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  Abstract          Wave-induced seepage and its possible contribution to the formation of pockmarks in the 
Huanghe (Yellow) River delta were investigated experimentally and numerically. Laboratory experiments 
were carried out to explore the response of a layered silty seabed with various saturation conditions under 
cyclic wave loads, in which the pore pressure and seepage-related phenomena were particularly monitored. 
Numerical models to simulate wave-induced seepage in the seabed were presented and evaluated, then 
applied to the Huanghe River delta. The experimental results show that the excess pore pressure decreases 
more rapidly at the surface layer, while the seepage-related phenomena are more pronounced when large 
cyclic loads are applied and the underlying layer is less saturated. The proposed numerical models were 
verifi ed by comparing with the experiments. The calculated seepage depth agreed well with the depth of 
the pockmarks in the Huanghe River delta. The experimental and numerical results and the existing in-
situ investigations indicate that the wave-induced seepage may be a direct cause of the pockmarks in the 
Huanghe River delta. Extreme storm waves and the dual-layered structure of hard surface layer and weak 
underlying layer are essential external and internal factors, respectively. Wave- or current-induced scour and 
transport are possible contributors to the reformation of pockmarks at a later stage. 

  Keyword : wave loads; seepage; excess pore pressure; pockmarks; Huanghe (Yellow) River delta 

 1 INTRODUCTION 

 Pockmarks are common geohazards on the seafl oor, 
which usually appear with fl uid fl ow and are described 
as crater-like depressions (King and MacLean, 1970; 
Hovland and Judd, 1988). Pockmarks are an 
interesting part of marine environmental dynamics 
that can threaten the stability of marine structures. 
Therefore, investigating their origin and evolution 
mechanism is of scientifi c and engineering 
signifi cance. Pockmarks have been found worldwide 
using various detection techniques such as shallow 
seismic profi ling, side-scan sonar, and multi-beam 
echo sounding (Prior et al., 1986; Andrews et al., 
2010; Dandapath et al., 2010; Moss et al., 2012). 
Several genesis mechanisms were proposed in 
diff erent regions, taking into account the diff erences 

in sediment sources and depositional environments; 
these include wave-induced shallow slides (Xu et al., 
2009), active faulting (Dondurur et al., 2011), current-
induced erosion (Kilhams et al., 2011), hydrate 
decomposition (Sultan et al., 2010), and gas release 
from deeper reservoirs (Salmi et al., 2011). While 
most of the studies focus on macroscopic surveys, 
very few have examined the micro-mechanism of 
pockmark evolution or conducted quantitative 
estimations. 

 The modern Huanghe (Yellow) River delta was 
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formed by the rapidly-deposited sediments that have 
been carried by the Huanghe River since A.D. 1855, 
and has been continuously transformed by complex 
ocean dynamic factors. Pockmarks in the Huanghe 
River delta are described as circular or oval 
depressions ranging from a few meters to several 
hundred meters in diameter and no more than 2 m in 
depth, and may exist individually or in groups (Li et 
al., 2006; Xu et al., 2009). On-site investigations 
show no evidence of hydrate decomposition or natural 
gas leakage, and reveal very little fault activity since 
A.D. 1855. The slope of the seabed is less than 0.4°; 
therefore, landslides can be mainly ruled out. It is 
noteworthy that pockmarks are usually associated 
with fl uid fl ow-related features such as seepage 
chimneys and mud volcanoes (Harrington, 1985; 
Judd and Hovland, 2007; Cathles et al., 2010; 
Dandapath et al., 2012), indicating that the seepage of 
pore fl uid may be an important factor during pockmark 
formation. Waves are a major ocean dynamic load 
that may cause diff erent types of seabed instabilities 
such as liquefaction, scour, and shear failure (Sumer 
and Fredsøe, 2002; Jeng, 2003). The Huanghe River 
delta experiences frequent storm surges (Ding et al., 
1995). Pockmarks have developed at water depths of 
8–12 m, where the seabed is aff ected by storm waves. 
Many investigations argue that wave loads severely 
aff ect geohazards such as pockmarks in the Huanghe 
River delta (Prior et al., 1986; Chang et al., 2000; Xu 
et al., 2009). Because the seabed in the Huanghe 
River is very fl at we focus on the seepage caused by 
wave loads rather than ground water or other factors 
summarized by Santos et al. (2012).  

