
Journal of

Marine Science 
and Engineering

Article

Experimental Study on the Distribution of
Wave-Induced Excess Pore Pressure in a Sandy
Seabed around a Mat Foundation

Qingyun Yuan, Chencong Liao * and Xianglian Zhou

State Key Laboratory of Ocean Engineering, Department of Civil Engineering, Shanghai Jiao Tong University,
Shanghai 200240, China; 70yuan@sjtu.edu.cn (Q.Y.); zhouxl@sjtu.edu.cn (X.Z.)
* Correspondence: billaday@sjtu.edu.cn; Tel.: +86-186-0175-1081

Received: 17 July 2019; Accepted: 30 August 2019; Published: 3 September 2019
����������
�������

Abstract: Mat foundations are widely used in jack-up offshore platforms to support and transfer
loads. Regarding mat foundations working on the seabed, the excess wave-induced pore pressure
is critical to seabed stability, which may finally cause structural failure. Therefore, it is important
to investigate the distribution of the excess pore pressure in the seabed around the mat foundation.
In this study, experiments were performed to study the excess pore pressure distribution around a
mat foundation in scale considering the true load state by recording wave profiles and pore pressures
inside a sandy seabed. To guarantee the reliability of experiments, a numerical study was conducted
and compared with the experimental results. Experimental results indicate that with the existence of
the mat foundation, the excess pore pressure is higher at the region, the range of which is the width
of the model mat (Wm) before the structure. The maximum pore pressure appears at 0.55 Wm in front
of the center of the mat foundation. In addition, the current significantly increases the range of high
pore pressure area and the amplitude of the excess pore pressure. As the mat orientation changes,
the position of the maximum pore pressure changes from the front to the edge of the mat.

Keywords: mat foundation; sandy seabed; excess pore pressure; regular wave

1. Introduction

Jack-up platforms are widely used in offshore oil exploitation and pile installation because of
their relatively less distribution on the seabed and relatively better stability [1–3]. Mat foundations,
which act as temporary supports to transfer upper loads to the seabed, are commonly used for
its commendable terrain adaptability, better consolidation control, and convenient construction [4].
In marine environments, especially in shallow sea areas, ocean waves are the significant loads acting on
structures and seabed, so the wave-induced seabed response cannot be ignored [1]. The wave-induced
pore pressure in the seabed, which is significantly affected by the wave-structure-seabed interaction
(WSSI), is dominating in the evaluation of liquefaction potential in the vicinity of the foundation and
may even lead to structural collapse. Thus, the distribution of seabed pore pressure under wave action
around the mat foundation needs to be investigated, which will provide a better understanding of the
appliance security of an offshore structure.

In recent years, to study the influence on seabed caused by mat foundation, several numerical
and experimental investigations have been carried out. Semenov et al. [5] conducted laboratory
experiments to parametrically study the impact of waves on the soil near the gravity-type platform
foundation, which had the square form with cut corners. However, the pore pressure of the seabed
under the wave-structure-seabed interaction is not mentioned in this paper, as they only concentrate
on the behavior of the seabed profile near the structure. Bearing capacity of sand overlying soft
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clay is numerical analyzed by Lu and Maclaren [4] to research the stability of the skirted mud mat
foundation, which is different from the mat foundation with the flat ground on a sandy seabed in this
study. Three-dimensional numerical simulations have been performed to study the wave-induced
poro-elastic seabed response around a hexagonal gravity-based offshore foundation by an integrated
multi-physics model-based framework on OpenFOAM [6]. The existing literature on this issue is
minimal. Most of the previous studies have focused on seabed response around other gravity-based
offshore structures, such as submerged breakwaters, which can provide references for this study.

Numerous investigations have been carried out to thoroughly understand the mechanism of the
wave transformation and the dynamic interaction between waves, sandy seabed, and submerged
breakwater [2,7–10]. Based on Biot’s poro-elastic theory [11], Mizutani et al. [12] investigated the
interaction between the nonlinear wave and the submerged breakwater by developing a combined
boundary element method-finite element method (BEM-FEM) model. Jeng et al. [13] developed an
integrated model (PORO-WSSI 2D) to study the interactions of the flow in the seabed and marine
structures. Zhang et al. [2] expanded the integrated model (PORO-WSSI 2D) to investigate the
wave-permeable structure-porous seabed interactions and applied it to study the wave-induced
pore pressure under various wave, soil, and structure parameters. Besides, several experimental
investigations have been carried out. Liu et al. [14] carried out parametric research on the vertical
distribution of the wave-induced pore pressure by a vertical cylinder. The experiments were conducted
to study the differences of wave surface, velocity field, and pore water pressure between submerged
breakwater with non-breaking harmonic waves [15,16]. However, these two experiments focused on the
evolution of monochromatic waves without the observation of the seabed response. Mizutani et al. [17]
conducted two-dimensional (2D) wave tank experiments to parametrically study the effect of breakwater
and seabed on free surface elevation, dynamic soil pore pressure, and shear stress. The influence on
the excess pore-pressure due to the combination of wave and current is studied and compared with
theoretical models proposed by Qi et al. [18].

