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Abstract

Sediment resuspension is commonly assumed to be eroded from the seabed surface by an excess bottom shear
stress and evolves in layers from the top down. Although considerable investigations have argued the importance
of wave-induced seabed fluidization in affecting the sediment resuspension, few studies have been able to reliably
evaluate its quantitative contribution till now. Attempt is made to preliminarily quantify the contribution of
fluidization to resuspension using a series of large-scale wave flume experiments. The experimental results
indicated that fluidization of the sandy silts of the Huanghe Delta account for 52.5% and 66.8% of the total
resuspension under model scales of 4/20 and 6/20 (i.e., relative water depth: the ratio of wave height to water
depth), respectively. Some previously reported results obtained using the same flume and sediments are also
summarized for a contrastive analysis, through which not only the positive correlation is confirmed, but also a
parametric equation for depicting the relationship between the contribution of fluidization and the model scale is
established. Finally, the contribution of fluidization is attributed to two physical mechanisms: (1) an attenuation
of the erosion resistance of fluidized sediments in surface layers due to the disappearing of original cohesion and
the uplifting effect resulting from upward seepage flows, and (2) seepage pumping of fines from the interior to the

surface of fluidized seabed.
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1 Introduction

The most widely accepted viewpoint on sediment resuspen-
sion is that sediments are eroded by currents or stirred by waves
from the seabed surface and then transported to different loca-
tions by currents. The friction between sediment particles and a
current velocity or wave orbital velocity provides bottom shear
stresses to counterbalance with the critical shear stress (i.e.,
erosion threshold) of bottom materials, thus determining the en-
trainment of sediments by excess shear stresses (Nielsen, 2002).
On the basis of this theory, considerable research results have
been reasonably explained, since a sudden increase of suspen-
ded sediment concentration (SSC) was successfully observed in
both field observations and flume experiments when the bottom
shear stresses exceeded a critical threshold (Green, 1992;
Soulsby, 1997; Van Raaphorst et al., 1998; Kim et al., 2000; Wright
etal., 2001; Wang, 2003; Biron et al., 2004; Yuan et al., 2009). Even
though, it is still debatable that, in their analysis, the bottom
shear stress was commonly calculated from bottom boundary

layer models (e.g., Grant and Madsen, 1979), which was based on
the surface erosion theory itself. In this case, even the modeled
excess shear stresses well corresponded to the variations of SSC,
other mechanisms might be implicitly included into a represent-
ative parameter of a coupled wave-current bottom shear stress.
Recently, Green and Coco (2014) argued that to explicitly ac-
count for the effect of waves on erosion rates, merits further at-
tention.

In fact, the role of currents or waves in causing local sedi-
ment resuspension largely depends on the morphology of estuar-
ies or bays. In a shallow water environment, waves were fre-
quently found to contribute more significantly or dominate the
entrainment of bottom sediments (e.g., van Duin and Lijklem,
1989; Paphitis and Collins, 2005; You, 2005; Danielsson et al.,
2007; Bolanos et al., 2012; Zhang et al., 2016a), with the mechan-
isms mostly attributed to wave orbital shear stresses or wave
pumping of sediments (e.g., Wolanski and Spagnol, 2003).
However, coastal engineers had an early opinion that waves not
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only provided the orbital shear stress to cause sediment resus-
pension, wave-induced dynamic bottom pressure fluctuation on
a compressible silty seabed would also frequently generate pore
pressure build-up (e.g., Clukey et al., 1985), which destroyed the
original consolidated soil granular skeleton, increased the per-
meability of the seabed (Morz et al., 2007), or even detached fine
particles from large aggregates (Bennett, 1977; Bennett and Faris,
1979; Seed and Rahman, 1978; Nichols et al., 1994; Ross et al.,
2011). Under storm waves, pore pressure build-up might exceed
the overburden (i.e., effective stress), weaken a seabed strength,
thus inducing seabed fluidization (Sumer et al., 2012; Jeng et al.,
2013). In this case, even weak currents may disperse the fluid-
ized sediments (e.g., Lambrechts et al., 2010; Zhang et al., 2016b).
More recently, wave-induced pore pressure build-ups were ob-
served to have significant promoting effects on the concentration
of suspended substances in wave flume experiments (e.g., Tzang
etal., 2009; Jia et al., 2014).

