝜆 = 𝜈𝐸

(1+𝜈)(1−2𝜈) , 𝜇 = 𝐺 = 𝐸
2(1+𝜈)

re the Lame’s constant. 𝐸 is the Young’s modulus. 𝑎 and 𝑏 are the
alf of the length and height of the rectangular porous medium. 2𝐹 is

the resultant force of the uniformly distributed pressure applied on the
rigid plates. 𝛼𝑖 (𝑖 = 1, 2, 3,… ,∞) are the roots of the nonlinear Eq. (6).

The integrated numerical model FSSI-CAS 2D is adopted to repro-
duce the pore pressure dissipation process at three typical position A
3

Table 1
Parameters used in the verification computation adopting Mandel’s solution.

Parameters Value Parameter Value

E (MPa) 100 𝛼 1.0
𝜈 0.25 𝑛 0.375
𝜈𝑢 0.5 𝑎 (m) 20
𝜆 (MPa) 40 𝑏 (m) 10
𝜇 or 𝐺 (MPa) 40 𝐹 (kN) 200
𝑘 (m/s) 1.0 × 10−5 𝐾𝑠 (MPa) 1.0 × 106

𝐵 0.9996 𝐾𝑓 (MPa) 2.24 × 103

(𝑥 = 𝑎∕2, 𝑧 = 0), B (𝑥 = 3𝑎∕4, 𝑧 = 0) and C (𝑥 = 7𝑎∕8, 𝑧 = 0), as
labeled in Fig. 1(a). The parameters of the poro-elastic medium used
in this verification computation are listed in Table 1. The half length
𝑎 and the half height 𝑏 of the rectangular computational domain is
20 m and 10 m, respectively. The resultant force on the rigid plates
is set as 𝐹=200kN. It is noted that the gravity is not considered due
to the fact that it is also not considered in the analytical solution. The
comparison of the pore pressure dissipation process at position A, B
and C between the numerical results predicted by FSSI-CAS 2D and the
analytical solution proposed by Cheng and Detournay (1988) are shown
in Fig. 1(b). It is observed that the numerical results predicted by FSSI-
CAS 2D agree very well with the analytical solution. It is indicated that
FSSI-CAS 2D is reliable for the consolidation problems.

3.2. Experimental test on clay soil

Nakai and Matsuoka (1986) has performed a series of triaxial test on
the normally consolidated Fujinomori clay to verify the constitutive soil
model proposed by them. Here, the conventional drained triaxial test
data recorded by Nakai and Matsuoka (1986) are utilized to validate
the modified Cambridge clay soil model in FSSI-CAS 2D, due to the
fact that these test data given by Nakai and Matsuoka (1986) are very
reliable, and the soil parameters also have been reliably calibrated by
them. The soil parameters of the normally consolidation Fujinomori
clay for the modified Cambridge model are: initial void ratio 𝑒0=0.7,
Poisson’s ratio 𝜈=0.3, slope of normally compression line in 𝑒-ln𝑝
coordinates 𝜆=0.08636, slope of rebound line in 𝑒-ln𝑝 coordinates
𝜅=0.01904, slope of critical state line 𝑀𝑓=1.4183, overconsolidated
ratio OCR=1.0. In FSSI-CAS 2D, axisymmetric 8-nodes element is gener-
ated to simulate the cylinder clay soil sample, as illustrated in Fig. 2(a).
In computation, the bottom of axisymmetric element is fixed in vertical;
and the axisymmetric line is fixed in horizontal. The confining pressure
𝜎′3, and axial pressure 𝜎′1 applied on the cylinder soil sample are varied
according to the expected stress path. There are totally two stress paths,
OA and OB respectively, in this verification work, as shown in Fig. 2(b).
Before applying axial deviatoric stress in vertical, soil sample is firstly
isotropically consolidated at 𝑝0=196 kPa. After fully consolidated, the
soil sample is sheared according to the expected stress path OA and
OB, in which OB is a conventional drained path, while OA is a constant
confining pressure path. The axial strain 𝜖1, radial strain 𝜖1, volumetric
stress 𝜖𝑣 are recorded in computation.

The comparison between the test results and that predicted by
FSSI-CAS 2D for the normally consolidation Fujinomori clay adopting
modified Cambridge soil model are demonstrated in Fig. 3. It is ob-
served that the results predicted by FSSI-CAS 2D agree very well with
the test results provided by Nakai and Matsuoka (1986), indicating
that FSSI-CAS 2D can highly reliably describe the mechanical behavior
of clay soil. This verification is a solid foundation for the subsequent
numerical analysis in the study.