 Fluid fl ow-related features have been observed in 
the seabed under wave loads or other cyclic loads in 
laboratory and fi eld tests (Clukey et al., 1985; Tzang 
and Ou, 2006; Chen et al., 2007). Laboratory tests on 
wave-induced seabed response include wave fl ume 
tests (Tzang and Ou, 2006; Xu et al., 2009), centrifugal 
model tests (Sassa and Sekiguchi, 1999), and one-
dimension cylinder tests (Zen and Yamazaki, 1990; 
Chowdhury et al., 2006). The seabed in these tests 
was prepared to be homogeneous and saturated 
medium; however, the actual seabed is inhomogeneous 
and layered (Jia et al., 2007; Liu et al.,  2013 b) and the 
soil pores may contain a small amount of gas. For 
example, micro-bubbles were observed in laboratory 
wave fl ume tests (Tzang and Ou, 2006) and fi eld 
measurements (Mory et al., 2007). The seabed 
stability will be signifi cantly aff ected by the saturation 
of seabed soil (Yamamoto et al., 1978; Sakai et al., 

1992; De Groot et al., 2006). Numerous models were 
developed to simulate the seabed response under 
wave loads (Yamamoto et al., 1978; Jeng, 2003) 
based on the consolidation theory proposed by Biot 
(1941), and a series of models were established to 
explore the storm wave-induced seabed response in 
the Huanghe River delta (Yang et al., 1995; Liu et al., 
2006,  2013a ). In this paper, the wave-induced pore 
pressure response of a silty seabed is investigated 
through laboratory experiments and numerical 
models, focusing on the eff ects of the layered structure 
and seabed saturation on the seepage processes. The 
relation between wave-induced pore pressure and 
seepage-related phenomena are discussed and the 
possible contribution of wave-induced seepage to the 
formation of pockmarks in the Huanghe River delta is 
discussed.  

 2. MATERIAL AND METHOD 

 2.1 Laboratory experiments 

 The testing apparatus consisted of an airtight tank 
(77 cm L×50 cm W×70 cm H), a cyclic loading 
system and a pore pressure acquisition system (Fig.1). 
The bottom and three sides of the tank were made of 
stainless steel, while the front and the top surfaces 
were made of toughened glass for observations and 
measurements. A pipe was connected to the top of the 
tank; this pipe could be rotated in the vertical plane 
with a rotation angle  θ  from 0° to 90°; thus, the water 
head could be changed to generate cyclic vertical 
pressure to simulate wave loads. An array of 
piezoresistive pore pressure transducers ( Φ 20 mm× 
53 mm, full range 5 psi, accuracy 0.2%; Nanjing 
Hydraulic Research Institute, China) were connected 
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 Fig.1 Sketch of experimental set-ups 
  h : water depth;  θ : rotation angle; P1–P4: pressure transducers. 
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to a DAQLab2005 acquisition system (Iotech, 
Cleveland, USA) to measure the pore pressure.  

 The soil, composed mainly of feldspar and quartz, 
was collected from the tidal fl at of the Huanghe River 
delta. It is a typical silt with specifi c gravity  ρ  s  = 2.71, 
plasticity index  I  P =9.4, median particle size 
 d  50 =0.041 mm, and clay content  m  = 12.2%. The soil 
samples were dried, crushed, mixed with water and 
stirred well to mud consistency. A chemical reagent, 
Na 2 O 2  powder, was added to the mud where it reacted 
with the water (2Na 2 O 2 +2H 2 O=4NaOH+O 2 ↑) and 
produced oxygen gas. The small gas bubbles were 
enclosed in the soil pores so that the soil saturation 
could be lowered. The seabed model had three layers 
(Fig.1) from top to bottom: Layer 1 (15 cm), Layer 2 
(15 cm), and Layer 3 (20 cm). Layer 1 and Layer 3 
were saturated or nearly saturated while the saturation 
of Layer 2 ranged from high to low, simulating a hard 
surface layer and an unsaturated weak underlying 
layer. The transducers (P1–P4) were saturated and 
calibrated in static water, and then deployed at 
diff erent depths ( d  = 0 cm,  d  = -15 cm,  d  = -30 cm, and 
 d  = -45 cm) before the mud was placed into the tank 
and the lid sealed. The pipe was carefully fi lled with 
water to a predetermined height  h , and then was 
tipped to a certain angle so that the water level was 
halfway between the maximum and minimum levels. 
The seabed was left for ten days or longer until a self-
weight consolidation was achieved; the normal 
consolidation of the seabed was considered to be 
complete when the measured pore pressure was equal 
to the hydrostatic pore pressure.  