Mat foundations are different from other offshore marine structures in terms of geometry,
underwater height, and stress state. The deficiency of experimental result considering the actual
working conditions of mat foundation builds up obstacles for future scientific research. Thus, the paper
aims to present a series of test results of the seabed excess pore pressure around and under the mat
foundation, rather than just vertical distribution in a cross-section. The experimental exploration of the
pore pressure distribution can provide a reference for determining the most likely liquefaction area of
the sandy seabed with a mat foundation. In the experimental design, the influence of the proportional
scale, the location of the mat foundation at work, the combination of wave and current as well as
the load state are all considered to simulate its real working state more comprehensively. Based on
the experimental results, the influences on the wave motion and the excess pore pressure amplitude
caused by the mat foundation are discussed. Then, the plane and the vertical distribution of the pore
pressure are presented and compared by changing wave height, wave period, the mat foundation
orientation, and the addition of current on the wave. Besides, some numerical simulations are carried
out to verify the experimental data and complement the spatial distribution of excess pore pressure,
since pore pressure can only be measured at finite discontinuities in the test.

2. Experimental Formulation

2.1. Experimental Set-Up

To investigate the wave-induced excess pore pressure around the mat foundation, a series of
flume experiments were carried out in a wave flume (60.0 m in length, 2.0 m in width and 1.5 m in
depth). A soil-box of 7.0 m (length) × 2.0 m (width) × 1.0 m (depth) is set at the middle of the flume
and details of the soil properties are listed in Table 1. A jack-up platform is installed on the surface of
the soil-box. As shown in Figure 1 the real jack-up platform was simplified to a model with three parts:
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a mat foundation, four pillars, and a hull above the water. Figure 2 shows the dimensions and relative
positions of the mat model and soil box. All the marks in Figure 2 are in centimeters.

Table 1. Soil properties for experiments and numerical models.

Soil parameter Notation Magnitude Unit

Permeability ks 2.382 × 10−5 m/s
Mean size of sand grains d50 0.215 mm

Soil porosity ns 0.448 -
Poisson’s Ratio ν 0.333 -
Relative density Dr 0.321 -

Unit weight of soil ρ 26.79 kN/m3

Shear Modulus G 8.92 × 106 N/m2
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Three wave height gauges (model number: YWS200; measurement range: 0.60 m; accuracy: ±0.5%;
sampling frequency: 100 Hz) manufactured by Yufan Co. Ltd. (Chengdu, China) were established
to measure the wave profile, one of which was located far field for calibration. An acoustic Doppler
current profiler (ADCP; model number: Vectrino; measurement range: ±0.01 to ±1.4 m/s; accuracy:
±0.5%; sampling frequency: 200 Hz; manufacturer: Nortek AS) was utilized to determine the velocity
of the flow field. Total nine CY306 type pore pressure transducers (PPTS; measurement range: 30 kPa;
accuracy: ±0.1%; manufacturer: Shengying Cekong) were mounted to measure the pore pressure
within the seabed with the sampling frequency 100 Hz. In this experiment, to ensure the accuracy of
the impact on pore pressure caused by mat foundation, four PPTs (PPT 1–PPT 4) were installed in the
regions with a risk of liquefaction to investigate the variation of the pore pressure distribution. Five
PPTs (PPT1, PPT3, and PPT7–PPT9) were set along the flume length to monitor the plane distribution
of the pore pressure. In the vertical direction, there were another three PPTs (PPT1, PPT5, and PPT6).
The locations of all the mentioned measuring instruments are presented in Figure 2.

As mentioned in the previous investigations of flume experiments [19–21], the proportional
scale is considered for better reliability when designing the parameters of the experimental test.
The corresponding parameters between actual condition and experiment of the mat foundation, wave
parameters, current and water depth are tabulated in Table 2. The actual value of the mat is determined
by a typical jacking pile driver of Shanghai Zhenhua Port Machinery Company Limited. Moreover,
actual parameters of wave, current, and water depth result from the ambient dynamic loads of the
driver in use [22]. In order to ensure adequate distance from the model to the edge of the flume,
the plane scale is set as 50 to reduce the boundary effect on the flow field. Besides, the vertical
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proportional scale is reduced to 25 to make sure the wave height is high enough to generate significant
variation in pore pressure. The value used in this experiment is calculated by scaling the actual value.
The vertical load on the foundation is considered, and the required load is provided by the self-weight
of the model together with the weight of water in the cavity of the model. Table 2. lists all homologous
parameters, and the abbreviations in Table 2. represent experimental values in the following.J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 4 of 16 

 

Wave

Unit:cm

Seabed

700

ⅡⅠ ⅢADCP

30 60
450

550

2

20

20

70

15
45

18
18

70

25

18

45

10
0

16

Impermeable rigid bottom

350 350

Pore pressure transducers

Position A

Position B

Wave absorber

Wave height guage

10
0

18

1 43

6
5

10

7 8

30

35

2

17 8 3

4

5
6

9

9

40

O

31

14

Ф4

4

Mat foundation

(a)

(b) (c)

Z

X

4

36

35
35

Position A

Position B

Wave

Wave

Pillar of the model  mat foundation

Horizontal axis

 

Figure 2. Sketch of experimental set-up: (a) An overview, (b) dimension of the pillars and (c) set-up 
of the transducers around mat foundation (unit: cm). 

