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Résumé

Résumé

Ce travail comporte la formulation d’'un modele nuiouée pour les sols sableux partiellement
saturés et son application a I'analyse de la ligctédn de ces sols. La liquéfaction est un
phénomene important qui se peut se produire sdlisitation sismique. Depuis le séisme de
Niigata en 1964, des recherches importantes onhém&es sur ce phénomene. La plupart de
ces recherches ont été consacrée aux sols sa@epsndant, les observations montrent
qu'une légeére diminution de la saturation en eggerdre une augmentation significative de
la résistance des sols a liqguéfaction. A noterdpres le domaine de la géotechnique, les sols
sont souvent en condition partiellement saturées. ¢aiches des sols liquéfiables qui sont
situées au-dessous de la nappe sont dans un attsaturé. Il est donc nécessaire d’étudier

la liquéfaction des sols sableux en condition pl&iinent saturée.

A partir des observations expérimentales, des Ingses sont proposées dans ce travail pour
la construction d’'un modéle numérique: égalité algression de I'air et celle de I'eau dans
'espace poreux; absence d'interaction entre cex (dases; absence du flux dair. Un
modéle est formulé pour les sols partiellement réatwlans le cadre de la théorie de la
poromécanique fondée par Coussy. Le modele progstsédapté aux problémes des sols en
condition saturée ou partiellement saturée. Les saturés sont considérés comme un cas
particulier. Les analyses du module de compreg@igibét du coefficient de Skempton
confirment les fondements théoriques du modéleqe®pEnfin, le modéle est validé sur des
observations expérimentales.

Dans la derniére partie, un modele élastoplastigakque est utilisé dans le cadre du modele
proposé pour étudier l'influence de la saturationla liquéfaction des sables. Les résultats
montrent que la diminution de la saturation en eanduit a une augmentation de la
résistance des sables a la liquéfaction. L'étudéad@ponse en champ libre montre que la
saturation initiale influence d’'une maniere sigrafive la liquéfaction de sols. Elle conduit a
réduire le risque de liquéfaction de ces sols. dssément pendant la phase de chargement
(avant la dissipation de la surpression) augmeveée & diminution de la saturation en eau.
L'influence de la perméabilité des sols partielletrsaturés est moins significative que celle
en condition saturée.

Mots clés : liquéfaction, sols, sables, partiellatrgaturé, dynamique, sismique, champ libre,
poreux.
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Abstract

Abstract

This work presents a framework for partially satedasandy soils and its application to
liuefaction. Liquefaction constitutes a major aaa$ damage induced by moderate or large
earthquakes. Since the 1964 Niigata earthquakensivte efforts have been made on the
liuefaction researches. However, most liquefactesearches were based on fully saturated
conditions. The experimental observations indicdbed a little decrease in water saturation
results a significant increase in liquefaction sesice. On the other hand, the soils frequently
encountered in the geotechnical engineering araturasged soils. The liquefiable soil layers
located below the phreatic surface are not, asl assamed, fully saturated but in near-fully
saturated states. So it is necessary to study itheefaction under partially saturated
conditions.

Based on experimental observations, reasonablengsisms are taken: the pore-air pressure
Is equal to the pore-water pressure; the intenachetween pore-air and pore-water is
neglected; the pore-air flux is negligible. Withihe formulation of Coussy, a numerical
model for partially saturated sandy soil is essdtd#d. The proposed model has a similar form
as that for fully saturated cases. The main diffeeelies in the Biot modulus, which is
constant in saturated case. In partially saturatest it depends on the pore-water pressure,
the water saturation and the porosity. In fact,gfegposed model can deal with both saturated
and unsaturated problems. The analyses on therbotlulus and the Skempton coefficient
confirm and verify the proposed model. The labaratibservations also confirm the results
of this model.

An effective stress elasto-plastic constitutive agogpn for granular material (MODSOL) is
implanted into the proposed model to study theuerice of water saturation on liquefaction.
The decrease in water saturation leads to an iser@a the liquefaction resistance. The
free-field response of liquefiable sandy soil layader dynamic loading shows that the initial
water saturation has significant influence on liqogon resistance. With the decrease in
water saturation, the liquefaction will be delayat the liquefaction risk will be reduced.
The settlement at the top of layer before the pag®n of the excess pore pressure will
increase with the decrease in water saturation. imfleence of permeability in partially
saturated sandy soils is less significant thanftrdully saturated cases.

Key words: liquefaction, unsaturated, dynamic, garsbils, earthquake, free field,
poro-Mechanics
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Introduction

Soil liquefaction constitutes a major cause of dgenanduced by earthquakes. It has been
observed in moderate and large earthquake, for pbearhoma 1989, Luzon 1990, Manijil
1990, Kobe 1995, Manzanillo 1995, Chi-Chi 1999, &eic 1999, Bhuj 2001 (Bird et al.,
2004). During the past several decades, intendfegsehave been made by the geotechnical
research community to understand the mechanismufhction, and to develop methods for
evaluating liquefaction potential at a site durangiven seismic event.

Most researches on liquefaction supposed that dilenere fully saturated with constant
compressibility for the pore-water. Research redifittr example: Martin et al., 1975; Yoshimi
et al., 1989; Yang et al., 2003) showed that a lsredliction in the degree of water saturation
of sand could result in a significant increase trerggth against liquefaction. It is worth to
indicate that the researches aimed to demonstraterportance of achieving full saturation
in laboratory sand specimen to avoid overestimatirg strength of the specimen against
liguefaction. However, Sheng (1999) indicated #hatn in unsaturated zone, the liquefaction
was observed. The soils frequently encountereceoteghnical engineering are unsaturated.
The liquefiable soil layer under the phreatic scefés not, as usual assumed fully saturated,
but in a partially saturated sates (Tsukamoto ahth&ra, 2002 and 2006).

New developments in the area of unsaturated déiéd{und, 1993, 2006; Coussy, 1991, 2004)
together with the generalization of the concepgftdctive stress to unsaturated soils (Bishop,
1959 and 1963) could help the research of soileligetion under partially saturated
conditions. The definition of liquefaction has als®en extended from the failure to the excess
pore pressure generation process. Experimentanases in Northeastern University, Boston
(USA) by Yegian et al. (2007) indicated that thduoed partial saturation could prevent the
liquefaction in sandy soils and the partial sataratcould sustain long term with little
variations. The site observation reported by Okaneiral. (2006) indicated that the partial
saturation in sandy soils could maintain for 26rgeand more. Nagao et al. (2007) have
tested a new method called micro-bubble-injectiohictv can reduce the full saturated
specimen to a partial saturation as low §s=75%. Several series liquefaction resistance
tests on partially saturated specimens have beeouted in Japan (Yoshimi et al., 1989;
Tsukamoto et al., 2004; Okamura et al., 2006; .etc.)

Remediation methods against liquefaction have lmreloped and applied to structures
since the Niigata earthquake in 1964. However, arfigw remediation methods which can be
applied to existing structures have been developddige number of old structures have not

1-
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been treated to resist liquefaction. Remediationolof structures is quite important, for

example oil storage tanks, river dikes (Yasuda,720@duced partial saturation as a potential
cost-effective liquefaction mitigation method isryettractive. It could be applied to both

new and existed constructions.

In this thesis, a numerical model is developeddescribing the behaviour of unsaturated
soils under seismic loading. It is used to study liuefaction of partially saturated sandy
soils. The dissertation includes three chapters.

The first chapter concerns the literature analyBi®e behaviour of unsaturated soils is firstly
reviewed and discussed. For the case of partiatyrated sandy soils, some in-situ and
experimental observations are presented and destu3$sen the state of arts of liquefaction
researches is discussed.

In the second chapter, based on the laboratoryimusitu observations, three reasonable
assumptions are taken for partially saturated sawilg; the soil suction, the effect of air
dissolved into water and the air flux are neglectBdsed on Coussy's formulation, a
numerical model is established for unsaturated ysa&ads. This model can deal with both
saturated and unsaturated conditions. The implatientof this model in a finite element
code is presented. Finally some numerical appbtoatare presented.

In the third chapter, a cyclic constitutive equathlmased on the concept of effective stress for
granular material is presented. After implementatad this constitutive equation in the
numerical model, some applications are illustratédstly, the simulations of triaxial
experiments for both monotonic and cyclic loadirrge presented. The influence of water
saturation on the liquefaction resistance is arlyZ hen, the influence of water saturation
on the free-field response is analyzed. Some ketpifs, namely the permeability and relative
density are studied. At last the tests conductedrdgyian et al. (2007) are reviewed and
discussed.

© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl
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Chapter 1: Literature review: Response of unsatdrabils to
seismic loading

1.1. Unsaturated soils

In classic soil mechanics, most soils (almostladl $oils) studied are either dry or saturated.
However, both of these soils do not exist in ngttivey are just two simple models used by the
geotechnical engineers. The researches on parsiallyated soils began in the early of last
century. Until last decades, the publication of ifSoechanics for unsaturated soils” by
Fredlund et al. (1993) indicates the beginning e taturation of partially saturated soil
mechanics (Sheng, 1999).

The profile of natural soils is illustrated in Frgul.1. Generally the soil below the phreatic
surface is considered as saturated, while thoseeatiee water table are unsaturated. The
location of water table varies according to thaae@nd the climate. The phreatic surface is
influenced by precipitation and the evapotransiratHuman activities will also influence the
distribution of ground water; the irrigation wilhase a variation of the phreatic surface.

P A A

! J Evapotransplration

4 & ; 4 4

& _I & g & .I +

1 P 4 §

Y ) { ki iw ) i s i
) ) ) ),
Sl zono %

p— —— PR—— i ~N
2
g
B
Water lablo 2
R \ 4
Saturatod 20ne

bedow the water table

(Ground walsr)

: Figure 1.1: lllustration of profile of natural soil s

It is thought that the dry soils have two phasas: $olid and the pore-gas (void); and the
saturated soils have two phases too, namely thd aad the pore-water (void). Partially
saturated soils have three phases: the solid,water and pore-gas. For the pore-gas, when the
influence of temperature is important, it shouldda&@ded into two parts: dry air and water
vapour (Yang et al., 1992; Loret et al., 2000; Khat al., 2001; Coussy, 2004; Jia, 2006).
However, in our researches, the isothermal condi@ssumed, there is no difference between
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them. The translation between the liquid water drewater vapour is also neglected. The
pore-air is considered as an ideal gas.

We consider a soil specimen with volurwen which the void occupies a volumé¢, and the
soil grain occupies a volum¥, (the subscriptV indicates the void sindicates the solid or
soil grain), (Figure 1.2). The void is filled by thaair with volumeV, and water with volume
V, (the subscriptvindicates pore-watera indicates the pore-air). If the void is occupietyo
by the air {4, =V,,V,, =0), the soil is said dry, if the void is totally aqued by water
(W =V,,V,=0), the soil is said saturated. Between the two eexér cases
(W =V, +V,V,20,V,% 0), the soil is partially saturated, or unsaturaféte porosity and the
water saturation are also shown in Figure 1.2. Whter saturation or the water saturation
degree, which is defined as the ratio of pore-watdume to total void, is an index which
distinguishes the unsaturated soils from those &t and dry soil. When the water saturation
is less than unit and greater than zero, it isigdrtsaturated. If the water saturation reaches
zero (unit), the soil is dry (saturated). From neatltic viewpoint, the distribution of
volumetric water saturation degree can be repreddn a line with two ends of zero and unit.
Consequently, all the soils could be consideredrasturated soils, while dry and saturated
soils are two special cases of partially saturatals.

F

Total volume: Pore air:7,
V=V +V +V,
V4T Pore water: 7,
s ¥
] Dizzolved air :
Porosity: ¢ v, =hv,
g JtatTu
V.+V +V,
_% Soil gram: ¥,

vV
Saturation: S,
v,

;Srw e —
V +V,

= 4

Figure 1.2: Unsaturated soil; volume of each phaseprosity and saturation

1.2. Induced partial saturation

Soils below the groundwater table are not, as lysaasumed, fully saturated. The condition of
partial saturation could be caused by, for exanmfplefuating of the water table, due to the
natural or manmade processes. If the soils aginatly saturated or dry, while after a
perturbation, the saturation is changed, and tllebscomes partially saturated. It is said
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induced partial saturation. Kokusho (2000) reved#had the soil deposit several meters below
the ground water table is not fully saturated b near fully saturated state. Yang et al. (2001)
also indicated that in certain situation, soilsolethe water table may not be fully saturated.
Incomplete water saturation could be caused byuatog water table, flooding or recharge of

groundwater.

Okamura et al. (2006) investigated the in-situ wa#turation of the foundation soil, which was
improved by the sand compaction piles, shortlyrafie sand compaction pile installation at
three sites in Japan. Samples were obtained byndrireezing method which is capable of
obtaining high-quality undisturbed sand samples.e Tigpical sand compaction pile

construction procedure is illustrated in Figure 1t.81cludes the following steps: A casing pipe
with a diameter of 0.4 m is penetrated by eithéydraulic jack or a vibro-hammer into the

ground and sand is placed in the casing pipe ft@rtdp. Then, the casing pipe is withdrawn
0.5m and the sand is discharged into the boredwithehe aid of pressurized air of the order of
500kPa supplied from the top. The sand pile is compressetically to increase its diameter

to about 0.7m by penetrating the casing pipe 0.8he withdrawing and repenetrating

procedure is repeated until a complete compacted [gi¢e is formed. It is observed during the
sand pile construction in these sites that largeuarhof air which is exhausted with sand into
the ground from the tip of the casing pipe contunlgp spouted from everywhere of the ground
surface within the area about several meters fr@rcasing.

Frozen samples were cut out and trimmed from sayet$ and a few from clay and silt layers.
The water content of each frozen specimen was ma@dsund the degree of water saturation
was determined. The water saturation of specimerssplotted against depth in Figure 1.4. Itis
apparent that the improved soils in sand layeveadisas the sand piles contained a considerable
amount of air. The degree of water saturationwselothan 77% for the sand piles and 91% for
the improved soils in the sand layers under waiglet It is also suggested that the air injected
from the casing tip during ground improvement waddnd compaction pile in coarse sand and
gravel is subjected to splitting continuously ibtabbles until limiting size is reached.
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Construction of
sand pile

Figure 1.3: Sand Compaction Pile installation procgure
(Okamura et al., 2006)
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Figure 1.4: Degree of water saturation shortly afteground improvement

(Okamura et al., 2006)

At Sekiya site (Okamura et al., 2006) the foundatsmils had been improved with sand
compaction pile about 26 years ago. Samples wet@nda by the in-situ ground freezing
method. The degree of water saturation under thenteble was as low as 92%. In this site, the
primary wave velocity was measured by PS loggiradh mside and outside the improved area
one month before the sampling. The measured primamne velocities at the two locations
suggest that the soil contained a considerable atraflair under the phreatic surface. On the
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other hand, an apparently higher velocity was ofeskin the soil about 50m away from the
improved area, corresponding roughly to water séitnm S, =99.9% or higher. This fact
confirms that soils in the improved area had bezsatlirated by the sand compaction pile and
air bubbles in the soils have survived for abouy@érs.

Yegian et al. (2007) have conducted a test refea®dlong term air diffusion test” to
investigate whether air bubbles would remain eeafor a long time or have the tendency to
quickly diffuse out of liquefaction susceptible danin a deep soil layer the water pressure will
be higher and may force the air out of the voidstla® other hand, one can argue that it would
be more difficult for the air molecules to find atp and escape through a deep soil layer. To
evaluate the potential long-term tendency of affudion from a thick soil layer, the water
saturation of a 151cm column of partially saturagsschd was monitored in Northeastern
University (USA). Figure 1.5(a) shows the test petd 184cm plastic tube with an outer
diameter of 10.12cm was rigidly fixed to a concreddumn in the basement of a building to
minimize the effect of ambient vibrations. A 151cmlumn of loose fully saturated Ottawa
sand specimen was prepared in the tube by the matpon method. The void ratio and the
initial water saturation of the specimen were clal®d as 0.80 an&, = 96.7%, respectively.
Partial saturation was then induced in the speciusang the drainage-recharge method. From
daily measurement of the volume of water abovestral, and the sand height, the degree of
water saturation of the specimen was computed dypliase relations. Figure 1.5(b) shows the
variation of the water saturation. It indicatestthhe initial degree of water saturation
S, =82.1 % slightly increased t§, =83.9 %, after 442 days’ monitoring. It is notedtttias
small increase in the degree of water saturationreeorded within the first few days after the
partial saturation was induced. Visual observatisihgwed rearrangement of air bubbles in
isolated regions within the specimen until equilibr was achieved. This test shows that under
hydrostatic conditions, small well-distributed hurbbles could remain trapped for long time.

Form the two evidences above we can see that, @wer the water table, the soils could be
partially saturated. The air entrapped in the soder water table may hold for long time. The
air diffusion is very slow. The fluctuation of thveater table associated with the natural or
manmade processes will entrapper some air. Asateticoy Tsukamoto (2007), that down to
about 5meters below the groundwater table, thdagek could contain air bubbles. Ishihara et
al. (2004) indicated that in gravely soils, thetjhsaturation could reach as deep as 10meters
below the water table.
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Figure 1.5: (a) The test setup used to investigatiee long-term sustainability of air bubbles in a
partially saturated sand column (b) Long-term monibring of the degree of water saturation
(Yegian et al., 2007)

1.3. Pore-water and pore-air interaction

As discussed in the two precedent sections, pigrsaturated soils are more popular than dry
and saturated soils. More attention should be pmitl For unsaturated soil, as illustrated in
Figure 1.2, it includes three phases: the solid (gains or soil skeleton), fluid (pore-water)
and pore-air (dry air and water vapour). Pore-adt pore-water can be combined as immiscible
or miscible mixtures. The immiscible mixture is antbination of free air and pore-water
without any interaction. The immiscible mixturectsaracterized by the separation produced by
the contractile skin. A miscible pore-air and watgxture can have two forms. Firstly, the
water vapour is one part of the air. Secondly,aineould dissolve into water and can occupy
approximately 2% of water volume. In this sectitime properties and behaviour of both
pore-water and pore-air will be presented firsffjne interactions between them will be
discussed later.

1.3.1. Pore-water

Naturally, water can be found in one of three statiee solid state as ice, the liquid state as
water and the gaseous state as water vapor, wigpbnd on the applied temperature and
pressure as illustrated in Figure 1.6. At certamperature and pressure, the water can coexist
in three states; which is called the triple poihtwater (point A in Figure 1.6). The rate of
condensation depends on the water vapour presQuréhe other hand, the evaporation rate
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depends on the temperature. The line AC, which shiv# combination of temperature and
pressure for which the liquid and vapor states atieivcan coexist in equilibrium, is called the
vapor pressure curve of water. This line also niigtishes the liquid state from gaseous state.
Throughout this dissertation, the words “water™water phase”, “pore-water” refers to the
liquid state of water. The ice, which associates ftlhzen soil, will not be discussed in this
dissertation, only the gaseous and liquid statd<eidiscussed here.

