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ABSTRACT

Scouring and liquefaction of silty seabeds under waves have been recognized as two major modes of the seabed
instability around marine structures. A series of wave experiments were conducted to investigate the wave-
induced dynamic response in a silty seabed. The seabed was composed of light sand with and without geo-
textile covering under various wave conditions. When the seabed was not covered with geotextile, the seabed
was liquefied under the action of waves, accompanied by sediment incipience and suspension. The results show
that with increasing wave height, the seabed develops a series of processes such as sand ripples, ripple attenu-
ation, sheet flow and seabed liquefaction. After seabed liquefaction occurs, an upward force gradient of the
accumulated pore pressure is generated, which increases the suspended sediment concentration near the bottom
and further enhances the scour of the seabed. When it is scoured, the sediment particles are continuously
removed, and the stress in the soil is released, which intensifies seabed liquefaction. When the seabed is covered
with geotextile, the concentration of suspended sediment near the bottom is zero. The maximum liquefaction
depth of the seabed decreases along with the development rate of the liquefaction depth. The amplitude of the
pore water pressure in the seabed decreases by approximately 5%-20% and seabed liquefaction is reduced.

Experimental results clarify that liquefaction and scour promote each other.

1. Introduction

Waves are one of the important environmental loadings acting on
offshore structures and seabed in the marine environment. Under waves,
the effective normal stress between the individual grains in the seabed is
reduced, which may further lead to seabed liquefaction and result in the
instability of offshore structures (Chung et al., 2006; Puzrin et al., 2010;
Sumer, 2014). More than 70% of the seabed in coasts and offshore areas
in China is composed of silt and soft clay (Ding et al., 2013). The silty
seabed under waves is obviously different from the sandy seabed. Silt
has low shear strength and adhesion between fine particles. The lique-
faction resistance decreases with increasing fine particle content (Gobbi
et al., 2022). Furthermore, the liquefaction criterion for a sandy seabed
may not be applicable in silty soil seabeds (Jeng and Seymour., 2007; Li
et al., 2014). Liquefaction of silty seabeds is more harmful. For example,
thousands of buildings, city lifelines and infrastructure have been
damaged due to liquefaction of silty seabeds (Cubrinovski et al., 2011).
Therefore, it is important to investigate the dynamic response of silty

seabeds under waves.

For the dynamic response of a silty seabed under waves, some ex-
periments have been carried out. Among these, Sumer and his co-
workers (Sumer et al., 1999, 2006, 2012, Kirca et al., 2013) conduct-
ed a series of wave experiments and concluded that when the wave
height exceeded a certain value and the accumulated pore pressure
reached the initial mean effective normal stress, the seabed liquefied. At
this critical state, the seabed suddenly changed from the solid phase to
the fluid phase. Later, Tong et al. (2018) concluded that the pore pres-
sure response was different at the surface and deep layer of the seabed,
and the wave attenuation caused by liquefaction was dramatic. Xu et al.
(2021) and Ren et al. (2020) observed that seabed liquefaction started
from the surface layer and gradually developed downward through field
observations and wave flume tests. In the process of liquefaction, three
typical stages were included, including quasi-elastic, intensive build-up,
and continuous liquefaction stages (Li et al., 2022). After seabed lique-
faction, the soil strength increased, the water content decreased, and the
compactness of the soil increased (Wen et al., 2020). In addition, a lot of
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Fig. 1. Configuration of the wave experiment setup.

parametric study were conducted to investigate the effects of the soil
and wave characteristics to liquefaction (Hu et al., 2020; Liu and Jeng,
2015; Sui et al., 2022; Xu et al., 2022). These experiments revealed the
forces and deformations inside the seabed without considering other
phenomena associated with liquefaction, such as incipient sediment
motion and seabed scour.

In fact, there are several failure modes of a silty seabed under wave
loading, such as scour, liquefaction, shear failure, etc., and they interact.
Qi and Gao (2014) and Takegawa et al. (2016) concluded that the excess
pore pressure and liquefaction induced by waves would aggravate the
scour and affect its profile. Zhang et al. (2018) and Dong et al. (2022)
also concluded that wave-induced seabed fluidization and liquefaction
promoted sediment resuspension of the seabed. The scour of the seabed
changed the sediment transport near the bottom and affected the
liquefaction process of the seabed under waves. However, seabed
erosion, seabed liquefaction, seepage instability and shear failure caused
by waves are the simultaneous overall response of the seabed (Peng
et al., 2017). How seabed liquefaction and scour interact has not yet
been clarified. This is particularly important for the design of marine
infrastructures.

