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Abstract

The objectives of this study are carried out a series of controlled large wave flume experiments using fine-grained
sediment from the Huanghe River Delta, exploring the complete sequence of sediment behavior in the bottom
boundary layer (BBL) during wave-induced liquefaction. The results show that: (1) The BBL in silty seabed is
exposed  to  a  progressive  wave,  goes  through  a  number  of  different  stages  including  compaction  before
liquefaction, sediment liquefaction, and compaction after liquefaction, which determines the range and thickness
of BBL. (2) With the introduction of waves, first, the sediment surface has settled by an amount S (S=1–2 cm) in the
course of wave loadings with an insufficient accumulation of pore water pressure. And a thin high concentration
layer formed the near-bed bottom. (3) Once the liquefaction sets in, the liquefied sediment with an ‘orbital
motion’ and the sub-liquefied sediment form a two-layer-sediment region. The range of BBL extends downwards
and stopped at a certain depth, subsequently, develops upwards with the compaction process. Meanwhile, re-
suspended sediments diffuse to the upper water column. (4) During the dynamics process of the BBL beneath
progressive waves, the re-suspended sediment increment ranked as sediment liquefaction > erosion before
liquefaction > compaction after liquefaction.
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1  Introduction
The boundary layer is an important concept and refers to the

layer of fluid in the immediate vicinity of a bounding surface
where the effects of viscosity are significant. In marine geology,
the bottom boundary layer (BBL) may be defined as the layer ad-
jacent to the seabed in which the flow is affected by processes oc-
curring at the boundary and in which strong gradients of physic-
al, chemical, and biological properties may occur (Bowden,
1978). Previous reviews of the BBL in the ocean have focused
primarily on the velocity field. An important aspect of a BBL is
that the velocity of the fluid goes to zero at the boundary, at some
distance above the boundary the velocity reaches a constant
value. This is because the velocity shear in the BBL is particularly
strong near the seafloor, and diminishes upwards, to become
zero when approaching the ocean interior, where the velocity
field is approximately constant and determined by the geo-
strophic balance. The thickness of the BBL depends on the influ-
ence of the seabed boundary on velocity, which is of the order of
10 m in the deep ocean (depths up to 4 000 m; Lueck et al., 2001),
but under high-velocity current conditions, it may reach a thick-

ness of 40 m (Kantha et al., 2000) or even involve the whole water
column in shallow-water areas, where friction and currents are
relatively strong compared to the deep ocean. Taking into ac-
count the exchange between the water column and sediment, the
thickness of BBL could extend to a height of a few meters, or a
few tens of meters above the seabed and it may also be said to ex-
tend a short distance of the order of centimeters or decimeters
downwards into the sediment, since chemical properties in the
water column are continuous with those in the pore water of the
sediments and the processes of erosion, deposition, and bed
movement of material involve both sides of the water/sediment
interface (Bowden, 1978). McKee et al. (2004) pointed outthat the
BBL to encompass the region 1 to 2 m above the sediment/water
interface and the mobile upper region of the seabed (including
fluid muds and ephemeral surface sediments).

It is well recognized that the hydrodynamic properties of the
BBL affect sediment resuspension. The shear stress near the bed
directly causes sediment erosion, affects vertical mixing, and
relates to conditions conducive to sediment deposition. Consid-
ering the condition of sediment availability or supply, it may re-  
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late to micro-scale sediment mixing, such as flocculation and
hindered settling (Hir et al., 2000); it could form a stepped vertic-
al profile of suspended sediment concentration (SSC) and trap
sediment in the near-bed layer. The BBL can be subdivided into
four regions (Fig. 1), according to the bulk density and concen-
tration of suspended sediment: (1) Low-concentrated layer, alias
dilute suspensions. These suspensions were considered to be di-
lute non-interaction, and Newtonian suspensions (Chang et al.,
2012; Bruens, 2003). (2) High-concentrated layer, also known as
concentrated benthic suspensions, which is defined as a suspen-
sion of cohesive sediment with a notable interaction between the
sediment and the turbulent flow field through buoyancy effects,
but still displaying near-Newtonian behavior (Winterwerp et al.,
2002). (3) Fluid mud (Hyper-concentrated benthic layer). In gen-
eral, fluid mud is considered a high-concentration sediment sus-
pension, here taken to be sediment suspensions with mass con-
centrations >10 g/L and <400 g/L (Ingliss and Allen, 1957; Krone,
1962; Wells, 1983; Ross, 1988; Kineke et al., 1996). Fluid mud is
not considered part of the consolidated seabed because it lacks
mechanical strength; it can be mobile (Bingham Fluids) or sta-
tionary above the stable seabed and can significantly modify the
transporting flow. (4) Liquefied or underconsolidated bed, which
could be considered part of the consolidated seabed, and the
seabed sediments may become unstable or even liquefied in-
duced by gravity forces and storms. Once liquefaction occurs, the
sediment particles are likely to be carried away as a fluid by any
prevailing bottom currents or mass transport (Jeng, 2001).

