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Abstract: Geological disasters of seabed instability are widely distributed in the Yellow River Delta,
posing a serious threat to the safety of offshore oil platforms and submarine pipelines. Waves act
as one of the main factors causing the frequent occurrence of instabilities in the region. In order
to explore the soil failure mode and the law for pore pressure response of the subaqueous Yellow
River Delta under wave actions, in-lab flume tank experiments were conducted in this paper. In the
experiments, wave loads were applied with a duration of 1 hour each day for 7 consecutive days;
pore water pressure data of the soil under wave action were acquired, and penetration strength data
of the sediments were determined after wave action. The results showed that the fine-grained seabed
presented an arc-shaped oscillation failure form under wave action. In addition, the sliding surface
firstly became deeper and then shallower with the wave action. Interestingly, the distribution of
pores substantially coincided with that of sliding surfaces. For the first time, gas holes were identified
along with their positioning and angle with respect to the sediments. The presence of gas may serve
as a primer for submarine slope failures. The wave process can lead to an increase in the excess pore
pressure, while the anti-liquefaction capacity of the sediments was improved, causing a decrease in
the excess pore pressure resulting from the next wave process. Without new depositional sediments,
the existing surface sediments can form high-strength formation under wave actions. The test results
may provide a reference for numerical simulations and engineering practice.
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1. Introduction

The Yellow River Delta is one of largest-scale deltas with the fastest progradation rate in the world.
The Yellow River brings abundant high-concentration sediments from the Loess Plateau, which are
rapidly deposited in the subaqueous delta of the estuary, forming a high-moisture under-consolidated
silty seabed. It is estimated that the average annual sediment transport volume exceeds 800 million
tons from 1950 to 2005 [1], and over 70-90% of the sediments were deposited in the sea area within
30 km from the estuary [2], gradually forming the modern subaqueous Yellow River Delta. Such newly
formed seabeds under the influence of waves and storm surges are prone to instability, thereby forming
unstable seabed landforms of subaqueous delta in the estuary of the Yellow River.

Previous studies reported that various ocean dynamic processes can affect the delta of the Yellow
River [3-5]. The yearly winter storms coming from the northwest have the most powerful effect from
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October to March. During the winter season, the prevailing northwest winter winds becomes stronger
than grade 8 on average 6.4 times each year. The wave height generated by winter storms can reach
7m [3]. In addition, the weak southeastern winds prevail from July to August. Occasionally, hurricanes
or typhoons occur in a given year. For example, Typhoon Lekima meandered over the Yellow Sea
and Bohai Sea in 2019. Available survey results showed that geological disasters such as liquefaction,
landslide, subsidence and depression, gully, scarp, disturbed strata, and erosion are common across the
subaqueous Yellow River Delta [6-9]. The Yellow River Delta is rich in oil and gas resources and is the
location of Shengli Oilfield, currently the largest offshore oil field in China. Seabed instability disasters
seriously threatens the safety and stability of the offshore oil platform, submarine pipeline, wharf,
and embankment [10-12]. For example, on December 3, 1998, the CB6A-5 oil production platform of
Chengdao Oilfield collapsed, and the casing pipes at the bottom of the oil well ruptured, causing a
material oil spill lasting half a year [13]. In November 2003, a submarine landslide occurred under the
action of ocean power near the oil production platform CB12B, resulting in the interruption of two
submarine cables [14]. In 2010, Operation Platform No. 3 of Shengli Oilfield was overturned due to the
instability of the seabed stratum during a storm surge, leading to the death of two people and a direct
economic loss of RMB 5.92 million [15].

There are two main types of seabed instability under wave action. In one, the shear stress is greater
than the shear strength of the soil, causing the seabed to be unstable; in the other, it is the variation in
the pore water pressure in the seabed under wave action that causes the seabed to undergo liquefaction,
resulting in the loss of effective stress in the soil, thereby leading to instability. With respect to the
studies on the instability of the seabed under wave action, especially in the subaqueous Yellow River
Delta, plenty of field surveys, numerical analyses, laboratory tests, and in situ observation studies have
been carried out [16-21]. However, few wave flume experiments have comprehensively investigated
landforms, failure mode, gas distribution, pore pressure response, and sediment strength. In addition,
failure of the seabed has been understudied, even though some interesting phenomena have been
identified. For example, previous studies have confirmed fine particle migration due to wave action. In
order to deeply explore the soil failure mode, gas distribution, and pore pressure response law under
wave action, in-lab wave flume experiments were designed and carried out in this study. For the first
time, gas holes were identified along with their positioning and angle with respect to the sediments.
The presence of gas may serve as a primer for submarine slope failure.