 The pipe was rotated repeatedly in the vertical 
plane, creating cyclic water loads on the model seabed 
surface. The fl uctuation of the water pressure 

resembled a sine wave with periods ranging from 5 to 
10 s. The amplitude of the pressure was set as 8, 10, 
and 12 kPa. The pore pressure was measured 
throughout the tests at a sampling frequency of 3 Hz. 
The experimental phenomena was recorded by a 
camera in real time. The cyclic loading was stopped 
when new phenomena and pore pressure changes 
were no longer observed. For each layer before and 
after testing, the soil density was measured by 
weighing a container with constant volume (100 mL), 
the water content was measured by the oven drying 
method, and the saturation could then be determined. 
After each test the tank was cleaned up and the above 
procedures were repeated in the next test. The design 
parameters of all the tests are listed in Table 1. 

 2.2 Numerical models 

 We used the fi nite element software Swandyne II 
(Chan, 1995) with the  u - p  formulation of Biot’s 
equation, which has been proved to be eff ective in 
wave-induced pore pressure simulations (Dunn et al., 
2006; Liu et al.,  2013a ). The governing equations 
under a two-dimensional plane strain are expressed as 
follows: 
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 where  u  x  and  u  z  are the displacements of the soil 
skeleton,  σ'  x  and  σ'  z  are the eff ective stresses,  τ  xz  is the 
shear stress,  p  is the pore pressure,  ρ  f  is the pore fl uid 

 Table 1 Test parameters 

 Test 
 Cyclic loads  Layer 1  Layer 2  Layer 3 

  P  0  (kPa)   T  (s)   S  r  (%)   ρ  (g/cm 3 )   S  r  (%)   ρ  (g/cm 3 )   S  r  (%)           ρ  (g/cm 3 ) 

 1  8  8–10  97.4  1.85  96.6  1.84  94.0  1.83 

 2  10  8–10  96.8  1.83  99.1  1.85  94.0  1.80 

 3  12  6–8  95.3  1.86  94.5  1.85  96.3  1.88 

 4  8  6–8  96.1  1.85  91.4  1.81  96.3  1.86 

 5  10  6–7  98.7  1.89  91.6  1.83  93.3  1.83 

 6  12  6–7  94.3  1.80  92.0  1.78  96.7  1.81 

 7  8  5–6  96.8  1.84  84.4  1.75  88.1  1.77 

 8  10  5–6  96.7  1.84  83.0  1.73  95.9  1.83 

 9  12  5–6  95.2  1.84  80.4  1.70  93.1  1.82 

  P  0 : dynamic pressure amplitude at seabed surface;  T : wave period;  Sr   : saturation;  ρ : soil density. 
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density,  ε  is the volumetric strain of the soil,  ρ  is the 
soil density,  Q  is the bulk modulus of the soil, and  k  is 
the soil permeability.  ε ,  ρ , and  Q  are expressed as 
follows: 

 f s(1 )n n     , (4) 
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 where  n  is the soil porosity,  ρ  s  is the specifi c gravity, 
and  K  s  and  K  f  are the bulk modulus of the soil skeleton 
and pore fl uid, respectively. The gas content in the 
soil pores is described by the saturation  S  r , and the 
relationship between  K   f   and  S  r  is expressed as follows: 
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 where  K  is the bulk modulus of pure water. The 
relationship between  K   f   and  S  r  in the case of  P  0 =10 kPa 
and  K  = 2 MPa is shown in Fig.2. Clearly, the 

magnitude of  K  f  changes dramatically as  S  r    increases. 
Thus, the eff ects of gas content on pore pressure can 
be explained by Eq.7.  

