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Abstract

In this study, a series of physical model tests were carried out in a wave flume
to study the pore pressures around a mono-pile under irregular waves. The
mono-pile was installed to the position of 0.6 m below the seabed surface.
The main purpose of this study is to analyze the distribution of pore-water
pressure around and beneath the mono-pile under irregular waves. Five
different wave spectra were used in the tests. The experimental results
conclude that: (1) the pore-water pressure around the pile increases as the
increase of significant wave height and period; (2) the maximum pore-water
pressure decreases as the increase of seabed depth (z), this trend is significant
near the seabed surface (z ≥-0.3 m), and the influence is not obvious for
the region below 0.3 m; (3) at the depth of 0.15 m below the seabed surface
(z =-0.15 m), the maximum pore pressure occurs in front of the pile, and at
the depth of 0.1 m below the bottom of the pile (z =-0.7 m), the maximum
pore-water pressure occurs behind it; (4) the irregular wave-induced seabed
response is larger than that of the representative regular wave; and (5) the
irregular waves with Pierson-Moscowitz (P − M) spectrum introduce the
most significant seabed response among various wave spectra.

Keywords: Irregular wave; pore-water pressure; wave experiments;
mono-pile; seabed response
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1. Introduction1

With the development of marine engineering and transportation, various2

offshore structures have been constructed in recent years, such as cross-sea3

bridges, offshore wind turbines and so on. Due to the complexity of the4

marine environment, the stability of pile foundations will also be affected5

not only by the direct action of wave loads, but also the response of the6

surrounding seabed. Waves propagation will cause periodic wave pressures7

on the seabed surface. Under the action of cyclic wave loading, the pore-8

water pressures and effective stresses will change. When the pore pressure9

is large and the effective stress may reduce to zero, the seabed will liquefy10

[1, 2, 3]. The soil particles in a seabed will become loose and free after11

liquefaction, lose its bearing capacity, and endanger the stability of marine12

structures. Therefore, the study of pore-water pressure in the seabed is of13

great significance for the design and maintenance of marine structures.14

To date, significant efforts have been devoted to the study of seabed15

response subject to dynamic loading [4, 5, 6], based on Biot’s poro-elastic16

theory [7]. Among these, Madsen [8] proposed an analytical solution for the17

porous seabed response under wave loads by using the expression of complex18

variables. The relationship between the compressibility of pore fluid and soil19

skeleton, soil permeability and hydraulic an-isotropy was discussed in detail.20

Yamamoto et al. [9] and Okusa [10] set up a analytical solution for the seabed21

response of infinite thickness. For the finite thickness seabed, Mei and Foda22

[11] also put forward a analytical solution, based on the theory of mixture.23

Considering the influence of a structure, Li et al. [12] established a fi-24

nite element model for the wave-induced seabed response around the pile25

foundation based on ABAQUS, and investigated the oscillation and accu-26

mulation of pore pressure response. The numerical simulation showed that27

with the decrease of the permeability coefficient, the residual pore-water28

pressure will increase and the amplitude of transient pore-water pressure29

will decrease. Furthermore, the maximum liquefaction depth occurs behind30

the pile foundation. However, in their study [12], the wave diffraction was31

not considered as only small amplitude of pile was considered. Lin et al.32

[13] investigated the dynamic seabed response around a pile using Finite33

Volume Method (FVM) model with non-linear wave loading. In their study,34

it was found that the pile foundation had an obvious blocking effect on the35

longitudinal and transverse development of pore-water pressure, thus the36

instantaneous liquefaction depth around the pile was reduced. However,37

they did not consider the self-weight of the pile. Taken the pile’s self-weight38

into account, Sui et al. [14] developed a numerical model based on the fully39
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dynamic formulations, then the seabed response around the pile was stud-40