In this study, a series of wave experiments for the dynamic response
of a silty seabed were conducted. Two conditions were designed for the
experiment. One was to consider the impact of seabed scour, and the
other was to lay geotextiles to prevent seabed scour. The changes in pore
water pressure and suspended sediment concentration near the bottom
of the seabed were analyzed. The experimental setup is described in
Section 2, while the dynamic response of the seabed with and without
seabed scour are described in Section 3 and Section 4, respectively. The
discussion and conclusions are summarized in Sections 5 and 6.

2. Experiments
2.1. Wave flume and instrumentation

The experiments were conducted in the wave flume of the State Key
Laboratory of Hydraulic Engineering Simulation and Safety, Tianjin
University, as shown in Fig. 1. The flume was 80.0 m x 2.0 m x 2.0 m.
The test section was located at the middle and rear of the flume, in which
the seabed was 6.0 m x 2.0 m x 0.30 m. A block stone slope was laid at
the end as a wave elimination area to prevent reflected waves. To ensure
the wave attenuation effect, the “3-point method” (Mansard and Funke,
1980) was adopted to deploy the wave gauges and the calculated
maximum wave reflection coefficient was 2.15%. In the experiments, an
ADV manufactured by the Sontek company was used to measure the
horizontal velocity of water near the bed surface. The measurement
range was +0-3 m/s with an accuracy of +0.5%, and the sampling
frequency was set to 50 Hz for all experiments. A multichannel sediment
concentration measurement instrument based on an optical fiber sensor
was used to measure the near bottom suspended sediment concentra-
tion. The measurement range was 150 kg/m? with an accuracy of +5%,
and the sampling frequency was set to 20 Hz. The YY-2 pore water
pressure gauge was fixed to measure the pore water pressures in the
seabed, which was developed by the Nanjing Academy of Hydraulic
Sciences. The measurement range was 35 kPa, the sampling accuracy
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Fig. 2. Grain distribution of sand used in the wave experiments.

was 0.2% FS, and the sampling frequency was set to 20 Hz. The data
were controlled and collected by computer. A high-speed camera was
erected outside the sidewall of the flume to record the phenomenon.

Light sand with dsp = 0.24 mm was selected as the experimental
sand. The specific weight of sediment grains is 1.195, and the porosity n
= 0.42. The particle size distribution is shown in Fig. 2.

2.2. Wave conditions

The wave conditions are summarized in Table 1. The wave with d =
62 cm, H = 9.8 cm, and T = 1.26 s is obtained according to the actual
wave conditions in the Dafeng area, Jiangsu Province. To study the in-
fluence of wave parameters, a series of waves with wave heights of H =
3-14 cm and periods of T = 1.1 s-1.7 s was set. The water depth above
the seabed is d = 62 cm in all cases. In the table, Uy, is the maximum
velocity of water particles at the bottom of the water. Ug, is the

maximum friction velocity, Up, = \/%;Um, in which f,, is the wave fric-

tion coefficient, f, = 2 and Re = @n, and a is the amplitude of the
orbital motion of water particles at the bottom. 6 is the Shields param-

vz, . . . . .
eter, 0 = g(yﬁ, in which g is the acceleration due to gravity and s is the

specific gravity of sediment grains. According to Le Mé¢hauté (1976), the
waves are Stokes 2-order and Stokes 3-order waves (Fig. 3). Fig. 4 shows
the comparison results between the experimental wave surface of H =
9.8 cm and the theoretical value of the Stokes 2nd-order wave, which are
in good agreement. Each test was conducted three times to ensure the
accuracy of the test data.