The Huanghe River is well known for its high sediment con-
centration, the suspended sediments of the Huanghe River are
derived from the loess plateau where the sediment is loose and
easily eroded by storms. The grain size of suspended sediments is
finer in the Huanghe River Delta. The sediment transportation,
fluid, liquefaction, instability characteristics in the Huanghe
River Delta have been observed and studied for the last 40 years
(Prior et al., 1986; Van Den Berg and Gelder, 1993; Wei et al.,
1995; Jia et al., 2014; Wang et al., 2014; Xu et al., 2016; Zhang et

al., 2018a, b). The shallow surface sediments of silty sediment
seabed in the subaqueous Delta of the Huanghe River estuary are
often liquefied or partially liquefied owing to the action of ocean
waves, which lead to the initially consolidated seabed from the
solid phase to liquid phase and a part of the BBL. In liquefaction
studies of the seabed sediment in the Huanghe River Delta, the li-
quefaction depth, in 8 m of water, could reach 4.1 m, and col-
lapses occurred in the liquefied seabed (Sun et al., 2008; Xu et al.,
2008). Under ocean waves, dynamic bottom pressure fluctuation
on a compressible silty seabed and pore pressure build-up might
exceed the overburden, which destroyed the original consolid-
ated sediment granular skeleton, increased the permeability of
the seabed (Mörz et al., 2007) weaken a seabed strength, thus in-
ducing seabed fluidization (Sumer et al., 2006; Jeng, 2013). On
the other hand, wave-induced pore pressure build-ups have sig-
nificant promoting effects on the concentration of suspended
substances (Jia et al., 2014; Guo et al., 2016; Zhang et al., 2018a).
Thus liquefaction induced by wave plays an important role in the
dynamics of the BBL. The objectives of this study are carried out
a series of controlled large wave flume experiments using fine-
grained sediment from the Huanghe River Delta, exploring the
complete sequence of sediment behavior in the BBL during
wave-induced liquefaction including excess pore-water pressure
buildup, distribution of sediment resuspension concentration in
the water column.

2  Experimental methodology
The experiments were carried out in an indoor wave flume,

which is in the Geotechnical Laboratory, Ocean University of
China. Regular waves were produced by a piston-type wave gen-
erator. The water depth was maintained at 40 cm.

2.1  Instruments and equipment
A sketch of the wave flume is shown in Fig. 2. The wave flume

was approximately 14 m in length, 0.5 m in width and 0.7 m in
depth. It is equipped with a piston-tape wave generator on the
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Fig. 1.   Perspectives on the dynamics of the bottom boundary layer in the water column (SSC is suspended sediment concentration,
layer thickness is not to scale) (Refer to Wan et al., 2014).
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one end, and a 1:4 dissipating gravel beach on the other end. A
glass-walled sediment tank (2.6 m (L)×0.6 m (H)×0.5 m (W)) em-
bedded in the wave flume filled with sediment, the transparent
sidewalls of the sediment tank provided convenience for us to
observe the phenomenon of the sediment responses under wave
action. Regular water waves were paraded from one side of the
flume and disappeared when the front waves reach the dissipa-
tion system, and wave parameters can be changed by controlling
the driving frequency (Jia et al., 2014; Zhang et al., 2018b).