ied. Their study shows that the presence of wave diffraction and reflection41

has significant effects on pore-water pressure and soil displacement around42

the pile. Later, Asumadu et al. [15] combined Flow-3D and Comsol to in-43

vestigate the wave-induced oscillatory seabed response around a mono-pile44

foundation.45

Apart from analytical solutions and numerical simulations, experiments46

are also the main method to study the seabed response. Sleath [16] studied47

the distribution of pore-water pressure in the seabed by flume tests, then it48

was found that there were attenuation and phase lag of pore-water pressure49

along depth direction of seabed. Numerous wave experiments for transient50

pore pressures around marine structures have been reported in the literature51

[17, 18, 19, 20, 21, 22, 23]. Zen and Yamazaki [24] and Chowdhury et al. [25]52

carried out one-dimensional tests to investigate the transient liquefaction,53

and analyzed the pore-water pressure response under different wave and soil54

parameters. Liu et al. [26] conducted a one-dimensional cylinder test. In55

their study, they examined the variation of wave-induced pore-water pres-56

sure along the depth direction of sandy seabed in detail, based on which57

the influence of wave parameters on pore-water pressure and seabed lique-58

faction was analysed. In addition, Liu et al. [26] also found that with the59

periodical change of wave loading, there was a certain degree of settlement60

in sandy seabed. Because of the limitation of wave flume test equipment,61

the stress level may not be able to be fully simulated, so researchers be-62

gan to carry out centrifuge tests. Sassa and Sekiguchi [27] investigated the63

wave-induced seabed liquefaction by centrifuge model tests. They found64

that the liquefaction did not occur when the wave loading was less than the65

critical stress ratio, besides, when the wave loading stopped, the density of66

the liquefied area increased significantly as a result of drainage consolida-67

tion. Recently, Qi and Gao [28] conducted wave flume experimental studies68

on pore-water pressure around a mono-pile. The relationship between the69

pore-water pressure and local scour was discussed. Recently, Wang et al.70

[29] conducted a series of wave tests for the wave-induced pore-water pres-71

sure around a mono-pile, in which the pile penetrate to half of soil layer.72

To authors’ best knowledge, they might be the experimental data available73

on pore-water pressure around the pile in the literature. However, they are74

limited to regular wave loading,75

All aforementioned studies focused on regular wave, but waves in real76

marine environment have a high degree of irregularity. For irregular waves,77

Longuet-Higgins [30] simulated the transmission process of irregular waves78

by superposing linear waves. Different spectra should be used to describe79
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irregular waves [31, 32, 33] for different marine environmental conditions.80

JONSWAP (Joint North Sea Waves Project) spectrum which is most widely81

used, was proposed by Hasselmann et al. [31] through a long-term observa-82

tion and statistics of waves in the North Sea. It contains parameters that83

reflect the energy level, the frequency scale of the peak and the spectral84

shape. To date, there are only a few studies focused on the seabed re-85

sponse under irregular waves. For example, Sumer et al. [34] analysed the86

distribution of irregular wave-induced pore-water pressure by wave flume87

tests. They found that the accumulative process of pore-water pressure was88

similar to that in the case of regular waves. Liu and Jeng [35] established89

a semi-analytical solution for the response of finite thickness unsaturated90

seabed under irregular waves, based on which they investigated the effects91

of wave and soil parameters on pore-water pressure. Then the difference92

of seabed response between Bretschneider-Mitsuyasu (B-M) type and JON-93

SWAP type irregular waves was compared. Recently, Xu and Dong [36]94

studied the liquefaction potential of sandy seabed under irregular waves by95

using the integrated modeling technique, and the effects of irregular waves96

on the accumulation of excess pore-water pressure and liquefaction process97

were discussed. According to Liu and Jeng [35], Xu and Dong [36], the dis-98

tribution trend of irregular wave-induced pore-water pressure is alike with99

that of regular waves, but the amplitude of pore pressure caused by irregu-100

lar wave is much larger than regular wave. Therefore, the influence of the101

irregular wave loading must be fully considered in the analysis of dynamic102

seabed response. Up to now, the experimental study on the seabed response103

around the mono-pile under the action of irregular waves is still blank.104

In this study, a series of the irregular wave-induced pore-water pres-105

sures around a mono-pile will be conducted in a wave flume test. In the106

experiments, the irregular wave adopted JONSWAP spectrum first, and the107

pore-water pressure transducers were arranged not only along the depth108

direction of seabed, but also in the circumferential direction around and be-109

neath the pile. Then, the seabed response induced by irregular waves with110

different spectra is also studied. In this paper, the results of a series of wave111

flume tests are presented, which can be used as a reference for readers to112

verify numerical models in the future. According to the experimental re-113

sults, the distribution of pore-water pressure in the vicinity of a mono-pile114

under irregular waves is discussed, and the influence of wave characteristics115

is analyzed.116
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2. Physical modelling117

A series of experiments were carried out to study the irregular wave-118

induced pore-water pressure of the seabed around a mono-pile. To authors’119

best knowledge, only a few flume tests for a similar problem conducted120

by [28, 29] are available in the literature but they focused on regular wave121

loading. In the present study, the JONSWAP spectrum was used to generate122

the irregular waves in the first set of experiments (Tests 1–40, Table 1), and123

a large pile with a 30 cm diameter was installed at a depth of 0.6 m below the124