2.3. Seabed conditions

Usually, in the experiments in the wave flume of the seabed dy-
namics, the hydrodynamic conditions were reduced compared to the
actual conditions, and then the sand used in the seabed was prototype
sand (i.e., no reduced scale) (Sumer et al., 1999, 2006, 2012, Kirca et al.,
2013; Xu et al., (2021). Ren et al. (2020). Qi and Gao (2014)). Therefore,
the seabed composed of prototype sand cannot be liquefied under very
small hydrodynamic conditions. In our study, light model sand with a
density of 1195 kg/m> and a median particle size of 0.24 mm was used.
According to the similarity of starting and settling, the liquefaction
process of the seabed under waves was investigated. In addition, the
scour and liquefaction phenomenon of the seabed were difficult to
distinguish in the previous tests. Therefore, the geotextile was laid on
the seabed surface to prevent incipient sediment motion and represents
the innovation of our experiment. After testing, a geotextile of 100 g/m>
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Table 1
Test conditions. The water depth above the seabed is 62 cm in all cases.
Test Wave Wave Wavelength L Maximum value of orbital Maximum value of Grain Shields Ursell Liquefaction?
no. height H period T (m) velocity at the bed; friction velocity Upy, Reynolds parameter 6 number
(cm) (s) Measured Uy, (cm/s) (cm/s) number
dUfn/v Yes/No
Case 3 1.26 231 3.0 0.80 1.92 0.14 0.67 No
1
Case 5 1.26 2.31 5.0 1.03 2.48 0.23 1.12 No
2
Case 6 1.26 2.31 5.7 1.13 2.72 0.28 1.34 No
3
Case 7 1.26 231 6.5 1.22 2.93 0.33 1.57 No
4
Case 8 1.26 2.31 7.8 1.31 3.14 0.37 1.79 No
5
Case 9.8 1.26 231 9.2 1.45 3.47 0.46 2.19 Yes
6
Case 12 1.26 2.37 11.7 1.64 3.93 0.59 2.83 Yes
7
Case 14 1.26 2.39 13.3 1.78 4.28 0.69 3.36 Yes
8
Case 9.8 1.1 1.85 6.7 1.29 3.09 0.36 1.41 No
9
Case 9.8 1.5 3.02 13.0 1.58 3.80 0.55 3.75 Yes
10
Case 9.8 1.7 3.59 13.4 1.63 3.91 0.60 5.30 Yes
11
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Fig. 4. Comparison of wave-surface time series (Case 6). The black dots are the
experimental results, and the red solid line is the theoretical result of 2nd-order
Stokes wave theory. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

with a thickness of 1 mm was chosen, and the strength of this geotextile
ensured that it would not be torn by the water but allow the water
penetrating well. The geotextiles were laid on the seabed surface, and
metal screens were laid as fixed measures (Figs. 5 and 6). The water can
penetrate the geotextiles well, but the sediment particles cannot pass
through which prevents seabed scour and does not affect the dynamic

Fig. 6. The geotextiles and metal screens on the seabed surface.

response inside the seabed. To verify whether the geotextile affects the
water seepage, taking the wave of H = 9.8 cm as an example, the
pressure gauges were set up above and below the geotextile. The
measured results are shown in Fig. 7. The figure shows that the geo-
textile can penetrate the water well and will not affect the dynamic
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Fig. 7. The water pressure above and below the geotextile. The black and red
lines are the measurement results above and below the geotextile, respectively.
(Case 6). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 9. Sheet flow with a height of 10-15 mm and the sorted grains on the bed
(Case 5).

response in the bed.
3. Dynamic response with seabed scour
3.1. Experimental phenomenon

Under the action of water depth of 62 cm and period of 1.26 s, with
the increase in loading wave height, the seabed sediment experiences
the process from sediment incipient to ripple development, ripple
attenuation, sheet flow and liquefaction. In Case 1, the sediment is not
incipient. In Case 2, the sediment is incipient, and ripples appear, with a
width of 2-3 cm and a height of 2 mm. In Case 3, the water begins to be
turbid, the sediment is suspended, and sand ripples develop, with a
width of 2-3 ¢cm and a height of 3-4 mm (Fig. 8). In Case 4, the finer
sediment is suspended in the upper water body, and the ripples are
attenuated. Furthermore, the width change is not obvious, still
approximately 2-3 cm, and the height is 2 mm. In Case 5, the ripples
disappear, and the sediment, with a height of 10-15 mm on the surface
of the seabed, moves in layers with the waves called sheet flow. After
loading the waves for 30 min, the sediment in the sheet flow layer is
obviously sorted, the fine particles move upward, and the coarser par-
ticles sink (Fig. 9).

In Case 6, the seabed is liquefied (based on visible observations), the
sediment is suspended to the water surface, and the water body is turbid.
Here, the excess pore pressures at different depths in the seabed are
shown in Fig. 15 and the seabed is also liquefied according to the cri-
terion of liquefaction (Jeng, 1997; Sumer et al., 2012). At the initial
stage of wave loading, the liquefaction depth of the seabed developed
rapidly. After approximately 4 min, the liquefaction depth reached a
maximum value of 15 cm, which was captured by the high-speed cam-
era. Then, the liquefaction depth gradually decreased. After approxi-
mately 30 min, the liquefaction depth decayed to 7-8 cm. After 60 min,
the seabed was no longer liquefied, and the compactness increased. The
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Fig. 12. The pore water pressure on the bed surface, and 3 cm, 15 cm below it
after 4 min and 60 min of wave action (Case 6).

height of the sheet flow layer increased first and then decreased with
wave loading. The maximum depth was approximately 2 cm and occurs
4 min after wave loading, which is consistent with the maximum
liquefaction depth.