Three wave height gauges (model number: YWS200; measurement range: 0.60 m; accuracy: 
±0.5%; sampling frequency: 100 Hz) manufactured by Yufan Co. Ltd. (Chengdu, China) were 
established to measure the wave profile, one of which was located far field for calibration. An acoustic 
Doppler current profiler (ADCP; model number: Vectrino; measurement range: ±0.01 to ±1.4 m/s; 
accuracy: ±0.5%; sampling frequency: 200 Hz; manufacturer: Nortek AS) was utilized to determine 
the velocity of the flow field. Total nine CY306 type pore pressure transducers (PPTS; measurement 
range: 30 kPa; accuracy: ±0.1%; manufacturer: Shengying Cekong) were mounted to measure the pore 
pressure within the seabed with the sampling frequency 100 Hz. In this experiment, to ensure the 
accuracy of the impact on pore pressure caused by mat foundation, four PPTs (PPT 1–PPT 4) were 
installed in the regions with a risk of liquefaction to investigate the variation of the pore pressure 
distribution. Five PPTs (PPT1, PPT3, and PPT7–PPT9) were set along the flume length to monitor the 
plane distribution of the pore pressure. In the vertical direction, there were another three PPTs (PPT1, 

Figure 2. Sketch of experimental set-up: (a) An overview, (b) dimension of the pillars and (c) set-up of
the transducers around mat foundation (unit: cm).



J. Mar. Sci. Eng. 2019, 7, 304 5 of 16

Table 2. The corresponding parameters of actual condition and experiment.

Module Parameters Real Value Proportional Scale Experimental Value

Mat foundation

Length
Lm (m) 35 λplane = 50 0.7

Width
Wm (m) 18 λplane = 50 0.36

Height
Hm (m) 4 λverticl = 25 0.16

Diameter of pillars
Dp (m) 2 λplane = 50 0.04

Vertical load
Pv (N) 600,0000 λplane

2
× λverticl = 62500 96

Wave

Wave height
H (m)

1.875
λverticl = 25 0.075

2.5 0.1
Wave period

T (s)
7.5

λverticl
1/2 = 5

1.5
12.5 2.5

Current Velocity
vc (m/s) 1.4 λplane

1/2 = 7.1 0.22

Water depth Water depth
hw (m) 15 λverticl = 25 0.6

2.2. Test Procedure and Experimental Conditions

The experimental procedure was adopted as follows:

(1) Empty and clean the wave flume and the soil-box before the experiment;
(2) Fix the measuring instruments at the predesigned site, including three wave height gauges, an

ADCP, and nine PPTs;
(3) The soil box was filled slowly with clean water to the required depth to reduce air entrainment.

Then the sandy seabed was left over a period (12 h) to ensure being fully saturated;
(4) Place the mat foundation on the specific position of the sandy seabed. Use a gradient to ensure

that the instrument is placed horizontally;
(5) Slowly pump water into the flume until the designed water depth (0.6 m) is reached;
(6) Calibrate the parameters of the wave generator by comparing the input data of wave height with

the observed value of the far-field wave gauge;
(7) The experiment starts collecting the data record by switching on the wave generator;
(8) Repeat steps 6–7 for the next test, and steps 4–7 if the model position needs to be changed.

In all the tests, the data was collected until the wave reached a steady state for at least 240 s.
In addition, each test was done at least twice to ensure the reliability of the collected data.

Several experimental conditions for investigating the distribution of the pore pressure around the
mat foundation are summarized in Table 3. In all the cases, the water depth (hw) remains unchanged at
60 cm, and the wavelength (Lw) is iteratively calculated as Equation (1) shown. The two positions of
mat foundation are presented in Figure 2c.

Lw =
gT2

2π
tanh

2π
Lw

hw. (1)
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Table 3. Summary of experimental tests for wave, current, and mat foundation conditions.

Test Number Water Depth
hw (m)

Wave Height
H (cm)

Wave Period
T (s)

Wave Length
Lw (m)

Mat
Foundation

Current
vc (m/s)

1 0.6 7.5 1.5 3.0 - 0
2 0.6 10 1.5 3.0 - 0
3 0.6 10 2.5 5.7 - 0
4 0.6 7.5 1.5 3.0 Position A 0
5 0.6 10 1.5 3.0 Position A 0
6 0.6 10 2.5 5.7 Position A 0
7 0.6 7.5 1.5 3.0 Position B 0
8 0.6 10 1.5 3.0 Position B 0
9 0.6 10 2.5 5.7 Position B 0
10 0.6 10 2.5 5.7 Position B 0.22

3. Result and Discussions

3.1. Numerical Verification

In this section, the verification of the experimental results is presented. An integrated numerical
model proposed by Liao [23] is set up to calculate the wave-induced seabed response around a mat
foundation numerically. This numerical model has been employed and verified repeatedly in previous
researches [3,23–25], and it consists of two sub-models: The flow sub-model and the seabed sub-model.
For the flow sub-model, the finite volume method (FVM) is employed to solve the Reynolds-averaged
Navier-Stokes (RANS) equation in FLOW3D®. In the seabed sub-model, the seabed response is solved
by the finite element method (FEM) depending on Biot’s QS theory with COMSOL Multiphysics.
The governing equations, boundary conditions of both sub-models, and the needed initial conditions
are described below.