2. Materials and Methods

2.1. Experiment Process

The flume used in the experiment was 120 cm X 50 cm X 120 cm. In order to observe the variation
in soil mass, the outer wall of the flume was made of transparent glass. In the flume experiment,
the sediment thickness was set to be 45 cm, and the depth of overlying water was set to be 40 cm.
The sediments used in the experiment were taken from the Yellow River Delta, and its median particle
size was 0.058 mm. The particle-size distribution curve of these sediment samples is shown in Figure 1.

Prior to each experiment, powdery sediments were taken, and their contents were controlled at
around 40%, we then added water to have a water content of 40%, and the powdery sediment was
mixed with the stirrer. The deposited sediments were then transferred to the flume until the thickness
of the sediment hit 45 cm; and the pore pressure sensors were then buried with a burial depth of 0 cm,
25 c¢m, 35 cm, and 40 cm, respectively, as shown in Figure 2. Afterward, water was filled into the
flume, avoiding the formation of erosion pits on the surface of the soil mass during the water-filling
process due to high water-filling speed, and we stop adding water when the height of the water filling
reached 40 cm. We kept the model flume still for 24 hours after its preparation was finished in order
to complete drainage consolidation. We then performed manual wave generation with the duration
of 1 hour each day and proceeded for 7 consecutive days. Simultaneously, we measured the pore
water pressure and observed the experimental phenomenon. We discharged the overlying water body
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when the experiment ended, and determined the penetration strength of the soil mass with a micro
penetrometer at different depths.
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Figure 1. Grading curve of sediment size.
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Figure 2. Schematic diagram of wave flume.

2.2. Wave Generation

A hollow cylinder with a diameter of 10 cm and height of 40 cm was used in the experiment to
artificially create waves in the flume. The cylinder was placed horizontally on one end of the flume
and then it was moved up and down the water surface to create the first wave as shown in Figure 3a;
when the first wave propagated to the other end of the flume, a reflected wave was formed and then
propagated in the opposite direction. The cylinder was moved up and down the water surface to
produce the second wave as shown in Figure 3b; when two waves collided in the middle of the flume,
a superposition occurred (Figure 3c); then, the two waves continued to advance in their respective
directions (Figure 3d), and a reflected wave was formed simultaneously at each side wall of the flume.
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When the first wave was located at the hollow cylinder, the cylinder was moved up and down at the
frequency of the wave to increase the amplitude of the wave or to supplement the energy lost during
the propagation (Figure 3e). The second wave collided with the first wave in the middle of the flume
after being reflected by the side wall of the flume and then they separated (Figure 3f); we supplemented
the energy lost during the propagation in the same way. Continuous waves with different frequencies
were formed in the flume in this way.
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Figure 3. Schematic diagram showing the wave generation.

In the flume experiment, the length of the flume was short (120 cm), and the wave propagated
from one side wall of the flume to the other within a short time, so that two waves were superposed
together in the flume to form the standing wave. Only the waveforms in Figure 3e,f could be seen in
the flume during the experiment, as shown in Figure 4.

(a) wave crest (b) wave trough
Figure 4. Experimental photographs showing the wave generation.

3. Results and Discussion

3.1. Slide Surface and Ripples

No significant movement of the soil mass occurred within 5 min upon the wave application action,
while the water body began to become turbid, and the 15-cm-thick sediment started to exhibit a weak
waveform oscillation motion with a frequency and phase consistent with those of the water wave when
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the wave acted for approximately 3 min. The soil mass showed distinct arc-shaped sliding surface
in 20 min. The sliding surfaces located in the middle of the flume and near the wall of the flume
were higher, and those at 30 cm and 90 cm approximately from the left wall of the flume were lower.
The sediment on the sliding surface reciprocated the wave, and the lower part of the sliding surface
was almost stationary. As the duration of the wave action increased, the sliding surface constantly
expanded deeper, and the thickness of the moving soil mass increased continuously, forming a distinct
"W" shaped sliding surface. When the wave application was stopped, the concentration of suspended
sediments in the water gradually decreased. In addition, fine-grained sedimentary formation occurred
on the surface layer (Figure 5a).