In Cases 7 and 8, the maximum liquefaction depths of seabed were
16 cm and 17 cm, respectively, both of which occurred approximately 4
min in the initial stage of wave loading. After approximately 30 min, the
liquefaction depth decayed to approximately 12 cm, and after 60 min,
the liquefaction depth decayed to approximately 9 cm, and the seabed
compactness increased.

In Case 9, there were no ripples on the seabed surface, and the
sediment, with a height of 5 mm on the seabed surface, was active and
moved back and forth with waves. In Cases 10 and 11, the seabed lig-
uefied. The maximum liquefaction depth was 17 cm. After 60 min, the
liquefaction depth decayed to 9 cm.

3.2. Pore pressures in the seabed

Taking Case 6 as an example, the pore water pressure at 7 cm and 15
cm below the seabed surface at the initial stage is shown in Fig. 10, and
the peak value of the pore pressure is shown in Fig. 11. The pore water
pressure accumulates obviously at the beginning, and the accumulation
is more obvious with increasing seabed depth. According to the lique-
faction criteria, under the action of waves, when the excess pore water
pressure at a certain point in the seabed is greater than the pressure of
the overlying soil at that point, the seabed will be liquefied (Sumer et al.,
2006). After 4 min of wave action, the cumulative value of pore water
pressure at 15 cm below the bed reaches the maximum. Currently, the
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wave loading times (Case 7). (f) After different wave loading times (Case 8).

average excess pore pressure at 7 cm and 15 cm below the seabed is 66
Pa and 146 Pa, respectively. Based on the initial effective stress at these
two locations being 49 and 105 Pa, the seabed currently reaches the
maximum liquefaction depth, which is consistent with the observation
results.

The pore water pressure on the bed surface, and 3 cm, 15 cm below it
after 4 min and 60 min of wave action is shown in Fig. 12. When the
wave action lasts for 4 min, the liquefaction depth is a maximum of 15
cm. After 60 min, the seabed is no longer liquefied. At the initial stage of
the wave action, the pore water pressure in the liquefaction area in-
creases along the depth, and the pore water pressure curve is no longer
regular. The liquefied seabed manifests as fluid with greater density than
water, and the pore water pressure response is accompanied by the
phase difference. After 60 min, the seabed compactness increases, no
longer liquefies, the pore water pressure decays along the depth, and its
phase lag along the depth decreases compared with the liquefaction.

The phase lag of pore water pressure at different depths in the seabed
and the wave pressure at the seabed surface is shown in Fig. 13. Before
seabed liquefaction, the phase lag value of pore water pressure at
different depths did not change with time. After seabed liquefaction, the
phase lag value changed with the loading wave time. The phase lag
value of the initial 20 s of wave loading is shown in Fig. 13(a). Before
incipient sediment motion, the phase lag was very small. Before seabed
liquefaction, the phase lag increased with depth; it increased rapidly on

the seabed surface, and then the rate of increase decreased with depth.
With increasing wave height and wave period, the phase lag in the
seabed became obvious (Fig. 13(a)-(c)). At the initial 20 s of wave
loading, liquefaction developed downward; in the liquefaction area, the
phase lag value was greatly increased compared with before liquefac-
tion; in the non-liquefaction area deep in the seabed, the phase lag value
does not change significantly. After 1 h of wave loading, the seabed
compactness increased, which was also observed in Wen’s experiments
(Wen et al., 2020). The phase lag gradually disappeared with increasing
damping in the seabed, which is consistent with the theoretical results
derived by Okusa (1985).

To better understand the influence of liquefaction on the lag of the
pore pressure response in the seabed, the results of phase lag at different
depths at the initial stage of liquefaction (t = 20 s), at the time when
liquefaction developed to the maximum depth (t = 200 s) and after
3600 s of wave loading are shown in Fig. 13(d)-(f). At a certain depth in
the seabed, the phase lag after liquefaction was greater than that before
liquefaction, and the phase lag inside the liquefaction area also
increased with depth. After 60 min of wave loading, the density of the
seabed increased, the higher the wave height was, the more obvious the
compaction effect, and the smaller the phase lag value which was
different from the conclusion obtained in the non-liquefied seabed (Li
and Gao, 2022).

