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ABSTRACT 

In this study, a one-dimensional experimental study for the influence of 
clayey soils on wave-induced liquefaction was reported. The one-
dimensional facility was set-up with a vertical cylinder and a 1.8 m 
thick deposit and 0.2 m thick water above the deposit. Unlike the 
previous experimental study only use a single soil or clay, this study 
use sand-clay mixtures as the experimental sample. A series of 
experiments with 3000 cycles in each test were conducted under 
numerous wave and soil conditions, which allow us to examine the 
influence of wave and soil parameters, especially the influence of clay 
content (CC) on wave-induced liquefaction. It has been confirmed that 
the deposit will become prone to liquefaction with the increase of CC, 
while when CC up to 30%, the mixture sand-clay deposit will almost 
never liquefied. 

KEY WORDS:  1-D cylinder model experiment; wave loading; 
clay content; pore pressure; liquefaction 

INTRODUCTION 

The phenomenon of seabed stability around offshore structures such as 
breakwaters, pipelines, platforms and seawalls has attracted great 
attentions among coastal and geotechnical engineers, due to growing 
activities in offshore environments. The wave-induced liquefaction 
around the offshore structures has been considered as one of key factors 
in the design of coastal structures (Silvester and Hsu, 1989). In addition, 
pore pressure is identified as the key factor in evaluation of seabed 
liquefaction (Sumer and Fredsøe, 2002). Thus, an accurate evaluation 
of the wave-induced pore pressures is desired for engineers involved in 
the design of foundation of marine infrastructures (Jeng, 2013). 

Numerous theoretical studies for the wave-seabed interactions have 
been reported in the literature (Jeng, 2003). In addition to theoretical 
studies, a few experimental studies have been reported. For example, 
two-dimensional wave flume tests (Tsui and Helfrich, 1983; Sumer et 
al., 1999; Zhang et al., 2009); one-dimensional compressive tests (Zen 
and Yamazaki, 1990a; 1990b; Chowdhury et al., 2006; Liu and Jeng, 
2013); centrifuge tests (Sekiguchi and Phillips, 1991; Sassa and 
Sekiguchi, 2001). All aforementioned theoretical and experimental are 

only considered single material, such as sand or silt. The sand-clay 
mixtures were used as the experimental sample to study the influence 
of clay content on wave-induced liquefaction. 

Fig.1: Pressure ratio (|p|/Po) and wave period (T) after: a) Kirca et al. 
(2013), b) Gratchev et al. (2006). 

Gratchev et al. (2006) and Kirca et al. (2013) conducted some 
experimental studies for clayey soils. Fig. 1 presents the relationship 
between the pore pressure ratio and wave period near the non-
dimensional depth of z/h=0.4 from the previous experiments available 
in the literature. As seen in Fig. 1, the wave period used in this study is 
far different from the previous studies. In this study, additional 50 kPa 
static water pressures were added on the harmonic dynamic wave 
pressure to simulate the case with larger water depth. Furthermore, 
more measureable points ( ten points) in the vertical profile of the pore 
pressures were used in this study, especially in the region near the 
seabed surface, which was better to catch the vertical profile of pore 
pressure distributions. 

The aim of this paper is to conduct a series of one-dimensional tests to 
have a better understanding of the influence of clay content on wave-
induced liquefaction. Firstly, the influence of wave parameters (wave 
cycles and wave height) and soil parameters (clay content) will be 
investigated. Then the influence of clay content on wave-induced 
liquefaction will be examined. Finally, the relation between the wave 
cycles and seabed settlement will be discussed. 
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ONE-DIMENSIONAL EXPERIMENTS 

Experimental facility 

The one-dimensional cylinder experimental facility used in this study is 
shown in Fig.2. As shown in this figure, the facility consists of five 
parts, they are the cylinder (A), the balloon tank (B), the cyclic loading 
control unit (C), the data collecting system (D) and the microcomputer 
(E). The facility can operate normally by using the hard plastic tubes 
connect the cylinder, balloon tank and cyclic loading control unit. 

Fig.2: One-dimensional cylinder experimental facility. 

The effective height of the cylinder (item A in Fig. 2) is 2 meters. The 
cylinder consists of ten organic glass cells. Each cell is 200 mm high 
and the inner diameter and outer diameter are 205 mm and 225 mm, 
respectively. The water resistance of each cell is 400 kPa. The cells can 
be connected to each other by O-rings and rubber bands, and some 
silicone grease will be used during this process to keep the tightness of 
the cylinder. After all organic glass cells connected to each other, four 
steel bars and two nylon ropes should be added to keep the stability of 
the cylinder. 

