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 17 

Abstract 18 

When ocean waves propagate over porous seabed, they cause variations of the pore 19 

pressure within seabed, leading to the possible wave attenuation and soil liquefaction. 20 

In order to advance and improve our understanding of the process of wave-induced 21 

seabed liquefaction and its impact on wave propagation, systematical experiments are 22 

carried out in a wave flume with a soil basin filled with silt. Both the pore pressures 23 

and water surface elevations are measured simultaneously, while the seabed 24 

liquefaction is videotaped using a high-speed camera. Laboratory measurements show 25 

that the pore pressure in surface layer mainly oscillates over time, while the wave 26 

period averaged pore pressure has little change. In the deep layer, however, the wave 27 

period averaged value of the pore pressure builds up dramatically. The results show 28 

that the wave height decreases rapidly along the direction of wave propagation when 29 

seabed liquefaction occurs. Such a wave attenuation is greatly enhanced when the 30 

liquefaction depth further increases. The experiments also demonstrate that the 31 

conditions (wave height and wave period) of incident waves have significant impacts 32 

on the wave-induced pore pressures, liquefaction depth and wave attenuation in a silt 33 

bed. 34 

 35 

Keywords：Liquefaction; Wave Attenuation; Excess Pore Pressure; Silt bed; Water 36 

Waves 37 
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 38 

1. Introduction 39 

When wave-induced pressure exerts on the surface of the highly saturated seabed, the 40 

pore pressure within the seabed will vary with time and the cyclic changing shear 41 

stress will occur due to wave loading. The emergence of the excess pore pressure 42 

results in an instant variation of effective stresses. Such effective stresses and their 43 

corresponding soil strength will decrease when the excess pore pressure increases. 44 

Under certain conditions, the effective stresses vanish and the soil behaviors as a 45 

viscous fluid, which has no resistance to any shear loading. This phenomenon is the 46 

so-called Liquefaction (Sassa and Sekiguchi, 2001). This situation is frequently 47 

encountered in the marine environment with potential serious catastrophic 48 

consequences. For example, liquefaction induced by the wave-seabed interactions 49 

may result in an incline of offshore oil platform and serious subsidence of breakwaters. 50 

This demonstrates that the wave-seabed interactions have considerable impacts on the 51 

foundation stability of offshore infrastructures. 52 

 53 

As ocean waves propagate over a seabed, the soil deformation will dissipate part of 54 

wave energy. The displacement of soil particles in soil layer increases significantly 55 

once the soil is liquefied. As such, the specific Coulomb friction loss (Yamamoto and 56 

Takahashi, 1985) increases rapidly and the wave height attenuates accordingly. This 57 

phenomenon has been studied since 1958 (Goda, 1958; Mathew et al., 1995), 58 

demonstrating that it is important to consider the impacts of seabed liquefaction on 59 

accurate wave prediction. 60 

 61 

Due to its practical importance and theoretical interest, the mechanism of 62 

wave-seabed interactions has been theoretically and numerically investigated in the 63 

past several decades. For example, various models considering the porous seabed as a 64 
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poro-elastic material were developed for this purpose (Biot, 1941; Yamamoto et al., 65 

1978; Hsu and Jeng, 1994; Zhang et al., 2011, Zhang et al., 2012; Lin et al., 2016; Sui 66 

et al., 2016). Although the build-up of the pore pressure due to contractive soil 67 

behavior was out of the scope of the above models, these models provide reasonable 68 

results if the plastic deformation of seabed was negligible. These studies show that the 69 

excess pore pressure fluctuates around a constant value and the period-averaged 70 

excess pore pressure almost remains the same. Momentary liquefaction may occur 71 

under certain wave conditions when the amplitude of excess pore pressure exceeds the 72 

initial effective stress (Sumer and Fredsøe, 2002). However, for the cohesive seabed 73 

(such as, silt or clay) with low permeability (Tzang et al., 2009), the wave-induced 74 

plastic deformation cannot be neglected (Sekiguchi et al., 1995). In these situations, 75 

the seabed response becomes highly nonlinear and the residual pore pressure is 76 

generated. Meanwhile, the propagation velocity of the shear waves becomes 77 

comparable to that of the water wave. If the shear stress ratio is sufficiently large that 78 

the wave-induced residual pore pressure exceeds the initial vertical effective stress, 79 

the residual liquefaction will occur. On this occasion, the porous elasto-plastic 80 

theories considering the importance of contractive soil behavior under wave loading 81 

are needed (Sassa and Sekiguchi, 2001; Miyamoto et al., 2004; Jeng and Ou, 2010; 82 

Liao et al., 2015). 83 

 84 

Laboratory experiment is another common approach to investigate the soil response to 85 

the wave action. The primary experimental studies mainly include the water flume 86 

experiments (Tzang and Ou, 2006; Sumer et al., 2010; Zhang et al., 2016) and 87 

cylinder experiments (Zen and Yamazaki, 1990; Liu et al., 2015), which generally 88 

focus on the seabed instability induced by liquefaction. However, it is worth of 89 

pointing out that the cylinder experiments only consider the excess pore pressure 90 
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induced by macroscopic compression, while the water flume experiments investigate 91 

the excess pore pressure evolution characteristics under both the compression and 92 

shearing actions. The exception is the study of Sekiguchi et al. (1995), in which a 93 

centrifugal wave tests have been used to investigate the excitation of the excess pore 94 

pressure within the seabed as well as the seabed liquefaction under wave action. In 95 

centrifuge experiments, because the centrifugal acceleration is much larger than the 96 

gravitational acceleration, it can correctly represent the stress level at the field tests in 97 

the small-scale centrifuge wave tests. Some other studies indicate that sediment 98 

transportation is closely related to the seabed liquefaction (Tzang et al., 2009; Jia et al., 99 