4. Engineering background

Yantai port is located on the southwest coastal line of Bohai Bay,
and is geographically affiliated to the city of Yantai, Shandong

Province, China, as illustrated in Fig. 4. Currently, Yantai port includes
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Fig. 1. Comparison of the pore pressure dissipation between the present model’s result and the analytical solution (Noted: A (𝑥 = 𝑎
2
, 𝑧 = 0), B (𝑥 = 3𝑎

4
, 𝑧 = 0) and C (𝑥 = 7𝑎

8
, 𝑧 = 0)).
Fig. 2. Schematic map of the computational model for the triaxial test of clay soil and the two typical stress paths.
four harbour zones. They are chifu bay zone, west harbour zone,
longkou harbour zone and penglai harbour zone, respectively. Among
them, the west harbour zone is the largest one; and is the core asset
for the development of Yantai port. Total length of the wharfs in the
west harbour zone is 19 km. The maximum water depth in front of the
wharfs is 28 m. The west harbour zone is divided into 8 functional
zones such as container, chemical liquid, bulk cargo, general bulk,
crude oil and LNG etc. Totally, 65 berths with the capacity 50,000
to 300,000 tons will be constructed. The planned ultimate bearing
capacities of the west harbour zone will be up to 200 million tonnes
and 15 million standard containers per year.

In order to guarantee the safety of vessels when docking in front of
the wharfs for loading and unloading, a group of deep water break-
waters have been constructed to surround a harbour basin with a
area about 5 km2, as illustrated in Fig. 5. In the west harbour zone,
the whole breakwater construction project is divided into two phases.
4

The structure form of phase I is the sloping rubble mound breakwater
covered by accropodes, as shown in Fig. 6; and it is composite break-
water in phase II. Currently, the construction of breakwaters in phase
I and phase II have all been finished. The stability of the composite
breakwaters in phase II under extreme fortified ocean waves impact
has been evaluated by He et al. (2018). As shown in Fig. 6, the width
at the bottom and at the top of the rubble mound breakwater (referred
as RB breakwater thereafter) is up to 130 m, 15.52 m, respectively;
meanwhile, the height is up to 23 m. It is known that this rubble mound
breakwater is large in size, resulting in that a great weight will be
applied to its underlying seabed foundation. According to the collected
geological profiles in the geotechnical surveying stage, the underlying
seabed foundation mainly consist of muddy-silty clay, silty clay, clay
and silty soils. Significant compressive deformation would occurred
in the seabed foundation due to the low bearing capacity of these
foundation soils, and would further result in the excessive subsidence
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Fig. 3. Comparison between the test results and that predicted by FSSI-CAS 2D for the Fujinomori clay adopting modified Cambridge soil model.
Fig. 4. Position of Yantai port locating at (E121.3537, N37.6183).
Fig. 5. Satellite top view of the west harbour zone of Yantai port.
of the overlying rubble mound breakwater after construction. In order
to provide some reserved height for the rubble mound breakwater in
design stage, making the top elevation of the rubble mound breakwater
approach to the designed elevation after subsiding finished, it is highly
necessary to predict the subsidence of the large-scale rubble mound
5

breakwater built on the seabed foundation with low bearing capacity
in the west harbour zone of Yantai port.

In this study, taking the rubble mound breakwaters constructed in
phase I at the west harbour zone as the representative, the developed
numerical model FSSI-CAS 2D is adopted to predict the subsidence
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Fig. 6. Computational domain and dimensions of the rubble mound breakwater at the west harbour zone of Yantai port.
Fig. 7. Profiles of seabed foundation soil layers coming from field boreholes survey. 1⃝1: muddy-silt clay, 1⃝2: Silty Clay, 3⃝1: Clay, 3⃝2: Silty Clay and 3⃝4: Silt.
Table 2
Basic physical properties of seabed foundation soil layers.
Stratum w 𝛾 e W𝐿 I𝑝 I𝐿 𝜙′ 𝑐′

(%) (kN/m3) (%) (%) (◦) (kPa)

Muddy-silty Clay 1⃝1 39.6 17.9 1.08 32.1 14.5 1.52 18.1 15
Silty Clay 1⃝2 32.3 18.5 0.91 29.3 13.1 1.24 19.9 20
Clay 3⃝1 27.5 19.5 0.77 42.8 21.3 0.28 23.4 35
Silty Clay 3⃝2 23.4 20.0 0.64 28.2 12.8 0.63 27.1 26
Silt 3⃝4 22.3 19.9 0.62 24.7 7.4 0.66 25.5 38

