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Accurately measuring the critical shear stress is crucial for numerous
applications, such as sediment transport modeling, erosion prediction, and the
design of sustainable coastal engineering structures. However, developing
reliable and precise in-situ measurement devices faces significant challenges
due to the harsh and dynamic nature of aquatic environments. Factors like
turbulence and waves introduce complexities that must be considered when
designing and calibrating these devices. The newly developed Openable
Underwater Carousel In-situ Flume (OUC-IF) was used to determine the
critical shear stress (7.) and quantify erosion rates. Acoustic Doppler
Velocimeter (ADV) was employed to measure 3D near-bottom velocities,
which were then used to estimate and pre-calibrate bed shear stress (1)
applied on the seabed in the annular flume. Three computation methods of
shear stress were evaluated: turbulent kinetic energy (TKE), direct covariance
(CQV), and log profile (LP). In-situ erosion experiments were conducted for the
first time at two sites in the tidal flat of the Yellow River Delta (site 1 with a water
depth of 1.32 m and site 2 with a water depth of 0.75 m). The critical shear stress
was found to be 0.10 Pa at site 1 and 0.19 Pa at site 2, and the erosion rates of the
sediments were successfully measured. The effect of wave-seabed interactions
on erosion resistance was explored by theoretically estimating the wave-induced
pore pressure of the seabed based on the observed data. The max liquefaction
degree of the seabed at site 1 and site 2 was 0.035 and 0.057, respectively, and
the average erosion coefficient Me was 2.63E-05 kg m™2s™* at site 1 and 3.48E-05
kg m™2s7! at site 2.
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Highlights

1. A large in-situ annular flume was developed, which can
measure the erosion resistance of seabed considering wave-
seabed interactions.

2. Erosion resistance was measured at two intertidal sites in
the Yellow River Delta, 3.7 km apart, and the critical shear
stresses were found to be 0.10 Pa and 0.19 Pa, respectively.

3. The liquefaction degree of seabed reached 0.035~0.057 and
the average of erosion coefficient M, were 2.63E-05 kg m™s”
! and 3.48E-05 kg m™s 'for the experiment.

1 Introduction

Sediment erosion, deposition, and transport of the seabed play a
crucial role in the research and engineering of rivers, estuaries, and
coasts(e.g., siltation of harbors, dredging of navigation channels,
and coastal protection). These sedimentary processes have a direct
impact on the evolution of estuarine and coastal geomorphology
(Brand et al., 2010). Sediment erosion occurs when the bed shear
stress induced by the flow exceeds a certain critical value of shear
stress (Winterwerp et al., 2012). The critical shear stress is a key
input parameter of sediment transport models (Lu et al., 2011;
Zhang S. et al,, 2021), and it is determined through lab or field
erosion experiments (Amos et al., 1992a; Krishnappan, 1993; Maa
et al., 1993; Thompson et al., 2019; He et al., 2021).

Lab erosion experiments can be used to determine the critical
shear stress of remoulded soil samples and core samples (Wang
et al,, 2011; Beckers et al., 2020). Two types of annular flumes are
commonly used for this purpose: rotating annular flumes
(Krishnappan, 1993; Zreik et al., 1998; Yang et al., 2015; Baar
et al,, 2018), and race-way annular flumes (Zhang S. et al., 2018;
Zhang Y. et al, 2021). These flumes have a rectangular cross-
sectional width of 30 cm and are designed to measure the erodibility
of remoulded soil samples. The difference between rotating annular
flumes and race-way annular flumes is that the latter has a soil tank
designed at the end of the flow route, with a rectangular flow path
before reaching the tank to reduce secondary flow (Black and
Cramp, 1995; Zhang S. et al, 2018). Several types of straight
flumes are also used to measure the erodibility of sediment core
samples, including SEDflume (McNeil et al., 1996; Lick and McNeil,
2001); the Erosion Function Apparatus (EFA) (Briaud et al., 1999),
the SETEG flume (Noack et al., 2015), the ASSET flume (Roberts
et al, 2003), the SERF (Sediment Erosion Rate Flume) (Crowley
et al,, 2012). These flumes can be used to estimate the variation of
erodibility with depth. However, the process of sampling,
transporting, and testing sediment cores can cause sediment
disturbance that alters its biological, physical, and chemical
properties. This disturbance may directly affect the evaluation of
the erosion resistance of sediment in the laboratory.

In-situ measurement of seabed erodibility is a significant but
challenging task. Nonetheless, various portable straight and annular
flumes have been developed for conducting field erosion
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experiments. For instance, SEAFLUME was deployed in Buzzards
Bay, Massachusetts (Young and Southard, 1978); SEADUCT
(Nowell and Hollister, 1985); Sea Carousel, which was deployed
in the Bay of Fundy (Amos et al,, 1992b), the Fraser River Delta
(Amos et al,, 1997), tidal flats in Venice Lagoon (Amos et al., 2004;
Amos et al., 2010); VIMS Sea Carousel, which was deployed in the
lower James River Estuary (Maa et al., 1993), Baltimore Harbor,
Maryland (Maa et al,, 1998), the York River, Virginia (Maa and
Kim, 2001), the Anacostia River (Maa, 2008); the mobile
recirculating flume (MORF) (Black and Cramp, 1995), deployed
in the intertidal Yellow River Delta (Meng et al., 2012); the Portable
straight flume, which was deployed in Quincy Bay of Boston Harbor
(Ravens and Gschwend, 1999); In-Situ Erosion Flume (ISEF), which
was deployed in the intertidal area of the Wadden Sea Coast
(Houwing, 1999); Voyager II, deployed in the North Sea
(Thompson et al., 2011), UK shelf seas (Thompson et al.,, 2019); a
small, portable annular flume (Zheng et al., 2019). However, the
large in-situ flume experimental research is limited in the China sea.