The pore-water pressure measurements were performed via
six pore-water pressure transducers (CYY2, China, 5 mm in dia-
meter and 12 mm in length, with 1 Hz, continuous) which de-
ployed along the central site of the sediment tank at six different
depths, Z=7, 12, 20, 28, 36 and 44 cm, in which Z is the vertical
distance measured downwards from the initial seabed surface.
The spatial and temporal changes of suspended sediment con-
centration (SSC) in the water column were records via an Argus
Surface Meter IV (ASM, Argus, Germany, with frequency 1 Hz, 10 min
interval), ASM is a high-resolution SSC profiler and operates with
optical backscatter infrared sensors (OBS) embedded in a stain-
less steel rod, the sensors are placed on an active board at a dis-
tance of 10 mm. The ASM records the reflections and the dynam-
ic parameters that are created in the water column by solid
particles moving in a multiphase current, and responds directly
to SSC’s and thus may be used to identify process-driven vari-
ations in water turbidity. The conversion from signal reflectivity
(Rs, FTU) to SSC values has been achieved using a calibration
function defined in the laboratory prior to field deployment, fur-
ther descriptions of the calibration methodology can be found in
Guo et al. (2016). The signal reflectivity to suspended sediment
concentration conversion formula was deduced via linear regres-
sion (Fig. 3). As R2 was 0.955 3, which indicates that the conver-
sion is reliable enough to estimate the SSC with accuracy.

2.2  Sediment and test conditions

σg( =
√

d/d16) = 1.5

The sediment used in the experiment was from the tidal flats
of the subaqueous Huanghe River Delta. The sediment was silt
with D50=43.04 μm and the geometric standard deviation is

. The particle size distribution (PSD) is giv-
en in Fig. 4. The PSD curve was determined using the Rise-2002
mode laser Particle analyzer. The sediment properties are given
in Table 1. In the table, γ is the specific weight of sediment and w
is the water content. Other quantities are described in the table.
Before the experiment, air-dried sediment was crushed and thor-
oughly mixed with water and homogenized to make saturated
slurry, which was used as the initial seabed. In the sediment tank,

the initial sediment depth was 62 cm. A week later, the seabed
sediments were consolidation by drainage, and then the depth of
seabed sediments was reduced to 60 cm. The properties of sedi-
ment for initial seabed were summarized in Table 1.

2.3  Quantification of the re-suspended sediment
According to the distribution curves of background SSC and

SSC under wave loading, the net re-suspended sediment concen-
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Fig. 2.   Set-up of the indoor wave flume. The wave generator is located at the right end of the water flume, and the wave absorber is
located at the left end. Argus surface meter, the instrument operates with a series of backscatter infrared sensors (spaced at 10 mm)
that are embedded in intervals in a solid pile made of stainless steel.
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Fig. 3.     Conversion formula from signal reflectivity to SSC de-
rived from the calibration experiment.
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Fig. 4.   Grain-size distribution of the initial sediment bed.
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tration can be calculated, which represented the amount of sedi-
ment transferred from underneath the sediment bed into the wa-
ter. The net re-suspended sediment (Qnet) per basal area water
column was adopted as an index representing the variability net
re-suspended sediment, which can be calculated by the follow-
ing formula (stratified summation method):

Qnet =

∫ h


Cnetdz ≈

n∑
i=

(Ci − Cbi)× hi. (1)

The basic assumption of the stratified summation method is
that SSC at the same elevation in the water flume can be repres-
ented by the reference concentration of the data from ASM, the
concentration of this water layer is assumed to be horizontally
uniform. Qnet denotes the quantity of re-suspended sediment
within a unit basal area water column (kg/m2); i is the partition-
ing layer number in the water column; and hi=1 cm represents
the thickness of each layer (depends on the distance between
sensors of ASM), and n= 31 (regardless of the effects of sea-bed
interface changes and sea level fluctuations). Cneti=Ci–Cbi is the
net re-suspended sediment concentration of each layer, the Ci

and Cbi represent the instantaneous SSC and the background SSC
of each layer.

2.4  Experiment procedure
Four designed wave conditions (with a wave height of 6, 10,

14 and 18 cm respectively) were successively loaded on the

seabed until the SSC finally attain an equilibrium state. The wave
parameters were summarized in Table 2. In the table, h is the
depth of water, H is wave heights, T is the wave period and L is
the wavelength, Tdw is the duration of wave action. In the test, li-
quefaction of sediment or not was discriminated by observing the
oscillatory motion of the sediment. During the experiments, the
ASM was used to measure the turbidity of the water in predeter-
mined time intervals (Period of a single measurement: 10 s). The
variation of pore water pressure is recorded by pore-water pres-
sure transducers. The experimental phenomena including: (1)
the time development of the sediment/water interface, (2) the
time development of the liquefaction front, (3) the time develop-
ment of the compaction front, and (4) the characteristics of the li-
quefied sediment oscillation were recorded by video camera.