Stratum a𝑣0.1−0.2 E𝑆0.1−0.2 C𝐶 SPT 𝑓 k C𝑣𝑉 C𝑣𝐻
(MPa) (MPa) (N) (kPa) (cm/s) (cm2/s) (m2/s)

Muddy-silty Clay 1⃝1 0.73 2.92 0.26 1.0 70 3.7e−7 1.72 2.35
Silty Clay 1⃝2 0.52 3.94 0.21 2.0 90 2.6e−7 4.12 4.80
Clay 3⃝1 0.28 6.66 0.23 15.0 180 9.6e−6 1.00 0.95
Silty Clay 3⃝2 0.26 6.76 0.15 13.0 180 4.0e−6 4.33 4.05
Silt 3⃝4 0.18 9.42 0.11 28.0 200 5.8e−6 8.54 8.13
of the breakwaters, to provide engineers with the settlement value,
making the reserved redundant height of the rubble mound breakwater
more appropriate in design stage. To implement this application, the
profiles and basic physical properties of the seabed soil layers, which is
as the foundation of the RB breakwaters at the west harbour zone, were
firstly collected from the consultant company in charge of the in-situ
geotechnical survey in the west port zone. As demonstrated in Fig. 7,
there are mainly five soil layers in the seabed foundation of the RB
breakwaters. They are muddy-silt clay 1⃝1, Silty Clay 1⃝2, Clay 3⃝1,
Silty Clay 3⃝2 and Silt 3⃝4, respectively. Their basic physical properties
of the five seabed soil layers obtained by performing a series of geotech-
nical tests are listed in Table 2. It can be seen that the muddy-silt clay
1⃝1 and 1⃝2 are weak soil layers with a thickness of 12 m to 14 m. Their

water content is up to 39.6% and 32.3%; void ratio is around 1.0; and
the bearing capacity f is only 70, 90 kPa, respectively. In engineering
practice, the surface layer with a thickness of 1.3 m of the first soil
layer 1⃝1 exactly beneath the rubble mound breakwater was replaced
with dense medium sand to enhance the bearing capacity of the seabed
6

foundation. Furthermore, a great number of plastic drainage strips with
a length of 14 m were inserted into the soil layers 1⃝1 and 1⃝2 with a
spacing of 1.0 m, to improve their seepage permeability, as illustrated
in Fig. 6. This engineering measure can effectively to accelerate the
process of consolidation of the seabed foundation, as well as reduce
the subsiding of overlying rubble mound breakwaters to some extent.
In Table 2, it is also can be found that the seabed soil layers 3⃝1, 3⃝2,
3⃝3 all have relatively excellent bearing performance with their bearing

capacity is in the range of 180 kPa to 200 kPa.

5. Computational domain, boundary condition and soil parame-
ters

According to the design diagram of the rubble mound breakwater
in the west harbour zone of Yantai port, as shown in Fig. 6, and the
profiles of seabed soil layers in Fig. 7, the computational domain used
in this study to predict the subsidence of the rubble mound breakwater
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Fig. 8. Material zones for the mesh generation in computation.
Fig. 9. The generated mesh in the computational domain after the first and fifth layer of the rubble mound breakwater is built (Noted: A (𝑥=750 m, 𝑧=-6.7 m) is a typical
osition under the RB breakwater selected as the representative for time history analysis).
𝑢

n the west harbour zone of Yantai port is illustrated in Fig. 8. The total
ength of the computational domain is 750 m (𝑥=350 m to 𝑥=1100 m).
he width at bottom of the rubble mound breakwater is 130 m. Its
istance to the left and right boundary of the seabed foundation is
00 m and 210 m, respectively. Due to the fact the maximum depth
f surveying boreholes in the seabed floor on which this rubble mound
reakwater is built is only 35.5 m, the thickness of the seabed foun-
ation in the computation is set as 35.5 m, correspondingly. In this
tudy, the seabed surface is set as z=0 m; and the left side of the seabed
oundation is set as x=350 m. Besides, the SPT of 3⃝4 is 28, and its
earing capacity is 200 kPa as that listed in Table 2. It means the soil
ayer 3⃝4 is very hard. Therefore, taking the soil layer 3⃝4 as the bottom
f computational domain has the reasonability.
7

In computation, the following boundary conditions are applied:
(1) The lateral sides of seabed foundation are fixed in horizontal.

𝑠|𝑙𝑒𝑓 𝑡 𝑠𝑖𝑑𝑒 = 𝑢𝑠|𝑟𝑖𝑔ℎ𝑡 𝑠𝑖𝑑𝑒 = 0 (7)

(2) The bottom of seabed foundation is fixed in both horizontal and
vertical, and treated as a impermeable board.