2014). The suspended sediment concentration near the mud-line increases 100 

substantially once the soil liquefied. The soil will experience a compaction process 101 

after liquefaction and the residual pore pressure will dissipate gradually. As a result, 102 

ripples will be formed on the bed, when the compaction process is completed 103 

(Miyamoto et al., 2004; Sumer et al., 2006). 104 

 105 

As to waves, when seabed is liquefied, the velocity field near water-soil interface 106 

changes (Tzang et al., 2011) in which the horizontal velocity component decreases 107 

while the vertical velocity component significantly increases almost synchronously 108 

during the build-up stage of pore pressure. In front of breakwater, seawalls, and large 109 

caisson structures, standing waves will occur and the possible liquefaction induced by 110 

these standing waves is particularly investigated by Sassa and Sekiguchi (1999) and 111 

Wang et al. (2014). Compared to progressive wave, standing wave induced 112 

liquefaction exhibits some different features. For example, the pore pressure builds up 113 

rapidly near the node and subsequently the pore water spreads out towards the 114 

antinodes (Kirca et al., 2013). In addition, standing wave has a significant impact on 115 

the stability of coastal and offshore structures. 116 
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 117 

Although a substantial amount of knowledge has been gained on wave-seabed 118 

interactions, majority of these studies only consider the changes of seabed, e.g. pore 119 

pressures, soil stresses or volume deformation. There is little study considering the 120 

wave evolution in the period of the excess pore pressure build-up to soil liquefaction. 121 

Mathew et al. (1995) found that the wave attenuation was correlated to fluid mud 122 

generated by mud banks liquefaction in their situ examination. Unfortunately, there 123 

was no information reported about the pore pressure evolution within the seabed 124 

during this process. Using physical experiments, de Wit and Kranenburg (1996) found 125 

that the turbulence intensities in the water layer decreased and wave decay was 126 

observed when waves propagated over a layer of fluid mud. However, there is no 127 

information about the pore pressure reported in their study. 128 

 129 

The purpose of this study is therefore to investigate the response of silt bed to 130 

progressive waves and the corresponding wave attenuation using laboratory 131 

experiments. Both the pore pressure in the soil and the wave height are measured in 132 

the laboratory tests. The development process and features of the excess pore pressure 133 

in silt bed are analyzed. Significant attenuation of wave height has been observed 134 

once the seabed liquefied and it has close relationship with seabed response. 135 

 136 

2. Experimental facilities, measurements and procedure 137 

2.1 Wave flume and instrumentations 138 

A water wave flume with a dimension of 48 m (length) × 0.5 m (width) × 1 m (height) 139 

is used for laboratory experiments. The flume is equipped with a piston-type wave 140 

maker and wave energy absorbing sloping beaches at two ends of the flume. As 141 

shown in Fig.1(a), a soil basin with a dimension of 5.3 m (length) × 0.5 m (width) × 142 
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0.4 m (height) is formed by two artificial trapezoids (false floors) in the middle of 143 

wave flume. The inclined plane of the trapezoid located near the wave maker forms a 144 

gentle ramp with a slope of 1:10. The false floor and the gentle ramp provide smooth 145 

transition for wave propagation. A ramp with a slope of 1:2.5 is inserted at the other 146 

end of the trapezoid near the wave energy absorbing beach side. 147 

 148 

The excess pore water pressure and water surface elevation are measured in the 149 

experiments. The excess pore pressure induced by the waves is recorded by ten 150 

miniature pore pressure transducers (PPTs) whose diameter is 6mm and is covered by 151 

an argil filter (see Fig. 1(b)). In particular, one PPT is installed at the mud-line surface 152 

to measure the pressure exerted on the bed surface and also serves as a reference 153 

measurement. Six conventional capacitive wave gauges are utilized to measure the 154 

water surface elevation and their locations are shown as in Fig. 1(a). The sampling 155 

frequency of the wave gauges and pore pressure transducers is set to 50 Hz for all 156 

experiments. 157 

 158 

2.2 Soil parameters 159 

The soil used in the experiments is a commercially available silica flour, which is silt 160 

type (mainly mineral composition of silica, alumina) with a mean grain size d50=0.042 161 

mm. Physical properties of the silt are listed in Table 1, in which maxe  and mine  are 162 

the volume void ratio of the loosest and the densest state, respectively, and e is the 163 

void ratio. The sample is taken from the point 20 cm below the mud-line in the middle 164 

of basin after the experiment. rD  is the relative density defined as 165 

 
max

max min

r

e e
D

e e




  (1) 166 

The soil porosity (n) is related to the void ratio as (1 )n e e  . The submerged 167 
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specific gravity of the sample is given by   1 s wn     , where w  and s  168 

are the specific weight of water and soil grains, respectively. In saturated seabed it can 169 

be written as t w     , where t  denotes the total specific weight of soil 170 

calculated as 1t s e e         with s representing the ratio of the specific weight of 171 

soil grains to that of water. 172 

 173 

2.3 Test conditions 174 

The test conditions are summarized in Table 2. The water depth (h) of all tests is kept 175 

as constant of 35cm. In Table 2, H and T denote the wave height and wave period, 176 

respectively. Um is the maximum value of the orbital velocity at the bed surface, and 177 