3  Results

3.1  Experimental phenomena
Over the course of the experiments, typical photographs were

arranged orderly in Fig. 5, in which the first (Fig. 5a) is a consolid-
ation period during which the pore water and bubbles flow up to
the seabed surface, resulting in the formation of micro-mud vol-
canoes. The wave column is clear due to the lack of wave loading;
Fig. 5b is the response of seabed during the initial period of 6 cm
wave action, during which no significant movement of sub-bot-
tom sediments was detected, which indicates that there is no li-
quefaction in the seabed. Surface sediments moved along the
sediment/water interface, and the water column gradually be-
came too turbid to identify the interface. There was also no signi-
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Fig. 5.     Typical photographs of the characteristics of seabed responses to waves during the flume experiment and the resulting
features. a. In a consolidation period before wave action which micro-mud volcanoes appeared on the seabed surface; b. the initial
period of 6 cm wave action, surface sediments moved along the sediment/water interface and spread to upper water column; c. under
18 cm wave loading, during which seepage channels were observed; d. typical stratification characteristics of seabed sediment after
wave termination.

Table 1.   The properties of initial seabed sediments used in the
experiment

Unit
weight

γ/kN·m–2

Water
content

w/%

Void
ratio e

Specific
gravity1)

Gs

Grain size

D10/μmD50/μmD90/μm

18.2 32.0 0.92 2.70 26.22 43.04 69.97

          Note: 1) Specific gravity referred to the result of the experiment of
Liu et al. (2016).

Table 2.   Summary of flume experimental conditions
Test series h/cm H/cm T/s L/m Liquefaction Tdw/h

1 40   6 2.42 4.57 not 1.5

2 40 10 1.30 2.17 not 3.0

3 40 14 1.02 1.51 not 1.0

4 40 18 1.35 2.28 yes 18.0  
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ficant movement of sub-bottom sediments during the 10 cm, 14 cm
wave action, but the more surface sediments move into the water
column; Fig. 3c is the response of seabed during the period of 18 cm
wave action, the seepage channels were observed and the sub-
bottom fine particle migration up to the seabed surface. The ex-
periments of Liu et al. (2017) and Xu et al. (2016) were also con-
ducted in the same wave flume using similar Yellow River silts,
and similar experimental phenomena were found in these exper-
iments. Subsequently, a partial liquefaction zone formed in the
shallow layers, the sediments began to oscillate horizontally
along an arc-shaped sub-bottom sliding interface. Meanwhile,
sediments were re-suspended again until a liquid of higher tur-
bidity; and Fig. 5d is the typical stratification characteristics of
seabed sediment after the termination of waves. The liquefaction
front traveled downwards under the action of wave loading and
the liquefied areas developed over time in both horizontal and
vertical directions. Finally, the liquefaction front stopped at a cer-
tain depth, and then the compaction process began from the bot-
tom of the liquefied zone, the compaction front moved upwards,
compaction front also stopped at a certain depth (Maybe, the
compaction front could arrive at the surface of the sediment, if
the time is long enough, or the wave energy decreases). The su-
perficial sediments, which located between compaction front
and the sediment/water interface kept oscillating elliptically with
waves. A fluid mud layer formed on the surface of the seabed
after wave termination due to re-settled of re-suspended sedi-
ments in the water column.

3.2  Liquefaction
In order to judge the occurrence of the liquefaction, the wave-

induced pore pressure responses to waves at 12, 20, 36 and 44 cm
below the initial sediment/water interface during the corres-
ponding period are presented in Fig. 6a. However, no reliable
results were obtained due to some unknown problems of the
pore-water pressure transducers located at 7 and 28 cm below
the initial sediment/water interface. During the period of 6, 10
and 14 cm wave actions, the pore pressure started to fluctuate
and accumulate when the subsequent waves were switched on.
After that, the accumulated pore pressure (excess pore pressure)
dissipated with the duration of wave loading. There was no signi-
ficant movement of sub-bottom sediments was detected. When
t=330 min, the 18 cm waves were switched on and the then pore
pressure built up in a short period to offset overlying effective
stress, liquefies the seabed and dissipates over a longer time sub-
sequently.

