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The sloping silty sediments in estuarine deltas are frequently affected by extreme storms, and they are prone to liquefaction instability. The unstable liquefied sediments of the slopes can subsequently form a sediment gravity flow (SGF), which can seriously endanger offshore engineering facilities. To better understand the characteristics and mechanism of wave-induced liquefied sediment gravity flow (WILSGF), a flume experiment was conducted to reproduce the formation, movement, and deposition processes of the WILSGF and analyze their controlling factors using natural silty sediment samples collected from the Yellow River Delta in China. The results show that the mass of the WILSGF comes from the sediment in the liquefied layer, and the movement of the WILSGF in these experiments was significantly affected by the wave orbital velocity and the relative outflow position. At the initial stage of the formation of the WILSGF, the phase and amplitude of the WILSGF were the same as those of waves, and the maximum velocity of the WILSGF reached 2.39 cm/s. The velocity of the WILSGF decreased continuously with the downward evolution of the liquefaction interface. When the liquefaction depth reached its maximum value, there was no WILSGF. We also found that the median particle size of the WILSGF was greater than that of the original seabed due to wave-induced seabed coarsening and the intrusion of ambient water. This study has guiding significance for in-depth understanding and prediction of the geological hazards caused by WILSGF.
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INTRODUCTION
Sediment gravity flow (SGF) is a flow type of sediments or sediment-fluid mixtures under the action of gravity (Middleton and Hampton, 1973). As one of the main dynamic processes of the seaward transport of sediment, the SGF has a profound impact on the morphological evolution of continental shelves (Traykovski et al., 2000; Wright et al., 2001; Jaramillo et al., 2009; Macquaker et al., 2010; Plint, 2014; Harazim and Mcilroy, 2015), and it has led to great threats to marine engineering facilities (e.g., platforms, oil and gas pipelines, power and telecommunications cables) (Carter et al., 2014; Guo et al., 2022). The dynamic characteristics (propagation, velocity, distance, etc.) of different types of gravity flow vary considerably, as do their depositional characteristics, making this topic a complex and cutting-edge problem of multidisciplinary interests.
The triggering factors of SGF are complex, and they include earthquakes, storm waves, rapid accumulation of sediment, and submarine volcanoes (Heezen and Ewing 1952; Ma et al., 2010; Prior et al., 1989; Bailey et al., 2021; Anfinson et al., 2016). Among these factors, storm-wave-induced liquefaction could be a special trigger mechanism for the formation of SGF, especially in shallow shelf areas. During frequent extreme storm events, slope sediments are prone to bottom cyclic pressures during the passage of surface waves (Maa and Mehta, 1987), resulting in the formation of excess pore-water pressure inside the seabed sediments (Foda and Tzang, 1994); the effective stress of the sediment will decrease with the increasing excess pore-water pressure (Atigh and Byrne, 2004). When the excess pore-water pressure exceeds the effective stress of the sediment, it will liquefy (Sumer et al., 2006). Such liquefied sediments lose their original strength (Kessel and Kranenburg, 1998), and the liquefied sediments may slide or move under the action of gravity to form SGF (Puig et al., 2004; Piper and Normark, 2009; Wang et al., 2020).
SGF formed by wave-induced liquefaction of slope sediments has been preliminarily recognized in previous studies. For instance, Prior et al. (1989) first observed the phenomenon of submarine landslides during extreme storms on the slope of the subaqueous Yellow River Delta. Through analysis of pore-water pressure data, these submarine landslides were found to be related to wave-induced liquefaction. Kessel et al. (1997) studied the problem of wave-induced liquefaction of sloping seabed sediments through laboratory experiments and measured the rheological properties of the liquefied mud using independent rheological experiments. They considered that if the fluid mud layer produced by liquefaction flowed under the influence of a net force, there would be a very high sediment transportation rate in a short time. Subsequently, using experiments and mathematical flow-model calculations, Kessel and Kranenburg (1998) revealed that the sediment on the slope begins to flow under combined wave and gravity action after liquefaction and that the velocity could reach the cm/s order of magnitude. Xu et al. (2016) studied the formation process of silty bed liquefaction and the subsequent wave-induced liquefied SGF (WILSGF) using physical model experiments, pointing out that such a WILSGF moves along the slope by bed-load transport. In these studies, the formation mechanisms and outflow characteristics of WILSGF have mostly been explained from the perspective of geotechnics. However, the hydrodynamic effects during WILSGF have not been considered, leading to a lack of comprehensive description of their movement processes.
