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ABSTRACT

An investigation for seabed liquefaction inducedpbygressive water waves is vital for
the protection of marine structures from damageh® structure foundations. The
residual liquefaction in sedimentary seabed has li@mend to be of progressive nature
and experiments have also demonstrated that thefiegl soil behaves as a visco-
elastic-plastic material. Building on the previaesearch, this work develops various
numerical models to re-examine the key factors Wwhiafluence the progressive
liquefaction processes.

To investigate the effect of randomness of waveliteon seabed liquefaction,
ensemble modelling approach is adopted in a twerlagviscid fluid flow model,
whereby the liquefied soil is treated as inviscghvy fluid. Probabilistic study of soil
liquefaction processes indicates that the randomewaduced liquefaction depth is
much larger than that corresponding to regular wavgh Equivalent Wave Height.
The larger liguefaction depth in random waves ievwshto be due to the fact that the
highest waves rather than average waves in the wavies tend to dominate the
liquefaction extent. It is also shown that the timeeded for liquefaction to reach the
bottom of investigated domain can vary considerablthe case of random wave time
series. The longer period of low waves betweerlahge waves will delay the time for
the maximum liquefaction depth to be reached withi simulation time considered.
The current design practice, which is entirely blasa the regular wave models, can
under-estimate the liquefaction depth and leadhsate design. It is recommended that

the evaluation of liquefaction potential due todam waves should be based on the



XXii

appropriate extreme values in the wave heightidigion rather than average values
such as significant wave height or root-mean-squarnee height.

Secondly, a two-layer viscous fluid model repreisgnta visco-elastic-plastic
liquefied soil is constructed. The upper seawated bBquefied soil were treated as
viscous fluid and described by the linearized Na@wkes and continuity equations.
Simulation results confirmed that shear stressesbfvom infinite seabed solution can
lead to significant errors and underestimate theeliaction depth. The viscosity of
liquefied soil computed by the present model revealclear state change, i.e., from
viso-elastic stage to visco-plastic stage, dueh® ihcreasing deformation rate of
liquefied soil layer. The strain rate dependentasity can influence the liquefaction
process relative to constant viscosity althoughvweoy strongly. Deeper liquefaction is
more likely to take place in shallower water unttexr same wave loading. Smaller soil
permeability prevents residual pore pressure diisip and consequently enhances the
liquefaction.

Finally, the two-layer viscous model is extendedtmulti-layer model in order to
investigate the effect of stratification of liquedi soil layer. It is found that the
liquefaction depth estimated using the N-layer nhadesensitive to water content,
which is contrary to that predicted by the two-lagedel. The continuously increasing
liquefied soil density is found to overcome the muital difficulty in achieving a
convergent viscosity. The predicted liquefied sagcosity, liquefaction depth and
interface wave amplitude are all different fromttheedicted by constant water content
model. The sensitivity of liquefaction to both waaed soil parameters are enhanced by
the stratification of liquefied soil viscosity amnsity. The thickness of seabed is also

found to affect liquefaction but the trend is natmotonic. There seems to be a critical



xXxiii

seabed thickness, at which the effect of seabetzkrtbss on liquefaction reverses.
Below the critical thickness, the liquefaction dejs smaller due to the relatively short
drainage distance in thinner seabed but beyondritieal thickness, increasing seabed
thickness damps the wave energy and consequememis the liquefaction. Seabed
liquefaction is very sensitive to the soil plastitodel parameters contained in the

residual pore pressure build-up equation. Thereforeliable procedure for quantifying

these parameters is extremely important.
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Chapter 1 Introduction

Over the world, a large part of population and stdy are concentrated around the
coast and more and more exploration activities f@kee in coastal area and offshore.
Marine structures such as breakwaters, pipelink,doiling platforms, and wind
turbines are constructed to protect coastal comiypufaicilitate marine transport or to
generate energy.

Exposed to fluctuations of water pressure inducgdvater waves, the sea floor
around or beneath marine structures will undergooge shear deformation. Along
with the rearrangement of soil grains, the poreewaill be compressed. As a result, the
pore water pressure builds up in the case of amlrained’ soil, which leads to
reduction in the soil shear strength. When the mwaigve is sufficiently severe and
under specific conditions of seabed properties,sihié may even be liquefied if the
accumulated pore pressure exceeds the overburdssupe. In this situation, the soil
grains will become unbound and completely free fribictional contact, and the soil
will move like a liquid (Sumet al, 1999) under the prevailing current and wave
actions. In coastal engineering, wave-inducedeligction has been identified as a
major cause for damage in marine structures asethdt of foundation failures (Zest
al., 1991; Sakai, 1999; Gomyo, 1995) due to submdiow slides, liquefaction of
loosely packed backfills around underwater pipaliaed instability around the toe of
composite or offshore breakwaters as illustrateféign 1.1.

The topic of wave-induce seabed response and &qtieh in seabed has receive
numerous attentions since the 1970’s. The cychdileg due to ocean waves has been

confirmed to cause liquefaction to the seabed (Bjer 1973; Lee and Focht, 1975).



The mechanism of wave-induced liquefaction is tegoally established by a number
of researchers, for example Nataraja and Gill (J98&usa (1985) as well as Zen and
Yamazaki (1990). Most investigations into the rewmo of soil to progressive wave
loading were carried out by means of numericalys®es and centrifuge tests (Sassa and
Sekiguchi, 1999; Sassa and Sekiguchi, 2001; Ssssla 2001), and model scale wave
flume tests (Sumeet al, 1999; Sumeet al, 2004; Tehet al, 2003). There are also
some analytical approximations available for predicliquefaction potential of a free

seabed namely, without being disturbed by maringsires.

Harbour side Ocean side
Breakwater ‘/\4 Rocking Waves
VA
; =
Slide Liquefaction
-+~

or Scouring Lift up

Settlement Pipeline

Submarine Slide

Fig. 1.1 Geo-hazards in water fronts associateld egean waves
Despite these studies, the understanding of waaleeskinteraction is still far from
complete. For example, it is well known that aftiee occurrence of liquefaction the
liquefied soil loses its supporting power but itmans unclear how the fluid-like
liquefied seabed may affect the physics of wavdeseanteraction. Takahashkt al.
(1994) and Kiokeet al. (1998) have proposed that artificially liquefieshes of sand or
mud could be used to dampen out destructive erdrgsater waves in harbours. Sassa

and Sekiguchi (1999) and Sastaal (2001) have demonstrated the progressive nature



of liquefaction under progressive waves using beiperimental and numerical
approaches. The theoretical model proposed by ®hasda(2001) was an extension of
Lamb’s two-layer fluid system theory (Lamb, 1932he completely liquefied soil was
assumed to be inviscid fluid above and below wilsith a clear water layer and a sub-
liquefied (not become liquefied yet) seabed laydrictv was modelled by a poro-
elastoplastic model. Liet al. (2009) also took the sea water-liquefied soil asve:
layer system. However, they employed the lineari2¢avier-Stokes equation to
describe the fluid system and prescribed a constaobsity for the liquefied soil layer.
Furthermore, the wave-induced shear stress in deahe computed by a finite depth
seabed model rather than an infinite depth seabhe®aissaet al (2001). In the
aforementioned works, it was shown that wave ene&rgiissipated as the liquefaction
front advances downward. Therefore, the liquefied desires a rational modelling
method by which both the wave behaviour and thesumre exerted by the completely
liquefied soil on sub-liquefied seabed can be estidh more accurately.

However, the existing investigations into the wawidced seabed liquefaction
based on two-layer fluid system are restrictedegular waves. In reality, the gravity
water waves are always random. The random wavec@ttgoil response and the final
liquefaction depth frequently exceed the resultdenrthe corresponding representative
regular waves and the same soil characteristicseder, the two-layer fluid system
employed in the current literature assumes theefigd soil layer as an inviscid or
viscous fluid with a constant viscosity neglectthg fact that the liquefied soil not only
behaves like a heavy viscous fluid its viscosigoalaries with the rate of shear strain in
a way similar to the response of rate-dependeit fhwud to wave actions. Therefore it

is instructive to apply the concepts and rheoldgmadels originated from studying



fluid mud to the modelling of liquefied soil. Fimgl as the strain rate of liquefied soil

tends to change with depth the method of two-Iaystem is clearly unable to account
for these changes and the impact of this approximain the predicted liquefaction

processes need be quantified.

This thesis aims to examine the aspects mentiobedean the seabed liquefaction
caused by progress waves. To address the probldeaaknowledge on ocean wave
characteristics, wave-induced seabed response (poessure and shear stress),
properties of liquefied soil and wave-seabed irmttgwa analysis is required.The thesis
is organized as followings:

In Chapter 2, some previous works related to ssshes are briefly reviewed.

In Chapter 3, a two-layer inviscid fluid system feave-liquefied soil is constructed.
After Sassaet al. (2001), analytic solution to wave-induced sheaesst for infinite
poro-elastic seabed and the same residual pore siat@ge equation for excess pore
pressure build-up are employed. The model is &ttty comparison with the wave

tank centrifuge tests on progressive sandy seatpaefaction.

In Chapter 4, based on ensemble modelling methoprobabilistic analysis of
progressive liquefaction is performed. By perforgnimultiple runs of a liquefaction
model using randomly generated wave series fromvangwave distribution, the
liquefaction depth and time are determined in trenfof probability distributions so as
to reveal the variability and uncertainties invalven wave-induced liquefaction.
Prediction of pore pressure, seabed shear strelsware pressure are calculated using

the model established in chapter 3.



In Chapter 5, the inviscid two-layer fluid systemr fwave-liquefied soil is re-
examined. To account for viscosity of liquefiedlsai viscous two-layer fluid system
based on governing equations of linearized Naviek&s equations is constructed.
Liquefied soil is modelled using a visco-elastostila rheological model and wave-
induced soil shear stress is obtained from anallysolution for a finite thick seabed to

give a more accurate description.

In Chapter 6, two-layer viscous wave model in caagtis extended to multi-layer
system. A semi-analytical method is used to sdheedystem whose number of layer
automatically increases as liquefaction front adeardown. Thereby, variation of shear
strain rate and viscosity of liquefied soil alongpth is accommodated. Based on the

newly established model, a series of comparisoh tib-layer model are carried out.

Chapter 7 is the concluding chapter of the thdsishis chapter the major findings

of the investigation are summarised and recommendator further work are given.



Chapter 2 Literature Review

2.1 Wave-Induced liguefaction
2.1.1 Regular and irregular progressive waves

From a physical viewpoint, there exists a greatevaiof water waves, which can be
generated by wind, moving ship, earthquake or suima@xplosions. The scope of this
study is limited to the progressive wave. A simptegular progressive wave is the kind
of wave that can be defined by a sine or cosinetiom. In order to fully specify a
regular wave we need its amplitude, a, its wavdlerg its period,T as characteristic
parameters. The elevation of water surface dependise two variables positior, and

time,t can be expressed as

21 21
n(x,t) = asin (Tt —Tx> (2.2)

The water motion can be described by fluid meclmmdmarily consisting of mass,
momentum and energy conservation equations. Fosrtadl amplitude wave, a series
of linearization or other simplicity are acceptabtel the associated theory is termed as

‘linear wave theory’.
Random wave

However, the sea is never regular. It is not singblthe uniform waves, of constant
height and length, proceeding in a steady andhielisequence. Rather, a true sea is a
random phenomenon where the wave characteristichk s height, length, are

continually changing (Walter, 1968).



M athematical treatment of random wave

Longuet-Higgins (1952) proposed the classical peatsa simplified solutions with
an attempt to decompose the complex sea into simple elements. His basic idea
was random wave can be taken as a collection oéa gumber of regular waves with
different characteristics. For illustration, comibig of a small number of regular waves

with different lengths and heights is shown in RAd..

COMBINED

a
NV,

Fig. 2.1 Wave pattern combining four regular waf%slter, 1968)

Mathematically, the random linear progressive wawgs interpreted as the

superposition of a series of regular waves as

N

n(x,t) = Z aysin(w,t — kpx + ¢,,) (2.2)

n=1



wherea,, is the amplitude of the nth wave componéntjs the wave numberq),, is
wave angular frequencyk,, andw,, are related by the dispersion relation g@rds the

phase.

In fact, the most distinctive feature of the irrlgusea is that it has no set pattern
that can be repeated from one interval to any o its total energy must necessarily
be the sum of the energies of all the regular wévasmake up the wave surface. Thus,
the intensity of the sea is characterized by italtenergy. By virtue of the so-called
“wave spectrum”, it can be known how the total gyesf the sea is distributed over the
frequency range of the wave components. The wanghtsecan be predicted by various

statistical methods.

Seabed responseto random waves

To date, only a few studies have been carried @a@bhsider the variations of soill
responses inside the marine sediments under randea loadings. Sumet al. (1999)
performed experimental tests to investigate thecef irregular wave on soil response,
and they found that the process of build-up of gwessure in irregular waves occurs in

much the same way as in the case of the regulag.wav

Regarding the dynamic response of seabed causednidpm wave, Wangt al.
(2005) developed a finite element model to numdéyiexamine the effects of random
waves on the wave-induced pore pressure and e#estress based on the dynamic
model of Zienkiewiczet al. (1980). Recently, Liu and Jeng (2006) developed an
analytical solution for the random wave-induced| sesponse (instantaneous pore

pressure and soil stress) within an infinite doitkness. Difference on the soil response



between regular and random wave loadings, togetiiter the effects of several soil

characteristics, was investigated.

Later, Liu and Jeng (2007) continued to establiseri-analytical solution for the
random wave-induced soil response within a fingabed thickness. The influence of
random wave loading on the soil response is ingattd by comparing with the
corresponding representative regular wave reshhsugh a parametric study, which
includes the effect of the degree of saturationl, permeability, wave height, wave
period and seabed thickness. The distribution aintjties of seabed response was
found to have the similar trend for random wave aegular wave. However, the
magnitude in results of random wave is much largiee random wave can lead to a
deeper liquefaction depth than regular wave. THecefof soil thickness was also
conducted which demonstrated that the pore presdgigeabed bottom increases due to
the presence of impervious boundary and a largeirman effective normal stress was
also observed for the finite thick seabed than ittimite seabed. However, further
increasing the seabed thickness will obtain sasipoeises approaching the results under

the infinite soil depth.

Ensemble modelling method

Ensemble prediction is a technique in which seviergcasts are produced based on
an ensemble of different realisations of model alalgs, such as initial conditions,
forcing and/or model parameters. The advantageanoénsemble prediction system
(EPS) are well known. Amongst its benefits are tgeeeliability for the solution, the
generation of several possible predictions andptbbabilities associated with them as

well as the capability of predicting extreme events
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The ensemble method employed in atmospheric madelias an analogue for
ocean wave prediction. From the present point efvyia wave ensemble prediction
system (WEPS) can essentially go in two directimngroduce ensemble solutions or
members: (a) to create perturbations of the foreungd fields or/and (b) to generate
perturbations of the initial wave spectrum. Thegseraaches are described and analysed
by Farina (2002) and some potential benefits ofevarvsemble prediction are presented
in Janssen (2000) and Hoffschilet al. (1999) where the ECMWF wave ensemble
forecasts, operational since June 1998, are emhloye

There are two well-known methods to describe irfl@gwaves: spectral analysis
and wave train analysis. Although the spectral apgn is currently the most
mathematically appropriate approach for analyzitigne-dependent, three-dimensional
sea surface record, it is exceedingly complex angresent few measurements are
available that could fully tap the potential of¢hmethod. Alternatively, wave-by-wave
(wave train) analysis can be used to treat irregwkaves. In this analysis method, a
time-history of the sea surface at a point is uaed statistics of the record are
developed. The undulation in the time-history of gurface must be divided into a
series of segments, which will then be considesethdividual waves. The height and
period of each wave will be measured. Once thioise for every segment of the record,
statistical characteristics of the record can lien@ged, and the statistics of the record
are compiled. Two of the most important parameteexessary for adequately
quantifying a given sea state are characteristighbeand characteristic period. In
general, probability density for the wave perioch&rower than that of wave height,

and the spread lies mainly in the range 0.5 tdigh®s the mean wave period.
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In this study, the probabilistic analysis of wanekiced seabed liquefaction is based
on the wave train analysis. Instead of represent@gdom waves by a single
representative wave, an ensemble of different viiights and their sequences are used
to carry out multiple numerical predictions. Sirtbe time of concern is very short (at

the scale of minutes), the wave period is assumée tonstant.

2.1.2 Liquefaction mechanisms and prediction

Liquefaction definition

Seabed liquefaction is the state where the seaagdolst all its structural strength
due to the increase of effective stress or excess ressure due to cyclic loading. The
seabed behaves as a heavy liquid with no rigidityl can therefore flow. When water
waves propagate in the ocean, significant dynamawewpressures and variation of
stress within sea floor could be generated. Witbesg pore pressure and diminishing
vertical effective stress, part of the seabed nmeppime unstable or even liquefied. Once
liquefaction occurs, the unbounded soil particikes\allnerable to be carried away as a
fluid by any prevailing bottom current or mass #jport subjected to the action of ocean
waves (Jeng, 2003).

Liquefaction mechanisms

As observed by Zen and Yamazaki (1990) and Nstgal. (1993) in the laboratory
and field measurements, wave-induced liquefactiam ©ccur by two different
mechanisms depending on the pore pressure: osll@homentary) liquefaction and
residual (progressive) liquefaction (see Fig. 2®)e oscillating liquefaction occurs
when the oscillating excess pore pressure exceedctitical value. It is always

accompanied by the amplitude damping and phasia ldxg pore pressure. The residual
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liquefaction is caused by the residual pore presguuild-up of the excess pore pressure)
due to tendency of seabed to contract under cyedice loading. This type of saill
liquefaction is similar to that caused by earthegsgakSeed and Rahman, 1978). The
oscillating liquefaction is more important for uhsated marine sediment and deep
water region while the residual liquefaction prévdor the relatively shallower water
and large wave (Jergj al, 2007a) .

A typical time history of wave-induced pore pressigrillustrated in Fig. 2.2.

20

Residual pore pressure

Pore pressure (kPa)

I
250 300

I I I
0 50 100 150 200

Time (s
Fig. 2.2 Schematic illustration of wave-inducedeppressure in seabed
Liquefaction criteria
There exist mainly two different criteria that haween used to define the transient
liquefied state.The first one is based on the concept of effectiress, as given by
Okusa (1985) for 2D cases, in which a liquefiedesia reached when the vertical
effective normal stress is greater than the subetkewgeight of the soil deposits. This

criterion was extended to the 3D case by Tsai (1895
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%[—(ys — v+ 2Ky)z — (a}c + oy + az’)] <0 (2.3)

wherey;andy,, are the unit weight of soil and watet, o, ando; are the effective
normal stresses in the x-, y-, and z-directionpeesively.K, is the coefficient of earth
pressure at rest aris the vertical coordinate (upward positive withe toriginal

located at surface of seabed) .

The second criterion is based on the concept oéssxpore pressure, as suggested
by Zen and Yamazaki (1990) for the 2D case. Ligtteda is assumed to take place
when the geostatic pressure is less than the walteseéd effective mean normal stress.

This was modified by Jeng (1997) to the 3D case as
1
3|0 = r) A+ 2Kz + (P, — )| < 0 (2.4)

In which P, is the wave pressure at the seabed surfaca%h'd; the wave-induced

oscillatory pore pressure.

Jeng (1997) examined the above two criteria foressvdifferent cases, together
with the field data from Zeet al. (1991). He concluded that the criterion suggebted
Okusa (1985) and Tsai (1995) may only be suitatmeafseabed with large thickness.
He also found that no liquefaction occurs in arsdd seabed unless at least one of the
following conditions is met: very shallow water large wave or seabed with very low
permeability.

Regarding the criteria for residual liquefactiorgsSaet al. (2001) employed a

simple one as
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—~ =1 (2.5)

whereay is the initial vertical effective stress of saiidaugz) the residual pore pressure.

Pre-liquefaction: potential

Natarajaet al. (1980) suggested a simplified procedure for oceane-induced
liuefaction analysis and concluded that the exgstiata on cyclic shear strength of
liguefiable soils under seismic loading could bedugo estimate the cyclic shear

strength under wave loading conditions.

Then, Nataraja and Gill (1983) summarized the festof the simplified procedure
for ocean wave-induced liquefaction analysis armh@red the procedure by using data

from four projects.

Ishiharaet al. (1984) proposed a methodology for evaluating thegmitude of
cyclic stress and wave-induced liquefaction onithsis of design storm parameters. For
some typical several storm conditions, liquefaciiora medium dense deposit of sand
with 70% relative density (i.e., the ratio of thidfetence between the void ratios of a
cohesionless soil in its loosest state and existatgral state to the difference between
its void ratio in the loosest and densest statesi)d extend down to a depth of 17.7 m

at a location of 14 m water depth.

Umeharaet al. (1985) proposed a method to evaluate liquefactesistance for
partially drained conditions (somewhere betweenpédectly undrained and drained

idealized conditions). Their results indicated thait strength increases owing to partial
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drainage and the strength can be well represenyedhé relative density and a

coefficient of drainage effect.

Maenoet al. (1989) compared the empirical formula for wavedioed liquefaction
proposed by Maeno and Hasegawa (1987) with thedheal solution of Yamamotet
al. (1978). They pointed out that the liquefaction tlepredicted by the theoretical
solution was considerably less than that giverhieyeimpirical formula for small waves.
But an agreement was observed for the case of eages (wave steepness greater than
0.2). They also concluded that wave height andopdeplay an important role in the

wave-induced liquefaction.

Tsotsoset al. (1989) developed a numerical model for the evalnabf pore
pressure generation and liquefaction potentiahégea floor due to cyclic wave action.
The analysis included the development of both tesmisand residual pore-water
pressures, and the simultaneous partial pressasgdtion. They have shown that soil
permeability had a significant influence on porgevapressure generation and
liquefaction because high permeability preventeddévelopment of excess pore-water

pressure.

Sakakiet al. (1992), using Mei and Foda’s (1981) boundary laggproximation,
examined the wave-induced momentary liquefactidmeyTconcluded that the excess
pore pressure increases as the soil stiffiegssncreases. The maximum liquefaction

depth reached around half of the wave height ihzme conditions.

Rahman (1991) investigated two mechanisms of wagladed liquefaction for the

non-cohesive sediments. Employing Okusa (1985)tera for liquefaction, it was
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found that liquefaction potential would increaseghwnincreasing wave period. Lower

degree of saturation tends to increase the chdrtcansient liquefaction.

Jeng and Zhang (2005) and Zhang and Jeng (20GH)lisked an integrated three-
dimensional model, incorporating a wave model argbih model, to investigate the
wave-induced liquefaction potential in the Gold &toeegion in Australia. Both non-
breaking and breaking waves were considered irr tmeidel. Jenget al. (2007a)
derived an analytical solution for residual poregsure for homogenous, isotropic and
infinite seabed. Based on the solution, a paramatralysis was performed to verify the
applicable range of two liquefaction mechanismseylleoncluded that the residual
mechanism is more important for large waves orlgialr water. Using the criterion of
liquefaction as shown in Eqg. (2.5), Jestcal. (2007a) proposed a formula to predict the

liquefaction depth:

! 2
2 |1 y'(1+ 2Ky)cpA (2.6)
2 6A

y' (14+2Ky)cpA?

>0;
6A

Note that Eqg. (2.6) is only valid under the coruﬁtiof%

otherwise, it means no liquefaction occurs. Baseths formula, a numerical example
for the prediction of maximum liquefaction depth)(is presented in Fig. 2.3, where

is the ratio of amplitude of the oscillatory pomegsure and residual pore pressure. In
the example, the relative water deptlf k) varies from shallow wateri/L = 0.05) to
intermediate water §/L = 0.3). As the water depth increases, the maximum wave

steepness for inducing soil liquefaction will inase, which will enhance the
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liquefaction potential. The figure also indicatbattthe maximum residual liquefaction

depth will increase as the wave steepness increases
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Fig. 2.3 Distribution of critical wave steepnesssus relative water depth for
various values of amplitude ratios (Jestcal, 2007a)

Post-liquefaction: progressive nature

All the aforementioned models focus on the liquidsc potential estimation
without considering the effects of liquefied seabadhe whole liquefaction procedure.
Sassa and Sekiguchi (1999) carried out a seriezmtfrifuge wave tank tests. They
found residual liquefaction only takes place whemmitaical cyclic stress ratio is reached.
The threshold ratio for progressive wave is lovirantfor standing wave. Moreover, the
wave-induced liquefaction of the sand beds was pfagressive nature. Sasstal.
(2001) modelled the liquefied soil as heavy inwstiuid and used a system of two-
layer fluid overlying the sub-liquefied seabed bmdate the wave-seabed interaction.