4 Pregsure

Licquid phase

. Water
Solid phase
Ice
(Gaseous phase
WVapor

A
Triple point

Temperature

|

O

Figure 1.6: Three states of water in function of pessure and temperature
(Fredlund et al., 1993)

Distilled water under the pressure of its saturatagor is called pure, saturated water. The
density of pure, saturated water depends on théedppressure and temperature. In soil
mechanics, the variation of water density due toperature variation is more significant than
its variation caused by applied pressure. Undahé&mal conditions, the density of water is
commonly taken a000kg/ni.

The water compressibility, which is a measure @f télative volume change of water as a
response to a pressure change, is a function sépre and temperature. In soil mechanics,
when coupled problem is considered, the bulk magloluwater is generally used. The bulk
modulus of pure, saturated water can be as high2rax1G P:, so the water is always
considered as incompressible by comparing wittctmepressibility of the soil skeleton.
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1.3.2. Pore-air

In the natural state, the air behaves as a mixtuseveral gases (including water vapor). The

mixture is called dry air when no water vapor isgemted, and is moist air when the water

vapor is presented. Both dry and moist air candresidered to behave as an ideal gas under
pressure and temperature commonly encountereied®ical engineering.

Unlike the water, the air is not “homogeneousydaties with the compositions of the mixture
of dry air and water vapor. The density of air ist only the function of pressure and
temperature, but also the function of its composgi At 20°C, under the atmospheric pressure,
when the relative humidity is 50%, the density wfisl.2kg/n?. This value is very small by
comparing with that of water density.

The air is more compressible. Its bulk modulushis function of applied temperature and
pressure. According to the ideal gas law, the aisair pressure can be taken as the bulk
modulus. So the mechanical behaviour of air is lyiglnlinear.

1.3.3. Water vapor in the air

In the atmosphere, the water vapour is mixed &ithHowever, the presence of air has no
effect on the behavior of water vapour. The conedioin of water vapour in the air is
commonly expressed in term of relative humidityeTholecular mass of air depends on the
compositions of the mixture of dry air and watepear. The dry air has a molecular mass of
about28.966kg/kmo, and the molecular mass of water vapout8$16kg/kmo. The
percentage in volume may range as little2a8x 10° %to as high ad - 5%; this consequently
affects the density of the air. Under isothermahdition, the process of evaporation and
condensation are considered as equilibrium. Sedhation of water and water vapour due to
evaporation and condensation can be neglectedaifirethe soils is considered as “saturated
with water vapour”. As discussed above, when theswd air is neglected, the interaction in
this direction then is very weak.

1.3.4. Air dissolved in water

On the other hand, air can dissolve in water. Watelecules form a lattice structure with
openings referred to as a “cage” that can be oeculpy the air. Air dissolves into water and
fills the “cages” which have approximately 2% ofalovolume. The water lattice is relatively
rigid and stable, so the density of water slightipnges due to the presence of the dissolved air.
The process of air dissolving into water can bedesd by Henry's law, which states that the
amount of a given air dissolved in a given type aoldme liquid, at constant temperature, is
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directly proportional to the absolute pressureipfraequilibrium with that solution. The air
mass going into or coming out of water is time dej@nt. This dependency can either be
ignored or taken into consideration, depending uperengineering problems. The amount of
air that can be dissolved in water is referreddsolubility, and the rate of solution is referred
to its diffusivity.

The volume of dissolved air in water is essentialiyependent of the air or water pressure
(Fredlund, 1993). At constant temperature, thema@wf dissolved air in water is a constant for
different pressures. This can be demonstrateddidial gas law and Henry’s law. The ratio
of the volume of dissolved air in a liquid to thelwme of liquid is called the volumetric
coefficient of solubilityh, which varies slightly with temperature. Figur& lllustrates the
volumetric solubility of air in water under differetemperatures. At 20°C, the volumetric
coefficient of solubility is about 2%.

0.035

h Volumetric coefficient of solubility of air in water at different temperature
Under pressure of 101.3kPa
0.030 -
0.025 -
0.020 -
0.015 -
Temperature (°C)
0.010 : :
0 5 10 15 20 25 30 35

Figure 1.7: Volumetric coefficient of solubility ofair in water at different temperature
(Fredlund et al., 1993)

The rate at which the air can pass through watdessribed by Fick’s law of diffusion. The rate
at which mass is transferred across a unit aremusl to the product of the coefficient of
diffusion,D, and the concentration gradient. In case of tifasion of gas through water, the
concentration difference is equal to the differeimcéhe density between the free gas and the
dissolved gas in the water. Under constant temperatonditions, the density of air is a
function of the air pressure. An increase in thespure of the air will develop a pressure
difference between the free air and the dissolnedThis pressure difference becomes the
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driving potential for the free air to diffuse intbe water. The coefficient of diffusio® for
natural air through free water is ab@u®x 10° nf /<. However the diffusion coefficient of air
through the water in soil appears to differ by salerders of magnitude from the coefficient of
diffusion for air through free water.

However, whether the effect of air dissolved intatev is taken into consideration will greatly
influence the response. The following example iktrate the importance of this effect. We
suppose that in the equilibrium condition, the pairgpressure and the pore-water pressure are
equal, which implies that the contractile skin effis neglect. A soil specimen with a porosity
n=0.4 is considered, the total volume of the specimemit, and the initial volumetric water
saturation is supposed §s=80%. The initial pore-pressure is supposed equal th3kPa
(absolute pressure). The unsaturated specimerbisitad to isotropic compression loading
under undrained condition. The soil is under theepss of consolidation. It is supposed that the
soil grain is incompressible. The bulk modulushaf pure water i8.23x 1§ P¢; the volumetric
solubility of the water at current temperature %.2The ideal gas law is used to study the
response of the pore-pressure.

Figure 1.8 presents the relationship between the-peessure and the volumetric water
saturation for both cases (taken the dissolutidecefinto consideration in square pink, no

dissolution effect consideration in triangle bleli)can be seen, when the dissolution effect is
taken into consideration, the initial unsaturatemll ecomes saturated soil when the
pore-pressure arrives to 1370kPa. After that, tleeme free air presented in the soil void, all the
free air in the initial configuration is dissolvetthe pore-water. While the air dissolution effect
is not taken into consideration, the increase & plore-pressure is more rapid, and the
saturation will never arrive to unit. That means #pil is always unsaturated. It can be
concluded that, the dissolution of the air in wat@k greatly influence the results, especially in

the high saturation zone. However, the confiningspure of liquefiable soil layer generally is

less than 400kPa. As indicated by Nagao et al. {R0Ohere is no need to take the air
re-dissolved in water.

The procedure of air dissolution into water is tidependent. Taking it into consideration or
not dependents on the problem considered. For dgnarablem, (for example earthquake)
normally this effect is neglected. While for thadptime diffusion problem, it should be taken
into consideration.
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Figure 1.8: Influence of the dissolution of air inb water
Pore-pressure Vs. Volumetric water saturation undetisothermal undrained condition

1.4. Degree of water saturation

For the partially saturated soils, three differgites of microstructure can be distinguished
(Wroth et al., 1985):

a) At low degrees of water saturation, the gas @asontinuous and menisci of liquid adhere
to most grain boundaries;

b) At higher degrees of water saturation, the tiquiase is continuous in part of the samples,
whereas in the remaining part gas phase remainsoons;

c) As the degree of water saturation is furtheramsed, the liquid phase maintains as
continuum, while the gas phase becomes discontsunthe form if bubbles embedded in the

liquid phase.

Sheng (1999) indicated that when the water saturataries between from abd@% to 90%

for clay and fron80% to 80%for sand, both water and air are continua in thd.voVhen the
water saturation is greater than 80% for sandgtsepresents as air bubble in the void with
different contact type as illustrated in Figure.1.9
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(b)

Figure 1.9: Air bubble in soil void
(a) air bubble not wetting solid surface; (b) bothfluids in contact with solid surfaces
(Zienkiewicz et al., 1999)

As indicated by Zienkiewicz et al. (1999), in these (a) (Figure 1.9), the air bubble is not in
contact with soil grains; the pore-water presssregual to the pore-air pressure, while for the
case (b), the contractile skin effects may haveesofiuence. The amplitude of the influence
depends on the type of soil. Whether the fact shbaltaken into consideration depends on the
grain size and pore distribution. It usually depidly the soil suction and soil water
characteristic curve (or alternatively water reit@micurve). This work will focus on partially
saturated sandy soil with pore-air in discontinucosadition; the water saturation is in the
ranges, = 75% to 100%.

1.5. Soil suction

The soil below the water table could be partialyusated as discussed above. The water is
generally continuous with occluded air bubblesllastrated in Figure 1.9. Pore-pressure in
depths below the water table depends on the conntanaf the water weight lying above the
given elevation and the drainage conditions belbwe pore-pressure normally has a positive
value and can be measured. If the water contaim#tei voids of soils is subjected to no other
force than that due to gravity, the soil lying abdhe water table would be completely dry.
However, powerful molecular forces acting at tharmary between the soil particles and water
induce the water to be either drawn up into theio#dmpty void spaces or held there without
drainage following infiltration from the surfacehd attraction that the soil exerts on the water
is termed “soil suction” and manifests itself aseasile hydraulic (b in Figure 1.9). The
magnitude of the attractive force that soil abdwewater table exerts on water is governed by
the size of the voids in manner similar to the et the diameter of a small bore glass tube
governs the height to which water will rise insitle tube when it is immersed in water. The
smaller the void, the harder it is to remove théaw&om the void.
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The meniscus formed between adjacent particle®ibbyg the soil suction creates a normal
force between the particles, which bonds themtengporary way. Thus soil suction, if it can
be relied upon, can enhance the stability of estrilictures. Soil suctions can be found in all
ground that lies above the water table. For thasddlow the phreatic surface, soil suction
could exist too, if the soil is not fully saturatesd illustrated in Figure 1.9(b).

The theoretical concept of the soil suction wasettgped in soil physics in the early 1900’s
(Fredlund, 1993). The soil suction theory was mainleveloped in relation to the
soil-water-plant system. The importance of soiltgurcin explaining the mechanical behavior
of unsaturated soils relative to engineering pnaislevas introduced at the Road Research
Laboratory in England. Soil suction is commonlyereéd to as the free energy state of soill
water and as quantified in terms of relative hutyidit has two components, namely, matric
and osmotic suction. The matric suction is maimigemn from the water content, while the
osmotic suction is caused by the chemical forcegxchwhvill be neglected in this study.
Hereafter, the soil suction is referred as matitisn.

In geotechnical engineering, the soil suction isegally defined as the difference of pore-air
pressure and the pore-water pressure:

S=p-R (1.2)
In which sis soil suction, p,is pore-air pressurep,,is pore-water pressure.

Soil suction depends on the soil type, soil graze @nd its distribution, void size and its

distribution, and the water saturation degree. thaer sandy soils, the soil suction is not
significant. Goulding (2006) has conducted expentakresearches on the suction of partially
saturated Ottawa sand, the water saturation vany fr0% to 80%, the results indicates that soll
suction in sandy soil is insignificant.

1.6. Soil water characteristic curve

The soil water characteristic curve (SWCC) or watdention curve (WRC) describes the
relationship between the soil suction and the watduration. This curve describes the
thermodynamic potential of the pore-water relatedrée-water as a function of the water
absorbed by the system. At relatively low waterusstton, the pore-water potential is

significantly reduced relative to free water, thueducing relatively high soil suction. At

relatively high water saturation, the differencetween the pore-water potential and the
potential of free water decreases, thus the sotl@uis low. When the potential of pore-water
is equal to the potential of free water, the sodt®n is equal to zero. This occurs when the
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degree of water saturation is close to 100%. Figut® shows typical soil water characteristic
curves for sand, silt, and clay. In general, fgian water saturation, soil suction is inversely
proportional to particle size. Fine-grained matsréae capable of sustaining significant suction
over a wide range of water content. While for sasdys, when the water saturation exceeds
40%, the matric suction is so small that it caméglected.

100 ‘ ‘
g 30 I Clayey soil -
5 \ \{/ (initially slurried)
o 60
2
: . \
2 44 Silty soil
= 20 - ' N <
o .
= Sandy soil

0 | '“““‘-———E'“““—-;

0.1 1 10 100 1000 10000 100000 1000000
Matric suction (kPa})

Figure 1.10: Soil water characteristic curve for sady solil, silty soil and clayey soil
(Fredlund and Xing, 1994)

The soil water characteristic curve for Hostun saad been measured in Soil Mechanics
Laboratory of Ashikaga Technologic Institute by taethor, as illustrated in Figure 1.11
(triangle bleu). It is compared to that of Toyosemd measured by Kamata et al. (2007) (cube
red) and that of residual sand suggested by Maitstish (2006) (line pink). It can be observed
that the soil suction is very small over a veryewidnge of the water saturation degree: suction
remains lower than 5kPa when the degree of wataratan exceeds 40%. This value is so
small that can be neglected. As a result, the assamof equality of pore-water pressure and
pore-air pressure are feasible. The measured dega aell with that of Fredlund et al. (Figure
1.10).

This also confirms the results presented in thequtent sections: when the water saturation
increases, the contact surface between the sail gnal the air decreases (Figure 1.9, situation
from b to a), and consequently the contractilectéfelecrease.
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Figure 1.11: Soil water characteristic curve of satly soils

1.7. Permeability and relative permeability

The coefficient of permeability with respect to twater phasé,, which is also referred as
permeability, is a measure of the space availattewiater to flow through the soil. The
coefficient of permeability depends upon the prapsrof the fluid and the properties of the
porous medium. In a saturated soil, the coefficidpermeability is a function of the void ratio.
The coefficient of permeability of a saturated ssigenerally assumed to be constant. In an
unsaturated soil, the coefficient of permeabilgysignificantly affected by combined changes
in the void ratio and the degree of water satunatiwater flows through the pore space filled
with water; therefore, the percentage of voidedilivith water is an important factor. As a soil
becomes unsaturated, air replaces firstly sombeofmater in the large pores, and this causes
the water to flow through the smaller pores withrareased tortuosity to the flow path. As a
result, the coefficient of permeability with respéz the water phase decreases rapidly as the
space available for water flow reduces. The chamgfee void ratio in an unsaturated soil may
be small just like that in saturated case, andffect on the coefficient of permeability may be
secondary. However, the effect of a change in degfewater saturation may be highly
significant. As a result, the coefficient of pembdity is often described as a singular function
of the degree of water saturation (Fredlund etl&93).
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The coefficient of permeability for the air phasg,similar to that of water, can be expressed as
a function of the volume-mass properties of thé $oithis case, the volumetric percentage of
air in the pores is an important factor, sincelaiws through the pore space filled with air. As
the degree of water saturation decreases, theoaffigent of permeability increases. In a
relative high water saturation, however, the air egist in the state of air bubbles, just like the
case in Figure 1.9, and the relative permeabsisignificantly reduced. The amplitude is close
to zero. This is why in the section 1.2 the indupadial saturation can survive for a relative
long term below the phreatic surface.

For a single fluid (i.e. saturated case), the pabiley has a clear signification; however if
there are two or more fluids, their interactionsugd be taken into consideration. The presence
of a fluid will eventually has some impact on thibay. The concept of relative permeability
(Luckner et al., 1989) is used. It supposes thatpgrmeability is an intrinsic property. The
permeability of each fluid is just a frictional paf this property, as:

ki =JS,Q-@- §" )Y (1.2)
k! =J1-S,@- g )" (1.3)

k! is the relative permeability of pore-water, akflis the relative permeability of pore-air,
mis a parameter which can be determined from expmariah results. It can be seen that the
relative permeability is defined as a functionlod tvater saturation.

As illustrated in Figure 1.12, the relative permiéghbof pore-watek! and of pore-airk! of
sandy soils are plotted as a function of the wsaguration (Abaci et al. 1992). It can be seen
that, when the water saturation is less than 1@#sgetis no water flux; when the saturation is
greater than 80%, there relative permeability efgbre-air approaches to zero; that means that
the pore-air has been entrapped in the soil aneé ikeno air flux. This evidence confirms the
conclusion in sections 1.5 and 1.6. This experiadaesult also confirms that the air entrapped
in the void of this kind of soil will survive for lng time under hydrostatic condition.
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Figure 1.12: Laboratory measured relative permeabity of 7-20Mesh sand (porosity 35%)
(Abaci et al., 1992)

1.8. Poro-Mechanics

Poro-Mechanics (Lewis and Schrefler, 1998; Cou$991 and 2004) could be used to study
both the saturated and unsaturated soils. Porotgsiaia are classified as those with an internal
structure. They comprise a solid phase and pdted fiith one or two fluids. The solid and the
fluid usually have a relative velocity to each athend because of their different material
properties, there is an interaction between thetttoients. Furthermore, the pore structure has,
in general, an extremely complicated geometry wini@kes a mechanical description of the
problem rather difficult. In geotechnical engineerithe proposition of a substitute model at
the macroscopic scale is normally assumed thainteeacting constituents are presumed to
occupy the entire controlled space. This distrifiutis obtained by means of the volume
fraction concept. Volume fractions are given byridi# of the volume of the constituents to the
volume of the controlled space. A consequence efublume fraction concept is that the
substitute constituents have reduced densitiesselbebstitutes could then be treated via the
method of continuum mechanics.

Two strategies are generally used to describe ¢he\bour of these substitute continua: one
starts from a macromechanics viewpoint, while ttreeofrom a micromechanics viewpoint.
Phenomenological and mixture theory approachesgiated by the concept of volume fraction,
belong to the first strategy. Averaging theoriesstimes called hybrid mixture theories,
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belong to the second one. Modern mixture theoriesevdeveloped rapidly. A macroscopic
thermodynamic approach to Biot’'s theory was use@byssy (1991 and 2004).

The unsaturated soil behavior is more complicated that of saturated or dry soils. For these
coupled problems (unsaturated hydro-mechanicalhergdly two approaches had been
proposed. The first is the effective stress appgrgaoposed by Terzaghi (1936) for saturated
soil, then extended by Bishop (1959), Gatmiri e{E998) and Zienkiewicz et al. (1999), Loret
et al. (2000 and 2002), Khalili et al. (2004) tsaturated soils. The second is the independent
stress variables approach, proposed by Fredluad @993) and Alonso et al. (1990).

Fredlund and Morgenstern (1977) proposed that dhstitutive behavior of unsaturated soils
could be described using two independent stresables, namelyo; — p,J,) and(p, - p,) -
They argued that the mechanical behavior of seilsontrolled by the same stress variables
which control the equilibrium of the soil. As notegt Alonso et al. (1987), the form of the
equilibrium equations is not necessarily a procdeffective stress statement for constitutive
behavior. Fredlund and Morgenstern (1977) alsoeddbat the expression of effective stress
contains a material paramefeand that the variables used for the descripticnsifess should

be independent of the material properties. Therdimal basis for this argument is not clear.
However, it is evident that it could only be apple to single-phase homogeneous materials.
In multiphase systems, such as saturated and wassatisoils, the stress state within each phase
will naturally be a function of the properties bt phase as well as the other phases within the
system. It's necessary to ensure deformation cobigitbetween the phases.