 First, we developed the numerical models to 
evaluate the laboratory experiment results. The 
seabed surface was set as a drainage boundary and the 
bottom and the two sides were impermeable rigid 
boundaries. We used 8–4-noded elements (8 solid 
nodes and 4 fl uid nodes) in the numerical model. A 
linear-elastic relationship of the soil was selected to 
simulate the wave-induced transient pore pressure. 
The soil density and saturation parameters are taken 
from Table 1. Other parameters are: permeability 
 k  = 2.5×10 -6  cm/s, elastic modulus  E  = 1 MPa, and 
Poisson’s ratio  μ  = 0.3 based on previous experience 
and trial computation results. 

 Then, numerical models were developed to explore 
the wave-induced seepage in the Huanghe River 
delta. Pockmarks and other geohazards in the 
Huanghe River delta appear mostly at water depths of 
8–12 m and with a slope gradient of less than 0.4° 
(Prior et al., 1986; Li et al., 2006). Therefore, we 
chose a water depth of 10 m and assumed a horizontal 
seabed. Two types of wave with diff erent return 
period were applied, based on previous studies (Yang 
et al., 1995; Liu et al., 2006,  2013 a), as shown in 
Table 2. The dynamic pressure  P  s  on the seabed 
surface can be computed from the linear wave theory: 
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 where  H  is the wave height;  η  is the wave number, 
with  η  = 2π/ L ,  L  is the wave length;  h  is the water 
depth;  ω  is the angular frequency, with  ω =2π/ T , 
where  T  is the wave period and  t  is time. The seabed 
in the Huanghe River delta is made up of silty soils 
with high compressibility, high water content and low 
permeability; moreover, a thin hard layer appears at 
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 Fig.2 Relationship between soil saturation and bulk 
modulus of pore fl uid 

 Table 2 Wave parameters 

 Return period of wave  Wave length    L  (m)  Wave height    H  (m)  Wave period    T  (s)  Water depth    h  (m)  Dynamic pressure    P  0  (kPa) 

1  year  40  2.0  5.0  10  3.91 

 50 years  88  6.7  8.6  10  25.92 

 Table 3 Soil parameters 

 Layer  Soil density    ρ  (g/cm 3 )  Specifi c weight    G  s   Void ratio    e   Saturation    S  r   Elastic modulus    E  (MPa)  Poisson’s ratio    μ  

  1  1.99  2.7  0.69  0.961  1  0.33 

 2  1.86  2.72  0.9  0.904  0.1  0.33 

 3  1.89  2.71  0.9  0.967  1  0.33 



204 CHIN. J. OCEANOL. LIMNOL., 34(1), 2016 Vol.34

the seabed surface in some areas (Feng et al., 1999; 
Jia et al., 2007), which may have signifi cant eff ects on 
the pore pressure response (Liu et al.,  2013 a). 
Therefore, two seabed models were considered: a 
homogeneous one and a three-layer one with a hard 
surface layer and an unsaturated weak underlying 
layer, corresponding to the models in the laboratory 
experiments. The simulated seabed was set with a 
width of one wavelength, a depth of half a wavelength, 
and horizontal grid spacing of 1 m. Layer 1 as the top 
layer of the three-layer seabed had a depth of 2 m and 
grid spacing of 0.25 m. The underlying layer, Layer 2, 
had a depth of 10 m and grid spacing of 0.5 m. The 
bottom layer, Layer 3, had a grid spacing of 1 m. The 
homogeneous seabed had the properties of Layer 1 
throughout the model and the vertical grid spacing 
was the same as the three-layer seabed. The boundary 
conditions were the same as those in the laboratory 
experimental models. The soil parameters are listed in 
Table 3. 