The cyclic loading control unit (item C in Fig. 2) is used to control the 
cyclic air pressures and then supplies them to the rubber airbag in 
balloon tank (item B in Fig. 2). Here, the cyclic air pressures will 

convert to the cyclic water pressures through changing the volume of 
the rubber airbag. Finally, the cyclic water pressures will supply to the 
cylinder to simulate the real wave conditions. 

As illustrated in Fig. 2, ten pore pressure gauges are installed in the 
deposit (P1-P10), while one pore pressure gauge is installed near the 
surface of the seabed (P0). All the pore pressure gauges are strain style 
in the study and their maximum capacity is 200 kPa. The data 
recording system (items D and E in Fig. 2) will record the pore pressure 
data first and then transmitting the data to the microcomputer. The 
model of data taker used in this study is DC3100/5100, which is strain 
style. The experiment data are logged using the incidental software 
DC31-701. This software is capable of displaying real-time data on the 
microcomputer screen. 

Sand used in the experiment 

The experiments were made with sand and sand-clay mixtures. 
Therefore the properties of sand used in the study will be introduced 
first. Fig. 3 presents the grain size distribution curve of the sand used in 
the experiment and the basic properties of which are shown in Table 1. 
The sand used in this study is ‘fine sand’ through Fig. 3 and Table 1. 

Fig.3: Grain size distribution curve of sand used in the experiment. 

Table 1: Basic properties of sand used in the experiment 

Specific gravity sG 2.67
Mean grain size 50D  ( mm ) 0.157  
Maximum void ratio maxe 0.92  
Minimum void ratio mine 0.53  
Initial void ratio avge 0.63  

Soil permeability K  ( m s ) 40.8 10

Shear modulus G  ( 2N m ) 71.43 10

Soil saturation S (-) 99.6%  

Clay used in the experiment 

The clay used in this experiment was a pure illite, which is an 
important part of Shanghai clay. Fig. 4 illustrates the grain size 
distribution curve of the illite used in the experiment, which was 
determined by the hydro-suspension method. Furthermore, Table 2 
shows the basic properties of illite used in the experiment, which were 
determined by the conventional soil tests, such as odeometer test or 
triaxial test. 
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Table 2: Basic properties of illite used in the experiment 
 

Specific gravity sG  2.71  
Mean grain size 50D  ( mm ) 0.0022  
Initial void ratio avge  0.985  

Plastic limit Pw   (-) 28.06%  
Liquid limit Lw   (-) 42.56%  
Plasticity index PI   (-) 14.5%  
Friction angle   (degrees) 19.6  
Cohesion C  ( kPa ) 5.46  
Soil permeability K  ( m s ) 96.4 10  
Shear modulus G  ( 2N m ) 70.47 10  

 
 

 
Fig.4: Grain size distribution curve of illite used in the experiment. 

 
Preparation of sand-clay mixtures 
 
To mix the sand and illite uniform, a laboratory mixer was used during 
this process. The model of the mixer is HengLian B20-G. The 
maximum speed of the mixer is 400 r/min, which is enough to make the 
mixing process uniform. The mixing process is as follows: first a 
known quantity of air-dried illite was placed in the bucket of the mixer. 
Subsequently, a known quantity of degassed water was added into the 
bucket and mixed with illite until it reached twice the liquid state. Then, 
the sand with a known quantity was gradually added in the mixed while 
the mixer was running continuously with a low speed. Finally, after all 
the sand added in the mixer, increase the speed of the mixer for several 
times and the sand-clay mixtures were successfully prepared. When 
necessary, degassed water would slowly added during the process of 
mixing. 
 
The basic properties of sand-clay mixtures are listed in Table 3. The 
clay content in this study were CC (%), which is defined as 

c mCC W W . Here cW and mW  are the weight of clay and mixtures, 
respectively. As shown in Table 3, the clay contents used in this study 
were CC =0%, 7.5%, 15.8% and 31.2%, respectively. The properties 
of sand-clay mixtures are also determined by the conventional soil tests.  
 