The numerical model demonstrated the progressivarenaof residual liquefaction
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processes and well reproduced the final liquefactiepth as measured in Sassa and
Sekiguchi (1999). Furthermore, the decreasing wawaber during the liquefaction
process indicated the wave energy is more effdgtd@mped out with the liquefaction
front advances downward. This demonstrated theenfte of completely liquefied soil
on the development and final depth of liquefactiblowever, when determining the
stress ratio, Sassat al. (2001) adopted an analytical solution of wave-oetl shear
stress for infinite thickness poro elastic seabdds could lead to significant errors.
Another weakness of the model is that the assumpifoliquefied soil as a heavy
inviscid fluid fails to capture the viscosity propeof liquefied soil, which has been

proven in experiments.

2.2 Wave-induced seabed response

As stated in the liguefaction mechanism, the waneiced pore pressure is a
dominant factor in the assessment of liquefactinriurn, the build-up of residual pore
pressure depends on the dynamic shear stress dayfieel cyclic wave loading. Herein,
the previous researches for the seabed respoms#do wave, i.e., shear stress and pore

pressure are reviewed first.

2.2.1 Wave-induced stress in seabed and oscillatory pore pressure

Theoretical development

Numerous wave-seabed interaction models have beeelaped with various
assumptions since the 1940’s. They evolve fromidiglow and deformation un-

coupled model to coupled model with or without adagation of accelerations due to
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fluid and soil motion. In this subsection, the trediral development of wave-induced

seabed stress and oscillatory pore pressure mugl@libriefly summarized.

Based on the assumptions of a rigid, permeableysaeabed, un-coupled models
have been proposed as the first approximation enatiea of wave-seabed interaction.
When the pore fluid is considered to be incompldssithe equations governs the
storage of fluid is the Laplace’s equation, or wbfbn equation with including of the

compressible pore water.

Based on a linear wave theory, Putnam (1949) ptedem simple solution for an
isotropic porous seabed of finite thickness. Thegctuded that seepage of pore fluid
can result in a significant loss of wave energy [1973) employed the uncoupled
model of Laplace’s equation to simulate the flovaipermeable bed and determined the
damping rate for an infinite seabed. The viscouecefof the boundary layer was
incorporated. Nakamurat al. (1973) and Moshagen and Torum (1975) proposed the
diffusion equation for pore water conservation. Kexgen and Torum (1975) found that
the inclusion of pore fluid compressibility sigmiintly alter the vertical seepage forces
acting on the soil. However, the relative compit@gi of the pore fluid appeared
somewhat unrealistic (Prevost al, 1975) which impaired the validity of their

conclusion.

The approach of un-coupled modelling ignores themessibility of seabed and its
deformation due to un-coupling of pore-fluid motiand soil motion. Furthermore,
these approaches provide no information on the efigctive stresses and soill

displacements in the seabed.
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In 1970’s, the second type of models for the wantkiced seabed response emerged.
It is based on the assumption of compressible flaré and soil, but ignoring the
accelerations due to pore fluid and soil motioratBionsolidation equation (Biot, 1941)
and storage equation (Verruijt, 1969) were adoptedescribe the force balance and
fluid motion, respectively. The methodologies ifvety the governing equations can be
summarized into three classes: direct analytichitiem, boundary-layer approximation

and numerical modelling.

The direct analytical approach was first developgdramamotoet al. (1978) and
Madsen (1978), among which Madsen (1978) considarégdraulically anisotropic
and unsaturated porous bed, whilst Yamanettal. (1978) studied an isotropic medium.
Both considered only an infinite thickness of dmd. Under elastic conditions, Okusa
(1985) used the compatibility equation and redutkd governing equation of
Yamamotoet al. (1978) to a fourth-order differential linear eqoat He stated that the
wave-induced soil response depended only on theeweawditions, not on the soil
characteristics for a fully saturated and isotraggeiody seabed of infinite thickness. The
conclusion may not hold for the seabed of finiiekhess (Gatmiri, 1990; Jeng and Hsu,
1996). Jeng and Hsu (1996) provided a closed farlutien for the shear stress and
pore pressure induced by a progressive wave fatusisged poro-elastic seabed of finite
thickness. Based on the solution, Jeng and Hsw6j1l88mpared the relative difference
between the solutions for infinite and finite béickness and foundthat when using an
infinite bed the relative errors in pore presswaye-induced effective stresses and soil
displacements are significant. For a general layeseabed, Rahmaet al. (1994)

proposed a semi-analytical analysis because tHgt@ahsolution is not able to provide
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a closed-form solution. The other shortcoming & threct analytical solution is the

complicated mathematical presentations especiatlg finite thickness seabed.

An alternative approximation, the boundary-layepragimation, was proposed by
Mei and Foda (1981). The basic principle of therapph is to divide the whole soil
domain into inner and outer regions. Full solutisnprovided in the inner region,
namely, near the seabed surface of more interegt wisimplified solution is obtained
in the outer region. This approximation can obtairmore acceptable solution for
saturated seabed with low permeability under logqfiency waves than other cases

(Hsuet al, 1993).

Numerical methods, including finite difference nuadh finite element method and
boundary element method, are more powerful to additee complex situations for one

or multiple-dimensional seabed.

Madga (1990) developed a one-dimensional finitéethhce model for the wave-
induced pore pressure in a nearly saturated sasdlyHe concluded that the time phase
in pressure generation depends mainly on the degreaturation, compressibility of
the soil skeleton and soil permeability. Zen andn#daaki (1990) established a finite
difference model for a single layer of porous seéaléatmiri (1990) developed a finite
element model for the wave-induced effective saessd pore pressure in an isotropic
and saturated permeable seabed. He found thatekists a critical bed thickness about
0.2 times the wavelength, for which the horizomt@lvement of the soil skeleton reach
a maximum. Further, the soil response of a finickiness is affected by soall
characteristics as well as wave even when the deebbydraulically isotropic and

saturated. At the lateral boundaries, the vertdiaplacement and pore pressure are
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prescribed to be zero ignoring a phase lag inresponse in a fully saturated seabed of
finite thickness (Jeng and Hsu, 1996). Probablg, ihthe reason why the general trend
of pore pressure distribution versus the seabe#iribss in Gatmiri (1990) was found to
be inconsistent (Jeng and Hsu, 1996). Thomas (186%g¢loped a one-dimensional
finite element method for a two layered unsaturateabed. The results suggested that
the stiffer sediment in the top layer dominatedréssponse of the bottom layer in a two-
layer seabed. Jeng and Lin (1996) extended the Inimda non-homogeneous seabed
with the permeability and shear modulus varyindhvdéepth. Jeng and Lin (1997) went
on to examine the influence of non-linear wave congmts on the soil response. The
combined effect of cross-anisotropic soil behaviamd non-homogeneous soil
characteristics on the wave-induced soil resporeseaxamined by Jeng and Lin (1999).
For the application to the seabed with a structaréwo-dimensional finite element
model was developed (Jeng, 2003) by employing tireiple of repeatability for the

specification of lateral boundary conditions.

To account for the dynamic of soil motion, Zienkiezvet al. (1980) proposed a
one-dimensional so-called u—p approximation for @apropagation over porous media
based on the Biot's poro-elastic theory (Biot, 1996 addition to inertial terms due to
the soil motion, Jeng and Rahman (2001), Jeng dra (2003) included the inertial
terms related to the pore fluid motion and investg the effects of dynamic soail
behaviour on the wave-induced soil response throaigtwo-dimensional analysis.
Usually, the dynamic solutions are lengthy and demmvhich limits its application in

engineering practice.
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All aforementioned poro-elastic models and smahistmodelling framework are
only applicable to small deformations, which aredealized condition. To address the
large deformation occurred under the action of anstfor soft seabed, poro elasto
plastic models are required to provide a bettemedion of the soil response. However,
due to the complexity in constitutive relationstapd moving boundary, only a few
investigations have been published (Sekiguchi gt1#195; Yang and Poorooshasb,

1997, Li et al., 2002).

Physical modelling

Theoretical investigations usually involve someuaggtions to simplify the real
physical problem to make the mathematical equaticattable. To test model validity
or to help construct a conceptual model for a $peprocess of seabed and wave
interaction, physical models have often been cdraat. In general, three different
experimental approaches have been used: wave tapkriments, geotechnical

compressive tests, and centrifugal wave modelling.

There have been numerous investigations for theevraduced pore pressure based
on water tank experiments. Sleath (1970) and Tsditéelfrich (1983) used wave tank
to measure the phase lag of wave-induced poreyreed8ased on second-order Stokes
wave theory, Maeno and Hasegawa (1985) proposednapirical equation for the
wave-induced pore pressure in sandy beds. The ieadppore pressure equation was
expressed as a function of the wave steepnessaamexiperimental parameters, which
are depended on the permeability of the bed. Dearasvanover (1985) measured the
wave-induced pore pressure and stresses in a $aadyT heir laboratory data verified

the elastic theories in estimating the total vaftend horizontal stresses in a sandy bed,
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where dilation of the grain matrix is small. Furimere, their theoretical solution of the
total stress for a seabed of infinite depth waswshto provide a lower bound for

stresses in a sandy bed of finite depth.

Apart from the examination of wave-induced poresptee, wave tank was also
employed in studying the phenomenon of seabed fagtien under wave loading.
Tzang (1992) conducted a series of wave tank exjeris and demonstrated the
relationship between the build-up pore pressureflamization in a soft seabed. Sumer
(2005) used wave tank to investigate sinking aodtihg of pipeline in liquefied sand.
The results of the experiments showed that theityens liquefied soil varies with
depth, which is consistent with Hwaeg al. (2006). Therefore, it is not appropriate to

treat the viscosity of the liquefied soil a constdmoughout the depth.

Although wave tank experiments have been commosédby coastal engineers,
they generally lack the necessary accuracy requiretbtermining soil parameters. In
order to achieve a better estimation of soil chiaratics, compressive test needs to be
performed. Both wave tank experiments and compredsists have the scale problem
under one gravity acceleration environment andefloee the results obtained in the

wave tanks may not be easily extrapolated to pyptotonditions.

Centrifugal wave modelling is a newly developed esxpental approach, which
allows the experiments are conducted under N tigrasitational acceleration. The
centrifugal experiment can provide the spatialriistion of both soil response and
water pressure. Sekiguchi and Phillips (1991) ahdlips and Sekiguchi (1992) may
have been the first to conduct wave experiments ioentrifuge and develop the

fundamental framework of the centrifugal wave ekpents. Their experimental data
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has been widely cited for the verification of thetgral results. Sassa and Sekiguchi
(1999) and Sassa and Sekiguchi (2001) further ingatdhe controls of experimental
environment, which enables the progressive nattikgawe-induced liquefaction to be
clearly observed. However, the wave experiment éntrifuges remains be a
challenging task with both preparation technique wave generation system requiring

much more investigations.

2.2.2 Wave-Induced residual pore pressure modelling

There are two groups of method for describing thiédkup of residual pore pressure
that are widely employed. The first group was depetl by incorporating into the one-
dimensional consolidation equation a source termmchvrelates the development of
pore water pressure to the number of load cyclessimple shear tests. The
corresponding analytical solution has been propa@setl discussed (McDougal et al.,
1989; Cheng et al., 2001; Jeng et al., 2007b).sHwend group was firstly proposed by
Sassa and Sekiguchi (1999) involving the considerief plastic volumetric strain
change in the incompressible fluid storage equatdthough both groups of method
are based on the fluid continuity equations thdéfedsignificantly in dealing with the
relationship between pore pressure generation geltt glasticity of the soil. A brief

description of each method is given below.

Modified consolidation model

The residual pore pressuref()) in a homogeneous, isotropic soil can be derived

from the one dimensional consolidation equation
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) 2,,(2)
ou, _ Cva U, tf (2.7)
ot 0z2
in which c, is the coefficient of consolidation, related to ahenodulusG and
hydraulic conductivityK by

_2GK(1 — )

M) =

wherep,.is Poisson’s ratio ang, the unit weight of pore water.

On the right hand side of Eq. (2.7), the sourcei¢ris the mean accumulation pore
pressure associated with the surface water wavesreTare both linear and nonlinear
mechanisms of pore pressure generation (étrad, 2007b) which are valid for linear

wave and nonlinear wave, respectively (Jeng, 20B8j.the linear mechanism, the

source term is expressed as

f= —(a(’, _) (2.9)

whereN /N, represent the ratio of cyclic loading to the ayaliumber to liquefaction,

can be obtained by (De Alls al, 1976)

/0
g 11 (ﬁ)l _ 2.10
06—2+nsm 2 N 1 (2.10)
or
1/26
[Ty _(ﬂ) 2.11
sm<206> - (2.11)
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where,u, ando, are the pore pressure generation due to cyclidingaand effective

overburden, respectively; afds the shape factor. The analytical approximatiares

available for the finite, shallow and deep sealdethd, 2008).

Modified storage equation model
The storage equation relevant to the poro-elasstiplaoil with contractancy may be

described as follows (Sassa and Sekiguchi, 1999):

ou” _ k0w 10 2.12)
d(wt) mypuw 0z2 m, d(wt)

wherek is the coefficient of permeability a 20)1 is the plastic component of soll
volumetric strain increment (Appendix A). Let= wt/2m, the second term on RHS is

the temporal rate of plastic volume change whiaghlmadescribe as (Sassaal, 2001)

p

B — Bexp(—pOWE (D) 2.13)
df - p (9] .

wherew can be divided from both sides for convenienceashparison and?, v, and

x are plastic volumetric strain, plastic volumesitain as time approaching infinity and
ratio of shear stress and initial vertical effeetstress, respectively. The derivation is
detailed in Appendix A.

The coefficient of compressibility of the soil s&&n,m, is related ta,, by
m, = — (2.14)

Therefore, the above storage equation becomes
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ot V922 K dt

auE) azuf) Cy iy dvP (2.15)

Therefore, it is obvious that 1) these two methsklare the same assumptions of
incompressibility of pore fluid and fully-saturateil; 2) the only difference arises
from the description of cyclic plasticity of theilsdNeither one is assumed to be
superior to the other if the associated model @mistare measured at the same

accuracy level. In this study, the second modatizpted.

2.3 Behaviour of liquefied soill

Modelling of liquefied soil is crucial in predictynthe progressive liquefaction. With
the liquefaction front advances downward, the inpuave energy Iis altered.
Consequently, the chance of liquefaction for sgidfied seabed is influenced. There is
no consensus on whether liquefied soil behavesdikelid or a liquid. Consequently,
the commonly accepted constitutive model for a detefy liquefied soil does not exist.

In the investigation of ground deformation induckg liquefied soil, some
researchers assumed the liquefied soil behavesalikelid with significantly reduced
stiffness given by a suitable post-liquefactiores¢rstrain relations (Finn et al., 1991;
Aydan, 1995), whilst others took the view that tiggiefied soil intrinsically behaves
like a fluid because liquefaction reduces the rsti$is of the soil to a negligible extent.
For instance, Uzuokat al. (1998) treated the liquefied soil as a Binghamdfland
carried out several numerical simulations and e#id against experimental data. The
shear stress-shear strain rate relationship oBthgham model can be expressed as

follows:
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T=uy + 1, (2.16)

wherert is the shear stress,is the viscosity after yield; is the shear strain rate and
Is the yield strength, i.e., the minimum undrairstgength. When applying Bingham
fluid model to the liquefied soil, Uzuolet al. (1998) expressed the Bingham viscosity

by an equivalent Newtonian viscosjtias

+Tr_ +RT-P
=Ty Ty
(e'e) )'/=0

(2.17)

In which,

Yy = /(1/2)éijéij (2.18)

whereR, is the residual strength ratio aritlis the second invariant of the deviatoric
strain rate tensor. The Bingham model appearsduige a realistic description of the
post-liquefaction behaviour, both in terms of residshear strength and viscosity
exhibited by such kind of material (Montassar andh&, 2006). Sawicki and
Mierczynski (2009) carried out experiments to measure tiweahic viscosity of
liquefied soil based on the assumption of Newt@tasity fluid model without residual
shear strength.

Other significant contribution was made by Hamadd Wakamatsu (1998), who
carried out experiments to determine the charatiesi of liquefied soil and ground
displacements using shaking table tests on ligdedigbsoil models. They concluded
that during ground flow before earthquake motioases liquefied soil behaves as a

pseudoplastic fluid. It is a group of non-Newtonifinids in which the viscosity
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coefficient decreases as the shear strain ratedases (Hamada and Wakamatsu, 1998).
The relationship between the shear stressand shear strain rate, , for such fluids, can

be expressed with:

T=pey/ (1 +y/¥) (2.19)

where the apparent viscosity coefficigngiven by:

u=po/A+7v/v) (2.20)

wherep, is the initial viscosity coefficieny; is the shear strain rate when the secant
viscosity becomes equal ig/2, which is usually referred to as the referenceashe
strain rate.

Hwang et al. (2006) performed sinking ball and pulling bar ekt measure the
viscosity of liquefied sand and confirmed that figuefied sand behaved as non-
Newtonian fluid, whose viscosity decreased withr@asing shear strain rate. Further, a
extensive review on the dynamic viscosity of liqadfsoil was conducted with the
main results as shown in Fig. 2.4 and Table 2.In&tla and Wakamatsu (1998) made
extensive earthquake-induced ground displacemesgsiigation, and concluded that
liquefied soil behaves as a pseudo plastic fluidnduground flow; however, it returns
to behaves as a solid body as stiffness recoversaddissipation of pore water. In other
words, there exists a property transition for ligee soil from relatively rigid viscous to
purely viscous fluid. No comprehensive model isilatde in the existing literature that
accounts for this important phase change.

At this point, it is worthwhile to review brieflyhe rheological models for a closely

related material, i.e., fluid mud. There have b#ere types of rheological models for
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fluid mud: Viscous fluid,Viscoelastic model, Viscoplastic model and Visceg@

plastic model (Soltanpour and Samsami, 2011).
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Fig. 2.4 Test results of viscosity values of ligadfsoil in literature (Hwangt al,

2006)

Table 2.1 Tests and method of liqguefaction in assgsliquefied soil viscosity

(Hwanget al, 2006)

Method of
Resear cher Type of test
liquefaction
Hwanget al(2006a) 1 g, subsidence of sphere Impact
Hwanget al(2006b) 1 g, pulling cylindrical bar Boiling

Hamada anet al(1992)

1 g, pulling sphere
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Hamada anet al(1993)

1 g, pulling pipe, pile, sphere —

Kawakamiet al (1994) 1 g, shaking table test Shaking
Miyajimaet al (1994a) 1 g, subsidence of sphere Shaking
Miyajimaet al (1994b) 1 g, pulling sphere Boiling
Miyajima et al (1995) 1 g, subsidence of sphere Shaking
Ohtomoet al (1993) 1 g, pulling sphere Boiling
Sasakiet al (1997) 1 g, subsidence of foundation Shaking

Shaking in
Satoet al (1994) 50 g, flow of slope

centrifuge
Takada and Nagai (19871 g, subsidence of sphere Shaking

Towhataet al (1992)

Towhata and

Horikoshi(1997)

Towhataet al (1999)

Analysis of the progress of

lateral deformation of -

liquefied slopes

Prototype subsidence of buildindl964 Niigata

Foundation earthquake

1 g, pulling pipe Shaking
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Toyota (1995) 1 g, flow of slope Impact
Vargaset al (1995) 1 g, pulling pipe Shaking
Yuasaet al (1994) 1 g, pulling sphere Shaking
Yuasaet al (1994) 1 g, viscometer Boiling
Zhanget al (1994) undrained triaxial test -

Gade (1958) was probably the first researcher wéed uhe viscous fluid mud
constitutive model to analyze the dissipation of/@vanergy by a deformable mud bed.

The stress for viscous fluids is represented dgvist

wherep is the mean or the hydrostatic strgsss the dynamic viscosityj;; is the
Kronecker delta, anégj; is the strain rate tensor. The apparent viscagigy Newtonian

viscous fluid can be defined as

_ Ty
Ha = Hm + gy (2.22)
dz
whereu, is apparent viscosity,, is the Bingham plastic viscosity ang is yield
stress. The apparent viscosity can be obtainedughrdrial-and-error. Alternatively,
fluid mud was modelled as viscoelastic materialsictvhsimultaneously display

characteristics of both solids and fluids. The slsti@ss of these materials depends not

only on the local strain rate, but also on itsdmgt This memory effect results in an
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elastic property of fluid, in addition to its visity property. Kelvin-Voigt model
(Soltanpour and Samsami, 2011) is a representateeelastic model. The constitutive

equation for the Kelvin-Voigt model is defined as

Bingham fluid model is acturally a simplest visagilc model. Bingham fluid mud

model assumes the shear stress as (Kessel ancnktage1996):

ou ou
T = T,Sign <5> + Hm 5 if |7| > 1, (2.24)

wherer,, is the yield stressgy,, is the Bingham plastic viscosity, ands the velocity in
X direction. By introducing a so-called “equivaleviscosity”, Tsuruyaet al. (1987)

converted the Bingham fluid model into the viscugl model

Ty

He = Hm t+ 21T, (2.25)
v e

where4|I1,| is expressed as

ou\> w2 ou  ow\?
—2(= il — 4 2.26
M| 2(636) +2<az) +<az+6x> ( )
Huynh et al. (1990) and Jiang and Watanabe (1995) investigaterheological
behaviour of fluid mud and found that the mud ekbik nearly visoelastic behaviour at
low shear rate and a Bingham fluid behavior at tslyear rateShibayamaet al. (1989)

introduced the viscoelastplastic (VEP) terminoldgyovercome the shortcoming of

visoelastic and Bingham model. The constitutiveatigms are expressed as
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( iG 1
I,Ll+; (Eo-ijo-ijsry>
e = o 2 (2.28)
Ui + <— O-ijo-ij > Ty>
l VAT, \2

Regarding liquefaction prediction, Sassaal. (2001) adopted an inviscid liquid
model with a distinct density for liquefied soil amtheoretical model for predicting the
behaviour of liquefied soil under fluid-wave loaginwith the emphasis on the
progressive nature of wave-induced liquefaction éfi al. (2009) took into account of
the constant viscosity of liquefied soil in the s of wave-induced progressive
liquefaction and found that the viscosity affea firediction of final liquefaction depth
under the same wave and seabed conditions. Howgassgat al. (2001) has suggested
that vertical displacement amplitude of liquefieall dayer increases dramatically in
association with the downward propagation of thedfaction front. It is expected that
the shear strain rate will experience the same gda8ince the viscosity depends on
shear stress rate, it will be inevitably changednduthe liquefaction front advancement.
Therefore, it is necessary to adopt a more advalmpeefied soil rheological model.

It is increasingly being acknowledged today by aeskers in geotechnical
engineering that liquefied soil behaves as an iqmessible fluid, displaying both
viscous and residual strength properties (Towteatal, 1999; Montassar and Buhan,
2006). By virtue of theheological similarities between fluid mud and kded soil,
improvements in the rheological modeling of these taterials can be shardd.this

study, the rheological model for fluidly mud propdsby Shibayameet al. (1989)is
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used for comparison of progressive liquefactiorcpss with Sassat al. (2001) and Liu

et al. (2009).

2.4 Wave-seabed interaction in post-liquefaction phase

Wave-seabed interaction modelling of pre-liquefsadl has been covered in the
previous section. Herein, the focus is moved ortte post-liquefaction phase.
Considering the similarities that exist in the babar of liquefied soil and fluid mud,
the methods developed for wave-fluid mud interactimay provide valuable
suggestions for the wave-liquefied soil interactioadelling.

The widely used models to investigate the dissypatif passing waves on soft mud
are based on either a two-layer or a multiple legefluid system in which both
seawater and fluid mud are treated as fluid. Theegong equations which are used to
describe the motion of fluid are the linearized Nastokes equations, neglecting the
convective accelerations, and the continuity equaMacPherson, 1980).

Dalrymple and Liu (1978) an8akakiyama and Bijker (1988gveloped a two-layer
wave-mud interaction model to calculate the wauenatation rate and mud mass
transport. A viscous fluid rheological model waspigd for the fluid mud.