Ufm is the maximum value of the undisturbed friction velocity which is given by 178 

 
2

 w
fm m

f
U U  (2) 179 

where fw is wave friction coefficient given by 2w ef R , and Re is the Reynolds 180 

number defined as  e mR aU v , where a is the amplitude of the orbital motion of 181 

water particles at the bed and can be calculated according to linear wave condition, v  182 

is the kinematic viscosity of water. The Shields parameter θ is defined as 183 

  

2

501

fm

s w

U

g d


 



 (3) 184 

in which g is the acceleration due to gravity, s  and w  are the density of soil 185 

particle and water, respectively, d50 is the median particle size for which 50 percent of 186 

particles by weight are finer. 187 

 188 

2.4 Test procedure 189 

The procedure adopted in the experiments is summarized as follows: 190 
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(1) The flume including soil basin is emptied and cleaned, while the PPTs are placed 191 

under water for 24h and exhausted to guarantee the argil filter covers being free 192 

of air. 193 

(2) The soil basin is filled with water and the PPTs are installed at the prescribed 194 

specific positions (see Fig. 1(b)). 195 

(3) An electric handheld mixer is then used to thoroughly mix the soil and water into 196 

thick slurry in an iron container. The thick slurry is then uniformity injected into 197 

the soil basin to form a layer of the soil bed which is allowed to settle and 198 

consolidate for several hours. This process is repeated until the mud-line reaches 199 

the top rim of the trapezoids. The surface of the seabed is then leveled off 200 

smoothly. 201 

(4) Water is slowly pumped into the flume until the designated depth is reached. The 202 

seabed is then allowed to have final settle and consolidation for several days. 203 

(5) The wave height gauges are installed at the prescribed specific positions for the 204 

monitoring and measurement of water elevations. 205 

(6) The experimental run starts by switching on the wave maker, PPTs and wave 206 

height gauges. The relevant experimental data are recorded, measured and 207 

collected accordingly for a certain period as required. 208 

 209 

3. Liquefaction Criterion 210 

When wave trains propagate over the silt bed, as shown in Fig. 2, they will generate 211 

the pore pressure, which varies from the hydrostatic value (ust) to u. This generates the 212 

excess pore pressure, u-ust, denoted as ue. As suggested by Sassa and Sekiguchi (1999), 213 

the excess pore pressure ue can be divided into two components, namely 214 

 
(1) (2)

e e eu u u   (4) 215 

where 
(1)

eu  represents the oscillatory component whose temporal average over any 216 
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wave period is zero by definition; 
(2)

eu  stands for the residual pore pressure, which 217 

essentially stems from cyclic plasticity (contractive behavior) of the soil and is 218 

calculated as: 219 

 
0.5

(2

5

)

0.

1 t T

e e
t T

u u dt
T




   (5) 220 

Previous experimental studies show that both 
(2)

eu and eu  has a peak value, denoted 221 

respectively as ma

(2)

x，eu  and max，eu . 222 

 223 

In previous experimental studies, when the residual pore pressure (
 2

eu ) exceeds the 224 

initial vertical effective stress, the soil is considered as liquefied (Foda and Tzang, 225 

1994; Sassa and Sekiguchi, 1999). This is the state of soil skeleton eventual failure. 226 

The weight of soil particle is supported by the pore fluid. Following these studies, the 227 

excess pore pressure (
 2

eu ) is taken as the liquefaction discrimination index in this 228 

study, which can be expressed as 229 

 
(2) 0eu z   (6) 230 

where z indicates the vertical coordinate of a generic point, as defined in Figure 2. 231 

 232 

4. Results and discussions 233 

4.1 Observations 234 

In the present study, the experimental tests including both liquefaction and 235 

non-liquefaction cases are videotaped by using a high-speed camera which is placed 236 

outside the flume. In Test 1 (non-liquefaction case), the visibility of water is generally 237 

good although a few soil particles are suspended by wave generated turbulence. It is 238 

found that the suspended sediment concentration is very low. Moreover, the 239 

suspended particles are mainly distributed near the bottom of water body. The silt bed 240 
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has little change over time. Figure 3(a) is a time series of video frames taken during 241 

this test. However, a different phenomenon is observed in the other tests when 242 

liquefaction occurs during the experiments as shown in Figure 3(b). In this situation, 243 

the suspended sediment concentration increases rapidly after several cycles of wave 244 

loading, resulting in a turbid water. An obvious back and forth motion of soil particles 245 

(acting as heavy fluid) is observed to appear at the surface layer of the silt bed. Due to 246 

poor visibility, the water-soil bed interface is indicated by using yellow dash lines in 247 

Figure 3(b). In order to clearly show the oscillation of liquefied soil, a time series of 248 

closely recorded video shots are shown in Figure 4 for Test 6. The figure shows that 249 

the oscillation amplitude of the liquefied soil is about 0.55 cm. It is seen that the 250 

sandy clouds (Tzang et al., 2009) rise from the silt bed surface. These sandy clouds 251 

are thought to be generated by the velocity shear stress at the seabed surface. 252 