3.1.1. Set Up of the Numerical Model

(1) Governing equations
In the flow sub-model, the incompressible Newtonian fluid motion can be described by the RANS

equations with a k-ε model, which is based on the mass and momentum conservations, can be express
as follows:

∂〈u f i〉

∂xi
= 0, (2)

∂ρ f 〈u f i〉

∂t
+
∂ρ f 〈u f i〉〈u f j〉

∂x j
= −

∂
∂xi

[
〈ρ f 〉+

2
3
ρ f k

]
+

∂
∂x j

[
µe f f

(
∂〈u f i〉

∂x j
+
∂〈u f j〉

∂xi

)]
+ ρ f gi, (3)

where xi is the Cartesian coordinate; 〈u f i〉 is the ensemble mean velocity (m/s); p f is the pressure of
fluid (Pa); ρ f is the fluid density (kg/m3); t is the time(s); gi is the gravitational acceleration (m/s2); µ is
the molecular viscosity (Pa·s), and k is the turbulent kinetic energy (m2/s2)

In the seabed sub-model, Biot’s QS theory [11] for a poro-elastic medium is adopted to govern
the seabed response. For an isotropic homogeneous sandy seabed, the conservation of mass could be
expressed as:

ks∇
2ps − γwnsβs

∂ps

∂t
+ γw

∂εs

∂t
= 0, (4)

where ∇2 =
(
∂2

∂x2 , ∂
2

∂z2

)
is the Laplace operator, ps is the pore pressure in the seabed, γw is the unit weight

of water, ns is the soil porosity, k is the soil permeability. For a plane strain problem, the volume strain
(εs) and the compressibility of pore fluid (βs) are respectively defined as follows:

εs =
∂us

∂x
+
∂ws

∂z
, (5)

βs =
1

Kw
+

1− Sr

Pwo
, (6)
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where (us, ws) are soil displacements in x- and z-direction respectively, Kw is the true elasticity modulus
of pore water (taken as 2 × 109 Pa), Pwo is the absolute water pressure and Sr is the seabed degree
of saturation.

Leaving out the body forces and inertia terms, the equilibrium equations could be expressed as:

G∇2us +
G

(1− 2ν)
∂εs

∂x
= −

∂ps

∂x
, (7)

G∇2us +
G

(1− 2ν)
∂εs

∂y
= −

∂ps

∂y
, (8)

G∇2ws +
G

(1− 2ν)
∂εs

∂z
= −

∂ps

∂z
, (9)

where G is the shear modulus and ν is the Poisson’s ratio.
(2) Boundary conditions
To solve the RANS equations in flow sub-model, appropriate boundary conditions are required.

A linear water wave train is generated at the wave inlet boundary (position of x = 0). The outflow
boundary is applied with a sponge layer with at least two-wavelength long to diminish the wave
reflection. At the bottom of the wave model, the no-slip boundary is applied to make the fluid velocity
in the normal direction is zero. At the air-water interface, the volume-of-fluid (VOF) method [26] is
used to capture the free surface behavior.

In the seabed sub-model, appropriate boundary conditions are required to solve the governing
Equations (4) and (7) to (9) of the porous seabed. At the seabed surface, the wave-induced pore water
pressure ps is set to be equal to dynamic wave pressure pwv obtained from the flow sub-model, and the
vertical effective normal stresses and shear stresses are considered to be 0. The two lateral boundaries
and the seabed bottom are set as fixed impermeable boundaries.

(3) Numerical Scheme
The integrated numerical model is considered by inducing the pressure on the surface of the

seabed of flow sub-model into the seabed sub-model. The input parameters of the soil and wave
parameters of this numerical model are listed in Tables 2 and 3.

In the flow sub-model, a numerical wave tank is established with dimensions of 20 m long, 2 m
wide and 0.6 m high, where the wave tank is 12 m and the sponge layer is 8 m to diminish the influence
of fixed boundary as Ye and Jeng suggested [27]. The middle of the mat foundation, where the origin
of the Cartesian coordinate is located, is positioned 10m away from the linear wave inlet boundary. A
fine mesh block with total 400,000 quadrate cells is set to ensure the computational accuracy of the
model, where the mesh size in the wave height direction is 0.006 (approximate 1/17 of the wave height).

In the seabed sub-model, the seabed area measures 7 m× 2 m× 1 m, which is the same as the soil
box shown in Figure 2. The mat foundation is placed in the middle of the seabed surface. The 7-m-long
seabed model is about 2.3 times the wavelength, so it is accurate enough to analyze the seabed response
according to the conclusion proposed by Ye and Jeng [27].

