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a b s t r a c t
Wave cyclic load is transmitted to the water supply and drainage construction in the coastal buildings 
through the embankment and the sandy soil replacement layer. Cyclic dynamic stress is generated 
in the water supply and drainage construction of coastal buildings, which results in the weakening 
of undrained strength in the water supply and drainage construction of coastal buildings, severely 
affecting the bearing capacity of lattice steel sheet pile breakwater. Combined with the engineering 
numerical examples, based on the dynamic finite element method, an analysis model for the water 
supply and drainage construction of coastal buildings considering the port breakwater is established 
to study and the maximum pore pressure growth law of the water supply and drainage construction 
in the coastal buildings under the cyclic load as well as the weakening characteristics of undrained 
shear strength. The modeling and analysis method for the influence on the water supply and drain-
age construction of coastal buildings is established to analyze the failure mode, stability, and set-
tlement deformation characteristics of the water supply and drainage construction in the coastal 
buildings. The results show that the maximum pore water pressure is mainly distributed in the soft 
soil layer around the lattice, and there is a significant weakening in the undrained shear strength at 
the bottom of the main and sub-lattice and part of the pile-soil contact area. Considering that due to 
the cyclic weakening effect of the water supply and drainage construction in the coastal buildings, 
the safety factor of stability is significantly reduced in the water supply and drainage construction 
of the coastal buildings, it is recommended that the influence of cyclic weakening effect of the water 
supply and drainage construction in the coastal buildings on the stability of lattice steel sheet pile 
breakwater should be taken into consideration in the practical engineering.
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1. Introduction

Port breakwater is a structural type of hydraulic struc-
ture suitable for the water supply and drainage construc-
tion of coastal buildings, where the closed lattice is formed 
by straight or curved steel sheet piles, and the lattice is 
filled with gravel aggregate. As its construction is quick 
and convenient, it is suitable for offshore construction 
[1–4]. Therefore, it has an excellent application prospect 
in hydraulic structures such as breakwaters, seawalls, and 
artificial island cofferdams in deep water conditions and so 

on. Some studies have been carried out on the port break-
waters previously. Shell units and articulated connectors 
are used to simulate the relative rotation between the steel 
sheet pile and the adjacent sheet piles to establish a finite 
element numerical model for studying the stability of the 
lattice steel sheet pile breakwater under the wave static load 
[5–8], the stress distribution characteristics of the sheet pile 
lock and so on [9–14]. Comparative analysis is carried out 
on the stability of lattice steel sheet pile breakwater and the 
distribution characteristics of sheet pile hoop stress under 
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different modeling methods to provide suggestions for 
the application of the numerical modeling method of lat-
tice steel sheet pile breakwater in the practical engineering 
[15–18]. Although the static characteristics of port breakwa-
ter have been studied, strictly speaking, as the wave load is 
a dynamic effect, the static finite element numerical model 
cannot reflect the influence characteristics of the breakwater 
reasonably [19–25].

The influencing model for the water supply and drain-
age construction of coastal buildings is established for 
analysis, and numerical development is used to implement 
the dynamic finite element method for the calculation of 
undrained shear strength in the water supply and drainage 
construction of coastal buildings. The dynamic finite element 
method has few parameters and is simple and easy to use, 
which can reasonably simulate the cyclic weakening char-
acteristics of undrained shear strength in the water supply 
and drainage construction of coastal buildings. Therefore, 
combined with the engineering numerical example, the 
dynamic finite element method and based on the calculation 
of the cyclic weakening characteristics of undrained shear 
strength in the water supply and drainage construction of 
coastal buildings, an analysis model for the water supply 
and drainage construction of coastal buildings considering 
the port breakwater is established to study the maximum 
pore pressure increase law under the cyclic load effect of the 
water supply and drainage construction in coastal buildings 
as well as the influencing characteristics such as the cyclic 
weakening characteristics of undrained shear strength in 
the water supply and drainage construction. The model-
ing analysis method for the influence of water supply and 
drainage construction of coastal buildings considering the 
cyclic weakening characteristics of undrained shear strength 
in the water supply and drainage construction of coastal 
buildings is established to analyze the failure mode, stabil-
ity characteristics, and deformation characteristics of the 
water supply and drainage construction in coastal build-
ings under cyclic loading effect, to provide a basis for the 
practical engineering design.