Comparing the phase results under the action of waves with different
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water pressure under the wave trough.

wave heights and periods, the influence of periods on the phase lag in
the seabed is smaller than that of wave heights.

The pore water pressure amplitude under wave action of a series of
wave heights at the initial stage and after 60 min is shown in Fig. 14 and
Table 2-Table 3. The amplitude of the pore water pressure increased
with increasing wave height and increased significantly on the surface.
The effective stress and average excess pore water pressure at different
depths of the seabed in Cases 6-8 are shown in Fig. 15. When the wave
height was less than 9.8 cm, the seabed was not liquefied, the pore water
pressure decayed along the depth, and the deceleration rate gradually
decreased. When the wave height was greater than or equal to 9.8 cm,
the average excess pore pressure in the seabed was greater than the
initial effective stress (Sumer et al., 2012), the seabed was liquefied, and
the effective stress in the soil was 0. With the periodic movement of
waves, it is shown as a fluid with a density greater than water, and the
pore water pressure amplitude gradually increased along the depth di-
rection (Fig. 14-(a), Fig. 15); After 60 min of wave action (Fig. 14-(b)), in
Case 6, the seabed compactness increased, the porosity decreased, the
permeability coefficient decreased, the soil strength increased, the
seabed was no longer liquefied, and the pore water pressure amplitude
decreased with increasing depth. In Case 7 and Case 8, the liquefaction
depth decreased, and the pore water pressure amplitude increased with
depth in the still liquefied area. In the no longer liquefied area, the pore
water pressure amplitude decreased with the depth. Under the action of
the wave trough (Fig. 14-(c) and Table 4), the pore water pressure was
negative, decayed along the depth direction, and the seabed was pulled
instantaneously.

The maximum and minimum pore pressure under wave action of a
series of wave periods at the initial stage and after 60 min is shown in

Fig. 16 and Table 5-Table 7. The pore water pressure increased with
increasing period. When T = 1.1 s, the seabed was not liquefied. When T
> 1.26 s, the seabed was liquefied. The amplitude of the pore water
pressure in the liquefaction area increased with depth. After 60 min of
wave loading, the seabed compactness increased, the pore water pres-
sure decreased with depth, and the greater the wave period was, the
more obvious the compaction effect (see Table 6).

3.3. Near-bottom suspended sediment concentration

Suspended sediment concentration is an important environmental
index for silty coasts. Under the combined action of waves and tidal
currents, sediment sedimentation and resuspension occur, and the
concentration of suspended sediment in the water body changes
accordingly. The variation in suspended sediment concentration is of
great significance to seabed scour and seabed instability.

In Case 6-Case 8, the velocity amplitude at the bed increased with
increasing load wave height (Table 1). The sediment on the bed un-
dergoes a process from threshold to the development of sand ripples,
sheet flow, and suspension, which is accompanied by the intensification
of sediment erosion on the bed.

The near-bottom suspended sediment concentration under the action
of each wave height was measured, and the results are shown in Table 8.
The measured concentration results and the theoretical results derived
from Nielsen (1992), Zuo et al., (2019) and Xia et al. (2011) are shown in
Fig. 17. Before liquefaction, the measured value is in good agreement
with the theoretical value. The measured value after liquefaction was
much larger than the theoretical value, which can be inferred to be due
to the failure to consider the influence of seabed liquefaction in the
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Fig. 15. The initial normal effective stress and the average excess pore water pressure at the initial stage, and t = 60 min under the conditions without geotextile

covering. Then, the pore water pressure after geotextile covering (Cases 6-8).

Table 2
Maximum pore water pressure under the wave crest at different depths in the
seabed at the initial stage of wave action (Pa) (d = 62 cm, T = 1.26 s).

Table 4
Minimum pore water pressure at different depths of seabed under the action of
wave trough (Pa) (d = 62 cm, T = 1.26 s).

z(cm) 3 5 6 7 8 9.8 12 14 Hlem) 3 5 6 7 8 9.8 12 14
H(cm) 2(cm)

0 45 68 88 102 123 154 191 201 0 —45 87 -93 106 -124 -160 188  —200
-3 40 61 80 100 120 183 220 225 -3 -40 68 -8  -93 -114 -139  -171  -187
-7 30 48 67 90 110 194 224 238 -7 -32 -56 66 74 -101  -128 153 177
-10 24 45 55 69 94 230 239 249 -10 23 43 48 -6l -86 101  -144  -169
-15 27 41 53 65 93 234 256 258 -15 -24 42 46 60 -78 -88 -134 140

seepage force and liquefaction have a significant role in promoting the
Table 3 suspended sediment concentration.