𝑢𝑠 = 𝑤𝑠 = 0 𝑎𝑛𝑑
𝜕𝑝
𝜕𝑧

= 0 𝑎𝑡 𝑧 = −35.5𝑚 (8)

(3) On the surface of the seabed floor and the outer surfaces of
the rubble mound breakwater, the total hydrostatic pressure is applied.
According to the hydrological survey, the average water depth in front

of the rubble mound breakwater is 19.56 m under the condition of
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Fig. 10. Distribution of the measured OCR along the depth of seabed foundation.
8

normal sea state. Therefore, the hydrostatic water pressure can be
determined following 𝑝 = 𝜌 × (19.56 − 𝑧), and its applying direction
is perpendicular to the surface of the rubble mound breakwater and its
seabed foundation. This application of the hydrostatic water pressure
makes the buoyancy applied on these rubble mounds can be considered
in computation. As we known, there must be buoyancy for these rubble
mounds under SWL due to the fact that some water has been expelled
by them. As a result, the pressure on the bottom of structure induced
by the overlying rubble mound breakwater is much less that if the
buoyancy is not taken into consideration. Therefore, the hydrostatic
water pressure must be applied. Otherwise, the subsidence of structure
will be overestimated due to the overestimation of the bottom pressure
of structure. Additionally, it is worth to point out that the hydrostatic
pressure at a position is not a constant, but would be changed ac-
companying the subsiding of structure and the deformation of seabed
foundation, especially in the cases large deformation or/and great
subsidence are involved. Fortunately, FSSI-CAS 2D can timely update
the hydrostatic pressure on boundary nodes by checking the current
position of each boundary nodes at each time step in computation.
This variation of hydrostatic pressure on boundaries can be effectively
handled by FSSI-CAS 2D. This is one of the priorities of FSSI-CAS 2D
in solving the nonlinear interacting between seawater, structure and its
seabed foundation under dynamic or quasi-static loading.

(4) Finally, the effective stress component perpendicular to the
outer surface of structure and its seabed foundation, as well as the shear
stress on it must be kept as zero all the time in computation, due to the
Fig. 11. Distribution of pore pressure, effective stress in the seabed foundation at the initial state.
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Fig. 12. Process of pore pressure dissipation, mean effective stress increase and void ratio reduction at the typical position A (𝑥=750 m, 𝑧=-6.7 m) after the first layer is built
Noted: 𝐻 is the thickness of seabed foundation).
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Fig. 13. Process of the subsidence of the rubble mound breakwater after the first layer
s built.

act that the rubble mound breakwater and its seabed foundation are
oth porous medium, rather than impermeable structure or medium.
therwise, the stress boundary condition on the outer surface of the

ubble mound breakwater and the seabed foundation is wrong.
As demonstrated in Fig. 7, there are totally seven types of material

n the computational domain. The seabed foundation is divided into
hree material zones. They are M1(𝑧 = −10 to 0 m) for the soil layer
1 1 and 1⃝2 due to their similar properties; M2 (𝑧 = −17 to −10 m)

for the soil layer 3⃝4, and M3 (𝑧 = −35.5 to −17 m) for the soil layer
3 2 and 3⃝4 due to their similar properties as illustrated in Table 2.
he replacement layer with a thickness of 1.3 m beneath the rubble
ound breakwater is set as material M4. As stated above, a great
umber plastic drainage trip have been inserted into the materials M1
nd M2 to enhance the vertical permeability of the soil layers. The
oil in which the plastic drainage strips are inserted in the soil layer
1 1 and 3⃝1 is set as material M5, M6 respectively. The rubble mound
reakwater is set as material M7, and is divided into fine layer based
n the characteristics of its outer shape. In FE computation, the weight
f these rubble mounds (buoyancy is considered under SWL=19.26) is
pplied in the way of layer by layer.

In this study, the modified Cambridge clay soil model is adopted to
escribe the mechanical behavior of the material M1, M2, M5, M6 due
o the fact that M1, M2, M5 and M6 have significant compressibility
aused by their relatively low bearing capacity. The rubble mound
reakwater M7 is described adopting poro-elastic soil model because
hese rubble mounds mixture are very strong relative to soil. M4 is a
9

o

ind of dense medium sand to replace the muddy-clay in engineering.
herefore, pore-elastic soil model is also used for M4. Due to the fact
hat the material M3 for the soil layers 3⃝2 and 3⃝4 has a great bearing
apacity (𝑓=180–200 kPa) and high value of SPT (13 to 28), it means
he soil layer 3⃝2 and 3⃝4 will contribute little to the subsidence of the
verlying structure. Based on this recognition, pore-elastic soil model
s also used for material M3. In computation, the mesh is generated ac-
ording to the loading applying process of the overlying rubble mound
reakwater in the way of layer by layer, as shown in Fig. 9. Once one
ayer of rubble mounds is built, the subsidence of the breakwater is
redicted until to its stable state. After that, the next layer of rubble
ounds is built in the mesh system and the subsidence is continuously
redicted by FSSI-CAS 2D until the fifth layer is built. Finally, the
ubsidence of the rubble mound breakwater could be totally predicted.