In summary, the mechanism of wave-induced sediment re-
suspension seems not only controlled by the wave orbital shear
stress, the contribution of the pore pressure build-up (seabed flu-
idization) might also be worthy of consideration under certain
circumstance. Therefore, in the present study, a series of con-
trolled large wave flume experiments were conducted to evalu-
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ate the contribution of wave-induced seabed fluidization to sedi-
ment resuspension using the Huanghe River sandy silts. A better
understanding into the physical mechanisms of silty sediment re-
suspension was expected. In addition, we hope the quantitative
evaluation results could provide some implications for the mon-
itoring, prediction and prevention of the active geo-hazards in
the subaqueous Huanghe Delta in China.

2 Materials and methods

2.1 Experimental setup

Experiments were conducted in a large-scale “T” shape wave
flume (Fig. 1), which primarily consists of a water flume (top of
the “T”) and a sediment tank (bottom of the “T”). A plywood
beach, with a slope of 1:4 covered with a foam rubber of 2 cm in
thickness, is located at the end of the water flume as a wave ab-
sorber. A vertical paddle which could move horizontally as a
wave maker, is located at the other end of the water flume, driv-
en by an engine with variable frequency. In this case, a wave gen-
erator pushes the wave paddle at a certain frequency to generate
periodic progressive waves passing over the underlying seabed in
the sediment tank. Wave parameters can be changed by con-
trolling the driving frequency.
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Fig. 1. Large-scale wave flume in College of Environmental Science and Engineering, Ocean University of China. The dimension of
the upper water flume and the bottom sediment tank are 14 mx0.7 mx0.4 m and 2.6 mx0.6 mx0.4 m (LxHx W), respectively. The wave
generator is located at the right end of the water flume, and the wave absorber is located at the left end.

2.2 Sediment characteristics

Experimental sediments (sandy silts) were sampled from an
abandoned intertidal flat (Diaokou lobe, deposited during
1961-1976) of the modern Huanghe Delta (since 1855). A silt
content ranges from 83.1% to 84.3%, a clay content ranges from
15.6% to 16.7% and a sand content ranges from 0.1% to 0.2%, with
a median particle size of 43 pym. Sediment and water were well-
mixed at a constant proportion of 1:4 in mass to make a slurry
with a saturated water content of approximately 25% and sub-
sequently backfilled into the sediment tank to simulate a homo-
geneous seabed of 0.5 m in thickness. This procedure was em-
ployed in order to simulate the rapid sedimentation process of
the Huanghe River derived sediments. Because it was reported
that more than 70% of the Huanghe River sediment discharge de-
posited within the scope of 30 km from the estuary (Bornhold et
al., 1986; Saito et al., 2001), which indicated that as a huge
amount of river-laden sediments flowed into the sea, a relatively

homogeneous freshly-deposited seabed with a certain thickness
would form due to the same deposition time. After the back-
filling of the slurry, deposits were left for gravity consolidation for
4 d, then water flume was filled with water to a depth of 50 cm for
further consolidation of additional 24 h under hydrostatic water
pressure (i.e., wave actions commenced after 5 d since the initial
deposition of the slurry, when the pore water pressure tends to be
stable). Seabed preparation in both wave rounds was exactly
identical.

2.3 Suspended sediment load

Suspended sediment load represented the total mass of sus-
pended sediments in the whole water flume, which was meas-
ured through stratified water sampling. Seven flexible plastic
pipes were vertically mounted at the centerline of the water
flume with a separation distance of approximately 5 cm, with one
end in the water column and the other end out of the flume. Wa-
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ter samples at different depths were extracted into sample bottles
by applying a negative pressure onto the outer end. Water extrac-
tion was conducted once per hour throughout both wave rounds.
The turbidity of these turbid liquid samples was immediately
measured using a portable turbid-meter. The turbidity was con-
verted into concentration by the following calibration formula:

¢, =0.004 09 t+0.512 49, (1)

where c_ is the reference concentration (g/dm3); and ¢ is the wa-
ter turbidity (NTU).