2. Project overview and construction impact 
model analysis

2.1. Project overview

The design for the lattice artificial island cofferdam of the 
harbor breakwater is calculated. The diameter of the main 
lattice of the port breakwater is 24.82 m, the radius of the 
sub-lattice is 7.32 m, and the center spacing of the main lat-
tice chamber is 27.91 m. The plan and section of the structure 
are shown in Figs. 1 and 2, respectively. As it is a temporary 
structure, the calculation conditions adopt the high-water 
level in 10 years and the wave in 10 years. Among them, the 
hydrological conditions are shown in Table 1. The design 
wave conditions are shown in Table 2, and the wave force is 
calculated accordingly. The calculation parameters of the soil 
layers are shown in Table 3. Under the effect of cyclic wave 
loading, the phenomenon of undrained shear strength weak-
ening occurs in the water supply and drainage construction 
of the coastal buildings in the silty clay layer and the silty 
clay sand layer.

2.2. Analysis model for the influence of water supply and drainage 
construction in coastal buildings

The contact setting and mesh division of the coastal 
building water supply and drainage construction influence 
analysis model are the same as the static model. As the 
wave load is a dynamic action, the dynamic analysis steps 
shall be set in the analysis steps. In the actual engineering, 

Fig. 1. Floor plan of the harbor breakwater (unit: m).

Fig. 2. Sectional view of the port breakwater (unit: m).

Table 1
Water level in the engineering design

Recurrence period, a 10
High water level, m 2.0
Low water level, m –1.0
High tide level, m 1.7
Low tide level, m –0.8

Table 2
Engineering wave conditions

Direction S

H1, % 3.7
Period, s 8.7
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the wave power acting on the breakwater is highly compli-
cated. In order to make a comparison with the static anal-
ysis model, it is assumed in this paper that the wave force 
acting on the breakwater structure is a regular wave with a 
sinusoidal variation and that the corresponding wave force 
at the peak is the same as the wave suction value corre-
sponding to the trough. Hence, the following equation can 
be used to express the basic verification polynomial matrix 
corresponding to the water supply and drainage construc-
tion impact model of coastal buildings:
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In the above Eq. (3), K stands for the constraint degree 
of the port breakwater. The row vector coefficient h(x) is 
extracted to obtain the basic frame check sequence:
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The coding matrix C can be obtained by using the data 
interaction application method between the water supply 
and drainage construction models of the coastal buildings, 
and the verification relationship between C and the sequence 
in the above Eq. (1) is as the following:
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But for the matrix G thus generated, the verification 
relationship with the basic verification sequence can be 
expressed as the following:

C hi
T⋅ = 0.  (7)

In summary, the problem of data interaction between the 
water supply and drainage construction influence models of 
coastal buildings can be described as the following: Pursuant 
to a certain law, the coding matrix can be established by 
using the received sequence. At this time, the basic verifica-
tion sequence to be solved is the solution vector obtained by 
solving the Eq. (6). Similarly, the basic generator matrix can 
be obtained by solving the Eq. (7).

The stress-strain relationship of sand and gravel follows 
the basic verification polynomial matrix, and the dynamic 
finite element method is adopted for the soft soil layer to 
consider the undrained shear strength weakening phenom-
enon. It should be noted that the water supply and drain-
age construction of different coastal buildings will present 
different strength reduction characteristics under the effect 
of cyclic loading. In view of the lack of experimental data, 
the undrained shear strength reduction law is applied in this 
paper to the silty clay layer and silty clay sand layer in the 
numerical example in the literature, to provide an idea and 
basis for the practical engineering design.