This wave-induced liquefaction process has been studied in-
dependently in similar experiments (e.g., Jia et al., 2014; Xu et al.,
2016; Liu et al., 2017), in the present authors, the most represent-
ative phenomenon of seabed liquefaction in the wave flume is
the elliptical motion of sediments with the wave. The “elliptical
motion of sediments” as a sign of liquefaction is used herein.
After sediment liquefaction, a liquefaction zone formed in the
shallow layers and subsequently spreads downwards (Fig. 6b). In
the initial stage, the liquefaction in depth expanded rapidly. After
reaching 39 cm (the value is 27 cm in the experiment of Xu et al.
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Fig. 6.   The response of sediment under wave actions. a. Pore pressure responses at various observation depths (12, 20, 36, and 44 cm)
below the initial sediment/water interface; and b. time series of initial sediment/water interface, liquefaction front, and compaction
front. t=0 min, began to wave loads; t=330 min, began to 18 cm wave action; t=410 min, a sharp increase of pore water pressure; t=650
min, liquefaction front reached the maximum depth.
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(2016)), variation in liquefaction depth began to decrease. At
t=650 min, the liquefaction front reached a limit liquefaction
depth of 45 cm. After that, the latter process gradually progresses
in the upward direction. The process resembles the self-weight
consolidation of hydraulic fill although, which the waves contin-
ue during the process. Miyamoto et al. (2004) termed the process
“solidification process” and Sumer et al. (2004) called it “com-
paction process”. The latter term is used herein, as it refers to
compaction of sediment by waves, an expression frequently used
in hydraulic/coastal engineering practice.

With the sediment liquefied, there are two distinct layers of
sediment: one with a distinct “orbital motion” of sediment with
waves (the top layer is in the liquefied state), and the other with
no orbital motion at all (the bottom layer) which is in the solid-
state with the interface between the two layers (the compaction
front) moving gradually in the upward direction. With the wave

action, the speed of upward movement of the compaction front
was significantly less than the speed of downward movement of
liquefaction front, and the compaction front stopped at 25 cm be-
low the initial sediment/water interface, finally. At any time, the
water column and the liquefied sediment also formed a two-
layered system of liquids (of different density) (discussed later).

3.3  Time profiles of SSC
The response of SSC under wave actions is divided into five

processes (as shown in Fig. 7). Stage Ⅰ: The consolidation peri-
od, no wave loading. The SSC of the water column was close to
0.5–0.7 g/L in this period, as shown in Fig. 5a, the water column
was clear and transparent. Stage Ⅱ: The responses of SSC during
the period of 6, 10, 14 and18 cm wave actions. Obviously, waves
mobilize sediments on the bed, distribute them vertically in the
water column to produce a net suspension of sediment grains.
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Fig. 7.   The response of SSC under wave actions. a. Time-space diagram of SSC during the experiment, where black solid line is the
isogram of SSC≥10 g/L, short dash-dot represents the water/sediment interface before the onset of liquefaction (t<410 min) and
indicates the data beyond the range of ASM in the water column (t≥410 min); b. the time series of SSC at the depths of 5, 15, and 25
centimeters above the bottom (CMAB) and the net re-suspended sediment (Qnet) per basal area water column (Qb represents the
background suspend sediment per basal area water column); and c. same as Fig. 6b.

  Wen Mingzheng et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 5, P. 96–104 101



The SSC of the water column would finally attain an equilibrium
state if the wave lasts long enough, such as the period of 10 cm
wave loads. The re-suspended sediments formed a high-concen-
tration layer, the thickness is less than 5 CMAB (centimeters
above the bottom) and SSC < 2 g/L. The fluid mud layer (SSC > 10 g/L)
with a thickness of about 1.0 cm was formed, and the thickness of
it is more than 2.0 cm under the 18 cm wave loading. The sedi-
ments under water/sediment interface did not have absolute
movement and only surface sediment erosion. Stage Ⅲ: The on-
set of liquefaction and the liquefied zone extended downward. At
this stage, more sediments were suspended into the water
column and constantly dissipated upwards along with the down-
ward expansion of the liquefaction front. As a result, the thick-
ness of the fluid rapidly extended to the whole water column.
And a sharp increase was observed of the net re-suspended sedi-
ment (Qnet) per basal area water column after the onset of lique-
faction. Stage Ⅳ: Compaction process, developed at the base of
the liquefied sediment layer. The liquefaction front came to a
standstill at a certain sediment depth. Under the further continu-
ation of wave loads, the compaction began to develop. In the pro-
cess of consolidation, the SSC and Qnet increased continuously
and the SSC of water column exceeded the maximum range of
the instrument. Stage Ⅴ: Re-settlement of suspended sediment
without wave loads. At the end of the experiment, the wave load
was stopped. Subsequently, the elliptical movement of shallow
sediments stopped and the suspended sediments rapid settled.