 253 

After the wave maker is switched off (i.e., the wave loading is stopped), the soil is 254 

consolidated under its self-gravity. This process takes a long time because the 255 

pore-water drains out slowly. Observations reveal that there are many tiny cracks 256 

distributed in the surface layer of silt bed during this period (see Fig. 5). These cracks 257 

are probably due to the relatively small consolidation stress and the weak resistance of 258 

soil skeleton at the silt bed surface, forming the seepage channel for pore water. This 259 

observed phenomenon differs from that observed by Sumer et al. (2006). In their 260 

experiments (d50=0.060 mm), they observed the formation of ripples at the soil 261 

surface during the consolidation period. This discrepancy may be mainly ascribed to 262 

the fact that the finer soil particles are used in the present study. 263 

 264 

4.2 Soil response 265 

In the present experiments, two types of pore pressure response are found and 266 
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measured. The first one shown in Fig. 6(b) is similar to the dynamic water pressure 267 

measured at the interface (see Fig. 6(a)), in which the horizontal axis  is the number 268 

of wave cycle, N. As shown in the figure, the residual component of pore pressure is 269 

negligible and the oscillatory mechanism will dominate the whole process. This type 270 

of pore pressure response is always found at the surface layer of the soil (e.g. in Point 271 

2 and Point 3). This phenomenon is mainly due to two factors: (1) the pore water 272 

drains out quickly as the soil is loose and the permeability is relatively high at the 273 

surface layer; (2) the buried depth of the PPT at the surface layer changes with 274 

elapsed experimental time due to the sediment transport and scour. On one hand, the 275 

soil particles are affected by the wave induced oscillatory flow and partial soil 276 

particles suspended. On the other hand, the liquefied soil layer oscillates over time 277 

like the water wave as shown in Fig. 4 though the oscillation amplitude and period 278 

differ from those of water wave. The wave and liquefied seabed may be simulated as a 279 

two-layer flow system (Sassa and Sekiguchi, 1999) 280 

 281 

The other type of pore pressure response is shown in Fig. 6(c), which indicates that 282 

the residual component of the pore pressure significantly increases after several cycles 283 

of wave loading due to the plastic deformation of the soil. It is seen that the amplitude 284 

of oscillatory pore pressure increases quickly during the accumulation process of pore 285 

pressure. This is because the elastic deformation of soil grows since the resistance of 286 

soil decreases under the cyclic wave loading. As a result, the amplitude of oscillatory 287 

pore pressure increases. 288 

 289 

4.2.1 Comparison with numerical simulation 290 

Some theoretical studies for the wave-induced pore pressure accumulation in marine 291 

sediments have been carried out since 1978 (Seed and Rahman, 1978). Most previous 292 
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studies including analytical and numerical models have based on Seed and Rahman’s 293 

(1978) model. In their approach, the source term, representing the pore pressure 294 

generation due to oscillatory shear stresses, was included in the conventional 295 

consolidation equation. The maximum oscillatory shear stress amplitude during the 296 

wave loading was used in their 1D model. Based on this 1D model, several analytical 297 

solutions were proposed (McDougal et al., 1989; Sumer and Fredsøe, 2002; Jeng and 298 

Seymour, 2007). Recently, Jeng and Zhao (2015) further extended this 1D 299 

Seed-Rahman model to 2D and introduced the new definition of source term in the 300 

governing equations by instant amplitude of oscillatory shear stresses. 301 

 302 

In this section, we further compare our experimental results with Jeng and Zhao (2015) 303 

2D numerical model. The results of both models with the maximum shear stress and 304 

instant shear stress under linear wave loading are included in Figure 7(a). As shown in 305 

the figure, the instant model provides a better prediction of residual pore pressure than 306 

the maximum model (at t=100 s). Figure 7(b) is the comparison between numerical 307 

simulation (solid lines; Jeng and Zhao, 2015) and the present experiments (symbols) 308 

for various wave heights. As shown in Figure 7(b), the numerical model (Jeng and 309 

Zhao, 2015) can only predict the pore pressure with reasonable accuracy for small 310 

wave height (i.e. Test 1), while large deviation exists between the numerical 311 

simulation and experimental measurements for large wave heights. Referring to Table 312 

2, for the case presented in Figure 7(a), no liquefaction occurs in Test 1. For other 313 

three cases with larger wave heights, liquefaction occurs. This explains why the 314 

numerical model cannot provide a prediction with acceptable accuracy because it does 315 

not work for the case after liquefaction. To further investigate the process of 316 

post-liquefaction, the 1D progressive liquefaction model (Sassa and Sekiguchi 2001; 317 

Liu et al., 2008) needs to be further extended to 2D for other tests. 318 
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 319 

4.2.2 Effects of wave height 320 

In order to investigate the effects of wave height on soil response in vertical direction, 321 

the tests with a wave period of 1 s are chosen for demonstration purpose. The 322 

maximum excess pore pressure at profile A-A is plotted in Fig. 8 in which the dash 323 

line represents the liquefaction line; while the dots indicate the measured maximum 324 

pore pressure. According to the liquefaction criterion described in Section 3, the wave 325 

height of 4 cm is the only no-liquefaction case as all 
(2)