Noticeably, wave action not only causes the liquefaction of a sloping seabed to form SGF but also affects the movement and depositional characteristics of the SGF. It has been demonstrated that cyclic oscillatory currents generated by surface waves determine the movement behavior of highly concentrated SGF (Ng and Fu, 2002). Such cyclic wave oscillations increase the transport and erosion capacity of SGF (Musumeci et al., 2017). The amplitude and phase of SGF are also related to the wave orbital velocity (Robinson et al., 2013). These studies have quantified the effect of wave action on SGF movement from a hydrodynamic perspective. However, the nature of the liquefied sediments that form an SGF (e.g., the dynamics of pore pressure accumulation and dissipation) have been ignored. Evidently, the physical properties of the sources that form the SGF directly influence the movement and depositional characteristics of that SGF. In addition, due to the WILSGF process involving complex physical mechanisms such as seabed sediment phase transformation and large deformation, the numerical simulation method based on soil or fluid constitutive model is difficult to accurately describe the complete WILSGF movement behavior (Wang et al., 2015; Yue et al., 2020). In contrast, the flume experiment has become an effective method to study the WILSGF problem because it can better reproduce the interaction process between real sediments and hydrodynamic forces.
This study aimed to reveal the movement and depositional characteristics of WILSGF by integrating the effects of the properties of the liquefied sediment and wave-generated cyclic oscillatory currents on WILSGF movement and deposition. The whole processes of slope sediment liquefaction, outflow, movement, and deposition were simulated and observed using flume experiments. The relationship between wave orbital velocity and WILSGF velocity, the movement characteristics of the WIFSGF, and the physical properties of the deposits of WILSGF were examined.
MATERIALS AND METHODS
Experimental Setup and Procedure
The experiments were conducted in a wave flume with a length of 4 m, a width of 0.4 m, and a height of 1 m. Regular waves were generated by a piston-type wave maker at one end of the flume and a wave-dissipating slope was placed at the opposite end (Figure 1). Regular waves with different frequencies and wave heights were obtained by changing the amplitude and frequency of the piston. In the experiments, the wave height was 0.12 m and the wave frequency was 0.5 Hz. A model sediment slop was established in the middle of the flume. This was 1.2 m long, 0.4 m wide, 0.5 m high at the top, and 0.3 m high near the toe. The slope gradient was approximately 9°. The sediment used in the experiments was sampled from the subaqueous Yellow River Delta. The median size (d50) of sediment was 34 μm, and it contained 87.4% silt, and 12.6% clay. This type of sediment, which is composed of a high silt content and a low clay content, is more prone to liquefaction (Kirca et al., 2014; Liu et al., 2017). The water content of the sediment was 25.0%.
[image: Figure 1]FIGURE 1 | Schematic of the experimental setup.
To reproduce the water content and homogeneity of the field-derived sediments of the Yellow River Delta, the obtained sediments were firstly air-dried. Secondly, the sediment clusters were pulverized into individual particles and sieved to remove the larger gravels. The dry sediments were mixed with water according to a constant weight proportion of 3:1 to prepare a slurry with a saturated water content of 25.0%. Thirdly, this slurry was then slowly poured along the flume walls into the soil tank up to about 50 cm thick (Figure 1). As the mud settled during natural consolidation, it was necessary to replenish it after 24 h of consolidation to bring the sediment height to a predetermined level. After the consolidation process, the right-hand baffle of the flume was removed, and the sediment was trimmed to a slope of 9° using a geotechnical knife. Subsequently, water was gradually added to the wave flume to a depth of 45 cm above the soil surface. The flume test was started after 24 h of soil bed consolidation under hydrostatic pressure. A small-amplitude wave was applied to the seabed sediment for 5 min to expel any gas that may be present within the sediment and to stabilize the sloping seabed. Finally, wave-making experiments were carried out.