4  Discussion

4.1  Progressive evolution of BBL in sediments
As mentioned previously, the progressive evolution process of

BBL in this experiment can be divided into five subphases ac-
cording to the response of seabed sediment under wave actions.
Consider sinusoidal wave trains propagate over a level bed. The
passage of wave trains induces an oscillation in the fluid pres-

sure acting on the sediment bed. The wave pressure oscillation
causes excess pore pressure (including oscillatory component
and residual component) to develop at a generic point in the sed-
iment bed. When the effective stresses between the individual
grains vanish because of the residual pore pressure buildup, sed-
iment liquefaction occurs and the sediment mixture acts as a fluid.

The value of the residual pore pressure responses strongly de-
pends on the dynamic wave pressure acting on the surface of the
sediment bed. Under the action of 6, 10, 14 cm wave loadings, the
value of residual pore pressure was less than the effective stress,
and then residual pore pressure dissipated quickly. The sedi-
ment surface has settled by an amount S (S=1–2 cm, Fig. 7a) at
time t<410 min in the course of wave loadings (part of S stems
from the erosion of surface sediments). Since only wave loads
were simulated in this wave flume (no unidirectional currents),
the re-suspension sediments were attributed to the reciprocating
wave orbital velocities before the seabed liquefaction. The exper-
iments of Guo et al. (2016) and Zhang et al. (2018b) were also
conducted in the same wave flume using similar Huanghe River
silts, to evaluate the contribution of seabed liquefaction/fluidiza-
tion to sediment resuspension. The results indicate that the re-
suspension sediments before the seabed liquefaction is less than
50% of the total suspension under the model scales. In the
present study, the results also indicated the amount of re-sus-
pended sediments is limited before the seabed liquefaction, and
only a thin high concentration layer formed the near-bed bottom.
The vertical distribution of the SSC profile is shown in Fig. 8b1
and Fig. 8b2.

With the sediment liquefied, the interlocking of solid particles
was loosed and translated fluid-like sediment. The water column
and the liquefied sediment form a two-layer-fluid region (ZL < 0 <
H) (Fig. 8c2). Following the onset of liquefaction, the liquefied
sediment with a distinct “orbital motion” and the liquefied zone
extends downwards. The range of BBL extended downward to
the liquefaction front, meanwhile, the vertical distribution of re-
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Fig. 8.   The schematic mechanism for describing the progressive evolution of bottom boundary layer during the wave loadings (refer
to) the wave-induced sediment oscillation.
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suspended sediments in the water column expanded upward. As
it has been referred before, it was liquefaction leading to the great
increase of SSC. Zhang et al. (2018) pointed out the contribution
of fluidization (the present authors called it “liquefaction”) is at-
tributed to two physical mechanisms: (1) an attenuation of the
erosion resistance of liquefied sediments in surface layers due to
the disappearing of original cohesion and the uplifting effect res-
ulting from upward seepage flows, and (2) seepage pumping of
fines from the interior to the surface of liquefied seabed.