Mesh sensitivity tests are performed for the model meshes of the seabed. As shown in Figure 3,
the pore pressure at PPT1 is adopted as a probe with seven sets of the meshes. It can be seen that
the element amount grows rapidly as the FEM mesh subdivides, while the calculated value keeps
a constant when the refinement reaches the mesh size 5–45 cm. Considering both an acceptable
computational accuracy and the computer capacity, the seabed sub-model is discretized into 529900
Lagrange elements with the mesh size of 3.4–34 cm.



J. Mar. Sci. Eng. 2019, 7, 304 8 of 16

J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 8 of 16 

 

Mesh sensitivity tests are performed for the model meshes of the seabed. As shown in Figure 3, 
the pore pressure at PPT1 is adopted as a probe with seven sets of the meshes. It can be seen that the 
element amount grows rapidly as the FEM mesh subdivides, while the calculated value keeps a 
constant when the refinement reaches the mesh size 5–45 cm. Considering both an acceptable 
computational accuracy and the computer capacity, the seabed sub-model is discretized into 529900 
Lagrange elements with the mesh size of 3.4–34 cm. 

 

Figure 3. FEM mesh convergence test. 

3.1.2. Comparison Between Numerical and Experimental Results 

The numerical and experimental results are compared, including the wave height with two 
locations and the pore pressure with two depths. Figure 4 shows the time series of free surface 
elevation from the measured data and the simulated model, recorded 30 cm before and 40 cm behind 
the center of the mat by wave gauges II and III. The comparison result shows an overall agreement 
with an acceptable difference. Figure 5 shows the comparison of the simulated and the measured 
excess pore pressure with respect to time by two transducers with diverse depth. As in the 
experiment, it is hard to measure the degree of saturation, which has a significant influence on the 
vertical distribution of pore pressure. The two different depths are considered to confirm the degree 
of saturation, which is set as 0.95 in this model. A good agreement can be seen in these two 
comparisons in Figure 4, which means the setting of the degree of saturation is reliable 
simultaneously. 

 
Figure 4. Comparison of the simulated and measured surface elevation recorded in test 5, (a) Wave 
gauge II and (b) Wave gauge III. 

19.6–105 15–80 8–58 5–45 2.8–38 3.4–34 2.8–28

0

40

80
N

um
be

r o
f F

EM
 e

le
m

en
t (

×1
02 )

 Number of FEM element
 Pore pressure at PPT1

FEM mesh size (cm)

30

40

50

 P
or

e 
pr

es
su

re
 a

t P
PT

1 
(P

a)

0 1 2 3

-1

0

1

（a）

η 
/ A

t / T

 Experiment data
 Numerical model    

2 3 4

-1

0

1

（b）

η 
/ A

t / T

 Experiment data
 Numerical model    

Figure 3. FEM mesh convergence test.

3.1.2. Comparison Between Numerical and Experimental Results

The numerical and experimental results are compared, including the wave height with two
locations and the pore pressure with two depths. Figure 4 shows the time series of free surface elevation
from the measured data and the simulated model, recorded 30 cm before and 40 cm behind the center
of the mat by wave gauges II and III. The comparison result shows an overall agreement with an
acceptable difference. Figure 5 shows the comparison of the simulated and the measured excess pore
pressure with respect to time by two transducers with diverse depth. As in the experiment, it is hard to
measure the degree of saturation, which has a significant influence on the vertical distribution of pore
pressure. The two different depths are considered to confirm the degree of saturation, which is set as
0.95 in this model. A good agreement can be seen in these two comparisons in Figure 4, which means
the setting of the degree of saturation is reliable simultaneously.
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Figure 5. Comparison of the simulated and measured excess pore pressure recorded in test 5, (a) PPT1
and (b) PPT5.

3.2. Effect of Mat Foundation

3.2.1. Wave Motion

The existence of the mat foundation may impose an influence on the transmission of water waves.
Figure 6. shows two comparisons of the wave profiles between the tests with and without a mat.
From Figure 6, the wave profile is observed as linear in both two tests. The existence of the structure
makes the wave profile a little lower. The height of the mat foundation is too low to reduce the
wave profile when the water depth is much higher. Thus, the elimination effect of waves by the mat
foundation can be ignored.
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Figure 6. Comparations of wave profiles in section II and section III in test 2 (Waves: H = 10 cm, T = 1.5 s;
no mat foundation; no current) and test 5 (Waves: H = 10 cm, T = 1.5 s; mat foundation: position A;
no current).

3.2.2. Wave-Induced Pore Pressure

The effect on pore pressure caused by the foundation with respect to time is illustrated in Figure 7,
which consist of two kinds of structure position (test 5 and test 8). It can be seen that the value of
pore pressure is oscillating around a constant value, which means there is no distinct build-up of the
residual pore pressure in this kind of sandy seabed. Similar response trends of the sandy seabed with
d50 = 0.287 mm (close to the sand in this experiment) can be observed from previous flume studies by
Zhou et al. [28].