Instrumentation and Measurements
As shown in Figure 1, a pore-water pressure transducer (CYY4, Xi’an Weizheng Electronic Technology Co. Xi’an) was deployed at 10 cm below the sediment surface and along the central axis of the soil tank, with a collection frequency of 5 Hz. The measuring range of the pore water pressure sensor is ±50 kPa, the resolution is 0.02% FS, the diameter is 5 mm and the height is 12 mm, which can minimize the disturbance of the pore water pressure sensor to the seabed. Before the pore pressure transducers were embedded in the soil bed, they were soaked in water for 24 h with continuous shaking to ensure gas removal. To obtain the variation of pore-water pressure within the sloping seabed sediment under wave action, the measured pore-water pressure data were low-pass filtered using the fast Fourier transform to remove the pressure-variation values generated by waves and wave reflections. Velocity was measured using a down-looking 6 MHz acoustic Doppler velocimeter (ADV). This ADV was placed 20 cm above the sediment bed (the blanking distance was 15 cm) to measure the three-dimensional velocities and to calculate the wave orbital velocity (Figure 1), and the collection frequency was 16 Hz. Doppler signal aliasing, Doppler noising, and boundary layer interference can lead to the presence of spikes, which can affect the quality of the data obtained by the ADV (Voulgaris and Trowbridge, 1998; Nikora and Goring, 1998). The modified phase-space threshold method proposed by Parsheh et al. (2010) was used for quality control of the ADV data, while a polynomial fit interpolation, also proposed by Parsheh et al. (2010), was used for spikes substitution.
A high-speed video camera was placed along the sidewall of the flume to record the formation of the slope-sediment liquefaction interface and its evolution, and this was also used to characterize the movement of the WILSGF and the morphological changes in the sloping seabed (Figure 1). The high-speed video camera has previously been successfully used for particle tracking of sand grains (Ilstad et al., 2004), and to describe the flow behavior of subaqueous debris flow. At the end of the experiment, the water column inside the flume was removed, and some photographs were taken from above and through one sidewall to characterize the structure of the WILSGF deposit. In addition, water-content tests and particle-size analyses of the deposits were carried out on samples from different areas of the sloping seabed. The median particle sizes of the deposits were measured using a Beckman Coulter laser particle sizer from (model LS-12-320).
Flow Dynamics Calculation
In this study, the ADV data was influenced by the flume size and slope topography, and its direct measurement results included velocity components such as wave orbital velocity and turbulent fluctuations. To accurately obtain the wave orbital velocity [image: image] and study its influence on the WILSGF velocity, the empirical mode decomposition (EMD) method proposed by Huang and Coauthors (1998) was used. The accuracy of the EMD method for calculating the wave orbital velocity has been verified (Bian et al., 2020). The value of [image: image] can be obtained using:
[image: image]
where [image: image] is the turbulent fluctuation, [image: image] is the residual velocity, u is the horizontal flow velocity measured by ADV, and [image: image] is the 10-min-averaged velocity.
The EMD method was used to decompose the observed [image: image] value into several intrinsic mode functions (IMFs) and a residual velocity:
[image: image]
Each IMF represents a stationary stochastic process. Through spectral analysis of the IMF components (Figure 2), if the peak frequency of an IMF is within the range of the wave frequency, the IMF is classified as a wave component:
[image: image]
where [image: image] are the residual velocity components of the peak frequency in the wave frequency range.