seabed surface. The seabed thickness is 1 m, which allows us to measure the125

pore-water pressure beneath the pile. In addition, more pressure transducers126

were installed in the seabed, which could provide more detailed test data.127

In the second series of tests (Tests 41-46, Table 2), different wave spectra128

will be used for wave generation, from which the effects of different wave129

spectra on the soil response can be investigated.130

2.1. Experimental setup131

The experiments were carried out in the Wave Flume Laboratory of132

Southwest Jiaotong University. The dimensions of the flume are 60 m133

(length) × 2 m (width) × 1.8 m (height) as shown in Figure 1(a). The134

wave flume is equipped with a hydraulic piston-type wave-maker at the up-135

stream, which can produce regular waves and irregular waves (see Figure136

1(b)). The downstream of the flume is provided with a porous plastic wave137

absorber (see Figure 1(c)), which is used to dissipate wave energy and reduce138

wave reflection. Based on the technical report provided by the manufactur-139

ing company for the wave-maker and preliminary study without a structure,140

the efficiency of the wave absorber is at least 92%. The wave-maker can gen-141

erate irregular waves with a period of 0.6 s to 2.0 s, and the maximum wave142

height can reach 0.14 m. At the position of 21 m from the wave-maker is143

a soil tank (see Figure 1(d)), its dimensions are 7.0 m (length) × 2.0 m144

(width) × 1.0 m (depth). The surrounding walls and the bottom of the145

tank are made of rigid and impermeable concrete. In the experiment, the146

saturated sand bed was used to simulate the porous seabed, and the mono-147

pile model with a diameter of 30 cm and a height of 1.5 m was installed at148

a depth of 0.6m below the seabed surface. The top and bottom ends of the149

pile are fixed with supports, therefore, the vibration of the pile model is not150

considered. The schematic figure of the test flume is given in Figure 2.151

In order to measure the variation of free surface elevation and pore-152

water pressure around the pile at the same time, wave height gauges and153

pore pressure transducers are installed in the wave flume. Four (4) wave154
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Table 1: Wave conditions of experiments with the JONSWAP Spectrum

Test No Wave height Wave period Test No Wave height Wave period
(H1/3, cm) (T1/3, sec) (H1/3, cm) (T1/3, sec)

Test 1 4 0.8 Test 22 10 0.8
Test 2 4 1.0 Test 23 10 1.0
Test 3 4 1.2 Test 24 10 1.2
Test 4 4 1.4 Test 25 10 1.4
Test 5 4 1.6 Test 26 10 1.6
Test 6 4 1.8 Test 27 10 1.8
Test 7 4 2.0 Test 28 10 2.0

Test 8 6 0.8
Test 9 6 1.0 Test 29 12 1.0
Test 10 6 1.2 Test 30 12 1.2
Test 11 6 1.4 Test 31 12 1.4
Test 12 6 1.6 Test 32 12 1.6
Test 13 6 1.8 Test 33 12 1.8
Test 14 6 2.0 Test 34 12 2.0

Test 15 8 0.8
Test 16 8 1.0 Test 35 14 1.0
Test 17 8 1.2 Test 36 14 1.2
Test 18 8 1.4 Test 37 14 1.4
Test 19 8 1.6 Test 38 14 1.6
Test 20 8 1.8 Test 39 14 1.8
Test 21 8 2.0 Test 40 14 2.0

height gauges (Point 552-554 in Figure 2(b)) are designed by Yufan Co.,155

Ltd. The measuring range of them is 0 to 0.6 m, and the accuracy is ±0.5%.156

The arrangement of wave height gauges is shown in Figure 2(b). The pore-157

water pressure is measured by CY306 type pore-water pressure transducers158

(6mm in outer diameter). The measurement range of these transducers159

is 30 kPa with a accuracy of ±0.1%. Nineteen (19) pressure transducers160

(Points 1-19 in Figure 3) were set up within the seabed. Four wave pressure161

transducers (Points 20-23 in Figure 3) were installed along the surface of the162

pile model to measure the wave pressure acting on it. In this experiment,163

the transducers are designed and manufactured by Shengying Cekong.164

2.2. Wave conditions165

Two series of tests were carried out in this study, including (1) using166

JONSWAP spectrum with various wave conditions, and (2) using various167
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(a) wave flume (b) wave maker

(c) wave absorber (d) soil tank

Figure 1: Photos of wave flume laboratory.

wave spectra with the same wave conditions.168

In the first series of tests, according to the wave generating capacity of169

the test flume, forty (40) tests were conducted, and each test was repeated170

at least once to ensure the reliability of the measured data. The wave171

parameters are shown in Table 1, in which the wave height and period of172

irregular waves are represented by significant wave height and period. The173

JONSWAP spectrum [31, 37] was adopted in the tests. Due to the limitation174

of the facility, the significant wave height can only reach 10 cm when the175

significant period is 0.8 s.176

In the second series of tests, to understand the response of the seabed177

under irregular waves of different spectra, five (5) types of irregular waves178

were adopted with the significant wave height H1/3=10 cm and the period179

T1/3=1.2 s. The wave parameters and spectra selection are shown in Table180
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Figure 2: Experimental setup for the wave flume.

2. In all cases, the mean water depth was kept at 0.6 m.181

The frequency spectral density functions for the spectrum used in the182

experiments are summarised here.183

• JONSWAP spectrum:184

S(f) = βJH
2
1/3T

4
p f

5 exp[−1.25(Tpf)−4]γexp[−(Tpf−1)2/2σ2], (1)

βJ =
0.06238

0.23 + 0.033γ − 0.185(1.9 + γ)−1
× [1.094 − 0.01915 ln γ] , (2)

Tp =
T1/3

1 − 0.132(γ + 0.2)−0.559
, (3)

σ =

{
0.07, f ≤ fp

0.09, f > fp,
(4)
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Figure 3: The arrangement of pressure transducers.