Maximum pore water pressure under the wave crest at different depths in the
seabed after 60 min of wave action (Pa) (d = 62 cm, T = 1.26 s).

H(cm) 3 5 6 7 8 9.8 12 14
z(cm)

0 45 68 88 102 123 158 191 201
-3 40 61 80 100 120 145 193 213
-7 30 48 67 90 110 136 204 227
-10 24 45 55 69 94 109 182 197
-15 27 41 53 65 93 98 143 180

theoretical formula. The near bottom suspended sediment concentration
increased with wave height. Before the occurrence of seabed liquefac-
tion, the suspended sediment near the bottom increased slowly with
wave height. After seabed liquefaction, the suspended sediment con-
centration increased sharply. It can be concluded that wave-induced

Under the action of waves, the main forces on the sediment particles
on the seabed surface include drag force, lift force, inertia force, un-
derwater friction force, etc. Suspended sediment particles from the
seabed surface are mainly subject to gravity, wave seepage force, lift and
resistance (particle adhesion, additional pressure of membrane water,
etc.). According to Mei and Foda’s (1981) boundary layer approxima-
tion, the seepage force derived by Xia (2006) is:

3
n m d.
S0 —sin

F= —=
l-nm+1 6 2cosh(kd) &

pu8H 1. ( a

kx—wt-&-g)

where n is the soil porosity, m = ﬁ is the relative compressibility of

water and the soil skeleton, G is the shear modulus, v is Poisson’s ratio,
and g is the effective bulk modulus of the pore fluid. ds¢ is the mean
particle size of the sediment, p,, is the density of water, g is the gravi-
tational acceleration, H is the wave height, k is the wavenumber, d is the
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Fig. 16. Variation in pore water pressure amplitude with wave period at different depths in the seabed (a) Amplitude under the wave crest at the maximum
accumulated pore water pressure. (b) Amplitude of pore water pressure under the wave crest after 60 min of wave action. (¢) Minimum pore water pressure under the
wave trough.

Table 5

Maximum pore water pressure under the wave crest at different depths in the

seabed at the initial stage of wave action (Pa) (d = 62 cm, H = 9.8 cm).

Table 7

Minimum pore water pressure at different depths in the seabed under the action

of the wave trough (Pa) (d = 62 cm, H = 9.8 cm).

T(s) 1.1 1.26 1.5 1.7 T(s) 1.1 1.26 1.5 1.7
z(cm) z(cm)

0 69 154 225 249 0 -74 -160 —228 —260
-3 64 183 243 268 -3 —63 —139 —209 —232
-7 61 194 258 277 -7 —54 —-128 —-190 —200
-10 57 230 283 299 -10 -50 -102 —165 -170
-15 53 234 308 315 -15 —46 —88 —138 —147

Table 6 Table 8

Maximum pore water pressure under the wave crest at different depths in the

seabed after 60 min of wave action (Pa) (d = 62 cm, H = 9.8 cm).

Suspended sediment concentration under wave action at each wave height (d =

62 cm, T = 1.26 s).
T(s) 1.1 1.26 1.5 1.7 H(cm) 3 5 6 7 8 9.8 12 14
z(cm) Ckg/m® 00 00 007 010 012 03 037 053
0 69 154 224 249
-3 64 135 208 238 . .
_7 61 116 200 295 liquefaction, the pore water pressure decays along the depth, and the
~10 57 109 177 205 seepage force is downward under the action of the wave crest and up-
-15 53 88 140 180