To avoid the introduction of a material parametethie effective stress equation, Fredlund and
Morgenstern (1977) defined the state of stressigaturated soils in terms of two independent,
no additive stresses, the first described at theresaopic scale(g; - p,9;) , while the other at
the pore scalep, — p,) - A separate set of material properties was thendaced for each of
the stresses. This was in contrast with the ugambach in continuum mechanics, in which the
state variables are averaged over the elementaine(i.e., described at the macroscopic scale)
and the macroscopic observations are describegnmstof entities which are measured and/or
defined at a macroscopic level. In general, miohgcales can lead to complex constitutive
equations with intractable stress-strain relatigrsh

However the effective stress concept is simplen tifiat of two independent stress variables
and could be more easily applied. Most the coristduequations used in geotechnical
engineering are based on the concept of effectress proposed by Terzaghi. They can be
easily extended to partially saturated soils ifeffective stress extended to unsaturated soil. In
the case of sandy soils, the soil suction withgligible magnitude, consequently the concept
of effective stress can be used for partially sdad soils.
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1.9. Effective stress concept

Soil mechanics as a science has been successpyllieé to many geotechnical problems
involving saturated soils. Its success is due ®dbncept of effective stress introduced by
Terzaghi (1936) which related observed soil behatdcstress condition. The effective stress
concept is commonly expressed as follows:

g|] =0 - qu_J (1.4)

Whereg; is the effective stressy; is the total stressp, is pore pressuréy is Kronecker’'s
delta.

The successes of the effective stress in satusaigsl encourage researchers to extent this
concept from saturated conditions to unsaturateulitions. Bishop (1959) suggested the
following generalization:

0, =0, —nd)+X(R — R)I (1.5)

Wherey is a parameter related to the degree of wateraaiarof the soil, the magnitude of
X is unity for a saturated soil and zero for a dnj; §de relationship betweery and the degree
of water saturation could be obtained experimentdishop and Blight (1963) provided
experimental evidences supporting the validity efu&ion (1.5) with y =(1-K/K,)S,,

K and K,are the bulk moduli of the skeleton and of thedsolatrix, respectively.

Zienkiewicz et al. (1999) suggested an average -pagssure method to deal with the
unsaturated problems. The average pressure isededist

P=XuPyt XaPa (1.6)

pis the average pressure used to describe theieffesttess by using Equation (1.4) instead of
the pore-water pressurey, andy,are two coefficients referring to pore-water andepair,
respectively withy, + x,, =1. The two coefficients are functions of the watatusations, as

X = XulS): Xa = Xa(S)) -
Khalili et al. (2001, 2004) proposed the followiegpression for the effective stress:

g =(-p)+x(p,— R (1.7)

0.55
With)(=(ij for s2sand y=1 for s<s, s is the soil suction defined és, - p,)
S

ands, suction value marking the transition between sdédr and unsaturated states, for
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wetting processess, is equal to the air expulsion value, whereas fgmd) processess, is

equal to the air entry value. Khalili et al. (200g)ovided experimental and literature
evidences to the validity of the effective stregsaept for unsaturated soils.

Sheng (1999) suggested that for certain soil, tieeteve stress concept is more efficient. The
achievements presented in the literature are goioérmces for the efficiency of the concept of
effective stress.

For sandy soil, however, in partially saturatedditon, when the volumetric water content
exceeds certain value, 50% for example, the saiti@u is negligible; the difference of
pore-water pressure and pore-air pressure is ttogero. The contractile skin effects can be
neglected.

1.10. Earthquake induced liquefaction

Soil liquefaction constitutes a major cause of dgenanduced by earthquakes. This
phenomenon occurs in both saturated and unsatusatisd Process of generation of excess
pore-water pressure in sandy soil layers duringgtrthquakes causes the reduction in effective
mean stresses, which leads to a loss in the wngiaitd shear strength of the ground.
Liquefaction was reported in moderate or largeheprake. For example: Loma USA 1989,
Luzon Philippine 1990, Manijil Iran 1990, Kobe Jafd&95, Manzanillo Mexico 1995, Chi-Chi
China 1999, Kocaeli Turkey 1999, Bhuj India 200ih¢(f et al., 2005), causing lots of damage
(Bird et al., 2004). Liquefaction frequently occumsreclaimed soils in coastal areas or poorly
compacted man-made fills (e.g. Kobe Port; Marinatiit of San Francisco; Manzanillo,
Mexico) and is also a common occurrence in alluaialdeltaic deposits including old or
existing river beds (e.g. Dagupan, Luzon; Ceyhankdy; the Rann of Kachchh in Gujarat,
India).

Liquefaction-induced damage to buildings typicatigludes foundation settlement or tilting,

or displacement due to lateral spreading. Founda&itlement occurs either where the soil
beneath the building has settled due to volume gaor where the strength of soil has
decreased causing the structure to sink into tloeingt in a bearing capacity failure. The
secondary effect of building settlement is the dnag down of adjacent buildings, which, for

various reasons do not settle by the same amount.

Liguefaction-induced disruption to transportatiostvmorks can be very significant, and its
causes are damaged to road pavements or railwekstdaie to settlement or lateral spreading,
and damage to bridges. Ports and harbors tendpartieularly vulnerable to liquefaction due
to the combination of fill and high water tablesahy of the dikes and embankments are

-22-
© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Hanbing Bian, Lille 1, 2007
Chapter 1: Literature revieResponse of unsaturated soils to seismic loading

reported to failure due to the liquefaction indud®dearthquakes and cause inundation in
downstream area. The continued functioning of ified after an earthquake is of vital
importance for both the emergency response ancetiovery of a community. Buried utilities
can be patrticularly vulnerable to permanent grodefbrmation resulting from liquefaction.
They are similarly vulnerable to fault rupture defation.

In fact, not only earthquakes cause liquefactione Toastal or offshore structures such as
pipelines installed in the seabed are subject tciacyhorizontal loads either by direct
hydrodynamic wave action or through the cyclic nmoeet of risers or flow lines transmitted
by floating structures. In fine sandy or silty spguch cyclic loads could lead to liquefaction of
the surrounding bed, which can play an importamalge to the pipe. On the express way or the
railway, the vibration caused by the vehicle caspatause local liquefaction in the road
foundation and cause the damage to the road.

It is widely recognized that the basic mechanisriqofefaction in a deposit of loose saturated
sand during earthquakes is the progressive buildfugxcess pore-water pressure due to the
application of cyclic shear stresses induced byiveard propagation of shear waves from the
underlying rock formation (Ishihara et al., 2004)nder ordinary condition prior to an
earthquake, a soil element is subjected to a cogfisiress due to the weight of the overlying
soils. When a series of cyclic stress is appliednd an earthquake, the element of the loose
sand tends to reduce its volume. However, sinceltination of the cyclic stress application is
so short as compared to the time required for dggnof water towards the surface from
deposits of several meters depth, the volume cctiiracannot occur immediately. In order to
keep the potentially contracting loose sand atrestamt volume, some change in the existing
stress system must take place. The stress chaaghieved in the form of a reduction in the
existing confining stress due to the overlying,saticompanied by concurrent increase of equal
magnitude of pore-water pressure, therefore, thgrede of pore-water pressure increase
depends, on one hand, upon the looseness of tdedsgosits indicatively of potential of the
volume decrease tendency and, on the other hamah lipw largely the sand is sheared to
extract the inherent volume decrease charactexidfihen the state of sand packing is loose
enough and the magnitude of cyclic shear stregeest enough, the pore-water pressure will
build up to a full extent in which it becomes eqtmthe initially existing confining stress. At
this state, no effective stress is acting on thel sand individual particles released from any
confinement as if they are floating in water. Sactate is called liquefaction. Upon occurrence
of liquefaction, individual particles of the santrs to sediment in water, thereby expelling
pore-water towards the surface of the deposit ahdmwthe sedimentation has taken place
throughout the depth, the sand is now depositedsomewhat denser state.
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1.11. Research on liquefaction

The liquefaction is caused by the contraction b&havof granular material. To understand
how solil liquefaction is initiated, some basic so#chanics concepts are important, like the
critical void ratio, the flow liquefaction and cycl mobility. And then based on the
experimental observation, the constitutive modedspeoposed for the granular material under
cyclic loading conditions.

In 1936, Casagrande performed a series of drainedn<ontrolled triaxial tests and
discovered that initially loose and dense specinaiiise same confining pressure approached
the same density when sheared to large strainsv@ilegatio corresponding to this density was
called the critical void ratio. Performing tests \arious effective confining pressures,
Casagrande found that the critical void ratio vémeth effective confining pressure. Plotting
these on a graph produced a curve which is reféorad the critical void ratio (CVR) line. The
CVR line constituted the boundary between dilatind contractive behavior in drained triaxial
compression.

In the 1960s, Gonzalo Castro performed an imposanes of undrained, stress-controlled
triaxial tests. Castro observed three differenesypf stress-strain behavior depending upon the
soil state. Dense specimens initially contractetl then dilated with increasing effective
confining pressure and shear stress. Very loos@lsansollapsed at a small shear strain level
and failed rapidly with large strains. Castro aallbis behavior "liquefaction” - it is also
commonly referred as flow liquefaction. Medium densoils initially showed the same
behavior as the loose samples but, after initiahibiting contractive behavior, the soil
"transformed” and exhibited dilative behavior. Ayke understanding cyclic mobility came
about with identification of the phase transforroatiine. Medium dense to dense sands
subjected to monotonic loading will initially exliibcontractive behavior, but then exhibit
dilative behavior as their strain toward the stesidye.

Based on experimental observations, a large nuaib@mputational models have been, and
continue to be developed for simulation of nonlinganular soil response. Finn et al. (1977)
and Martin et al. (1975) developed a model for #malysis of liquefaction of saturated

cohesionless soil, this model, because of it sirfgol®, has been introduced in the code FLAC
(Itasca). Pastor and Zienkiewicz (1986, 1999) basethe general plasticity theory developed
a numerical model. The bounding surface model ldpeel by Dafalias (1997) has also been
generally accepted. Elgamal et al. (2003) alsodardghe experimental observation developed
a constitutive equation for the mobility behaviafr sand soil under undrained saturated
conditions. In our laboratory, a robust constitatequation, MODSOL, for granular material
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was also developed (Chehade, 1991; Shahrour anlda@be1992; Khoshravan, 1995; Ousta
and Shahrour, 1998, 2001). These are just seeahples for the development of the
constitutive models for granular material. Howeventil now reliable computational
modelling of cyclic-mobility shear deformations raims a major challenge. Most of the
developed constitutive model can be used withineganfully coupled (solid—fluid) finite
element formulations. In this dissertation, the M&DL will be used.

It is interesting to indicate that, most of the silmtive models are based on the effective stress
concept, and all these models can be applied ssfodlgsto the saturated condition. If the
effective stress concept extended to partiallyrsédd condition, these models could be used to
predict the mechanical behaviour under unsaturaatigurations.

1.12. Influence of the water saturation on liquefaction

Results of different investigators showed that alsreduction in the degree of water saturation
from fully saturated sand can result in a significancrease in the shear strength against
liquefaction. Martin et al. (1978) explained thatla% reduction in the degree of water
saturation of a saturated sand specimen with pggnosi0.4 can lead to 28 % reduction in the
pore-water pressure increase per cycle. Figureilluk®ates the influence of saturation on the
cyclic liquefaction resistance. It is clear thdtttee same stress ratio (loading level) with the
decrease in water saturation, the number of cyteBquefaction increases (liquefaction
resistance increase).

According to Yang et al. (2003), a reduction of {tPthe water saturation led to a reduction in
the excess pore-pressure ratio from 0.6 to 0.18mymare horizontal excitation. Chaney (1978)
and Yoshimi et al. (1989) have showed that theeligction resistance was about twice than
that for fully saturated samples when the degreeadér saturation reduced to 90%. Xia and Hu
(1991) demonstrated that small quantities of epidpair can significantly increase the
liquefaction strength of a sand specimen. The kooy tests showed that a reduction in the
degree of water saturation from 100% to 97.8% ledmore than 30% increase in the
liquefaction resistance (Figure 1.14).

Tsukamoto et al. (2002) studied the liquefactiosistance of partially saturated sands. They
concluded that the resistance to liquefaction with the decrease in the pore-pressure
parameter B. When the B-value dropped to zero witlegree of water saturatiof, =90%,

the cyclic strength became twice higher than thahe fully saturated condition. Ishihara and
Tsukamoto et al. (2004) conducted a laboratory ystad the undrained behaviour of
near-saturated sand for both cyclic and monotaradihg. They showed that the decrease in
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the water saturation (Skempton coefficient B) letadsn increase in the liquefaction resistance
(Figure 1.15).
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Figure 1.13: Influence of the water saturation onte liquefaction resistance (1psf=47 8/m?)
(Martin et al., 1978)
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Figure 1.14: Influence of the water saturation onhe liquefaction resistance
(Xiaetal.,, 1991)
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Figure 1.15: Influence of the water saturation onhe liquefaction resistance
(Ishihara et al., 2004)

Okamura et al. (2006) have conducted researchtéseonfluence of the water saturation on the
liquefaction resistance. The experimental resutdioned that the degree of water saturation
had a significant effect on the liquefaction remise.

Bouferra (2000) has conducted a series of undranmedal tests on Hostun sand with different
water saturation. The water saturation is represkbly the Skempton coefficient. The test
results showed that the decrease in soil saturddiads to an increase in the liquefaction
resistance. Arab (2007) confirmed these resulitussrated in Figure 1.16.

Singh et al. (2005) examined the damage of 6 etmis in Bhuj earthquake. The 6 reservoirs
were nearly empty prior to earthquake, and theeliigble soil layers were in a state of partially
saturated sate. The in-situ observations indictitadthe downstream area of the dam has less
damage than the upstream. The observation showghiagartially saturation reduces the
liquefaction potential. It also shows that liquafac could occur in partially saturated
condition.

-27-

http://www.univ-lille1.fr/bustl



Thése de Hanbing Bian, Lille 1, 2007

Chapter 1: Literature revieResponse of unsaturated soils to seismic loading
060 C T T T T r‘ T T T 1T B= 0.25 ‘H:
: : ’ B=0.36 :
0.50 [ —- -
0.40 | -

O L __

S 0.30 - ]

Q: - .
0.20 [ | .
0.10 [ -
OOO- \\\\\\‘ \\\\\\‘ I \\\\\_

1.00 10.00 100.00 1000.00

Nombre de cycles
Figure 1.16: Influence of the water saturation onhe liquefaction resistance
Hostun sand (Arab, 2007)

Nagao et al. (2007) excited the report of Shiraiiat 312 examples of structures having
pneumatic caisson foundation were prevented frotal @amage by liquefaction in Kobe
earthquake, because the ground surrounding thel&timm were unsaturated by air entrapped
during the construction. More detailed evidencesnareded for further studies.

Zienkiewicz et al. (1999) conducted a pioneer wamkthe partially saturated liquefiable soils.
Sheng (1999) gave some perspectives in the pasaitalration condition for sandy soils.
Jafari-Mehrabadi et al. (2007) conducted some warthe quasi saturated sands, the saturation
greater than 90%.

1.13. Liquefaction mitigation

Remediation methods against liqguefaction have lEsmloped and applied since the 1964
Niigata earthquake. The efforts for liquefactiortigations include 3 strategies:

a) Avoid locating buildings and infrastructure meas with high liquefaction potential,
b) Foundations which can resist to liquefaction,
c) Improve the soil (including soil compactness drainage)

The compactness of soil can be achieved by diftasmniques, like vibroflotation which is
the process of inserting a vibrating probe intogteind to cause compaction of sediments, and
dynamic compaction, where a heavy weight is droppetb the soil surface to compact loose
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sediments. Stone columns are used to decreasigleéalction potential of soils. This method
will increase the density of the soil and at themsdime will increase the drainage capacity.

For the drainage, the main principle is to ensiessbil has sufficient drainage capacity. During
the earthquake, the generated excess pore-presanrbe dissipated rapidly. Harada et al.
(2006) reported the drainage techniques for pilmdation. The shaking table tests and in-situ
experiments illustrate the efficiency of the drgeamethod. Brennan et al. (2006) used
centrifuge model to investigate examines the dgenefficiency of the penetration depth of
drain-well.

However, most of the countermeasures against kgtieh are designed for new constructions.
Few remediation methods were developed for exissingctures. Various soil remediation

measures to reduce or eliminate liquefaction patkribr existing structures have been

summarised by Yasuda (2007).

As indicated in the precedent sections, when theem&aturation in the soil decreases, the
liquefaction resistances will greatly increase.sT$uiggests that the induced partial saturation
could be a potential liquefaction mitigation counteasure which could be applied to both new
and existed constructions.

The techniques of induced partial saturation irugtbhave been studied in USA by Yegian et
al. (2007) and in Japan by Nagao et al. (2007).giafeet al. suggested that the Electrolysis
may be a good method to induce partial saturationgriound. He also suggested a
drained-recharge method for inducing partial sditbmaduring the laboratory research; this
may be used to construction site too. Nagao, hewewdvised a micro-bubble injection

method to induce partial saturation in ground, hgued that as the micro-bubble is an
independent small bubble of 10-100um in diameteram easily permeate voids among sand
particles.

1.14. Conclusion

The review of the researches on response of umgatusoils to seismic loading shows that
natural soils, even those under the water tabkjraunsaturated condition. The contractile
effects for sandy soil are negligible. At high degof water saturation, the air flux could be

neglected. The concept of effective stress coulddssl to study the partially saturated sandy
soils. The laboratory experimental researches shwmt the degree of water saturation

influences the response of soils to undrained pati$ their resistance to liquefaction.

Introducing air in the saturated soils could bedus® liqguefaction mitigation method.
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In this work, the objective is to develop a numarimodel within the framework of porous
media and the concept of effective stress. Thedvapters followed are:

In the second chapter, based on the laboratoryimusitu observation, three reasonable
assumptions are taken for partially saturated sawilg; the soil suction, the effect of air
dissolved into water and the air flux are neglecBased on Coussy’s formulation, a numerical
model is established for unsaturated sandy soligss Mumerical model can deal with both
saturated and unsaturated conditions. The impleatientof this model in finite element code
is presented. Finally some numerical application$discussions are presented.

In the third chapter, a cyclic constitutive equathmlmsed on the concept of effective stress for
granular material is presented. After implementatd this model in the numerical model,
some applications are illustrated. Firstly, the wdations of triaxial experiment in both
monotonic and cyclic loading are presented; thduémice of the water saturation on
liquefaction resistance is analyzed by the numesicaulation. The numerical model is used to
study the influence of the water saturation onftee-field response. Some key factors, namely
the permeability and relative density are studfddast the tests conducted by Yegian et al. are
reviewed and discussed.
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Chapter 2: Numerical model for unsaturated sandyg so

2.1. Introduction

Since the 1964 Niigata earthquake, extensive reseatave been carried out on liquefaction.
However, most of these researches were conducteshtoimated soils. Recent observations
indicate that soils encountered in geotechnicalnsgging are generally unsaturated (Fredlund
et al., 1993; Sheng, 1999; Fredlund, 2006; etdq¢ Joils under water table are not, as usually
assumed, fully saturated (Ishihara et al., 2004k@soto et al., 2007; etc.). They are in the
state of near-saturated state with individual aiblides. The liquefiable soils are generally
located in partially saturated soil layers. Onaliger hand, experimental results show that the
liquefaction resistance depends strongly on theemadntent of sandy soils. for example: a
little decrease in water saturation, especiallywwigh water saturation, results in an significant
increase in the liquefaction resistance (Martialet1978; Yoshimi et al., 1989; Ishihara et al.,
2004; Arab, 2007; ect.). So it is of a major ingtr® investigate the liquefaction in partially
saturated condition.