Table 3: Basic properties of sand-clay mixtures 
 

Clay 
content 
(CC %) 

Friction 
angle   
(degrees) 

Soil 
density 

s  

( 3g cm ) 

Soil 
permeability 
K  ( m s ) 

Shear 
modulus 
G  
( 2N m ) 

Soil 
saturation 
S (-) 

0  41.1  1.643  40.8 10  71.43 10  99.6%  
7.5  39.7  1.555  50.52 10  70.94 10  97.1%  

15.8  30  1.465  60.72 10  70.66 10  93.2%  
31.2  23.7  1.411 70.85 10  70.53 10  90.5%  
 
In Table 3, the soil permeability ( K ) of sand-clay mixtures, an 
important parameter in the liquefaction, was determined by square root 
of time method with odeometer tests. The soil permeability will 
decreases with the increases of clay content. In addition, although the 
degassed water were used in all the tests, the soil saturation will 
increases with the decreases of clay content, this is because when the 
clay content is significant in the deposit, it is hard to saturate 
completely for such a 1.8 meters height sample. 
 
Experimental procedure 
 
In this study, a total of eight tests were carried out. The details of the 
test conditions are listed in Table 4. The thicknesses of the deposit and 
water depth are all 1.8 meters and 0.2 meters in the experiment. 
Furthermore, 50 kPa additional water pressures were added during the 
experimental process, which represents 5.0 meters water depth, 
together with the 0.2 meters water above the deposit, leading to 5.2 
meters water depth totally. To ensure the environmental loadings to be 
simulated appropriate, no breaking wave occurs for all the wave 
conditions used in the experiment with the following breaking wave 
criterion, 

0.142 tanh( ) or 0.78H Hkd
L d
                         (1) 

 
where H is wave height, L is wave length ( 2k L ), d is water 
depth. The wave height and wave length can be calculated by linear 
wave theory with the parameters in Table 4. 
 

Table 4: Details of test conditions used in the experiment 
 
Test 
No. 

Clay 
content 
(CC %) 

Pressure 
amplitude 
2 mP  ( kPa ) 

Wave 
period 
T ( Sec ) 

Water 
depth 
d ( m ) 

Additional 
static 
water 
pressure  

1  0  12.103  9  0.2  50kPa  
2  0  34.32  9  0.2  50kPa  
3  7.5  12.103  9  0.2  50kPa  
4  7.5  34.32  9  0.2  50kPa  
5  15.8  12.103  9  0.2  50kPa  
6  15.8  34.32  9  0.2  50kPa  
7  31.2  12.103  9  0.2  50kPa  
8  31.2  34.32  9  0.2  50kPa  

Note: 1. The number of wave cycles, cN , in each test is 3000. 

2. mP  denotes the pressure amplitude provided by the cyclic loading 
control unit in the experiments. 
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(a) 0%CC   

 
(b) 7.5%CC   

Fig.5: Pore pressures response versus time in various depth for different clay contents ( CC ). 
 
Before applying the wave loading, the sand-clay mixtures deposit filled 
with degassed water in cylinder should be placed for days to saturate. 
At the same time, nearly 100 kPa static pressure would be added on the 
deposit to simulate the real shallow water conditions. 
 
During the experimental processes, the cyclic wave loadings were 
applied on the deposit in a certain way. 3000 wave cycles were 
performed in each test. All the tests were videotaped with a camera 
shooting through the glass cell. After each test was completed, the 
sand-clay mixtures in the cylinder will be removed and the new 
mixtures will be filled in for the next test. 
 
RESULTS AND DISCUSSION 
 
Attenuation and phase lag of pore pressures 
 
Pore pressures attenuation and phase lag was considered to be an 
important factor of seabed liquefaction. In this experiment, attenuation 
and phase lag of pore pressures are also observed clearly. Fig. 5 shows 
the pore pressure response versus time in different depth for different 
clay contents, in which Fig. 5a presents the pore pressures recorded at 
different depth in Test 1, while Fig. 5b illustrates the pore pressures 
recorded at different depth in Test 3. The depth are corresponding to 
the pore pressure gauges P1, P5 and P7 (referring to Fig. 2), 
respectively. In addition, the equilibrium position of pore pressures is 

not zero in Fig. 5. This is because there has a constant water pressure 
difference between the cylinder and balloon tank in Fig. 2. 
 