,maxeu
 
points are below the 326 

liquefaction line. This means that the maximum values of the residual pore pressure 327 

are smaller than the incipient vertical effective stress for liquefaction (e.g. 328 

(2)

,max / 0.31eu 'd   at d=2 cm, (2)

,max / 0.07eu 'd   at d=9 cm and (2)

,max / 0.014eu 'd   329 

at d=27 cm). The soil liquefaction takes place for other cases and the liquefaction 330 

potential increases with the increase of wave height. This phenomenon can be 331 

explained as following from the point of view of soil dynamics. 332 

 333 

Once the wave loading exerts on soil bed, it induces the volumetric strain, effective 334 

stresses and the pore pressure variation within soil bed. The effective stresses induced 335 

by waves can be divided into two parts: 336 

 p σ δ s  (7) 337 

where σ is the total effective stresses, p represents the value of spherical stress, δ  is 338 

Kroenke symbol and s indicates the deviatory stress. The storage equation of the 339 

deformable soil with compressible pore water can be expressed as 340 

 
eu

n
t t




 
   

 
q  (8) 341 

where   is the total volumetric strain due to wave loading, β is the coefficient of 342 

compressibility of the pore water,   is the Hamilton operator, q  represents the 343 
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discharge velocity of the pore water. According to the Darcy’s law, the component of 344 

q  can be given as 345 

  e s e
s

w i

i

i w

u k u
q k h d

x x 

  
      

  
 (9) 346 

where ks is the permeability of the seabed. The total volumetric strain of silt induced 347 

by cyclic wave loading also consists of two parts, an elastic component ( e ) and a 348 

plastic component ( p ): 349 

 = e p    (10) 350 

The elastic component ( e ) is recoverable during each wave cycle which is mainly 351 

related to the spherical stress: 352 

 ed Kdp   (11) 353 

where K is the bulk modulus of soil. The plastic component ( p ) can be indicated by 354 

the cycle stress ratio. For a large wave height, the wave induces a great value of 355 

deviatory stress (s) and cyclic stress ratio in the silt bed (Sassa and Sekiguchi, 1999). 356 

As the result, the maximum pore pressure grows and approaches to the liquefaction 357 

line. Consequently, the maximum liquefaction depth increases as the wave height 358 

increases. 359 

 360 

4.2.3 Effects of wave period 361 

In addition to wave height, wave period can also affect the soil response significantly. 362 

To evaluate the effect of the wave period on soil response, runs are conducted for 363 

otherwise the same conditions but with various wave periods. The experiments show 364 

that the liquefaction potential increases with the increase of wave period for the 365 

parameters investigated in this study. This is demonstrated in Test 1 in which soil is 366 

not liquefied for wave period of 1 s, but it is liquefied in Test 2 and Test 3 which have  367 
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the same wave height of H=4 cm but with longer wave period. The measured 368 

maximum excess residual pore pressure of PPT 9 in Test 2 (H=4 cm, T=1.4 s) is 2.05 369 

kPa, which is lower than 2.34 kPa measured in Test 3 (H=4 cm, T=1.8 s). Similar 370 

conclusions can be also drawn for the cases with other wave heights. Fig. 9 illustrates 371 

the effects of wave period on the maximum excess pore pressure at profile A-A with 372 

the wave heights of H=4 cm and H=6 cm. 373 

 374 

The results may be explained as follows. On one hand, the dynamic water pressure 375 

and its gradient at the interface are related to wave period. The water pressure gradient 376 

has great influence on the shear stress and the plastic strain ( p ) in the silt bed. As 377 

demonstrated in Kirca et al. (2013), the pore pressure builds up quickly at the node 378 

and slowly at the anti-node for standing waves. Short period waves generally induce 379 

weak oscillatory water pressure and small water pressure gradient at the interface. As 380 

for long period waves, the oscillatory water pressure is large but the amplitude of 381 

water pressure gradient is small at the interface. As such, the growth of the pore 382 

pressure is negligible. On the other hand, the discharge volume of pore-water is 383 

closely connected with wave period. When soil is compressed, the pore water cannot 384 

be drained out timely for the case with short period waves. Therefore, the pore 385 

pressure will accumulate during the wave loading. In contrary, the pore water has 386 

sufficiently long time to drain out for the cases with relatively long period wave. Thus, 387 

the residual pore pressure is negligible in such cases. 388 

 389 

4.2.4 Soil response in the horizontal direction 390 

Four time series of measured pore pressure at Point 4, Point 5, Point 7 and Point 8 in 391 

Test 6 are shown in Fig. 10 to illustrate soil response along the direction of wave 392 

propagation. The corresponding residual and oscillatory components are separated. 393 



17 
 

Fig. 10 demonstrates that soil is liquefied firstly at Point 4 (at the 9
th

 wave cycle, 394 

=9N ), and at Point 5 ( 13N  ), and then at Point 7 ( 18N  ) and finally at Point 8 395 

( 25N  ). This implies that the pore pressure builds up more rapidly at the upstream 396 

location. Moreover, the amplitude of oscillatory pore pressure attenuates along the 397 

direction of wave propagation (about 0.65 kPa at Point 4, 0.46 kPa at Point 5, 0.38 398 

kPa at Point 7, and only 0.31 kPa at Point 8). According to the effects of wave height 399 

on soil response, the decrease of the amplitude of oscillatory pore pressure is justified. 400 