where Tp represents the wave period corresponding to the peak point185

of the spectrum, and fp represents the wave frequency at the spectral186

peak, Tp = 1/fp. γ is the enhancement factor of spectral peak, the187

mean value of γ = 3.3 is adopted in this study.188

• Bretschneider spectrum (B spectrum)189

S(f) =
1.25

4
H2

1/3T
−4
p f−5 exp[−1.25(Tpf)−4], (5)

where f represents the wave frequency.190

• Pierson-Moscowitz spectrum (P-M spectrum)191
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Table 2: Wave conditions and parameters used in various spectra [31, 33]

Test No Wave height Wave period Spectrum
(H1/3, cm) (T1/3, sec)

Test 41 10 1.2 JONSWAP
Test 42 10 1.2 Bretschneider
Test 43 10 1.2 Pierson-Moscowitz
Test 44 10 1.2 Bretchneider-Mitsuyasu
Test 45 10 1.2 Wen
Test 46 10 1.2 Regular wave

S(f) =
0.0005

f5
exp

[
−0.001998

f4H2
1/3

]
, (6)

• Bretchneider-Mitsuyasu spectrum (B-M spectrum)192

S(f) = 0.257H2
1/3T

−4
1/3f

−5 exp[−1.03(T1/3f)−4], (7)

• Wen’s spectrum193

0 ≤ f ≤1.05/T1/3,

S(f) =0.0687H2
1/3T1/3P exp

{
−95 × (1.1T1/3f − 1)12/5

×
[
ln

P (5.813 − 5.137H∗)

(6.77 − 1.088P + 0.13P 2)(1.307 − 1.426H∗)

]}
,

(8)

f >1.05/T1/3,

S(f) =0.0687H2
1/3T1/3

(
1.05

T1/3f

)4−2H∗

× (6.77 − 1.088P + 0.13P 2)(1.307 − 1.426H∗)

5.813 − 5.137H∗ ,

(9)

P = 95.3
H1.35

1/3

T 2.7
1/3

, H∗ = 0.626
H1/3

h
, (10)

where h is the mean water depth. P represents the sharpness factor,194

a measure of spectral width; H∗ is the influence factor of water depth.195
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2.3. Properties of seabed sediments196

This study mainly focuses on the transient seabed response, therefore,197

the sandy sediment (quartz sand) with the average particle size d50 = 0.215198

mm was utilized as the seabed material. The soil properties were measured199

by a series of standard laboratory experiments. The particle size distribution200

of soil sample (as shown in Figure 4) was measured by sieving analysis. The201

grain density of the soil (ρs = ms/Vs) was obtained by the flask method, i.e.,202

measured the volume of water drained by soil particles, which denoted the203

volume of sand particles (Vs), and ms represented the dry mass of the soil.204

Permeability (ks) was determined by using a constant head permeability205

measuring instrument. The elastic modulus (E) was measured by the tri-206

axial apparatus, the Poisson’s ratio of soil (µs) used empirical value 0.3,207

then the shear modulus (G) was calculated by elastic modulus and Poisson’s208

ratio. By measuring the loose density and compaction density of soil, the209

maximum void ratio (emax) and minimum void ratio (emin) were calculated.210

The main soil properties are listed in Table 3.211
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Figure 4: Grain size distribution of soil sample.

2.4. Testing procedure212

The testing procedure is outlined as follows:213
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Table 3: Properties of soil used in the experiments.

Soil properties Value unit

Grain density (ρs) 2679 kg/m3

Permeability (ks) 0.002382 m/s
Poisson ratio (µs) 0.3 -

Shear modulus (G) 8.58 ×106 N/m2

Soil porosity (n) 0.448 -
Void ratio (e) 0.812 -

Maximum void ratio (emax) 0.892 -
Minimum void ratio (emin) 0.643 -

Relative density (Dr) 0.321 -
Mean size of grain (d50) 0.215 mm

1. Installation of the mono-pile and measuring instruments: After clean-214

ing the flume and soil tank, 4 wave height gauges and 23 pressure215

transducers were set up in the locations shown in Figure 2 and Figure216

3. Since the pressure transducers are equipped with sand filters, they217

should be submerged in water for 24 hours in advance to ensure that218

the air is completely exhausted. The model was installed in the middle219

of the soil tank with a fixed frame, at the location of 0.6 m below the220

seabed surface.221

2. Preparation of the experimental seabed: Prior to the test, a large222

amount of sand was slowly poured into the sand tank, and water was223

gradually added with continuous stirring. Placing the mixture in the224

test section to consolidate for at least 3 days and then a soil layer with225

a thickness of about 1.0 m was produced. Finally, the seabed surface226

was leveled with a scraper.227

3. Filling the water tank: Opened the intake valve and slowly poured228

water until the water depth reached 0.6 m.229

4. Turning on the wave-maker and generating irregular waves.230

5. Acquisition of test data: After the irregular wave produced in the231

flume was stable, sampling the statistics of pore-water pressure and232

wave height at the same time, and the data acquisition duration is at233

least 240 s.234

6. Turning off the wave-maker.235

7. Repeating the test.236

8. Steps 4 to 7 were repeated for the next case.237
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3. Wave profiles near the mono-pile238