As shown in Fig. 5a, the wave-induced pore pressures attenuation and 
phase lag phenomenon is very obvious. The maximum amplitude of 
pore pressures recorded by P7 is only 75% of that recorded by P1, 
which indicates the attenuation of pore pressure. Furthermore, Fig.5a 
presents the pore pressures recorded at P7 is delayed by approximately 
1 sec compared to that recorded by P1, which is 40o phase out of one 
wave cycle (360o). The pore pressures recorded in Fig.5a present the 
phenomenon of ‘oscillatory’. 
 
The wave-induced pore pressures attenuation and phase lag 
phenomenon is also clearly shown in Fig. 5b. The maximum amplitude 
of pore pressures recorded by P7 is only 15% of that recorded by P1, 
while the pore pressures recorded at P7 is delayed by approximately 3.5 
sec compared to that recorded by P1, which is 140o phase out of one 
wave cycle (360o). That is, with the clay content added in the deposit, 
the phenomenon of pore pressures attenuation and phase lag become 
more apparent. Furthermore, the residual pore pressures were observed 
in the pore pressures recorded by P5 and P7, especially in P7. This may 
be because with the addition of clay content, the soil permeability of 
the sandy-clay deposit becomes smaller, which leads to the generation 
of residual pore pressures, especially in the lower part of the deposit. 
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(a) 0%CC   

(c) 15.8%CC   

(b) 7.5%CC   

(d) 31.2%CC 

Fig.6: Vertical distributions of the maximum amplitudes of wave-induced pore pressures ( 0p P ) versus the wave height ( H ) in different wave 

cycles ( cN ) for different clay content ( CC ). 

Effects of wave and soil parameters 

Wave and soil parameters are very significant for the analysis of the 
wave-induced soil response. Fig.6 presents the vertical distributions of 
the maximum amplitudes of wave-induced pore pressure ( 0p P ) 

versus the wave height ( H ) in different wave cycles for different clay 
content. Specifically, Fig.6a illustrates the pore pressures measured in 
Tests 1 and 2; Fig. 6b illustrates the pore pressures measured in Tests 3 
and 4; Fig. 6c illustrates the pore pressures measured in Tests 5 and 6; 
while Fig. 6d illustrates the pore pressures measured in Tests 7 and 8. 

Firstly the effects of wave cycles will be discussed. As shown in Fig. 6, 
overall speaking, with the increases of wave cycles, the maximum 
amplitudes of wave-induced pore pressures will decreases. This 
phenomenon is more obvious when the clay content added in the 
deposit. Furthermore, the increases of wave height will expand the 
influence of wave cycles. 

Regarding the effects of wave height, as presented in the above figures, 

with the decreases of wave height, the maximum amplitudes of wave-
induced pore pressures will decreases in any soil conditions. This may 
be because a lower wave height leads to a smaller wave steepness, 
which is the ratio of wave height to wave length, and the maximum 
amplitudes of wave-induced pore pressure decreases as wave steepness 
decreases (Jeng, 2013). 

Finally, the effects of clay content will be investigated. The maximum 
amplitudes of wave-induced pore pressures in any wave conditions will 
decreases through the comparison between Fig. 6a and Fig. 6b. That is 
to say, with the increases in a certain range of clay content in the 
deposit, the wave-induced pore pressures will decreases. On the 
contrary, the maximum amplitudes of wave-induced pore pressures in 
any wave conditions will increases through the comparison between 
Fig.6c and F ig. 6d, i.e., with clay content continues to grow, the wave-
induced pore pressures will increases. Through the comparison between 
Fig. 6a and Fig. 6d, we can see that when the clay content is more than 
30%, the maximum amplitudes of wave-induced pore pressures in any 
wave conditions will reach the maximum. 
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Wave-induced liquefaction 

It has been well known that when the value of the excess pore pressure 
exceeds the value of the overburden pressure, the seabed may be 
liquefied. Based on the criterion of liquefaction proposed by Zen and 
Yamazaki (1990a), the liquefaction state can be determined as follows: 

   '
0 0z s w z p P         (2) 

where s  and w  are the unit weight of the soil and water, respectively. 

Fig.7: Influence of clay content on wave-induced liquefaction. 

Fig. 7 presents the vertical effective stress ( '
z ) versus the seabed 

depth ( z ) for different clay content in the deposit. 