 401 

However, the maximum residual pore pressures at these locations are almost identical. 402 

As to this phenomenon, the analysis of the experiments shows that the spherical stress 403 

(p) within the silt bed decreases along the direction of wave propagation. In addition, 404 

the plastic volumetric strain ( p ) induced by the cyclic shear stress accumulates 405 

rapidly at upstream due to a relatively large wave height. Consequently, the excess 406 

pore pressure builds up rapidly at upstream and slowly at downstream. As pore 407 

pressure builds up rapidly at upstream, a pressure gradient is generated along the 408 

direction of wave propagation in the silt bed. This pressure gradient promotes the pore 409 

water spreading out along the direction of wave propagation and accelerates the pore 410 

pressure building up at the downstream. 411 

 412 

4.3 Wave attenuation 413 

Since soil response to wave loading will dissipate wave energy, different types of soil 414 

response, e.g., non-liquefaction response and liquefaction response, will result in 415 

different wave characteristics. 416 

 417 

4.3.1 Wave attenuation in non-liquefaction situation 418 

In Test 1, no soil liquefaction takes place and soil generally remains still. Wave 419 
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attenuation can be evaluated using the measured time series of water surface 420 

elevations ( , )x t , as shown in Fig. 11. According to the development of water surface 421 

elevation (Fig. 11(a)), the wave height, is estimated as 3.85 cm and almost remains 422 

the same over experimental duration (e.g.   0H x,t t   ). However, the pore 423 

pressure in silt bed has certain accumulation (see Fig. 11(b)-(d)). 424 

 425 

For the spatial distribution of wave height, it damps slightly along the direction of 426 

wave propagation with the measured wave height from gauge 2 to gauge 6 being 4.01 427 

cm, 3.92 cm, 3.85 cm, 3.78 cm, and 3.72 cm, respectively. The corresponding water 428 

surface records are shown in Fig. 12. Employing the linear fitting method, it is found 429 

that the wave-damping rate is about 0.0103. 430 

 431 

It is well known that wave height is a reference parameter of wave energy. In 432 

non-liquefaction case, wave height almost remains the same at a fixed location. Due 433 

to the energy balance of water-soil system, wave attenuation does not change over 434 

time. In this situation, the wave height attenuates along the direction of wave 435 

propagation mainly due to bottom friction at the interface and percolation in the 436 

seabed. According to Yamamoto and Takahashi (1985), the wave height attenuation 437 

due to bottom friction and percolation can be expressed by 438 
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，   (12) 439 

where H0 is the wave height at the entrance of the soil basin, Db and Dp are the wave 440 

decay modulus induced by bottom friction and percolation, respectively. Due to these 441 

two factors, the wave height attenuates 0 cm, 0.0533 cm, 0.105 cm, 0.182 cm, 0.257 442 

cm from gauge 2 to gauge 6, respectively, contributing over 90% to the total wave 443 

attenuation. The other parts of wave energy dissipation are due to the viscous friction 444 
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on the flume walls and the motion of the suspended soil particles. In the 445 

non-liquefaction case, the Coulomb friction loss between the soil particles is also 446 

inconspicuous because the relative displacement of soil particles is very small in silt 447 

bed. Consequently, the wave height almost has no obvious change at a fixed point, as 448 

those factors have little change over time. 449 

 450 

4.3.2 Wave attenuation in liquefaction situation 451 

Compared with the non-liquefaction case, wave in liquefied tests exhibits different 452 

features. Water surface elevation and excess pore pressure records at profile A-A in 453 

Test 8 and Test 14 are taken as examples to investigate wave response when soil 454 

liquefaction takes place. The results are shown in Fig. 13 in which top two are water 455 

surface elevations and the rests are excess pore pressure. It can be seen from the 456 

process of excess pore pressure that soil liquefaction depth is different in the two 457 

groups of tests. Under the condition of large wave, the liquefaction front moves 458 

downwards. The maximum liquefaction depth is found to be between 9 cm and 27 cm 459 

in Test 8 while it becomes larger than 27 cm in Test 14. 460 

 461 

It can be found from the process of water surface elevation that the wave height 462 

experiences an attenuation period denoted by at  at the beginning. After the 463 

attenuation process, the wave height tends to remain as a constant. The attenuation 464 

value of wave height is 1.62 cm in Test 8 and 1.7 cm in Test 14. Furthermore, the 465 

attenuation process is closely related to the liquefaction process. For convenience, the 466 

period from the start of waves loading to the soil liquefaction at a generic point z is 467 

denoted by  bt z  (the unit of z is cm). The experiments show that  bt z  increases 468 

with the soil depth d . In Test 8, the wave attenuation period at  is slightly longer 469 
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than (-9)bt . In Test 14, the result shows that at  is also slightly longer than  -27bt . 470 

Similar results have been obtained for other liquefaction cases, suggesting that the 471 

wave attenuation period relates to the soil liquefaction progress. 472 

 473 

Similar to wave change in non-liquefaction case, the attenuation of wave height in 474 

liquefaction case is enhanced along the direction of wave propagation. Moreover, the 475 

wave attenuation in liquefaction case is much larger than that in non-liquefaction case. 476 