3. Characteristics of the influence of water supply and 
drainage construction in coastal buildings

3.1. Distribution law of maximum pore water pressure

The increase of pore water pressure inside the soil 
can result in the weakening of the undrained shear strength 
in the soft soil layer. Figs. 3 and 4 show the distribution 
cloud diagram of the maximum pore water pressure in the 
soft soil below the main lattice chamber (the central axis sec-
tion along the direction of the wave force action) and the 
sub-lattice (the central axis section along the direction of 
the wave force action) under different wave force loading 
factors. As the cyclic stress is very small, the soft boundary 
soil does not generate pore water pressure basically. The 
pore water pressure is mainly distributed in the soft soil 
around the lattice, and the maximum pore water pressure is 
generally shown in the middle of the soft soil layer below the 
lattice. This is due to the static deviatoric stress generated 
by the filling of the lattice and the cyclic stress transmitted 

Table 3
Soil parameters at different soil layers

Soil layer Elevation/m Unit weight of 
soil/(kN/m3)

Buoyant gravity 
density/(kN/m3)

Angle of internal 
friction/(°)

Cohesive 
strength/kPa

Backfill gravel +2–8 17.00 11.00 39.0 0.0
Backfill sand –8–33 18.00 9.50 32.0 0.0
Medium coarse sand (densely packed) –24–31 18.00 9.50 32.0 0.0
Silty clay –31–34 18.60 8.60 20.4 17.2
Silty clay with sand inclusion –34–44 18.30 8.30 22.4 16.8
Medium sand –44–80 20.17 10.17 35.8 5.0
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to the soft soil through the lattice and the surrounding 
solid pressure of the soil with the linear increase of the soil 
depth. Due to the joint action, the maximum cyclic water 
pressure will also occur in some pile-soil contact parts due 
to the large cyclic stress transmitted from the lattice to the 
soft soil. The main lattice chamber is the main bearing body, 
and the soft soil below the main lattice chamber is subject 
to greater static deviator stress and cyclic stress than that of 
the sub-lattice. Hence, the pore water pressure distribution 
cloud area of the soft soil layer below the main chamber is 
larger than that of the sub-lattice as the wave force loading 
coefficient α increases. The pore water pressure distribution 
cloud map area increases. Water nip pressure increase with 
increasing loading cycles, after a certain number of cycles 
in the pore water pressure stabilized, contours of the area 
remain substantially unchanged.

3.2. Distribution law of undrained shear strength in the soft soil layer

Figs. 5 and 6 show the distribution cloud diagram of 
the undrained shear strength at the soft soil layer under 

different wave cyclic stress levels and cyclic loading times 
below the main lattice chamber (the axial section along the 
direction of the wave force) and the secondary silo (the sec-
tion along the central axis of the wave force). There is basi-
cally no weakening of the undrained shear strength at the 
boundary foundation soil, and the undrained shear strength 
of the soil presents a linear distribution with the depth of the 
soil. Under the joint action of the static deviator and cyclic 
load of the backfilled soil in the U lattice, the undrained 
intensity distribution presents a bowl-shaped distribution 
in the cloud diagram, which indicates that the soft soil layer 
in the lower part of the lattice body is prone to insufficient 
bearing capacity and that the undrained shear strength 
of the soft soil at the bottom of the main and sub-lattice 
chamber is significantly weakened. The undrained shear 
strength value of some pile-soil contact parts will also be 
significantly reduced. As the force loading coefficient α and 
the number of cyclic loadings N increase, and the weak-
ened area is increased significantly. However, after a cer-
tain number of cycles, the weakened area remains basically 
unchanged.

Fig. 3. Cloud diagrams of the maximum pore water pressure distribution under the main lattice chamber based on different 
wave force loading factors (a) α = 0.2, (b) α = 0.5, (c) α = 0.8, and (d) α = 1.0 (unit of measurement: kPa).

Fig. 4. Cloud diagrams of the maximum pore water pressure distribution under the sub-lattice chamber based on different wave 
force loading factors (a) α = 0.2, (b) α = 0.5, (c) α = 0.8, and (d) α = 1.0 (unit of measurement: kPa).