The partially saturated media can be describedhasstipposition ofn+1 mechanically
interacting media: n represents the saturatingl$lwhile the remainder corresponds to the
skeleton. It is considered partially saturateddaeferenced fluid, generally chosen in liquid
form. For the saturated case, the hydro-mechanipled theory founded by Biot (1941, 1956
and 1962) together with the concept of effectivesstes proposed by Terzaghi (1936) are used
to study the liquefaction phenomena in saturatéld §oienkiwicz et al., 1980, 1984, 1999).
New developments in the area of unsaturated deigsl(und, 1993, 2006; Coussy, 1991, 2004)
together withthe generalization of the concept of effectivesstr® unsaturated soils (Bishop,
1959) allow to deal the unsaturated problem asugled problem.

In this chapter, firstly, the theory for saturafemte material will be reviewed. Then, based on
the formulation of Coussy (2004), this theory Wil extended to partially saturated condition.
Based on experimental observations, some assursptidiroe discussed and used to elaborate
a numerical model for unsaturated sandy soils. rlate will present successively the
formulation of the numerical model, the variatidrite water saturation. This numerical model
will be implemented into a finite element code.dHy some validation tests will be presented.

Because we emphasize on the coupled hydromechetavior of partially saturated sandy
soils, so our research is limited to isothermaldibon. In this chapter, the mechanical
convention will be used as: compression stressegative, while for the pore-pressure,
compression pressure is positive.
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2.2.  Theory of saturated Poro-Mechanics

The hydro-mechanic coupled theory founded by Bi®4(, 1956, 1962) together with the
concept of effective stresses proposed by Terzd®86) are used to study the liquefaction
phenomena of saturated soils (Zienkiwicz et alg019984, 1999). Soils are considered as the
superposition of two continua: the skeleton contmuand the fluid continuum. With the
hypothesis of small deformations and small variation of fluid massg, it is justified to
adopt a quadratic form of the free energy with réddga the constituents, ¢:

y=0° £+gmm+1£ Ce-(— )MBfkk+ M(—) (2.1)
2 oy oy

w w

In this potential function,M is the Biot's modulus. The second order ten&is Biot’s
coefficient tensor.Cis the stiffness tensor of isothermal undrainedgtelamoduli. € is the
strain tensor of soil skeletomis mass flux of pore-water angd’ is the initial pore-water
density.c® and g’ are the initial stresses and initial free enthatfythe pore-water,
respectively. The state equations can be derivatidygerivation of the free energy:

0=%% -5 +c: g—[n;JMBI 2.2)
oc P,

o _ (1 1), (m
Om gm am (ijMngk+(,0wj M(pv%] (2.3)

The free enthalpy is defined as (Coussy, 1991):

Py~ Py ( Pw ~ p&)z (2.4)

=q° +
o Ot 2p.K,,

The linear form is used here as:

g, =g +PuPu Pl (2.5)
P

Combination of Equations (2.3) and (2.5) leadth&expression of the pore-pressure:

m
Py = p\(/)v_ M ( ngk_p_j (2.6)
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Introducing Equation (2.6) into (2.2), by elimimagi the mass flux of pore-water, after
rearranging the equation, it becomes:

o=0,+C,.e-B(p- I
0 +Co (P~ R) 2.7
C,=C-MBOB
WhereC, is the tensor of isothermal drained elastic modidr an isotropic thermoporoelastic
porous material, the Biot’s coefficient tensor barexpressed as scalar-valued functioibas,
B=Dbl. In the case of natural stresses sate, the catnatitequations can be presented as

follow:
U:C:s—(moj Mb (2.8)
m
P, =M [b‘gkk __j (2.9)
P

The Biot’s coefficientb and Biot's modulusM can be identified by laboratory tests. Coussy
(2004) proposed:

(2.10)

K, is the drained bulk modulus of soil skeletdf, and K, are the bulk moduli of soil grains
and the pore-water, respectively is the porosity. If the soil grain is supposed as
incompressible, that mealds, - «, we havé=1. Equation (2.10) can be rewritten in the

form:
b=1 ﬁ=KiW (2.11)
In consequence, Equation (2.8) will be rewritten as
o =o+bp,| with o0'=C,:¢€ (2.12)

The tensorg’ is called the elastic effective stresses tensdrcan be interpreted as the stress
tensor that produces the (elastic) strain of tlebes&n. In the case of incompressible soil grains
(b=1), the effective stresses concept of Terzaghi (183@roved. This function has been used
by Zienkiwicz et al. (1980, 1984 and 1999) to sttiy liquefaction of saturated sandy soils.
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2.3.  Theory of unsaturated Poro-Mechanics

In many engineering practices, such as dryinghdige or the imbibitions of soils, the soil is
said to be unsaturated. The partially saturatedareh be viewed as the suppositionrof 1
mechanically interacting media: n saturating fluiplsis one deformable skeleton. It is
considered partially saturated for a referencedl flgenerally chosen in the liquid form. The
sate equations of saturated media presented ilagheection can be extended to unsaturated
media.

Based on the thermodynamic theory of Coussy (129D4), the fluid components of
unsaturated soils include a liquid (index w), igpeur (index v) and the dry air (index a). In
isothermal condition, the interaction of water/vapand dry air /water-vapour is so weak that
it could be neglected in the liquefaction probléfar the sake of simplicity, the water-vapour
and the dry air will not be distinguished. The unested soil can be considered as the
superposition of the soil skeleton, the pore-wétetex w) and the pore-air (index a).

Since the pore-air and pore-water occupy the fobabus space, the following equation is
obtained:

n=n,+n (2.13)

The saturation of each fluid can then be defined as

aN_— §=1- g=2="""N (2.14)

n n

The linear model in saturated soil is based orlitiearization of the free mass enthalpy, of
the fluidj and the free energy, with respect to variablesand m;, by retaining only the
second order expansions. However, if the saturdtind is highly compressible gas, the
linearization of g/, is irrelevant. Furthermore, since the saturatiath wespect to any of the
fluid phases can vary form 0% to 100%, the linestitn with respect to the variations in fluid
mass contentm, is generally also irrelevant. Moreover, as the waturation decreases,
suction effects arise, and these are nonlinear.célera non linear formulation of
thermoporoelastcity is necessary for unsaturatéd. &¥ith the extension of equations (2.2)
and (2.3) , the state equations can be derivedllasvt:

50 =C: - (imJ M, B (2.15)

0
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Ol
30 = ( )M Bt ( A ) ”‘)M,k( ‘) (2.16)
Oj 0j

Where | is a unit second order tensor ands the Kronecker's delta. The tensoB; are
symmetric second order tensors, and modulj are the components of a symmetric
matrix(M K = Mkj) :

By using the linear form of the free enthalpy detinn Equation (2.4), the state equation of
pore-pressure can be written as:

e I

Combining equation (2.15) and (2.17), allows tonghiate the mass flux, and to get the state
equation in pore-pressure:

0o=C,:0e-Bdpl (2.18)
C=C-BMB
State equations for saturated case have been extandthe case of n saturating fluids.
Therefore, the tensor€,andC have the same signification as in the saturatediton. The
specific properties to partially saturated medaraoduliM; , with i # j, which are associated
with coupling phenomena. Equation (2.17) shows tHgis the modulus linearly linking the
pressure variationp, — p, of fluid i to m;, the increase in the fluid masse content of phase

j.
With the expression of Biot’s coefficients for uhgated soils (Coussy, 2004):
=hlh =b$; b=3 b= K S+ 9 (2.19)

The variablebis the Biot's coefficient for saturated case. Se #guation (2.18) with zero
initial stress can be arranged as:

00, =C,:e=(d0; +bdpg )+ b$ (6 p-0 p)g (2.20)

Under the assumptions of incompressible soill g(l’raml), the Bishop’s (1959) effective
stresses for partially saturated porous media rameep:
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o'=(c+p,)+x(p,~ P) (2.21)

For the isotropic material, the sate equationsesgitten as follow:

M. M,][S
00, = A0, O, +2udE, — Jn}v 5'?‘ w R o) (2.22)
J ‘ LA e [Maw Mg ]IS)
5 M, M S 0
pw — ww wa _b w dgkk + 5”1/\//,0W (223)
op,) (M, M, S, om,/ o3

MMM .M .depend fundamentally on the porosity; the comploéggi of the soil
grains, the pore-water and the pore-air; the flaaturations; and also the soil water

ww? wa’ aw’

characteristic curve. Their expressions will beaded in the following section.
2.4.  Assumptions for unsaturated sandy soils

The numerical model is based upon the followingiaggions:

1) The hypothesis of infinitesimal transformatiomgh respect to the skeleton between the
initial state and the current state:

|gradé| <<1 (2.24)

Wherefis the displacement vector. Furthermore, the Jacabof transformation reads:

J=1+tre (2.25)

2) The solid matrix is supposed as incompressible;

3) Under unsaturated condition, the pore-wateujgesed as pure saturated water;
4) The pore-air is supposed as ideal gas;

5) The soil suction is neglected;

6) The interaction between pore-water and porésaieglected,

7) Null air fluxdm, =0is assumed.

The last three hypotheses will be discussed iridt@ving paragraphs.
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2.4.1. The soil suction

The main differences between saturated and unsadisail lies in the existence of soil suction,
which is defined as the difference between thejaarpressure and the pore-water pressure. It
is an important parameter for unsaturated soilsvéd@r, for sandy soils, because of the big
diameter of soil grains; the soil suction in certaater saturation range is so small that it can be
neglected. Figure 1.10 in section 1.6 shows thlevgatier characteristic curve for the Hostun
sand and other sands. It can be observed thabthsustion is very small over a very wide
range of water saturation: suction remains lowan thkPa when the degree of water saturation
is higher than 40%. This value is so small thataih be neglected. Consequently, the soll
suction is neglected, which means: the pore-watessoure is equal to the pore-air pressure

(P, = Py)-

This assumption is reasonable, especially for igh Wwater saturation. With the increase in
water saturation, the capillary effect decreasesaddition, in the equilibrium condition, the

pore-air pressure is equal to pore-water pressutbd water/air mixture. It means that the
effect of surface tension (soil suction) is negiectMartin et al. (1978) indicated that for air
bubbles having a radius lower than 0.03mm, ther @émrasing this assumption is less than 5%.

2.4.2. The diffusion of air into water

As discussed in the first chapter, the water voluimeoefficient of solubility is about 2% in
natural condition. And the diffusion of air into teawill greatly influence the compressibility
of air and water mixture. On the other hand, tifusiion of air into water is very slow.

The process of air diffusion into water is desallibby Fick’'s law, which states that the rate of
air mass dissolved into water is proportional ® ¢bntacted surface and to the gradient of air
concentration which is related to the air pressure.

am, __ppa9c (2.26)
dt 0x

As discussed in the first chapter, the coefficiehtliffusion D for natural air through free
water is abou2.2x 10° nf /<. In the case of high water saturation, the freénaihe air-water
mixture is in the form of individual air bubblesh& pore-water is saturated with its vapour. As
aresult it needs a long time for the air to passugh the interface and into the water. Martin et
al. (1978) indicated that the influence of air gpimto solution due to the increase in the
pressure may be neglected. This is appropriatehBodynamic loading portion of the test in
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view of the large time required to dissolve airga et al. (2007) confirmed this conclusion,
when the confining pressure is less than 400kPa.

2.4.3. Air flux in partially saturated sandy soils

In partially saturated soils, the fluid fluxes aescribed by Darcy’s law, which defines that the
mass flux of each fluid is proportional to the m@® gradient, as:
W

=-kgrad(p); i=aw (2.27)

The most important parameter is the permeabilitgliasussed in section 1.7. In fact, for a
single fluid (i.e. saturated case), the permegbiids a clear significant; however if there are
two or more fluids, it should take the interactibatween fluids into consideration. The
presence of one fluid will eventually have someawtp on the other. The concept of relative
permeability (Luckner et al., 1989), which assuth@s the permeability is an intrinsic property
and the permeability of each fluid is just a franal part of this property permeability, is used.
As illustrated in Figure 1.11 in section 1.7, whe saturation exceeds 80%, the relative
permeability of pore-air is close to zero; that methat the pore-air is entrapped in the soil and
there is no air flux.

The in-situ observation of the air entrapped betbe phreatic surface for 26 years was
observed by the Okamura et al. (2006). The Laboratdy for “long term air diffusion test”
by Yegian et al. (2007) confirmed that the air apped in the soil with high water saturation
will survive for long time. All these facts suggebat for high water saturation, the air flux
could be neglected.

2.4.4. Conclusion

In order to take the influence of water saturatmm the liquefaction phenomena into
consideration, the several reasonable assumptiongafen. In addition, the isothermal
condition is supposed. In fact, the temperaturesamany influences on both pore fluids and
soil grains. However, only in special case sudmaseservoir of radwaste, the temperature will
be taken into consideration. Generally, the thereféécts are neglected in geotechnical
engineering.
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2.5.  General equations for unsaturated sandy soils

With the assumptions presented in the precederiosgdased on the general theory of
unsaturated soils, the numerical model for unstgdraand soils will be established. By using
the stresses partition concept, under the assumgtioinfinitesimal transformations, the
incremental mean stress is expressed as followss&yp 2004):

oo, =(1-n)oo, -ndp, (2.28)

Where do,, is the mean stress increment definedas=1tr(do;)/3, n;is the porosity of

the fluidj. n is the current porositydo;,is the matrix mean stress increment (i.e. the
partition stresses act on the soil grains), whi loe expressed as:

J0% = K J€5, (2.29)

K, is the matrix bulk modulusde;, is the matrix volumetric deformation increment.

Moreover, the matrix volumetric deformation increme,, is linked the skeleton volumetric
deformation incremente, and the variation of porosign (Coussy, 1991):

(@-n)oe;, = - n)e,, —In (2.30)
Where dn=n, - n is the variation of porosityn,is the initial porosity.
The incremental constitutive equations of the sdiing fluids may be expressed as:

oD.
op, = j% (2.31)
i

Generally, the pore-air is considered as an idaa) go the bulk modulus of the pore-air is
associated with the absolute pore-air pressure:

Ka=P.= Pt Py (2.32)

Wherep, is the absolute pore-air pressure, apds the measured pore-air pressugg, is the
atmospheric pressure (101.3kPa). While for the-pateer, the bulk modulus of full saturated
pure water is about 2.23GPa. Comparing that of-porehe linear property is assumed for the
pore-water (constant bulk modulus).
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From equations (2.28) to (2.31), the incrementatnmscopic mean stress can be expressed by:

0.
50, = (1-n)K €, - an,.%— KJn (2.33)

J

The combination of the conservation of masen(= Jo, n - o, i, ) and the infinitesimal

transformation § = % d¢,) allow us to obtain the derivation of the followiexpression for
the variation of the porosity.

om. 9o,
—+=—=n,+ndg, +dn (2.34)
Py P

As a result, the variation of porosity can be wentin the form:

n n.oom. 9o
dn=> on => (—-—n-nd,) (2.35)
=1 i P P

The combination of equations (2.30), (2.31) and5Rl8ads to:

om, ., om, n n,
0, =—2+—%—_25p ——XJH 2.36
kk pa ,OW Ka pa KW pw ( )

Under the assumption of the equality of pore-adéspure and pore-water pressure (presented in
section 2.4.1) in unsaturated sandy soils, the-porpressure or the pore-water pressure could
be determined:

3p,=dp, = M’ mea M 5me - MG, (2.37)

With the Biot modulus for unsaturated 9dil :

1l_n,n _ni-§) ng (2.38)

The constitutive equations for unsaturated sandg become:
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5pa = _Maasabigkk_ MawSNﬁg kk+ I\/Iaaalorna + Mawaprnlv

5pw =_'Vlwasal’:ﬁgkk_ MWWSNB‘gkk-'- Mwad_rna-'- |\/lwwd_rnlv

Pa Py

(2.39)

With the no-air flux assumptio@m, = 0 (presented in section 2.4.2), the equation (2.88)c
be rewritten as the following:

5pa = _Maasabigkk_ MawSN ﬁﬁ‘ kk+ MaWJmN

’; w (2.40)

5pw = _Mwasahigkk_ MWWSN 58 kk+ |\/lww_rn’v
P,

w

In fact, with any deformation and any water flthe pore-air pressure is assumed to be equal to
the pore-water pressure, together with equatiod7{2and equation (2.40), we get:

M,=M_, =M .=M =M’ (2.41)

The constitutive equations are governed by theviollg expressions:

oo =C: - My (2.42)
Pu
5p, =3p, =—Mbde, + M'i)—”bv (2.43)

Which are similar to that used for saturated s@tguation (2.2) and (2.6)), but with a Biot
modulus depending on the porosity, pore-pressudevaater saturation, while for saturated
soils, the modulus is constant. It is of interesindicate that, in Equation (2.38), if the water
saturation is unit, which means the soil is saatathe formulation for saturated soils is
recovered. It means that this formulation couldibed for both saturated and unsaturated soils.
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2.6. Variation of water saturation

The water saturation is a key variable for unsatdraoils. In the constitutive equation, it
should be determined. Generally, for unsaturateds,sthe water saturation could be
determined by using the soil water characteristive. However, for sandy soils, the ideal gas
law will be used to determine the water saturatidn.addition, the assumption of null air flux
which is used for deriving the constitutive equasiavill also be used to determine the water
saturation. With the null air flux, all the pore-aiill rest in its original place or dissolved imet
pore-water. We consider an unsaturated soil specimgh a volumeV and initial measured
pore-pressur@,, . The initial porosity is n, and the initial water saturation$§. So the
initial pore-air and pore-water volume are:

V) =n(l-S)V

= n &y (2.44)

After a small perturbation, under drained or unudi conditions (for pore-water only; while
for pore-air the condition is always supposed adrained), the measured pore-pressure
becomesp,,, the volumetric deformation ig,. Because the soil grain is incompressible, the
variation of the soil volume is equal to the vadatof the pore volume:

oN=gV=(n-n)V (2.45)

Because the soil grain is incompressible, the tiariaof the soil volume is composed of the
variation of the pore-air volume and pore-wateuwvod as:

OV = OV, +3V, (2.46)

Since the pore-air is assumed as an ideal gaseytsathe ideal gas law.