However, the two-layer modeling cannot capturevitwgation of characteristic mud
properties along depth of fluid mud. Especially wishear stress and viscosity depends
on vertical location, the vertical change of flyddoperties may affect the eventual
simulation results. To address this problem Tsuetya. (1987)proposed the so called
multi-layer or N-layer fluid system. Maa and Mel{t®90) employed a viscoelastic
mud rheological model in a multi-layer wave-mudenaiction model. In addition to

some laboratory experiments to investigate wave-mtataction, An and Shibayama
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(1993) developed a multi-layer numerical model aseg viscoelastoplastic behavior
for fluid mud Afterwards, Zhang and Zhao (1999) used a mwtdanodel similar to
the model of Maa and Mehta (1990) to study the waue interactionHowever, the
restriction of constant viscosity of fluid mud laywas relaxed in their numerical
simulations.

For both two-layer and multi-layer fluid systemse tboundary conditions consist of
the kinematic boundary conditions at interfaces fied surface, zero horizontal and
vertical velocities at the rigid bottom, the impasi of zero normal and tangential
stresses at the water surface and the continuibpohal and tangential stresses across
the interfaces. By the linearized NS equations enibd to the above boundary
conditions, the wave attenuation rdtg, is calculated by this model (Soltanpour and

Samsami, 2011) as well as the velocity componamd<laid pressure.

In comparison with fluid mud modelling the litereés on wave-liquefied soll
interaction modelling is very limited. To simulatee wave-liquefied soil interaction,
Sasseat al. (2001) proposed a theoretical model for progreskguefaction. The model
was an extension of Lamb’s (1932) two-layer flunddry, by considering a layer of
inviscid liquefied soil underneath seawater lay@llowing the two-layer fluid model
developed by Dalrymple and Liu (1978) for ocean @smwver mud, Litet al. (2009)
treated both seawater and liquefied soil as visfloids and the laminar Navier—Stokes

equations are used to describe the motion of theayer wave system.

2.5 Objectives of thesis

In view of the current research state in the ingasibn of seabed liquefaction

induced by progressive wave, the specific objestofethis thesis are set as: 1) Examine
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the seabed liquefaction under action of random nessive wave; 2) Investigate the
effects of different liquefied soil rheological malling on the progressive liquefaction
process in the frame of two-layer viscous fluidtegs for wave-liquefied soil; 3)

Establish a frame of multi-layer fluid system foawe-liquefied soil in modelling wave

propagating over seabed.
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Chapter 3 Two-layer Inviscid Fluid System Model

3.1 Introduction

Sassa and Sekiguchi (1999) demonstrated the psdgeesature of fine grained sand
liquefaction by centrifuge wave tank tests. By gsia high-speed CCD camera
Miyamoto et al (2000) found that the soil surface starts viligtafter liquefaction
begins, and the amplitude of the vibration incrdasarkedly as the advancement of the
liquefaction front. Inspired by these phenomenas8at al (2001)proposed a two-
layer inviscid fluid system to model the wave-inddcsoil liquefaction. They extended
the two-layer fluid theory originally developed bhgmb (1932) by considering a layer
of liquefied soil resting on a layer of poro-elgdtastic sediments. The simulation
results were found to compare well with the experital results from the centrifuge
tests. In this chapter, we will describe the foration of the model, basic assumptions
on which the model is based and the implementatibrihe computational code
generated. It will then go on to present a serieomparisons with centrifuge tests and

results inSassaet al (2001) thatvere carried out to verify the model.

3.2 Outline of Sassa’s two-layer liquefaction model

The model considers a given regular wave train wilre length L and wave period
T propagating over a bed of cohesionless soil. Undeain conditions of wave and soill,
the liquefaction may starts and its front will adea downwards. Let us suppose at a
time instant, the liquefaction front reaches down to a soiltdep(t) as shown in Fig.
3.1. It consists of three layers: a seawater l@fjea mass density; above the soil

surface ( <z < h), a liquefied soil layer of a mass dengity(z;, <z <0) (z is
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negative), and a sub-liquefied soil layer( < z < z;). Within the liquefied and the
underlying sub-liquefied soil, the wave-inducedgstge fluctuatiom, is the sum of the

oscillatory and residual pore pressure as:

U, = u(gl) + uEf) (3.1)

whereul" andu? represent the oscillatory component and residua poessure ,

respectively. For the first componenﬁ,l), its average valuégl) over any wave cycle is

zero by definition. The second componexﬁ,), is generated due to the soil cyclic

plasticity, i.e., volumetric contraction under agalvave loading.
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Fig. 3.1 Schematic representation of the liqué&dagbrocess in the experiments

performed by Sass al (2001)
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In the solving procedure, the pore pressures dvedandividually in the liquefied
and sub-liquefied layer. The former is determinethg the two-layer fluid system
whilst the latter by the pore fluid storage equati8equent solving of the two layers
provides the gradually advance of progressive fagteon. In the following section, the

formulations used for both layers are presented.

3.2.1 Formulation for the upper sub-system

Definition of the upper sub-system above the ligagbn front is shown in Fig. 3.2
illustrates the super part the model, here, nanyedgper sub-system’, which is taken
as an inviscid fluid system. Density of liquefiedils p,is greater than that of
seawaterp,. As shown in Fig. 3.2 (b), the fluid pressureiltstion at the level of the
soil surface £ = 0) is represent bii,(x, t) and fluid pressure at the interface between
liquefied soil and sub-liquefied layez € z;) by, (x,t). Additionally, k is the wave

number, defined byr /L, and the angular frequency of wavesdefined by2m/T.

Za Wave
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% N
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(@) (b)

Fig. 3.2 Problem definition for the upper sub-spyst
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The seabed is identified to become liquefied oncibradition that the residual pore
pressure build-umgz) reaches the effective overburden stregg.at the location. A
theoretical reason for this statement is explalmddw (Sassa and Sekiguchi, 1999).

For a one-dimensional problem considered here nassiiis the vertical effective

stress at a given depth, andAet, represent the total vertical stress variation asai

by wave action at the same location. Thereforehave

o, = 0,0 + (Ao, — u,) (3.2
oy, = 0y + (Aav — ugl) - ugz)) (3.3)

whereg,,, denotes the initial vertical effective stress, athis expressed by, = —y'z
for z < 0. Herey'is the submerged unit weight of the soil as defibgdp, — p;)Nsg ,

whereg is the gravitational acceleration aNiglrepresents the acceleration scale factor.

By definition of liquefaction, the seabed liquefieben the average local effective
stress over a wave cycle equals zerp= 0) for a one-dimensional problem where the
horizontal effective stress, is assumed to be zero. Since the time averageand

ﬁgl)over a wave cycle are zero, the liquefaction coowlinay be simply expressed as

7@ = g1 (3.4)

e

Applying classic solution for the two-layer fluid/sgem requires that the bottom
(z = z;) is rigid. This condition may be assumed to besfad in the sense that the

vertical movement of the sub-liquefied soil layexidw z;, should be of a negligible
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magnitude compared with the vertical movement eflitpuefied soil layer (Sass al,
2001).

Once the location of liquefaction frord;is given, the classical theory of wave
propagation in a two-layer fluid of finite thickreeproposed by Lamb (1932) can be
readily used to determine the amplitude of intenmale as well as the fluid pressure
through the upper system. The detailed derivaiders to Appendix B of this thesis.

In Lamb’s theory, the dispersion relationship foe two-layer fluid is written as

2
ll — (N;gzk> l tanh(xh)tanh(xz,)

3.5
N, gk (3.5)
w?2

_P2
P1

> tanh(xz;)

N,gk
[1 _ 59 tanh(rch)] [1 +
w
It is instructive to note that under specific cdmmis ofz;, = 0, Eq. (3.5) yields the

dispersion relationship for the one-layer fluid:
w? = Nygkotanh(kyh) (3.6)

wherek, denotes the wave number for the one-layer fluid.

The nonlinear equation Eq. (3.5) can be solved migalby. During the root-finding
procedure, two real roots farexist for a given angular frequeney among them one
root corresponds to the surface-wave made k,, and the other one corresponds to
the internal-wave mode > k, (Ting, 1992). For the surface wave mode considared

this study, the former root is of our interest et al, 2001).
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The amplitude of oscillatory pore pressu(gé) at a generic point in the liquefied

soil is related to the amplitude of fluid pressaseillation at the water-soil interfaag,

by

1) _ p2w?[cosh(kz) — sinh(kz)tanh(xz,)]
u =
¢ p2w? + (p2 — p)Nsgrtanh(xz,)

Whenz is approaching zero, Eq. (3.7) indicaté’s’ > uy. This discrepancy stems
from the discontinuity of density in two layers. \WMever, the continuity of pressure is

satisfied at the interface = 0.

Substitutingz by z;, in Eg. (3.7) leads to the amplitude of fluid pregsu

fluctuation,u,, as

prw°

- pw?cosh(kz,) + (p; — p1)Nsgrsinh(xz,) to

” (3.8)

And the amplitude of the vertical displacementha surface of a liquefied soil,,

is expressed as follows:

ktanh(xz;) (3.9)

a, = u
' paw? + (pp — pi)Ngrtanh(kz,)

The wave numbet involved in Egs. (3.7)—(3.9) is determined by thispersion

relationship for the two-layer fluid as defined lbg. (3.5).

3.2.2 Formulation for the lower sub-system

Suppose the liquefaction front is located=at; , the sub-liquefied soil is belowy, as

shown in Fig. 3.3. After the approach adopted ags&et al. (2001), the wave-induced
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stress changes in the sub-liquefied soil layer @escribed herein based on the

poroelastic solutions for infinite seabed (MadsEd¥,8; Yamamoto et al., 1978).

Za original seabed
0 £
Liquefied soil
U (x,0)= u_exp{i(kx-wt)} /
AT ATH —* X
4077 N o

Elastoplastic soll
(Sub-liquefied soil)

Fig. 3.3 Problem definition for the lower sub-gysat
For clarity, the related formulas for the generquéfaction front location and the
particular locationz; = 0 are presented here. Whep =0 , the fluid pressure

i, (x,t) = 1iy(x,t) on z, = 0. The corresponding amplitudes of the oscillatooyep

pressureiél) and the maximum cyclic shear stresst depthz are expressed by (for

details of the derivation, refer to Appendix C loitthesis)
ul = ugexp(ioz) for z<0 (3.10)
T = —KouUgzexp(Kyz) for z<0 (3.11)

Thus, the cyclic stress ratig'a,,, may be expressed as

T KoUu
— = ;’/,Oexp(fcoz) (3.12)

Following Eq. (3.12), we have
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(L) _ oo (3.13)
o),y V' '

When the liquefaction front arrives at= z;, the wave pressure fluctuation that acts

on the fluid-soil interfacej;, and shear stresscan be obtained by transforming Eqg.

(3.10) and Eq. (3.11) into

W =y explr(z — z,)] for z<z (3.14)

Uu

T=—ku; - (z—2z)explk(z—z)] for z <z (3.15)

In the above equations, wave numbes determined by Eq. (3.5) amng is defined

by Eq. (3.8). The vertical effective stregs,on a soil horizon z (whete< z;) may be

expressed as

oy ==y (z—2z) (3.16)

from Eqg. (3.14) — Eq. (3.16), the shear stress thedcyclic stress ratio within sub-

liquefied seabed are given by

(1)

Uy’ = ugexp(kz)F (3.17)
T  Kug

X = — = ——exp(kz)F 3.18
oy ¥ (3.18)

where functiorF is defined by

2
p2w
F =
exp(kzy)[p,w?cosh(xz,) + (p, — p1)Ngxsinh(xz,)]

(3.19)
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Particularly whenz;, = 0, F = 1, k = k, and g, = g,, = —y'z. At the elevation of
the soil surface £ = 0), the cyclic stress ratip defined by Eq. (3.18) reduces g

defined bykouy/y'.

Under the action of cyclic wave loading, soil voleitlecreases due to the plasticity.
Sassa and Sekiguchi (1999) developed the storagpgieq for the poro-elasto-plastic
seabed with contractancy (Derivation procedure asldted assumption refer to
Appendix B). The distinct character is the speatien of development of the plastic
volumetric strain,u? which is employed to relate the contractive nawmifreseabed in

response to the cyclic wave loading.

The storage equation is written as (Sastsal, 2001)

@ 2.2 p
e _ o0 O for —D<z<z, (3.20)
o% d(kez)2 ~ OF

where the loading cyclel = wt/2m; M is the constrained modulus of the soil skeleton,
which was assumed by Sasstal. (2001) to increase linearly with the increasing

effective confining pressure as follows:

_LE%?QMD:_Z_“MD for D<z<7 (3.21)
Y

M =
D

whereM, is a reference value &f at the bottonx = —D whenz;, = 0.

The partial drainage factor defined,in Eq. (3.20) is

kM
P = 2T[Yf_(1)K(2) (322)
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in whichk is the Darcy coefficient of permeability apgdis the unit weight of the pore
fluid.

The termavP/ 9§ reflects solil cyclic plasticity of the seabed. osimple case with
constant cyclic stress ratio in a cohensionledssstijected to drained cyclic shearing,
Sasseet al. (2001) assumed the development of the plasticmettic strainv? with

the loading cycl€ as:
VP () = [1 — exp(—BEIV% (0 (3.23)
Ve () = R [exp(ax) — 1] (3.24)

where 8, R anda are material parameters anf]l denotes the amount of plastic
volumetric strain a§ approaching infinity. Hence, the rate of plastdwnetric change,

0vP /0¢& can be expressed as

dvP B

3 Bexp(—B5)ue, (0 (3.25)

In view of the form obvP/d¢&, Sasset al. (2001) made an assumption of the its
expression corresponding to the cases with contisiyoncreasingtress ratey as

dvP

v B[ve (0 — vP] (3.26)

which can be solved numerically.
To achieve the solution of built-up pore pressweset of appropriate boundary
conditions are need. According to the liquefactooiteria, the boundary condition on

z = z; requires that
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u® = —y'z, for z=172.<0 (3.27)

On the rigid impermeable base= —D, no fluid flow is allowed to take place,

which means

au§2>
0z

=0 on z=-D (3.28)

The storage equation employed here was extendediygmoto et al. (2004) to
non-homogenous porous media with respect to vargargieability. Liuet al. (2009)
also utilized it but stated that the model did actount fully for the behaviour of the
soil e.g. plasticity in general and the plasticdgbur of the soil is limited to volumetric

compression.

3.3 Numerical scheme and procedure

Finite-difference scheme can be used to solve dverging equation of Eg. (3.20).
Since the liquefaction front is continually movidgwnward (the solidification process
is not included here), the computation domain isobges thinner with liquefaction
keeps continuing. In practice, a constant eleméitkmness,Az can be assumed
considering the computation accuracy level. Thendhb-liquefied seabed is spatially
discretized inton elements % varies with liquefaction front advances amdAz =
—D — z;). As shown in Fig. 3.4, the vertical coordinatef nodal linei is described
asz; =z, +(i—1)Az, fori =1,n+ 1. The nodal linez = z; corresponds to the
location of the liquefaction fromt= z;, while the nodal line = z,,; represents the

bottom of the soil layey; = —D.
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i:%* Z
| =
i3l Az

i=n+1— -D

>

Residual pore pressure, U

Fig. 3.4 Sketch showing the identification of tlggiefaction front

There are totallyr + 1 primary unknowndJ; (here,U; is used to denota’? for

simplicity in expression) foi = 1,n+ 1. Let Z denotesk,z and A¢ denote the

increment of wave loading cycles, Eg. (3.20) magkgressed in matrix form as

(0\

Mq

1 0 07( U1 (—Y'ZL)

A B A 0 - U, U,

0 A B A 0 Us; Uz

oo { i =< b+
: 0 A B Al| U, U,

-0 0 A B \Un+1j E+AE \ Un+1 J £

where

¢ A% (3.29)

\Mq/

§
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A= —¢% (3.30)

B=1+ 2¢% (3.31)

B*=1+ d)% (3.32)
ouP

=3¢, (3.33)

The first and bottom row of Eq. (3.29) are designedrepresent the boundary
condition atz = z; as defined by Eq. (3.27) and the undrained boyndandition as
defined by Eq. (3.28). The remaining- 1 rows arise from the partial differential Eq.
(3.20). The simultaneous linear Eq. (3.29) candieesl using the method of Gaussian

elimination (Sassat al, 2001).

Solution procedur e of the entire system

Once the location of liquefaction front is knowragmely the computation domains

are determined), the entire system can be solagakesially as shown in

Fig. 3.5. At the very beginning; = 0,a, = 0,U; = 0 and the initial values for wave
numberk = k.
Otherwise, they are determined or updated fronpteeeding solution. Next, the source
termM - gA¢ in Eq. (3.29) under a given wave loading is olsdirFollowing it, we can
get the residual pore pressutgéi = 1,n + 1) through solving Eq. (3.29) by Gaussian

elimination method. Based on the liquefaction cidtethe liquefaction front location is
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updated. Repeats the procedure until the targetather of wave loading cycle§,, .

is reached.
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j=0:€=0,2, =0,k =%p,3,=0,U; =0
> v
EvaluateM - qA¢ in Eq. (3.29)
v
Solve Eq. (3.29) fot;

No

Yes

Updatez; in Egs. (3.5) (3.7) (3.9) for upper

sub-system
v
j=j+1

No

Fig. 3.5 Flowchart for the solution procedure ofiee system

At each time step, the solution of the entire systean predict the following
quantities: the residual and oscillatory pore pressomponents in both the liquefied
soil and the underlying sub-liquefied soil, the tisal displacements of the fluid-soil
interface (also termed as internal or interface evawtion), the time-varying wave

number k, and the liquefaction front.
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3.4 Model verification

Based on the formulations described in the pregedettions a numerical code is
developed using FORTRAN9O language. To validatectite, the case of the Keisa No.
7 sand from the original paper is considered fangarisons with both the centrifuge
wave tank tests and simulation results. The wavelitions and the soil parameters
used are listed in Table 3.1.

Table 3.1 Wave conditions and soil parameters

Wave conditions

Wave loading cycles,;,qx 100
Wave frequencyf (w/2m): Hz 11
Centrifugal acceleration; 30
Fluid depth,i: m 0.09
Initial wave numberi,: m™! 12.2
Wave pressurey,: kPa 5.0

Saoil bed conditions

Soil depth,D:m 0.1

Density of fluid,p;: kg/m?3 980

Density of liquefied soilp,: kg/m?3 1840
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Congtitutive parameters

R 46 x107°
a 55
B 0.1
My: kPa 5000

Comparisons were also performed in terms the locadf the liquefaction front;,

and three other variables: the wave num§erertical movement of seabed surfazg,

and the excesses pore pressure. The numericatsreduhe present numerical model

are identical to that of Sasetal (2001), as shown in Fig. 3.6, Fig. 3.7, and R.

20

-60 |

-80

o

Sassa et al. (2001)
Sub-liquefied seabed model

1000 1500

Time: ms

Fig. 3.6 Variation of the location of the liquefian front
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Fig. 3.7 Predicted wave number
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_10 " 1 " 1 "
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(b)
Fig. 3.8 Predicted vertical movement of the soiface: (a) is the result of Sassa

2001; (b) is the reproduced result
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Z=-76 mm

40
o' ,=19.0 kPa

p,: kPa

]
3000

2000 2500

1
1500

1000

500
Times: ms
(d)

Fig. 3.9 Time history of excess pore pressuredsiole is total amount and dotted
line is the residual component. (a) is the waveguee acting on the soil surface and (b),
(c) and (d) are excess pore pressures

For the sake of the comparison between the presentlation results with

centrifuge test, the corresponding measured reatdtshown from Fig. 3.10-Fig. 3.11.
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40
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c'v0:19.0 kPa

p,: kPa

Start of wave
1 L 1

loading
' | ' | ' | ' | '
1000 1500 2000 2500 3000
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Time: ms
(d)
Fig. 3.10 Time history of measured excess porssure: solid line is total amount
and dotted line is the residual component. Tim&hiss of (a) wave pressure acting on

the soil surface and (b), (c) and (d) excess poesure
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0r Liquefaction in the

|entire soil bed

Onset of liquefaction
at shallow depth

o T
' Start of wave
loading

. mm

X =160 mm

-10 1 1 1 1 1 1 1 ]
0 500 1000 1500 2000

Time: ms

(b)
Fig. 3.11 Measured time histories of vertical moeat of soil surface in wave test

HC at different locations: (a) X=40mm; (b) X=160mm

3.5 Summary

Following the approach proposed by Sastal (2001), a progressive liquefaction
model was constructed. By comparisons with bothtrfage wave tank tests and
simulation results in Sassd al (2001), the accuracy and robustness of the mamel
verified. In the next chapter, this model will bem@oyed to investigate the seabed
liuefaction under random linear progressive wausesg the ensemble modelling

method.
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Chapter 4 Ensemble Modelling for the assessment of random

wave-induced liquefaction risks

4.1 General

In realistic environment, random waves instead okgular water surface elevation
introduce the relevant change on the wave dynanmgisspire acting at the seabed, which
further induce the variation of pore water pressanel effective stresses inside the
marine sediments (Walter, 1968). In this chapter,cansider a series of random waves
propagating over a porous seafloor with an infitflieckness D — o) above a rigid

impermeable bottom, as shown in Fig. 4.1.

AZ

Free water surface
m Wave propagatmg direction

water

x

Y Seabed surface -
>

D Porous soil seabed

Rigid impermeable base

Fig. 4.1 Definition sketch of random wave propamabver a porous seabed

4.2 Wave sampling techniques

To simplify the analysis and recognise that ligegém usually takes place over a

short time scale characterised by a single storen simulation is limited to large
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narrow-band waves. Based on the linear wave thé@yvave height was theoretically
found to obey the Rayleigh distribution with theolpability density function given as

follows (Longuet-Higgins, 1952; Tayfun, 1981):

pH) = 2L o l—( i )Zl 4.1)

According to the linear wave theory the mean wasightH, can be related to the

wave pressure at the top of the sand bed surfgcas

2u
H, = =2 cosh(xh) 4.2)

P18

And the root mean squared wave heiffht,; can be approximated dsl3 H,.
AssumeX,. is uniformly distributed on (0, 1), then the randevave heightH which

satisfies Rayleigh distribution as shown in Eg3)4an be expressed as

H = Hyps/—In(1 — X,) (4.3)

Foru, = 3 kPa as used in the tests of Sastaal. (2001), the root mean square
wave heightH,.,,; = 0.030 m . Random variableX, is provided by a normal
distribution variable generator. And hence, the evagightsH were generated by repeat
random sampling from Eg. (4.1) with excluding &f > 0.1L (in which cases, linear
wave theory are not valid). As shown in Fig. 4% distribution of the numerically
generated wave heights based on Eqg. (4.1) compatewth the theoretical distribution

calculated from Eq. (4.1) usitg}.,, = 0.030 m.
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Fig. 4.2 Cumulative distribution function of wakieight

4.3 Ensemble modelling results

4.3.1 Regular wave time series

The present work is limited to assessing the ramd®® of wave parameters only
(wave heights) all soil material and other paramsete the model are treated as
deterministic constants which are as listed in &aBll. Considering that the
liquefaction depth is likely to be deeper in ensksmhodelling, the depth of soil layer
used is increased to 320mm instead of the 80mm usezhapter 3 to reduce the
constraint of the soil layer thickness on liquefactfront. Using the same linear
variation as assumed in Sasgaal. (2001), the value fo¥ at the bottom of the soil
layer then becomes 50,000 which give a correspgneiitue 5,000 at a depth of 80 mm
in the soil layer.

Instead of using a representative wave height siscthe root mean square wave
height H,,,,s) to determine a single liquefaction depth in ad@an wave field, an

ensemble approach calculates the liquefaction deghtie to all possible wave heights
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described by the Rayleigh distribution and theredeines a representative liquefaction
depth. This was achieved by performing multiple sladins using regular waves with
wave height randomly generated wave height fromdrgly distribution. Each run ends
when the liquefaction front reaches an equilibrivadue or the bottom of the seabed. In
total 275 runs were performed and the histogramh@fmaximum liquefaction depth is
shown in Fig. 4.3.

As it is expected for a large number of small whegght & 120) no liquefaction is
predicted. For the rest of the wave height the ipted liquefaction depth ranges from O
to 0.32 m with the depth at the peak of the distidn being about 0.128 m. The mean
and root mean square liquefaction depths deternfioed the histogram are 0.066 and
0.10 m, respectively, compared to the liquefactdepth calculated using a single
representative wave height,,s = 0.03 m which is 0.085 m. In detail, the meaa]™

and root mean squarg/(**) liqguefaction depths are calculated as

Zm = 12 z (4.4)

(4.5)

whereN,.is the size of random sample.The histogram for tthee to reach the
maximum liquefaction depth is shown in Fig. 4.4eTargest value corresponds at the
far right corresponds to the end of the run timeemwho liquefaction was predicted and
is not physically relevant. The predicted time msdrom around 0.6 to 3.6 s with a

value at the distribution peak being 2.1 s.
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The mean and root mean square time to the maxinguefaction depth determined
from the histogram excluding no liquefaction rume 4.88 and 1.98 s which are, as
expected, smaller but comparable to the correspgndalue calculated using a single

representative wave heigHt,,s which2.24 s.