The conversion formula was derived from a calibration exper-
iment. A sequence of turbid liquids with stepwise increased con-
centrations were prepared by adding different mass of sediments
into a constant volume of water; the turbidity was also measured
using the portable turbid-meter, thus the turbidity-concentra-
tion conversion formula was deduced via linear regression
(Fig. 2). As r2 was 0.965 5, we believe the conversion is reliable
enough to estimate the SSC with accuracy.
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Fig. 2. Conversion formula from water turbidity to SSC derived
from the calibration experiment.

The basic assumption of the stratified water sampling meth-
od is that SSC at the same elevation in the water flume can be
represented by the reference concentration of the extracted wa-
ter samples, i.e., when water samples are extracting, the concen-
tration of this water layer is assumed to be horizontally uniform.
Therefore, the total suspended sediment load (L) was estimated
using the following equation:

L, =AiCZHz (n=7), @)

where A=LxW=140x4=560 (dm?) is the volume amplification
coefficient in which L and Wrefer to length (dm) and width (dm)
of the water flume, respectively; and C, is the reference concen-
tration (g/dm3) of the water sample, z is sequence number of the
water layers; H,=0.05 is the thickness (dm) of water stratification.

2.4 Experimental process

Two wave rounds of 10 and 15 cm in wave height (H,,) were
separately loaded on the respective seabed until the SSC finally
attained an equilibrium state. Extraction of water samples and
recording of fluidization depth were synchronously conducted

once per hour throughout each wave rounds. Detailed informa-
tion of wave parameters and loading time were summarized in
Table 1.

Table 1. Wave parameters

M, H,/D T,/s A/m T,/min T/h
1.0/5.0 4/20 1.20 2.00 780 12
1.5/5.0 6/20 0.95 1.65 600 12

Note: Model scale (M,) is the ratio of wave height (H, ) to water
depth (D); T, is the wave period; 4 is the wave length; T} is the load-
ing time of waves; and standing time (T;) refers to the hydrostatic set-
tlement period after the termination of wave action.

For better understanding of the whole experimental process,
typical photographs during each subperiod were arranged or-
derly in Fig. 3, in which the first (Fig. 3a) is a consolidation peri-
od during which pore water and bubbles were observed to be
slowly extruded; Fig. 3b is the response of seabed during the 10
cm wave action and re-settled floating mud after wave termina-
tion; and Fig. 3c is the typical response of seabed during the 15
cm wave action and floating mud formed after the termination of
waves. Seabed fluidization occurred in both rounds after differ-
ent cycles of waves whereas the shape and size of the fluidized
zone were found to be different.

3 Results

As the wave-induced seabed fluidization occurred in both
rounds of the experiment, two different substages, namely before
and after fluidization were divided in each round, respectively.
Different characteristics in the phenomenon of fluidization, the
pore pressure and SSC evolutions were detected both between
the substages and the two rounds.

3.1 Experimental phenomena

The most representative phenomenon of seabed fluidization
in the wave flume is the oscillatory motion of sediments upon a
subbottom arc-shaped sliding interface. So far there is no gener-
al agreement that whether the sediment oscillation phenomen-
on is seabed fluidization or wave-induced shear failure. There-
fore, after carefully analyzing the experimental phenomena and
pore pressure data in the present study, an improved opinion on
this issue was given in Section 3.3. Before this section the phe-
nomenon was temporarily referred to as “seabed fluidization”.

3.1.1 Before seabed fluidization

During the consolidation and initial period of wave action, a
considerable quantity of tiny bubbles was observed appearing on
the seabed surface, venting into the overlying water column (Fig.
3a). This indicated a wave-induced compression effect of seabed
skeleton which was essential for pore pressure build-up. During
this period, motion of sediments was mostly along the water-
seabed interface, as horizontally reciprocating of surface sedi-
ments was observed until the water gradually became too turbid
to identify the interface. No significant movement of subbottom
sediments was detected in this period. Since only waves were
simulated in this wave flume (no unidirectional currents), this
phenomenon was attributed to the reciprocating wave orbital ve-
locities. Therefore, the SSC increase before seabed fluidization
was mainly resulted from the erosion of surface sediments, this
opinion was consistent with the finding of Jia et al. (2014).

