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Abstract

Liquefaction of seabed sediments under the action of storm waves is an important form of seabed instability, which may cause
damage to submarine structures such as pipelines and cables. A commonly used parameter to identify sediment liquefaction is
pore pressure. The pressure response of the pore water at different depths of a silty soil seabed under storm waves was monitored
by a probe rod in the Yellow River delta. The probe is made of a steel pipe with a length of 8 m and an outer diameter of 10 cm,
which is equipped with 10 pore pressure sensors. According to the collected data, under a water depth of 8 m, silty soil seabed
liquefaction starts when the significant wave height reaches 0.5 m, and the liquefaction depth is between 3.3 and 3.8 m under
waves with a significant wave height of 3.65 m. Seabed liquefaction develops in a top-down manner, and the average develop-

ment rate of the liquefaction depth is approximately 0.17 m/min.
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Introduction

Under the action of storm waves, seabed sediments can become
unstable, and seabed liquefaction caused by strong dynamic
action is an important form of seabed instability. Together with
erosive processes and cyclic loads on infrastructure, seabed
liquefaction represents a serious threat to the safety of seabed
structures. Wave-induced liquefaction can be divided into two
cases according to different mechanisms of generation: (1) re-
sidual liquefaction caused by a buildup of pore pressure (resid-
ual excess pore pressure) and (2) momentary liquefaction
caused by an upward directed vertical pressure gradient (oscil-
latory excess pore pressure) in the soil during the passage of a
wave trough (Sumer 2014). A steel pipeline with a diameter of
3.05 m buried under Lake Ontario has been fractured many
times during severe storms, and the damage is believed to be
caused by the liquefaction of backfill (Christian et al. 1974). In
2003, submarine cables in the Chengdao Oilfield were
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interrupted after storms, and a sub-bottom profile indicated that
a disturbance zone in the seabed extends to a depth of 4 m; this
disturbance zone probably formed due to liquefaction of the
seabed under wave action (Xu et al. 2009). In addition, accord-
ing to field investigations, sediment collapse craters are widely
distributed on the seabed, ranging from ten to hundreds of me-
ters in diameter and up to 5 m in depth (Prior et al. 1986; Chen
et al. 1992). Laboratory tests indicate that these sediment col-
lapse craters are most likely formed due to the liquefaction-
induced seabed compaction and material transport (Sumer
et al. 2006a; Xu et al. 2016b).

The responses of seabed sediments to dynamic actions such
as waves and seisms can reflect their stability, and as an impor-
tant consideration of the geotechnical properties of sediments,
pore pressure has long played a role in the field monitoring of
sediment responses under strong dynamic conditions (Richards
et al. 1975; Bennett 1977; Davis et al. 1991). Due to the limita-
tion of factors such as the contingency and complexity of field
monitoring, many studies have been carried out through labora-
tory experiments (Zen and Yamazaki 1990a; Sassa and
Sekiguchi 1999; Sumer et al. 2006a; Kirca et al. 2013) and
numerical simulations (Dalrymple and Liu 1978; Liu et al.
2010; Cha et al. 2011; Gagniere et al. 2018; Qi and Gao
2018), which provide a better understanding of the pore pressure
response during seabed liquefaction and the mechanisms of
wave-induced seabed liquefaction. However, field monitoring
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is still an important means of studying seabed liquefaction and
can not only verify the accuracy of laboratory results but also
provide valuable reference data for numerical simulations.