J. Mar. Sci. Eng. 2019, 7, 304 10 of 16

J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 10 of 16 

 

PPTs is greatly changed by the existence of mat foundation. In Figure 7(a), the value of the center 
point in front of the structure becomes larger, which is followed closely by the point next to the front 
of the structure. Conversely, there is a considerable decline in the two locations under the mat, i.e., 
PPT3 and PPT4, because the presence of mat reduces the wave actions on the seabed. A similar 
phenomenon can be observed from the previous laboratory results of Jeng et al. [29]. Moreover, in 
Figure 7(b), it can be found that the amplitude of the pore pressure in the region on the side of the 
mat becomes higher when the long side of the mat is parallel to the wave direction. There is a decrease 
of the pore pressure amplitude in the areas under the mat, including PPT1 and PPT3. In general, 
when the mat foundation exists, the pore pressure amplitude increases in the area around the mat, 
especially the front of the mat, but decreases in the area under the mat. 

 

 

Figure 7. Effect on the distribution of excess pore pressure caused by mat foundation in (a) test 5 
(Waves: 𝐻 = 10 cm, 𝑇 = 1.5 s; Mat foundation: position A; No current) and (b) test 8 (Waves: 𝐻 =10 cm, 𝑇 = 1.5 s; Mat foundation: position B; No current). 

0 1 2 3 4

-30

-15

0

15

30

（a）

p 
(P

a)

t / T

 PPT 1   PPT 2   PPT 3   PPT 4  

Mean peak value of test 2

Mean dip value of test 2

0 1 2 3 4

-30

-15

0

15

30

（b）

p 
(P

a)

t / T

 PPT 1   PPT 2   PPT 3   PPT 4  
Mean dip value of test 2

Mean peak value of test 2

Figure 7. Effect on the distribution of excess pore pressure caused by mat foundation in (a) test
5 (Waves: H = 10 cm, T = 1.5 s; Mat foundation: position A; No current) and (b) test 8 (Waves:
H = 10 cm, T = 1.5 s; Mat foundation: position B; No current).

In Figure 7 two horizontal dotted lines of the pore pressure are derived from test 2 (without
mat foundation) to provide a reference value of the mean maximum and minimum values, which is
simplified from four similar curves of pore pressure in test 2. The specific location of PPT1–PPT4 can
be observed from Figure 2. From these two figures, it can be noticed that the pore pressure of four
PPTs is greatly changed by the existence of mat foundation. In Figure 7a, the value of the center point
in front of the structure becomes larger, which is followed closely by the point next to the front of the
structure. Conversely, there is a considerable decline in the two locations under the mat, i.e., PPT3 and
PPT4, because the presence of mat reduces the wave actions on the seabed. A similar phenomenon
can be observed from the previous laboratory results of Jeng et al. [29]. Moreover, in Figure 7b, it can
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be found that the amplitude of the pore pressure in the region on the side of the mat becomes higher
when the long side of the mat is parallel to the wave direction. There is a decrease of the pore pressure
amplitude in the areas under the mat, including PPT1 and PPT3. In general, when the mat foundation
exists, the pore pressure amplitude increases in the area around the mat, especially the front of the mat,
but decreases in the area under the mat.

3.3. Plane Distribution of the Pore Pressure

Figure 8 presents the excess pore pressure of five PPTs (PPT1, PPT3, and PPT7–PPT9) with various
distances to the central point O under the mat foundation in all ten tests. Three black horizontal lines
represent the values of the excess pore pressure in the tests without structure, which represents the soil
response under only waves. These three lines can be served as a reference for other test conditions.
The horizontal axis in this figure adopts the dimensionless parameter (x/Wm), where x is the distance
from the measured points to the center of the mat (point O in Figure 2), and Wm is the width of the
model mat foundation.

J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 11 of 16 

 

3.3. Plane Distribution of the Pore Pressure 

Figure 8 presents the excess pore pressure of five PPTs (PPT1, PPT3, and PPT7–PPT9) with 
various distances to the central point O under the mat foundation in all ten tests. Three black 
horizontal lines represent the values of the excess pore pressure in the tests without structure, which 
represents the soil response under only waves. These three lines can be served as a reference for other 
test conditions. The horizontal axis in this figure adopts the dimensionless parameter (𝑥/𝑊 ), where 𝑥 is the distance from the measured points to the center of the mat (point O in Figure 2 ), and 𝑊  is 
the width of the model mat foundation. 

From Figure 7, it can be concluded that the locations before the structure (PPT1 and PPT2) are 
more likely to have a higher pore pressure amplitude regardless of the orientation of the mat 
foundation. A similar conclusion can be drawn from Figure 8, that the value of excess pore pressure 
amplitude of the locations before structure (0 ≪ 𝑥 ≤ 𝑊  ) is significantly larger than the areas under 
the structure. In most of tests 4–9, the value of pressure reaches its peak at 𝑥 = 0.56 𝑊  and drops 
to the valley value below the center of the mat foundation. The maximum of the excess pore pressure 
is near twice the minimum value in all the tests. Therefore, it is significant to monitor the pore 
pressure in the area where the maximum pore pressure appears. Additionally, when the wave period 
becomes larger, the pore pressure in front of the mat foundation decreased, and the pore pressure 
behind the foundation increased. 