In shallow water environments, waves frequently assume a
more significant or even dominant role in the entrainment of
bottom sediments (e.g., Paphitis and Collins, 2005; Danielsson
et al., 2007; Bolafos et al,, 2012). This mechanism is mainly
attributed to the wave orbital shear stress (e.g., Wolanski and
Spagnol, 2003; Brand et al., 2010). Moreover, sediment erosion in
the seabed is not only caused by wave-induced orbital shear stresses,
but also by wave-induced excess pressure, leading to seepage and
even seabed liquefaction (Foda and Huang, 2002; Jeng, 2017). The
transient and residual seabed liquefaction effects play a significant
role in the erosion process of seabed sediment. The contribution of
wave-induced seabed transient liquefaction to sediment
resuspension can range from 20-60%. The degree of residual
liquefaction determines the erosion coefficient, which can range
from 8.27 E-05 kg ms™ to 5.44 E-04 kg m™s™!, and significantly
affects sediment erosion resistance (Jia et al., 2014; Zhang S. et al,,
2018; Liu et al., 2020). Currently, there is no large in-situ annular
flume that combines wave and current. However, some researchers
have developed a laboratory annular flume with coupled seepage
and scour to investigate the influence of wave-induced seepage on
sediment erodibility (Zhang S. et al., 2018; Tang et al, 2021).
Therefore, there is an urgent need to develop a large in-situ
annular flume that combines wave-current action to investigate
the influence of wave-induced seepage on the erodibility of
the seabed.

To determine the erosion resistance of sediments in the
subaqueous area of Yellow River Delta, three main methods are
commonly used: (1) laboratory erosion experiments with near-
undisturbed core samples collected from the field (Gao et al., 2018;
Shi et al., 2018); (2) laboratory erosion experiments with remoulded
soil collected from the tidal flat area of the Yellow River Delta
(Zhang S. et al.,, 2018; Liu et al,, 2020); (3) an in-situ annular flume
was used to measure the erosion threshold in different locations
along the intertidal zone of the Yellow River Delta (Meng et al,
2012). It is worth noting that the in-situ annular flume used by
Meng et al. (2012) can only be used in the intertidal zone during
exposed periods, which limits its ability to measure the critical shear
stress of underwater sediments.
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The aim of this paper is to develop and deploy a large in-situ
annular flume to determine the critical shear stress and estimate the
erosion rate of underwater sediments in the Yellow River Delta,
which has not been done before. Three methods of shear stress
estimation, namely the log profile (LP), direct covariance (COV),
and turbulent kinetic energy (TKE) methods, are evaluated in the
laboratory to calibrate curves of shear stress vs. motor frequency.
The motor frequency is then used to describe the shear stress based
on calibration. The annular flume is deployed for the first time to
measure the critical shear stress and erosion rate of sediments at two
sites in the tidal flat of Yellow River Delta (site 1 water depth 1.32 m;
site 2 water depth 0.75 m). During the experiments, the wave-
induced pore pressure of the seabed is theoretically estimated based
on wave pressure data, taking into account the effect of wave-seabed
interactions on erosion resistance. The liquefaction degree of the
seabed and the erosion coefficient M, during the experiment are
also analyzed.

2 Methods
2.1 Design of the newly developed OUC-IF

The Openable Underwater Carousel In-situ Flume (OUC-IF)
has been developed to determine the critical shear stress and
estimate the erosion rate of sediment while considering wave-
seabed interactions. The OUC-IF is a benthic, annular flume
designed for erosion measurement of natural, undisturbed
sediment in subaqueous conditions (as shown in Figure 1). It
consists of a steel channel that is 0.3 m high and 0.15 m wide,

10.3389/fmars.2023.1177241

with a total diameter of 2.1 m. Current in the flume is driven by the
rotation gearwheel with eight equidistantly spaced paddles. The
gearwheel is rotated by a submarine motor, which is powered by
220 V AC. The frequency of the motor is regulated by the motor
controller, ranging from 0 Hz to15 Hz (underwater). The mean bed
shear stress is determined from the measurement of velocity at a
height of 0.15 m above the bed. The paddles movement generated
measurable turbulence, but it had a minimal impact on the benthic
boundary layer, as indicated by the near-bed velocity profile and
estimates of bed shear stress (Amos et al., 1992a; Kassem et al,,
2021). The suspended sediment concentration (SSC) is measured
with a turbidity meter (RBR Concerto) at a height of 5 cm above the
bed. The critical shear stress and bed erosion rate are determined
from the time series of SSC.