329A. Song, W. Mao / Desalination and Water Treatment 188 (2020) 325–332

4. Experiment and result analysis

4.1. Failure mode

The structural displacement is relatively sensitive to 
the magnitude of the wave force acting on the structure. 
Figs. 7 and 8 show the displacement cloud diagrams under 
different wave force loading coefficients and wave load 
cycles. When the wave cyclic stress level is relatively low, 
no structural displacement accumulation is generated in 
the lattice. When the wave cyclic stress level is relatively 
high, the lattice body rotates around a certain point at the 
bottom of the structure. When the cyclic stress level con-
tinues to increase, in the initial cycle phase, the rotation of 
lattice steel plate pile body occurs around a certain point at 
the bottom of the structure; with the increase in the number 
of cyclic loadings, the wave cyclic load leads to extrusion, 
tension and friction on the surrounding solid body around 
the lattice body, causing soil arches in the foundation soil. 
At the same time, due to the construction of water supply 

and drainage in coastal buildings, the drainage intensity is 
weakened, the granular body sinks into the coastal build-
ing water supply and drainage construction and squeezes 
the soil at the bottom of the lattice body, and the cumula-
tive plastic deformation of the bottom and surrounding soft 
soil occurs, hence the occurrence of punching and shearing 
damage in the foundation soil. The failure mode of water 
supply and drainage construction in the coastal buildings 
is insufficient for the bearing capacity of the foundation. 
The analysis results of the static construction influence 
model show the rotation instability of a point around the 
bottom of the lattice, and the calculation results in the two 
cases are significantly different.

4.2. Stability analysis

Considering the weakening of the construction and 
drainage of coastal buildings, the failure mode of the lat-
tice steel sheet pile breakwater is insufficient for the bearing 

Fig. 5. Cloud diagrams of the undrained shear strength distribution under the main lattice chamber based on different wave force 
loading factors (a) α = 0.2, (b) α = 0.5, (c) α = 0.8, and (d) α = 1.0 (unit of measurement: kPa).

Fig. 6. Cloud diagram of the undrained shear strength distribution under the sub-lattice chamber based on different wave force 
loading factors (a) α = 0.2, (b) α = 0.5, (c) α = 0.8, and (d) α = 1.0 (unit of measurement: kPa).
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capacity of the foundation. In reference to the box-type 
foundation dynamic stability analysis method, the dynamic 
stability modeling analysis method of the lattice steel sheet 
pile breakwater is as the following:

• Apply wave cyclic load, the wave force loading coeffi-
cient starts from 0 and increases by 0.1 step by step, and 
500 times are taken as the number of wave load cycles 
to carry out calculation according to the “dynamic finite 
element method;”

• Extract the wave force amplitude of each level in the 
finite element result and the corresponding maximum 
settlement of the lattice body after the corresponding 
cyclic load and then plot the wave force-lattice settlement 
curve. The curve at this point is actually the breakwater 
load-displacement response envelope curve.

• Based on the ideal plastic failure criterion, the safety fac-
tor K of shear failure of water supply and drainage con-
struction in coastal buildings can be obtained.

As shown in Fig. 9, when the wave force loading coef-
ficient is relatively small, the wave force-lattice settlement 
curve changes substantially linearly. When the wave force 
loading coefficient is relatively large, the wave force- lattice 
settlement curve presents a significant inflection point, 
indicating the coastal building water supply and drain-
age starts to show large plastic deformation. Considering 
that in the long-term circulation weakening of the coastal 
construction water supply and drainage construction, 
the safety factor of lattice steel sheet pile breakwater 
stability is 1.3, and the structure under the wave force design 
is safe.

Fig. 7. Cloud diagrams of the displacement distribution of the breakwater under different wave force loading factors (a) α = 0.2, 
N = 500; (b) α = 0.5, N = 500; (c) α = 1.0, N = 500; and (d) α = 1.2, N = 500 (unit of measurement: m).