 3 RESULT 

 3.1 Pore pressure response in the laboratory 
experiments 

 Two diff erent experimental conditions—Test 1 and 
Test 9 are discussed here as examples. The seabed was 
nearly homogeneous (Table 1) and the amplitude of 
the wave load was the smallest (8 kPa) in Test 1. The 
saturation of Layer 2 was the lowest (80%) and the 
amplitude of the wave load was the largest (12 kPa) in 
Test 9. The excess pore pressure is defi ned as the 
diff erence between the measured value and the 
hydrostatic pore pressure. As shown in Fig.3, the 
results of Test 1 and Test 9 only show transient pore 
pressure (TPP) but no residual pore pressure (RPP). 
No obvious phase lag is seen from the enlarged TPP 
records (Fig.3, right panels). Generally, the TPP 
decreases at fi rst and then increases with depth. The 
TPP decreases from 8 kPa at the seabed surface to 
6.8 kPa at depth  d  = -15 cm, and remains nearly 
unchanged downward to depth  d  = -30 cm, then 
increases slightly at depth  d  = -45 cm (Fig.3a). The TPP 
decreases much faster with depth in Test 9 (Fig.3b) 
than in Test 1 (Fig.3a); the TPP is 12 kPa at the seabed 
surface and decreases rapidly to 4 kPa at  d  = -15 cm, 
and then it rebounds to 6 kPa at  d  = -30 cm and does not 
decrease any further at depth  d  = -45 cm. In summary, 
only TPP but no RPP was found in the seabed under 
cyclic loads, and only amplitude reduction but no 
phase lag of TPP was observed with depth. 

 The amplitude of the dynamic pressure at the 
seabed surface is denoted as  P  0  and the amplitude of 
TPP in the seabed is denoted as  P . The variations of 
 P / P  0  with depth in all the nine tests are shown in 
Fig.4. Pore pressure damping occurs mainly near the 
seabed surface within Layer 1 and tends to be 
moderate below  d  = -15 cm. The three columns of 
Fig.4 show (from left to right) that pore pressure 
damping is accelerated because of the decreased 
saturation of Layer 2. Comparing the rows in Fig.4 
(from top to bottom) indicates that pore pressure 
damping is enhanced as the external load is increased. 
In summary, pore pressure damping is aff ected by 
three factors: the layered structure of the seabed, the 
saturation of the seabed soil, and the external load. 
The damping occurs mainly in the surface layer, and 
it is intensifi ed by larger external loading and lower 
saturation of the underlying layer.  

 3.2 Experimental phenomena 

 Seepage-related phenomena were observed on 
diff erent scales in the tests. Seepage channels were 
formed in the seabed and pore fl uid (mainly pore 
water, mixed with a small amount of gas micro-
bubbles in some tests) fl owed out of the seabed 
through these channels. Fine sediments were 
transported by the pore fl uid, and mud volcanoes were 
formed on the seabed surface (Fig.5). The seepage 
channels were a few millimeters wide and less than 
5 cm in depth near the seabed surface in Test 1 because 
of the small external load (8 kPa) and high saturation 
(96%) of the homogeneous seabed. The seepage 
channels expanded to 2 cm in width and 30 cm in 
depth in Test 9 with the increased external load and 
the decreased saturation of Layer 2. In addition, small 
gas bubbles were observed in some tests that featured 
a lower saturation of Layer 2. With Test 9 for example, 
as the cyclic loading continued, the gas that was 
initially scattered in the soil pores gradually converged 
to form micro-bubbles (Fig.5a, 0.1 cm in diameter) 
that developed into large bubbles (Fig.5c, 1–2 cm in 
diameter). Finally, the gas bubbles fl owed to the 
seabed surface along with the pore water (Fig.5b, d, 
e). Moreover, the transport of bubbles was faster and 
the seepage channels became wider and deeper during 
the above process (Fig.5b, c, d, e). The micro-
volcanoes on the seabed surface are shown in Fig.5f. 
In general, the larger-scale seepage-related phenomena 
appeared when larger cyclic loading was applied and 
the underlying layer was less saturated. 
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 3.3 Numerical results 

 A vertical profi le at the center of the seabed model 
was selected to output the pore pressure data. The 
results of Test 1 and Test 9 (Fig.6) show a good 
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agreement between the numerical results and the 
experimental ones, indicating that the proposed model 
can simulate the seabed’s pore pressure response 
under cyclic loads.  