[image: Figure 2]FIGURE 2 | Power spectra of velocity fluctuation [image: image], its decomposed IMFs, and residual velocity.
RESULTS
Pore Pressure Response of Seabed
We filtered the data measured by the pore-water pressure transducer at 10 cm below the seabed surface and obtained the periodic-average pore-water pressure change within 70 min (Figure 3). Then, the experimental process was divided into three stages (“A”, “C”, and “E” in Figure 3) and two critical points (“B” and “D” in Figure 3) according to the change in the pore-water pressure. To understand the changes of these stages and critical points more intuitively, we extracted the changes in the seabed surface and liquefaction interface at 0, 34, 42, and 70 min from the high-speed video camera (Figure 4). In the “A” stage, the pore pressure remains stable in the initial period under wave action, and then a sharp increase is observed after a certain number of wave cycles; the excess pore pressure then begins to build up, and the seabed surface of the sediment is lower than the initial seabed surface due to wave compaction (Figure 4A). At critical point “B” in Figure 3, the pore-water pressure reaches a peak of 5.64 kPa, and the excess pore pressure [image: image] reaches its maximum value. The maximum value of the excess pore-water pressure can be determined by the maximum value measured by the pore-water pressure transducer at the depth of 10 cm and the hydrostatic pressure value at 10 cm (Liu et al., 2020):
[image: image]
where: [image: image] represents the maximum value of the pore-water pressure measured by the pore-water pressure transducer; [image: image] is the unit weight of water (10.00 kN/m); [image: image] and [image: image] are the distance from the surface of the seabed to the surface of the water and the buried depth of the pore water pressure transducer (where [image: image] is 44 cm and [image: image] is 10 cm), respectively.
[image: Figure 3]FIGURE 3 | Variation of periodic-average pore-water pressure with time at 10 cm depth.
[image: Figure 4]FIGURE 4 | Changes of seabed surface and evolution of liquefaction interface at different times. (A‐D) are the positions of seabed surface and liquefaction interface at 0, 34, 42 and 70 min, respectively, where h is the liquefaction depth.
According to the criteria proposed by Jia et al. (2014), the sediment liquefaction index at 10 cm depth is approximately 45.6%, which is less than the liquefaction threshold (100%). This indicates that the sediment at 10 cm is not liquefied, but the sediment above it is partially liquefied. After the peak value of pore pressure is reached, it then gradually decreases (“C” in Figure 3). At this stage, the liquefaction interface continues to evolve downward (Figures 4B,C), and the liquefaction depth continues to increase. At critical point “D” in Figure 3, the liquefaction interface extends downward to the deepest position, the sediment begins to be compressed, and the maximum liquefaction depth can reach 4.5 cm (Figure 4C). Compared with the results of Jia et al. (2014), which were conducted under similar experimental conditions, this lower liquefaction depth is caused by the loss of sediment flow in the liquefaction layer. These lost liquefied sediments are moved to the bottom of the sloping seabed by gravity flow, and some are suspended in the ambient water by the shear action of waves, resulting in high turbidity in the water column (Figures 4A–D). As the wave load continues to be applied, the pore-water pressure continues to decrease steadily and the sediment is gradually compressed (“E” in Figure 3, and Figures 4C,D). The liquefaction interface then begins to move upward until it reaches the sediment surface.
Wave Orbital Velocity and WILSGF Velocity
The decomposition results of the flow fluctuations by the EMD method demonstrated that the peak frequencies of IMF_2 and IMF_3 are within the wave frequency range (Figure 2), from which the root mean square (RMS) wave orbital velocity is calculated (Figure 5A). During the period 0–5 min of the experiment, the RMS wave orbital velocity is small and fluctuates due to the small wave load compacting the slope sediment. After 5 min, the RMS orbital velocity becomes more stable, with an average RMS orbital velocity of 5.67 cm/s.