120 -

100 -

o] [e]
o o
T T

The number of occurrences
iy
o

20

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Final liquefaction depth (m)

Fig. 4.3 Histogram of the maximum liquefaction ttep

120 -

100 |-

60 -

The number of the occurrences
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The time of the maximum liquefaction depth (s)

Fig. 4.4 Histogram of liquefaction time
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4.3.2 Random wave time series

As a real random wave time series consists of iddal waves of different heights
and frequencies, a more realistic ensemble modedipproach is to perform multiple
runs using a randomly varying wave height time esefinstead of a constant wave
height as in the previous runs. The random waviesés generated by assuming that
each sampled wave height from the Rayleigh distiobuasts one period and then it is
followed by another randomly sampled wave height daother period and so on.
Therefore, each random wave series is a succes$isimusoid waves with randomly
generated wave height and the total elapsed tich@(087T. Admittedly, the liquefaction
model by Sassat al. (2001) contain the stress terms that are straglylicable only to
linear harmonic waves. The model is nevertheless b&re as a first approximation in
order to determine the transient liquefaction urel@andom wave train consisted of a
series of individual waves of varying wave heighdl @ constant wave period.

Fig. 4.5 shows the histogram of the liquefactieptt calculated using 100 random
wave series together with the results. It can ben gbat the random wave-induced
liquefaction is much deeper than that correspontbrtpe equivalent regular wave case.
The former value ranges from 0.100 to 0.320 m bd&#D)0 m at the peak of the
distribution, while the latter is around 0.085 nineTreason for the deeper liquefaction in
random waves is that the liquefaction depth is igaaffected by the portion of large
waves in the random wave series as the valuesspameing taH,,; andH, ;o are
0.150 and 0.231 m, respectively.

Due to the presence of large number of small wavése time series the time to the
maximum liquefaction is expected to be longer fondom waves, which is confirmed

by the calculations as shown in Fig. 4.6. The &sbritime is approaching that for the
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regular wave, which is about 4 s; and the longgsefaction time can reach as long as
24.4 s, which is nearly 6 times of that for reguiave.

The likely reason for the longer liquefaction tinsethat individual waves in the
wave series whose heights are less than a critedake tend not to contribute to the
propagation of liquefaction front. The maximum kdaction depth is closely associated

with the timing of the largest waves in the wavediseries.
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Fig. 4.5 Histogram of the maximum liquefaction trep
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Fig. 4.6 Histogram of liquefaction time

4.3.3 Wave height and sequencing effects on liquefaction

As mentioned in the previous section, the waveeseis a succession of sinusoid
waves with varying wave height generated accordindrayleigh distribution. Thus,
there is a maximum value of the wave heights fothewave series. To further
understand the liquefaction depth distribution teximum wave height in each wave
time series is plotted against the correspondingl fliquefaction depth in Fig. 4.7.
Strong linear correlation exists between the tweeex four data points when the
predicted liquefaction depths are the greatestupnably caused by the existence of
disproportional number of large waves in these tg@ees. On balance it is reasonable
to include that the extent of liquefaction is colied by the size and number of largest
wave heights in the wave time series.

In order to investigate whether the order of appees of waves of different height

in a random wave series will affect the liquefactiame, the relationship between the
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time when the liquefaction depth reaches the mamimand the time when the
maximum wave height occurs is shown in Fig. 4.8.

Despite some scatter a discernible linear coraelatietween the two times can be
identified, which implies that the time for the nmaxim liquefaction depth to be
reached is strongly associated with the time olicence of the maximum wave height
except perhaps when the maximum wave height isahgple is very small. The overall
relationship seems to indicate that the timingasfést waves in the wave time series
controls the time for the maximum liquefaction depd be reached, at least for large

liquefaction depth.
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Fig. 4.7 Relationship between the maximum wavegliteand final liquefaction

depth
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4.4 Discussion

4.4.1 Temporal scale of liquefaction

According to the experimental studies of Sunstral. (2006) liquefaction is
considered as part of a sequence of sediment hmirafiom the build-up of pore
pressure, to the resulting liquefaction, to thesifezation of the sediment bed. Under
irregular waves, the liquefaction front in a homoges bed cannot propagate
downward indefinitely and has to stop at a certiépth where shear deformations are
large enough to cause liquefaction. The compachiegins from the bottom of the
liquefied zone with the compaction front moving wgds until it reaches the surface of

the sediment. Similar cycle of sediment behavioasvalso observed previously by
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Miyamotoet al. (2004) in a series of experiments conducted irm@eatank mounted in
a centrifuge.

Soil densification under regular waves is usuatipsidered to take place at a much
slower rate than liquefaction (Zen and YamazakBQ9Miyamoto et al., 2004). It is
therefore reasonable to assume clear different aeshigcales for the liquefaction and
densification processes. This was used by Miyamettoal. (2004) to identify a
solidification front and develop a model to predist upward propagation. However,
when sediment is subject to the action of a rand@we time series, the liquefaction is
mainly affected by large waves in the time seriasbetween the time of large waves
the sediment bed can experience densification@padhne pressure within the bed may
have time to dissipate. In general situation, regitthe liquefaction front nor the
densification front will maintain a one way moverh€anp or down). As a result the
time scales for the liquefaction and densificajiwacesses may not be easily separated
as in the regular wave situation. Further studresraquired to quantify the cycle of

sediment bed behaviour in random waves.

4.4.2 Probability distribution

In order to further understand the statistical prtips of the predicted liquefaction
depth, a number of theoretical distributions atéedi to the numerical distributions
including the two parameter Weibull distributiongy®eigh distribution and Normal
distribution. All parameters in the theoretical tdlsutions are calculated using the

numerical liquefaction depth data.
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4.4.2.1 Regular wave series

Fig. 4.9 and Fig. 4.10 show the probability dgn&inction (PDF) and cumulative
probability distribution (CPD) of the calculatedjliefaction depth for regular wave
series together with the theoretical ones for RgileNormal and Weibull distributions.

The probability density function of a two-parametéeibull random variable,, is

k X kW—l X kW
P(xy, Aw, kw) = % (ﬁ) exp [— (ﬁ) l (4.6)

where,, andk,, are scale and shape parameters, and both of theinecestimated by
the maximum likelihood estimation method.

If the fluid—soil system is linear, the liquefactiovould be expected to have a
Rayleigh distribution as the wave height is Rayiedlystributed. The fact that none of
the three theoretical distributions seems to & émtire range of the data indicate that
the system is nonlinear. The main sources of neatity include the dispersion
relationship in the liquefied layer and plastic woletric strain terms. It is of interest to
note that the fit in the larger value range seemnbet better for all three distributions,

indicating the usefulness of these theoreticatiistions for extreme analysis.
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4.4.2.2 Random wave series
Fig. 4.11 and Fig. 4.12 illustrate the probapildensity function (PDF) and
cumulative probability distribution (CPD) of thelcalated liquefaction depth for the

random wave series together with the theoreticdf Rbd CPD of Normal and Weibull
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distributions. The numerical values show a muchraveer spread than any of these
theoretical distributions. This is to be expectesl the differences in predicted
liquefaction depth in this case is caused by alsmmablom sequencing effect and the
size and number of largest waves in each wave héigk series are similar although
occurring at different time. The values within ataa range are more or less equally
likely to occur and therefore none of the theosdtdistributions assessed are applicable
to this situation. This conclusion can also be dedurom the histogram of the time to
the maximum liquefaction depth. As shown in Fig..6,4the time to maximum
liquefaction depth is fairly evenly distributed indting that it is nearly equally likely

over a wide range of time.
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Fig. 4.11 Probability density function of liquefex depth



77

10 _@-g-mm ==

0.8 — é:?/ —m— Numerical
/b —e— Normal

—A— Weibull

0.6 [

04

Cumulative distribution function

02k Aq
rd / /
I W o
/
,A’A/A o
0.0 —h =
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Final liguefaction depth (m)

Fig. 4.12 Cumulative distribution function of ligiaction depth

4.5 Engineering implications

As shown by Liu and Jeng (2007) for oscillatory eo@ressure, the ensemble
modelling results presented above indicate thatioan wave-induced excess pore
pressure and the maximum liquefaction depth alsteex that for the comparable
regular waves. This means that the conventionatoggh of using a representative
wave corresponding to the mean value of random svdeedetermine liquefaction
potential could underestimate the maximum liqueédactdepth and produce unsafe
design in engineering practice. One way of solthig problem is to use extreme waves
with higher exceedance probability in the wave heidistribution instead of mean
values such as significant wave height or root-rrsgarare wave height. Alternatively,
an ensemble modelling similar to what has been donkis chapter should be carried
out so as to provide a probability distribution tbe liquefaction depth. If the soil

parameters or model parameters are deemed to lestaincand could be given in
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probability form they can also be included in tmsemble modelling to cover the full

random parameter spaces.

4.6 Summary

A probabilistic study of soil liquefaction processeas been carried out employing
ensemble modelling techniques. Two types of ensemibdelling were performed
using wave heights randomly sampled from a prescRayleigh distribution, one
involving multiple runs of the liquefaction modesing regular wave series and the
other with random wave series. Based on these phailtuns of the liquefaction model
the liquefaction depth and time to the maximumédigation are determined in the form
of probability distributions so as to reveal thei&hility and uncertainties involved in
predicting wave-induced liquefaction.

The numerical results indicate that for both typésnodelling the random wave-
induced liquefaction depth is much larger than tdmatesponding to regular waves with
Equivalent Wave Height. The larger liquefaction tthejm random waves appears due to
the fact that the highest waves rather than avevemees in the wave series tend to
dominate the liquefaction extent. It is also shawat the time needed for liquefaction
to reach bottom of investigated domain can varyswarably in the case of random
wave time series. The longer period of low waveisvben the large waves will delay
the time for the maximum liquefaction depth to baahed within the simulation time
considered.

One of the main summaries of this work is thatdheent design practice, which is
entirely based on the regular wave models can vesténate the liquefaction depth and

lead to unsafe design. The evaluation of liquetactotential due to random waves
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needs to be based on the appropriate extreme valdug®e wave height distribution

rather than average values such as significant vaaight or root-mean-square wave
height. It should be pointed out that this findilsgbased entirely on the numerical
model used and needs to be validated by experiinelata obtained under fully

controlled environment as the prediction is extrignsensitive to the soil and model
parameters used.

Finally, in random waves soil densification may wcwithin the same time frame of
liquefaction rather than in the post-liquefactidage as in regular waves. It is unclear
how these two processes interact in random wavaghét work, including both
theoretical analysis and field measurements agglgleequired to better understand and

predict random wave-induced liquefaction and asdedirisks.



80

Chapter 5 Two-layer Viscous Fluid Model

5.1 Introduction

In the model used in the previous two chaptersigligd soil is viewed as inviscid fluid.
However, as reviewed in Chapter 1, the liquefiedl isomore accepted to be a heavy
viscous fluid. Hwanget al. (2006) measured viscosity of liquefied sand by dimking
ball and the pulling bar tests, confirmed that tlgpefied sand behaves as non-
Newtonian fluid whose viscosity decreases with eéasing shear strain rate. Hamada
and Wakamatsu (1998) made extensive earthquakeeddwground displacement
investigation, and concluded that liquefied soihéees as a pseudo plastic fluid during
ground flow; however, it returns to behave as &dobdy as stiffness recovers due to
dissipation of pore water pressure. In other wotlere exists a phase transition for
liquefied soil from relatively rigid viscous to ply viscous fluid. Due to the
complexity of liquefied soil behaviour, no maturedel! is available in the literature
that takes into account this phase change. Lamwdayer fluid system is clearly not
applicable for the viscous liquefied soil.

To allow the inclusion of viscosity of liquefiedigoLiu et al. (2009) adopted the
laminar linearized Navier-Stokes equations to dbsdhe fluid motion which is firstly
employed by Dalrymple and Liu (1978) in modellingawe-fluid mud interaction.
Furthermore, the wave-induced shear stress wasastl by an analytical solution for
a seabed with finite thickness. It was found thm inclusion of the viscosity of the
liquefied layer will reduce the predicted final digfaction depth while the finite depth

solution for the shear stress increases the pestifatal liquefaction depth.
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In this chapter, a two-layer viscous fluid systesiconstructed. To account for the
shear strain rate-dependent viscosity and phassiticn of liquefied soil, a visco-
elastic—plastic model employed by Ovegyal. (2009) for fluid mud is used as a first
approximation. The computed viscosity compared wiél the laboratory experimental
data in literature. Simulation results demonstrdbed the progressive liquefaction was
significantly affected by the varying liquefied kwiscosity. Furthermore, the effects of
other factors within the present prediction framawsuch as wave parameters and soll

properties were also examined.

5.2 System definition and formulation

Consider a progressive water wave with a wave ledgand wave period’ that
propagates over a cohesion-less sediment bed. Seipip® liquefaction occurs at time
and its front progresses down to a location z; as depicted in Fig. 5.1. The entire
system consists of two viscous fluid layers, seawaitith densityp; (0 < z < h) and
liquefied soil with density, (z;, < z < 0), respectively; and a poro-elasto-plastic sub-
liquefied layer €D < z < z;). In this model, the density of each layer is assd to be
constant. Before the liquefaction, the analyticaligon for linear wave pressure on
water-seabed-interface is used to assess the enestdgal pressure in the seabed; after
the onset of liquefaction, the upper fluid layers formulated first and then the lower

soil subsystem.
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2 Fluid with p,, v,
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Liquetied soil with p, , v,

z=z; l

Liquefaction front: z; (t)

Sub-liquetied soil

Rigid impermeable base

Fig. 5.1 Schematic definition of wave induced pesgive seabed liquefied seabed

(incorporating viscosity)
5.2.1 Formulation for the fluid zone

5.2.1.1 Wave-liquefied soil interaction model

Dalrymple and Liu (1978) developed a two-layerdlaiodel for wave propagation over
a viscous mud layer thus overcoming the limitatmfnLamb’s model. The laminar
Navier—Stokes equations for incompressible fluidhion has been linearized by

neglecting convective acceleration, are (MacPhers880)

= tvi|l=—+—
ot pj 0% v

oy 10p (%% 9%, )
T\ ox2 = 0z2 '
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ow; 10 G E

gt = poz U\ T oz

whereti, w are the horizontal and vertical velocities, resipety; the subscripy
indicates the layer indexy and z are the horizontal and vertical coordinates,
respectively;p is the dynamic pressure;is the density of fluid; and = u/p is
kinematic viscosity with the subscrigts= 1, 2 indicating the upper and lower layers,
respectivelyt represent the time.

The equations for mass conservation is

99; ow,

— 5.3
~ 3, 0 (5.3)

The periodic solutions fdl;, W; andp; are assumed respectively as

0;(x,z; 1) = yj(»)expli(kx — wt)] (5.4)
Wj(x,z; t) = wj(z)exp[i(kx — wt)] (5.5)
pj(x,z; t) = pj(2)expli(kx — wt)] (5.6)

wherew is angular frequency of the wave system mimlthe unknown complex wave

number after liquefaction

K = K + iK; (5.7)

K, is the real part of the wave number which provitteswavelengthl( = 27/k,); k;
is the imaginary part which represents the wavenattion rate. Displacements of

water surface and interfacegs,are represented by
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N; = ajexplikx — wt)] (5.8)

wherea; is a complex unknown value defining the amplitodi¢he displacement of the
jth layer. The water surface is expressedjawhile n, is unknown complex value
representing liquefied layer displacement includitiggir amplitudes and phases.

Substituting Egs. (5.4), (5.5) and (5.6) into tbatmuity Eq. (5.3) results in

= 59
Y= oz (5-9)

where the prime represents the differential witbpeet taz. Introduction of Eq. (5.9)

into Eq. (5.1) yields an expression fgr

PiVes (0w, 0w
.= — )2 5.10
Pj K2 <az3 A 0z (5.10)
in which
A =x*—iov; (5.11)

Substitutingp; into the vertical momentum equation, Eq. (5.2glds the fourth-order

differential equation fow;

04w, 0%w;
624] — (Kz + /1]2)72] + KZA]ZW]' =0 (512)

The general solutions of Eg. (5.12) can be obtaased

wy(2) = Ae™? + Be % + CeM? 4+ De M7 (5.13)
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WZ(Z) = Eek(z+zy) + Fek(z+zL) + Getz(z+zL) + HeA2(z+zL) (5.14)

The complex constaw, B, C,D, E, F, G, H and the unknown variablesanda,
are determined from the boundary conditions athter surface, the interfaces and the
rigid bottom as follows:

(a) At the water surfacez(= 1)

The kinematic boundary condition, requiring theface particles to follow the

surface, and the imposition of zero normal and e¢atigl stresses can be written as

ony
O_tl:Wl (5.15)
om,
A 7 5.16
P1— 2p1vq 92 0 ( )
o0, o,
TGS 517
plvl(aerax) 0 (5.17)

or after Taylor's expansion

Ae* + Be ™™ + CeMh 4+ De~Mh = —jpaq, (5.18)

My (Ae™™ — Be™") — 2p v, 2, [CeM1h — De~M1h] = p, ga, (5.19)

2k%(Ae™™ + Be ™M) + (22 + k?)(CeMl + De~M1h) = 0 (5.20)
where

ip1w
M, = p; — 2py V1K (5.21)
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A =k?—iwv? (5.22)

and g is the gravitational acceleration.

(b) At the interfaces4 = 0)

oy _

a_tz =W, (5.23)
or

A+B+C+D = —iwa, (5.24)

The continuity of horizontal and vertical velocgies

o, = 1, (5.25)
W, = W, (5.26)
or
A+B+C+D =Ee"? + Fe 2L + Geh2?L + Het2%L (5.27)

kKA — kB + A,C — 1,D = kEe**L — kFe %L + },Ge*2?L — ),He*?%L (5.28)
The normal and tangential stresses are also cantfsacross the interfaces.

aw, aw,

pP1 — 2p1V1 Fr P19N2 = P2 — 2p2V; Fr P29M> (5.29)
o, oJdw, o, Jdw,
T T 5.30
p1v1(62+6x) p2v2<62+6x> ( )

or
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M,(A—B) — 2p;v14,(C — D)

= My(Ee™?L — Fe L) — 2p,v,1,(Ge™??L — Het2%)

(5.31)
—(p2 —p1)ga;
p1v1[2k%2(A + B) + (A2 + k?)(C + D)]
= pyvy[2K?(Ee*?L + Fe"%L)
(5.32)
+ (A2 + k2)(Get2% + Heto?L)]
where
ip,w
MZ = p’i —_ 2p2V2K (533)

(c) At the bottom4£ = —z;)
The velocities in both the horizontal and vertididections should be zero at the

fixed bottom,

2, =0 (5.34)
;=0 (5.35)
or
K(E—F)+1,(G—H) =0 (5.36)

E+F+G+H=0 (5.37)
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The coefficientsA — H, the amplitude of interface wawg and wave number can
be solved from Egs. (5.18), (5.19), (5.20), (5.4%)27), (5.28), (5.31), (5.32), (5.36)
and (5.37) by substitution and iteration methodke Tdetail derivation of these
coefficients can be found in Appendix E of this dise Then the amplitude of fluid

pressure at the bottom of fluid region can be aefrifrom Eg. (5.10) as

lwp
Palsmmz, =——(E —F) (5.38)

5.2.1.2 Rheological model of liquefied soil

In centrifuge wave testing, Miyamotet al. (2000) observed that water-seabed-
interface starts vibrating as liquefaction occansg the oscillation amplitude increased
considerably with the advancement of the liquetactfront. As discussed in the
preceding sections, due to the complexity of ligeeefsoil behaviour, different
constitutive equations have been proposed. Inttigisis, the visco-elastic—plastic model
(Oveisyet al, 2009) which was proposed originally for mud igpigtd here to describe
the evolution of viscosity with the gradually inaseng deforming rate of the liquefied
soil layer. The state of liquefied soil is deterednby comparing shear stress and vyield
stress. When the shear stress is less than the siedss, the liquefied soil is in a
viscoelastic state; otherwise, it is in a viscopastate. The visco-elastic—plastic model
is preferred as it can account for the behavioulicqufefied soil at both low and high

shear stresses. The constitutive equations aressgut as (Oveisy et al., 2009)
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(G 1 )
I,Ll1+; <§O-ij0-ij STy)
He = Ty (1

HUo + _O-ijo-ij >T32,>
L VAT

(5.40)

2

wherei and;j take the values 1 and 2 which correspond to thiedxz axes, respectively,
o;; is the deviator part of stress tenggrjs the apparent viscosity;; is the deviator
part of strain rate tensod is the angular frequency of the wave, G is thestala
modulus,u, is the viscosity of liquefied soil in the viscostig statey, is the viscosity
of liquefied soil in the viscoplastic state angdis the yield stressll,| is the objective
of the deformation-rate tensor and is expressed as
100\> 1,0W\° 1,00 0w\
ma=5(6e) +3(E) 3G+ 5
2 \0x 2\0z 4\0z Ox
whereti andiv are the horizontal and vertical component of véyoaiespectively. The

rheological viscoelastic parameters, i.e. shearutusdand viscosity, are taken from the

results of the laboratory experiments of (Shibayat®83) on commercial kaolinite
= 10(3:353-9.56x1073W) o T (5.42)

logG = 3.761 — 1.05 x 1072W
+(0.147 — 3.38 x 10~3W)log(T — 0.522 — 1.23

(5.43)
x 1073W)

in which y, is the viscosityRa 9, T is wave period (s) and is the mass water content

ratio (referred to water content in the thesis $onplicity) of the liquefied soil (%).
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Note thatu, is related to water content of liquefied soil amave period. It seems this
complex viscosity includes the effect of wave attgion, in a similar way as
application of complex shear modulus by Yamamot &akahashi (1985) to consider
wave dissipation.

The visco-plastic parameters of kaolinite (rg.andu,) are evaluated from the

laboratory experiments of Tsurugaal. (1987).
T, = 1.494 x 106/ 2452 (5.44)
Uy = 8.465 x 103w ~1.344 (5.45)

wheret,, u, are inPaandPa s respectively.

Due to dearth of corresponding model constantsdod, the parameters originally
proposed for clay of kaolinite are employed. Thedmted viscosity compares well with
the measured data for sand in literature (showir mor! Refer ence sour ce not found.),
which ensures the validity of this approximatiomthis rheological model, the viscosity
of liquefied soil depends on mass water conterib,ratave period and motion of
liquefied soil layer. In reality the shear straindadeformation rate should both be
varying with depth but as a first approximatiorg tverage values for both of them are

adopted.

5.2.2 Formulation for sub-liquefied seabed

To determine the build-up of the residual pore gues in the sub-liquefied soill
layer, the plastic volumetric strain under cycliawe loading needs to be specified in
addition to the fluid conservative equation or ag@ equation. The development of

plastic volumetric strain should reflect the cootnze nature of sand bed, which is
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related to wave-induced shear stress. Thereforeneezl obtain the shear stress in
porous seabed prior to constructing the sub-liguefeabed model which is presented
in Chapter two. The cyclic shear stresses are mi@ted by the solution for a bed of
finite thickness.

Finite solution for cyclic shear stress

P, is the wave pressure before liquefaction, is givemisu (1990),

_ YwMo
Po = cosh(k,d) (5.46)
The vertical normal effective stress is
oh=Vv'z (5.47)

A closed form solution for a seabed with finiteckmess was given by Jeng and Hsu
(1996). For a progressive wave propagating oveitlp $aturated poro-elastic seabed of

finite thickness, the shear stress and wave-indpoeel pressure within the seabed are

T = iPy{(C; + Cykpz)exp(kyz) — (C3 + Cykgz)exp(—kyz)

+ ky6[Csexp(8z) — Coexp(—82)]}expli(iox — wt)] (5-48)
p=—2_f1-20[C C
= 75 [~ 20[Cexp(02) ~ Crexp(—rp2)]
+ (1= 2)(6? — k§)[Csexp(62) (5.49)

+ Csexp(—6z)]}expli(kox — wt)]

where
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62 — K_z lwyw(l - 2#)

R T CEn (5.50)

in whichk, is soil permeability, G is shear modulusis Poisson’s ratiap is wave
frequencyg, is the wave number before liquefaction. Coeffitseh) — C, are shown
in Appendix D.