Currently, field monitoring of liquefaction is focused pri-
marily on sandy seabeds. Zen and Yamazaki (1991) moni-
tored the periodic response of the pore pressure in a sandy
seabed under the cyclic loading of waves with a water depth
of 4-6 m and found that the liquefaction depth of the seabed
was approximately 39 cm (between 22 and 69 cm) when the
pressure fluctuation amplitude at the seafloor was 8.81 kPa.
By embedding pore pressure sensors at different depths of the
seabed, Sassa et al. (2006) monitored the accumulation and
dissipation of the pore pressure in sediments under a water
depth of 15 m during a typhoon, and the data show that the
pore pressure begins to increase when the wave height
exceeds 2 m, while the liquefaction depth reaches 10 cm
when the wave height exceeds 4 m. Mory et al. (2007) mon-
itored pore pressure in situ and found that there was no in-
crease in residual pore pressure in the seabed and that momen-
tary liquefaction of the seabed occurred under wave action:
the liquefaction depth reached 30 cm when the significant
wave height reached 0.5-0.9 m for a seabed under a water
depth of 2 m. Silty soil is widely distributed in various estua-
rine regions of the world, such as the Yellow River delta and
Mississippi Delta (Bornhold et al. 1986; Williams et al. 2006).
However, the liquefaction of silty seabeds under wave action
lacks evidence in the form of direct field data. Bennett and
Faris (1979) detected the rise in seabed pore pressure under
the action of storms in the Mississippi Delta and regarded the
pressure increase as a result of undissolved gas without
connecting it to liquefaction of the seabed. During a field
survey of the Yellow River delta region, Prior et al. (1989)
found that a seabed-monitoring instrument sank into the sed-
iment during a storm, accompanied by a pore pressure rise, but
the hypothesis of seabed liquefaction was not confirmed.
According to calculations, Puzrin et al. (2010) determined that
the silty ground of a caisson of a breakwater in Barcelona had
been liquefied under the action of strong waves, but the de-
velopment process of liquefaction remained unknown.

In this study, the pore pressure response of a silty soil seabed
under the action of strong waves was monitored by a probe in
the Yellow River delta region. Residual liquefaction of the silty
soil seabed was identified according to the collected pore pres-
sure data, and the speed of the development of silty soil seabed
liquefaction under wave action was also revealed.

Field monitoring and data processing
Observation site

The site monitoring point is located in the Chengdao area of
the Yellow River delta (Fig. 1). The water depth is 8.4 m, and
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Fig. 1 Monitoring site

borehole data near the monitoring site show that the seabed
sediments here are silty soil (0-3 m), silty sand (3-3.5 m),
muddy silty clay (3.5-4.2 m), and silty soil (4.2-7.8 m), from
top to bottom. The characteristics of the soil are shown in
Table 1.

The monitoring method relied on embedding probes in the
seabed by first drilling a borehole with a slightly smaller di-
ameter (0.094 m) and then pressing the probe into the bore-
hole. According to the response of the excess pore pressure,
the disturbance caused by the insertion of the probe gradually
disappeared within 17 h after the instrument was installed
(“Excess pore pressure”). The probe is made of a steel pipe
with a length of 8 m and an outer diameter of 10 cm. The 86-
030G-C piezo resistive pressure IC sensors were used in the
monitoring. The sensor has a diameter of 2 cm and a length of
5.3 cm. The accuracy of the sensor is 0.2% FS. The burial
depths of the pore pressure sensors in the seabed were 0.3, 0.8,
1.3,1.8,2.3,2.8,3.3, 3.8, and 4.8 m. One pore pressure sensor
was set to monitor the pressure response at 0.2 m above the
seafloor. A data acquisition, data storage, and power supply
device fixed on a pile was placed near the monitoring point to
provide power for the pore pressure sensor and automatically
collect and store the pore pressure sensor data according to the
preinstalled program. The layout of the field data monitoring
system is shown in Fig. 2.

The acquisition system recorded 1-min data at a sampling
frequency of 50 Hz every 9 min after installation at 16:00 on 4
November 2015.