During the progressive liquefaction process, the visual obser-
vations indicate that there are also two-layer-sediment region
(Fig. 8c2). One is the completely liquefied sediment with an “or-
bital motion”, and the other is sub-liquefied sediment. Therefore,
the behavior of the bed sediments changes from essentially li-
quid in the upper layer (as a part of the BBL) to essentially solid
in the lower layer. Sumer et al. (2006) too described this phe-
nomenon. The interface between the two-layer sediment region
is called “liquefaction front”. When the liquefaction front exten-
ded downward to maximum depth, a transition layer in the
lowermost part of the liquefied zone start developing, and the
compaction will start developing. Now, the interface between the
two-layer sediment region is called “compaction front”. The li-
quefied sediment in the transition layer was called the structured
liquefied sediment with marked densification owing to the com-
paction during continued wave loading (Fig. 8c2). The compac-
tion front advanced upwards during the continued wave loading.
Miyamoto et al. (2004) discussed the process of compaction with
marked densification in liquefied sand during continued wave
loading and attributed this phenomenon to shear-induced con-
tracting of sand due to the wave loading. Xu et al. (2016) carried
out similar flume experiments using similar Yellow River silts, the
results showed that the penetration resistance of structured li-
quefied sediment was remarkably enhanced (Fig. 9). The range of
BBL in sediments decreased as the completely liquefied sedi-
ment changed from essentially liquid to essentially solid with the
compaction front advanced upwards. It is noted that the SSC of
water column increased continuously (discussed later).

4.2  Variations in re-suspended sediment quantity
The SSC in the water column is an important index for the

variation of BBL. The silt sediments from the Yellow River Estu-
ary have demonstrated fast initiation and re-suspension charac-
teristics, and moderate wave energy could cause bottom silt re-
suspension (Wright et al., 1986). As mentioned previously, the
sediments below water/sediment interface undergo erosion, li-
quefaction, and compaction owing to the water pressure above it,
successively. The net re-suspended sediment (Qnet) per basal
area water column and net re-suspended sediment increment
(Qssi) which is the time derivative of Qnet are shown in Fig. 10. The
initial re-suspended sediment increment generated in the
erosion stage before the liquefaction was the re-suspended sedi-
ments from the surface sediment when the wave-induced shear
stress reached the critical shear stress. There was a peak value of
Qssi when the subsequent waves were switched on, such as a and
b points in Fig. 10. With the buildup of excess pore pressure, an
upward- directed pressure gradient is generated. This pressure
gradient drove the water in the sediment upwards, which pro-
moted the resuspension of sediments (Figs 10b–c). Zhang et al.
(2017) putted forward a hypothesis of subbottom sediment pump
action which argues that subsurface fine-grained sediments will
be transported from the interior to the surface of a fluidized (or li-
quefied) seabed driven by the upward seepage flows resulting
from the wave-induced nonuniform distribution of the pore pres-
sure build up. The theoretical indicates that seabed liquefaction
greatly promotes sediment resuspension. As shown in Fig. 10, an-
other peak of Qssi occurred when the seabed liquefaction, and the

Qnet continuously increased accompanying the reciprocating arc-
shaped oscillation motion of part of the sediment bed. It can be
explained using the conceptual model of sediment fluidization
by Liu et al. (2013). During the compaction stage, the Qnet con-
tinuously increased, but the value of Qssi was smaller than which
in the liquefaction stage.

5  Conclusions
The dynamics process of the Bottom Boundary Layer in silty

seabed beneath progressive waves has been discussed. The prin-
cipal conclusions obtained from the present study may be sum-
marized as follows:

(1) The BBL in silty seabed is exposed to a progressive wave,
goes through a number of different stages including compaction
before liquefaction, sediment liquefaction, and compaction after
liquefaction, which determines the range and thickness of BBL.

(2) With the introduction of waves, first, the sediment surface
has settled by an amount S (S=1–2 cm) in the course of wave
loadings with an insufficient accumulation of pore water pres-
sure. And a thin high concentration layer formed the near-bed
bottom.

(3) Once the liquefaction sets in, the completely liquefied sed-
iment with an “orbital motion” and the sub-liquefied sediment
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form a two-layer-sediment region. The range of BBL extends
downwards with the liquefaction front and stopped at a certain
depth, subsequently, develops upwards with the compaction
process. Meanwhile, re-suspended sediments diffuse to the up-
per water column.

(4) Accumulation and dissipation of excess pore water pres-
sure play an important role in the evolution of BBL and sediment
re-suspension. With the buildup of excess pore pressure, an up-
ward-directed pressure gradient is generated, which urges the
subsurface fine-grained sediments transported from the interior
to the surface.

(5) During the dynamics process of the Bottom Boundary
Layer beneath progressive waves, the re-suspended sediment in-
crement ranked as sediment liquefaction > erosion before lique-
faction > compaction after liquefaction.
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