3.1.2 After seabed fluidization
After 3.5 and 2.0 h for the 10 and 15 cm wave rounds respect-
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Fig. 3. Side view of the experimental layout. a. In consolidation period before wave action during which tiny bubbles appeared on the
seabed surface; b. under 10 cm waves during which seabed shear failure with partial fluidization occurred, after which a floating mud
layer of 1 cm in thickness formed; and c. under 15 cm waves during which seabed shear failure with partial fluidization occurred in a
larger area, after which a floating mud layer of 1.3 cm in thickness formed.

ively, the SSC reached a steady state (i.e., the first stabilization/
the stabilization before fluidization). Subsequently, part of the
sediments in shallow layers began to oscillate horizontally along
an arc-shaped sub-bottom sliding interface. Meanwhile, sedi-
ments were resuspended again until a liquid of higher turbidity
formed. There was a significant difference in the shape of fluid-
ized areas in both rounds (Figs 3b and c). In the 15 cm wave
round, the horizontal fluidized boundary almost reached the
maximum width (=2.6 m) of the sediment tank; while in the 10
cm wave round, the rightmost fluidized boundary merely slightly
beyond the centre (=1.4 m) of the sediment tank. However, little
difference in the fluidized depth was detected (Table 2). In other
words, the maximum fluidized area in the 15 cm wave round was
almost twice as large as that of the 10 cm wave round. Besides,
location of the arc-shaped interface was observed to evolve
downwards to the maximum depth firstly and then moved up-
ward to some extent (Xu et al., 2016).

It is worth noting that the initiation of seabed fluidization in
the 10 cm wave round was possibly triggered by the disturbance
of a core sampler penetration. Because some colleagues who
once used this flume argued that 10 cm wave loadings could nev-

Table 2. Parameters of seabed fluidization

H,/cm Ty/h D, ./cm D¢/cm Wy/cm
10 3.5 34 28 1.4
15 2 36 30 2.6

Note: H,, is the wave height, T} the time to the initiation of
seabed fluidization, D, , the maximum fluidization depth, D; the fi-
nal fluidization depth, and W; the maximum width of the fluidized
area.

er liquefy the bottom sediments that had been consolidated for
several days. However, this issue was temporarily neglected con-
sidering the specific scientific objective in the present study, we
believe that as long as fluidization occurred after the first stable
state of the SSC, then evaluating the contribution of seabed fluid-
ization to sediment re-suspension makes sense.

After the termination of wave action and a hydrostatic settle-
ment of suspended sediments for 12 h, a yellow floating mud lay-
er appeared on the seabed surface in both rounds (Figs 3b and c).
It is clear that this layer was formed from the redeposition of the
suspended materials. Coarse-grained particles deposited faster
than the finer ones to mix with the underlying seabed, whereas
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fine-grained materials settled down more slowly, to form the
floating mud layers on the seabed surface finally.

3.2 Referenced pore-water pressure

Attempt was made to record the pore pressure evolutions
throughout the two wave rounds in the present study. However,
no reliable results were obtained due to some unknown prob-
lems of the pore pressure transducers. Fortunately, pore pres-
sure data collected from a similar experiment conducted in the
same wave flume in 2015 was available for reference. In order to

judge the change of seabed properties resulting from sediment
oscillation, the pore pressure records during the corresponding
period were referenced (Fig. 4). It is apparent from Fig. 4 that the
pore pressure builds up in a short period to offset overlying ef-
fective stress, fluidizes the seabed and dissipates over a longer
time subsequently. Note that the dramatic build-up of the pore
pressure and the initiation of the sediment oscillation were ob-
served to occur almost at the same time, which was a convincing
evidence to demonstrate the occurrence of partial seabed fluidiz-
ation at least.

Pore pressure/kPa

initiation of sediment oscillation

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000

Time/s

Fig. 4. Referenced pore pressure records during the fluidization period (19:30-21:30 December 21, 2015) in a similar experiment
conducted in the same flume. The initiation of seabed fluidization in the 2015 experiment occurred at the same time with the dramatic

increase of the pore pressure.