[image: Figure 5]FIGURE 5 | Time series records of wave orbital velocity and the WILSGF velocity. (A) RMS wave orbital velocity (RMS [image: image] ) of the experiment. The white region indicates the small-amplitude-wave compaction stage, the gray region indicates represents the pore water pressure establishment stage, the yellow region indicates the liquefaction stage, and the light blue scale represents the compaction stage. (B) Plot of the velocity of the WILSGF [image: image], from the 32nd min to the 42nd min. (C) Instantaneous wave orbital velocity in the 20 s, period from the 32nd min. (D) WILSGF velocity [image: image] in the 20 s, period from the 32nd min.
The WILSGF is mainly formed in the “C” stage in Figure 3; this moves slowly downward in the form of a laminar flow (Figure 6). The thickness of the head of the WILSGF is small, and its body is thick. Deposition along the sloping seabed will occur during the movement of WILSGF along the slope. Due to the “paving” effect of WILSGF, the original uneven sloping seabed becomes smooth. A plot of the velocity of the WILSGF is shown in Figure 5B, in the incipient stage, the velocity is high, reaching a peak of 2.39 cm/s. With the downward evolution of the liquefaction interface, the liquefaction depth (h) of the sediments continuously increases (Figure 4C), while the WILSGF velocity decreases rapidly.
[image: Figure 6]FIGURE 6 | Ongoing process of the WILSGF and the resulting morphological changes at 5, 8, 12, and 60 s in panels (A–D), respectively.
To better study the movement characteristics of the WILSGF at the initial stage of its formation, the velocity data of the first 20 s and the wave orbital velocity data after the formation of WILSGF were extracted (as shown in Figures 5C,D. During the first 7 s of the formation of the WILSGF, its velocity is affected by wave orbital velocity, and the direction of the wave orbital velocity determines the WILSGF velocity. When the direction of the wave orbital velocity is the same as that of the WILSGF, the wave orbital velocity will promote the movement of the WILSGF. The fluctuation of the phase and amplitude of the WILSGF is the same as that of the cyclic oscillating flow generated by the waves.
Particle Size, Water Content, and Bedforms
To study the depositional characteristics of the WILSGF, the experiment was artificially stopped when the liquefaction interface evolved upward and came near to the sloping seabed surface. The ambient water was slowly drained from the tank, and the different types of deposits on the sloping seabed were then divided into four zones (Figure 7A). Zone Ⅰ is the central deposition zone of the WILSGF, which was formed by the accumulation of sediments deposited on the sloping seabed after the movement of the WILSGF along the slope. Zone Ⅱ is the WILSGF head deposition zone, which consists of sediment deposited after the head of the WILSGF had stopped moving. Zone Ⅲ is the liquefaction zone and zone Ⅳ is the non-liquefaction zone.
[image: Figure 7]FIGURE 7 | Seabed morphological changes. (A) Top view of the sloping seabed. (B) Side view of the sloping seabed, where dL is the distance between the rightmost end of the liquefaction interface and the outflow location of the WILSGF, and α1 and α2 are the slope angle of the step trailing edge and step leading edge, respectively. (C) Slope change at the step trailing edge (α1) and step leading edge (α2).
The variation of the water content in the four zones is presented in Figure 8. It can be seen that the water content of the sediments in the deposition area of the WILSGF head deposition zone was the greatest (28.01%), while that in the liquefaction zone was low (23.90%). The median particle sizes of the sediments in the four regions were quite different from that of the original seabed sediments. Zone Ⅰ and Ⅱ showed a coarsening phenomenon, and the median particle size of sediments in these two zones was approximately 50% higher than that of the original seabed. Grain refinement occurred in the sediments in zone Ⅲ and Ⅳ.
[image: Figure 8]FIGURE 8 | Water content (bluish violet) and median particle size (orange) of sediments in the four areas as compared to their original values. Zone Ⅰ and Ⅱ present the particle coarsening, and zone Ⅲ and Ⅳ present the particle refinement.