In this study, four wave height gauges were installed in the experimental239

section. As shown in Figure 2. The far-field gauge (gauge 553 in Figure 2(b))240

was installed at 5.5 m from the center of the pile, which was used for the241

measurement of incident wave height. The remaining three gauges (gauges242

552, 554, 555 in Figure 2(b)) were located 30 cm from the pile center, which243

were used to measure the wave height around the pile. In this section, the244

significant wave height is 10 cm, and the significant period is 1.2 s, the mean245

water depth is 0.6 m.246

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

f (Hz)

0

0.5

1

1.5

2

2.5

3

S(
f)

 (
m

2 s)

10-3

Target spectrum
Measured spectrum

Figure 5: Comparison of measured spectrum and target spectrum for Test 24 (H1/3 =10
cm, T1/3=1.2 s).

To ensure the accuracy of wave generation, it is necessary to analyze the247

frequency spectrum of the measured wave profile (measured by gauge 553)248

and compare it with the target spectrum. Herein, the Fourier transform249

was used to analyze the spectrum of experimental data. Figure 5 shows250

the comparison between the smoothed measured spectrum and the target251

spectrum (JONSWAP spectrum). It can be seen from the figure that except252

for small deviations at some frequencies, the measured spectrum is basically253

consistent with the target spectrum. This indicates that the wave-making254

function of the test flume is reliable. Note that the wave measured by gauge255

553 can be approximately considered as the incident wave. However, another256

point of view would be the physics of the process under observation itself,257

namely the pore-water pressures. That process can be studied, at least from258
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the scope of impulse-response, regardless the nature of the waves (incident259

or total). A different question would be that if we would be looking for an260

accurate energy budget, because in that case it would be necessary to sep-261

arate incident from reflected. This requires a further detailed investigation262

in the future, which is out of scope of this study.263
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Figure 6: Distribution of wave profiles vs time for Test 24 (H1/3=10 cm, T1/3=1.2 s).

Figure 6(a) plots the wave profile measured by the far-field wave height264

gauge (gauge 553 in Figure 2(b)). Figure 6(b)-(d) shows the wave profiles265

around the mono-pile (gauges 552, 554 and 555 in Figure 2(b)). Since it266

takes some time for the wave to stabilize, only the measured results after267

40 s are presented in the figure. Compared with the incident wave, when268

the wave propagates to the front of the pile, the wave crest will rise. This is269

because the interactions between the incident and reflected waves, and part270

of the kinetic energy is converted into the potential energy. In addition, the271
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wave surface around the mono-pile are slightly deformed, which is caused272

by wave diffraction.273

4. Pore-water pressures in a seabed274

In this section, the results of irregular wave-induced pore-water pressure275

in seabed around a mono-pile are presented. Based on the measured data,276

the distribution of pore-water pressure around the pile is discussed, and the277

influence of wave parameters on seabed response is analyzed. Note that h278

represents the thickness of the seabed, p0 = γwd is the static water pressure279

acting on the seabed surface, where γw is the unit weight of water and d is280

the depth of water. The center of the pile on the seabed surface is taken281

as the coordinate point, the x-axis direction points to upstream, and the282

z-axis is positive upward from the seabed surface. The pore-water pressures283

presented in this paper are those cause by dynamic wave pressures, in which284

the hydrostatic pressures were deducted.285

4.1. Along the depth of a seabed286

In this section, we investigate soil response versus soil depth with the287

cases of (1) in front of the mono-pile and (2) behind the mono-pile.288

Figure 7 shows the time-varying pore-water pressure at the front side of289

the pile (x =0.15 m) under irregular wave action. The pressure transducers290

11, 12, 13 and 5 were fixed on the pile wall as shown in Figure 3. It can291

be seen from the figure that there is an obvious attenuation phenomenon as292

the depth increases. The maximum pore-water pressure at Point 11 (z =-293

0.05 m) is about three times that at Point 12 (z =-0.15 m). Comparing294

the results, a phase lag between different measuring points is observed. The295

main reason for the phase lag is that the seabed is a two-phase medium296

consisting of fluid and solid. The attenuation and phase lag of pore-water297

pressure are similar to regular wave-induced seabed response [10, 16]. For an298

irregular wave, this phenomenon was previously reported by Liu and Jeng299

[35] with their semi-analytical solutions, and it had also been observed in300

the present experiment.301

To obtain the distribution of the pore-water pressures caused by irreg-302

ular waves more intuitively, and examine the influence of wave parameters303

on seabed response, Figure 8 plots the distribution of the maximum pore-304

water pressure (pm/p0) versus seabed depth (z/h) in various significant wave305

heights for a period T1/3=2.0 s. The experimental results for H1/3=6 cm, 8306

cm, 10 cm and 12 cm are presented in the figure. The irregular wave-induced307

maximum pore-water pressure decreases with the increase of seabed depth308
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Figure 7: Distribution of pore-water pressures vs time along the front side of pile for Test
24 (x =0.15 m, H1/3 =10 cm, T1/3 =1.2 s, Point 11, 12, 13 & 5).