3.3 Sediment oscillation

With respect to the phenomenon of the sediment oscillation,
some scholars took it as seabed liquefaction directly (e.g., Jia et
al., 2014), while some others argued that it was a shear failure of
seabed when the wave-induced shear stress exceeded the shear
strength of the seabed (e.g., Xu et al., 2006). In this paper, we ar-
gued that this kind of sediment oscillation was essentially the
combined result of the wave-induced pore pressure build-up and
the cyclic shear stress in the seabed. Indeed, the driving force of
the sediment oscillation was the shear stress (Fig. 5). However,
partial seabed fluidization attenuated the original shear strength
to make the wave-induced shear failure easier to occur. In other
words, the initiation of the oscillation was resulted from the at-
tenuation of the original shear strength due to the pore pressure
build-up (i.e., partial liquefaction). On the other hand, the pore
pressure build-up was impossible to approach its overlying ef-
fective stress due to the pre-occurrence of sediment oscillation,
which significantly increased the seabed permeability and dissip-
ated the pore pressure build-up in time, thus prevented the pore
pressure from building up to the final total liquefaction. In this

case, the conventional criteria for both “liquefaction” and “shear
failure” were not applicable anymore. Shear failure of seabed be-
came easier whereas the total liquefaction of seabed became im-
possible. Therefore, “liquefaction” was not the most rigorous ex-
pression for the the phenomenon of “sediment oscillation” in the
present study, so “fluidization” was adopted to indicate the
seabed was partially liquefied.

3.4 Time profiles of SSC

The occurrence of seabed fluidization was also recorded in
the SSC evolutions in both rounds. It is clear in Fig. 6 that the
SSCs in both rounds attained two steady states after different
periods of wave action: approximately 3.5 h in the 10 cm round
and 2.0 h in the 15 cm round for the first stabilization; approxim-
ately 11.0 h in the 10 cm round and 8.0 h in the 15 cm round for
the final stabilization. Total resuspension load (L,) showed the
same variation trends as those of the SSCs.

The SSC increased with depth in both rounds but the SSC at
different depths under 10 cm waves were more uniform than
those of under 15 cm waves. This was possibly because the grain

' seepage force

0

wave direction

_—

f

f

1\

Fig. 5. Schematic mechanism of the wave-induced sediment oscillation (Xu, 2006). The vertical arrows refer to the upward seepage
forces acting on overlying sediments, and the horizontal arrows the direction of wave progressing.
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Fig. 6. Time profiles of the SSC at each depth and total suspen-
ded load under the 10 cm wave action (a) and those under the 15
cm wave action (b). Note that 0.05-0.35 MAB refers to the eleva-
tion of SSC measuring point, meters above the bottom (MAB);
latter increase of the SSC in both rounds occurred almost at the
same time with the initiation of seabed fluidization (oscillation);
and shallow areas represent the stabilized periods of the SSC.

size of suspended materials in the 10 cm wave round was finer
with relatively narrow grain size distribution than that of the 15
cm wave round, resulting from the different magnitudes of wave
orbital shear stress. In other words, more coarse sediments were
suspended into the water column in the 15 cm wave round due to
a larger wave orbital shear stress. As coarser sediments were
much difficult to be mixed into the upper water layers by the lim-
ited convection effect of waves. Therefore, the mixing of sedi-
ments between the upper and bottom layers was much easier un-
der 10 cm waves.

4 Discussion

As mentioned previously, the resuspension process in this ex-
periment can be divided into two subphases according to the oc-
currence of fluidization. Sediment resuspension before fluidiza-

tion mainly came from the surface of seabed, finally reached the
first equilibrium state of the SSC. However, the oscillation of sub-
surface sediments after seabed fluidization led to the second in-
crease in the SSC and finally reached the second equilibrium
state. According to the existing findings and experimental results,
the contribution of seabed fluidization to sediment resuspension
was preliminarily evaluated via comparing the stabilized resus-
pension loads before and after fluidization, which was given as

c=(M,-M,)/M,, 3)

where Cis the contribution of fluidization to resuspension; M,
(kg) is the first stabilized total suspended load (i.e., before fluidiz-
ation); and M, (kg) is the final stabilized total suspended load
(i.e., after fluidization).