If liquefaction occurs, the shear stress and poessure in the seabed can be
calculated using Eq. (5.48) and Eq. (5.49). A mideange is thak, andx, should be
P, andk which have to be updated from the two-layer waweleh The vertical normal
effective stress can be calculated using Eq. (5aW then the shear stress ratio

x = 1/0,, can be further calculated.

5.3 Numerical scheme and computational procedure

By adopting a finite difference method, the govegnEq. (3.20) can be discredited

as

IN; 1

UG +AEZ+AZ) - 20U + A8, Z) + U(E + AE,Z — AZ)
- (AZ)?

(5.51)

in which,q = 0vP/d¢, Z = ky,z, A¢ is the increment of wave cycle, and the

increment of general depth. Note that we represgﬁtbyu in Eq. (5.51).
The value ofg is determined by Eg. (3.26), which can be caledatising the

backward Euler scheme. The left hand side of EG6{3an be discredited as
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gvP v (&, x) —vP(§ — A, x) (5.52)
& A |

Thusv? (¢, y) can be determined basedwt(é — A¢, y),

vP(& x) —vP(E — A& x)

> = o) —vP (. 20)] (5-53)
p —
WP y) = ﬁvmmAi : 21(5 88,20 (5.54)

With the initial condition that the plastic volumiet strain is zero, the value of
vP (&, x) can be determined and then g can be calculateshftr step.

Considering the boundary conditions at the fluid-gderface and assuming an
impermeable bottom together with dividing the sehiigcknessD into a mesh of

n X Az, Eq. (5.51) can be transformed into

1 0 01( Ur) (—Y'ZL) (0

A B A 0 : U, U, Mq

0O A B A 0 1| Us U, Mgq

- “ooe 3 EOE A S G A T SR R S ¥4 (5.55)
; 0 A B Al|l U, U, :
o 0 A BV Wh)py \Uha/, WMdJ;

where

A&
_ g A 5.56
A ) IV (5.56)
A
B=14+ 2 (5.57)

(Az)?
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A
B =1+ cpé (5.58)

ovP

1=, (5.59)

Based on above model, the detailed procedure adribbysis is as follows:

(1) Start analysis from =k, z;, =0, £ = 0; calculate initial wave number by
water depth and wave period.

(2) Before liquefaction, the wave pressure is dated by the common formula for
a progressive wavé, = yymg/cosh(kyd).

(3) Solve Eq. (5.55) to get the residual presstusaah point fo€ = & + A¢€.

(4) Repeat steps (2) and (3) urifyl increases to the value pfAz.

(5) Update the liquefaction front location and icat effective stress.

(6) In the following steps, the two-layer wave-lgied soil model is used to
calculatex and the amplitude of fluid pressure over sub-ligpeesoilp,. A trial-and-
error approach is used to get a convergent viscdaitliquefied soil. In the first run
after onset of liquefaction, a guessed value ofifotm liquefied soil viscosity is used.
In the subsequent runs, the viscosity obtainedhénlast solution is used as trial value.
Then, the N-layer fluid system is solved to getash&rain rate of liquefied soil layer
and the rheological model equation gives a newogitg. Repeat this procedure until
reach a convergent viscosity.

(7) Input the final viscosity value into the muliyer system to get the wave

pressure at sub-liquefied seabed surface,0;
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(8) With the wave pressure exerted on seabed syrtae analytical solution of
wave-induced shear stress and shear stress ratt@al@ulated to determifie? /0¢.

(9) Solve Eq. (5.55) to get the residual pore press

(10) Repeat steps (5)—(9) until the end of theyaisl

The solution procedure of the entire system andiédermining fluid motion with

the two-layer fluid system are summarised in B2 and Fig. 5.3, respectively.
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Fig. 5.3 Flowchart for the solving procedure o tlvo-layer fluid system

5.4 Model performance

5.4.1 Comparison with Liu ‘s model

Prior to examining the effect of visco-elasto-plasheological model for liquefied
soil, the present model was verified by compariaath simulation results in Liet al.
(2009). The results of evolution of liquefactiomrit are shown in Fig. 5.4 in which

‘Model Liu’ represents model results given by Lét al. (2009). These results are
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obtained by inputting a constant viscosity for fjed soil into the present model. The

parameters used in the case for comparison aeel istTable 5.1. As shown in Fig. 5.4,

the present model produced an identical soluticMtalel Liu’.

= Model Liu
o0 Liu et al.(2009)
1

" " ! " ! " ! " ! " |
0 100 150 200 250 300
t(s)

Fig. 5.4 Reproduction of Liat al (2009)’s results of liquefaction front propagatio

Table 5.1 Wave conditions and soil parameters mparison with Liuet al. (2009)

Wave conditions

Fluid depthh: m 20
Wave periodT: s 10
Initial wave lengthL: m 121.2

Wave heightH: m 6.5
vy:m?sTt 1x107°
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v,im2s~1 10

Soil bed conditions

Soil depthD: m 6.0
Permeability coefficientk,: ms™1 1.5 x 107*
Density of liquefied soilpg: kgm™3 1800
Water content ratio of liquefied soil; 42%
My: kPa 3.12 x 10*
R 1.8x 107>
a 55

B 0.04

5.4.2 Comparison with Oveisy ‘s model

Since the dynamic viscosity of liquefied soil laygrongly depends on the soil
deformation rate, the normalized lateral velocitgtribution along depth of liquefied
soil layer is tested by comparing with Oveisy’sules

Using the wave characteristic as Case c (Table iB.2)veisyet al. (2009), two-
layer fluid system was simulated numerically. Wesd#hthe seabed depth D so that the
final liquefaction depth is roughly equal to mudckmess of case c. Other soil
parameters are listed in Table 5.3. The resultoofm@lized lateral velocity of liquefied

soil by the value at seabed surface is shown in bi§.
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In Fig. 5.5, ‘Model A’ represent the result of peat model. Other three curves are
reproduced from Oveisy et al. (2009). Regardingseheesults two points had to be
made:( Although Oveisy presented the viscoelastic-plasticiel, a constant viscosity
is used when making the comparison with the expamindata and Sakakiyama and
Bijker (1988)’s results@ Oveisy’s model is a two dimensional model, but phesent
model is one-dimensional. In the two dimensionadelpthe wave height of incident
wave is gradually damped as travelling in the Hitelirection. However, the initial
value wave height is used in the one dimensionalehdue to the lack of information
for wave dissipation. It is probably the reason whg present model results did not
completely agree with that of Oveisy’s. Betterddétween the two predictions is found
when z/d,,, = 0.5, z is the vertical location in liquefied layer adg, is the depth of the
layer.

Table 5.2 Wave parameters for Case c in Oveisyl. (2009)

h:m | T:s ps:kgm™ | Him | v;:m?s™?1 Vyimis~

0.3 1.02 1230 0.032 1x10°° 1

Table 5.3 Soil parameters used for comparison @ébke c in Oveisgt al. (2009)

D:m k, ms™! Mp: kPa R a B

0.3 1.5x107* 3.12 x 10* 1.8 x 1075 55 0.04
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0.2 Bijker (1988)
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0.0 T T T T T 1
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Fig. 5.5 Profile of the velocity in the liquefi¢éalyer normalized by, the velocity

at the surface of seabed

5.4.3 Comparison with test results of viscosity

Hwanget al. (2006) have carried out extensive review on theadyic viscosity of
liquefied soil with the main results as shownBrror! Reference source not found.
andError! Reference source not found.. It can be seen that the major of viscosity data
lie within the area between the parallel line&mor! Reference source not found.. In

the present model, the dynamic viscogityan be estimated using Eq. (5.60)

He = pV2 (5.60)

where,p is the density of liquefied soil, 18G@m ™3, v, is the kinematic viscosity

that obtained from the present model with a vaarege from 12.52 to 0.08%s~ 1. The
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corresponding values of dynamic viscogityare from 21,240 to 162Pa - s, which are

clearly in reasonable accord with thatnror! Reference source not found..

5.5 Results and discussion

A series of numerical simulations are performethia section. The wave and soil

parameters used are listed in Table 5.1 unlessdstaherwise.

5.5.1 Effect of shear stress

Infinite solution
— Finite solution

0 50 100 150 200 250 300
Time (s)

Fig. 5.6 Influence of shear stress solution ondfguation progresses
Fig. 5.6 reveals that there is a significant dgfese (exceeding 23%) in the
liquefaction front evolution predicted by usingfdient methods to estimate the wave-
induced shear stress. ‘Finite solution’, namely #hear stress is obtained using the
analytical solution for finite thickness seabededicts a final liquefaction of 4.32 m

while a depth of 3.52 m is computed by infinitewmn for shear stress. This can be
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explained from two prospects: firstly, shear strekénite solution is greater than that
of infinite solution though the latter is larger time shallower zone at the beginning of
liuefaction phase (as shown in Fig. 5.8). Thisultess consistent with the earlier
occurrence of liquefaction for infinite solutionigf-5.6) and the larger amplitude of the
displacement on the seabed surface (Fig. 5.7niieeliquefaction stage. After this
initial period, the finite shear stress exceedsitd shear stress, and both liquefaction
depth and interface wave amplitude, i.e., the anmbdi of soil displacement at seabed
surface, surpass those of the infinite solutiorscoBdly, as the source term in the
storage equation involves an exponential functiboyolic stress ratio and coefficieat

is positive the influence of a small differencesbiear stress and cyclic stress ratio on

liquefaction will be amplified.

0.35

0.30

T

T

0.25

0.20

a, (m)

T

0.15

0.10}
r Infinite solution
0.05F — Finite solution

OOO L 1 1 ! 1 ! 1 ! 1 ! 1 |
0 50 100 150 200 250 300

Time (s)

Fig. 5.7 Influence of shear stress solution onlaoge of interface wave
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Fig. 5.8 Shear stress from two different solutiohd: and ‘Fin’ represent infinite

and finite bed solutions, respectively.

5.5.2 Effect of varying viscosity

As shown in Fig. 5.9, when visco-elastic-plastic dalois employed to model
liquefied solil, the maximum liquefaction depth i82m, which is 7.5% deeper than the
result obtained by procedure of a constant visgd¢d4i02m in Liuet al. (2009)). In their
model, the viscosity in liquefied soil layar, was prescribed to 1@2s~1. In the
present model, varies when the liquefaction front moves downwasdshown in Fig.
5.10. It decreases from 12.52 to 089! rapidly, and then reaches a steady level.
This sharp drop in viscosity models the presumptibtransition in the liquefied saill,
i.e. the liquefied soil viscosity will transfer frovisco-elastic state to visco-plastic state
when the deformation rate and associative sheassstiate reach a certain level. This
prediction is also consistent with the observeddref liquefied soil deformation as

described in Sasst al (2001).
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As described in the formulation of the visco-elagtiastic constitutive model,
dynamic viscosities of both visco-elastic phase waisdo-plastic phase depend on the
water content of liquefied soil. Therefore, theeeffof water content on the progressive

liquefaction is also examined here. The resultsshmvn in Fig. 5.11 and Fig. 5.12.

—— Model Liu
—— Present mode

1 1 1 ! 1 ! 1 ! 1 |
0 50 100 150 200 250 300
Time (s)

Fig. 5.9 Effect of varying viscosity of liquefiedison liquefaction front evolution
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Fig. 5.10 Evolution of kinematic viscosity of ligfied soil with liquefaction depth

—— w=20%
—— w=40%
—— w=60%
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0 50 100 150 200 250 300
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Fig. 5.11 Evolution of liquefaction front with @&rent liquefaction water content
In Fig. 5.11, water content is observed to havenatable influence on the final

liquefaction depth. For low water content, from 288%40%, increasing water content
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causes slightly deeper liquefaction. The viscosaynputed for different water content

is shown in Fig. 5.12.

——w=20%

1 r W
O ——w=40%
: ——w =60%

Viscosity,v (m’s?)

©
[
T —TTT

0otb—
o 1 2 3 4

Liquefaction depth, z(m)

Fig. 5.12 Evolution of kinematic viscosity of ligfied soil with different water
content ratio

From Fig. 5.12, we can see higher water contelhieed to lower steady viscosity.
Moreover, the liquefied soil with higher water cent tends to enter visco-plastic state
sooner than with lower water content. This can Xgaened by its lower stiffness. In
the framework of constant viscosity and densityiquiefied soil layer, Liuet al. (2009)
discussed the viscosity effect on liquefaction hyying liquefied soil viscosityy, from
1 to 106n2s~1. They found that whem, increases from 1 to #¥s~1, the liquefaction
depth decreases; however, in the range betweenni0180m?s~!, there is no
appreciable reduction in predicted liquefactiontten the present study, the viscosity
varies in a smaller range. Despite the small rapgeametef in the analytical solution
for two-layer fluid system is still expected to sha significant change but this did not

happen.
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Fig. 5.13 illustrates that the effect of water teart on wave pressure is not large
although an increase in water content (from 20%Q%) generally causes an increase
in wave pressure. It also shows that after onseliqofefaction, wave pressure at
interface between liquefied soil and sub-liquefsal gradually increases whilst the

wave pressure at interface between liquefied smll@erlying water gradually reduces.

225001
————— Uy, W= 20%
< u,w=20%
ol L
S u, W =40%
ﬁ u,w= 40%
_____ = 0,
GEJ- 20000 <, Uy W 60%
© NN u, w=60%
= \ e
2 N L s s imm e e imimimimimie
17500 L L L 1 L 1 L L L .
50 100 150 200 250 300

Time (s)

Fig. 5.13 Wave pressure amplitude at locatwe-(0), u, and liquefaction front,

(Z = ZL,)’ uy.

5.5.3 Effect of wave and soil characteristics

Fig. 5.14 demonstrates that the increasing watpthdeill produce smaller wave
pressure and consequently the shear stress ratiofiaal liquefaction depth will
decrease. Also the liquefaction process beginsesoand its front reaches deeper for
shallower water depth. Fig. 5.15 depicts the distion of the source tertf dvP /d¢ in
Eqg. (3.20) when the liquefaction reaches at 0.24vhich is the final liquefaction depth

for the case with the water depitequal to 21 m. The source term is found to decrease
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for deeper water depth due to the correspondingedsmg shear stress ratio. In turn,
the smaller source term prevents the build-up & thsidual pore pressure and
eventurally results in a shallower liquefaction thepAs shown in Fig. 5.16, when
water depth increases, the corresponding viscasityisco-plastic state increases

slightly; however, there is no discernible diffecernn the viscosity of visco-elastic state.

............................. h=21m
h=20.5m
h=20m
_____________ h=195m_._._._._._._
h=19m
6 1 1 1 1 ]

" " " " 1 " "
0 50 100 150 200 250 300
Time (s)

Fig. 5.6 The influence of water depth on liquefactprocesses
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Fig. 5.7 The distribution of source term in therage equation for various water
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Fig. 5.8 The influence of water depth on viscosityhe liquefied soill
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As to the wave period, it affects the wavelengtd arave pressure (together with
water depth), also the viscosity (but it is notndfigant as shown in Fig. 5.18). For
porous sub-liquefied soil, the partial drainagedadepends on wave angular frequency.
The partial drainage controls the rate of resiguwassure dissipation as shown by ktu
al. (2009). As a result, for a given wave height seralvave period would lead to

deeper liquefaction since the rate of residual goessure dissipate is smaller for a

shorter wave than for a longer one.

z, (m)

0 50 100 150 200 250 300
Time (s)

Fig. 5.9 Influence of wave period on liquefactignocesses
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Fig. 5.10 The influence of wave period on visopsit the liquefied soil
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Fig. 5.11 The influence of soil permeability oguefaction processes
Similarly, the soil permeability which dominantsttissipation rate of residual pore

pressure can significantly influences the liquetact progress. Higher hydraulic

conductivity leads to shallower liquefaction de@h,shown in Fig. 5.19.
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5.5.4 Effect of soil poro-plastic parameters a, fand R

Parameterg, f and R affect the residual pore pressure build-upepa Fig. 5.20-
Fig. 5.22 demonstrate that both the final liquetacttdepth and the liquefaction process
are very sensitive to these parameters. Furthernttoeeeffects otr andg on the final
liquefaction depth and the liquefaction processmoee significant than that &. This
is because that the former two parameters are expaty related to the ultimate
plastic volumetric strain in Eq. (3.24) and theeraf plastic volumetric change in Eq.
(3.25), respectively. However, the ultimate plasttumetric strain is linearly related to
R. Therefore, calibration of these parameters shbaldone with enough cautions lest
use of the uncalibrated model parameters impakespttediction results completely.
However, there is no explicit parametric identifioa procedure available (Liet al,
2009). When these parameters were employed origif@adssaet al, 2001), no definite
physical meanings are assigned to them. Actualigy tare determined so that the
predicted results of liquefaction depth may comesi8y reproduce the experimental
performance.

Alternatively, the built-up of residual pore pressgan be calculated using Eqg. (2.7),
which models the accumulation pore pressure udiegratio of cyclic loading to the
cyclic number to liquefaction by Eq. (2.9). As mientd in the literature review of
Chapter 2, a relationship betweén? /d¢ and the source term in the fluid storage
equation, f can be achieved by comparing Eqg. (2.7) and Eg5)2.1

Cytly dVP @ dUP

K dt K 2mdé (5-61)

f:
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Fig. 5.20 The influence af on liquefaction processes
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Time (s)

Fig. 5.21 The influence @ on liquefaction processes
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Fig. 5.22 The influence @t on liquefaction processes

5.6 Summary

This chapter presents a model based on visco-@lalststic rheological constitutive
equation for predicting wave-induced residual ligdon. The upper seawater and
liquefied soil were treated as viscid fluid anddésed by linearized Navier-Stokes and
continuity equation, while the lower sub-liquefiedil was modelled by a poro-elastic-
plastic model to calculate residual pore pressurig-up.

Simulation results confirmed that shear stressioétafrom infinite seabed solution
can lead to significant errors and underestimagditjuefaction depth. The viscosity of
liquefied soil computed by the present model shawsabrupt state change, i.e., from
viso-elastic stage to visco-plastic stage, duehw dccelerating deformation rate of
liquefied soil layer. The computed value of vistpsiompares well with the test data in
the literature. It is found that the shear straite dependent viscosity does influence the

liuefaction process relative to a constant vidggpseven though this effect is not
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particularly marked. Although the rheological paedens depend on both water content
of the liquefied soil and wave period, influencevediter content on the liquefaction
progress seems to be rather limited. However, waemod makes a more notable
difference probably because it is more difficultr fthe residual pore pressure to
dissipate under the action of a shorter wave. Efbéthe other factors, such as water
depth and soil parameters on progressive liquefactire examined as well. Deeper
liquefaction depth is more likely to take place dhallower water under same wave
loading. Smaller soil permeability prevents resldpare pressure dissipation and
consequently enhances the liquefaction. Finallg,liduefaction is very sensitive to the

soil parameters in the source term, which desgereeral identification method.
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Chapter 6 N-layer Viscid Fluid Model

6.1 Introduction

In Chapter 5, shear strain rate-dependent viscasityiquefied soil has been
confirmed to affect seabed liquefaction progressoalgh not strongly. However, the
two-layer fluid system model is based on an appnation of constant viscosity
throughout the depth of liquefied soil. This is eggary in the framework of two-layer
system in which the entire liquefied soil is assdrteebe a uniform layer with respect to
the viscosity despite the shear strain rate vaaleag depth. When the liquefied soil

layer is sufficiently thick, this approximation mbgad to serious errors.

In investigations of wave dissipation over fluid dnusome researchers have
attempted to divide the fluid mud layer to multipleyers to allow the different
properties for each sub-layer to be specified (Tgaet al, 1987; Oveisyet al, 2009;
Soltanpour and Samsami, 2011). In the situatiothuad mud, the depth of fluid mud is
usually known and constant during computation. €fwe, the number of layer can be
set and kept unchanged. On the contrary, duringgrpssive liquefaction the
liquefaction front advances downward and the thédlsn(thus number of layers) of sub-
layer of liquefied soil therefore changes. In thigpter, the relevant formulas for a
multi-layer system are derived and coded based m@mtwasive procedure to enable an
automatically change of the number of liquefied kojers, thus extending the previous
two-layer viscous fluid model to multi-layer or ldyler one. By virtue of N-layer viscid

fluid system developed here for the wave-liquefsad interaction, both density and
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viscosity of liquefied soil are allowed to vary witdepth, whereby the effect of

stratification on the liquefaction progress carelplored.

As the rheological model for liquefied soil, stoeagquations for sub-liquefied
seabed and the wave-induced shear stress finitgi@olused in this chapter are the
same as those in Chapter 5, for the sake of brethgy are not repeated here. The
formulations of N-layer viscous fluid model and rencal scheme are presented first.
Then, the predictions by the two-layer and N-layedels are compared for purpose of
validation and for assessing the performance of\thayer model. Finally, a parametric
study is conducted to examine the effects of wawe a&oil characteristics on

liquefaction progress.

6.2 System definition and for mulation

Consider a progressive wave propagate over a gmadded. The liquefaction occurs at
timet, its front advances down to a locatian= z; as depicted in Fig. 6.1. The entire
system consists at viscous fluid layers including seawater layer wdknsityp,
(0 <z < h) and liquefied soil layers with density,i = 2,N (z;, < z < 0). Below the
fluid layers, there is a poro-elasto-plastic sujudified soil layer€£D < z < z;). Before
liquefaction, analytical solution for linear waveifl pressure on water-seabed-interface
Is used to assess the excess residual pressugabeds Since the onset of liquefaction,
the N-layer system is solved to obtain the watasgpure exerted on surface of sub-

liquefied soil prior to computing the built-up afsidual pore pressure.

Dalrymple and Liu (1978) developed the two-layeuidl model for wave

propagation over very viscous mud. The linear theesrapplicable for wind wave
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environment (Maa and Mehta, 1990) and overcomelithigation of Lamb’s model
which ignores viscosity of liquefied soil. The lamar Navier—-Stokes equations for
incompressible fluid, which has been linearized bgglecting the convective

acceleration (Dalrymple and Liu, 1978) terms ardétem as

z 4
F%Wave
+2z=h
Fluid layer n dy PV
2
—— X
Fz=0 Z 4N d, PV,
K AR ds PaVs
Liquefied soil
layer
d ;
1z=2 $ N PnoUN
Liguefaction front: z (t)
Sub-liquefied
soil layer
—z=-D

Rigid impermeable base

Fig. 6.1 Schematic definition of wave induced pesgive seabed liquefied seabed

o0 __10p (PG %G 61
Tt pox Vel T2 1)
oW _ 19 (W W -
- gz Veilae Tz 62)

wheretl, w are the horizontal and vertical velocities, respety; the subscripf
indicates the layer indexy and z are the horizontal and vertical coordinates,
respectively;p is the dynamic pressurg;is the density of fluid; and, = u./p is

apparent kinematic viscosity;represent the time.
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The equations for mass conservation is expressed as

94; ow,

_ ] 6.3
=3, 0 (6.3)

The separable, periodic solutions fpyw; andp; are assumed as

0;(x,z; 1) = yj(»)expli(kx — wt)] (6.4)
Wj(x,z; t) = wj(z)exp[i(kx — wt)] (6.5)
B(x,2:0) = py(@expliCicx — wb)] (6.6)

wherew is angular frequency of the wave system mmsl the unknown complex

wave number after liquefaction

K = K + iK; (6.7)

in which k,- denotes the real part of the wave number whickiges the wavelength
(L =2m/k,); k; is the imaginary part which represents the wavenattion rate.