(a)

Figure 5. Experimental photographs showing the slide surface. (a) First day; (b) Seventh day. The dotted
lines are used to show the slide surface.

Similar phenomenon still occurred in the course of the wave application in subsequent days,
while the maximum depth of the sliding surface gradually decreased, and the sliding surface gradually
moved upwards; the surface of the soil mass started to undergo local erosion and sedimentation,
and ripples appeared. Similar experimental phenomena were also observed in other experiments [22,23],
but “V”-shaped sliding surfaces occurred, rather than “W”-shaped. The maximum expansion depth
of the sliding surface was close to the interface of water and the soil when the last wave application
was made, and the soil mass did not further oscillate. Finally, a continuous array of ripples with the
wavelength of 5-10 cm formed on the surface of the soil mass (Figure 6). Additionally, sedimentation
occurred in the middle position of the flume and the position near the wall of the flume, and the
erosion occurred at sites approximately 30 cm and 90 cm away from the left wall. The surface shape of
the soil mass tended to be consistent with the sliding surface, and W-shaped forms appeared.

Figure 6. Experimental photographs showing the ripples. (a) Top view; (b) Side view.

3.2. Gas Distribution

A sample portion of the soil approximately 10 cm in the upper layer was taken after the end of
the experiment. It was found that there was a large number of gas holes in the vertical section of
the soil sample (Figure 7). The gas holes in the soil were distributed in a horizontal or inclined and
zonal manner rather than being uniform (Figure 8), and even a gas channel existed. Within a depth
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ranging from 3 cm to 4 cm and from 8 cm to 10 cm, the number of pores was greater than 100, while
the holes in other depth ranges were less than 30. The area where the pores were densely distributed
was consistent with the sliding surface of the soil mass.

Figure 7. Photographs showing the gas holes in different scales.
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Figure 8. Photographs showing the ribbon of gas holes.

The gas holes in the soil sample were distributed in an oblique and zonal manner at a distance of
100-110 cm from the left wall of the flume, at an angle of approximately 30°—40° with the horizontal
plane. The closer they were to the surface of the soil, the smaller the inclination. The distribution of gas
holes (Figure 9) was substantially consistent with that of sliding surfaces. Previous studies confirmed
fine-particle migration due to external actions, such as waves [22,24,25]. However, this experiment
offered the first evidence of possible gas migration due to wave action. The presence of gas may serve
as a primer for submarine slope failure [26].
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Figure 9. Schematic diagram showing the direction of gas distribution.
3.3. Pore Pressure
The pore pressure is an important indicator of the properties of soil masses [27,28]. A total of

seven wave application processes each with a duration of approximately 1 hour were performed.
It was found from Figure 10 that the pore pressure in the seabed soil body significantly accumulated
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and could reach the maximum cumulative pore pressure within a short time (approximately 5 min)
and remained stable. The fine-grained seabed had low permeability, and it was difficult to quickly
dissipate the excess pore water pressure caused by the wave.

w b
(a) Fid (b) 12 |
716 Tiz ok Z 10
] 3 %
g g 10 2 08
g gcs - Eos
v 08 06 k| e
g8 ] [ E o
5 Soa L E
g 04 bl | ¥ 02
Z 0z F 20 am 35cm g v r
00 J 20 em 35em -
0o 00
04 02 02

0 10 20 an 40 50 60 o

=
"
=

40 &0 80 0 20 40 &0 50
tirne{min) time{min) time{min)

12 08 06

1o b (d) (e) 05
= . 06 +
[¥ - -
%08 = 04
g % 04 %
g 06 A g o3
£ H £
04 ¥ 02 02
. g i
£ 02 . - s g o
-} 20cm 35 cm H i u
i | T L ——20cm 35em ®

00 p=d & A 1]

02 02 . . 0.1

0 20 40 60 80 0 20 ] &0 80 100 0 10 .1 3 40 £ &0
tame{min| time{min) e mum)
03 .
(8) 20 ]
~ = 16 7 le |
Foz 2 E
4 T T
H B2 312 | |
= - ]
2 g g
i &
£ o1 Bos sos |
a. 5 04 i 04
oo ———J g i ‘
] —20ecm —3eam 00 00
—1 2 4 5 6 —7
01 04 0.4 .