The formation and movement of the WILSGF changed the sloping bedform. Figure 9 shows the seabed outlines (taken from photographs) at 0, 28, 32, 42, and 70 min. The intersection of the outline at 0 min with the subsequent seabed-surface outline obtained at each time point was defined as the critical erosion boundary. The sediments in the seabed area on the left-hand side of the critical erosion boundary are eroded by waves, and sediment deposition mainly occurs on the right-hand side of the critical erosion boundary. In the “A” stage, the sloping bedform changes little. The phenomenon of slope-sediment erosion is not obvious, and the slope sediment settles due to wave compaction. After liquefaction of the slope sediments, the position of the critical erosion point shifts to the right until the end of the experiment, by which point the original sloping seabed had changed into a stepped topography due to sediment liquefaction and deposition by the WILSGF (Figures 7A,B).
[image: Figure 9]FIGURE 9 | Evolution of the surface morphology of the sediment seabed with time.
The angle of the step trailing edge changed with the position of the liquefaction interface. This angle also reached its maximum near the deepest position of the liquefaction interface. The angle of the trailing edge of the step decreased slowly in the compaction stage, and it reached 31° (α1) at the 70th minute (Figure 7C). The angle of the leading edge of the step decreased continuously in the liquefaction stage. However, after the liquefaction interface had reached its deepest position, the angle of the step leading edge was almost unchanged, forming a gentle slope of 6° (α2).
DISCUSSION
This study found that the velocity of the WILSGF was highest in the first 7 s after its formation, reaching 2.39 cm/s, which is similar to the findings of Kessel and Kranenburg (1998). However, the velocity of the WILSGF decreased rapidly with the downward evolution of the liquefaction interface. This rapid decrease can be attributed to the expansion rate of the liquefaction layer being less than the evolution speed of the outflow position along the slope.
Figure 10 shows the variation of the distance (dL, as shown in Figure 7B) between the rightmost end of the liquefaction layer and the outflow position of the WILSGF with time. It can be seen that dL increased continuously with the downward evolution of the liquefaction interface, and the liquefaction layer area moved farther from the sediment outflow position of the WILSGF. The increase of dL led to the liquefied sediment particles not being able to move directly along the slope to form a WILSGF. During wave entrainment, these sediment particles could be transported to the outflow position of the WILSGF, and they could then form a WILSGF under the action of gravity. However, during the movement of these sediment particles to the outflow position, the fine particles were resuspended under the action of waves; only a few particles could reach the outflow position of the WILSGF, resulting in the decrease of the mass source of the WILSGF and the decrease of its WILSGF velocity.
[image: Figure 10]FIGURE 10 | Distance between the rightmost end of the liquefaction interface and the outflow location of the WILSGF.
The rapid decrease of the WILSGF velocity was also due to the decrease of the step leading edge slope (α2) and the consequent decrease of the gravity component of the WILSGF. When the liquefaction reached its maximum depth, the WILSGF could no longer form. Evidently, this is related to the area in which the liquefaction layer expanded. Xu et al. (2016) suggested that the sediments on the slope will be eroded by the expansion of the liquefaction layer area and evolve downward along the slope direction to form a WILSGF. Subsequently, due to the change of physical properties of the sediments, the liquefaction interface evolved upward, and the liquefied sediments no longer formed a WILSGF.