Displacements of water surface and interfagesyre represented by

n; = ajexpli(kx — wt)] (6.8)

wherea; is a complex unknown value to define the amplitatithe displacement of
the jth layer. The water surface is expressed;aghilen;,j = 2,---,n are unknown

complex value representing mud sub-layer displaceésnieased on their amplitude and
phases. Substituting the real and imaginary pdrtiseowave number into Eq. (6.8), the

expression of water surface and interfacial disgiaents can be obtained as
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N; = ajexp(—k;x)exp[i(i,x — wt)] (6.9)

Substituting Eqgs. (6.4), (6.5) and (6.6) into tbatmuity Eq. (6.3) results in

w o= —L (6.10)

in which the prime represents the differential witspect te. Introduction of Eq. (6.10)

into Eq. (6.1) yields an expression fgr

pjve’]' " r
P =~ (w" —w'a?) (6.11)
where
A =x*—iov; (6.12)

Substitutingp; into the vertical momentum equation, Eq.(6.2)|dgethe fourth-order

differential equation fow;

Wj//l! _ (K.Z + A}Z)W]” + KZA]ZWj =0 (613)

The solutions can be obtained as

j j
w;j(z) = Ajsinhk Z d, + z | + Bjcoshk Z d, +z

n=1 n=1

(6.14)

j-1

J
+ Cijexp [ 4; Zdn+z + Djexp [ —4; Zdn+z
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whered,, is the thickness ofi" layer. The complex constands, B;, C;, D;and the
unknown variablesc and a;, are determined from the boundary conditioba.
boundary conditions are required for a viscousdflmodel ofN layers. The unknown
constants and variables are determined from thendary conditions at the water
surface (N — 1) interfaces and the rigid bottom as follows:

(a) At the water surfacez(=n,)

The kinematic boundary condition, requiring theface particles to follow the

surface, and the imposition of zero normal and eatigl stresses can be written as

ony _
a_tl = W, (6.15)
) oW
P1=2p1Veq 7~ =0 (6.16)
o0, ow,
2= 6.17
plve'1<az * 6x> 0 (6.17)
or after Taylor's expansion
A;sinhkh + Bycoshkh + C; + D,exp(—A,h) = —iwa, (6.18)

M;(Aicoshkh + Bysinhih) — 2p1v, 1A1[C; — Diexp(—A1h)] = p1gay (6.19)

2A,x?sinhih + 2B k%coshkh + (13 + k2)[C; + D;exp(—A,h)] =0 (6.20)

where

M1 = P - 2p1‘Ve’1K (621)
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2 _ 2 _ o1
AM =K —iwvey

And g is the gravitational acceleration.

(b) At the interfaces £, = — 7].1=1 d, wherej =1,---,N — 1)
0nj+1 o~
ot

The continuity of horizontal and vertical veloctgmponents are

Uj = Ujqq
Wi = Wjiq

Ajyqsinhkdjq + Bjycoshkdjq + Ciyq + Dj+1exp(—/1j+1dj+1)

KAjyicoshidjyq + kBjyik?sinhicd;q + Cipqdjyq
- Dj+1/1j+13xP(_Aj+1dj+1)

(6.22)

(6.23)

(6.24)

(6.25)

(6.26)

(6.27)

(6.28)
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The normal and tangential stresses are also canttiacross the interfaces.

Considering the Taylor series expansiomz;of — Z,’;zl d,, they can be written as

A~

R aW]
Dj — 2pjVe,; 2, Pidnin

A OW,.s
= Dj+1 — 2Pj+1Vej+1 oz Pj+19Mj+1

au; ow; o1; ow;
i oY j+1 j+1
Pivej < 0z 6x> pj+1ve’j+1< 0z 0x >

or

M;jAj = 2pjv,, jA;[Ciexp(—4;d;) — Dj]
= j+1(Aj+1costhj+1 + Bj+1sinhkd]~+1)
- 2Pj+1Ve,j+1)Lj+1[Cj+1 - Dj+1exp(_/1j+1dj+1)]

- (Pj+1 - Pj)gaj+1

pjVe {2K*B; + (A7 + k?)[Crexp(—A;h) + D;]}

= pj+1Vej+1{2K?(Aj415inhkd; 1 + Bj,,coshicd;,q)

+ (s + 1) G + Dysrexp(—sadyan)]}

where

— 2pjVe K

(6.29)

(6.30)

(6.31)

(6.32)

(6.33)
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(c) At the bottom£; = —Y.7_; d,)
The velocities in both the horizontal and vertididections should be zero at the

fixed bottom, i.e.

Uy =0 (6.34)

wy =0 (6.35)
or

KAy — AyDy + AyCyexp(—Aydy) =0 (6.36)

By + Dy + Cyexp(—Aydy) =0 (6.37)

The unknowns including coefficients, B;, C;, D; (j = 1,2,3, ..., N), the amplitude
of interface waves; (j = 2,3,4,...,N) and wave number can be solved from the

above equations subjected to the appropriate boyraaditions by substitution and

iteration methods.
The procedures to solve the automatically increpsumber of fluid system are

1) Express variables at general lay§r+ 1,N) Aj;1, Bj41, Cj41, Dj4q in terms of
Aj, B;, G, Dj, andaj,; using 4 boundary equations at each layer interfheeremaining

one equation is used to describe the expressiovebeata;,; and a;.

2) Whenj = 1, Aj, B, G, D; can be determined by three surface boundary emsati
and one of 1-2 interface boundary conditions; assalt, they can be expressed using

a,. 3) Eventually, there are two unknowns, wave numdband a, remain because
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a;(j =3,4,5,...,N) can be expressed in termsagf Two boundary condition equations
are employed to solve anda,. Since the final forms are implicitly non-lineawo
layers of nested loop nonlinear root finding subireel (Newton method is adopted in

this study) are need.

The details of the derivation and explanation rédeAppendix F in this thesis. After
successive solving of the upper fluid system, theldude of wave pressure at the
bottom of fluid region can be derived from Eq. §..and used to solve the residual

pore pressure build-up.

6.3 Numerical scheme and computational procedure

Discretization of storage equation for sub-liquefsoil is identical to the two-layer
model. The distinct difference is the solving thdaMer fluid system. The seawater
layer has a constant depth and the thickness cfaga of liquefied soil is set to be
1/200 of the total seabed depth. The detailed phaeeof the analysis is as follows:

(1) Start analysis from = k, z;, = 0, £ = 0; calculate initial wave number by water
depth and wave period.

(2) Before liquefaction, the wave pressure is dated by the common formula for
a progressive wavé, = yymg/cosh(kyd).

(3) Solve Eq. (5.55) to get the residual presstueaah point fo€ = & + A¢.

(4) Repeat steps (2) and (3) uii, increases to the valyeAz.

(5) Update the liguefaction front location, numbdr liquefied soil layers and
vertical effective stress.

(6) In the following steps, the multi-layer wave debis used to calculateand the

amplitude of fluid pressure over sub-liquefied $gil In the first run after onset of
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liquefaction, a guess value of a uniform liquefigadil viscosity is provided. In the
sequent runs, the viscosity of the last solutionged as trial value. Then, the N-layer
fluid system is solved to get shear strain ratbqofefied soil layer. Use the rheological
eqguation to achieve a new viscosity. Check if thesged viscosity is sufficiently close
to this new value. Except from the first run, thiscesity for liquefied sub-layers
actually is an array. If relative difference betweeach element of the successive
velocity arrays is lower than a certain level (hmiststudy, 1/100), the convergent
velocity array is assumed to be acquired. Thenicoatthe next step; otherwise, repeat
this trial-and-error until a convergent value iaaked.

(7) Input the convergent viscosity value into theltiHayer system to get the wave
pressure at sub-liquefied seabed surface,0;

(8) With the wave pressure exerted on seabed syrthe analytical solution of
wave-induced shear stress and shear stress ratcalaulated to determide? /9¢.

(9) Solve Eq. (5.55) to get the residual pore press

(10) Repeat steps (5)—(9) until the end of theyasl

The solving procedure of the entire system andd&iermining fluid motion with

the multi-layer fluid system are summarised in Bi@ and Fig. 6.3, respectively.
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Fig. 6.2 Flowchart for the solution procedure of #ntire system

oil



129

Use currenk;, v,

>
A

4

Calculation ofA, B, C, D, E, F, G, H anda,

\ 4

Updatex;

A 4

Calculation ofA, B, C, D, E, F, G, H anda,,

uandw, é;;, o;;, |T|

else

\ 4

!

V2

\ 4

If v; — v, < accuracy level

i ther

Vz :VZ

A 4

p,, the fluid pressure in the bottom of liquefied s

Fig. 6.3 Flowchart for the soluting procedure daf tivo-layer fluid system

6.4 Model validation

Before examination and parametric analysis, a coisgais performed to verify the

performance of multi-layer model. Model A is repuodd by reducing the N-layer

viscid model (Model B) to a constant viscosity figuefied soil. As shown in Fig. 6.4,

liuefaction front evolution from two models is cplately identical as expected, thus

validating the multi-layer modelling. The paramsteised in the case for comparison

are listed in Table 6.1.
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Fig. 6.4 Reproduction of Liu et al. (2009)’s resubr evolution of liquefaction

front
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Table 6.1 Wave conditions and soil parameters

Wave conditions

Fluid depthh: m 20

Wave periodT: s 10

Initial wave lengthL: m 121.2
Wave heightH: m 6.5
vyim?s~1 1x107°

vy m?sTt 10 (for Model A)
Initial guess viscosity of liquefied soliz: ™°S™" | 10 (for Model B)

Soil bed conditions

Soil depthD: m 6.0
Permeability coefficient,: ms™1 1.5x 107*
Density of liquefied soilp,: kgm ™3 1800
My:kPa 3.12 x 10*
Soil shear modulus, MPa 31.2
Poisson’s ratio 0.33
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R 1.8x 1075
a 55
B 0.04

6.5 Results and discussion

A series of numerical simulations are performed itwestigate the factors
influencing the liquefaction progress. The diffezerbetween the multi-layer and two-
layer modelling is examined to highlight the adeam® of the former. The wave and soil
parameters which are used in the simulations arerarized in Table 6.1 unless stated

otherwise.

6.5.1Effect of varying liquefied soil density

The varying density of liquefied soil with depthsnang been recognised (Sumer et.
al, 1999) even though an appropriate mathematiacadeinto describe the inherent
mechanism was not available. In this section, @ality increasing liquefied soil density
is assumed to investigate its influence on liquidac This is realised by specifing a
linearly decreasing water content (from 60% at upager to 20% at seabed bottom if
the seabed can be completely liquefied). The cpomding values of liquefied soil
density are 1648.8 and 2103 kd/mespectively. Sumer (2006) measured the liquefied
soil density in a small scale laboratory test, whig 1850 at surface and 2000 at the
impermeable bottom. The range used here is a ldtger than that for the purpose of

parametric study.
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Fig. 6.5 shows that the difference in the fingukfaction depths predicted by
varying water content model and constant wateresgntodel is no more than 12%.
For the constant water content model, higher watentent leads to swallower
liuefaction. However, the difference of interfasave amplitude made by varying

liquefied soil sub-layer density is significant.

Varying W

6 1 ! 1 ! 1 ! ! 1 |

1 1 1
0 50 100 150 200 250 300
Time (s)

Fig. 6.5 Effect of varying water content on liqaetion
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Fig. 6.6 Effect of varying water content on theenface (between water and
liquefied soil) wave amplitude
Fig. 6.6 shows that the amplitude predicted bywardensity model is much larger.
Despise the closeness of final liquefaction demtwben varying density model and
constanw = 20%, there is a difference in amplitudes of interfacave between two

models.
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(c) Final liquefaction
Fig. 6.7 Effect of varying water content on distrion of liquefied soil viscosity:
solid line for varying water content, dash line Wor= 20%, dot line forl? = 40%,
and dash dot line fd/ = 60%.

Fig. 6.7 illustrates the distribution of viscosdf liquefied soil during liquefaction.
Viscosity in varying density model is much closercbnstant water contert = 60%
than the others. When water content is lower, itpgefied soil tends to stay in visco-
elastic phase especially in the upper layer. Astler critical viscosity value between
visco-elastic and visco-plastic phase, higher watertent results in a higher critical
transit viscosity. In Fig. 6.7(c), the fluctuatiohviscosity is caused by the difficulty in
numerical solution. The multi-layer model with laréy changing water content is found
to achieve a convergent viscosity of liquefied saisier than two-layer model.

There is another phenomenon concerning liquefidddsasity. For a higher density,

the two-layer viscid model with a constant liqudfgoil density but temporal changing
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strain rate-dependent viscosity cannot produceefagtion or the resulting liquefaction
depth is shallower than the N-layer viscid modditeke cases are considered here: Case
1: water content ratit = 30%, constant liquefied soil is 1939.2 kginCase 2: water
content ratioW = 40%, constant liquefied soil is 1817.3 kginand Case 3: water
content ratid¥ = 50%, constant liquefied soil is 1723.4 kginResults are shown in
Fig. 6.8. Compared with results in Chapter 4,aéhisrmuch more difference made by
the water content ratio for the two-layer modeldese the density is related to water
content using Eq. (6.38). When water content reslutiee liquefaction drastically
decreases. Actually, there is no liquefaction preedi by two-layer model for case 1.
For the N-layer model with constant water conténbagh the depth, the trend of water

content influence is opposite.

—— N-layer model, W = 30%
— N-layer model, W = 40%
—— N-layer model, W = 50%
—-—--Two-layer model, W = 40%
--—--Two-layer model, W = 50%

S e e e e e e — - —— — ——

1 1 1 ! 1 ! 1 1
0 50 100 150 200 250 300
Time (s)

Fig. 6.8 Effect of liquefied soil density (caudggwater content difference) on

liquefaction
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The increasing water content tends to resist atHat liquefaction despite that the
associated density of liquefied soil is relativeiyaller. Also, the difference between
two-layer model and N-layer model depends on theem@ontent ratio. For Case 1 and
Case 3, the difference is more significant thanGQase 2. Therefore, stratification of
viscosity along the liquefied soil layer does imdhece the liquefaction and fluid motion

(e.g., the interface wave amplitude).
6.5.2Effect of varying viscosity

A comparison between the two-layer and N-layer mhadearried out in this section.
The density of liquefied soip;;,; is related to the water content ratio by:

Pr

id = 100+ W) ————
Pria = Pg(100 + )100pf+ng

(6.38)

where the density of soil graip, = 2700 kgm™3; ps is the density of fluidp, =

1000 kgm~3. The initial density of liquefied soil is set 1800 kgm~3, so the water

content ratio in the rheological model is 42%.
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—— Two-layer model
—— N-layer model
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Fig. 6.9 Comparison of time histories of liquefaatifront

0.301

0.25}

0.201-

0.15f

0.101-

Interface wave amplitude (m)

0.05 _ —— Two-layer mode
—— N-layer model

0 . 00 i L | 1 ! 1 ! 1 ! 1 ! 1 |
0 50 100 150 200 250 300

Time (s)

Fig. 6.10 Comparison of interface (between water lajuefied soil) wave
amplitude
As shown in Fig. 6.9, the maximum liquefaction depor the N-layer viscous

model is 4.26m, around 3.5% lower than that obthiog the corresponding two-layer
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model (4.41m). In this case, the difference inlfilguefaction depth is slightly smaller
than the difference in interface wave amplitudepfagimately 50%, shown in Fig.
6.10). Moreover, the liquefaction starts a littéel in the N-layer model.

The multi-layer modelling approach provides theligbito consider different
viscosity for each sub-layer as well as varyingsitynof liquefied soil (see the next
section). Although the viscosity of liquefied slailerv, in two-layer model varies with
the liquefaction front advances downward as showhig. 6.11, it is still a constant at
an instantaneous time and a certain liquefactiopthdeln the N-layer model, the
viscosity of liquefied soil layew, varies along with the depth of seabed, which means
that both the temporal and spatial changes of gigcare considered.

Fig. 6.12 illustrates the distribution of liquedigoil viscosity, which varies with the
depth of liquefied layer for three different ligaefion depths. The jump of viscosity
along depth confirms the presumption of liquefiedl phase transition from visco-
elastic to visco-plastic phase. It indicates thatghear strain rate is smaller in the upper
part than in the lower. The critical viscosity vaduat which the phase transition occurs
for two-layer model and N-layer model are not salue to the different shear stresses
from two models. By comparing Figure 6.11 and Fegérl2, we can see that the
viscosity produced by multi-layer model is not cdetely the same as that by two-layer
model. And the possible minimum viscosity in theayer model is lower than that in

the multi-layer model.
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Fig. 6.12 Distribution of liquefied soil viscosity N-layer model
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6.5.3Effect of wave and soil characteristics

As shown in Fig. 6.13, the liquefaction process dballower water depth begins
sooner and the liquefaction front reaches deepeaisb indicates that this relationship
between water depth and liquefaction process isimedr. When the water depth is near
a certain critical depth, the change is much dramahen, the influence gradually
weakens. When the water depth increases, the pomdsg viscosity in visco-plastic
state also see a slight increase (Fig. 6.14). Mewdhere is no discernible difference

in the viscosity of visco-elastic state becausthiatstage the viscosity is independent of

the fluid motion.

z, (m)

6 1 | 1 | 1 |

1 | 1 1
0 50 100 150 200 250 300

Time (s)

Fig. 6.13 Influence of water depth on liquefactmocesses
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(b) At the time instant for the final liquefactidiepth
Fig. 6.14 Influence of water depth on viscosityigfiefied soll
Fig. 6.15 shows that a shorter wave period resulésdeeper liquefaction. It is because

the wave period affects wave pressure (togethdr wéter depth) acted on sub-
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liquefied seabed, and also the liquefied soil sggathough it is not significant as
shown in
Fig. 6.16). For porous sub-liquefied soil, waveipe affects the partial drainage
factor, which controls the dissipation rate of desil pressure (Liu et al., 2009). This is

consistent with findings in the two-layer viscid d&b used in both Chapter 4 and lau
al. (2009).
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Fig. 6.15 Influence of wave period on liquefactpmocesses



145

14:_. —T=9s
2 ——T=95s
s (R T=10s
N _ ——T=1055
£ Oyl T=11s
>
G
o
O
2
>
1 1 1 |
3 4 5 6

z (m)

(a) At the time instant for a half the final liqaetion depth

14:..! —T=9s
i —— T=9.5s
ot T=10s
a F I —— T=10.55
£ op i T=11s
g Fof
2 gl
o} i
3 Bl
> 6 )
!
i
4r 4
2- 1 1 1 1 1 |
0 1 2 3 4 5 6

(b) At the time instant for the final liquefactidkepth

Fig. 6.16 Influence of wave period on viscositytld liquefied soil
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Fig. 6.17 Influence of shear modulus, G on liqugéam

Fig. 6.17 and Fig. 6.18 illustrate the influerdadifferent soil shear modulu6on
the liquefaction, wave-induced shear stress in jetasto seabed. For the considered
cases, the shear stresses predicted are not gensiti soil shear modulus, and
consequently there is no significant difference ‘myrious G , though the final
liquefaction depth in softer seabed is slightlyllsveer. Based on the analytical solution
for finite seabed proposed by Jeng and Hsu (19B6)wave-induced vertical effective
stress is shown in Fig. 6.19. The effective stidhss to overburden, which acts as a
resistance to liquefaction is also depicted for parison. According to Yamamot al.
(1978), momentary liquefaction occurs when seepage lifts soil column above and
soil particles cease to be in contact. Mathemadyictiat is the case when wave-induced
effective stress surpasses overburden. Fig. @d%s that the overburden effective

stress far larger than the wave-induced effecttvess in the considered cases, which
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indicates that there is no momentary liquefacti@pgden and the presumption of

residual liquefaction mechanism is appropriate.
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Fig. 6.18 Influence of shear moduldspn wave-induced shear stress: solid line is
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Fig. 6.19 Influence of shear moduldspn wave-induced vertical effective stress:
solid line is effective stress due to overburded ather curves represent wave-induced
effective stress

As shown in Fig. 6.20, the larger hydraulic cortduty results in shallower
liuefaction depth. With the increase of permeéaptib a higher range (beyordd75 x
10~* m/s in this case), the liquefaction depth decreasarkedly. This is caused by a

greater rate of residual pore pressure dissipétiomore permeable soil.
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Fig. 6.20 Influence of soil permeability on liqaefion process
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Fig. 6.21 Influence of seabed thickness on ligcteda process
Furthermore, the thickness of seabed affects tjuefaction strongly. In Fig. 6.21,
the liquefaction depth increases gradually whenbegabecomes thicker until the

thickness reaches 6 m; and then, it reverses toed®e sharply with increasing
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thickness of seabed. It appears that there exist#tical seabed thickness (6m in this
case), at which the final liquefaction depth rettehmaximum value if other conditions
for wave and soil were held the same. Physicatlg,generation of excess residual pore
pressure mainly depends on soil volume change @ggdic loading and the drainage
condition. When the seabed is thinner than thecatitthickness, increasing the
thickness means a longer drainage distance (thieedehottom is assumed to be
impermeable to water), which helps to build updeal pore pressure. However, with
the seabed becoming thicker and thicker, the séteass induced by the wave cyclic
loading starts to decrease and dominate the ligtiefaprogress. Fig. 6.21 indicates
that a thinner seabed and the corresponding grsaiteshear stress results in an earlier
commencement of liquefaction. And the time requi@deach final liquefaction depth
becomes shorter. These two phenomenon is parficubdavious for the case with

D =7m.

6.5.4Effect of soil poro-plastic parametersa, B, R and M),

Error! Reference source not found. to 6.25 illustrate that the liquefaction is very
sensitive to parametess . Therefore great care should be taken in theibialon.
Unfortunately, Sassa (2001) did not give the idaatiion procedure for these
parameters. They seem to have been determined tohimg the simulations results
with the centrifuge tests. Thus, applying the mogalameters to other cases is
guestionable. Constrained modulus at seabed botMymand another poro-plastic

parameterR also influence the liquefaction, though not as masx, 3.
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Fig. 6.22 Influence o& on liquefaction process
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Fig. 6.23 Influence of on liquefaction process
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Fig. 6.24 Influence oRon liquefaction process
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Fig. 6.25 Influence of constrained modull, on liquefaction
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6.6 Summary

In this chapter, a multi-layer viscid fluid systenodel for simulation of water and
liquefied soil is constructed. The number of layeas automatically increase with the
advance of liquefaction front. Density of liquefisdil is related to the mass water
content. To investigate the effect of varying lifiee soil density on liquefaction, a
linearly decreasing water content is assumed. Rhenseries of numerical experiments,
the following summary can be drawn:

1) When the water content ratio for liquefied ssilassumed to be constant, there
can be significant differences in the predictedidifaction depth and wave amplitude
using the multi-layer and two-layer model. Whetttexy increase or decrease depends
on the specific water content. Moreover, the viptastic phase viscosity predicted by
multi-layer model is much smaller than that by tiager model.

2) For the multi-layer model, a continuously in@ieg liquefied soil density can
ease the numerical difficulty in getting the visitpso converge. This trend of density
of liquefied soil has been confirmed experimentéByumeret al, 2006). The results of
liuefaction depth and interface wave amplituddedifrom that predicted by constant
water content model. Interface wave amplitude igngportant indicator of the liquefied
soil motion and controls the mass transport spédtkerefore, it is essential to
accommodate the stratification of liquefied sogoasity and density. In that case, the
multi-layer viscid fluid model established here Wbbe very useful.

3) Under the condition of the same wave heightytehavave period in shallower
water can liquefy the underlying seabed more eaditthen the water depth increases,

the corresponding viscosity in visco-plastic s&t® sees a slight increase.
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4) Softer soil with lower permeability can leaddeeper liquefaction. Based on the
simulation results, there seems to be a criticabsd thickness, at which the effect of
seabed thickness on liquefaction reverses. Bel@ctttical thickness, the liquefaction
depth is smaller due to the relatively short drgendistance in thinner seabed. Beyond
the critical thickness, increasing seabed thickngampens the wave energy and
consequently prevents the liquefaction. Howeverth&r investigations are needed to
clarify which factors influence the critical thickss of seabed and to provide a formula
to estimate the critical thickness.

5) Seabed liquefaction is very sensitive to thel gtastic model parameters,
especiallya, 5, which are involved in residual pore pressure ddujp equation.

Therefore, a reliable identification procedurettoem is extremely important.
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Chapter 7 Conclusions and Recommendations

7.1 Conclusions

The primary aim of this thesis is to investigate teabed residual liquefaction
progress under progressive wave numerically. T® ¢hid, four key investigations have
been done. Firstly, a review of literature on wawidced liquefaction was carried out.
Hereafter, a two-layer in-viscid fluid system apgeb was taken as a starting point to
describe the wave-liquefied soil. Secondly, ensenmthbdelling method was used to
examine the seabed liquefaction under random limegare loading. Following it, the
two-layer in-viscid fluid system was developed iniscid fluid system with strain rate
dependent viscosity for liquefied soil considerédnally, this model was further
extended to multi-layer system to address theifsteatton of different properties for

each sub-layer of liquefied soil.