(P + Py)Va= N,RT (2.47)

With V, the current volume of aifT is the absolute air temperaturB,is the universal gas
constant, andll . is the number of air moles. For an isothermal @sscthe ideal gas law
reduces to the Boyle’s law. According to (2.47), @@ calculate the variation of the pore-air
volume as:

oV, = (M —1JvaO (2.48)
pw + paO
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Current pore-water volume will change because efditainage or/and the compressibility of
water. Combination of equations (2.44) and (2.46ggthe current pore-water and pore-air
volume:

V, =Vo+0V-0V, [=V+JV, (2.49)
So the current water saturation can be expressiesl @efinition:

g, =— (2.50)

Combination of equations (2.44) to (2.50) allows ftihetermination of the current water
saturation as follow:

ngea o B ool na- §)
S, = —ye (2.51)

It should be indicated that, in Equation (2.48)jsitsupposed that no interaction between
pore-air and pore-water. However, as discusseldarfitst chapter, the air dissolved in water
will greatly influence the mechanical behaviour tbé water-air mixture. The volumetric
coefficient of solubility of the air in water atrtain temperature is relatively stable. So it can b
used to calculate the water saturation and takiagetfect of dissolution into consideration:

(Pow * Pao) (Vo + D\ =( R,* Ro) (Vut DV) (2.52)

With h volumetric coefficient of solubility of air in wat andV,, the current free air volume
after the perturbation, by using the same methed;an get the expression of water saturation,
as:

NS +e, - (‘;H o j(ra(l— $)+ hy)
S, = v (2.53)

This is similar to equation (2.51) with a additibpart related with the current water volux)e
which can be determined using the state equatiot2)2
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V, =0 +%+gv (2.54)

2.7.  Finite element modelling

This part is devoted to solve the poroelastic moblby the finite element method. The
attention will mainly focus on the non-linear pdestic problem. By choosing the
displacement and the water pressure as principablas, the general set of field equations of
unsaturated soil can be firstly derived. The flditfusion process is then analyzed. Finally,
some problems of poroelasticity are solved. Théeefirlement method is used to solve the
dynamic problem which is governed by the followexgressions:

1) The balance equation:
When adopting the small perturbation hypothesis ra@glecting the body force, the balance
equation is:

div(o) - pi=0 (2.55)
u, U and U are the displacement, velocity and accelerationtovecof soil skeleton,
respectively. pis the soil density, which depends on soil porodite densities of the solid
grains and pore-water, respectively:
p=@1=-n)p,+ngp, (2.56)

The density of the pore-air is neglected.

2) The diffusion law:
For instance, the generalized Darcy’s law is used:

W

kW
=—k 1 d i 2.57
o Kins ﬂ[gra (p)+p.4 (2.57)

Where W is the pore-water mass fluk, andk; are the soil intrinsic permeability and the
permeability relative to water, respectively.is the water viscosity.

3) The conservation of the mass:
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The expression of the overall mass conservatiort taks into account the relative masse flow
of each fluid phase: pore-water and pore-air. éndbsence of overall creation and null gas flux,
the overall mass conservation can be written dgvist

m, = di W) (2.58)

The constitutive equations (2.42) are used to sahee coupled dynamic problem, by
eliminating the water mass content in first equgtive get the total stresses in function of
pore-water pressure and the deformation as:

oo =C,:06-0p,l (2.59)
WhereC, is the drained elastic matrix.

Combination of equations (2.57), (2.58) and th@sd@quation in (2.42) leads to the diffusion
equation of the pore-water as:

19p, 08 _

2.60
M ot ot ( )

div{%[ grad( p,) + ,ow'L]} +

Using the finite element discretization, the displ@ent in an element can be expressed in a

function of nodal displacements:
u= NU® (2.61)

N and U ®are the interpolation function for displacement #ralelemental nodal displacement
vector, respectively. Similarly, the pore-pressuarthe element can be written as:
p=NP (2.62)

N"and P°are the interpolation function for pore pressuré tre elemental nodal pore-water
pressure vector, respectively.

The strain in an element is expressed as:
£=BU® (2.63)
B is the gradient of the interpolation functidx.

The application of the finite element approach qou&ion (2.60) and the combination of (2.59)
and (2.55) lead to the following expressions:
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MU +RU+C,P=F,
. . . (2.64)
M, U+C,U+C_ P+K_P=F,

U and P denote the nodal displacement and the pore-watsspre vectors, respectively. The
matrixes of finite element method in (2.64) areegi\by:

M= [ N'oNdQ R=[ BG B@ G=-[ BmbNa

Q Q Q

F, = [N'fdr Coo=| N' - N G.=] N mbeg (2.65)
r Q M Q

Kppsz'tEB'dQ M :jBtpWEmNd) F=—[ Nf, @
Q H Q H r

It is of interest to indicate that the formulatioabove are used for poroelastic problems.
However, for sandy soils the problems are geneeddigto-plastic. The strain increment and the
variation of the pore space are divided into twdgdhe elastic part and the plastic part. As:

o€ =0+ 0P
on=0n°+Jdn°

(2.66)

Equation (2.59) then is rewritten as:
0=C,:(oe-0e")-op,l (2.67)
And the plastic pore space variation is relatetthéoplastic strain increment, as (Coussy, 2004):
onP = BIeP (2.68)

[ is the plastic parameter.
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2.8. The Newmark method

The generalized Newmark method is used to integheteequations in the time domain. The
idea is that: the displacement and the velocityra t + At can be expressed in mathematic as:

2 3
U, =U, +AtU, +A—tL'J't +A—tU"t +...
2 6 (2.69)
. . . A2 .
Ut+At :Ut +AtUt +7Ut +...
And the linear variation of the acceleration is @pomate as:
¥) _Yua U, (2.70)
At

We limit the expression of (2.69) as function o$glacement, velocity and acceleration by
introducing two parameters a and b, which are refeas the Newmark coefficients. The
limited expression can be written as:

At? b

U..=U +AtU +—U +=AtU
t+At t t 2 t 2 (271)

U, =U, +AtU, +aat’U

t+At

While for the pore-pressure, the linear variat®assumed, and the formulation is written as:

5 _Pu-R_OP

— 2.72
e A A (2.72)

By introducing Equations (2.71) and (2.72) into &tion (2.64), we can get the two equations
which represent the nodal pore-pressure and nasjgladement at timiet At . After arranging
the two equations, the incremental nodal displacenaad pore-water pressure can be

expressed as:
R GCul|[AU] [FR
R Co { }= _ (2.73)
M Cp |AP Fpo

WhereAU and AP are the incremental displacement and pore-presgertors at element
nodes. The mathematical expressions of the matriequation (2.73) are given by:
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= 2 -
R= MSSE+ bR Gp = bG,
2 24 (2.74)
M :Mpu@-i-cpu?; Cpp:cpp+Athp

Fu=bF" -bG, R+ Mss(é U+@1-b UJ— bRY
(2.75)
(1-b)

Fp=AtFP —AK, P, +[|v| pu§+Athu(2—s—l)} Ut+{AtM pu—b+AtZCpu(a;bb)} u,

These formulations were introduced into the fiiement program, PECPLAS.
2.9.  Validation of the program

In this section, the finite element code will fiystoe validated on the Terzaghis’'s 1-D
consolidation problem. The constitutive equatiohthe proposed model will be verified. After
that a numerical example will be used to illusttaie proposed model.

2.9.1. 1-D consolidation problem

Because the presented numerical model can deabwithsaturated and unsaturated problems,
the Terzaghis’'s 1-D consolidation problem is useddlidate the program (Coussy, 1991,
2004; Wang, 2000). This problem has an analyticlait®n, as illustrated by Coussy and Wang.
Figure 2.1 and Table 2.1 show the geometric andhargcal characteristics used in this
example. The base and the lateral boundaries aemasl impervious, while free flow
condition is assumed at the top of soil column.oAstant pressure=100kPa) is applied at
the top of the soil column. The water is assumedpessible K, = 10BIPa) and the initial
water saturation is unit.

Figure 2.2 presents the numerical and the analyteaation of the pore-water pressure at
different depths for initial water saturati§p=1.0. The pore-pressure and the position (in Y
direction) are normalized by the constant presBur@nd the high of the soil columAl ,
respectively. It can be observed that the numerezallts agree well with the analytical results.
The oscillation of numerical results at the begngnis due to the compressibility of the
pore-water and the inertial effects. It is alsondérest to indicate that although the problem is
saturated, the water with a constant bulk modubasaial 00MPa. That means the pore-water is
not pure saturated water, but a water-air mixture.
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Table 2.1: Material properties of the 1-D cosolidation example

Figure 2.1: Geometric of 1-D validation test
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Young’s Modulus E 30MPa
Poisson Ratio \ 0.2
Mass density of solid 0. 2000kg/m®
Mass density of fluid O 1000kg/m°®
Permeability K 0.01m/s
Porosity n 0.3
Newmark parameter a 0.5
Newmark parameter b 0.5
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Kw=100MPa

147 Pore pressure (Pw/Ps)

1.2 1 — Model Y/H=0.03 —— Model Y/H=0.10 Model Y/H=0.50 Model Y/H=1.00

X Theory Y/H=0.03 @ Theory Y/H=0.10 + Theory Y/H=0.50 X Theory Y/H=1.00

Figure 2.2: Pore-water pressure Vs time of saturatesandy soil

2.9.2. Constitutive equation

For verifying the constitutive equations, an unsstted soil under undrained condition is

considered. Under undrained condition, the wateiraaon and the pore-pressure depend on
the volumetric deformation, which could be determimy mathematical analysis. Comparing

the pore-pressure and the water compressibilitg, deformation of pore-water can be

neglected (the pore-pressure ranges from zeroGkPa), so Equation (2.46) becomes:

oV =0V, (2.76)

According to Equation (2.48), (2.45) and (2.44% pore-water pressure could be determined
in function of the volumetric deformation:

nl-S) (2.77)

p=(po+ pao)m‘ Rio

We can also write the water saturation in functisrthe volumetric deformation as:

S, = %S, (2.78)

N, +é,
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The analytical results are presented in Figuresd2.4.

For the numerical analysis, the problem in Figufiei? reconsidered. The solil is considered as
unsaturated with the initial porosity=0.3 and the initial water saturatiof, =80%. The
lateral displacements are blocked. Instead of dnfase pressure, the vertical displacement at
the top of soil column in function of time(t) is imposed as illustrated in Figure 2.1. The
influence of initial stress is neglected, i.e. ¢navity stress is not taken into consideration. The
soil column is considered as homogenous.

Figure 2.3 and Figure 2.4 show the numerical aradytinal results, the pore-pressure and the
water saturation are given in terms of volumetedodmation. It shows that the unsaturated
constitutive equations are exactly reproduced ley glogram. It can be observed that the
mechanical behaviour of the pore-fluid is nonlinear

If the dissolution of air into water is taken intonsideration, in undrained condition, the
variation of the water saturation could also havemalytical expression. Because of the high
value of water bulk modulus and the undrained dodithe volume of pore-water is supposed
constant. Using the same method, the pore-pressgreen by:

(@~ S,)+ h ) 279
(A-S)+e,+ p 9) (2.79)

pw =( p0w+ paO)

The variation of the water saturation has the stmaulation as (2.78). The analytical and
numerical results are given in Figure 2.5. Exceptlie solubility, the other configurations for
the two cases are the same as the example aboean Ibe observed that at the high
pore-pressure, the errors are significant. Howdeerliquefaction, the confining is generally
less than 400kPa. So the consideration of the ldi$sio process is not important, even with
enough time for the diffusion.
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Figure 2.3: Pore-water pressure Vs. Volumetric stran of unsaturated sandy soil
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Figure 2.4: Water saturation Vs. Volumetric strain of unsaturated sandy soil
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Figure 2.5: Pore-water pressure Vs. Volumetric stran of unsaturated sandy soil

2.9.3. Application

In the unsaturated case, it is difficult to driveabtical solution. Here we just present a
numerical application of this model to a partiaigturated soil in order to illustrate the
performance of the proposed numerical model anccéhaulation code. The geometric and
mechanical characteristics of the two precedeningkas are used. The initial water saturation
is changed from saturated &, =99%. And the water compressibility of the pure water i
used K, = BPa). The other conditions are the same as that ofcbii3olidation example in
Figure 2.1. Figure 2.6 presents the variation efgbre-water pressure at different depths vs.
time for an initial water saturatid®), = 99%. Comparison with Figure 2.2, it can be observed
that the water saturation has an important infleemtboth the generation of pore-pressure and
its dissipation. A decrease of 1% in the waterrsditon reduces the pore-pressure generation up
to 50%. The oscillation of numerical results atlleginning is due to the compressibility of the
pore-water and inertial effects. Because of thesgmee of air in the pores, the oscillation of
unsaturated case is more pronounced than thattwfasad soils. The dissipation of excess
pore-pressure is slower than that of saturated €agere 2.7 illustrates the distribution of the
water saturation at different instance during tieasnic consolidation. It can be seen that, at
first, the water saturation is the highest at thgsof the soil column, just like the distributiain
excess the pore-water pressure; and then the wateration approaches the initial water
saturation. This is due to the assumption of ndlaxes.
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Figure 2.6: Pore-water pressure Vs time for unsatuated sandy soil
Example of application of the numerical model and alculation code

1 - Kw=2000MPa
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Figure 2.7: Distribution of water saturation at different times
Example of application of the numerical model and &lculation code
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However, by comparing the two numerical examplies,daturated consolidation and that of
unsaturated, it can be seen that the water saiarh#is a great influence on the generation of
the excess pore-pressure, even with a little peaition in the water saturation (for example 1%
variation). It is necessary to consider the unsaédar condition which exists in natural
conditions.

2.10. The compressibility of the water-air mixture

One of the most important characteristic of thesene model is the nonlinear compressibility of
the water-air mixture. As indicated in 1-D consatidn example, the saturated numerical
model has a constant bulk modulus for the mixtdi@vever, researches indicate that the bulk
modulus of the water-air mixture depends on theeqpvessure, water saturation and initial
pore-pressure (Tsukamoto et al., 2002; Ishihaah ,2004; Okamura et al., 2006). For example,
Okamura (2006) showed that the degree of wateragain has a significant effect on the
liquefaction resistance. He also found that thedfgction resistance depends on the initial
confining pressure and the initial pore-pressurehigher the confining pressure and the lower
the initial pore-pressure, the higher the liquatactesistance of partially saturated sand. This
conclusion suggests the use of varied water-aiturexcompressibility.

If the water-air mixture is regarded as a singhedfl the saturated theory can be used. From the
presented model, the bulk modulus of the mixture loa derived from Equations (2.38) and
(2.42).

S, =8 (2.80)

In conclusion, the water-air mixture bulk moduKis,, depends on the water saturation,
pore-pressure and initial pore-pressure. Basederthteory of Koning, Martin et al. (1978)
indicated that the water bulk modulus containirrgoabbles can be expressed as a function of
water saturation and absolute pore-pressure, vititthin is the same expression as (2.80). The
ratio of water-air bulk modulus to pure water baikdulus in function of water saturation and
initial pore-water pressure is shown in the Figig It can be observed that, the bulk modulus
of the mixture increases with the water saturatibhen the initial water saturation increases,
the bulk modulus increases. This result agrees wigli the experimental observations of
Okamura et al. (2006).
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As indicated in the validation examples (sectidhD), the solil is not really full-saturated. The
word “saturated” could be regarded as that the matemixture saturated all the pores. With
the value of mixture bulk modulus 100MPa and zartal pore-pressure, the relative ratio of
bulk modulus is about 0.045 at the initial statas Inoticed (Figure 2.8) that this assumption
will eventually reduce some errors. Consequeniig,aried water-air mixture bulk modulus
should be used. Fortunately, this concept has appled in the proposed model.

1 Water Saturation
T T T T T T T T T

D 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.1 ¢ O Pw0=0.0atm
O Pw0=1.0atm
A Pw0=2.0atm

Pw0=3.0atm
< Pw0=4.0atm
X Pw0=5.0atm

(atm=101kPa)

0.01

0.001

0.00001

Figure 2.8: The bulk Modulus of Water-Air mixture i n function of water saturation at different
values of the initial pore-pressure

2.11. The Skempton coefficient

It is generally difficult to determine preciselyetiwvater saturation degree particularly when the
soil is partially saturated near the state of &dturated. The Skempton coefficieBt(or
pore-pressure parameter, or B-value) is used asaitod of the water saturation (Martin et al.,
1978; Yoshimi et al., 1989; Bouferra, 2000; Arab0?2). It is defined as the ratio between the
pore-pressure increment and the stress incremelet umdrained conditions. Martin indicated
that the Skempton coefficient could be defined as:

B= ;K (2.81)

1+n—2°

wa
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WhereK,is the bulk modulus of the soil skeleton, or thaimed bulk modulus of the soil. By
introducing (2.80) into Equation (2.81), the Skeamptoefficient for partially saturated soils
could be expressed as follows:

B= 1 (2.82)
1+nK, [S” +1_$”}
KW pW

This formulation is used by Yoshimi et al. (1989)the bases of experiments on the Toyoura
sands, as indicated in Figure 2.9. The circlesiguré 2.9 show the experimental relationship
between the B-value measured before liquefactisinaied the degree of saturation. The curve
in Figure 2.9 shows the theoretical relationshipppsed by Lade and Hernandez, that is the
same of (2.82), in which the membrane penetratiffects and the compliance of the
pore-pressure measuring system are ignored.

i : ] #
=
- 9 5 <
a L. d = ¥
- T [ R
a - _lq. =
-
o n4f ihe al Valug~——
. 1
. - - I:-----l
.2 oYP-
O mn
L ——re—— b =l —Q":‘-‘O‘-ﬂ-’d
- L
- -
70 80 g0 0
S T VR o~ Fa
vegree i En.:‘.'...;.;:_;..., or (36)

Figure 2.9: The B value vs. water saturation (Yoshni et al., 1989)

Yoshimi et al. (1989) also gave the value of earlameter in the formulatiomis the porosity
(0.48), K, bulk modulus of soil skeleton §7x10 kP¢), K, bulk modulus of water
(2.23x 16 kP:), and absolute pressure in pore fluiB4BkPzfor saturated specimens and
98kPafor partially saturated specimens). These valuag wsed for obtaining the theoretical
curve. The elastic shear modulus of the specimeessured before liquefaction test
was7.65x 10 kP«
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Once again, we translate the partially saturateldasosaturated problem, by regarding the
water-air mixture as a compressible single fluidug, by using the results of saturated theory,
the Skempton parameter is expressed as (Coussi): 199

[klj

K K

B= 0 s (2.83)
1 1 1 1
T [ =)
KO KS KW KS

However, here the bulk modulus of the pore-wateukh be replaced by bulk modulus of
water-air mixture as:

Ko, K
B= — (2.84)
1 1 1 1
T e =)
KO KS wa Ks
1rs (Skempton coefficient)
—Theory
O Model B
08 r
06 r
04 r
02 r
0 - o Water Saturatiorﬂ
0.6 0.7 0.8 0.9 1

Figure 2.10: The Skempton coefficient vs. water satation (Model and Theory)

K.is the bulk modulus of the soil grains. Comparethti of water, the soil grain is assumed
incompressible. So Equation (2.84) reduces to:
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By using Equation (2.80), Equation (2.82) can lpFaduced.

From the measured parameters of Yoshimi, the Yaumgidulus and the Poisson ratio can be
determined a€£=1.662< 18 Pay =0.0¢. These values will then be used for the calcutatib
the theoretical analysis and numerical simulatfoone-element model is used to simulate the
undrained problem, and then the Skempton parameterscalculated for different water
saturation when the absolute pore-pressures aativ@8kPa. The calculated B-values are
presented in Figure 2.10 in circles. It can be plegkthat, the numerical simulation agrees well
with the theoretical results. This result conséitud good example of validation of the program.

However, a crucial disadvantage of using either Skempton coefficient or the saturation

degree is that it is practically impossible to nionthese quantities in soil deposits in the field.
Tsukamoto et al. (2002) and Yang (2002) suggesiedde of the propagation velocity of shear
wave and longitudinal wave as an indicator of tegrde of saturation. Tsukamoto et al. (2002)
indicate that the velocity of P-wave tends to iase from about 500m/s to about 1800m/s
when the B-value increase form near zero to 0.9Besponding respectively to the water

saturation about 90% and 100%.