Data analysis method
The pore pressure data are acquired by correcting the initial

collected data using the calibration equation provided by the
manufacturer.
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Table 1 Basic parameters of soil properties of field observation

d (mm) W, (%) 7 (kN/m?) K (cm/s)

Average Range Average Range Average Range Average
Silty (0-3.0 m, 4.2-7.8 m) 0.063 22.32-24.55 24.18 19.21-19.82 19.42 1.15x107°-1.72x107° 1.67x107°
Muddy silty clay (3.5-4.2 m) 0.004 30.91-43.80 39.42 17.82-18.67 18.34 121x10°%-1.91x10°° 1.43x10°°
Silty sand (3.0-3.5 m) 0.097 17.18-18.97 17.91 19.43-20.12 19.82 6.13x104-7.57x107* 6.32x10°*

Reference standards: <the engineering classification standard of soil>, China, GB/T 50145-2007); <code for investigation of geotechnical engineering>,

China, GB 50021-2001)
Wave characteristics

During the field observations of Zen and Yamazaki (1991), it
was found that although the high-frequency components of
the water surface could not be represented, the dynamic re-
sponse of the monitored seabed was basically the same as that
of the waves. Thus, the wave conditions in the field can be
judged by the pore pressure sensor located above the seafloor
on the pile. The pressure difference and wave period during
the monitoring period were read from the recorded data using
the zero-up-crossing method (as shown in Fig. 3). While using
this method, it is necessary to obtain the reference line, i.e., the
water depth during the monitoring period. Due to the
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Fig. 2 Arrangement of sensors in monitoring point

influence of tides, the water depth of each monitoring period
at the monitoring point is not a fixed value. During data pro-
cessing, water depth / is calculated every 10 min by averaging
the 1-min monitoring data of sensor no. 10 in water. This
water depth is also used in the calculation of static pore
pressure.

According to small-amplitude wave theory, the relation-
ship between the pressure difference P and wave height H is
approximately

P=K,pgH (1)

where K, is the pressure coefficient. If the pressure is recorded
at the water-seabed interface with a water depth of 4, K, can be
calculated by

1
K,=—— 2
P cosh(kh) @
where k= 27/L and can be solved from the dispersion relation
w? = gktanh(kh) (3)

with w=27/T.
By combining Egs. (1), (2), and (3), H can be calculated.
Wave heights in a wave train obey the Rayleigh distribu-
tion. Although the data recorded in the field were not
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Fig. 3 Monitoring data of pressure sensor no. 10
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continuous, since they represent data randomly taken from the
wave train, the wave heights should still obey the Rayleigh
distribution. Thus, the statistical characteristics of the wave
parameters were calculated using empirical equations. The
significant wave height is

where H is the average height. The significant wave period is

where T is the average period.

Excess pore pressure

Under the wave load, the increase in excess pore pressure is an
important index to indicate the change in soil state. The
change in excess pore pressure can be used to judge whether
the field soil state is liquefaction or not.

The static pore pressure at a certain depth is calculated as

Py =,(h+z) (6)

where Py is the static pore pressure, kPa; ~,, is the unit weight
of the sea water, kN/m?>; / is the water depth, m; and z is the
burial depth of the sensor, m.

Then, the excess pore pressure is

P,=P,—Py (7)

where P, is the excess pore pressure, kPa, and P, is the mea-
sured pore pressure, kPa.
The residual excess pore pressure is

P,=P,—Py (8)

where P, is the residual excess pore pressure, kPa, and P, is
the measured period-averaged pore pressure, kPa.

Taking sensor no. 10 as the reference sensor, based on the
relative position of each other sensor, the changes in residual
excess pore pressure in each layer of the site were calculated
according to the above equation.

Effective stress

The effective stress of the soil reflects the soil stability. The
response of the excess pore pressure in sediments will influence
the effective stress, thus leading to a change in sediment stability.

The vertical effective stress of soil under static water con-
ditions is

Oy = (Wsiryvv)'z (9)

where ~, is the effective unit weight of the soil, kKN/m>.

@ Springer

The initial mean normal effective stress of the soil under
static water conditions is

1 4 2k,
oy = % (Y=Yw)2 (10)

where k is the lateral earth pressure coefficient at rest, which
is taken as 0.5 in this paper.