Figure 2 shows that the OUC-IF is capable of combining wave
and current through a wave-current coupling control system, which
consists of eight U-tubes (5.0 cm in diameter) and rubber plugs. It
takes a different perspective than the conventional understanding of
wave-current interaction. This device focuses solely on the bed
shear stresses generated by current and vertical wave pressure, while
ignoring the shear stresses induced by waves. Especially under large
waves(e.g. in winter), pressure effect dominates sediment erosion
(Foda and Huang, 2002). The objective is to provide a more precise
estimation of the effect of pore pressure response on sediment
erosion resistance caused by wave pressure. This is the key
advantage compared to the similar in-situ annular flumes (Amos
et al, 1992a; Maa et al., 1993; Thompson et al., 2019; Zheng et al.,
2019). When the wave-current coupling control system is open,
seawater between the inside and outside of the flume is exchanged.
This makes the annular flume “underwater openable,” similar to the

Gearwheel

Motor

L

VHoLiP

HI D turbidity meter

paddle

210cm

FIGURE 1

Structure of the in-situ annular flume: (A) Deployment of the OUC-IF including flume channel, deployed RBR Concerto location, red arrow shows
the direction of view in Figure 1B; (B) Detail of the in-situ annular flume, including motor, motor gear, gearwheel, paddles; (C) Motor controller,
showing the motor frequency; (D) the construction diagram of the annular flume.
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FIGURE 2
Schematic diagram of OUC-IF combining waves and current.

principle of the seepage meter (Smith et al., 2009). Wave pressure
from the sea surface can be transferred to the seabed while
controlling current speeds. Moreover, the pendulous section of
the U-tubes is designed to be 14 cm long, preventing convection
and diffusion of external sediment into the flume. In this way,
comparative experiments can be undertaken to study the change of
erosion resistance under wave-induced seepage.

2.2 Calibration of bed shear stress in
the OUC-IF

Bed shear stress is determined by the near-bottom velocity in
the flume. In order to obtain the calibration curves of motor
frequency and bed shear stress, laboratory calibration experiments
were undertaken at OUC in an iron pool with a length of 6 m, a
width of 3 m, and a height of 3 m respectively.

During the calibration experiments, six stepwise motor
frequencies (current speeds) were used, 2.5 Hz, 5.0 Hz, 7.5 Hz,

FIGURE 3

10.3389/fmars.2023.1177241

10.0 Hz, 12.5 Hz, and 15.0 Hz, each lasting around 10 minutes
respectively. The Nortek Vectrino, equipped with a side view sensor,
measured the velocity along the channel (u), across the channel (v)
and vertically (w) at a 2.0 cm above the bed level, and was connected
to a computer. The position of the sensor in the flume and the
velocity measurement axis are shown in Figure 3. The sampling
frequency was set to 8 Hz in continuous acquisition mode. The
phase-space thresholding method (Aberle et al., 2003) was applied to
denoise the time series of fluctuating velocities, with velocity spikes
replaced by the last valid data points (Islam and Zhu, 2013).

The hydrodynamic characteristics in the annular flume were
analyzed using numerical simulation and measurement (Maa, 1990;
Maa, 1993; Maa et al., 1995). Furthermore, there are three
commonly used methods for estimating bed shear stress: (1) the
Turbulent Kinetic Energy Method, (2) direct covariance, and (3) the
Log Profile Method. The applicability, assumptions, and limitations
of these three methods have been reviewed by many researchers
(Kim et al., 2000; Pope et al., 2006; Van Prooijen and Winterwerp,
2010; Pieterse et al., 2015; Johnson and Cowen, 2020; Li et al., 2021).
To determine the near-bottom bed shear stress using the near-
bottom flow velocity in the water column, it is recommended to use
several methods simultaneously and then compare the results of
the analysis.

2.2.1 TKE method

Turbulent kinetic energy is a measure of the intensity of
turbulent motion within a shearing fluid. As the test site is in
absence of large waves, instantaneous velocity at time ¢ in the x-
direction is defined as:

u=u+u’ 1)

where u is the measured velocity, # is the mean velocity and u'
is the fluctuations due to turbulence (Soulsby, 1983). The area below
the spectrum is a measure of the signal variance due to turbulence.
This method can be applied to all three components of flow and to
the Turbulent Kinetic Energy density, E, which is calculated from:

E=p,u?+v?+w?))2 )

(A) The position of the sensor in the flume, 7.0 cm above the bed level, and velocity measurement point is 5.0 cm under the sensor; (B) the axis of
velocity direction: X, Y, Z are the along channel, vertical direction, and across channel, respectively.
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and the bed shear stress calculated from 7= 0.19E where the value
0.19 is an empirical coefficient (the TKE coefficient), which is generally
accepted as valid for a range of bottom roughnesses (Soulsby, 1983).

2.2.2 COV method

Reynolds stress seems to represent a suitable method for
estimating bed shear stress for fully turbulent flows with large
Reynolds numbers (Dyer, 1986),

®3)

which #’ and w’ indicates the turbulence deviation from the

T:pw(_ulwl)

mean flow in the horizontal (flow direction) and vertical directions
(Heathershaw and Simpson, 1978). Unlike the LP method, the COV
method does not depend on z. This method seems to be ideal
because the covariance represents an unbiased estimate of the
bottom stress (Kim et al., 2000).

2.2.3 LP method

Calculation of shear stresses by the log profile method needs
measurement of flow velocities at different heights above the bottom
bed (Joshi et al., 2017). For a completely rough turbulent boundary
layer, the theoretical velocity profile of the lowest part of the
turbulent boundary layer described by the von Karman-Planet
equation has a logarithmic structure due to the effect of
increasing bottom friction with proximity to the sediment-water
interface (Soulsby and Dyer, 1981):

u@) =) @)
Kz

where k= 0.4, is the von Karman constant (dimensionless). u, is the
measured flow rate at a height z = 2 cm above the bottom bed. u- is the
frictional flow rate; zy=k,/30, Nikuradsez roughness k; =2.5*Ds, (Soulsby,
1997), D5y, is the median grain size of the sub-bed sediment, the median
grain size of silts in the intertidal area of the abandoned Diaokou lobe in
the modern Yellow River Delta is 0.044mm (Zhang S. et al,, 2018).