Test 10 is run by adding 0.22 m/s current based on test 9. Comparing test 9 and test 10, the 
amplitude of the excess pore pressure before the center point (point O) of the mat foundation becomes 
large, nearly twice the value in the corresponding case (test 9), while it has almost no effect on the 
value behind the structure. However, because of the existence of the current, the excess pore pressure 
behind the structure is significantly reduced compared to the pressure under the structure. This is 
because the current is blocked by mat foundation. Moreover, the mat foundation has almost no 
influence on the excess pore pressure when reaching a distance of 35 cm in front of the mat without 
current, while the influence region is much more abundant in the test with the current (test 10). These 
results indicate that the liquefaction or partial liquefaction is more likely to occur in front of the mat 
under combined waves and following-current loading. 

 
Figure 8. Plane distribution of the oscillatory amplitude of the excess pore pressure amplitude along 
the flume length. 

3.4. Vertical Distribution of the Pore Pressure 

Figure 9, which includes tests 1–9 under the wave only, gives the vertical distribution of the 
excess pore pressure amplitude at the same measuring section II with the depth of −15 cm, −60 cm, 
−70 cm measured by PPT1, PPT3, and PPT6. The dimensionless coordinate is adopted in this figure. 
The aggregate value (𝑧/𝐷) of the depth of the measured points (𝑧) and the thickness of the seabed (𝐷) 
are employed on the dimensionless horizontal axis. On the vertical axis, there are values of complex 

1.2 1.0 0.8 0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2
0

50

100

150

200

x / Wm

p 
(P

a)

 TeTt 1    TeTt 2    TeTt 3
 TeTt 4    TeTt 5    TeTt 6
 TeTt 7    TeTt 8    TeTt 9

                         TeTt 10

Figure 8. Plane distribution of the oscillatory amplitude of the excess pore pressure amplitude along
the flume length.

From Figure 7, it can be concluded that the locations before the structure (PPT1 and PPT2) are more
likely to have a higher pore pressure amplitude regardless of the orientation of the mat foundation. A
similar conclusion can be drawn from Figure 8, that the value of excess pore pressure amplitude of
the locations before structure (0� x ≤Wm ) is significantly larger than the areas under the structure.
In most of tests 4–9, the value of pressure reaches its peak at x = 0.56 Wm and drops to the valley
value below the center of the mat foundation. The maximum of the excess pore pressure is near
twice the minimum value in all the tests. Therefore, it is significant to monitor the pore pressure in
the area where the maximum pore pressure appears. Additionally, when the wave period becomes
larger, the pore pressure in front of the mat foundation decreased, and the pore pressure behind the
foundation increased.

Test 10 is run by adding 0.22 m/s current based on test 9. Comparing test 9 and test 10, the amplitude
of the excess pore pressure before the center point (point O) of the mat foundation becomes large,
nearly twice the value in the corresponding case (test 9), while it has almost no effect on the value
behind the structure. However, because of the existence of the current, the excess pore pressure behind
the structure is significantly reduced compared to the pressure under the structure. This is because the
current is blocked by mat foundation. Moreover, the mat foundation has almost no influence on the
excess pore pressure when reaching a distance of 35 cm in front of the mat without current, while the
influence region is much more abundant in the test with the current (test 10). These results indicate
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that the liquefaction or partial liquefaction is more likely to occur in front of the mat under combined
waves and following-current loading.

3.4. Vertical Distribution of the Pore Pressure

Figure 9, which includes tests 1–9 under the wave only, gives the vertical distribution of the
excess pore pressure amplitude at the same measuring section II with the depth of −15 cm, −60 cm,
−70 cm measured by PPT1, PPT3, and PPT6. The dimensionless coordinate is adopted in this figure.
The aggregate value (z/D) of the depth of the measured points (z) and the thickness of the seabed (D)
are employed on the dimensionless horizontal axis. On the vertical axis, there are values of complex
(p/ρwH), where ρwH is the water pressure due to wave height. In Figure 9, three factors are explored,
including (1) wave height (2) wave period and (3) placement of the mat foundation.
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Figure 9. Effect of (a) wave height and (b) wave period on the vertical distributions of the excess pore
pressure amplitude along with the soil depth.

The influence of the wave height on the excess pore pressure amplitude can be discovered from
Figure 9a. At shallow depth, the variation pore pressure is consistent with constant wave height and
decreases with the increase of depth. Besides, the pore pressure amplitude is significantly higher when
the mat foundation is located at position A. In Figure 9b, it can be concluded that the pore pressure
amplitude increases obviously as the wave period increases. When the wave period becomes higher,
the position of the mat foundation becomes irrelevant to the wave-induced pore pressure amplitude.
Besides, the maximum pore pressure amplitude was found in the test without the mat foundation.

Figure 10a,b give time series of the excess pore pressure under two different wave conditions,
i.e., wave only and a combination of wave and current respectively. It shows that there is no residual
pore pressure inside the seabed. The wave-induced pore pressure at three depths presents a sinusoidal
variation with the same phase, while there is a numerical attenuation phenomenon of the pore pressure
as the depth increases. An evident phase lag can be observed among the pore pressure measured
at three different soil depths. A similar phenomenon was observed in the experimental results by
Liu et al. [14].