Under a cyclic wave load, the pore pressure in the soil will
increase and induce excess pore pressure P,, and the effective
stress o, will decrease with increasing excess pore pressure:

o) = ow'—P, (11)

It is widely accepted that when the effective stress is re-
duced to 0 or when the pore pressure reaches the initial mean
normal effective stress, liquefaction occurs. Thus, P,/ (Zen
and Yamazaki 1990b) and P, /oo’ (Kirca et al. 2013) can be
used to reflect liquefaction. A closer value of P.lo,o or P, /oo
to 1 corresponds to more unstable soil. Both metrics are used
in the identification of seabed liquefaction. The liquefaction
time of each layer is determined by evaluating when the P,/
oy or P,/oy reaches 100%.

Observation results

According to meteorological data (Table 2), there were strong
winds and waves in the monitoring area during 4-7 November
2015, which may have led to instability of the seabed. The
wave height increased from less than 1 m to more than 4 m on
5 November, so the monitoring data in this period were ana-
lyzed in detail. At the very beginning of the wave height
increase (8:29-8:49), the field monitoring data were not re-
corded, and the reason for this issue remains unknown.

Wave characteristics

Using the data collected by the pore sensor 0.2 m above the
seafloor (sensor no. 10), the wave characteristics on 5
November were obtained by the method described in “Wave
characteristics” section, and the results are shown in Fig. 4.
As shown in Fig. 4a, the waves at the monitoring site were
small before 9:00, with H;,3=0.3 m. Then, the wave height

Table 2 Weather forecast of 4-6 November 2015 (the Yellow River
delta)

Date Direction and wind intensity (m/s) (day/night)
4 November 2015 South 5-7/South 5-7

5 November 2015 Northeast 5-9/Northeast 9-12

6 November 2015 Northeast 9—12/Northeast 9—-12




Geo-Mar Lett (2021) 41:13 Page50f12 13
6
- H 7 . HT
Sl * Hyj; ° o HisTys

IS
T
oo

Wave height (m)
T

00 o ° ° oo oo
o ° S o
° w:a; 1333 oo 8 g% e ,3’:33\%3;0»" ::Q .
000 o ook 08% "8 0 L2oPu, "o 2
2f SR g o agec, RuSTeg ST
o L P08 e o % 00 528 o b “Q:,":o‘”og
A °§~%:x
cd
8
1 o °°°°’°§°

08:00 12:00 16:00

Time

20:00 24:00

Wave period (s)
©
T

2 3
Wave height (m)
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gradually increased, and H;,; peaked at 3.65 m at approxi-
mately 12:30. Figure 4 b shows the relationship between H
—Tand H;s— T,5. When H, ;5 was at least 2.5 m, T3 fluctu-
ated for approximately 9 s, which is probably related to the
fragmentation of the high waves passing through the monitor-
ing area (Zen and Yamazaki 1991). In addition, wave groups
were detected during the observation period (Fig. 5). As the
red dotted box shows in Fig. 5, waves with small wave heights
and long periods will appear near the junction point of the two
wave groups.

Pore pressure

The periodical average pore pressure recorded at each layer
linearly increases with depth before the increase in wave height,
which indicates that the sensors are in good working condition.
According to Fig. 4, the load acting on the soils changed nota-
bly between 7:00 and 11:00, increasing from small (H;,; =0.27
m) to large waves (H;,; =3.27 m), and the pore pressure re-
sponse changed significantly (refer to Fig. 6). Affected by the
tide, the pore pressure of each layer increases from 7:40 to 9:00,
but the relative value remains unchanged; in addition, the
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oscillation amplitude increases at 9:00 due to the larger wave.
In contrast, the pore pressure behaves much differently after
9:00: except for the difference caused by water level changes
due to the tidal action (refer to the change in periodical average
pore pressure at the seafloor), the periodical average pore pres-
sure significantly increased from 0.8 to 3.3 m. The irregular
response of sensor no. 9 (0.3 m burial depth) to the wave action
suggests that this sensor may have been damaged during the
deployment of the monitoring equipment, so the data collected
by it are not presented in the following analysis.