as shown in Figure 8, which may be caused by the gradual dissipation of309

the pore-water pressure. And the attenuation rate decreases with the soil310

depth increasing. In addition, as the increase of effective wave height, the311

maximum pore-water pressure increases, which is because the wave energy312

acting on the seabed surface become larger and larger (E ≈ H2L, L stands313

for the wave length), thus enhancing the seabed response around the pile.314

Especially when the depth is less than 0.3 m, this effect is more significant.315

For the region below 0.3 m, the influence becomes insignificant.316

Figure 9 illustrates the effect of significant period on the maximum pore-317

water pressure for H1/3=14 cm. Since the irregular wave of H1/3=14 cm318

can not be generated when T1/3=0.8 s, only the results for T1/3=1.0 s, 1.2319

s, 1.6 s and 2.0 s are presented. As shown in Figure 9, the maximum320
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Figure 8: Distribution of the maximum pore-water pressure vs seabed depth (z) along the
front side of pile for various wave heights (x =0.15 m, T1/3=2.0 s, Point 11, 12, 13 & 5)

pore pressure also decreases with the increase of seabed depth, and the321

attenuation rate becomes smaller and smaller. With the significant period322

increasing, the maximum pore-water pressure increases. This is because the323

period increasing will change the wave length and wave number, resulting in324

the enlargement of wave pressure which can aggravate the seabed response.325

This effect becomes more obvious when the depth is less than 0.3 m.326

In order to investigate the seabed response behind the pile, the time327

series of pore-water pressure at the cross-section behind the pile (x =-0.15328

m) is presented in Figure 10. The pressure transducers 17, 18, 19 and 7 were329

fixed on the pile wall as shown in Figure 3. Comparing Figure 7 and Figure330

10, the time-varying curve of pore-water pressure is similar to that in front331

of the pile, but the pore pressure is smaller than it.332

Figure 11 and Figure 12 illustrate the vertical distribution of the max-333

imum pore-water pressure (pm/p0) versus seabed depth (z/h) for various334

significant wave heights and periods. Compared with Figure 8 and Figure335

9, the variation trend of pore-water pressure behind the pile is similar to336

that in front of the pile. Furthermore, the influence of wave parameters on337
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Figure 9: Distribution of the maximum pore-water pressure vs seabed depth (z) along the
front side of pile for various wave heights (x =0.15 m, H1/3=14 cm, Point 11, 12, 13 & 5)

pore pressure is the same. The maximum pore-water pressure increases with338

the increase of significant wave height and period. However, the pore-water339

pressure behind the pile is much smaller than that in front of the pile. This340

phenomenon is consistent with the experimental results of Qi and Gao [28],341

which is measured under the action of regular waves. The reason may be342

that due to the interactions between the incident wave and the reflected343

wave, the wave crest and the wave pressure in front of the pile will increase,344

resulting in a larger pore-water pressure in the seabed. Besides, on the back345

side of the pile, the pore-water pressure decreases attributed to the influence346

of the large-scale wake vortices.347

4.2. Around the mono-pile348

In the present study, we installed five pressure transducers around the349

mono-pile at the depth of 0.15 m. The pressure transducers 12, 14, 15, 16350

and 18 were fixed on the pile wall as shown in Figure 3. Figure 13 plots351

the distribution of the maximum pore-water pressure around the pile for352

various significant wave heights for T1/3=2.0 s at the seabed depth z =-353

0.15 m. In the figure, 0o represents the front side of the pile, and 180o354

represents the back side of the pile. As shown in the figure, the largest pore355

pressure occurs in front of the pile, while the smallest occurs behind the pile.356
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Figure 10: Distribution of pore-water pressures vs time along the back side of pile for Test
24 (x =-0.15 m, H1/3 =10 cm, T1/3 =1.2 s, Points 17, 18, 19 & 7).

Besides, the maximum pore-water pressure decreases continuously from 0o357

to 180o along the circumferential direction of the pile. This may be caused358

by wave reflection and diffraction. The interaction between incident wave359

and reflected wave in front of the pile leads to the rise of wave crest, which360

in turn increases the pore-water pressure. While in the process of wave361

propagating through the pile, the wave energy gradually dissipates due to362

wave diffraction, resulting in the decrease of pore pressure on the lateral side363

of pile.364

Figure 14 illustrates the effect of significant period on the maximum pore-365

water pressure around the pile when the significant wave height H1/3=14 cm366

and the seabed depth z =-0.15 m. As shown in the figure, the pore-water367

pressure increases with the increase of the period, and decreases with the368
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Figure 11: Distribution of the maximum pore-water pressure vs seabed depth (z) behind
the pile for various wave heights (x =-0.15 m, T1/3 =2.0 s, Points 17, 18, 19 & 7).