Fig. 8. Cloud diagrams of the displacement distribution of the breakwater under different cyclic counts (a) α = 1.2, N = 10; (b) α = 1.2, 
N = 50; (c) α = 1.2, N = 100; and (d) α = 1.2, N = 500 (unit of measurement: m).
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4.3. Analysis of lattice settlement

Under the undulating cyclic load, the undrained shear 
strength of the coastal water supply and drainage construc-
tion is weakened, resulting in insufficient foundation bear-
ing capacity and large settlement of the lattice steel sheet pile 
breakwater. Fig. 10 shows the wave force-lattice settlement 
curve calculated by different calculation methods for the same 
design wave force using the wave force loading coefficient 
method. Considering the weakening effect of the undrained 
shear strength of the coastal water supply and drainage con-
struction, the calculated value of the static method is sig-
nificantly larger than that calculated by the dynamic finite 
element method and the quasi-static method. The lattice set-
tlement calculated by the meta-method is significantly larger 
than that calculated by the pseudo-static method. The main 
reasons are as the following: (1) Compared with the pseudo- 
static method, the dynamic finite element method can reflect 
the cumulative effect of plastic deformation of the soil under 
the action of wave circulation; (2) The wave cyclic load is 
transferred to the foundation through the lattice body and 
generates the cyclic stress in the water supply and drainage 
construction of the coastal buildings. The cyclic stress distri-
bution of the soft soil layer is uneven, where the upper cyclic 
stress value is significantly larger than the lower part of the 
soft soil layer, and the quasi-static method passes through the 

soil unit in the middle of the soft soil layer. The stress reduc-
tion factor is used to calculate the strength reduction factor, 
which underestimates the influence of the weakening of the 
soft upper soil on the settlement. The dynamic finite element 
method is used to show the variation law of the strength 
reduction factor in each soil unit at the soft soil layer with the 
cyclic stress level and the number of cyclic loading, which 
can reflect the unevenness of the weakening in the undrained 
shear strength at the soft soil layer. The settlement thus cal-
culated is larger than that calculated according to the static 
method.

5. Conclusions

The wave cyclic loading effect causes the accumulation 
of significant plastic deformation in the water supply and 
drainage construction of coastal buildings and leads to the 
weakening phenomenon of an undrained shear strength 
cycle, which can affect the stability of the lattice steel sheet 
pile breakwater. The dynamic finite element method is 
applied to analyze the pore water pressure to increase law 
in the water supply and drainage construction of coastal 
buildings and the weakening characteristics of undrained 
shear strength. In addition, the failure mode, stability, and 
settlement deformation characteristics of the lattice steel 
sheet pile breakwater in the water supply and drainage 
construction of coastal buildings as well as the influence of 
sheet pile depth in the earth on the stability of water supply 
and drainage construction in the coastal buildings. The pore 
water pressure is mainly distributed in the soft soil layer 
around the lattice body. The maximum pore water pressure 
generally occurs in the middle of the soft soil layer below 
the lattice body. The maximum pore water pressure can also 
occur in some of the pile-soil contact parts. The area of the 
cloud diagram for the pore water pressure distribution in 
the soft soil layer below the main lattice chamber is slightly 
larger than that of the sub-lattice chamber. The weakening 
phenomenon of undrained shear strength in the water sup-
ply and drainage construction of coastal buildings has a sig-
nificant influence on the stability and failure mode of the 
water supply and drainage construction in the coastal build-
ings. The failure mode of lattice steel sheet pile breakwater 
is the insufficient bearing capacity of the foundation, which 
is significantly different from the static analysis method. 
The stability safety factor of the water supply and drainage 
construction in coastal buildings is significantly reduced 
compared with that when the weakening of the water sup-
ply and drainage construction cycle in coastal buildings is 
not taken into consideration. The settlement displacement 
calculated according to the dynamic finite element method 
and the pseudo-static method is significantly increased in 
the computed value compared with that calculated accord-
ing to the static method. The dynamic finite element method 
can reflect the dynamic characteristics of the structure 
and the weakening phenomenon of the undrained shear 
strength in the water supply and drainage construction of 
coastal buildings. The calculated settlement displacement 
of the lattice is higher than that calculated according to the 
pseudo-static method. In practical engineering, the stability 
of the lattice steel sheet pile can be increased by increasing 
the depth of sheet pile in the earth.

Fig. 9. Wave force-lattice settlement curve.

Fig. 10. Wave force-lattice settlement displacement curve based 
on different calculation methods.
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