The response of the pore pressure to waves is attenuated with
depth, and the attenuation is closely related to the composition
and state of the seabed sediments. The relative pore pressure
response of each layer can be expressed by P,/P, where P is
the variation range of the pressure at the seafloor and P, is the
variation range of the pore pressure at burial depth z. The pres-
sure oscillation near the seafloor is represented by the value of
sensor no. 10. The relative pore pressure response of each layer
in the process of wave enlargement is plotted in Fig. 7.

As shown in Fig. 7, the relative pore pressure response
tends to decrease gradually with depth. With the gradual in-
crease in wave height, the relative pore pressure response of
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each layer increases gradually with depth. Compared with
8:59, the relative pore pressure response of each layer in-
creases notably at 10:09. However, the variation trends of
the pore pressure at depths of 0.8 m and 1.3 m are not distinct.
The time-history curves of the pore pressure in these two
layers are plotted in Fig. 8.

The pore pressure at depths of 0.8 m and 1.3 m responds
well to small waves (Fig. 8a), but anomalous pore pressure
responses are observed as the wave height increases (Fig. 8 b,
¢, and d). These anomalies lead to a deviation in the relative
pore pressure responses of these layers from the normal values.

Fig. 7 Relative pore pressure
responses of different layers 02

Time
Excess pore pressure

Based on the position of the no. 10 sensor in the seawater and
the relative positioning of each other sensor, the change in
residual excess pore pressure in each layer was calculated
according to Eq. (8) (see Fig. 9).

Due to the slightly larger diameter of the monitoring probe,
excess pore pressure is generated during insertion of the
probe, and the greater the depth is, the higher the induced
excess pore pressure. Then, the excess pore pressure begins
to dissipate gradually from bottom to top, reaching

PP
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approximately 0 kPa at 8:00 on 5 November. Therefore, the
disturbance of the seabed caused by the equipment layout has
been basically eliminated.

When the wave intensity increases, the excess pore pres-
sure in the seabed notably changes: in the layers from 0.8 to
3.3 m, the excess pore pressure increases from shallow to
deep, and the deeper the depth is, the greater the residual
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excess pore pressure; however, almost no excess pore pressure
was observed in the 3.8-m and 4.8-m layers. At approximately
10:00, the excess pore pressure at a depth of 3.3 m reaches the
maximum value. At depths deeper than 3.8 m, although the
excess pore pressure fluctuates, no residual excess pore pres-
sure was observed. After the excess pore pressure peaks, the
excess pore pressure gradually decreases from deep to shallow
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and approaches the excess pore pressure observed before the
strong wave action at the end of 6 November (the sensor data
at 3.8 and 4.8 m were missing after 5:59 and 5:29 on 6
November, respectively). During this process, the wave height
does not decrease, which is consistent with the results of in-
door wave flume experiments (Sumer et al. 2006a). This can
be explained by the restructuring and solidification of the sed-
iment (Miyamoto et al. 2004; Xu et al. 2016a). The
restructured sediment shows a characterization of increasing
strength, density, median particle size, and reducing water
content and clay content (Wang et al. 2017). The wave action
cannot maintain the liquefaction of sediment, and excess pore
pressure gradually dissipates under the upward-directed pres-
sure gradient.

The oscillatory excess pore pressure response under the
action of the maximum wave height of each data segment
during the increase in residual excess pore pressure was se-
lected for analysis. As shown in Fig. 10, the phases of the
waveforms of the excess pore pressure and waves are inverse-
ly related, i.e., P, reaches its minimum value at the wave crest
and its maximum value at the wave trough. This phenomenon
is consistent with the phenomena observed by Zen and
Yamazaki (1991). According to Eq. (11), the vertical effective
stress reaches its minimum value at the wave trough, which
means that the seabed is more prone to liquefaction. Thus, the
pore pressure used in the identification of liquefaction with P,/
0.0 is taken from the wave trough.
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According to the change in excess pore pressure, the effective
stress of the soil from 9:00 to 10:30 during field monitoring
was calculated by Eq. (11), and the change process of the
effective soil stress under cyclic wave loading was obtained
(Fig. 11; Tables 3 and 4).