As illustrated in this figure, when the deposit is only consists of sand 
( 0%CC  ), the maximum liquefaction depth of the deposit is 0.38 
meters; when the clay content in the deposit added to 7.5%, the 
maximum liquefaction depth of the deposit will increased to 0.71 
meters; when the clay content in the deposit added to 15.8%, the 
maximum liquefaction depth of the deposit will continue to grow to 
0.83 meters; when the clay content in the deposit added to 31.2%, the 
maximum liquefaction depth of the deposit will decreased sharply to 
only 0.1 meters, which indicates that the seabed liquefaction almost did 
not happen. 

Through the analysis of Fig. 7 we can conclude that the maximum 
liquefaction depth of the deposit will increases with the increases of 
clay content in the deposit in a certain range, while with the clay 
content continuous increases to nearly 30%, the seabed liquefaction 
almost did not happen in the experiment. Furthermore, adding clay 
contents into sand seabed over 30% may be a possible effective 
solution strategy in the practical engineering to prevent seabed 
liquefaction. 

Settlement of the deposit 

Most theoretical studies assumed that the seabed height remains a 
constant during the wave loadings. However, in our experiments, the 
deposit height was observed to vary during the loading. That is, the 
initial deposit height is 1.8 meters in the experiment, however, the 
deposit height changed once the deposit became unstable, the sandy 

deposit height would move up and down and finally a settlement 
occurred. Furthermore, this phenomenon is also recorded by the length 
measuring tools (accuracy is 0.1 mm) after a certain wave cycles. The 
height of the deposit will be recorded 12 times during the whole 3000 
wave cycles in each test. Fig.8 shows the distributions of deposit 
thickness ( m ) versus the wave cycles ( cN ) for different clay content. 
The data illustrated in Fig. 8 were measured in Tests 2, 4, 6 and 8, 
respectively. As mentioned by Liu et al. (2013), the reason of the 
seabed settlement can divided into two parts, the combined effect of 
soil liquefaction and changing of soil relative density led to seabed 
settlement. 

As presented in the figure, when the deposit is only consists of sand 
( 0%CC  ), the seabed thickness will first uplift to 1.806 meters and 
finally settled to 1.793 meters; when the clay content in the deposit 
added to 7.5%, the seabed settlement will increases and finally settled 
to 1.741 meters; when the clay content in the deposit added to 15.8%, 
the seabed settlement will continue to grow and finally settled to 1.705 
meters; on the contrary, when the clay content in the deposit added to 
31.2%, the seabed settlement will decreases and finally settled to 1.788 
meters.  

The reason may be mainly caused by soil liquefaction. As shown in Fig. 
7, the maximum liquefaction depth of the deposit will increases with 
the increases of clay content in the deposit in a certain range, therefore, 
the seabed settlement will also increases from CC=0% to CC=15.8%. 
Furthermore, when the clay content continuous increases to nearly 30%, 
the seabed liquefaction almost did not happen in the experiment, 
therefore the seabed settlement will decreases from CC=15.8% to 
CC=31.2%. 

Fig.8: Distributions of seabed thickness versus the wave cycles ( cN ) 
for different clay content. 

CONCLUSION 

In this study, a series of one-dimensional cylinder experiments for 
wave-induced pore pressures in sand-clay mixtures deposit under wave 
loading were carried out. Based on the experimental results, the 
following conclusions can be drawn: 

(1) The attenuation and phase lag of wave-induced pore pressures are 
clearly observed in both sandy deposit and sand-clay mixtures 
deposit. This phenomenon will become more apparent in sand-clay 
mixtures deposit.  
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(2) The residual pore pressures were observed in the lower part of the 
sand-clay mixtures deposit. This may because the soil permeability 
of the sandy-clay deposit becomes smaller, which leads to the 
generation of residual pore pressures. 

 
(3) The maximum amplitudes of wave-induced pore pressures in any 

wave conditions will decreases with the increases in a certain range 
of clay content in the deposit. While with clay content continues to 
grow, the maximum amplitudes of wave-induced pore pressures in 
any wave conditions will reach the maximum. 

 
(4) The maximum liquefaction depth of the deposit will increases with 

the increases of clay content in the deposit in a certain range, while 
with the clay content continuous increases to nearly 30%, the 
seabed liquefaction almost did not happen in the experiment. 
Furthermore, adding clay contents into sand seabed over 30% may 
be a possible effective solution strategy in the practical engineering 
to prevent seabed liquefaction. 

 
(5) The phenomenon of seabed settlement have been observed and 

recorded in the experiment and soil liquefaction is the main reason 
for this phenomenon. 
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