2.12. Conclusion

This chapter presented the formulation and valiadf a numerical model for unsaturated
sandy soils. The model is based upon the follovesgumptions: the equality of the pore-air
pressure and the pore-water pressure; no dissolafipore-air into pore-water; null air flux ,
etc..

The numerical model was implemented in a finitemsat program which can deal with
coupled problems under seismic loadings. The madsl validated on some examples. The
first example concerned the 1-D consolidation pFobl The second example concerned the
constitutive equations. The two validation examps®wed that the program correctly
reproduced the analytical results. The applicatiample illustrated the good implementation
of the model in the code.
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Analysis of the bulk modulus of the water-air mpa@nd the Skempton coefficient showed the
importance of the variation of the compressibibfythe pore fluids under partially saturated
conditions. They also serve as the validation exesngf the model.

In all examples, elastic model is used for soitsthe next chapter, elasto-plastic constitutive
model will be presented. The numerical model wél dsed to study the influence of water
saturation on the dynamic response of sandy gmlsicular to the liquefaction potential.
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Chapter 3: Influence of water saturation on liqaaém

3.1. Introduction

This chapter includes an application of the prodasedel on the analysis of the influence of
water saturation on the soil liquefaction. Firsiéyy elasto-plastic constitutive model for the
sandy soils under both monotonic and cyclic loasliwgl be presented and then implanted in
the numerical model proposed in Chapter 2. Thamgsnumerical simulations of triaxial tests
with different water contents will be simulated ander to illustrate the influence of water
saturation on the mechanical behaviour of partigiyurated loose sand. Moreover, the
influence of water saturation on the free filedp@sse is also investigated using the proposed
model. In addition, some key factors on the laygudfaction will be analysed, namely: the
water saturation, the permeability and the reladigasity. Finally, the experiments conducted
by Yegian (2007) will be discussed.

3.2.  Constitutive equation for Sandy soils

MODSOL is a constitutive equation which capturesriain features of sandy soils under both
monotonic and cyclic loadings. It is developed MILL (Laboratory of Mechanics of Lille). At
the beginning, Chehade and Shahrour, based onvaltiser of experimental results and
plasticity framework, proposed a simple constitetaguation for sandy soils under monotonic
loading (Chehade, 1991; Shahrour and Chehade, 1993 constitutive equation was
extended to cyclic loading conditions by Khoshrayaf95), and introduced into the finite
element calculation code PECPLAS. This model wébreded using the experiments realized
in centrifuge within the projects VELCAS (Verificah of liquefaction analysis by centrifuge
studies). Later this model was used by Ousta amshi®ur (1998, 2001) to study the
mechanical behaviour of micro-piles under seismading; and by Khoshnoudian (1999) to
study the behaviour of tunnels under seismic lagadlie application showed that, this model
is capable in capturing well the behaviour of gtansoils. This model is based on the
concept of effective stresses, so it could be yagigrated into the numerical model presented
in Chapter 2.

3.2.1. Elastic part

The elastic part of the model is nonlinear. Theasheodulus and the bulk modulus are function
of stresses, as follows:

K = Ko(Fp)“A( pa); G= c%(?p)“ (3.1)
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Where p,is the reference pressurdl is the parameter which controls the variation eflilk
and shear moduli. Whilep and gare the mean stress and the deviatoric stressciesgg.
K,andG,are the bulk and shear moduli at the referencesprep, . They can be derived from
the drained Young’'s modulus and drained Poissoo asat

KO = i; GO = EO (32)
31-2) 21+ v, )

The functionA( p, q) is defined as:

— _1 1_Vo EN N
Alp. =1 9-(—1_ 2VO)-N-(ID) } (3.3)

If the functionA( p, g) is unit, constant Poisson ratio will be assumedhécalculation code,
the drained Young’s modulus and drained Poissao ease used. They are derived from the
bulk and shear moduli as:

£ = KBy | _3K= 26

= SRV (3.4)
3K, +G, 6K, + 2G,

3.2.2. The Monotonic part

The constitutive model includes two loading suraas illustrated in Figure 3.1 and Figure 3.2.
The first one is called the limit surface (représeghe monotonic loading surface); while the
second is the cyclic loading surface (describescttolic behaviour). The monotonic loading

surface is defined by:

fn=a-MpR, (3.5)

The hardening functioR, expressed as:

R,=—‘e (3.6)

b+e&)

In whichbis a constitutive parametek)is the plastic deviatoric deformatioM, takes
into consideration the second principal stresgraposed by Zienkiewicz and Pande (1977):

6sing

= -7 3.7
" 3-sing sin® 3.7

@ is the internal friction angled is the Lode’s angle:
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(3.8)

3J;

6?=Earcsin6 33 =)
3 23,)

J, andJ, are the second and third invariants of the dewsttesses tensor, respectively. The
monotonic loading surface described by EquatioB)(& an open cone in stress space. This
does not exactly represent the laboratory obsemvsthowever, our interests focus on the shear

deformation caused by the seismic or cyclic loasling

Limit surface

— e = e =
| e e e e e o
i L S ——

Sy
-
-

Figure 3.1: The limit surface, characteristic lineand elastic domain of proposed model

The non-associate plastic flow is used; the plasitential is given directly as:

G _ EXPCAEd) )y _ 9y

% Mp P (3.9)
9 1

9 M.p

a,is the model parameter, which controls the ratelilatation. It is worth to indicate that
whena, equal to zero, the plastic potential of Cam-Clay réproduced. The use of
parameten,, is to eliminate the volumetric deformation whde tcritical state is arrived.

Another variable M is expressed similar to thatMf, in Equation (3.7), as:

= bsing,, (3.10)
3-sing, sin¥
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¢., is the characteristic angle, which is relatech® “characteristic state line” or the “line of
phase transformation”, which corresponds to thesiteon between the contracting and dilating
phases.

3.2.3. The Cyclic part

A first step towards modelling cyclic behavioursainds is to understand what happens during
unloading and reloading. Concerning the former,résponse is characterized elastic in most
classical plasticity models. The cyclic loadingfaae is applied to simulate the unloading and
reloading behaviour until the monotonic loadingface is reactive.

The cyclic loading surface is a cone in the stegsxce, as illustrated in Figure 3.2 and Figure
3.3. lIts axis, which has been defined by the nbmed tensor; , turns with the process of
loading. In the same time, its radius could chafge. cyclic loading surface is defined by the
following function:

fc :qI - Fi F% (311)
With:
=33 b=a-
I — - E4o

R.is used to describe the isotropic hardening otyudic loading surface, which defining the
radius of the cyclic loading surface, amgl.is the plastic deviatoric deformation associated
with the cyclic loading, which should be initialdat each inversion of loading directiodj.is

the equivalent deviator stresses tensgrand ' are the equivalent mean stress and deviator
stress, respectively, similar tp, gin the limit surface.
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Figure 3.2: Limit surface and Cyclic loading surfae
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Figure 3.3: Evolution of the cyclic loading surface
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The unit tensam; represents the axis of the cyclic loading surfacdlastrated in Figure 3.2
and Figure 3.3. Its evolution is defined as:
oa; = ANH;

3.12
Hij :Cc(l_AF)F%$ ( )

Where J is the plastic multiplier. The model parame&eontrols the kinetic of the cyclic
loading surface axis. The two variablésand F are calculated as:

A=1 if 5520
A=-1 if 5¢<0 (3.13)

q \
F= F<1
M; PR,

The evolution of the cyclic loading surface is $ltated in Figure 3.3.

A non associated plastic potential is used forcgratic surface. The plastic potential is given as

follows:
_ p i
it Yngg >0 9% - BXPCALG), Gy, 3 S
do, o, 3M, p P 2Mipq
(3.14)
P i
f gy, <o 29 - BEXRCAS )(Mc-g\ﬁz)% oSty
do, Glep 3M, p p 2M,p \/T'Z
With B=exp(-h.|el|), &"is the plastic volumetric deformatiorn, is used to control the

plastic deformation due to cyclic loading.

One of the key points in this model is to determimgch loading surface should be used during
the loading process. The criterion is defined dsvic: firstly, the loading process is checked
with the monotonic loading surface, in the evenardbading, the current active loading surface
(monotonic loading surface) is memorized and a lo@ding surface (cyclic loading surface) is
initialized and activated. During the loading pregeat each loading increment, we check the
monotonic loading surface. If this surface is clegtlas active, the cyclic loading surface is
deactivated; the behaviour is controlled by the atonic loading surface.

At each inverse in loading direction, the cycliading surface should be initialized. In the
stress space, the pofdts considered as a reference point (origin). Atrttwanent of discharge,
the stress is at poiM located at the monotonic loading surface; the stressor then can be
represented by the vecOM . It is supposed that, each cyclic loading surfath the same
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initial radiusR,, . So the vector, which represents the axis of #ve eyclic loading surface, can
be represented by:

OC=OM-n R, (3.15)
Where n; is the unit normal tensor of the monotonic loadsgface at the point of unloading;
it can be calculated as:

o = Oy O O,

= )08 (3.16)
! dg; 09, 90,

After normalization of the axis tensor, the unitder a; is given:

oC
a. =—

i T == (317)
OoC

There are nine parameters for the constitutive s the drained Young’s modulkg, the
drained Poisson rati@,, the nonlinear elastic paramekér the internal friction anglg¢, the
characteristic anglg,,, the hardening parametey the model parametey, and two cyclic
parameters,, b.. The first seven parameters are used to destrb@onotonic behaviour, they
can be determined from standard triaxial tests|eathie two latter should be determined from
the cyclic triaxial tests. The method and procedoireletermining the model parameters can be
founded in the dissertations of Chehade (1991) Khdshravan (1995). The model was
implemented in the proposed numerical model fotigllyr saturated sandy soils.

3.3. Influence of water saturation on monotonic behawour

We consider a loose sand specimen, with differahtes of initial water saturatiorg(, = 100%,
99%, 95% and 90%). The monotonic loading is col@doby the axial deformation. The
amplitude of the deformation is controlled as +10%e initial pore pressure is supposed as
zero (measured pressure). The confining pressu8®kPa. The tests are conducted under
undrained conditions.

It should be mentioned here, for the fully satulatase, the formulation of the proposed model
reduces to that of Zienkiwicz; the bulk modulusvedter is 100MPa, while for partially
saturated cases, the proposed model is used, ahdithmodulus for water is 2.23GPa, which
means the use of pure saturated water.

The nine model parameters of MODSOL are listedahl& 3.1, which are adopted from Ousta
(1998) for loose sand.
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Table 3.1: Model parameters for sandy soils (Oustd,998

1 2 3 4 5 6 7 8 9
EO VO N w ¢cv b aO Cc bc
100kPa ° ° 1/100kPja °
200 0.3 0.5 33 30 0.001 172 0.00% 500

The numerical simulations are presented in Figue B can be seen that, the initial water
saturation has a significant influence on the raspmf sandy soils. For the fully saturated case,
the deviator stress has a plate, that corresponditige transition from contraction to dilation
phase. With the decrease in initial water satunatiuis plate firstly reduces and then disappears.
This corresponds to the effective stresses pédiigimre 3.4 (b). All these changes are due to the
generation of the pore pressure as illustratedignré 3.4 (c). Because the specimens have
different initial water saturations, the fluid mixe has different compressibilities. Under the
same excitation the rate of the pore-water preggemeration is different. With more air (lower
water saturation), the fluid has greater comprdggiband consequently lower rate of excess
pore pressure generation.

For saturated case under undrained conditionsydhenetric strain is assumed as zero. This,
however, is not exact. The excess pore-water pressgenerated from the contraction of the
pore space. As the bulk modulus of the pore-waterelatively high, so the volumetric
deformation is relatively small; sometimes, itasssnall that it is difficult to measure. However,
for partially saturated cases, the bulk modulughef water-air mixture is relatively small
comparing with that of saturated case. As a corearp) greater deformation is needed for the
excess pore pressure generation. The volumetriordation vs. the axial deformation for
different water saturation under undrained conditgopresented in Figure 3.4(d). Comparing
Figure 3.4(d) and Figure 3.4(c), it can be obsetlatlthe trends are different. For example: the
smaller the volumetric deformation, the greatergkeess pore pressure, this is the case of fully
saturated.

It also can be observed that the contraction-dilebehaviour of the sand is not changed. All
the specimens, either fully saturated or partiagturated, exhibit a contracting-dilating
behaviour. However, for partially saturated caiseeeds more excitation to reach the phase
transition. It can be seen from Figure 3.4(d) thataxial strain at peak value of the volumetric
strain increases with the decrease in water saiorat
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Figure 3.4 (a): Influence of initial water saturation on the undrained response of loose sand
In the (& —q) plane
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Figure 3.4 (b): Influence of initial water saturation on the undrained response of loose sand
Inthe (p' —q) plane
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Figure 3.4 (c): Influence of initial water saturation on the undrained response of loose sand

In the (& — p,,) plane
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Figure 3.4 (d): Influence of initial water saturation on the undrained response of loose sand
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3.4. Influence of water saturation on cyclic behaviou

The undrained cyclic triaxial tests have been satea using the parameters of Table 3.1 under
the following conditions: confining pressure 80kMtjal pore pressurep,,, =0. The Loading

is controlled by the axial deformation, the amplguof the deformation varies between -1%
and +1%. Simulations are carried out for 4 diff¢iaitial water saturations§, = 100%, 99%,
95% and 90%).

Figure 3.5 presents the deviator stress vs. thal adformation, for the different water
saturations. It shows that the decrease in initi@ler saturation, leads to an increase in the
liquefaction resistance. For fully saturated spetimthe initial liquefaction occurs after 3
cycles, while for Sw=99%, the liquefaction occufteia4 cycles. And for the sandy soils with
low water saturationsS, =95% and S, =90%, the liquefaction occurs after 7 and 12 cycles,
respectively.

Figure 3.6 presents the evolution of the pore-watesssure vs. the axial deformation for
different initial water saturations. It can be abeel that the decrease in the initial water
saturation leads to a decrease in excess poredpeegsneration rate. For example, after one
cycle, the increments in pore pressure are 70K & 38kPa and 21kPa f&, = 100%, 99%,
95% and 90%, respectively.

These examples show that the initial water satmatias a significant influence on the soil

liguefaction: the increase in water content wiltelerate the liquefaction processes. This
result agrees well with the laboratory observati@@suferra, 2000; Arab, 2007). So the

response of partially saturated sandy soils is preltlicated by the proposed model.
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Figure 3.5 (a): Influence of initial water saturation on the cyclic response of undrained loose sand
in (& —q) plan (Sw=100%

80 qkpa) Sw=0.99

70 r
60 -

50 r

30

20 r

a PaNP-V-V-Y PPV

-06% BAA%C BAA%Y =U.OUH =U.UUZ
/ -
————————

-20

0.006 0.008 .01 0 0.012

30 -

Figure 3.5 (b): Influence of initial water saturation on the cyclic response of undrained loose sand
in (& —q) plan (Sw=99%)
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Figure 3.5 (c): Influence of initial water saturation on the cyclic response of undrained loose sand
in (& —q) plan (Sw=95%)
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Figure 3.5 (d): Influence of initial water saturation on the cyclic response of undrained loose sand
in (& —q) plan (Sw=90%)
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Figure 3.6 (a): Influence of initial water saturation on the cyclic response of undrained loose sand
in (& —p,) plan (Sw=100%
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Figure 3.6 (b): Influence of &, —qinitial water saturation on the cyclic response ofindrained
loose sand in € — p,,) plan (Sw=99%)
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Figure 3.6 (c): Influence of initial water saturation on the cyclic response of undrained loose sand
in (& —p,) plan (Sw=95%)
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Figure 3.6 (d): Influence of initial water saturation on the cyclic response of undrained loose sand
in (& —p,) plan (Sw=90%)
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3.5.  Free filed response of liquefiable layer

The precedent sections showed that the decreasater content in sandy soils leads to a
reduction in the generation of excess pore-watesqure and in the liquefaction risk. In this
section, the influence of water saturation on thee ffiled response is investigated. The
geometry of the layer is shown in Figure 3.7. Tragentable is at the top of the soil column.
The initial water saturation is supposed unifornmeTooundary conditions are defined as

following:
» At the base of soil column, the vertical displacamis blocked, and it is
impermeable;
» At the lateral boundaries, the equivalent displaas@nand pore pressure are
imposed,;

* At the top of the soil layer, null water presswgapplied, and it is permeable.
The soil used is Nevada sand. The physical pragsedf this sand are extracted from the
VELCAS experiment report (Arulmoli et al., 1992)hdy are listed in Table 3.2. Different
densities are also taken into consideration (tlsive densityl,=0.4 and|,=0.6). The void
ratio, porosity, density and permeability are lisie Table 3.2(b).
P =0

w

y(x=0)=Uy(x=1)
Us(x=0)=Ux(x=1{)

H=30m R(x=0)=F, (x=1i)

F AT & o
U, =U,qo8m(wi)
N ! J

X

Figure 3.7: Geometry of the liquefiable free filedNevada sand)
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Table 3.2 (a): Material Properties of Nevada sandXrulmoli et al., 1992)
Gs emin Qﬂax rd min rd min

KN/m® | kN/m®
2.67 0.511| 0.887 13.87 17.33

Table 3.2 (b): Material Properties of Nevada sandArulmoli et al., 1992)

L4 € n My l'saw K Py
kKN/m® | kN/m® m/s kg/m®
0.4 0.736 0.42 15.08 19.20| 6.6x 10° 1540

06 | 0.661] 040 | 1576 19.68| 5gx10° | 1610

The model parameters of the Nevada sand for MOD&®@te determined by Khoshravan
(1995) to simulate the centrifuge tests of VELCASey are listed in Table 3.3.

Table 3.3: Model Parameters of Nevada sand ( =0.4) for MODSOL
(Khoshravan, 1995)

1 2 3 4 5 6 7 8 9

EO VO N 40 ¢cv b aO Cc bc
100kPa ° ° 1/100kPja °
450 0.23| 05| 34.8 30.5 0.00094 8 0.024 100

Table 3.4: Model Parameters Nevada sand ( =0.6) for MODSOL
(Khoshravan, 1995)

1 2 3 4 5 6 7 8 9

EO VO N w ¢CV b ao CC bC
100kPa ° ° 1/100kP@a °
650 0.24| 0.5 36/ 33.2 0.00017 5 0.05 100

The height of the soil column is equal to 30metéhe mesh should be chosen according to the
material and loading properties as:

A
| oy S
max 6~8

(3.18)

In which, I, is the maximum length of the element in the wawangmission direction,
while A is the wave length, it is calculated as:

A= (3.19)

max

V,is the wave transmission velocity. In our caseisithe shear wave velocity, which is
calculated asv, =/G/ p, and f__ is the maximum frequency concerned.

The water saturation varies & =100%, 99%, 95% and 90%. For unsaturated case, the
density of soil, because of the presence of aili décrease with the decrease in water
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saturation, it should be calculated @S, aea= P grain ~ 1L+ A DS, A uniform water
saturation distribution is assumed. Theoreticdllis could exist in the reality, as reported by
Okamura et al. (2006).