The relationship between the frictional velocity u« and the bed
shear stress 7 is given by the following equation (Dyer, 1980):

®)

7= pul

17°30E 118°00€ 118°30E 11900 119°30€ 120°00€

39°00N g

12000
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FIGURE 4
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2.3 In-situ erosion experiments in the tidal
flat of Yellow River Delta

The modern Yellow River Delta was formed after the
diversion of the Yellow River in 1855 and is located in the
southwestern part of the semi-enclosed Bohai Sea in China,
between Bohai Bay and Laizhou Bay. The site 1 and site 2, at
water depth 1.32 m and 0.75 m respectively, are in the tidal flat of
Yellow River Delta(as shown in Figure 4). The sediment particle
size distribution curves for site 1 and site 2 are presented
in Figure 5.

The RBR Concerto was set to sample every 3 seconds to
obtain the turbidity in the flume. The turbidity data was
converted to suspended sediment concentration (SSC) using a
linear regression between NTU recorded by the RBR Concerto
and SSC. A crane with a 25 m boom was used to lift the in-situ
annular flume. The seabed was first determined to be flat before
the annular flume was slowly lowered to the seabed. It was left for
30 minutes before the erosion experiments began. Each stepwise
bed shear stress was maintained for 5 minutes in each round of
experiments. Three groups of erosion experiments were
conducted at site 1 and site 2, respectively, resulting in six
groups of experiments in total. The turbidity time series data
were collected during the experiments to determine the critical
shear stress and erosion rate. The turbidity time series were
collected during the experiments to determine the critical shear
stress and erosion rate.

SSC was used to determine the erosion rate at each stepwise
bed shear stress. The SSC time series was then time-averaged
every 18 s to eliminate high-frequency short-term variability in
the record (Widdows et al., 2007), and erosion rates were
calculated.

E=p dz, _ d_M
T Par T ar

(6)

where z, is the depth of erosion. pj, is the dry bulk density of the
bed. M represents the total dry volume of erosion mass in the water
column, and is calculated as SSC times Ah, where A refers to the bed
area, and h represents the height of the flume channel.

12030

(A) The relative position of the Yellow River Delta (B) The relative position of the study area in the Yellow River Delta (C) Location of the two

experimental sites: Site 1, 118.8527E, 38.1356N; Site 2:118.8945E, 38.1327N.
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FIGURE 5
The particle size distribution curves: The black line represents
sediments at site 1; the blue line represents sediment at site 2.

3 Results
3.1 Calibration results of the OUC-IF

3.1.1 Calibrations of the current velocity of
the OUC-IF

The current velocity in three directions, u, v, and w, during the
experiment period, is shown in Figure 6A. The velocity along the
channel direction (u), accounted for the largest proportion, while
the velocity across the channel(v), was the smallest. After flow
stabilization at each step, the mean velocity V was calculated, and
the statistical results were shown in Table 1.

The mean velocity V of each step is,

V=wr+vV+ wz)l/2

7)

where u, v, w is the velocity in the along channel, vertical, and
across channel directions.

The velocities near the bottom in the flume are shown in Table 1
and Figure 6B. The mean velocities corresponding to the six steps
were 0.27 m/s, 0.40 m/s, 0.54 m/s, 0.68 m/s, 0.82 m/s, and 0.95 m/s,
respectively. The standard deviation (less than 0.03) of velocities at
motor frequencies 2.5 Hz, 5.0 Hz, and 7.5 Hz were smaller than
those at motor frequencies 10.0 Hz, 12.5 Hz, and 15.0 Hz. This

10.3389/fmars.2023.1177241

suggests that the stronger the rotational speed of the paddles in the
flume, the greater the turbulence effect.

3.1.2 Calibrations of the bed shear stress of
the OUC-IF

So far, there is no perfect method to accurately measure or
calculate bed shear stress directly, and reliable results can be
obtained by using an overall average of multiple methods (Kim
et al., 2000; Thompson et al., 2003; Pope et al., 2006; Joshi et al.,
2017; Li et al., 2021). In this study, flow-induced bed shear stresses
were calculated using three methods: (1) the TKE method, (2) the
COV method, and (3) the LP method. In all cases, the bed shear
stress increases nonlinearly with the flow velocity.

The mean shear stress for each step is presented in Figures 7, 8,
where the LP method yielded the highest values, followed by the
TKE method and the COV method. For the first five steps, the
difference between the COV and TKE methods was relatively small
compared to the difference between these two methods and the LP
method. The fluctuations of bed shear stress calculated by the three
methods are illustrated in Figure 7. The maximum shear stresses
obtained from the TKE and COV methods were 3.97 Pa and
2.97 Pa, respectively, with large fluctuations ranging from 0.23 to
3.96 Pa for the TKE method and from 0.22 to 2.97 Pa for the COV
method. The maximum shear stress calculated by the LP method
was 2.89 Pa, with small fluctuations ranging from 0.11 to 1.43 Pa
and insignificant peaks. The COV method estimated lower bed
shear stress than the TKE method because the velocity fluctuation
in the vertical direction was smaller and tended to approach zero,
resulting in smaller contributions from w’. In contrast, the TKE
method considers velocity fluctuations in all three directions.
Furthermore, as the in-situ annular flume only transfer the
vertical pressure of the wave, the wave orbital shear stress is
eliminated. Therefore, only Reynolds stresses are considered when
applying the TKE method.