The calculated results from the present study were shown in
Table 3. Moreover, in order to make a more comprehensive ana-
lysis, previously reported results on this issue using both the
same flume and sediments were also summarized in Table 3.

4.1 Quantitative contribution

The experiments of Jia et al. (2014) and Guo et al. (2016) were
also conducted in the same wave flume using similar Huanghe
River silts. Different experimental parameters are listed in Table
3. Jia et al. (2014) applied four rounds of waves in sequence over
the same seabed, which meant that the experimental condition
for each round of the wave height was not single-variable. There-
fore, the initial seabed conditions can only account for the sedi-
ment behaviors during the first wave round (5 cm wave height).
In this case, the results for wave height 7, 10 and 18 cm rounds
were merely listed but not employed for discussion. In addition,
Jia et al. (2014) divided the two substages according to their self-
defined terms namely the initial resuspended increment and the
latter re-suspended increment, whereas Guo et al. (2016) and the
present study both divided the two substages according to the
two stabilized SSC levels. However, this made no difference be-
cause the influence of units was ruled out when the contribution
was calculated. Besides, Guo et al. (2016) measured the SSC pro-
files under a single wave height of 15 cm using an instrument for
profiling the suspension turbidity in the benthic boundary layer
(Argus Surface Meter IV, Argus, Germany), instead of the tradi-
tional method of extracting water samples in the present study.
However, this also made no difference as long as the accuracy of
both measuring methods was assured. Therefore, we believe that
the data from Jia et al. (2014) and Guo et al. (2016) are both com-

Table 3. Contribution of seabed fluidization to sediment resuspension

Test
Parameter Jiaetal. (2014) Jiaetal.(2014) Presentstudy Jiaetal (2014) Presentstudy Guo etal.(2016) Jiaetal.(2014)
H,/cm 5 7 10 10 15 15 18
D/cm 40 40 50 40 50 40 40
T./h 2 2 5 2 5 10 2
Dgy/pm 36-42 36-42 43 36-42 43 43.67 36-42
M 2.5/20 3.5/20 4/20 5/20 6/20 7.5/20 9/20
M, (M) 0.49 1.55 3314 1.61 5716 2.17 1.70
Ma(Mz) 0.18 0.55 6975 0.34 16498 7.05 1.37
C/% 26.9 26.2 52.5 174 65.3 76.4 44.6
Use/not V - " - N N _

Note: The previously reported and present experimental results were summarized for a contrastive analysis. D is the water depth, T the
consolidation time, D, the median grain size, and M, the model scale (the ratio of wave height to water depth). In the experiment of Jia et al.
(2014), M, (kg/m?) is the initial resuspended increment, M, (kg/m?) the latter resuspended increment, and M, the maximum quantity of
resuspended sediments, thus the contribution was estimated by C=M,/M,__..
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parable and convincing enough for reference.

The contrastive analysis results were shown in Fig. 7. It is
clear that the contribution of fluidization under 10 cm waves
(H,,/D=4.0/20.0) reached 52.5% of the total suspension, while the
contribution under 15 cm waves (H,,/D=6.0/20.0) accounted for
66.8% in the present study. Such large percentages strongly
demonstrated a non-ignorable effect of fluidization on sediment
resuspension, seabed fluidization should double the resuspen-
sion load under certain conditions. Besides, the contribution
seems to be positively correlated with the ratio of the wave height
to the water depth. This inference is verified by the previous res-
ults because Guo et al. (2016) reported that the contribution ex-
ceeds 76.4% under 15 cm waves (H,,/D=7.5/20.0) and Jia et al.
(2014) indicated the contribution is approximately 26.9% under 5
cm waves (H,,/D=2.5/20.0). The contribution of fluidization in-
creases with the model scales at a decreasing rate, and the rela-
tionship well fits a logarithmic profile which can be expressed as

C
-£=108.236 9+26.937 011n O, —0.07 606 H )
c Ho H

where c;is the SSC caused by seabed fluidization and cis the total
SSC. Temporarily, we believe the decreasing rate resulted from a
synchronous increase of resuspension flux due to an enhanced
orbital shear erosion from the seabed surface.
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Fig. 7. The contribution of seabed fluidization to the total resus-
pension under various relative water depth (H,, /D).