water depth. § is the thickness of the seabed boundary layer (Mei and
_ ks

Foda, 1981),1 = \/%/ %+é =20 fey = sp ks is the soil permeability in

)
m/sec, and o is the wave frequency. Before the occurrence of

ward under the action of the wave trough. When the seepage force is
upward, the upward force of sediment increases, and the sediment is
easier to hang (Myrhaug et al., 2014), which promotes seabed scour, and
when the seepage force is downward, it inhibits the hanging of sediment.
When the accumulated pore pressure in the seabed is greater than the
initial effective stress (Sumer et al., 2012), the seabed liquefies, and it is
known from the above that the accumulated pore water pressure
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increases along the depth; thus, the vertical gradient of the accumulated
pore pressure is generated with time (Guo et al., 2018). This gradient is
always upward, which has a continuous upward force on the sediment.
At the same time, after seabed liquefaction, the cohesive force between
soil particles dissipates, the hindered force of sediment particles de-
creases, and fine particles are continuously pumped (Tang et al., 2021)
from the inside of the seabed to the bed surface, forming a continuous
suspension of fine particles, resulting in a significant increase in the
near-bottom suspended sediment concentration compared with that
before liquefaction. With the increase in wave loading times, the
porosity of the seabed decreases gradually, and the gradient of the
accumulated pore pressure decreases to less than the initial value. After
liquefaction, the sediment receives the continuous upward force induced
by the gradient of the accumulated pore pressure, increasing the sus-
pended sediment concentration near the bottom and, thus, intensifying
the seabed scour.

4. Dynamic seabed response after erosion prevention

After laying the geotextile, the sand bed was prepared again for
testing. In the tests, there was no sediment incipient on the seabed
surface, and the suspended sediment concentration near the bottom was
zero. In Cases 6-8 and Case 10, Case 11, the seabed was liquefied. At the
initial stage of wave loading, liquefaction developed downward, and the
maximum liquefaction depth were 11 cm, 12 cm, 12.5 cm, 11 c¢m, and
12 cm, respectively, which occurred 3 min after wave loading
(approximately 150 waves). After 60 min of wave loading, the seabed
was dense, and the compression height was approximately 0.5 cm,
which was smaller than the existing value of scour. After erosion pre-
vention, the maximum liquefaction depth of the seabed decreased, and
the development rate of liquefaction depth slowed down. The variation
in pore water pressure amplitude in seabed wave action at each wave
height and wave period is shown in Fig. 18, Table 9 and Table 10. The
black and red lines in the figure show the pore water pressure amplitude
at each depth in the seabed when the bed surface was scoured and the
anti-scour measures were settled, respectively.

Under the action of wavelets, bed erosion was not obvious, and the
pore water pressure at various depths in the seabed was basically un-
changed before and after erosion prevention. However, after the
occurrence of seabed liquefaction, the continuous upward force induced
by the gradient of the accumulated pore pressure led to a sharp increase
in the concentration of suspended sediment near the bottom and obvious
bed erosion. After anti-erosion, the amplitude of the pore water pressure
in the seabed decreased by approximately 5%-20%. During the coupled
action of scour and liquefaction, in Case 6-Case 8, the pore pressure
amplitude increased with depth to a depth of 15 cm of the seabed. In
combination with Fig. 15, the excess pore water pressure here was
greater than the initial effective stress, and the seabed was liquefied.
After anti-scouring, the pore water pressure amplitude at a depth of 15
cm was lower than that at a depth of 10 cm. At the same time, according
to the liquefaction criteria, the seabed at 10 cm was in the state of
liquefaction, but the seabed at a depth of 15 cm was no longer liquefied.
The existence of bed scour affects the dynamic response of the seabed
and significantly promotes liquefaction.

When the seabed surface is scoured, the sediment particles are sus-
pended and continuously removed, leading to stress release within the
soil (Li et al., 2019). The cohesive force between sediment particles
decreases, further affecting the initial stress state of the seabed, the pore
water pressure in the seabed and intensifying seabed liquefaction.

5. Discussions

The results show that liquefaction and scour promote each other. The
coupling mechanism can be explained as follows: when the seabed is
scoured, the sediment particles are suspended and removed, leading to
stress release in the soil (Li et al., 2019), further affecting the initial
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Table 9

Proportion of amplitude decrease of pore water pressure in seabed under wave action at each wave height after erosion prevention (%) (d = 62 cm, T = 1.26 s).
H(cm) 3 5 6 7 8 9.8 12 14
z(cm)
0 2.27 —2.86 —2.22 —3.60 -1.60 -1.28 —1.55 0.50
-3 14.29 0.00 5.26 5.26 4.35 6.40 12.24 7.66
-7 0.00 —7.69 —4.29 2.52 2.80 25.16 4.19 3.93
-10 —14.63 —6.63 —-2.18 -5.38 1.77 4.55 2.15 0.81
-15 —0.81 -1.90 —2.72 -1.62 11.69 46.13 45.72 12.94

6. Conclusion
Table 10

Proportion of amplitude decrease of pore water pressure in seabed under wave
action at each wave period after erosion prevention (%) (d = 62 cm, H = 9.8 cm).