increase of the angle. On the lateral and back sides of the pile, the larger the369

period is, the faster the pore-water pressure increases. However, it is found370

that with the increase of significant wave height and period, the influence371

of them on pore-water pressure in front of the pile becomes smaller and372

smaller. This may be attributed to the wave reflection occurred there.373

4.3. Beneath the center of the mono-pile374

As mentioned previously, in this study, the mono-pile is placed at a depth375

of 0.6 m below the seabed surface, so that the pore-water pressure beneath376

the pile can be examined. The researches in this field are still blank. In our377

experiments, five pressure transducers were installed at z =-0.7 m, which378

is 0.1 m below the bottom of the pile, for five points: Points 5, 6, 7, 8379

and 9 in Figure 3. In the process of experiment, there were some problems380

to the No.6 and No.9 pressure transducers, so these two transducers were381

not considered. Figure 15 presents the distribution of maximum pore-water382

pressure for various significant wave heights for T1/3=2.0 s at z =-0.7 m.383

The figure shows that the pore-water pressure beneath the pile increases384
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Figure 13: Distribution of the maximum pore-water pressures around the pile for various
wave heights at z =-0.15 m (T1/3=2.0 s, Point 12, 14, 15, 16 & 18).

with the increase of effective wave height. However, the maximum pore-385

21



0

45

90

135

180
0 0.01 0.02 0.03

p
m

/p
0

T
1/3

 = 1.0 s

T
1/3

 = 1.2 s

T
1/3

 = 1.6 s

T
1/3

 = 2.0 s

H
1/3

 = 14 cm

Figure 14: Distribution of the maximum pore-water pressures around the pile for various
wave heights at z =-0.15 m (H1/3=14 cm, Points 12, 14, 15, 16 & 18).

water pressure behind the pile is the largest, while that in front of the pile386

is the smallest. The maximum pore-water pressure increases from 0o to387

180o around the pile. Note that the distribution of pore-water pressure is388

opposite to that at z =-0.15 m, and the magnitude of pore-water pressure389

beneath the pile is much smaller.390
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Figure 15: Distribution of the maximum pore-water pressures around the pile for various
wave heights at z =-0.70 m (T1/3=2.0 s, Point 5, 8 & 7).

Figure 16 illustrates the effect of significant period on maximum pore-391

water pressure beneath the pile for H1/3=14 cm at z =-0.7 m. It can be392
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Figure 16: Distribution of the maximum pore-water pressures around the pile for various
wave heights at z =-0.70 m (H1/3=14 cm, Point 5, 8 & 7).

seen from the figure that with the increase of significant period, the pore-393

water pressure beneath the pile increases. However, with the increase of394

the wave period, the pore-water pressure increases more and more slowly,395

which shows that the influence of significant period is non-linear. As shown396

in Figure 15 and Figure 16, significant wave height and wave period have a397

noticeable impact on pore-water pressure beneath the bottom of the pile.398
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Figure 17: Distribution of pore-water pressures vs time beneath the center of the pile’s
bottom for Test 24 (x =40 cm, z =-0.6 m, H1/3=10 cm, T1/3=1.2 s, Point 4).

Another interesting result is from the measurement point 4 (see Figure399

3) at the center of the pile’s bottom. It is noted that the measurement at the400
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point beneath a mono-pile has not been reported in the previous research401

available in the literature. Figure 17 shows the time series of pore-water402

pressure at Point 4 under irregular wave action. As shown in the figure,403

although there is no direct wave pressure acting on the seabed surface above404

Point 4, the distribution of pore pressure is still oscillatory, indicating that405

pore-water pressures are transferred from the nearby soil to this point.406

To intuitively understand the nature of pore water pressure at the bot-407

tom of the pile (Point 4), Figure 18(a) presents the influence of significant408

wave height and wave number on pore-water pressures at Point 4. As a refer-409

ence, the variations of pore-water pressure near the seabed surface at Point410

11 and Point 17 are also presented in Figure 18(b)-(c). The wave number411

was calculated according to the linear wave dispersion relation. Compar-412

ing these figures, the pore-water pressure near the seabed surface (Point 11413

and Point 17) is much larger than that at the bottom of the pile, which is414

because the pore pressure decreases with the increase of the seabed depth.415

Furthermore, it can also be found that wave parameters have a significant416

effect on irregular wave-induced pore pressures. The larger the significant417

wave height is, the larger the pore-water pressure is, and the pore pressure418

decreases with the increase of the wave number. Furthermore, the wave419

number and pore-water pressure near the seabed surface are approximately420

linearly related within a certain range (1.51 m−1 ≤ k ≤ 2.11 m−1). However,421

there are some unusual pressures at the bottom of the pile for k =2.11 m−1
422

when significant wave height is small, the same phenomenon is also found423

in repeated tests. This requires further investigations in the future.424

5. Seabed response with various wave spectra425

In different ocean environments, different spectra should be utilized to426

describe irregular waves. To investigate the seabed response under the ac-427

tion of different spectral irregular waves, six tests (including one test for428

regular wave) were carried out, as listed in Table 2. The pore-water pres-429

sures around the mono-pile under the action of regular wave and various430

spectral irregular waves were measured. To make comparison between reg-431

ular wave and irregular wave, it is necessary to consider how to define the432

appropriate regular wave parameters to represent the corresponding irregu-433

lar wave. Based on the Liu and Jeng [35], the significant wave height and434

period were taken as the representative parameters for regular waves. The435

irregular wave spectra and wave parameters adopted are listed in Table 2.436

Figure 19 plots the time series of pore-water pressure measured by No.11437

pressure transducer under various waves. The dashed lines represent the up-438
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per and lower limits of pore-water pressure under the representative regular439