According to Fig. 11, a significant reduction occurred in
the effective soil stress at depths from 0.8 to 3.3 m when the
wave changed from small waves at 8:00 (H,,,=0.16 m) to
large waves at 10:10 (H,.x=3.43 m), while the change was
slight at depths of 3.8 m and 4.8 m. At the same time, for the
sediment at depths from 0.8 to 3.3 m, P,/o,, changed from
less than 10% to more than 93%, and P,/oq’ changed from
less than 20% to more than 100%, while these metrics
remained almost unchanged (less than 22.3% for cha‘,O' and
less than 4.2 for P, /oy’ ) at the depths of 3.8 m and 4.8 m.

Discussion

Occurrence of liquefaction

The increase in excess pore pressure is caused by the displace-
ment of particles in seabed sediments under wave loading, and

laboratory experiments indicate that displacement occurs
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Fig. 10 Time-history curves of oscillatory excess pore pressure under the maximum wave height in a data segment
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Fig. 11 Time history curve of 5
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more easily when structures such as pipelines are present
(Sumer et al. 2006b).

Table 3  The ratio of p./o,q in each layer

Time  po/ov’ (%)

08m 13m 1.8m 23m 28m 33m 38m 48m

8:19 9.6 5.9 5.5 32 1.4 12 24 2.0
8:59 444 310 168 133 6.7 6.4 3.8 3.1
9:09 512 460 368 287 132 89 34 2.8
9:19 619 577 461 390 225 138 38 33
929 729 758 644 672 630 462 89 8.0
939 682 758 690 729 712 599 100 838
9:49 771 951 837 852 843 835 161 129
9:59 886 920 867 867 876 89.0 154 119
10:09 879 1004 932 93.0 952 992 223 170
10:19 88.6 91.7 903 907 926 950 179 143
10:29 823 923 879 89.0 880 90.0 159 119

08:30 09:00 09:30 10:00 10:30 11:00

Time

The time-history curves of the excess pore pressure in each
layer from 0.3 to 3.3 m as the wave height increases (8:00—
10:30) are shown in Fig. 12. Similar to previous laboratory
experimental results (Sumer et al. 2006a; Sumer et al. 2006b),
the liquefaction process of the soil in a certain layer goes
through three stages: the excess pore pressure (1) begins to
increase, @) rapidly increases, and (3) reaches the maximum
value. The increase in excess pore pressure will cause a de-
crease in the effective stress in the seabed, which leads to
liquefaction. Thus, stage (D reflects the characteristics re-
quired to predict the start of residual liquefaction under con-
tinuous wave action. For the layer at depths 3.8 m and 4.8 m,
although there is an increase in transient excess pore pressure,
which is consistent with that in the shallower layer, the resid-
ual excess pore pressure remains almost unchanged. The in-
crease in transient excess pore pressure should be caused by
the increase in wave height. In addition, the maximum in-
crease in transient excess pore pressure is approximately 8
kPa, and considering the effective stress at this depth range,
this increase is small.

@ Springer
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Table 4 The ratio of P, / 00/ in each layer

Time pe/oo’ (%)
0.8 m 1.3 m 1.8 m 23 m 2.8m 33m 3.8m 4.8 m

8:19 12.5 8.0 79 4.7 1.7 L.5 34 2.6
8:59 54.9 30.1 17.7 8.7 2.8 0.3 3.7 2.8
9:09 67.8 64.1 49.0 29.9 13.0 5.1 4.0 3.0
9:19 80.9 79.2 63.0 46.5 28.5 14.2 35 2.7
9:29 89.5 93.0 84.6 82.8 79.3 53.1 24 24
9:39 91.9 97.4 92.8 93.7 91.1 69.2 2.5 23
9:49 72.7 107.7 108.7 106.9 105.7 93.0 1.8 33
9:59 51.6 110.6 114.2 109.1 107.5 105.8 3.0 42
10:09 53.3 88.6 117.3 112.2 108.1 109.2 24 4.1
10:19 103.4 81.6 119.9 111.5 111.6 108.4 1.7 24
10:29 100.8 109.8 121.1 115.5 113.1 106.1 1.1 2.2