It is an indisputable fact in the field of geomechanics that the relia-
ility of the computation results is highly dependent on the accuracy of
oil/rock’s physical parameters. In this study, the modified Cambridge
lay model (referred as MCC model thereafter) and poro-elastic model
re used to describe the quasi-static mechanical behavior of the seabed
oundation soil. Therefore, it is necessary to determine the model
arameters needed by the modified Cambridge clay and pore-elastic
odel for the seven types of material M1 to M7. Actually, a number

f conventional laboratory and in-site geotechnical testing work in
he field surveying stage have been conducted by engineers according
o the Chinese Code for Investigation of Geochanical Engineering of
orts (JTS-133-1-2010), and the Code of Design and Construction of
reakwater (JTS-154-1-2011). All the physical properties of the five
oil layers measured in these tests have been listed in Table 2. However,
he model parameters of the five soil layers for the modified Cambridge
lay or pore-elastic model were not given by engineers involved in the
aboratory testing. As a result, the model parameters of M1 to M7 for
he MCC or pore-elastic model have to be estimated according to the
roperty parameters listed in Table 2.

In the MCC model, there are five model parameters needed in
omputation. They are Poisson’s ratio 𝜈, other slope of critical state line
CSL) 𝑀𝑓 in p-q coordinates, the slope of Normal Consolidation Line
NCL) 𝜆 in 𝑒-ln𝑝 coordinates and the slope of the rebounding Line in
-ln𝑝 coordinates and finally the overconsolidation ratio (OCR) of soil
t a position. Firstly, 𝑀𝑓 can be estimated as following

𝑓 =
6 sin(𝜙)
3 − sin(𝜙)

(9)

where 𝜙 is the friction angle of soil. 𝜙 and 𝜈 both can be measured
in conventional drained triaxial test. Secondly, 𝜆 can be estimated
adopting the formulation 𝜆 = 𝐶𝑐

2.3 . Where 𝐶𝑐 is the compression index.
he value 𝐶𝑐 of the five soil layers have been given in Table 2.
enerally, 𝜅 is 1/2−1/5 of 𝜆 depending on the strength of soils. For

oft soil, 𝜅 generally is much less than 𝜆. In this study, 𝜅 is set as 1/3

f 𝜆 for M1, M4 and is set as 1/4 of 𝜆 for M2, M5. Fortunately, the
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Fig. 14. Distribution of the vertical subsidence after the first layer is built.
Fig. 15. Distribution of pore pressure, effective stress in the seabed foundation after the first layer is built.
value of OCR has been measured in the geotechnical surveying stage.
The distribution of OCR along the depth is demonstrated in Fig. 10. It
is observed that the distribution of OCR in the seabed foundation in the
soil layer 1⃝1, and 1⃝4 is not concentrated, but scattered. However, the
OCR in the soil layer 1⃝1 overall is less than that in the soil layer 1⃝4.
The mean value of the measured OCR is 1.07 in the soil layer 1⃝1, and
is 1.55 in the soil layer 1⃝4. Therefore, the OCR is set as 1.07 for M1,
M5, 1.55 for M2, M6.

For the material M3, Young’s modulus 𝐸 and Poisson’s ratio 𝜈
is needed by the pore-elastic model. The 𝐸 of M3 can be estimated
10
according to

𝐸 =
(1 + 𝜈)(1 − 2𝜈)

(1 − 𝜈)
𝐸𝑠 (10)

where 𝐸𝑠 is the deformation modulus, which has been given out in
Table 2. 𝜈 is set as 0.3 for M3 in computation, and 0.38 for M1, M2, M5,
M6. M4 is dense medium sand, its 𝐸 is set as 100MPa, 𝜈=0.35. Material
M7 is composed of large rubble mounds. Its 𝐸 is set as 10 GPa, 𝜈=0.25.
Finally, all the model parameter and properties of M1 to M7 are listed
in Table 3. It must be pointed out that the permeability of foundation
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Table 3
Model parameters of the seabed foundation soil layers for the modified Cambridge clay model and poro-elastic model.