 The variation of  P / P  0  along depth with diff erent 
return period (one year and 50 years) of waves and 
diff erent seabed models (homogeneous and 3-layer 
seabed) are shown in Fig.7. When the seabed is 
homogeneous, the TPP decreases more rapidly in the 
surface layer under the wave with 50-years return 
period than under the wave with one-year return 
period, demonstrating the eff ect of the wave load. For 
the same wave loads, the TPP decreases faster in the 
surface layer of the three-layer seabed than in the 
homogeneous seabed, demonstrating the eff ect of the 
layers and the saturation of the seabed.  

 4 DISCUSSION 

 4.1 Relationship between pockmarks and wave-
induced seepage 

 Seepage-related phenomena were caused by 
external cyclic loads, and were more prominent when 
the external loads increased. Assuming that the loads 
represent waves over the seabed, our data suggests 
that in the real ocean environment the seepage is 

caused by wave action, and the size of the seepage 
channels and mud volcanoes is enlarged by storm 
waves. The erupted fi ne sediments may be suspended 
and transported by currents (Hammer et al., 2009; Pau 
et al., 2014), and erosion is more likely to occur near 
the seepage channels where the soils are weakened. 
Thus, pockmark-like landforms may be formed. The 
above description can be verifi ed by the remnant 
seepage channels and mud volcanoes along with 
pockmarks reported in previous studies (Harrington, 
1985; Judd and Hovland, 2007; Cathles et al., 2010). 

 The seepage-related phenomena observed in our 
tests were enhanced by the gas content in the seabed 
soil; these processes were acknowledged in previous 
work (De Groot et al., 2006; Santos et al., 2012). 
Because the seabed is covered with seawater, it is 
usually modeled as consisting of soil skeleton and 
pore water. However, seabed soil actually contains 
soil skeleton, water, and gas. Pore water and pore gas 
are collectively called pore fl uid. Although no hydrate 
decomposition or natural gas leakage was found in 
the Huanghe River delta, gas may be caught in a 
rapidly deposited seabed. Gas may also be generated 
by the decomposition of organic material in the 
seabed. Generally, a small amount of gas is enclosed 
in the soil pores in the seabed of the Huanghe River 
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 Fig.7 Wave-induced pore pressure in the Huanghe River delta 
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delta (Jia et al., 2007; Xu et al., 2010). Extreme storm 
waves will cause the enclosed gas to shift and 
converge and drain out of the seabed, promoting 
upward seepage and contributing to the formation of 
pockmarks. 

 On a microscopic scale, when excess pore pressure 
is generated by cyclic wave loads, an upward hydraulic 
gradient is generated in the seabed. The seabed is 
usually taken as isotropic to simplify calculations; 
however, it is actually anisotropic and even seabed 
models created in the laboratory are not completely 
isotropic. Seepage tends to occur along the weakness 
zones in the seabed. Thus, individual seepage channels 
rather than complete liquefaction of the seabed are 
observed in laboratory tests and fi eld investigations 
(Jia et al., 2007; Liu et al., 2012). The criterion for 
wave-induced seepage can be expressed as: 

 
0 0v' P P P     , (9) 

 where  σ'  v  0    is the initial vertical eff ective stress and can 
be computed by 0 gv i i' d  ;  ρ  i     is the soil density, 

 d  i  is the layer thickness, and Δ P  is the excess pore 
pressure (Zen and Yamazaki, 1990). According to 
Eq.9, seepage will be more prominent if the TPP 
decreases more rapidly with depth, which can explain 
the fi ndings in Section 3.2. 