7.1.1 Ensemble modelling for the assessment of random wav e-induced

liquefaction risks

Since liquefaction usually takes place over a shorte scale (arountlOT )
characterised by a single storm, the simulatidimged to large narrow-band waves for
sake of simplicity. Based on the linear wave thethwy wave height was numerically
generated according to the Rayleigh distributioth.sAil material and other parameters
in the model were treated as deterministic constaot highlight the effect of
randomness of wave height. Two types of ensembldefhng were performed using

wave heights randomly sampled from a prescribedeRrgly distribution, one involving
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multiple runs of the liquefaction model using reggulvave series and the other with
random wave series.

For the first type, up to 275 runs were performeul dhe histograms of the
maximum liquefaction depth and the time to rea@hrttaximum liquefaction depth are
produced. The root mean square liquefaction degebesrmined from the histogram was
greater than the liquefaction depth calculated gisin single representative wave
heightH,,s. The root mean square time to the maximum liquefadepth determined
by the histogram excluding no liquefaction runs vgasaller but comparable to the
corresponding value obtained with a single repriesime wave heightl,,.

As for the second type, the histogram of the ligogon depth and the time to reach
the maximum liquefaction depth were also generafgie random wave-induced
liuefaction was much deeper than that correspgntbnthe equivalent regular wave
case. Due to the presence of large number of smaaiés in the time series, the time to
the maximum liquefaction is expected to be longgrrandom waves. The maximum
wave height in each wave time series was plotteainag the corresponding final
liquefaction depth. The strong linear correlatioists between them demonstrated that
the extent of liquefaction was controlled by theesand number of largest wave heights
in the wave time series. To examine whether theeroaf appearance of waves of
different height in a random wave series will affdbe liquefaction time, the
relationship between the time when the liquefactlepth reaches the maximum and the
time when the maximum wave height occurs was degidt implied that the time for
the maximum liquefaction depth to be reached wamgty associated with the time of
occurrence of the maximum wave height except perhapen the maximum wave

height in the sample is very small. The overalatiehship seems to indicate that the



157

timing of largest waves in the wave time seriestiads the time for the maximum
liquefaction depth to be reached, at least forddiguefaction depth.

In order to further understand the statistical prtips of the predicted liquefaction
depth, three theoretical distributions including tiwo parameter Weibull distribution,
Rayleigh distribution and Normal distribution wefited to the numerical results.
Regarding the first type running, none of the thtemoretical distributions seems to fit
the entire range of the final liquefaction depthieh reflected that the system was
nonlinear. However, the fit in the larger value garseemed to be better for all three
distributions, indicating the usefulness of thekeotetical distributions for extreme
analysis. For the second type, a much narroweradpire simulated data than any of
these theoretical distributions was observed.

As a summary, the ensemble modelling results inelicéhat random wave-induced
excess pore pressure and the maximum liquefactepthdexceeded that for the
comparable regular waves. This means that the ctiovel approach of using a
representative wave corresponding to the mean wafluandom waves to determine
liquefaction potential could underestimate the maxn liquefaction depth and produce
unsafe design in engineering practice. Therefotegher exceedance probability in the
wave height distribution instead of mean valuehsagsignificant wave height or root-
mean-square wave height should be adopted. Alieehat an ensemble modelling
similar to what has been done in this thesis shbalccarried out so as to provide a

probability distribution of the liquefaction depth.
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7.1.2 Two-layer viscid fluid system for wave-liquefied so il interaction

In Chapter 5, a two-layer viscid fluid system wasstructed. Regarding the shear
strain rate-dependent viscosity and phase transtioliquefied soil, a visco-elastic—
plastic model employed by Oveisst al. (2009) for fluid mud was used as a first
approximation. Furthermore, the wave-induced sh&ta@ss was estimated by an
analytical solution for a seabed with finite thielss. Prior to analysis, the new model
was verified by being reduced to two-layer visciddal with a constant liquefied soil
viscosity. The same liquefaction results were rdpoed. When calculating the
liquefied soil viscosity, the shear strain rate afgective of the deformation tensor
were averaged through the liquefied soil layer.niite rheological model for liquefied
soil being integrated, the computed fluid motiom amscosity compared well with the
results in existing literature.

Based on the model established, the significattienice of shear stress solution on
liquefaction was confirmed. Shear stress solutiontiie seabed with finite thickness
was slightly greater than that for the seabed witimite thickness. The relative small
difference in shear stress was amplified by theoagptial function appears in source
term of residual pore pressure build-up equatidre dppreciable difference in interface
wave amplitude determined by finite and infinitéusion is related to the corresponding
difference in liquefaction progress.

To examine the effect of strain rate dependenigisg, water content was inversely
determined by the same liquefied soil used indtial. (2009). Using the water content,
the present model predicted a final liquefactioptdesmaller than that by the model
with a constant viscosity. The liquefied soil visity was observed to experience a

transition from visco-elstic to visco-plastic phagdthough the water content was
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included in the function of rheological model, iasvfound to have only non-significant
influence on the liquefaction depth even thoughewabntent influenced the predicted
viscosity much more.

A parametric study was conducted to investigatki@nice of both wave parameters
and soil properties on the liquefaction and ligeefsoil viscosity. Under the condition
of same wave height, shallower water depth ledaller wave pressure on surface of
sub-liquefied seabed and consequently a shallageefaction depth. The relationship
between water depth and final liquefaction deptls wanlinear because of the non-
linearity of the model. Residual pore pressureeiab&d induced by shorter wave period
was unlikely to dissipate in one cycle. As a restiie final liquefaction was deeper.
Influences of both water depth and wave periodhenviscosity of liquefied soil were
negligible. More permeable soil created a bettam@dge condition for the dissipation of
excess pore pressure and consequently reduceid tleéalction depth.

The liquefaction progress predicted was also venstive to the model parameters
which were introduced by Sassd al (2001) to describe cyclic plasticity of soil.
Therefore, a clear identification procedure of thparameters is of great importance in
the prediction of liquefaction.

In summary, the two-layer viscid fluid system amgmio with a visco-elasto-plastic
rheological model for liquefied solil is able to gi& a varying viscosity. However, the
relative difference made by it is not important ceming the final liquefaction depth.
Shorter wave in shallower water zone is more likielycause liquefaction in a less
permeable seabed. It implies that seabed morphandyts evolution induced by wave
loading should be taken into account. Obviouslg Wave height plays an important

role as well. Therefore, a multiple dimensional mlodhich can copes with wave
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energy attenuation caused by various factors (sschorphology and wave-liquefied

soil interaction, etc.) and seabed elevation chamg&ongly desired.

7.1.3 Multi-layer viscous fluid system for wave-liquefied soil interaction

In the two-layer viscous fluid system model, sh&aain rate-dependent viscosity of
liquefied soil has been confirmed to affect sedmpeefaction progress even though not
profound. However, the two-layer fluid system makeserious approximation that the
viscosity is constant through the depth of liquefs®il. This is due to the restriction in
the frame of two-layer system that the entire Ifepebsoil is assumed to be a uniform
layer with respect to the viscosity despite theaststrain rate varies along depth. To
investigate the effect of stratification of liquedi soil layer, a multi-layer viscous fluid
system was constructed in Chapter 6.

Recognizing the water content in rheological modah also affect density of
liquefied soil, the density in the multi-layer modeas expressed in terms of soil grain
density and water content ratio. To allow an autocally increasing number of fluid
layers, the related derivation and coding were ootetl. Comparison with the model
used in Chapter 5 confirmed the performance of rteelly constructed multi-layer
model.

N-layer model is able to give a distribution of Uefied soil viscosity at every
simulation time instant. Using the same paramebéiislyer model produced a different
viscosity values relative to two-layer model. Impeactical range of water content of
liquefied soil, the final liquefaction depths deténed by the two models differed a lot.
Which depth was deeper and whether the extentfigfreihce was significant depended

on the specific water content value used. For ¢ha&tive denser liquefied soil, the two-
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layer model possibly predicted no liquefaction, isthN-layer model could produce a
relative liquefaction depth (i.e., liquefaction demormalized by seabed thickness)
close to 60%. Meanwhile, the liquefaction depthnested using the N-layer model was
sensitive to water content, which was contraryhe tinding made by the two-layer
model. Moreover, the visco-plastic phase viscogigdicted by multi-layer model was
much smaller than that by two-layer model. Themefanore laboratory experiments
need be performed to clarify to what extent theewabntent of liquefied soil can affect
the seabed liquefaction progress.

To investigate the effect of varying liquefied sdénsity through liquefied soil layer
on liquefaction, a linearly decreasing water coht@attern was assumed. The
continuously increasing liquefied soil density wasnd to ease the numerical difficulty
in achieving a convergent viscosity. The resultéigqpfefied soil viscosity, liquefaction
depth and interface wave amplitude differed fromttpredicted by constant water
content model.

Under the condition of same wave height, shortevemaeriod in shallower water
can liquefy the underlying seabed easier. This losien was same as that obtained by
two-layer model; however, the final liquefactionptte was more sensitive to the
associated parameters in N-layer model. Neverthetae viscosity of liquefied soil is
not sensitive to both wave period and water depth.

A same ‘enhancing’ phenomenon was also observethéoeffect of soil parameters
on the liquefaction depth. In N-layer model, thereasing hydraulic conductivity
decreased the liquefaction depth more effectivélye thickness of seabed was also
found to affect liquefaction but the relation wast monotony. There seemed to be a

critical seabed thickness, at which the effect eélb®d thickness on liquefaction
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reverses. Below the critical thickness, the liquafan depth was smaller due to the
relatively short drainage distance in thinner sdaliseyond the critical thickness, the
increasing seabed thickness damped the wave em@dygonsequently prevented the
liquefaction. Soil shear modulus made no notabfeerdince in the final liquefaction
depth though the liquefaction front can advanaghdlly deeper in softer seabed.

Similar to the conclusion drawn by the two-layerdal seabed liquefaction was
very sensitive to the soil plastic model parametespeciallya, § andR which are
involved in residual pore pressure build-up equmatitherefore, a reliable identification
procedure for them is extremely important.

As a conclusion, varying of liquefied soil densagyd viscosity makes a significant
influence on liquefaction progress. The sensitiatyiquefaction to both wave and soil
parameters are enhanced by the stratification qpfefied soil viscosity and density.
Therefore, it is essential to investigate the proge of liquefied soil in more laboratory
and field tests. Since shorter wave in shallowertewas more likely to cause
liquefaction risk in less permeable softer sealbiegipretical study should pay attention
to these factors. A strategy to prevent liquefaci®to improve the drainage condition

for excess residual pore pressure within seabecasuare a sufficient overburden.

7.2 Recommendations for future research

Throughout this study, free seabed progressiveefapiion with a particular
emphasis on random linear progressive wave, imuscor viscous property of
liquefied soil were investigated using both anaBftiand numerical means. While the
present study has extended current knowledge snatt@a, the following tasks need to

be further considered in future studies.
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7.2.1 Experimental works required

The material parameters, 8, R used to calculate plastic volumetric strain rate i
source term are after Sasgaal. (2001). Unfortunately, they were originally detémed
inversely so that the predicted liquefaction resuttay consistently reproduced the
centrifuge experiments. This means that these pateas cannot be used in other
modelling approaches without doubt. Moreover, tbhagnot be extrapolated to general
seabed materials. When we compared the two di\ssodrequations for the prediction
of excess pore pressure build-up in Chapter 2astltheen shown that these parameters
in fact related to soil compress coefficiemt, and the plastic property under cyclic
loading. More experiments need be done to cons#rgeneral form of this source term
and determine the range of parameters for typeabed materials.

The multi-layer fluid system modelling approachowls varying characteristics of
sub-layers of liquefied soil to be specified. Instistudy, a shear strain-dependent
viscosity is accounted for. The other parameterligfiefied soil involved in the
linearized Navier-Stokes equations is the denSityneret al. (2006) conducted small
scale experiments to measure the density of liqdedilt soil. A pipe buried in soil was
used as a hydrometer and the density of liquefiéidrsas observed to vary with depth.
However, the hydrodynamic model proposed by Susgteal. (2006) based on the
balance of liquefies soil gain was unable to capthe variation of density of liquefied
soil with soil depth. Therefore, more investigaganto the density of liquefied soil and

a mathematical model to describe its change alepghdvould be meaningful.
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7.2.2 Relaxation of some model restrictions

In this study, wave-induced shear stress was etgdriay the solution proposed by
Jeng and Hsu (1996) which prescribed that the stesss vanishes at the water-seabed
interface. Since the heavy liquefied soil is of aicm greater viscosity relative to
seawater, the shear stress due to viscous liquedigdnay affect soil response to wave
remarkably. So far, there is no analytical solutfon seabed response to progressive
wave considering the shear stress at seabed su@acéhe other hand, Jeng (2008)
examined seabed residual liqguefaction under theofatte second-order Stokes wave
and stated that nonlinear wave results in muchtgre&sidual pore pressure along
sediment depth especially in a soft seabed. Moreowsen modelling the interaction of
progressive waves propagating over a layer of vsdtuid mud, Zhang and Ng (2006)
found that model with nonlinear Navier-Stokes etpret compared more favourably
with the experimental data than the prediction miagla linear theory. In other words,
neglecting the nonlinear convective accelerationdlavier-Stokes equations may not
adequate when the density and viscosity of muceas®. Therefore, a numerical model
is desired to solve the nonlinear wave propagatvey viscous fluid layer and consider
the nonzero shear stress due to heavy viscousdligtisurface of seabed when
determining the soil shear stress.

In estimating the effect of random wave, three adea can be made. Firstly, the
shear stresses solution after Sastaal. (2001) is strictly applicable only to linear
harmonic waves. Thus, a solution of seabed respmnsandom linear wave could be
employed to replace it. Secondly, if the soil paggens or model parameters are deemed
to be uncertain and be included in the ensembleething, the full random parameter

spaces can be covered. Finally, the temporal smlalgguefaction and densification



165

should be included. When sediment is subject toattteon of a random wave time

series, the liquefaction is mainly affected by &akgaves in the time series. In between
the time of large waves the sediment bed can expegi densification as the pore
pressure within the bed may have time to dissipategeneral situation, neither the

liquefaction front nor the densification front withaintain a one way movement (up or
down). As a result the time scales for the liquefacand densification processes may
not be easily separated as in the regular wavatgtu In this sense, it is essential to

determine the liquefaction and densification precgmultaneously.

7.2.3 Extension to multi-dimensions

The restriction to one-dimensional is a serioustl&oéck for the progressive
liquefaction model being applied in more coastalieeering problems, such as stability
of seabed around a buried pipeline and wind tusbisigported on mono-piles. For
example, the liquefied soil may solidify under thepeated wave loading and the
subsequent liquefaction will be resisted due to dieeser soil particle arrangement
(Sassa and Sekiguchi, 1999). The implication i$ #hamited local liquefaction could
not be destructive to pipeline. Based on the iddathis thesis, the liquefied soil and
sub-liquefied seabed can be modeled as poro-gidastic and poro-elastic material,
respectively. An integrated system of the Navi@k8s equations and Biot
consolidation equations can be established. Therelof-fluid (VOF) technique (Hirt
and Nichols, 1981; Sassaal, 2003) can be used to trace the moving interfateden
the ambient water and the liquefied soil. Howetee, zone beneath structure may reach
liquefied state earlier than the vicinity, i.e.etl exist liquefied soil zone wrapped by

sub-liquefied soil. An efficient method to handletarbitrary interface and switch the



166

different governing equations is unknown yet. Priorconstruction of a workable
analysis procedure for describing the progressiesfaction in seabed around structure,

these problems required to be resolved.
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APPENDIX A: Derivation of Pore Fluid Storage Equati  on

On the basis of simple plasticity model, Sassa%elkdguchi (1999) proposed the pore
fluid storage equation which was used to deschiegitocess of the build-up of the
residual pore pressure in a partially drained salijected to cyclic shearing due to fluid
waves.

Suppose the volumetric strain incremast,,, of an element of saturated sand under

W1 Ac®@

vol vol

AEVOIZ AE

€y

vol

Since the elastic componeké | can be described in term of the increment of the
vertical effective stresdio, , and the coefficient of compressibility of the Isoi
skeletonjn,, differentiation of the volumetric strain increntéy€,, with respect to

time is written as

0By _  ddoy one? (A2)

ot ™ 5¢ at

On the other hand, the mass conservation of anmposssible pore fluid in a

deformable soil may be expressed as

OAE, _ k_D(azue 62ue> (A3)

ot —  y \0x2  az?
in which k, denotes the coefficient of soil hydraulic condutyi, y is the unit weight

of the fluid andu, is the excess pore pressure For a one-dimengoolalem, Eq.(A.3)

reduces to



168

A€o kpd7u,
at Yr 0z2

(A.4)

aAEV(,l _ Kazue
ot u 0z2

(A.5)

where K is the intrinsic permeability coefficiemidiu is the dynamic viscosity of the
pore fluid (e.g. Rumer (1969)). Substitution of Eg. (A.2) into Eq. Eq. (A.5) and

applying the concept of effective stress yields

m (%_a—“) + oneyy _ _Ko'u, (A-6)
viat ot ot u 0z2

herein view of that the time averages of total sstrehangeg, and transient pore
—(2)

pressureii,” over a wave cycle is zero, the above equationrheso

u? K azu§2)+ 1 98e?) A7)
d(wt) myuw 0z2 m, d(wt) .

With the non-dimensional parameter, Eq. (A.7) may be rewritten as

ou” _ K 0% L1 9nel) A8)
d(wt) myuw d(kz)> m, d(wt)

()

vol

The plastic componetie " reflects the contractive nature of the looselykeac
sand subjected to cyclic shearing. Sasisal. (2001) usedb andM dvP/ 9§ to replace

the corresponding coefficient or term on RHS.
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APPENDIX B: Lamb’s Theory for Wave Propagationina  Two-
layer Fluid System

Lamb (1932) presented a solution for a small-amg@ét sinusoidal fluid wave
propagating in a two-layer fluid of a finite thickss as shown in Fig. 3.2. The wave
length is L and the wave period is T. The systenm ia gravitational field ofNg (g is
gravity acceleration). For an incompressible fluits irrotational motion can be

described by the Laplace equations as follows

0%, 0%,
92 + 372 0, for region I (B.1)
K K

¢ ¢ =0, for region 11 (B.2)

0x2 0z2

where ¢, andg, denote velocity potentials for regibmandll, respectively.
Let the vertical displacement of the surface waaseand the vertical displacement

of the interfacial wavé,, be defined as follows (Fig. 3.2(a)).

my = moexp{i(kx — wt)} (B.3)

dy = agexp{i(kx — wt)} (B.4)

in which k represents the wave number defined2ly'L andw denotes the wave
angular frequency defined y/T. Thus, the velocity potentials; and¢, can be

assumed to take the following forms (Lamb, 1932):

¢, = (Acoshkz + Bsinhkz)exp{i(kx — wt)} (B.5)
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¢, = (Ccoshkz + Dsinhkz)exp{i(kx — wt)} (B.6)

The fluid system is subjected to the boundary domrs as following:

a) Free-surface boundary conditionszat h:

Oy _ _ ¢ (B.7)
at 0z
10y
mgo = N_g? (88)
b) Interfacial boundary conditions at= 0:
aaO - _ ad)l - _ a¢2' (Bg)
at 0z 0z
d¢ ~ d¢ -
Pla_tl_PlNgao :PZO_:—PzNgao- (B.10)
c) Bottom boundary condition at= z; :
%2 _,, (B.11)
0z

Introducing (B.5) and (B.6) into (B.7), (B.8), (B,9(B.10), (B.11), yields the

relations between the coefficients for solutions:
KAsinhkh + kBcoshkh = —iwm,, (B.12)
—iw(Acoshkh + Bsinhkh) = m, (B.13)

kB = kD = iwa, (B.14)
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(p2C — p1D)iw = (p1 — p2)Ngag (B.15)

Csinhkz; + Dcoshkz; = 0 (B.16)

Therefore, the parameters A through D appearinggn(B.5) and Eg. (B.6) can be

determined as:

(p1 — p2)Ng P2
=i - B.17
A lao{ p1@ p1ktanh(xz;) ( )
w
B =iay— (B.18)
K
C=—i @ 9
— Tl ktanh(kz,) (B.19)
w
D=B=ia— (B.20)
The dispersion relationship for the two-layer fliscalso derived as
Ngk 2
1-— ( 2 ) tanh(xh)tanh(kz,)
(B.21)
o)) Ngk Ngk
=— [1 — tanh(lch)] [1 + tanh(kz,)
P1 w? w?

It is instructive to note that under specific camais ofz, = 0, Eq. (B.21) yields the

dispersion relationship for the one-layer fluid:

w? = Ngkytanh(kyh) (B.22)

wherek, denotes the wave number for the one-layer fluid.
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The theory as described above provides the expresdior the wave-induced
pressure oscillation in the system under consiaeratising the linearized Bernoulli

equation, the fluid pressure oscillatidy at depthz = 0 may be expressed as follows:

9
G, = lim pl% (B.23)

z-+0

Hence, the amplitude @f, may then be expressed as follows (Fig. 3.2).

p2w? + (p2 — p1)Ngrtanh(kz,)

Uy = —
0 ktanh(kz,)

a (B.24)

where,a, is the amplitude of vertical displacementat 0.

The amplitude of oscillatory pore pressuéé)at depthz; < z < 0 may be derived

by using the relatioﬁgl) = p,d¢, /0t as follows.

1) _ p2w?[cosh(kz) — sinh(kz)tanh(xz,)]
Yo =T p,w? + (p; — p)Ngrtanh(xz,)

(B.25)

The expression for the amplitude of fluid presdluetuation,u; atz = z; may then
be derived by replacing in Eq. (B.25) byz;. Namely,

prw?

Y= paw?cosh(kzy) + (p, — p1)Ngksinh(kz,) Yo

(B.26)

The amplitude of the vertical displacement of theface,m,, atz = h may be
related to the amplitude of the vertical displacetn& the fluid-soil interfaceg,, at

z = 0. From Eq. (B.8), it reads
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a)Z

Mo = cosh(kh)[w? — Ngksinh(xh)] %o

(B.27)
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APPENDIX C: Poro-elastic Solutions for Wave-induced Solil
Stress in Seabed of Infinite Thickness

Based on the assumptions that the pore fluid i®nmressible and Darcy law
governs the isotropic flow, Madsen (1978) and Yamtanet al. (1978) devoloped a
closed-form solution for the response of a seninitd, homogeneous poro-elastic
medium under progressive-wave loading using pdestieity theory.