Material M1 M2 M3 M4 M5 M6 M7-M10

Poro-elastic E – – 80 (MPa) 30 (MPa) – – 200 (MPa)
𝜈 – – 0.28 0.25 – – 0.25

Modified
Cambridge clay
model

𝑀𝑓 0.772 1.07 – – 0.772 1.07 –
𝜆 0.113 0.0696 – – 0.113 0.0696 –
𝜅 0.0283 0.0348 – – 0.0.0283 0.0348 –
𝜈 0.35 0.3 – – 0.35 0.3 –
OCR 1.07 1.55 – – 1.07 1.55 –

Basic properties

𝑒 1.08 0.62 0.50 0.60 1.08 0.62 0.60
𝑆𝑟 99% 99.3% 99.5% 99.1% 99.1% 99% 100%
𝑘𝑥 (μm∕s) 0.85 35 50 1000 10 10 1.0 × 104

𝑘𝑧 (μm∕s) 0.3 20 30 2000 20 0.85 1.0 × 104
soils basically has no effect on the final magnitude of subsidence, but
the speed of consolidation process will be significantly affected by the
permeability of soil layer.

6. Results

6.1. Initial status

Before the rubble mound breakwater is built, there is an initial
state of effective stress, pore pressure and displacement in the seabed
foundation. This initial state must be determined first for the thereafter
structures subsidence computation, because the current stress state
must be known in advance to judge the current overconsolidation state
of soil, through comparing the current stress with the greatest stress
in history if the modified Cambridge clay model is used. It is known
that the vertical displacement in the seabed foundation must be very
small due to the fact that there is no external loading applied on
the seabed floor before the overlying offshore structure is constructed.
However, this initial displacement has to be set as 0 in the thereafter
subsidence analysis, because this initial state is a natural state, which
has been occurred in the past geological history. This natural initial ver-
tical displacement will certainly not cause the subsidence of overlying
structures.

The distribution of the pore pressure, and effective stress in the
seabed foundation before the rubble mound breakwater is constructed
are illustrated in Fig. 11. It is found that the initial pore pressure and
𝐼1∕3 is distributed in layers. There is no any excess pore pressure in the
seabed foundation before the rubble mound breakwater is constructed.
It is interesting to observe that there are two concentrated zone of
shear stress along the two interfaces between M1, M2 and M5, M6. This
phenomenon is mainly attributed to that the stiffness of material M1,
M2 and M5, M6 are significantly different. If the physical properties of
M1, M2, M5 and M6 are the same. Then this shear stress concentrated
zone will disappear.

6.2. Subsidence after first layer is built

Taking the initial stress and pore pressure as the initial condition
(𝑡=0), the subsidence process after the first layer rubble mounds is built
can be numerically predicted adopting FSSI-CAS 2D. Fig. 12 demon-
strates the variation process of the pore pressure 𝑝, mean effective stress
𝐼1∕3 and void ratio at the type position A (𝑥 = 750 m, 𝑧 = −6.7 m) in the
subsiding process of the rubble mound breakwater after the first layer
is built. It is observed that the pore pressure in the seabed foundation
beneath the breakwater has significantly increased at the initial early
stage, because the loading induced by the weight of the first layer is
totally undertaken only by the pore water in the seabed soil beneath
the breakwater. After that, the pore pressure in the seabed foundation
gradually dissipates until to its initial hydrostatic value, accompanying
the pore water is drained out of the seabed which is driven by pore
pressure gradient. In this process, the loading undertaken by the pore
11

water gradually is transmitted to the soil particles of seabed, making the
mean effective stress in the seabed foundation gradually increase until
to reach its stable state. Meanwhile, the increasing of the mean effective
stress further cause the seabed foundation soil being compressed, result-
ing in the void ratio of the seabed soil gradually reducing, as illustrated
in Fig. 12. As a result, the overlying rubble mound breakwater gradu-
ally subsidence correspondingly, as that demonstrated in Fig. 13. It is
shown that the subsidence of the first layer after it is built is 16.3 cm.

The distribution of the vertical subsidence after the first layer is
built are shown in Fig. 14. It is observed that the subsidence of first
layer is not uniform. The subsidence of the central zone in the first
layer is much greater than that in the two lateral zones. And only the
seabed soil beneath the rubble mound breakwater is compressed. There
is basically no subsidence in the seabed foundation away from the RB
breakwater due to the fact that there is no external loading is applied
on it. The distribution of pore pressure, mean effective stress 𝐼1∕3 and
shear stress 𝜏𝑥𝑧 when the consolidation process has finished after the
first layer is built is demonstrated in Fig. 15. The mean effective stress
𝐼1∕3 in the zone beneath the RB breakwater has significantly increased
due to the fact that the weight of the first layer rubble mounds has
been completely undertaken by beneath seabed foundation when the
consolidation process has finished. It is also found that there are two
shear stress concentrated zones in the seabed foundation under the two
lateral parts of the RB breakwater. The maximum magnitude of 𝜏𝑥𝑧
could be greater than 20 kPa.