 The variation of  σ'  v  0    and Δ P  with depth in all nine 
tests are shown in Fig.8. We can estimate whether or 
not seepage would happen by comparing the two 
lines. Seepage did not occur in Test 1 or Test 2. The 
maximum seepage depth is about 15 cm in Test 4 and 
Test 8, 30 cm in Test 3 and Test 5, and more than 
45 cm in Tests 6, 7, and 9. The trend of the maximum 
seepage depth (Fig.8) is in agreement with the 
observation in Fig.5, but the calculated values are 
slightly larger than the observed values, probably 
because the naked eye cannot see some small seepage 
channels inside the seabed. The above analysis 
indicates that seepage is a macro-phenomenon caused 
by wave-induced excess pore pressure at the 
microscopic level. We can estimate the wave-induced 
seepage via Eq.9.  
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 4.2 Genesis mechanism of pockmarks in the 
Huanghe River delta 

 The variations of Δ P  and  σ'  v  0  are shown in Fig.9. 
Seepage does not occur in the homogeneous seabed 
for that Δ P  is generally smaller than  σ'  v  0  under both 
the two types of waves (Fig.9a). In the three-layer 
seabed, Δ P  is smaller than  σ'  v  0  under the wave with 
return period of one year, but larger than  σ'  v  0  at depths 
of 2–3 m under the wave with return period of 50 
years, indicating that the biggest seepage depth ranges 
from 2 to 3 m under the seabed surface (Fig.9b). As 
the calculated seepage depth is slightly bigger than 
the actual value, the calculated seepage depths are in 
good agreement with the measured depth of the 
pockmarks (within 2 m) in the subaqueous Huanghe 
River delta (Li et al., 2006; Xu et al., 2009). Figure 9 
also shows that larger wave loads lead to larger Δ P , 
indicating that extreme wave conditions such as storm 
waves can dramatically increase seabed seepage. 
Meanwhile, larger Δ P  exists in the three-layer seabed, 
indicating that the combination of a hard surface layer 
and an unsaturated underlying layer can signifi cantly 
enhance the wave-induced seepage. 

 Based on the experimental and numerical results of 
this study we deduce the following points regarding 
the formation mechanism of pockmarks in the 

subaqueous Huanghe River delta. The distribution of 
the hard surface layer and unsaturated weak 
underlying layer of the seabed is a critical internal 
factor. Extreme storm waves are essential external 
factors. The wave-induced excess pore pressure and 
seabed seepage are the micro-mechanisms in the 
pockmark formation process. Seepage-related 
features such as seepage channels and mud volcanoes 
are the early forms of pockmarks. Erosion and 
transport caused by waves or currents may contribute 
to reformation of pockmarks at a later stage.  

 5 CONCLUSION 

 Wave-induced seepage and its possible contribution 
to the formation of pockmarks in the Huanghe River 
delta were explored experimentally and numerically. 
Conclusions can be drawn as follows: 

 Laboratory experiments indicate that transient pore 
pressure but no residual pore pressure occurred in the 
silty seabed under cyclic loads, and only amplitude 
damping but no phase lag of the transient pore 
pressure was observed with increasing depth of the 
seabed. With increasing amplitudes of the cyclic loads 
and lower saturation of the underlying layer, the 
transient pore pressure decreased more rapidly in the 
surface layer and the size of the seepage-related 
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 Fig.9 Wave-induced stress and seepage in the Huanghe River delta 
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features such as seepage channels and mud volcanoes 
increased.  

 Pockmarks are directly caused by seabed seepage, 
and the wave-induced excess pore pressure is critical 
in the estimation of seabed seepage. The model based 
on Biot’s consolidation theory can simulate the wave-
induced pore pressure well when considering the 
layers and saturation of the seabed. Extreme wave 
conditions combined with a hard surface layer and an 
unsaturated weak underlying layer can signifi cantly 
enhance the seabed seepage.  

 Our study indicates the following points regarding 
the formation mechanism of pockmarks in the 
Huanghe River delta. The hard surface layer and 
unsaturated weak underlying layer in the seabed is a 
critical internal factor, while extreme wave conditions 
such as storm waves are an essential external factor. 
Seepage-related features such as seepage channels 
and mud volcanoes are the early forms of pockmarks. 
Erosion and transport caused by waves or currents 
may contribute to reformation of pockmarks at a later 
stage.  
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