4.2 Physical mechanisms

As it has been referred before, it was fluidization leading to
the second increase of the SSC which could account for at least
half of the total suspension. Then what is the physical mechan-
ism for such a great contribution? In the present study, the mech-
anisms were attributed to two modes for the first time.

The first mechanism is an attenuation of the critical shear
stress of surface sediments. It is well known that silt belongs to
partially cohesive sediments which always improves the critical
shear stress due to the adhesion bond between sediment
particles (e.g., Ye, 2012). However, when the seabed was fluid-
ized by waves, attenuation or disappearing of these bonds will
surely reduce the critical erosion threshold of surface materials to
some extent, and thus more sediments will be eroded (Zhang et
al., 2018). In addition, the uplifting seepage forces acting on the
surface particles will also help to promoting the entrainment of

sediments (Nielsen et al., 2001).

The second mechanism is a hypothesis of subbottom sedi-
ment pump action (Zhang et al., 2017) which argues that subsur-
face fine-grained sediments will be transported from the interior
to the surface of a fluidized seabed driven by the upward seepage
flows resulting from the wave-induced nonuniform distribution
of the pore pressure build up. Because the thickness of the rede-
posited floating mud materials reached 1.0 and 1.3 cm for the 10
and 15 cm rounds in the present study, respectively, of which the
median grain size is only 6.037 um. It is hard to believe that such
a large quantity of fines is all eroded from the water-seabed inter-
face, of which the median grain size is 43.036 pm. Actually, a sim-
ilar opinion was preliminarily proposed by Tzang (1998) who ar-
gued that the wave-induced pore flow acts as piping flows
through pore spaces surrounded by solid particle skeletons in the
seabed. In weaker regions, very fine soil particles were suscept-
ible to oscillatory seepage flow actions and were easily dislodged
from the large-particle skeletons. These detached fine-grained
sediments were subsequently suspended in and carried by the
pore fluid, which could be defined as “internal sediment suspen-
sion”, occurs in any weak pore region inside a seabed, especially
with fine-grained constituents. Here in the present study, we de-
veloped the hypothesis of Tzang (1998) and argued that de-
tached fine-grained sediments would not only be suspended in
the pore fluid, actually, considerable fines could be vertically
transported by the pore fluids up to the surface, and easily
eroded into overlying water column becoming re-suspended ma-
terials, especially when the seabed was fluidized. Strong upward
seepage flows in the fluidized seabed and the increased sedi-
ment permeability will provide the driving force and preferred
paths for seepage pumping of fines, respectively.

The contribution mechanism of the seabed fluidization may
have some implications for the future research regarding the re-
suspension of silty sediments. Because it invalids a commonly-
employed opinion that sediments were simply eroded from the
surface by the excess of bottom shear stresses to a site-specific
critical shear stress of seabed materials. Actually, considerable
wave-forced resuspension of silts may have close relationship
with seabed fluidization (i.e., pore pressure parameters), be-
cause the critical shear stress may be significantly changed by the
pore pressures and part of the eroded sediments may originate
from the subsurface of seabed.

5 Conclusions

Two rounds of contrast experiment were conducted in a large
wave flume with the objective of evaluating the contribution of
seabed fluidization to sediment resuspension. The experimental
results indicate that seabed fluidization can account for 52.5%
and 66.8% of the total suspension under the model scales (H, /D)
0f4.0/20.0 and 6.0/20.0, respectively. Compared with the results
of Jia et al. (2014) (C=76.4%, H,,/D=7.5/20.0) and Guo et al. (2016)
(C=26.9%, H,,/D=2.5/20.0), a parametric equation for depicting
the relationship between the contribution of seabed fluidization
and the model scale (the ratio of wave height to water depth) was
established. The contribution was found to positively increase
with the model scales at a decreasing rate. The physical mechan-
ism of inducing such a large contribution is (1) an attenuation of
the critical shear stress for the erosion of surface sediments and
(2) a vertical transport of fines driven by the upward seepage
flows within the fluidized seabed. We suggest that the future re-
search on the resuspension of silty sediments should pay more
attention to the wave-influenced pore pressure parameters.
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