6.3. Subsidence after second to fifth layer is built

For the sake of simplicity, the consolidation and subsidence process
of the RB breakwater after the second layer to fifth layer is respectively
built are discussed and analyzed together in this section. The subsiding
processes of the RM breakwater after the second layer to fifth layer is
respectively built are demonstrated in Fig. 16. It is found the subsiding
process shown in Fig. 16 are basically the same with that after the
first layer is built. The only difference is that the subsidence of the
RM breakwater becoming greater and greater after the rubble mounds
breakwater is built in the way of layer by layer. In Fig. 16(d), it is
known that the final subsidence of the RM breakwater is predicted
as 64.1 cm by the numerical model FSSI-CAS 2D after the total five
layers of rubble mounds are all constructed. This magnitude of post-
construction subsidence is considerable. A redundant height with about
0.7 m should be reserved in design for the purpose that the top
elevation of the RB breakwater could reach the designed requirement.
Otherwise, the RB breakwater maybe cannot normally service after its
subsidence is finished.

Except the time history of the subsiding, the distributions of the
vertical subsidence of the RM breakwater and its seabed foundation
after the second layer to fifth layer is respectively built are illustrated
in Fig. 17. In Fig. 17, it is observed that the distribution characteristics
of the subsiding in the RM breakwater and its foundation is basically
similar with that after the first layer is built. The subsidence of the
middle part of the RM breakwater is significantly greater than that of

the lateral parts, and only the seabed soil beneath the RM breakwater
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Fig. 16. Process of the subsidence of the rubble mound breakwater after the second to fifth layer is respectively built.
s compressed. There is basically no the vertical subsidence in the
eabed foundation zone away from the RM breakwater. Accompanying
he construction process of the rubble mounds layer by layer, the
agnitude of the subsidence of the RM breakwater gradually increases.
owever, it is worth to point out that the variation process of the
ore pressure, mean effective stress and the void ratio in the seabed
oundation is not ways monotonically increased or reduced, as that
hown in Fig. 12. Fig. 18 illustrates the process of the pore pressure,
ean effective stress and the void ratio at the typical position A after

he fourth layer is built. As demonstrated in Fig. 18, the pore pressure
s increased, 𝐼1∕3 is reduced before the time 𝑐𝑣𝑡∕𝐻2 = 0.06. Meanwhile,

the seabed soil at position A is dilated. After the time 𝑐𝑣𝑡∕𝐻2 = 0.06,
the pore pressure gradually dissipate, and the mean effective stress
increases correspondingly. Meanwhile, the seabed soil at the position
A is gradually compressed accompanying the pore water is drained
out, until to the stable state. This non-monotonic variation process of
pore pressure and effective stress is a typical Mandel–Cryer effect. It is
indicated that the subsiding of the RM breakwater and consolidation of
seabed foundation is a complicated nonlinear process.

The distributions of the final pore pressure, mean effective stress
and shear stress after the RM breakwater is completely constructed
are illustrated in Fig. 19. It is observed that the pore pressure is
12

also distributed in layers. There are will no excess pore pressure in
the seabed foundation because it has been completely dissipated. The
effective stress in the foundation beneath the RM breakwater has sig-
nificantly increased due to the gravity compression of the overlying RM
breakwater. There are still two shear stress concentrated zones in the
seabed foundation under the two lateral parts of the RM breakwater,
and the area of the concentrated zones are much larger in size than
that after the first layer is built. It is also found that there are also
two shear stress concentrated zones in the two lateral slopes in the RM
breakwater. The maximum magnitude of the concentrated shear stress
reaches up to 70–80 kPa in the two lateral slopes. This magnitude is
much greater than that in the beneath seabed foundation. Due to the
fact that the strength resisting shearing of the rubble mound layers is
much greater than the maximum shear stress generated in the lateral
slopes, the stability against slope sliding of the RM breakwater can be
guaranteed.