T(s) 1.1 1.26 1.5 1.7
z(cm)

0 -1.45 -1.30 —0.44 -1.20
-3 6.25 6.01 3.29 2.24
-7 4.92 20.10 5.04 3.25
-10 7.02 4.35 —4.24 —0.33
-15 3.77 31.62 24.68 16.19

stress state of the seabed and intensifying seabed liquefaction. After
liquefaction of the seabed, the sediment particles receive a continuous
upward force induced by the gradient of the accumulated pore pressure,
and the suspended sediment concentration near the bottom is increased,
which intensifies the scour of the seabed.

The dynamic response of the seabed under waves is affected by the
coupling of liquefaction and scour (Zhang et al., 2020; Tang et al., 2021;
Zhai et al., 2021). For example, under a wave height of 9.8 cm, the
seabed undergoes a series of processes, such as liquefaction, scour,
liquefaction intensification and seabed compaction. At the beginning,
the pore water pressure accumulates rapidly and increases along the
depth direction, the upward force gradient in the seabed increases, the
bonding force between soil particles dissipates, the effective stress is
zero, and the seabed is liquefied under waves. Then, the concentration of
suspended sediment near the bottom increases, and the sediment par-
ticles are continuously removed. Tang et al. (2021) conducted an
experiment on the silty seabed in the Yellow River Delta and concluded
that seepage failure could “pump” the sediments vertically from the
interior of the seabed with a contribution to sediment resuspension of up
to 93.2-96.8%. Zhai et al. (2021) considered that small seepage could
cause significant changes in the hydrodynamic gradient and further
enhance the incipient sediment motion and scour. In the second stage,
the excess pore pressure increases further, and the upward force
gradient increases, then the seabed liquefaction depth increases.
Furthermore, the scour of the seabed is also intensified. Guo et al. (2018)
concluded that the vertical gradient of excess pore pressure (seepage
force) had a significant effect on sediment transport around the pipeline.
In the third stage, with the increase in wave loading times, the seabed in
the liquefaction area vibrates periodically with the waves, and the pore
water in the seabed is discharged. At this time, the fine particles in the
seabed float, the coarse particles sink, and the seabed is reconstructed
for the second time. The soil particles are arranged more densely, the
porosity of the seabed is reduced, and the liquefaction depth of the
seabed is gradually reduced. The fine particle suspension is removed, the
seabed is mainly composed of coarse particles, so the concentration of
suspended sediment near the bottom is also reduced and the seabed
begins to consolidate. In the fourth stage, after the compaction process,
the seabed is no longer liquefied, the seepage force under the action of
the wave crest is downward, and under the trough is upward, the
average pore pressure gradient is reduced, the concentration of sus-
pended sediment near the bottom is lower than that in the liquefaction
stage, and the scour of the seabed slows down. The seabed is relatively
stable.

10

Seabed dynamic response under waves involves multiple factors,
such as erosion, liquefaction, and other phenomena. Experiments on the
wave-induced dynamic response in a silty seabed were investigated to
reveal the coupling mechanism of scour and liquefaction of the seabed
under waves. The geotextile was set on the bed surface to remove the
scour disturbance.

Dynamic response experiments of light sandy seabed under waves
without geotextile covering with various wave heights and periods were
conducted in the wave flume. When the wave height increased, the
seabed experienced sand ripples, ripples attenuation, sheet flow and
seabed liquefaction. Furthermore, the phase lag after liquefaction was
greater than that before liquefaction, and the phase lag inside the
liquefaction area also increased with depth. The higher the wave height
was, the more obvious the compaction effect and the smaller the phase
lag. The influence of periods on the phase lag in the seabed was smaller
than that of wave heights. After liquefaction, the suspended sediment
concentration increased sharply, which means that liquefaction pro-
moted seabed scour.

When the seabed was covered with geotextile to prevent scour, the
concentration of suspended sediment near the bottom of the seabed was
zero. The maximum liquefaction depth was reduced by approximately
30%, and the time required to reach the maximum liquefaction depth
was reduced by approximately 25%. The amplitude of the pore water
pressure in the seabed decreased by approximately 5%-20%. In addi-
tion, the pore pressure gradient in the seabed decreased and seabed
liquefaction was reduced.

In summary, liquefaction and scouring promote each other.

This study focused on the wave-induced response on the seabed
without marine structures. The liquefaction and scouring process of the
seabed around the structure under the action of waves has a significant
impact on the stability of the structures. In the future, the dynamic
response of silty seabeds around structures under wave action should be
further studied.
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