The loads frequency is equal to 2Hz and its anghitisti, = 0.25g. It is applied at the base of
the soil column during 5s. The time step is alsosen according to the wave transmission
velocity and the meshit =0.00kwas used here.

The problem considered is nonlinear; the initiasbstes may have a great influence on the
numerical results. The initial stress used is dutaé gravity action.

3.5.1 Response of free filed ;=0.4)

Firstly, the results of relative density, =0.4 are presented. Figure 3.8 presents the dititsib

of the excess pore pressure at different time ifferént initial water saturations. The
pore-pressure is normalised by the initial effexgWresses; while the depth is normalised by the
total height of the soil column. Figure 3.8 (egg®nts the distribution of the maximum excess
pore pressure for the different values of theahitrater saturation.

tr Sw=1.00
Z/H ]
I e X- - X
><><-><><><><"X"X X - X
XXX )
AAATH i ‘
aAETE 5B ;
A A-A-A . o i I
AAA & 500 .
ABE geEE .
A o = 60 :
©
Ke) .
0© . :
A t=2s :
--8--t=3s .
t=4s :
--O--t=bs :
‘ APw/g' :
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 3.8 (a): Influence of water saturation on tle distribution of excess pore-pressure
(Nevada sand | ;=0.4) (Sw=100%)
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Figure 3.8 (b): Influence of water saturation on tte distribution of excess pore-pressure
(Nevada sand | ;=0.4) (Sw=99%)
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Figure 3.8 (c): Influence of water saturation on tle distribution of excess pore-pressure
(Nevada sand | ;=0.4) (Sw=95%)
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Figure 3.8 (d): Influence of water saturation on tte distribution of excess pore-pressure (Nevada

sand |,=0.4) (Sw=90%)
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Figure 3.8 (e): Influence of water saturation on tke distribution of excess pore-pressure
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From Figure 3.8, we can see that the variatioh@ftater saturation has a significant influence
on the excess pore-water pressure generation. tidéthecrease in the initial water saturation,
the generation of excess pore pressure decreamkethearisk of liquefaction will be reduced.
When the water saturation is less then 0.90, theefaction could not occur.

Figure 3.8 (e) illustrates the distribution of theximum generated excess pore-water pressure
for the different initial water saturations. It che seen that with the decrease in the water
saturation, the liquefaction zone will decreaser Ewample, for fully saturated case, the
liquefaction zone concerns about 20% of the lalyethe case of water saturatidg), = 99%,

the liquefaction zone is reduced to 10%. The ligagbn resistance of partially saturated soil is
greater than that of saturated soil. For instamtethe depthZ =0.6H, the ratio excess
pore-water pressure to effective stresses is dbdgf while this ratio decreases to 0.25, 0.1 and
0.05 for the initial water saturatio, =99%, 95% and 90% respectively.

In order to well explain the effects of water sation, we give the excess pore pressure
generation history of Node37 (Z=25m) in Figure &6r the fully saturated case, at time about
2.66s, the excess pore-pressure is equal to ttial ieffective stresses (liquefaction occurs),

while for the partially saturated cases, theraifiquefaction. The effect of the water saturation

is demonstrated by the slope in Figure 3.9, thpestbecreases with the decrease in the initial
water saturation. This conclusion is confirmedhmyitesults at deeper point in the soil layer, the
history of Node73 (Z=15m), (Figure 3.10). It can $®en that the presence of gas in the
pore-water reduces the excess pore-water generatienncrease in the amount of gas in soil
voids leads to a reduction in the excess pore preggneration.

It is of interest to remark that, in Figure 3.8tle top the soil column the excess pore pressure,
some times is greater than the initial confininggsure. This could be due to the very low value
of the effective stresses.

Figure 3.11 gives the distribution of the vertid@placement for the different values of the
initial water saturation. Figure 3.12 gives thetdmg of the settlements at the top of soil layer
for different values of the initial water saturatid-or the fully saturated case (Figure 3.11 a) in
the zone of liquefaction, the settlement seemstgrelaan that of other regions. However, for
partially saturated case, the distribution of setéént seems more uniform. In Figure 3.12, it
could be observed that the influence of the initiater saturation is very significant. It seems
that, for partially saturated cases, the settlemarg greater than that of fully saturated case.
And the settlement increases with the decreaseimitial water saturation. This is because the
pore fluid for partially saturated cases has greatenpressibility than that of fully saturated
case. The settlement is mainly caused by two factine compressibility of both the soil
skeleton and pore fluid and the permeability. Tang tases have the same permeability, so the
settlement is caused by the compressibility of fthiel, because the soil grain is supposed
incompressible. This has been confirmed by the rexgatal results of Sawada et al. (2006).
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Figure 3.9: History of the excess pore-water pressel at Node37 (Z=25m) for different initial
water saturations (S, =100%, 99%, 95% and 90%) (Nevada sandl ;=0.4)
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Figure 3.10: History of the excess pore-water presee at Node73 (Z=15m) for different initial
water saturations (S, = 100%, 99%, 95% and 90%) (Nevada sandl ;=0.4)
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Figure 3.11 (a): Variation of the vertical displacenent (S, =100%, Nevada sandl ;,=0.4)
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Figure 3.11 (b): Variation of the vertical displacenent (S, =99%, Nevada sand|
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Figure 3.11 (c): Variation of the vertical displacenent (S, =95%, Nevada sand|,=0.4)
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Figure 3.11 (d): Variation of the vertical displacenent (S, =90%, Nevada sand|  =0.4)
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Figure 3.12: Influence of the initial water saturaton on the column settlement
(S, =100%, 99%, 95% and 90%) (Nevada sandl ,=0.4)

3.5.2 Influence of the permeability

Note that the settlement is controlled by the casgibility of both the soil skeleton and the
pore fluid, as well as the permeability. In thigtp#he influence of the permeability will be
analysed. For the fully saturated case, four dfiepermeabilities (k=1K0, 10K0, 100K0 and
1000KO0, where KO is the permeability of Nevada seitth the relative densityl ,=0.4, see
Table 3.4) are used to study the influence of pabitiéy on the free filed response.

(A) Saturated soill

The results are presented in Figures 3.13 and BHetdistributions of the excess pore pressure
for different permeabilities are presented in Feg8rl3. With the increase in the permeability,
the liquefaction zone decreases. For the case k&10i€ liquefaction zone is reduced by
comparing with the case k=KO (Figure 3.8a). Fordase k=100KO0, the liquefaction zone is
greatly reduced; the liquefaction zone is very $nfdie location of liquefaction zone varies
with time. When the permeability attains 1000KO0 ligoefaction occurs. This is because: the
increase in permeability increases the dissipatfdhe excess pore pressure and the outflow of

pore-water.

© 2008 Tous droits réservés.

http://www.univ-lille1.fr/bustl



Thése de Hanbing Bian, Lille 1, 2007
Chapter 3: Influence of water saturation on liquefaction

Sw=1.00 10K0
LG 1

1r X---%
“r St Ao SRR A R X x
XXX
xxxxxxx PRYNRR -
A A—-A-'A"A o8- =3
a-bbl 288 1S
A-A'AA g-28 B p 6--0-© '
AAAB -2H o -0 ©® '
& o X
A - 1
AK =B
2887 Xch .
g © '
) '
@ L]
© % t=1s ,
A-- =28 '
8--1t=3s '
t=4s :
O--1t=5s :
‘APw/o' :
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 3.13 (a): Variation of the excess pore-watgsressure
S, =100%, k=10KO (Nevada sandl ;=0.4)
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Figure 3.13 (b): Variation of the excess pore-watgoressure
S,=100%, k=100K0 (Nevada sandl ;=0.4)
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Figure 3.13 (c): Variation of the excess pore-watguressure
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Figure 3.14: Influence of permeability on the setdment of the soil layer
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Figure 3.15: Influence of permeability on the geneation of excess pore pressure
(fully saturated Nevada sand | ;=0.4)

Figure 3.14 presents the settlement at the topibéalumn for different values of permeability.
Due to a greater value of the permeability, moreepeater flow out the column. As a result,
greater settlement occurs. Generally, the in-digeovations of the liquefaction zone show that
more important settlement is generated in liqu&factone than that of non liquefied area. This
is because the settlements observed are thosetladtetissipation of excess pore pressure.
Before the dissipation of the excess pore pressueggesults in Figure 3.12 are reasonable.

Figure 3.15 presents the history of the normalesezkss pore pressure in Node37 (Z=25m). It
shows that the increase in the permeability leada tlecrease in the excess pore pressure
generation rate.

(B) Unsaturated soil

The numerical simulation results for the soil layeth S, =90% are illustrated in Figures
3.16-3.18. Figure 3.16 gives the distribution s maximum excess pore. It shows that, the
increase in the soil permeability for partially wated sand has lower influence on the
generation of the excess pore pressure. The decieathe permeability does not have a
significant influence on settlement (Figure 3.17).

This section presents the influence of a decreatieei soil permeability for partially saturated
case §,=90%. The values of the permeability are k=1.0KAQ,KO, 0.01KO and 0.001KO.
Generally, under partially saturated condition,ittfeience of permeability is smaller than that
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of the fully saturated case, as illustrated in Fegl.12. Figure 3.19 gives the distribution of
the maximum excess pore pressure. Figure 3.20 shimsvgeneration of the excess pore
pressure. It seems that, the variation of permialiar partially saturated sand soils has little
influence on the generation of excess pore presasreell as on the settlement of soil layer
(Figure 3.21). This is due to the high compresisjoof the pore-fluid in partially saturated
soils.

Profile of Excess Pore water pressure
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Figure 3.16: Influence of soil permeability on thenaximum excess pore-water pressure
distribution (Nevada sand |,=0.4 §,=90%)
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Figure 3.18: Influence of soil permeability on theexcess pore pressure generation
(Nevada sand | =0.4 S, =90%)
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Figure 3.19: Influence of soil permeability on theanaximum excess pore-water pressure
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Figure 3.20: Influence of soil permeability on theexcess pore-water pressure generation
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Figure 3.21: Influence of soil permeability on thesettlement
(Nevada sand|,=0.4 S, =90%)

3.5.3 Influence of the relative density

One of the main soil improvements against liquédactoncerns the soil densification. So the
relative density is an important factor for thaukdaction of granular materials. In this section,
the influence of relative density on the solil liGaction will be analysed.

With the increase in relative density, the porgsibe void ratio and the permeability will
decrease. As indicates in Table 3.3, fqr0.4, the porosity is 0.42, the void ratio is 0..7&6d

the permeability i6.6x 10° m/s; while for 1,=0.6, the porosity decreases to 0.4, and void
ratio to 0.661, the permeability beconte6x10° m/s. For higher relative density, the
distribution of the pores is more favourable fotrapping air. We consider four cases including
one fully saturated case and three unsaturated eagethe initial water saturation§(=99%,
95% and 90%). The numerical results are presentegyures 3.22-3.24. Figure 3.22 gives the
maximum excess pore pressure distributions. Fig§ut@ presents the settlement at the top of
soil column. Figure 3.24 gives the history of the&ess pore pressure at Node37 (Z=25m).
Comparing these results to thoselgE0.4, shows that the increase in the relative dgtesads

to a decrease in the liquefaction zone. In fultyssted case, the liquefaction zone 1Qr=0.4
concerns 20% of the layer, while fdf=0.6, the liquefaction zone concerns only 7%; the
liquefaction zone has been greatly reduced. Tiiesent at the top of the soil column
decreases too. For unsaturated case with waterasatuS, =90%, whenl =0.4, the total
settlement is equal to 0.035m, while foy=0.6, the final settlement is equal to 0.01m. The
excess pore pressure generation rate decreasesheiincrease in the relative density. At
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Node37 (Z=25m) forl

attains 0.38.

=0.4, the liquefaction occurs, while fd=0.6, the ratioAp, / o,

Profile of Excess Pore water pressure (1d=0.6)
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Figure 3.22: Influence of initial water saturationon the distribution of maximum excess

pore-water pressure (Nevada sand ;=0.6)
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Figure 3.23: Influence of initial water saturationon the settlement
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Figure 3.24: Influence of initial water saturationon the generation of the excess pore pressure
(Nevada sand | ;=0.6)

3.6.  Discussion on the tests of Yegian et al. (2007)

The water saturation has a great influence ondteesistance to liquefaction. As illustrated by
the examples in the section precedent. Some oligersaconfirm the numerical results.
However, few in-situ data can be found to verifg flact. In recent years, we realise that partial
saturation could be an effective liquefaction natign methods. Some pioneers started
experimental researches to simulate the in-sitadhya response, such as Yegian et al. (2007).
In the following, we present the tests and thealgse using the numerical method.

3.6.1 Introduction of experiment

The tests haven been conducted in Northeasterretsiiy in Boston (USA). A special flexible
liquefaction box (Figure 3.25) was designed. A ibsand specimen in the box is subjected to a
cyclic simple shear generated by a shaking tabtatagion at the bottom of the box. The
liquefaction box is designed by considering strenfiexibility and workability, allowing: the
preparation of loose saturated sand specimen;dimttaon of gas into the specimen; the
measurement and detection of gas using cross-aadirr This apparatus allows conducting
cyclic strain-controlled tests with pore-water m@® measurements to evaluate the effect of
partial saturation on liquefaction potential.
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The liquefaction box provided the ability to sultjacsoil specimen to controlled shear strains at
different frequencies, induced by the shaking tablgure 3.25 shows the dimensions and
details of the box. The box walls and base are méaédexiglas material. Two sides of the box
are designed to rotate about their bottom edgehendther two sides are fixed to the base of the
box, which in turn is fixed on the shaking tabl&eTtops of the two movable sides are joined
together at one end of an aluminium cross bar.other end of the cross bar is fixed to a steel
column in front of the shaking table. A special stoaction joint sealant is used as a flexible
watertight joint between the Plexiglas sides. Thalant is a strong adhesive and acts as a
flexible membrane allowing large deformations withoupture.

Fully saturated specimens are prepared by rainipgahd very slowly from a specific height
(20 cm distances above the water level) into agiegthined amount of water placed in the
liquefaction box. Tests are carried out with Ottas&ad, which is uniform sand with rounded
particle shape. Since saturation could not be obletr accurately by measuring the B value as
typically done in a triaxial cyclic test, the degref water saturation is calculated using phase
relationships. Partial saturation is induced bytetdysis or alternatively by drainage-recharge
of pore-water.

Flexible Sea}ant Cr-:::_s‘a Bar Plexiglass
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Ty e —_
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Figure 3.25 (a): Liquefaction box and setup for tsting of specimens partially saturated through
electrolysis (Yegian et al., 2007)
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Figure 3.26 (b): Effect of entrapped air on the esess pore-water pressure generation in the
partially saturated Ottawa sand specimen (Sw=0.963jprepared by drainage-recharge during
shear strain controlled cyclic test (Sample size:1ZZmx33cmx34cm) (Yegian et al., 2007)

3.6.2 Discussion

The experiments firstly simulate response of theitn response of partially saturated loose
sand, and give us some valuable suggestions.

The results of the cyclic tests on fully saturateattially saturated (induced by Electrolysis or
Drainage-Recharge) are presented in Figure 3.2 irfduced partially saturation will reduce
the excess pore-water pressure generation ratan Ilbe observed that the slopes of the curves
for fully saturated cases are sharper than thahséturated cases. This confirms the numerical
simulation results illustrated in Figures 3.9, 3.324.

The presence of gas in pore fluid reduces theafpore pressure generation, as shown by
Martin et al. (1978), Yoshimi (1989), Xia and H®@1), Bouferra (2000) and Arab (2007). As

a consequence, for nearly saturated case, thalpastturation will delay the liquefaction, but,

if there is sufficient excitation, the liquefactioould occur. However, no liquefaction has been
observed for partially saturated specimens, evethisaturationS, = 96.3%. The test results

for partially saturated cases are doubtable. Sinbdathat of fully saturated cases, the pore
pressure for partially saturated cases rapidlyesrat a peak value and then decrease. The peak
value, however, is far away from liquefaction. Toauld be due to the drainage conditions. As
indicated by the author “possible leakage may laeeirred along the top transducer cable”.
This also confirms the influence of the permeap#is discussed in section 3.61.
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The settlements of specimens after test are rehdotg without any comment. And among
three cases, only two of them: that prepared bydge-recharge and that of research on effect
of sand type are presented. It seems that thermsettit of fully saturated case is greater than that
of partially saturated case. The settlement wassared after the dissipation of the excess pore
pressure.

3.7. Conclusion

This chapter presented different applications efgloposed numerical model for unsaturated
sandy soils together with a cyclic elasto-plastanstitutive equation to analysis of the
influence of the water saturation, the permeabitityd the relative density on the soil
liquefaction.

In the first section, the influence of water satiora is studied. Results show that the water
saturation has an important influence on both mamotand cyclic behaviour of sandy soils
under undrained conditions. The decrease in thengaturation increases the compressibility
of the pore fluid, and reduces the excess porespregieneration rate. In addition, the analysis
of free filed response of a liquefiable soil lagtows that, the decrease in water saturation
mitigates the liquefaction. With the reduction hetinitial water saturation, the excess pore
pressure generation rate decreases. As a conseqtiemtiquefaction zone decreases.

The augmentation of the permeability increasesdtttlement and reduces the liquefaction risk
for both fully saturated and partially saturatedesa However, the effect for unsaturated cases
is less significant. For unsaturated case, theedserin the permeability has low influence on
the generation of the pore pressure and settleffikatincrease in relative density increases the
soil resistance to liquefaction. Finally, the esipents conducted by Yegian et al. (2007)
confirm the results of the proposed model.
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Liguefaction constitutes a major cause of damadeaded by moderate or large earthquakes.
Since the 1964 Niigata earthquake, intensive efftidve been made on the liquefaction
researches. However, most liquefaction researctees tased on fully saturated conditions.
The experimental observations indicated that ke Idecrease in water saturation results in a
significant increase in the liquefaction resistan@n the other hand, soils frequently

encountered in the geotechnical engineering aratureged. The liquefiable soil layers

located below the phreatic surface are not, asl assamed, fully saturated but in near-fully

saturated states. So it is necessary to study itheefaction under partially saturated

conditions.

This work includes thelevelopment of a numerical model for partially sated sandy soils
and its application to liquefaction. Based on ekpental observations, some reasonable
assumptions are taken: the pore-air pressure isleiguthe pore-water pressure; the
interaction between pore-air and pore-water is ewtgt; the pore-air flux is negligible.
Together with the formulation of Coussy, a numénmadel for partially saturated sandy soil
is established. The proposed model has a similan fms that of fully saturated cases. The
main difference lies in the Biot modulus, for thdly saturated soils, the Biot modulus is
constant; while for the partially saturated casles,Biot modulus depends on the pore-water
pressure, the water saturation and the porosithad) the proposed model can deal with both
saturated and unsaturated problems. In place o$ditevater characteristic curve, the idea
gas law and the null pore-air flux assumption wesed to determiner the water saturation in
the constitutive equations. This can be applicdott drained and undrained conditions.

Terzaghis’s 1-D consolidation problem is solvedluy proposed model. A good agreement is
obtained between the numerical and analytical tesAhalyses of the bulk modulus and the
Skempton coefficient confirm and verified the preed model. The laboratory observations
also confirm the results of the numerical model.