As shown in Figure 8, the mean shear stress calculated by the
TKE method was less than or equal to the COV method, except for
motor frequencies between 7.5 Hz and 15.0 Hz. The difference
between them increased at higher motor frequencies, with the
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Velocities at different step of motor frequencies: (A) velocities in three directions; (B) Mean velocities at different motor frequencies.
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TABLE 1 Data statistics of the velocity of each stepwise.

10.3389/fmars.2023.1177241

Motor frequency (Hz) Time (s) Mean velocity (m/s) Standard Deviation Variable Coefficient
25 1~618 0.2659 0.0147 0.0552
5.0 619~1228 03962 0.0186 0.0471
7.5 1235~1790 0.5401 0.0240 0.0444
10.0 1798~2391 0.6799 0.0333 0.0490
125 2406~3004 0.8248 0.0394 0.0477
15.0 3014~3426 0.9503 0.0546 0.0575

largest difference of 0.41 Pa observed at a motor frequency of
15.0 Hz. The LP method consistently produced higher mean shear
stress values than both the TKE and COV methods.

Numerous studies have compared various methods of near-
bottom shear stress and have highlighted their respective
advantages and disadvantages (Zhang Q et al, 2018; Kim et al,
2000; Amos et al., 2003; Amos et al., 2004; Thompson et al., 2004;
Verney et al., 2006; Andersen et al., 2007; Salehi and Strom, 2012).
The LP method heavily relies on precise and synchronous velocity
measurements at different heights, which can be challenging to
achieve, particularly in laboratory conditions (Thompson et al,
2003). The COV method is highly sensitive to sensor deviations, a
characteristic that is likely to occur in annular flumes where the flow
is non-linear (Pope et al., 2006). In comparison to the LP method,
the TKE method does not require precise knowledge of the
elevation of bed sediment (Thompson et al, 2003; Pope et al,
2006; Thompson et al., 2006). Thompson et al. (2003) measured

velocity in an annular flume using Laser Doppler Velocimetry
(LDV) at heights of 0.002, 0.005, 0.01, 0.015, 0.03, 0.05, and
0.10 m, and Acoustic Doppler Velocimetry (ADV) at a single
height of 0.01 m. The TKE method produced very similar shear
stress results between the two instruments, with differences only in
the detection error of the system. In the hydrodynamic
environment of an annular flume, the TKE method only requires
velocity measurement data to be collected at a fixed point in the
near-bed region to estimate shear stress.

Moreover, the TKE method has significant advantages when
applied to 3D velocity measurements in an annular flume of the
same dimensions as the one used in this study (Thompson et al.,
2004). Based on the analysis of bed shear stress time series trend,
magnitude, dispersion, and correlation with the signal-to-noise
ratio, the TKE method is deemed the most appropriate method
for bed shear stress estimation (Kim et al., 2000; Salehi and Strom,
2012). In comparison with previous studies, the bed shear stress

A
——2.5Hz,1=0.05Pa
=, —50Hz=0.10Pa
&4 ——75Hz,=019Pa
2 ——10.0 Hz, =0.34 Pa
2 —— 125 Hz, =0.56 Pa
4 ——15.0 Hz, =1.12Pa
©
02
=1
v
3
s3]
0 b ANAN, .
B 250 500 750 1250 1500 1750

——2.5 Hz, =0.06 Pa
——5.0 Hz, t=0.10 Pa
——75Hz,t=0.15Pa
——10.0 Hz, =0.28 Pa
——12.5 Hz, 1=0.46 Pa
——15.0 Hz, t=0.71 Pa

Bed shear stress(Pa)
N

o
o

500 1000

(¢}
w

——2.5Hz,t=0.16 Pa
——5.0 Hz, t=0.36 Pa
——7.5 Hz, =0.68 Pa
——10.0 Hz, ==1.07 Pa
——12.5 Hz, =1.58 Pa
——15.0 Hz, 1=2.01 Pa

N
T

Bed shear stress(Pa)

Nt aARRaRR A A

o

bl

TKE

2500 2750 3000 3250 3500

cov

500 1000 1500

o

FIGURE 7

Bed shear stress calculated by (A) TKE method, (B) COV method, (C) LP method.

Frontiers in Marine Science

Time(s)

2000 2500 3000 3500

frontiersin.org


https://doi.org/10.3389/fmars.2023.1177241
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Liu et al.

—=—TKE
—v—COV
——LP
—e— Average

1
o

o

Bed Shear stress (Pa)
B

05

s s
06 08
Average velocity (m/s)

04

FIGURE 8

10.3389/fmars.2023.1177241

—e— This study
—=— Thompson et al., 2003
—— Thompson et al., 2006
+— Pope et al., 2006
+—Joshietal., 2017

T T T
04 06 08

Average velocity (m/s)

(A) Calculation results of different shear stress methods for different stepwise (mean value) (B) Comparison of the averaged bottom shear stress from
this study with Thompson et al. (2003); Thompson et al. (2006); Pope et al. (2006); Joshi et al. (2017), calculated by TKE method.

calculated using the TKE method in this paper is similar to that
obtained by Thompson et al. (2003), with an average velocity of 0 to
0.8 m/s, as illustrated in Figure 8B.