Due to the missing data from 8:29 to §:49, the time when
the excess pore pressure is first induced cannot be determined
by the collected data directly. However, it was easily deter-
mined that there was no excess pore pressure before 8:19.

Residual Transient (At wave trough)

0.3 m

§
:

Excess pore pressure (kPa)
o R o S
T T T T
E %
N N
o] w
8 8

33
5

7F 3.8m
0
1 1 1 1 1 1
s [ 4.8 m
0 -
1 1 1 1 1 1
08:00 08:30 09:00 09:30 10:00 10:30
Time

Fig. 12 Time-history curve of excess pore pressure during wave height
increase
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Liquefaction identification

The excess pore pressure from the seabed surface to a depth of
3.3 m peaks under waves with H,,,,x = 3.32 m at approximate-
ly 10:00. Although the wave height continues to increase be-
fore 13:50, when H,,,, reaches 4.66 m, the excess pore pres-
sure no longer increases. The excess pore pressure recorded in
the soil onsite rapidly increases from shallow to deep under
cyclic loading and then gradually decreases to a normal level
from deep to shallow. This phenomenon is consistent with the
response of the excess pore pressure before and after soil
liquefaction observed in laboratory experiments (Sumer
et al. 1999; Sumer et al. 2006a).

Theoretically, soil will liquefy only when the excess pore
pressure is equal to the initial effective stress, that is, when the
effective stress drops to 0. However, according to experimental
research, it is found that when liquefaction occurs, the effective
stress does not necessarily drop to 0 but is related to the clay
content: within a certain range, the higher the clay content is, the
lower the effective stress reduction ratio (Xu et al. 2012).
Because the site soil is mainly silty soil, which implies a certain
clay content, liquefaction may occur even if PJ/o, in a certain
layer does not reach 100%. According to the change in Py/oq
(Fig. 11; Table 3), the maximum value of P./o,' reaches 93% or
higher from 0 to 3.3 m and 22.3% at 3.8 m or deeper. Another
identification condition of seabed liquefaction P, / 00' increases
to more than 100% after 9:40 from 1.3 to 3.3 m and remains at
approximately 0 at 3.8 m or deeper (Fig. 11; Table 4). Based on
the changes in excess pore pressure and the effective soil stress,
the seabed is liquefied under the action of waves, and the lique-
faction depth is between 3.3 and 3.8 m.

In addition, according to wave flume experiments, there is
a layer of high-concentration suspended sand over the lique-
fied soil. Both oscillate with the overlying water under wave
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action, but unlike the elliptical orbit of the water and liquefied
soil, the orbit of the suspended sand is semielliptical (Wang
2010). This may cause the pore pressure to behave differently
from the soil and water column. If sensors no. 7 and no. 8 are
in this layer, this phenomenon may lead to their irregular re-
sponse to wave action (Figs. 7 and 8), which indicates that the
liquefaction depth is at least 1.3 m at 9:49.

Analysis of liquefaction depth development

Under the action of cyclic wave loading, the excess pore pres-
sure in soil continuously increases, and the effective soil stress
gradually decreases until the soil liquefies. According to the
definition of liquefaction, it is also generally accepted that soil
liquefaction occurs when P, / ao/ reaches 100%. However, the
field data are not continuous, and the wave condition is not
stable, which leads to an irregular change in excess pore pres-
sure; thus, it is impossible to accurately determine the lique-
faction time of each layer. Through data fitting, the excess
pore pressure at each time can be inferred, and then the lique-
faction time of each layer can be inferred. The corresponding
results are shown in Fig. 13.