6.4. Comparison with observation data

In the practice of engineering, the whole RM breakwater was con-
structed one section by one section, and was constructed layer by layer
in one section. A number of displacement sensors have been installed
on the rubble mound breakwater at different typical cross sections once
they were successfully constructed.
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Fig. 17. Distribution of the vertical subsidence after the second to fifth layer is respectively built.
The time history of the subsidence recorded by these sensors (NO.
1 to NO. 18) are shown in Fig. 20. It is known that the starting date to
record the subsidence of the RM breakwater is different from different
sensors. The earliest date starting to monitor is 15th May 2013 (NO.1),
and the latest date is 18th October 2013 (No.18). Correspondingly the
longest period for the monitoring is 192 days, and shortest period is
13
only 60 days. Due to the fact that the longer the monitoring period,
the more reliable the monitoring data for the subsidence of structures,
only the monitoring data recorded for more than 100 days as shown in
Fig. 20(a) are adopted to verify the numerical result predicted by FSSI-
CAS 2D. In Fig. 20(a), it is known that the subsidence of the rubble
mound breakwater is in the range of 44 cm to 76 cm. Meanwhile,
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Fig. 18. Process of pore pressure dissipation, mean effective stress increase and void ratio reduction at the typical position A (𝑥 = 750 m, 𝑧 = −6.7 m) after the fourth layer is
built.
Fig. 19. Distribution of pore pressure, effective stress in the seabed foundation after the fifth layer is built.
the final subsidence predicted by FSSI-CAS 2D is 64.1 cm, which is
exactly in the range of the monitoring data at the in-site. The difference
to the lower and upper limit of the monitoring data is about −30%
and +13%. For a numerical prediction result in practical engineering,
this degree of derivation actually is acceptable and commendable.It is
indicated that the subsidence of the RM breakwater predicted by FSSI-
CAS 2D is reliable, and the integrated numerical model FSSI-CAS 2D is
14
reliable to predict the consolidation subsidence of offshore structures

so long as their foundation soil layers could be relatively accurately

divided through the geotechnical survey, as well as appropriate soil

constitutive models are used and reliable model parameters for soil

layers are calibrated through laboratory tests.
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Fig. 20. Subsidence process of the rubble mound breakwater measured at in-site after construction.
7. Conclusion

In this study, taking the huge rubble mound breakwater in the west
part zone at Yantai port as the engineering background, the integrated
numerical model FSSI-CAS 2D is adopted to predict the subsidence of
the rubble mound breakwater built on the seabed foundation composed
by muddy-clay, clay and silty soil layers. In computation, the modified
Cambridge soil model and poro-elastic model are used to describe
the behavior of the seabed foundation soil layers. One of priorities
in this study is that the buoyancy applied on the rubble mounds and
its nonlinear variation under Static Water Level (SWL) is taken into
consideration in FSSI-CAS 2D. The computational results show that the
rubble mound breakwater gradually subsides during the construction
period. The final subsidence is predicted as 64.1 cm, which is exactly
in the range of monitoring data. The deviation to the lower and upper
limit of the in-site monitoring data is about -30% and 13%, respectively.
This degree of deviation actually is acceptable for a numerical model
when it is applied in engineering practice Through the analytical
and experimental verification, as well as the comparison with in-situ
observation data, it is indicated that the integrated numerical model
FSSI-CAS 2D is usable for the problems of consolidation, and for the
subsidence prediction of structures, and FSSI-CAS 2D has the potential
ability to be applied in practical engineering.

It must be noted that there are also several limitations in the present
work. Firstly, the randomness in the soil layers distribution in the
seabed foundation cannot be considered in computation. Definitely,
this randomness also cannot be clearly figured out by engineers due
to the fact only limited number of drilling can be performed in the
geotechnical survey. Therefore, this limitation is inevitable in numer-
ical modeling. Secondly, several parameters used in computation are
not directly measured in laboratory, but estimated based on some
15
other measured parameters. Thirdly, the building process of the rubble
mound breakwater cannot be modeled in FSSI-CAS 2D. The real gradual
loading process during the construction period is simplified as five
times of transient loading. The above limitations and simplification
would have some unquantifiable effect for the prediction result. As a
result, the numerical prediction result is impossible to be exactly the
same with the in-site observation data.

FSSI-CAS 2D cannot be applied for the problems of wave/current-
induced scouring. It only can be applicable for the problems of consol-
idation, subsidence, dynamics of structures and their foundation under
self-weight, ocean wave loading or seismic wave loading. Currently,
there are also three aspects that could limit the application potential of
FSSI-CAS 2D. Firstly, there is still no graphic user interface developed.
As a result, it is a little difficult for new users to use it. Secondly, there
is no parallel computation developed, resulting in that a large-scale
computation is impossible to be implemented for practical engineering
cases. Thirdly, the thermodynamics and the unsaturation of soil cannot
be handled so far. These problems can only be solved step by step in
the future.
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