3.2 Results of field measurements

3.2.1 Critical shear stress from field
measurements

The determination of the critical shear stress relies on the
observed a sudden increase of the SSC during erosion
experiments, rather than a fixed SSC value (Sutherland et al,
1998; Maa and Kim, 2001; Thompson et al., 2019). Thus, the SSC
was measured during the erosion experiments in the flume. The
initial SSC recorded at the start of the experiment was
approximately 0.1 g/L.

Two erosion experiments were undertaken at two different sites,
and the time series of bed shear stress and SSC during these
experiments are presented in Figure 7. The in-situ flume was set
up for 30 minutes before the start of each experiment, and each
experiment lasted for approximately 30 minutes. However, it should
be noted that the latter experiments conducted at sitel and site2
were shorter, lasting only two minutes for each step. The maximum
current velocity in the flume reached 0.95 m/s, corresponding to a

maximum shear stress of 1.12 Pa (as calculated using the TKE
method). Throughout the experimental process, two significant
increases in SSC were observed, indicating the occurrence of
erosion at the corresponding bed shear stress.

At site 1, following the first erosion event, the change in SSC
exhibited Type Ia erosion characteristics (Sanford and Maa, 2001;
Maa et al,, 1998; Amos et al., 1997), with the rate of growth of SSC
decreasing with time until it reached a constant value. With the
increase in bed shear stress, a second erosion event occurred,
resulting in a small increase in SSC. Subsequently, the bed shear
stress was increased again, and the SSC stabilized at approximately
5.4 g/L. The critical shear stresses for sediment at sitel and site2
were 0.10 Pa and 0.19 Pa, respectively. As illustrated in Figure 9 and
Table 2, the grain size of sediment at site2 was larger than that at site
1, which may have contributed to the larger critical shear
stress observed.

3.2.2 Critical shear stress under wave pressure
from field measurements

The wave pressure conduction device was turned on at sitel and
site2 points for measurement experiments, as depicted in Figure 10.
The critical shear stresses under the condition of wave pressure
were found to be 0.10 Pa and 0.19 Pa, respectively, as shown in
Figures 10A, 10B, and these values were with those obtained in the
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TABLE 2 Results for the field experiment, including physical parameters and the critical shear stress.

No. of Site Bulk density (kN/m?3) Water cotent (%) The critical shear stress (Pa)
1 184 0.030 315 8.3 0.10
2 18.8 0.055 324 7.1 0.19

absence of wave pressure. Furthermore, Figures 10C, D depict the = components; and p and p, are the water and sediment particle
wave height changes during the experiments at site 1 and site 2,  density (kg/m?), respectively.
respectively, with the maximum wave heights recorded at 0.02 m To visually compare the different methods used to measure and
and 0.03 m, respectively. calculate the critical shear stress of sediments in the Yellow River
submerged delta, the data in Table 3 have been plotted in Figure 11.
4 Discussion Given the limited data obtained in our experiment, we analyzed
more in-situ data obtained with the in-situ recirculating flume on
the tidal flats of the Yellow River Delta, resulting in critical shear
stresses ranging from 0.023 to 0.254 Pa (Meng et al., 2012; Zheng
etal,, 2013).The erosion thresholds, measured by Meng et al. (2012),
ranging from 0.088 Pa to 0.254 Pa, which is in general agreement

4.1 Critical shear stress of sediment in the
subaqueous Yellow River Delta

Intertidal sites in the Yellow River Delta are composed of ] )
different sediment types, including silty clay, clay silt, and sand with the measured erosion thresholds (0.10 Pa to 0.19 Pa) presented
silt.In previous works, five methods were used to determine the in this paper. As shown in Figure 11, the data from Meng et al.

2012 hibi i lati
critical shear stress of sediments: the laboratory annular flume, the (2012) does not exhibit a strong negative correlation between
laboratory straight flume, the Cohesive Strength Meter (CSM), the

in-situ recirculating flume, and empirical formulas. In addition, we

median grain size and critical shear stress, and the data exhibits
significant dispersion. For example, when d50 = 0.027 for S1-6 and
S1-7, the critical shear stress is 0.115 Pa and 0.09 Pa, respectively,

calculated the sediment critical bed shear stress using the equation . )
and when d50 = 0.042 for S4-1, the critical shear stress is 0.196 Pa.

of van Rijn (2007), which considers the viscosity between sediment . i
By comparing the data from these three points, we found that the

particles. . ) ) )
critical shear stress increases with the increase of water content and
(Cgel/cgels)(Dsand/D)yTcrmD <625 um decreases with the decrease of plasticity index. The erosion
o = (®) thresholds, measured by Zheng et al. (2013), ranging from
3 Y 8 ging
(I +pe)’ Tpo» D 2 62.5 um . e
’ 0.023 Pa to 0.088 Pa. as shown in Figure 11, the critical shear
where the critical bed-shear stress of noncohesive sediments stress decreases with increasing Ds. Notably, 0.088 Pa is the critical