As shown in Fig. 13, the time when the fitting line of P,/
oo reaches 100% can be regarded as the liquefaction time at
that depth (Table 5). Since P,/ oo does not reach 100% at a
depth of 0.8 m, it is not shown in Fig. 13. Although the lique-
faction time at this depth cannot be determined by the method
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Fig. 13 Monitoring values and fitting curves of P,/ 00 at each layer

Table 5 Liquefaction time of each layer

Depth (m)  Az(m)  Liquefactiontime  Af(min) v (m/min)
1.3 9:40:07

1.8 0.5 9:42:40 2.55 0.20

2.3 0.5 9:43:35 0.92 0.54

2.8 0.5 9:45:03 1.47 0.34

33 0.5 9:54:51 9.81 0.05
Total 2.0 - 14.74 0.17

mentioned above, it can be inferred that the soil at 0.8 m is
liquefied before that at 1.3 m.

According to the liquefaction time of each layer based on
the fitted line, the soil is gradually liquefied from shallow to
deep within the range of 1.3—3.3 m, which means that the silty
soil seabed liquefaction develops in a top-down manner under
wave action. At the same time, the downward development
rate of the liquefaction depth is not uniform. One of the rea-
sons for this pattern may be the irregularity of the waves. Due
to the discontinuity of the data, not all the waves at the mon-
itoring point are recorded, but according to the monitored
data, the change in wave height will lead to a change in the
liquefaction rate. Another factor influencing the liquefaction
rate is the non-homogeneity of the seabed soil along the ver-
tical direction. The attenuation of wave action caused by the
seabed depth (Fig. 7) may also be a factor. According to lab-
oratory test records (Kirca 2013; Ren et al. 2020), even if the
wave height remains constant, the rate of liquefaction devel-
opment will gradually decrease with increasing depth. These
factors explain the phenomenon of the slower liquefaction rate
of the deeper layer (2.8-3.3 m) at higher wave heights com-
pared with the liquefaction rate of the shallower layer (1.3-2.8
m) at lower wave heights.

If the inhomogeneity of soil liquefaction depth develop-
ment is ignored, the liquefaction depth develops from 1.3 to
3.3 m within 14.74 min, i.e., the average top-down develop-
ment rate of the soil liquefaction depth is 0.17 m/min.

Conclusions

To study the problem of liquefaction of a silty soil seabed
under the action of waves, the pore pressure responses under
waves in a seabed at a water depth of 8.4 m were monitored in
the Chengdao area, Yellow River delta. According to the pore
pressure data obtained on 5 November 2015, the findings may
be summarized as follows:

1. The seabed starts to liquefy under waves with H;,;3=0.5
m and T}, =6.53 s in the Yellow River delta.

2. Silty soil seabed liquefaction develops in a top-down
manner under wave action.

@ Springer
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3. Under the action of waves with H;3=3.65 m and T3 =
9.78 s, the liquefaction depth is between 3.3 and 3.8 m.

4. Under field conditions of the monitoring point, the aver-
age top-down development rate of the liquefaction depth
is approximately 0.17 m/min.

Funding This study was funded by the National Natural Science
Foundation of China (Grant No. 41576039).

Abbreviations  d, grain size; h, water depth; H, wave height; H , aver-
age wave height; H,,,,, maximum wave height; H,;, significant wave
height; K, coefficient of permeability; Kp, pressure coefficient; ko, lateral
earth pressure coefficient at rest; P, magnitude of the pressure change at
the water bottom; P,, excess pore pressure; P,,, residual excess pore
pressure; P,,, measured pore pressure; P,, magnitude of the pressure
change at burial depth z; Py, static pore pressure; T, wave period; T,
average wave period; T3, significant wave period; v, development rate of
liquefaction depth; W,, water content; z, burial depth of the sensor; , unit
weight; ~,, effective unit weight of soil; ~,,, effective unit weight of sea
water; o, effective stress; avo', initial vertical effective stress; 00', initial
effective stress
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