0 10 20 a0 40 &0 60 o 10 20 a0 40 &0 a0 - L] IID 2ID E:D dLD 50 60
liﬂ\.ef_!“i:ﬂ time{min) time(min)
Figure 10. Excess pore pressure during the wave action. The curves thorough from (a-g) represent the
excess pore pressure curves for the first to seventh wave application process; (h) excess pore pressure
of the seabed for different wave application processes at a depth of 20 cm; (i) excess pore pressure of
the seabed at a depth of 35 cm from different wave application processes.

Figure 10 shows the excess pore pressure curve at a depth of 20 cm and 35 cm in the seabed during
seven wave application processes. The figures from 10a to 10g show that the excess pore pressure at
a depth of 35 cm was slightly greater than that at a depth of 20 cm, indicating that the greater the
depth was, the harder it was for the excess pore pressure to dissipate. The excess pore pressure data
from the seven wave applications at the same depth (Figure 10h,i) indicated that the maximum excess
pore pressure formed from the process of the last wave application was lower than that formed from
previous wave applications. For example, the maximum pore pressure at a depth of 20 cm of the
seabed hit approximately 1.4 kPa in the first wave application, approximately 1.0 kPa in the third
wave application, and approximately 0.2 kPa in the seventh wave application. The maximum excess
pore pressure inside the soil mass showed a decrease trend with the increase in the number of wave
actions, indicating that the whole soil mass tended to be stable. It was consistent with the experimental
phenomenon that the sliding surface gradually moved up and became shallow with wave application
process, and that the thickness of the oscillation layer reduced. Each wave application process might
lead to an increase in the excess pore pressure of the seabed sediment. However, the liquefaction
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resistance of the sediment improved upon each wave action process, resulting in a decrease in the
excess pore pressure caused by the next process of wave action. This might be due to the fact that the
wave action can promote the rearrangement of sediment particles. The experiment results show that
the seabed is the most unstable in the initial stage of rapid deposition of sediment, and it is most likely
to be destroyed under wave action. Due to the limitations of laboratory experiments [29,30], more field
work is required to confirm these experimental results.

3.4. Sediment Strength

The overlying water mass was discharged after the seventh wave action, and the entire soil sample
was subject to a penetration strength experiment with a micro penetration instrument. The diameter of
the mini penetrometer was 3 cm, the horizontal separation distance between test points was 15 cm,
and the vertical depth interval was 5 cm. As shown in Figure 11, the penetration strength of the soil
mass was substantially greater than 50 kN in the depth range from 0 cm to 20 cm, and the penetration
strength of the soil mass ranging from 8 cm to 13 cm was greater, with a mean value greater than
80 kN, indicating there was a high-strength formation at this depth. The soil mass had a relatively large
variation in strength gradient, with the strength of the soil mass decreasing from 60 kN to 30 kN in this
7-cm-thick range. The penetration strengths of the soil mass with the depth ranging from 20 cm to 40 cm
were less than 30 kN, and most of the values were approximately 10 kN, being less than the penetration
strength in the hard formation of the surface strength. By comparing the strength distribution law for
sliding surface and soil penetration, it was found that the depth of the high-strength formation was
slightly less than the depth (15 cm) of maximum sliding surface, that is, the high-strength formation
was located above the sliding surface. This indicates that exiting surface sediment undergoes multiple
wave actions, and its strength is improved in the absence of new deposition conditions.
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Figure 11. Sediment penetration strength profile after the experiment.
4. Conclusions

The instability behavior of the fine-grained seabed under wave action was simulated in in-lab
flume experiments in this work. The main experimental results are summarized as follows:

(1) The fine-grained seabed presents an arc-shaped oscillation failure form under wave action.
The sliding surface becomes deeper and then shallower as the wave action continues.
The distribution of the gas pores is substantially the same as that of the sliding surfaces.

(2) We found the first evidence for possible gas migration due to wave action. The presence of gas
may serve as a primer for submarine slope failures, which suggests a new mechanism for seafloor
instability in the Yellow River Delta.
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(3) Each wave process may cause the perforation pressure of the sediment to increase, and the
liquefaction resistance capacity of the sediment increases during each wave process, leading
to a decrease in the excess pore pressure caused by the next wave process. The seabed is the
most unstable and most susceptible to damage under wave action in the initial stage of rapid
deposition of the sediment.

(4) Without new depositional sediments, the existing surface sediments can form high-strength
formation under wave actions.
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