To = g(ps— p)DO,,,, the critical shields parameter 6, , = 0.3/(1  shear stress for undisturbed sediments in their natural state, while
+1.2Dy) + 0.055[1 — exp( — 0.020)D, |, the dimensionless particle  the critical shear stress for sediments at the surface decreases under
size Dy = [g(s— 1)/v*]'/°D, and the gelling volume concentration  wave loading, ranging from 0.023-0.066 Pa. Thus, in addition to D,
of sediments cyy = (D/Dygpa)“Cgerss 5 is the ratio of densities of  wave-soil interaction is an important factor that influences the
sediment and water; v is the kinematic viscosity of water (m?/s); uis  critical shear stress in sediments. Although based on a small amount
the empirical coefficient (¢ = 1 herein); ¢ is the maximum  of data, we hypothesize that the critical shear stress of sediment is
volume concentration of sandy sediments; g is the acceleration of  related to water content, plasticity index and wave-seabed
gravity (m/s); yis the experience coefficient (generally 1.5), Dy,,g =  interaction. To analyze how the properties of sediment influences
62.5 um; D is the sediment grain size; p is the percentage of clay  the critical shear stress, further field data collection is required.
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Erosion process under wave pressure. (A, B) show the SSC during the experiment period in site 1 and site2 respectively; (C, D) show the wave height
during the experiment period in site 1 and site2 respectively.
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TABLE 3 Critical shear stress of sediment in the Yellow River Delta subaqueous.

Sediment type

Median grain size (mm)

Critical Shear Stress (Pa)

Determination method Literature sources

Sand silt 0.044 0.056~0.081 Dai et al., 2020
laboratory annular flume
Sand silt 0.044 0.010~0.110 Zhang S. et al., 2018
Sand silt 1.091~21.854 laboratory straight flume Shi et al., 2007
Sand silt 0.049~0.055 0.728~1.581 CSM Liu et al.,, 2016
Clay silt 0.026 0.023~0.086 Zheng et al., 2013
Silty clay 0.025~0.044 0.110~0.254
In-situ recirculating flume
Clay silt 0.016~0.043 0.088~0.196 Meng et al,, 2012
Sand silt 0.051~0.058 0.123~0.143
Silty clay 0.010~0.041 0.085~0.108 Liu et al,, 2022
empirical formula
Sand silt 0.046 0.030~0.030 Wen et al., 2019
Sand silt 0.030~0.055 0.10~0.19 In-situ annular flume The present study

For remoulded soils, laboratory annular flume tests resulted in
critical shear stress values ranging from 0.056 to 0.081 Pa (Dai et al.,
2020) and 0.010~0.110 Pa (Zhang S. et al., 2018). Dai et al. (2020)
investigated the effect of salinity on the critical shear stress of
sediments, while Zhang S. et al. (2018) parameterized the effect of
liquefaction degree on the critical erosion shear stress and erosion
coefficients M,. The critical shear stress of core samples increased
with the depth of the eroded sediment mass (Shi et al.,, 2007),
ranging from 1.091 to 21.854 Pa, which is much larger than other
results in Table 3 due to the higher degree of soil consolidation in
deeper soil layers. Liu et al. (2016) utilized CSM to test the erosion
resistance of fine-grained sediments in the tidal flats of the Yellow
River Delta. The results showed that the critical shear stress of the
fine-grained sediments ranged from 0.728 to 1.581 Pa, and
increased linearly with the salinity of the deposition environment.
Numerous scholars have compiled and analyzed a substantial
quantity of experimental data to derive empirical equations for
both sediment grain size and the critical shear stress (Roberts et al.,
1998; Dou, 1999; van Rijn, 2007). As shown in the Figure 11, as the
particle size decreases, the critical stress rapidly decreases, reaches a
minimum value, and gradually increases. Additionally, for smaller
particles, the critical shear stress exhibits a strong dependence on
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FIGURE 11
Comparison of critical shear stresses of sediment in the Yellow River
Delta subaqueous.
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the packing density and increases as the particle size decreases (van
Rijn, 2007).The empirical formula suggested by Dou (1999) was
often used on numerical simulations of sediment transport in (Li
et al., 2020; Liu et al., 2022; Wen et al., 2019; Lu et al., 2011), and the
calculated critical shear stress ranged from 0.030 to 0.108 Pa. The
critical shear stresses calculated with equation (8) at sitel and site2
is 0.14 Pa and 0.18 Pa, respectively. The lower critical shear stress at
site 1 compared to site 2 may be due to the difference in sediment
density between them. In comparison to the measurements
obtained in the present study, the measurements of the laboratory
straight flume and CSM are significantly larger, while those of the
laboratory annular flume and those calculated with the empirical
formula are smaller. Moreover, on average, the erodibility measured
by SEDFLUME was greater than that measured by FLUME
(Ravens, 2007). In general, the in-situ measurement method is
considered more accurate, advanced and reliable than laboratory
experimental methods as it avoids changes in the physical
characteristics of sediments during transportation to the
laboratory. However, the annular flume developed in this study
can overcome this drawback and provide more accurate results of
sediment erodibility.

4.2 Erosion rate of sediment

The type of erosion was determined by analyzing the trends in
erosion rate through time series of SSC, as previously described in
studies by Amos et al. (1992b) and Sanford and Maa (2001).
Figure 11 corresponds to erosion rate at sitel (as shown in
Figure 8A) and Figure 12B corresponds to erosion rate at site2
(as shown in Figure 10B). The erosion rate peaks at each erosion
occurrence and then decreases over time. Using this method, the
changes in erosion rates during the experiments at sitel and site2
were obtained. The type of sediment erosion has a significant effect
on net erosion, as reported by Amos et al. (1992b). The erosion
experiments conducted in this study showed that Type Ia erosion
(Parchure and Mehta, 1985; Sanford and Maa, 2001) occurred at
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both sitel and site2 during the first erosion occurrence, which is
characterized by erosion rate decaying to zero with time, as
illustrated in Figure 12A.