wave. From the figure, we can see the irregularity of irregular wave-induced440

pore-water pressure variation. In some specified moments, the pore pres-441

sure caused by irregular waves is larger than that of regular waves, which is442

caused by the randomness of wave heights. The instantaneous wave height443

exceeds the representative wave height of regular waves at some times, re-444

sulting in the consequence that maximum dynamic seabed response is much445

larger than that of regular waves. In addition, comparing the time series of446

pore pressures under different spectral irregular waves, it can also be found447

that the maximum pore pressure of various spectral irregular waves is quite448

different. Hence in practical engineering, the suitable wave spectrum should449

be selected according to the sea condition in order to ensure the safety.450

Figure 20 further presents the effects of wave parameters on the maxi-451

mum pore-water pressure along the depth direction of seabed. The irregular452

wave-induced seabed responses around the mono-pile are greater than that453

of the representative regular wave, but the distribution trends are similar.454

The maximum pore-water pressure decreases with the increase of the depth,455

which is consistent with the results of the semi-analytical solution proposed456

by Liu and Jeng [35]. Furthermore, as shown in the figure, the P-M type457

irregular wave-induced seabed response is the largest. The seabed responses458

of the other four types irregular waves are quite different near the seabed459

surface, but the difference is insignificant when the depth is large (z/h <-460

0.15).461

6. Conclusions462

Different from the existing experimental studies which focus on regular463

waves, an experimental study on irregular wave-induced seabed response464

around the mono-pile was carried out. Two series of tests were conducted465

in this study. First, the irregular wave was generated by JONSWAP spec-466

trum, and a single pile was installed at a depth of 0.6 m below the seabed467

surface, whose top and bottom ends were fixed. The results of flume tests468

are presented, besides, the effects of wave parameters on seabed response469

and the distribution of pore-water pressure around the mono-pile are also470

analyzed. Second, the influence of various wave spectra on the wave-induced471

pore pressures in a sandy seabed is also investigated. Based on experimental472

data, the following conclusions can be drawn.473

1. Due to the influence of the mono-pile, when the irregular wave prop-474

agates to the front side of the pile, the wave crest will increase, which475
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Figure 19: Distribution of pore-water pressures vs time with different wave spectra for
Test 41 to 46 (x =0.15 m, z =-0.15 m, H1/3=10 cm, T1/3=1.2 s, Point 11).
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Figure 20: Distribution of the maximum pore-water pressure vs seabed depth (z) along
the back side of pile with different wave spectra for Test 41 to 46 (x =-0.15m, H1/3=10
cm, T1/3=1.2 s, Point 17, 18, 19 & 7).

is caused by the interaction between incident wave and reflected wave.476

When waves pass through the pile, the diffraction will occur, which477

leads to the deformation of the wave profiles. This will have an im-478

pact on the response of seabed, resulting in the consequence that the479

pore-water pressure in front of the pile is larger than that behind the480

pile.481

2. The seabed response caused by irregular waves shows obvious random-482

ness. The pore-water pressure around the mono-pile increases as the483

increase of significant wave height and period, which is similar to the484

regular wave-induced seabed response.485

3. With the increase of depth, the irregular wave-induced maximum pore-486

water pressure decreases and the attenuation rate of pore-water pres-487

sure also decreases. In the region between the seabed surface and 0.3488

m below it, this trend is significant. However, for the region below489

0.3m, the seabed response is much smaller, and the influence of wave490

parameters is not obvious.491

4. At the depth of z =-0.15 m, the maximum pore-water pressure caused492

by irregular waves occurs in front of the pile (0o), the minimum pore493
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pressure occurs behind the pile (180o), and the pore-water pressure494

decreases from 0o to 180o along the circumferential direction of the495

pile. At the location beneath the pile (z =-0.7 m), the maximum pore496

pressure appears behind the pile (180o). Although the soil beneath497

the bottom of the pile is not directly affected by wave loading, the498

pore-water pressure can be transferred from the surrounding soil to it499

and still oscillate.500

5. As a result to the irregularity of wave heights, the instantaneous wave501

height is larger than that of the representative regular wave at some502

moments, so the maximum seabed response under the action of ir-503

regular wave often exceeds the regular wave. However, the distribu-504

tion trend of the maximum pore pressure along the depth direction of505

seabed is basically the same. Among various spectral irregular waves,506

the P-M type irregular wave-induced seabed response is the most in-507

tense, and the seabed responses under the other spectral irregular508

waves are significantly different only near the seabed surface (z >-0.3509

m).510
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