J. Mar. Sci. Eng. 2019, 7, 304 13 of 16
J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 13 of 16 

 

 

 

Figure 10. Time series of excess pore pressure measured with PPT1, PPT5 and PPT6 in (a) test 9 
(Waves: 𝐻 = 10 cm, 𝑇 = 2.5 s; Mat foundation: position B; No current) and (b) test 10 (Waves: 𝐻 =10 cm, 𝑇 = 2.5 s; Mat foundation: position B; Current: 𝑣 = 0.22 m/s). 

3.5. Numerical Results of the Spatial Distribution of Pore Pressure 

To intuitively understand the distribution of the excess pore pressure in the vicinity of the mat 
foundation, the contour, as shown in Figure 11 is obtained from the numerical model mentioned in 
Section 3.1. The saturation of soil is set as 0.95, and other input parameters are described above. Figure 
11 depicts the spatial distribution of wave-induced pore pressure of four moments including: 
(a) 𝑡/𝑇 = 0.13 (b) 𝑡/𝑇 = 0.38, (c) 𝑡/𝑇 = 0.63 (d) 𝑡/𝑇 = 0.98. The first figure shows the time that the 
position of 0.56 𝑊  in front of the mat foundation (PPT1) reaches the maximum negative value, and 
the next three timing points are all a quarter period apart. 

From Figure 11, it can be found that wave action has a minimal effect on soil depth due to the 
influence of soil saturation. After the depth exceeds 0.56 𝑊 , the variation of excess pore pressure 

0 1 2 3 4

-60

-30

0

30

60

（a）

p 
(P

a)

t / T

 PPT 1      PPT 5      PPT 6  

0 1 2 3 4

-100

-50

0

50

100
（b）

p 
(P

a)

t / T

 PPT 1      PPT 5      PPT 6  

Figure 10. Time series of excess pore pressure measured with PPT1, PPT5 and PPT6 in (a) test 9
(Waves: H = 10 cm, T = 2.5 s; Mat foundation: position B; No current) and (b) test 10 (Waves:
H = 10 cm, T = 2.5 s; Mat foundation: position B; Current: vc = 0.22 m/s).

From the comparison between the two figures in Figure 10, it can be discovered that the presence
of current makes the phase lag of pore pressure smaller on the fine sand seabed and increases the
pore pressure amplitude by nearly 80%, but has little effect on the extent to which the pore pressure
amplitude decreased with depth.

3.5. Numerical Results of the Spatial Distribution of Pore Pressure

To intuitively understand the distribution of the excess pore pressure in the vicinity of the mat
foundation, the contour, as shown in Figure 11 is obtained from the numerical model mentioned
in Section 3.1. The saturation of soil is set as 0.95, and other input parameters are described above.
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Figure 11 depicts the spatial distribution of wave-induced pore pressure of four moments including:
(a) t/T = 0.13 (b) t/T = 0.38, (c) t/T = 0.63 (d) t/T = 0.98. The first figure shows the time that the
position of 0.56 Wm in front of the mat foundation (PPT1) reaches the maximum negative value, and
the next three timing points are all a quarter period apart.
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Figure 11. Contours of pore pressure in the vicinity of mat foundation from the numerical model of
test 5 at different times: (a) t/T = 0.13, (b) t/T = 0.38, (c) t/T = 0.63, (d) t/T = 0.98.

From Figure 11, it can be found that wave action has a minimal effect on soil depth due to the
influence of soil saturation. After the depth exceeds 0.56 Wm, the variation of excess pore pressure
becomes much smaller. Due to the weakening effect of the mat foundation on the wave, the variation
range and amplitude of excess pore pressure under the mat are smaller than before, which is consistent
with the pore pressure distribution observed in the experiment result.

4. Conclusions

Mat foundations are applied more frequently in the field of ocean engineering, especially in
shallow waters. This study presents several sets of experimental results on the wave-induced excess
pore pressure of porous seabed in the vicinity of a mat foundation. The experimental results were
employed to explore the plane and vertical distribution of the excess pore pressure in the sandy seabed
around a mat foundation, where liquefaction is likely to occur under wave action. Based on the
experimental results, the following conclusions are drawn:

(1) The good agreement between the experimental and the numerical results shows that the strong
reliability of the experimental test. Moreover, the degree of saturation of soil is considered as 0.95
with the numerical simulation;

(2) The comparison between the test with and without the mat foundation indicates that the wave
motion was seldom affected by the mat foundation since the height of the mat is much lower
than the water depth. The variation of the pore pressure in both tests suggests that the amplitude
of excess pore pressure is affected by the existence of the mat foundation;

(3) The affected region with increased pore pressure reaches a length of Wm before the mat. The largest
pore pressure occurs at x = 0.56 Wm before the mat, which is near twice the minimum value (at
the center under the mat) in most tests;

(4) Along with the seabed depth, there is a decreasing trend of excess pore pressure and a phase lag
without residual pore pressure. The experimental and numerical results show that a significantly
affected seabed region due to waves is within 0.56 Wm depth under the mat foundation;
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(5) The distribution of the pore pressure around the mat foundation varies with wave heights and
wave periods, and the wave period has a stronger influence. The change of mat foundation
orientation will alter the pore pressure amplitude under and around the mat; The existence of
current expands the range of the affected region with higher pore pressure, and increases the
maximum value by about 80%.
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