An elasto-plastic constitutive equation for gramutaterial under both monotonic and cyclic
loading conditions (MODSOL) is implanted in the posed model to study the influence of
water saturation on liquefaction. Numerical resahisw that the initial water saturation has a
great influence on both monotonic and cyclic resesnof loose sand. The decrease in water
saturation leads to an increase in the liquefagsistance. This result is due to the different
excess pore pressure generation rates which ateled by the initial water saturations (the
compressibility of the water-air mixture).
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Analysis of the free-field response of liquefialdandy soil layer under dynamic loading
shows that: the initial water saturation has aifigant influence on the layer liquefaction

resistance. The decrease in the initial water gatur can mitigate the liquefaction. With the
decrease in water saturation, the initial liquetacwill be delayed and the liquefaction zone
will be reduced. When the water saturation is lotixan certain value, the liquefaction can
not occur. However, the settlements at the topagér before the dissipation of the excess
pore pressure will increase with the decrease temgaturation.

The influences of the soil permeability and theatigk density on soil liquefaction are
presented. The permeability has a significant arite on the free filed response. The
increase in the permeability leads to a decreasiguefaction potential, and to an increase in
the settlement at the top of soil layer. Howevhg influence of permeability in partially
saturated sandy soils is less significant than fivatully saturated cases. The increase in the
relative density reduces the liquefaction potentald as well as the settlement of the soill
layer.

-100-

© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Hanbing Bian, Lille 1, 2007
Reference

Reference

Abaci S., Edwards J. S., 1992, Whittaker B. N.,aRe¢ permeability measurements for two
phase flow in unconsolidated sands, Mine Water thedenvironment, Vol. 11, No. 2, pp.
11-26.

Alonso E. E., Gens A., Hight D. W., 1987, Specisblgjem soils, General Rep. Proc., 9th
European Conference on Soil Mechanics and Foundgtgineering, Dublin, pp.1087-1146.

Alonso E. E., Gens A., Josa A., 1990, A constimitmodel for partially saturated soils,
Geotechnique, Vol. 40, No. 3, pp. 405-430.

Arab A., 2007, Comportement des sols sous chargemenotone et cyclique, These de
doctorat, Université des Sciences et Technolog@sad.

Arulmoli K., Muraleetharan K. K., Hossain M. M.,lgh L. S., 1992, VELACS Verification of
liquefaction analyses by centrifuge studies latlwyatesting program soil data report.

Bian H. B., Shahrour I., 2007, A numerical modeldgnamic response of unsaturated sands,
4th International Conference on Earthquake GeoieahBngineering, June 25-28.

Biot M. A., 1941, General theory of three dimensiboonsolidation, Journal of application
physic, Vol. 12, pp. 155-164.

Biot M. A., 1962, Mechanics of deformation and astonipropagation in porous dissipation
media, J. Acoust. Soc. of America, Vol. 34, pp.4-2264.

Biot M. A., 1956, Theory of propagation of elastiaves in a fluid saturated porous solid,
Journal of application physic, Vol. 28, pp. 168-191

Bird Juliet F., Bommer Julian J., 2004, Earthquidsses due to ground failure, Engineering
geology, Vol. 75, No. 2, pp. 147-179.

Bishop A. W., Blight G. E., 1963, Some aspectsffiative stress in saturated and unsaturated
soils, Geotechnique, Vol. 13, pp. 177-197.

Bishop A. W., 1959, The principle of effective stse Teknisk Ukeblad 39, 859-863.

Bouferra R., 2000, Etude en laboratoire de la hactéon des sols, These de doctorat,
Université des Sciences et Technologies de Lille.

Brennan A. J., Madabhushi S. P. G., 2006, Liquefaatemediation by vertical drains with
varying penetration depths, Soil dynamics and gagke engineering, Vol. 26, pp. 469-475.

-101-
© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Hanbing Bian, Lille 1, 2007
Reference

Chaney R. C., 1978, Saturation effects on theécgtiength of sands, Earthquake engineering
and soil dynamics, ASCE, Vol. 1, pp. 342-358.

Chehade W., 1991, Méthodologie pour la validatioes dnodeles des géomatériaux :
Application aux modeles élastoplastiques des 3biése de doctorat, Université des Sciences
et Technologies.

Coussy 0., 1991, Mécanique des milieux poreux.
Coussy 0., 2004, Poro mechanics, John-Wiley.

Dafalias Y. F., 1986, Bounding surface plasticity rmhathematical formulation and
hypoplasticity. Journal of Engineering Mechanic§GE 112 (9), pp. 966-987.

Dunn S. L., Vun P. L., Chan A. H. C., 2006, Damgadr S., Numerical modeling of
wave-induced liquefaction around pipelines, JounfalWaterway, Port, Coastal and Ocean
Engineering, Vol. 132, No. 4, pp. 276-288.

Elgamal A., Yang Z., Parra E., 2003, Modeling otlay mobility in saturated cohesionless
soils, International journal of plasticity, Vol. 189p. 883-905.

Elgamal et al.,, 2007, A review of lager-scale tegtfacilities in geotechnical earthquake
engineering, Earthquake geotechnical engineeridije& by Kyriazis D. Pitilaks, Springer.

Finn W. D. L., Lee K. W., Martin G. R., 1977, Anfedtive stress model for liquefaction. J.
Geotechnical Engineering Division, ASCE 103, pp-833.

Fredlund D. G., 1977, Morgenstern N. R., Strede stariables for unsaturated soils, ABB Rev,
Vol. 103 No. 5, pp. 447-466.

Fredlund D. G., 1993, Rahardjo H., Soil mechancsuhsaturated soils, John-Wiley.

Fredlund D. G., 2006, Unsaturated Soil MechanicsEmgineering Practice, Journal of
Geotechnical and Geoenvironmental Engineering ASQE,132, No. 3, pp. 286-321.

Fredlund D. G., 1994, Xing A., Equations for thel-sater characteristic curve, Canadian
Geotechnical Journal, Vol. 31, No. 3, pp. 521-532.

Gatmiri B., Delage P., Cerrolaza M., 1998, UDAMpAwerful finite element software for the
analysis of unsaturated porous media, Advancesgimeering software, Vol. 29, No. 1, pp.
29-34.

Goulding R. B., 2006, Tensile strength, shear gteand effective stress for unsaturated sand,
Dissertation of University of Missouri-Columbia.

-102-
© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Hanbing Bian, Lille 1, 2007
Reference

Harada N., Towhata I., Takatsu T., Tsunoda S., \68¥502006, Development of new drain
method for protection of existing pile foundatidram liquefaction effects, Soil dynamics and
earthquake engineering, Vol. 26, pp. 297-312.

Ishihara K., Tsukamoto Y., 2004a, Cyclic strengtimgperfectly saturated sands and analysis
of liquefaction, Proc. Japan Acad., 80, Ser. B3pp-391.

Ishihara K., Tsukamoto Y., Kamada K., 2004b, Unaedibehaviour of near-saturated sand in
cyclic and monotonic loading, Cyclic behaviour ddils and liquefaction phenomena,
Triantafyllidis, pp.27-39.

Jafari-Mehrabadi A., Abdi M. A., 2007, Popescu Raflmalysis of liquefaction susceptibility
of nearly saturated sands, International journal famerical and analytical methods in
geomechanics, Vol. 31, No. 5, pp. 691-714.

Jia'Y., 2006, Contribution a la modélisation thernyalro-mécanuqye des roches partiellement
saturées: application au stockage des déchetsariftp These de doctorat, Université des
Sciences et Technologies de Lille.

Kamata T., Tsukamoto Y., Tatsuoka F., IshiharaZ200Q7, Possibility of undrained flow in
suction-developed unsaturated sandy soils in #iabests, 4th International Conference on
Earthquake Geotechnical Engineering, June 25-28.

Khalili N., Geiser F., Blight G. E., 2004, Effecti\stress in unsaturated soils: review with new
evidence, International journal of geomechanicsCESVol. 4, No. 2.

Khalili N., Loret B., 2001, An elasto-plastic modelr nonisothermal analysis of flow and
deformation in unsaturated soils: Formulation. iméional Journal of Solids and Structure,
Vol. 38, pp. 8305-8330.

Khoshnoudian F., 1999, Etude du comportement degets sous chargement sismique, Thése
de doctorat, Ecole Central de Lille.

Khoshravan A. A., 1995, Problémes de sols saturas shargement dynamique : Modéle
cyclique pour les sols et validation sur des essaiscentrifugeuse, Thése de doctorat,
Université des Sciences et Technologies de Lille.

Kim T., 2001, Moisture-induced tensile strength awmthesion in sand, Ph. D. dissertation,
University of Colorado at Boulder.

Kokusho T., 2000, Correlation of pore-pressure Bwwavith P-wave velocity and Poisson’s
ratio for imperfectly saturated sand or gravel,ISaind Foundations, Vol. 40, No. 4, pp.
95-102.

-103-
© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Hanbing Bian, Lille 1, 2007
Reference

Kokusho T., Matsumoto M., 1999, Nonlinear site afigation in vertical array records during
Hyogo-ken Nanbu earthquake, Soils and Foundat®pscial Issue, No. 2, pp. 1-9.

Lewis R. W., Schrefler B. A., 1998, The finite elemt method in the static and dynamic
deformation and consolidation of porous media, Johiey.

Loret B., Khalili N., 2000, A three-Phase model fmrsaturated soils, International Journal for
Numerical and Analytical Methods in Geomechaniasl, ¥4, pp. 893-927.

Loret B., Khalili N., 2002, An effective stress sfi@-plastic model for unsaturated porous
media, Mechanics of Materials, Vol. 34, pp. 97-116.

Lu N., Wu B., Tan C. P., 2007, Tensile strengthrabteristics of unsaturated sands, Journal of
Geotechnical and Geoenvironmental Engineering.

Luckner L., van Genutchen M., Nielsen D. R., 198@onsistent set of parametric models for
the two-phase flow of immiscible fluids in the suldace, Water Resource Research, Vol. 25,
No. 10, pp. 2187-2193.

Martin G. R., Finn W. D. L., Seed H. B., 1978, Ete of system compliance on liquefaction
testes, Journal of the geotechnical engineeringidiv, Vol. 104, No. GT4.

Martin G. R., Finn W. D. L., Seed H. B., 1975, Fantentals of liquefaction under cyclic
loading, J. Geotech., Division ASCE, Vol. 101, pp3-438.

Matsushi Y., Matsukura Y., 2006, Cohesion of unsdtd residual soils as a function of
volumetric water content, Bull Eng Geol Env, Vob, ¢p. 449-455.

Nagao K., Azegami Y., Yamada S., Suemasa N., Kaftada007, A Micro-bubble injection
method for a countermeasure against liquefactiimiernational Conference on Earthquake
Geotechnical Engineering, June 25-28.

Okamura M., Ishihara M., Tamura K., 2006, Degresattiration and liquefaction resistances
of sand improved with sand compaction pile, Jougfajeotechnical and Geoenvironmental
engineering, ASCE, Vol. 132, No. 2, pp. 258-264.

Okamura M., Soga Y., 2006, Effects of fluid compibgity on liquefaction resistance of
partially saturated sand, Soils and Foundations48pNo.5, pp. 659-700.

Ousta R., Shahrour I., 2001, Three-dimensionalyaigbf the seismic behaviour of micropiles
used in the reinforcement of saturated soils,dnfor Numerical and Analytical Methods in
Geomechanics, No 25, pp. 183-196.

-104-
© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Hanbing Bian, Lille 1, 2007
Reference

Ousta R., 1998, Etude du comportement sismique ndiesopieux, These de doctorat,
Université des Sciences et Technologies de Lille.

Pastor M., Zienkiewicz O.C., 1986, A generalizeasfitity hierarchical model for sand under
monotonic and cyclic loading. In: Pande, G.N., Manpe, W.F. (Eds.), Proceedings, 2nd
International Conference on Numerical Models in @echanics. M. Jackson and Son, pp.
131-150.

Pastor M., Zienkiewicz O. C., Chan A. H. C., 196@@neralized plasticity and the modeling of
soil behaviour, International journal for numeriaald analytical methods in geomechanics, 14,
151-190.

Pietruszczak S., Pande G. N., 1996, Constitutivatioms for partially saturated soils
containing gas inclusions, Journal of geotechrecgiineering, Vol. 122, No. 1, pp. 50-58.

Sawada S., Tsukamoto Y., Ishihara K., 2006, Residiefarmation characteristics of partially
saturated sandy soils subjected to seismic exaitg8oil dynamics and earthquake engineering,
Vol. 26, pp. 175-182.

Shahrour 1., Chehade W., 1992, Development of atdative elastoplastic model for solls,
11th international congress on rheology, Bruxeledition P. Moldenaers and R. Keuning,
Elsevier.

Sheng Z. J., 1999, Theoretical soil mechanics, &katerpower Press.

Singh R., Roy D., Jain S. K., 2005, Analysis oftleadams affected by the 2001 Bhuj
Earthquake, Engineering Geology, Vol. 80, pp. 282:2

Sumer B. M., Truelsen C., Fredsoe J., 2006, Ligquefa around pipelines under waves,
Journal of Waterway, Port, Coastal and Ocean Eegimg, VVol. 132, No. 4, pp. 266-275.

Terzaghi K., 1936, The shearing resistance of atdrsoils and the angle between the planes
of shear, Proceedings of the 1st International €enice on Soil Mechanics and Foundation
Engineering, Vol. 1, 54-56.

Tsukamoto Y., Ishihara K., Nakazawa H., Kamada Kuang Y., 2002, Resistance of partly
saturated sand to liquefaction with reference tayiltudinal and shear wave velocities, Soils
and Founds, Vol. 42, No. 6, pp 93-104.

Tsukamoto Y., Kamata T., Tatsuoka F., Ishihara2QQ7, Undrained flow characteristics of
partially saturated sandy soils in triaxial test) International Conference on Earthquake
Geotechnical Engineering, June 25-28.

-105-
© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Hanbing Bian, Lille 1, 2007
Reference

Wang H. F., 2000, Theory of linear poroelasticitithwapplication to geomechanics and
hydrogeology.

Wroth C. P., Houlsby G. T., 1985, Soil mechanicsaperty characterization and analysis
procedure, Proceeding 11th ICSMEF.

Xia H., Hu T., 1991, Effects of saturation and bac&ssure on sand liquefaction. Journal of
Geotechnical Engineering, Vol. 117, No. 9, pp. 134362.

Yang D. Q., Sheng Z. J., 1992, Study on generakoedolidation theory of unsaturated soils,
the 7th International conference on Expansive sbiddlas, USA, Vol. 1, pp. 158-162.

Yang J., 2002, Liquefaction resistance of sancklation to P-wave velocity, Géotechnique,
Vol. 52, No. 4, pp. 295-298.

Yang J., Savidis S., Sato T., Li X. S., 2003, leflue of vertical acceleration on soil
liquefaction: New findings and implications, Prodew Soil and rock America 2003,
Cambridge, Mass, Vol.1.

Yang J., 2006, Frequency dependent amplificatiounshturated surface soil layer, Journal of
geotechnical and geoenvironmental engineering, 3322, No.4, pp. 526-531.

Yang J., 2001, Sato Tadanobu, Analytical study attimtion effects on seismic vertical
amplification of a soil layer, Géotechnique, Val, No. 2, pp. 161-165.

Yasuda S., 2007, Remediation methods against Bgtieh which can be applied to existing
structures, Earthquake geotechnical engineerinigeddy Kyriazis D. P., Springer.

Yegian M. K., Eseller-Bayat E., Alshawabkeh A., Sli, 2007, Induced-Partial saturation for
liuefaction mitigation: Experimental investigationJournal of geotechnical and
geoenvironmental engineering, ASCE, Vol. 133, Nqpt 372-380.

Yoshimi Y., Tanaka K., Tokimatsu K., 1989, Liqudiaa resistance of a partially saturated
sand, Soils and foundations, vol. 29, No. 3, pp-162.

Zienkiewicz O. C., Chan A. H. C., Pastor M., ScleeB. A., Shiomi T., 1999, Computational
Geomechanics with special reference to earthquagimeering, John-Wiley.

Zienkiewicz O. C., Chang C. T., Bettess P., 198firi®d, undrained, consolidating and
dynamic behaviour assumptions in soil, GéotechngfyeNo. 4, 385-395.

-106-
© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



Thése de Hanbing Bian, Lille 1, 2007
Reference

Zienkiewicz O. C., Pande G. N., 1977, Some usefuh$ of isotropic yield surfaces for soil
and rock mechanics, in finite elements in geomeckardited by G. Gallagher.

Zienkiewicz O. C., Shiomi T., 1984, Dynamic behawriof saturated porous media; the
generalized Biot formulation and its numerical ok, International journal for numerical and
analytical methods in geomechanics, Vol. 8, pp981-

-107-
© 2008 Tous droits réservés. http://www.univ-lille1.fr/bustl



	Title
	Table of content
	Résumé
	Abstract
	Introduction
	Chapter 1 : literature review : response of unsaturated soils toseismic loading
	1.1. Unsaturated soils
	1.2. Induced partial saturation
	1.3. Pore-water and pore-air interaction
	1.3.1. Pore-water
	1.3.2. Pore-air
	1.3.3. Water vapor in the air
	1.3.4. Air dissolved in water

	1.4. Degree of water saturation
	1.5. Soil suction
	1.6. Soil water characteristic curve
	1.7. Permeability and relative permeability
	1.8. Poro-Mechanics
	1.9. Effective stress concept
	1.10. Earthquake induced liquefaction
	1.11. Research on liquefaction
	1.12. Influence of the water saturation on liquefaction
	1.13. Liquefaction mitigation
	1.14. Conclusion

	Chapter 2 : numerical model for unsaturated sandy soils
	2.1. Introduction
	2.2. Theory of saturated Poro-Mechanics
	2.3. Theory of unsaturated Poro-Mechanics
	2.4. Assumptions for unsaturated sandy soils
	2.4.1. The soil suction
	2.4.2. The diffusion of air into water
	2.4.3. Air flux in partially saturated sandy soils
	2.4.4. Conclusion

	2.5. General equations for unsaturated sandy soils
	2.6. Variation of water saturation
	2.7. Finite element modelling
	2.8. The Newmark method
	2.9. Validation of the program
	2.9.1. 1-D consolidation problem
	2.9.2. Constitutive equation
	2.9.3. Application

	2.10. The compressibility of the water-air mixture
	2.11. The Skempton coefficient
	2.12. Conclusion

	Chapter 3 : influence of water saturation on liquefaction
	3.1. Introduction
	3.2. Constitutive equation for Sandy soils
	3.2.1. Elastic part
	3.2.2. The Monotonic part
	3.2.3. The Cyclic part

	3.3. Influence of water saturation on monotonic behaviour
	3.4. Influence of water saturation on cyclic behaviour
	3.5. Free filed response of liquefiable layer
	3.5.1 Response of free filed ( d I =0.4)
	3.5.2 Influence of the permeability
	3.5.3 Influence of the relative density

	3.6. Discussion on the tests of Yegian et al. (2007)
	3.6.1 Introduction of experiment
	3.6.2 Discussion

	3.7. Conclusion

	Conclusions
	Reference

	source: Thèse de Hanbing Bian, Lille 1, 2007
	d: © 2008 Tous droits réservés.
	lien: http://www.univ-lille1.fr/bustl