The coordinate system and sign convention adopeesl &re illustrated in Fig. C. 1,
where o, and o, denote the effective normal stresses in thend z directions,
respectively. And the horizontal shear stresspsesented by ,,. Letu, be the excess

pore pressure, the boundary conditions at the ftéipedbed are

A
X
0 |
o, 2
TZ X
A4 Ty
! !
Tx Z A
L zX

oy

Fig. C. 1 Sign convention for stresses

Ty = 6, = ugcos(kx — wt) Onz=0 (C.2)

o, =0 Onz=0 (C.2)

£,=0 Onz=0 (C.3)
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Hereu, is the amplitude of the pressure oscillation atghil surface. The solutions

derived are (forz < 0):

Ao, = ugkzexp(kz)cos(kx — wt) (C.4)
Ao, = —ugkzexp(kz)cos(kx — wt) (C.5)
At,, = ugkzexp(kz)sin(kx — wt) (C.6)
Au = ugl) = ugexp(kz)cos(kx — wt) (C.7)

The associated change in the maximum shear sgrespressed by

Aoy — Aoy ?
ATiax :\/( 0—2 0'x> + ( At,,)? (C.8)

ATax = Uok|z|exp(kz) (C.9
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APPENDIX D: Coefficients Used in the Finite Solutio n for

Wave-induced Soil Stress

CoefficientsC; in Eq. (5.48) and Eq. (5.49) can be expressed as
C] = D]/DO forj =1,--,6

where

D; = Cjo + Cj; exp(—2Kyz)
+ Cj exp[—(ico + 6)z]
+ Cj3 exp(—4Koz)
+ Cjy exp(—26z)
+ Cjs exp[—2(xo + 8)z] Forj = 1,6 (D.1)

+ Cjs exp[— (3K + 8)z]

+ Cj7 exp[—(4Ko + 26)z]

The common denominatod, can be calculated by inserting the following

coefficients into Eq. (D.1)

Coo = (8 — k) (8 — St + Kou) By (D.2)



177

Cor = —=28[ (kG — 6% + 62w)? + k5 (1 — 2p)?
+ 2K322(1 - (6 — )7

+4K5z(5* — k) (1 = 20) (1 — )

Coz = —88K2(1 — 21 [Koz(82 — k2)(1 — ) — 82(1 — p) + K24

Cos = (8 + 1) (8 — Sp — ko) B,

Cos = Co3

Cos = Cor — 8x52(6* — Kkg)(1 —2p)(1 — )

Cos = Coz + 166k32(85% — k) (1 — ) (1 — 2p)

Co7 = Coo

(D.3)

(D.4)

(D.5)

(D.6)

(D.7)

(D.8)

(D.9)

The final expression of coefficients to Cs can be obtained froy = D;/D, using

Eq. (D.1) in conjunction with the coefficients

Ci1 = 2K§2(8 + 1) (8 — S — Kopt)

Ciz = 45K(3)Z(1 —2m) (8% = 6% — Kgli)

Cis = 2K52(8 — 1) (8 — St + Kou) By

C20 = Coo

Cy1 = Co3 + (6 + K0)2(5 — 6p — ko) Bs

(D.10)

(D.11)

(D.12)

(D.13)

(D.14)
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Cop = 48k§ (1 — 2p0)[26%(1 — p) — 2k§p — Koz(1 — ) (6% — K3)]

Caq = Co3

Cys = Coo + (6 — K0)2(5 — 6u + Kou)Bs

C31 = 2k52(8 — 1) (8 — S + Kopt) B3

C3s = 2k52(8 + 1) (8 — 6 — Ko1t) B,

(36 = —Cy

Cy1 = Cy5 — 2Cy0

Cys = (31 — 2C03

Ca = 46k5(1 — 2p)[2kgp — 26%(1 — ) — kpz(1 — W) (62 — k)]

Cy7 = —Cy

Cs1 = —4x§z(1 — 2u)Bs

Cs; = —2K52(8 + ko) (1 — 2u) (8 — Sp — Ko)

Cse = —2k52(8 — ko) (1 — 21) (8 — S + Kcop)

Coz = —Csq

Cos = —4152(1 — 21)B,

Ce6 = —Cs3

(D.15)

(D.16)

(D.17)

(D.18)

(D.19)

(D.20)

(D.21)

(D.22)

(D.23)

(D.24)

(D.25)

(D.26)

(D.27)

(D.28)

(D.29)

(D.30)
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The sixB coefficients in Eq. (D.2)-Eq. (D.30) are given by

By = Kgu — (1 — pu)(8% + 8y + K§)

B, = =62+ 6kg — k2 + 8% — Skou + 2Ki 1

B; = (6%z — k§ — 8Kk§z)(1 — p) + Kkip

B, = (8°z + k§ — Sk§z)(1 — p) — Kiu

Bs = 26kou(8 — 1o) (1 — )

Bg = 28Kop(8 + Ko) (1 — )

There are also zero-value coefficients, such as

Cip=C3=C4=C=0C7=0

Cy3 =03 =0Cy7,=0

C30 =032 =033 =03,=0C3,=0

Cao =C42 =C4y =0

Cs0 = Cs3 = (54 = (55 = (57 =0

Coo = Co1 = Co3 = (o4 = Co7 =0

(D.31)

(D.32)

(D.33)

(D.34)

(D.35)

(D.36)

(D.37)

(D.38)

(D.39)

(D.40)

(D.41)

(D.42)
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APPENDIX E: Coefficients Used in the Navier-Stokes
Equation for Two-layer Fluid System

The coefficientsA — H, the amplitude of interface wawg and wave number can

be solved from Eq. (E.1) to (E.10) by substitutaord iteration methods. As follows:

Ae + Be " + CeMh + De~MI = —jwa, (E.1)
My (Ae*™ — Be™*") — 2p v A, [Ce?th — De™Mh] = p, gay (E.2)
2k?(Ae™ + Be M) + (A2 + k) (CeMM + De~ M) = 0 (E.3)
A+B+C+D = —iwa, (E.4)
A+ B+ C+D = Ee"L + Fe "L + Get2%L 4 Het2%L (E.5)
KA — kB + 1,C — 1,D = kEe"?L — kFe %L + 1,Ge*2?L — },He’?%L (E.6)

M,(A—-B) — 2p;v14,(C — D)

= M, (Ee*?L — Fe L) — 2p,v,A,(Ge?2?t — He?2%L)

(E.7)
— (p2 — p1)ga;
p1v1[22(A + B) + (A2 + k2)(C + D)]
= p,vy[2Kk2(Ee*? + Fe™"%L)
(E.8)

+ (22 + k) (Get2? + Heto?L)]

K(E—F)+,(G—H)=0 (E.9)
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E+F+G+H=0 (E.10)

The coefficientsA, B, C, D can be solved from (E.1), (E.2), (E.3) and (EAS.
follows:

(E.3)-(E.1)x 2k

(22 — k?)(CeMM + De~MM) = 2iwa, K? (E.11)
Since

(13 — k) = —iwv;?! (E.12)
So

CeMh + De~Mh = —2v,a,K? (E.13)
And

(E.3)-(E.1X (12 + K2):

(k2=23)(Ae*™ + Be™ ™) = iwa, (12 + k?) (E.14)
Ae + Be ™" =y, a,(22 + k?) (E.15)
Then
Ae = v a,(A3 + k?) — Be™*! (E.16)
CeMh = —2v,a,x? — De M '
A=—Be *M" v ,a,(A + ke " £ 17
C = —De MM — 2y, q Kk?e M1 (E.17)
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Substitute Eq. (E.16), (E.17) into Eq. (E.2) and q4), yields
(1—e 2B + (1 —e2MM)D

= (A2 — k®)via, + 2via k%e MM — (A2 4+ kP)via.e

2M,e "B — 4p v, 1;e~M"D

= My (A3 + k®)via; + 4p1viKPlia, — prgay

B, D, can be solved from Eq. (E.18) and (E.19) as

(1 — e 24M)b; + bye M (bsa, + bye ™M — bge ™M)

B =
(1 —e~2ch)p,e=M1h + 2M, (1 — e~2A1h)e-xh
Do (1 —e 2M)p, — 2M e " (bsa, + byeM" — hge ™)
Bl (1 —e=2¢h)b,e~41h 4 2M, (1 — e~2M1h)e—xKh
where:

by = My (A3 + k*)via; + 4pviK®Aia; — prgay
b, = 4p,v144

by = (Af — k*)vy

b, = 2v,a,Kk?

bs = (A2 + k®)vya,

ipw
Ml = p; - 2,011/1}(

(E.18)

(E.19)

(E.20)

(E.21)

(E.22)

(E.23)

(E.24)

(E.25)

(E.26)

(E.27)
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Use the same method

Be " = v a,(13 + k?) — Ae"t
De *h = —2v,a,x? — CeMl

B = —Ae?" + v a,(A3 + k?)e*h
D = —Ce?Mh — 2y, a ket

(1-

e M)A+ (1 —e?h)C

= (12 — k®)vya, + 2via.k%eMh — (A2 + k?)va et

2M e A — 4p v, A et C

AC,

A=

C =

where

= My (A3 + k®)via; + 4p1viKilia; + prgay

can be solved from Egs. (E.30) and (E.31) as

—€ 6 "(bsa, + bye™" — bse
(1 —e*")bg + bye*1"(bza, + bye’r™ — bse*™)

(1 — e2xh)p,et1h + 2M, (1 — e2t1h)exh

(1 — e?M)bg — 2M;e*"(bza, + e’ — bge)
(1 — e2xM)p el + 2M, (1 — e2Mh)exh

bs = M1 (A5 + k*)via; + 4pvik?Aia; + prga,

from Egs. (E.9), (E.10) yields:

G =

(A, + K)E + (A, — K)F
21,

(E.28)

(E.29)

(E.30)

(E.31)

(E.32)

(E.33)

(E.34)

(E.35)
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(A4, —K)E + (A, + K)F

H=— 27 (E.36)
for
Ee®?L + Fe™*%L + Get2%L + Het?%L = —jwa, (E.37)
kEe"?L — kFe L + ),Ge*2%L — },He*?L = k(A — B) + A,(C — D) (E.38)

substitute Egs. (E.35), (E.36) into Egs. (E.37)38 yields,

{ EF11 -E + EFlO -F = _iwaz (E 39)
EFZlE_EFZOF=K(A_B)+11(C_D) )
let
/12 + K /12 — K
EF., = ef?2L — 2 ____ Axzy, 4 —Ayzp E.40
n=e 22, ¢ 22, ¢ (E.40)
A —k A+ kK
EF. . = e ¥7L — Az 4 ,—A2zp E.41
10 =€ 22, ¢ 2, ¢ (E.41)
2 + K /12 —K —
EF,, = ke"*L — WEAZZL — 2—3.26 A271 (E.42)
/12 — K /12 + K
EF,. = e K%L 4 A2z, _ A2z, E.43
20 =€ 22, © 22, ¢ (E.43)
from Eq. (E.39)E, F can be solved as:

EF{EF,y + EF,,EF;g
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g _ EFul(4 = B) + 14 (C — D)] + iwa,EFyy

EFy,EFyy + EFy,EFy, (E45)
let
A= Agpa, + Ay (E.46)
B = Byya, + By (E.47)
C = Croay + Cyy (E.48)
D = D,pa, + Dy (E.49)
E = Ejoay + Eqq (E.50)
F = Fyya, + Fy (E.51)
G = Gyoa, + Gyy (E.52)
H = Hyya, + Hyy (E.53)
then
Ar0 = 1- ez"h)bze::lfe;\l/lt(l — e2Mih)gkh (E-54)
A, = (1 — e2MM)pg + byetih(b e’ — hgeh) (E.55)
(1 — e?<h)byeth 4+ 2M; (1 — e?Mah)erh
By = bybe " (E.56)

(1 —e~2xh)p, e~k 4+ 2M, (1 — e~241h)e—Kh
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—e 1 “Mh(bye~MM — bge”
(1 ZAlh)b +b2€ A4 (b A1h b Kh)

B., =
U (1 —ezxh)bye~tah 4 2M (1 — e~2hh)ewh
C _ _ZMlbgeKh
7 (1 — e2xh)pyeth + 2M, (1 — e2Mih)erh
oo (1 — e*M)by — 2M,e*" (b e’ — bge M)
1 (1 — e?*M)petrh + 2M, (1 — e?Mh)erh
D - —2M, bse "
07 (1 — e 2h)be~Mah 4+ 2M, (1 — e~2Mh)e—rh
D - (1 — e 2")py — 2M e *"(be~ M1 — hse ™)
1T (1 —e2h)be~Mah 4 2M, (1 — e~2hh)exh
E = EF;0[k(A19 — B1g) + 21(C1o — D1g)] — iwEF;
10 EF,EF,, + EF,,EFy,
_ EF4[k(A11 — B11) + 41(C11 — D14)]
1 EF,,EF,, + EF,,EFy,
Foo— EF;1[k(A1o — B1o) + 41(C1o — D1g)] + iwEF;4
1o EF,,EF,, + EF,,EFy,
F.= EF;,[k(A11 — B11) + 41(C11 — Dy4)]
1 EF,,EF,, + EF,,EFy,
Co—_ (A2 + K)E1o + (A, — K)Fyy
10 27,
G = (A + K)E1y + (A, — K)Fyy
1m1=-

21,

(E.57)

(E.58)

(E.59)

(E.60)

(E.61)

(E.62)

(E.63)

(E.64)

(E.65)

(E.66)

(E.67)
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A —K)Ei g+ (4, + K)F
Hy = _( 2 K) 1021( 2 K) 10 (E.68)
2

A —K)Ei1 + (4, + K)F
Hyy = _( 2 K) 1121( 2 K) 11 (E.69)
2

substitute into Eq. (E.8)

—{p1v1[2K% (A1 + B1g) + (22 + k3 (C10 + Dio)]
- PZVZ[ZKZ(EloeKZL + Fioe™"%1)
+ (A2 + k¥ (Gyoe™2?t + Hyge?2%)|}a,
= p1v1[2K* (A1 + By1) + (A + k?)(Cyq + Dyq)]
(E.70)

- PZVZ[ZKZ(EMQKZL + Fie77)

+ (A% + Kz)(GlleAZZL + HlleAZZL)]

a, can be expressed as:

a,

p1v1[2x?(A1q + By1) + (A 4+ k?)(Cyq + Dyq)]
B —pZVZ[ZKZ(ElleKZL + Fp e %) + (A2 + KZ)(Glle"lzzL + HllelzzL)] (E.71)
- p1v1[2K?(A1o + Byo) + (/15 + k%) (Cyo + D1g)]
—p2v2[2K2(Ejge?t + Fge L) + (A + k2)(Gyoet2?L + Hyge2%1)]

let,

a, = f(x) (E.72)
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use Eq. (E.7)

M, [Ayof () + A1y — Byof () — Byl
— 2pviM [Ciof () + Cyq — Dyof (i) — Dy4]
+ (p2 — p1)gf (1)
= Ma{[E1of (k) + E1q]e’t — [Fyof (1) + Fiyle ™"}
— 2PV, 2{[G1of (k) + G11]e?2%L

— [Hiof (1) + H11]€AZZL}

(E.73)
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APPENDIX F: Coefficients Used in the Navier-Stokes
Equation for N-layer Fluid System

The coefficients4;, B;, C;, D;, the amplitude of interface wavg and wave

numberx can be solved from Eqg. (F.1) to Eq. (F.10). Asofek:

A;sinhkh + Bycoshkh + C; + D,exp(—A,h) = —iwa, (F.1)

M;(Aicoshkh + Bysinhih) — 2p1ve 1A1[C; — Diexp(—A1h)]

(F.2)
= P19
2A,k%sinhkh + 2B;x?coshkh + (A2 + k2)[C; + Dyexp(—A h)]
F.3
-0 (F.3)
Ajyqsinhkdjyq + Bjycoshkdj g + Ciyq + Dj+1exp(—/1j+1dj+1)
(F.5)
kAjicoshkdj,, + kBjisinhkd; g + Ciyqdj41
- Dj+1/1j+1exP(_Aj+1dj+1)
(F.6)
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M;A; = 2pjve ;4| Ciexp(—A;d;) — D]
= j+1(A]-+1costhj+1 + Bj+1sinhkd]-+1)
- 2Pj+1Ve,j+1/1j+1[Cj+1 - Dj+1exp(_/1j+1dj+1)] (F.7)

- (Pj+1 - pj)gaj+1

pjVe {2K*B; + (A7 + k?)[Crexp(—A;h) + D;]}

= pj+1Vej+1{2K?(Aj41sinhkd; 41 + Bj,coshid;,q)

(F.8)

+ (’112+1 +12)[Gisr + Dyjsrexp(=2j11dj11)]}
KAy — AyDy + AnCyexp(—Aydy) =0 (F9)
By + Dy + Cyexp(—Aydy) =0 (710

The seawater-liquefied soil system is meshedhlayer, wherg = 1 for seawater,
andj = 2,---, N for liquefied soil.
Ifj=1andj =N

For Egs. (F.5) and (F.8), let

E2 = p;jvi{2k?B; + (A7 + k?)[Ciexp(—4;R) + D;]} (F.12)
F, = Aj, sinhkd;,, + Bj,icoshkd;q (F.13)

Then,



191

Fy + Ciyy + Djyrexp(—Aj41d;4,) = E1

pj+1Vj+1{26*Fy + (W4 + K2)[Ciaa + Dyjsrexp(—Aj11dj41)]} = E2
(F.14)X pj,1vj41 X 2K —(F.15)

PJ‘+1V1'+1(K2 - AJZ)[CJH + Dj+lexp(_ij+1dj+1)]

= 2K°pj41Vj41E1 — E2

2K%pj41Vj41E1 — E2

Pj+1Vj+1(K2 - 2’]2)

G+ Dj+13xP(_/1j+1dj+1) =

For Eqgs. (F.6) and (F.7), Let
E3 = kA; + CjAj exp(—ljdj) — A;D;
E4 = MjA; — 2pviA;| Gexp(—4;d;) — Dy
F, = Aj;qcoshkdj,, + Bj, sinhkd; 4
Then,
KFy + Cip1dj41 — Dj+1/1j+13xP(_/1j+1dj+1) =E3
M; 1 F, — 2.0j+1vj+1/1j+1[cj+1 - Dj+1exp(_Aj+1dj+1)]

- (Pj+1 - Pj)gaj+1 = E4

M1 X (F.21)-k X(F.22)

(F.14)

(F.15)

(F.16)

(F.17)

(F.18)

(F.19)

(F.20)

(F.21)

(F.22)
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(Aj+1Mj+1 + 2Kpj11Vj414 +1)[ ]+13xP( dj+1)]

+(pje1 — Pj)9j+1 = My, E3 — KE4

M;1E3 — kE4 — K(Pj+1 - Pj)gaj+1
Ajv1Mjv1 + 2Kpj 11V 414541

Ciy1— Dj+13xP(_/1j+1dj+1) =

2Kk%pj41Vj41E1 — E2
Pj+1Vj+1(K2 - 2’]2)
M;,E3 — kE4 — K(Pj+1 - Pj)gaj+1

Ajv1Mjv1 + 2Kpj 11V 414541

G+ Dj+13xP(_Aj+1dj+1) =

j+1 Dj+1€xP(_/1j +1) =

From Eq. (F.25)¢;,, andD;,, can be expressed as

C 1[Mj1E3 — kE4 — k(pj1 — pj) 911

T2 AjraMjr1 + 2Kpj11Vj114541
2K%pj41Vj+1E1 — E2
Pj+1Vj+1(K2 - /1]2)
D M;,E3 — kE4 — K(Pj+1 - Pj)gaj+1
it1 =

Zexp( +1) Ajv1Mjr1 + 2Kpj11Vj 114541

2K%pj41Vj41E1 — E2
Pj+1Vj+1(K2 - /1]2)

For Eq. (F.28) and Eq. (F.29)

Ajyqsinhkdjyq + Bjycoshkdjq + Ciyq + Dj+1exp(—/1j+1dj+1) =FE1

(F.23)

(F.24)

(F.25)

(F.26)

(F.27)

(F.28)
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kAjcoshkdj,q + kBjisinhkd; g + Ciyqdj4q

(F.29)
- Dj+1/1j+13xP(_Aj+1dj+1) =E3
kcoshkd;,, X(F.28) sinhkd;,q X(F.29)
Then
KkB;y1(cosh?kd;,, — sinh?kdjyq1) = G144 (F.30)
Let
G1lj,q = kcoshkd;,,E1 — sinhkd; 1 E3
- (Kcoshrcd]-+1 Ajy1Sinhkd +1)
(F.31)
— (Kcoshkdj+1 + /1j+1sinhkdj+1)Dj+1exp(—Aj+1d]~+1)
NoteCj, 4, Dj+, has been expressed in term&gf(i = 1~4).
G144
B, = ! F.32
s+ K(coshzkdj+1 — sinhzkdj+1) (F.32)
ksinhkd;,, X(F.28) coshkd;, X(F.29)
Then
KA1 (sinh®kd;q — cosh?kd;y1) = G244 (F.33)

Let
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G2j,1 = ksinhkd; 1 E1 — coshkd;,,E3

- (KSiTlthj+1 - /1j+1cosh1cdj+1)Cj+1

(F.34)
— (Ksinhrcdj+1 + Ajﬂcoshrcde)DjHexp(—Ajﬂd]-+1)
G244
A = J F.35
st K(sinhzkdjﬂ - COShZde+1) ( )
I(A- _ G2j4q
4 s+ K(sinhzkd]-+1 - COShZde+1) (F.36)
B: = Glj+1 |
l s K(COShZde+1 — sinhzkdj+1)

So far,Ajy1, Bjy1, Ci11, Dj1q are expressed in terms Bf; (i = 1~4) anda;,q,

which in turn can be expressed &y B;, C;, D;, anda, ;.

For the case oN =2, j =1, 4;, B;, ;, D; can be expressed lay,, via the

manipulation of Eq. (F.1)-(F.3) and (F.4). The addial equation of Eq. (F.9) and Eq.

(F.10) can be used to 1) express wave numberterms ofa;,; 2) another one non-

linear equation, which includes only one unknawean be solved numerically.

If N>2, taking N=3 for example, sinck;, B3, C5, D3 are expressed in terms 4&f,

B,, C,, D,, andas, the relationship between, anda, must be constructed using the

kinematic Eq. (F.4) on the interface betwgen 2 and 3. Then condition at bottom, Eq.

(F.9) and Eg. (F.10) can be used to expgss terms ofk, andk is solved.

Therefore, the following works need be done:
1) EXpI’GSS‘ll, Bl’ Cl, Dl,

2) Get the relationship betweepanda; ., (a; is in terms of4;, B;, C;, D;);
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3) Whenj = N, expressty in terms ofk. As for the non-linear complex equation of
K, it is already in Eg. (F.9) and Eq. (F.10).

1) ExpressA,, B4, C4, D4

(F.3)—2k? x(F.1)

(13 — k?)[C; + Diexp(—Ady)] = iwa, 2x? (F.37)
Since

(13 — k?) = —iwv? (F.38)
So

C, + Diexp(—2,d;) = —2k%v,a, (F.39)

(F.3)— (1% + k?) x(F.1) gets

(k? — 23)(Aysinhkd, + Bycoshkd,) = (k? + 13)iwa, (F.40)
Then

A;sinhkd, + Bicoshkd; = (k% + 13)v,q, (F.41)
So

_ (k? + 2D)v,a, — Bycoshid,
B sinhkd, (F.42)
Cl = _2K2U1a1 - Dlexp(_/lldl)

Ay

Substituting them into Eqg. (F.2) and Eq. (F.4) hessu
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M, (sinhkd, — cothxd,coshkd,)B; + 2p;viA,exp(—A h)D;

F.43
= p1ga, — Myvia, (k% + A2)cothkd, — 4p;viA a k> (F.43)

B; + Dy[1 — exp(—22,d)] = v;(A2 — k®)a, + 2v,a,x?exp(—A,h) (F.44)

M, (sinhkd, — cothkd,coshkd,) XEq. (F.44)—(F.43)

M, [2v,a;k2exp(—A dy) — iwa,] — 4pvidk%a,sinhkd,
—M;coshkd;(A? + k*)via, + p;ga,sinhkd, (F.45)

Dy=- M;[1 —exp(—2A,d,)] + 4p1viA sinhkdexp(—A,d;)

[1—exp(—24,d;)] X (F.43) — 2p;vi A exp(—A1h) X(F.44)

[iwa, — 2via k?exp(—2A,d,)]4pvi A sinhkd exp(—A dy)
—[1 - exp(—24,d,)]
—4p,vi A k%a,sinhkd, (F.46)
—M;coshkd, (A + k*)v,a, + p,ga,sinhkd,

B, =—
! M;[1 — exp(—21,d,)] + 4p1v1A,sinhkd exp(—A,d,)

2) Relationship between a; and a;, 4
From Eg. (F.4), yields

lw

(F.47)

Aj+1 = —

3) When j = N, expressay in termsof k
Sinceay appears in botliy andD,, manipulation can be used to retain only one of

them to simplify the derivation.

(F.9)—1y X(F.10)
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KAN - A’NBN - ZANDN = 0

N=j+1,s0

Ay

G2y

- k(sinh?kdy — cosh?kdy)

Gly

By = k(cosh?kdy — sinh?kdy)

DN:

MyE3y — kE4y — k(py — py-1)gan

1
B 2exp(—Aydy) [

_ 2k2pNyvyEly — E2y

pnVy (k% — /112v)

Substitutingdy By Dy into Eq. (F.48) yields

G2

AnGly

AvMy + 2xpnyvyAn

sinh?kdy — cosh?kdy B k(cosh?kdy — sinh?kdy)

Then

2 MyE3y — kE4y

N
+
exp(—Aydy) l’lNMN + 2kpyVn Ay

_ 2k2pNyvyEly — E2y

pnVy (k% — /112v)

_ Ay k(py — Pn-1)9
exp(—Andy) AnMy + 2kpyvydy

ay

(F.48)

(F.49)

(F.50)

(F.51)

(F.52)
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0 = exp(—Aydy)(My + 2kpyvy) [ G2y
N k(py — Pn-1)9 sinh?kdy — cosh?kdy

B k(cosh?kdy — sinh?kdy)]  k(py — Pn-1)9g (F.53)

An(My + 2Kkpyvy) (2K%pyvyEly — E2y)
k(pn — pn-1)gpnVn (K2 =A%)

Eq. (F.10) is the target complex function. Its readl imaginary parts should satisfy

the conditions:

real[By + Dy + Cyexp(—Andy)] =0 (F.54)

imag[By + Dy + Cyexp(—Aydy)] =0 (F.55)

to solve the wave number
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