4.3 Influence of wave-seabed interaction
on the critical shear stresses

Based on power-rate erosion models of sediments (Maa et al.,
1998; Sanford and Maa, 2001), the erosion coefficient (M.) of the
seabed can be obtained from a series of linear regressions of the
erosion rate (E,) on the excess shear stress (T,) for known bottom
bed parameters (¢) (Maa and Lee, 1997).

Er = Me(Tb - Tcr)q) (8)

The erosion coefficient of sediments is not a constant value, but
a function of various factors. One such factor is the degree of
liquefaction of the sediment, which affects the erosion coefficient
significantly. Zhang S. et al. (2018) demonstrated that the erosion
coefficient of a sediment decreases with increasing liquefaction
(residual excess pore pressure). Additionally, Green and Black
(1999) observed that the erosion coefficient is a complex function
of surface friction and is sensitive to changes in the critical erosion
shear stress (7.). Thus, the erosion coefficient is influenced by
changes in erosion resistance, which can vary depending on the
sediment properties and conditions.

The erosion resistance of sediments can be affected by the
degree of seabed liquefaction, and a key indicator of the degree of
liquefaction is the excess pore pressure. When the wave-induced
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pore pressure is equal to the overlying effective stress, the sediments
undergo liquefaction and are then easily mixed vertically into the
overlying water column by tidal start (Mehta et al., 1989; Wolanski
and Spagnol, 2003; Tzang et al, 2009). According to the
experimental results of Zhang S. et al. (2018), the erosion
coefficient of the Yellow River Delta sediments can increase 6-7
times, from 8.27 E-05 to 5.44 E-04 kg m™ s™', by gradually
transforming from normal consolidation to a fully liquefied state.
As the degree of liquefaction increases, the erosion constant follows
a power-law increase in accordance with the mathematical
relationship by Zhang S. et al. (2018):

M, = 8.73731E — 04(fd)055533 ®)

The seabed is considered to be a homogeneous poro-elastic
medium of finite depth exposed to dynamic and spatially variable
forcing at its horizontal surface due to wave-induced excess
pressures (Hsu and Jeng, 1994; Jeng, 2017). Further, a
dimensionless liquefaction degree f; can be calculated according
to the following equation (Jia et al., 2014),

fa :Pp/o-; )

o,=712 (10)

where f; is the degree of seabed liquefaction; o, is the overlying
seabed effective stress when the sediment is in normal
consolidation; ¥ =1 kN/m” is the effective capacity of normally
consolidated sediment; z is the calculated depth (assumed to
be 0.25 m).
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The wave-induced sediment pore pressure p,, can be calculated
by equations (Jeng, 2017):

Pp P
O-/x M T9x .
| =Req Xay, expli(k,,x — @t +¢€,,)] (11)
o, m=1 z
T iT

where 0/, is horizontal effective stress, 6 ', is vertical effective
stress, T,, is shear stress (Hsu and Jeng, 1994; Klammler et al., 2021).

According to the data presented in Figure 13, liquefaction at site
1 and site 2 during the experiment reached 0.035 and 0.057,
respectively, with corresponding average values of 0.0036 and
0.0062. Notably, the overall liquefaction at site 1 was smaller than
that observed at site 2. This finding is in line with the trend of wave
height variation shown in Figure 10.

The value of M, in sitel and site2, under the influence of waves,
were calculated from the liquefaction degree depicted in Figure 13,
with corresponding average values of 2.63E-05 and 3.48E-05,
respectively. In the field environment, information on M, is
relatively scarce, and it is often considered a calibration
parameter (Wolanski and Spagnol, 2003). Typical values are
generally taken to be 5E-05 kg m™ s™' (Mulder and Udink, 1991).
Previous studies have reported erosion constants ranging from E-05
to E-04 (Green and Black, 1999), 1.5E-05 to 3E-04 (Drake and
Cacchione, 1989; Vincent and Downing, 1994; Guillen et al., 2002),
with higher and lower values also reported (e.g.,Wiberg and
Dungan Smith, 1983; Bedford and Lee, 1994). The erosion

10.3389/fmars.2023.1177241

constants obtained in this experiment are fall within the above
normal range and are consistent with numerical calculations.

5 Conclusions

This paper presents the deployment of a new, large in-situ
annular flume to measure the erosion threshold and rate of
sediment in the intertidal of the Yellow River Delta. The effect of
wave-seabed interactions on sediment erosion resistance was
also analyzed.

The ADV measurement data in the flume were used to calibrate
current velocities in different steps, and the TKE, COV, and LP
methods were applied to calculate bed shear stress. The TKE
method was found to be the most accurate method, as it was
relatively insensitive to the uncertainty of near-stratigraphic
structure, stratigraphic position, and roughness.

For the first time, the critical shear stress of sediment in the
intertidal zone of the Yellow River Delta was measured in-situ using
the newly developed flume. At site 1, the critical shear stress was
0.10 Pa, and at site 2, it was 0.19 Pa. Type Ia erosion (Sanford and
Maa, 2001) was observed at both sites.

The liquefaction degree of seabed at site 1 and site 2 during the
experiment reached 0.035 and 0.057, respectively, with corresponding
average values of erosion coefficient M, 2.63E-05 kg ms™ and 3.48E-
05 kg m s in this experiment. The measurements of the influence of
wave-seabed interaction on erosion resistance were found to be
consistent with numerical calculations.
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Variation of seabed liquefaction with time during the experiment.
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