The cyclic oscillatory currents generated by the wave had a significant impact on the movement of the WILSGF that was initially formed (Figures 5C,D). The velocity of a WILSGF is related to the direction of the wave orbital velocity. In a wave period, when the direction of the wave orbital velocity is the same as that of the WILSGF, the waves will promote the movement of the WILSGF. When the direction of the wave orbital velocity is opposite to that of the WILSGF, the waves will hinder the movement of the WILSGF. Musumeci et al. (2017) and Smith et al. (2019) both found that cyclic oscillatory currents have a significant impact on the movement of an SGF. Similarly, Smith et al. (2019) also found that the transport and erosivity of an SGF were enhanced due to wave front oscillation. However, the WILSGF in this study was a type of high concentration sediment flow, which can reach hundreds of kg/m3, similar to that in the research of Kessel and Kranenburg (1998). This type of extremely high concentration WILSGF moves downward at a low speed and in the form of a laminar flow on the sloping seabed surface. Unlike the high Reynolds number SGF studied by Smith et al. (2019), the WILSGF is not supported by turbulence and has a short moving distance. Observations on the prodelta have revealed that SGF of high -concentration mud suspensions could be supported by wave-induced turbulence during cross-shelf transport (Traykovski et al., 2007). This wave-supported gravity flow (WSGF) is also related to the liquefaction of sloping sediments (Jaramillo et al., 2009). Additional modeling work to examine the exchange of matter and energy between WILSGF and WSGF would be interesting to investigate the dynamics and kinematics of SGF under actual storm waves.
Wave action not only affects the movement behavior of a WILSGF but also changes the physical properties of WILSGF deposits. Among the four regions, it can be seen that the water content and median particle sizes of sediments in zones Ⅰ and Ⅱ are higher than those in zone Ⅲ and the initial sediments (Figure 7); the water content and median particle size of sediments in zone Ⅲ are also lower than those in the other three zones and the initial sediments. The decrease of the water content in the sediment liquefaction area and the refinement of sediment particles are due to compaction under liquefaction (Sumer et al., 2006) and particle classification (Liu et al., 2013).
There are two possible reasons for the coarsening of sediment particles in zone Ⅰ and Ⅱ (Figure 11). The first of these is coarsening of the mass source of the WILSGF. Liquefied sediment is the source of the WILSGF’s mass. Under the action of a pressure gradient, some fine particles are carried out from the solid skeleton of the soil by seepage. These migrate upward along the seepage flow channel in the liquefied sediment and are resuspended by wave shear (Liu et al., 2013). With the loss of fine-grained sediments in the liquefied sediment layer, the sediments in the liquefaction layer are gradually coarsened (Figure 11), that is, the mass source of the WILSGF is coarsened. The second reason is that ambient water intrusion exists in the process of the movement of the WILSGF. In this experiment, the velocity of the WILSGF was low. When a WILSGF moves downward along the slope, it will be strongly affected by wave shear. This shear action will carry the fine particles in the WILSGF into the ambient water (Figure 11), further amplifying the coarsening phenomenon of the WILSGF deposited particles.
[image: Figure 11]FIGURE 11 | Mechanism of WILSGF forming coarse-grained depositional characteristics.
CONCLUSION
In this study, we reproduced the formation, movement, and deposition of an SGF influenced by wave-induced liquefaction using flume experiments. In this paper, we examined and discussed the movement and deposition characteristics of the WILSGF. The conclusions can be summarized as follows.
1) At the initial stage of WILSGF formation in our experiments, the peak velocity of the WILSGF reached 2.39 cm/s. This velocity is affected by the slope angle of the step leading edge and the relative outflow position. With the downward evolution of the liquefaction interface, the slope angle of the step leading edge decreases and dL increases, and the velocity of the WILSGF decreases rapidly. When the liquefaction depth reached its maximum value of 4.5 cm, the WILSGF did not continue.
2) In the incipient stage, 7 s after the formation of the WILSGF, the direction of the wave orbital velocity significantly affected the WILSGF velocity. The direction of the wave orbital velocity was the same as that of the WILSGF, and the waves promoted the movement of the WILSGF. The phase and amplitude fluctuations of the WILSGF were the same as those of the wave orbital velocity.
3) The particles of the WILSGF deposits were coarsened due to wave-induced seabed coarsening and the intrusion of ambient water. The median particle size of the WILSGF deposits was approximately 50% greater than that of the original seabed. The water content of WILSGF deposits was higher than that of the original seabed and liquefaction zone (Pyles et al., 2013; Clare et al., 2016; Gan et al., 2020).
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