For example, the wave height attenuates 50% in Test 2, resulting in 75% wave energy 477 

dissipated accordingly. However, this is based on our observations in the experiments, 478 

to the authors’ best knowledge; there are no theoretical models for such a 479 

phenomenon available in the literature. 480 

 481 

Fig. 14 is the five sets of the wave surface elevation records along the soil basin in 482 

Test 5. The final values of wave heights from gauge 2 to gauge 6 are 6.02 cm, 5.01 cm, 483 

4.20 cm, 3.50 cm, and 3.20 cm, respectively. These measurements give the attenuation 484 

value, ΔH as -0.02 cm, 0.99 cm, 1.80 cm, 2.50 cm and 2.80 cm, respectively. This 485 

indicates that wave height damps greatly and very fast in liquefied silt bed. The wave 486 

height changes caused by bottom friction and percolation are calculated as 0.02 cm, 487 

0.0825 cm, 0.150 cm, 0.234 cm, 0.303 cm. The damping due to these two parts only 488 

contributes 10% of the total wave attenuation; indicating that the bottom friction loss 489 

and the percolation loss are not the key attenuation factors in liquefied situation. 490 

 491 

The above analysis is the result from individual case. To investigate the effects of 492 

wave height and period on the phenomenon of wave attenuation in general, Fig. 15 493 

further presents the relation between the wave attenuation and wave height (Fig. 15(a)) 494 

and wave period (Fig. 15(b)). It is seen that both wave height and wave period have 495 
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significant effects on wave attenuation. Fig. 15(a) shows that the wave attenuates 496 

quickly in liquefaction cases and the attenuation grows when the wave height 497 

increases. Fig. 15(b) shows the effects of wave period on wave attenuation along the 498 

direction of wave propagation for the case of incident wave height 4 cm and 6 cm. 499 

Wave height changes induced by bottom friction and percolation are also displayed in 500 

the figures. In the tests with liquefaction, the wave height attenuation is larger for 501 

cases with shorter wave period. However, liquefaction depth in silt bed is deeper for 502 

the case with a longer wave period than that with a shorter wave period for the same 503 

incident wave height. In order to explain this phenomenon, the wave energy 504 

attenuation coefficient (R) is introduced. 505 

 506 

Waves travelling across the soil bed have potential and kinetic energy and the 507 

time-averaged wave energy flux can be estimated as (Dean and Dalrymple, 1991) 508 
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where   is the velocity potential function of the wave. Under linear wave condition, 510 

the energy flux can be simplified as 511 
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 (14) 512 

Differentiating P with respect to wave propagating distance x yields the wave energy 513 

attenuation coefficient, R (e.g. the period-averaged wave energy attenuation per unit 514 

time per unit crest length): 515 
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    (15) 516 

Fig. 16 shows the change of R along the direction of wave propagation for incident 517 

wave height of 4 cm and 6 cm, respectively. However, it should be noted that it is 518 

difficult to measure the wave height at all the position along the soil basin. Therefore, 519 
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the difference of wave heights measured by the adjacent wave gauges is used to 520 

approximate the differential of midpoint. 521 

 522 

The above results suggest that the wave energy attenuates more rapidly when soil 523 

liquefaction occurs. This can be explained as follows. Firstly, comparing with the 524 

non-liquefaction case, the rigidity of the liquefied silt bed is very small because of the 525 

large residual pore pressure, and the shear strain and compressive strain become very 526 

large. The relative displacement between the soil particles increases rapidly. Therefore, 527 

the Coulomb friction loss in the silt bed with liquefaction increases dramatically. 528 

Moreover, in the liquefied layer, the soil skeleton is eventual failure. As suggested by 529 

Hwang et al. (2006), the liquefied soils can be treated as viscous fluid. In addition, the 530 

kinematic viscosity of the loose silt is in the range of 0.01~0.1 m
2
/s (Wen and Liu, 531 

1998), which is 10
4
~10

5
 times larger than that of the pure water. Due to the large 532 

viscosity in the liquefied layer, the thickness of the boundary layer is much larger than 533 

the core region. Thus, the viscous damping in the liquefied layer is much larger than 534 

that in the water layer and has significant effect on the wave motion. 535 

 536 

4.3.3 Waveform evolution characteristics 537 

The waveform evolutions measured by wave gauge 5 during Test 1, Test 5 and Test 9 538 

are displayed in Fig. 17. The waveform has little change in non-liquefaction test (see 539 

Fig. 17(a)). When the height of incident wave increases to 6 cm (e.g., Test 5), the 540 

resulted wave height decreases and waveform becomes flat over time (see Fig. 17(b)). 541 

Once the height of incident wave further increases to 8 cm (e.g., Test 9), the 542 

waveform has shown nonlinear wave characteristics with sharp steep crest and flat 543 

trough at the beginning. As the soil liquefied, wave energy and wave height decrease. 544 

Furthermore, the measured waveform leans backward (as shown in Fig. 17(c)). This 545 
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suggests that the waveform leans forward along the direction of wave propagation due 546 

to the bottom friction. 547 

 548 

5. Conclusions 549 

A series of wave flume experiments are carried out to investigate the wave-induced 550 

liquefaction and corresponding wave attenuation in a silt bed. Water surface elevation, 551 

pore pressure accumulation and wave attenuation are measured simultaneously at 552 

several prescribed locations. The response features of excess pore pressure on vertical 553 

and horizontal profile are analyzed. The main conclusions from this study are: 554 

(1) Soil liquefaction has significant effect on wave attenuation. Wave attenuation is 555 

weak in non-liquefaction situation. When liquefaction takes place, it becomes 556 

very large. Result shows that the damping rate in liquefaction case is over 10 557 

times larger than that in the non-liquefaction situation.  558 

(2)Due to wave attenuation in the horizontal direction, the amplitude of oscillatory 559 

pore pressure attenuates along the direction of wave propagation and the excess 560 

pore pressure builds up rapidly at upstream but slower at the downstream. 561 

(3) Both the wave height and wave period have great effects on pore pressure 562 

response. Increase of the wave height increases the possibility of soil liquefaction. 563 

Liquefaction depth increases with the increase of wave period. 564 

(4) The waveform has little change when the silt bed is not liquefied. However, 565 

noticeable waveform changes are obtained when soil liquefaction occurs.  566 
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Table lists: 672 

Table 1. Summary of soil properties of the test sediment 673 

Table 2. Summary of the test conditions 674 

 675 

Figure captions in general 676 

Fig. 1 (a) The experiment setup; (b) pore pressure transducers position drawing (unit: 677 

m) 678 

Fig. 2 Sketch of wave-soil interaction 679 

Fig. 3 Time series of the video frames showing the soil bed response to wave loading 680 

for (a) no liquefaction (case 1) and (b) with liquefaction.  681 

Fig. 4 Time series of the zoom-in video frames, showing the water and liquefied 682 

sediment interface  683 

Fig. 5 View of seepage failure of shallow sediment layer: (a) side view; (b) top view 684 

Fig. 6 Representative pore pressure records taken for Test 10at different soil depth: (a) 685 

at the water-soil interface; (b) d=2 cm; (c) d=9 cm 686 

Fig. 7 Comparison of the residual pore pressure between experimental results and 687 

numerical results (t=100 s). 688 

Fig. 8 The maximum excess pore pressure distribution with different wave height 689 

Fig. 9 Effects of wave period on maximum excess pore pressure of profile A-A 690 

Fig. 10 Pore pressure records of profile B-B in Test 6 691 

Fig. 11 Wave surface envelope and underneath excess pore pressure response in Test 1 692 

Fig. 12 Wave surface records in Test 1: (a) gauge 2; (b) gauge 3; (c) gauge 4; (d) 693 

gauge 5; (e) gauge 6 694 

Fig. 13 Wave surface elevation record of gauge 4 and underneath excess pore pressure 695 

records 696 
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Fig. 14 Wave surface elevation records in Test 5: (a) gauge 2; (b) gauge 3; (c) gauge 4; 697 

(d) gauge 5; (e) gauge 6 698 

Fig. 15 Effects of wave characteristics on wave attenuation (a) effects of wave height 699 

(b) effects of wave period 700 

Fig. 16 Wave energy attenuation coefficient versus the length of wave propagated 701 

through silt bed 702 

Fig. 17 Waveform evolution measured by wave gauge 5 (a): Test 1; (b): Test 5; (c): 703 

Test 9 704 

 705 

Table 1 706 

Parameter Symbol Value 

Mean grain size  0.042 mm 

Specific weight of sediment grains  26.1 kN/  

Total specific weight of sediment  19.8 kN/  

Maximum void ratio  1.10 

Minimum void ratio  0.42 

Void ratio  0.58 

Relative density  0.76 

Porosity  0.37 

Coefficient of permeability  3.5  m/s 

Submerged specific gravity  9.99 kN/  

707 
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Table 2 708 

Test 

no. 
H(cm) T(sec) (sec)

1 

 (cm/s) (cm/s)   Response 

1 4 1 340 0.0890 5.63 1.190 5.045  0.209 Non-liquefaction 

2 4 1.4 455 0.0528 8.02 1.303 1.433  0.251 Liquefaction 

3 4 1.8 345 0.0414 9.03 1.299 2.336  0.250 Liquefaction 

4 5 1 450 0.0713 7.03 1.327 7.866  0.260 Liquefaction 

5 6 1 400 0.0594 8.44 1.455 1.134  0.313 Liquefaction 

6 6 1.4 425 0.0352 12.02 1.595 3.220  0.376 Liquefaction 

7 6 1.8 415 0.0276 13.54 1.591 5.252  0.374 Liquefaction 

8 7 1.4 425 0.0302 14.03 1.724 4.386  0.440 Liquefaction 

9 8 1 400 0.0445 11.26 1.680 2.018  0.417 Liquefaction 

10 8 1.4 360 0.0264 16.03 1.842 5.726  0.502 Liquefaction 

11 8 1.8 310 0.0207 18.06 1.837 9.344  0.499 Liquefaction 

12 9 1.4 330 0.0235 18.04 1.956 7.251  0.566 Liquefaction 

13 10 1 352 0.0356 14.07 1.877 3.151  0.521 Liquefaction 

14 10 1.4 330 0.0211 20.04 2.058 8.948  0.626 Liquefaction 

15 10 1.8 362 0.0166 22.57 2.056 1.459  0.625 Liquefaction 

(
1
Abbreviations are  duration of wave loading) 709 
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