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SYNOPSIS

The paper presents an elasto-plastic model fortursgdad soils that takes explicitly into
account the mechanisms with which suction affeatgimanical behaviour as well as their
dependence on degree of saturation. The proposeeln® formulated in terms of two
constitutive variables directly related to thesetism mechanisms: the average skeleton
stress that includes the average fluid pressuiagaon the soil pores and an additional
scalar constitutive variablé related to the magnitude of the bonding effectrtexkby
meniscus water at the inter-particle contacts. fidieulation of the model in terms of
variables closely related to specific behaviour maetsms leads to a remarkable
unification of experimental results of tests catraat with different suctions. The analysis
of experimental isotropic compression data strormsgiggests that the quotient between the
void ratioe of an unsaturated soil and the void rajocorresponding to the saturated state
at the same average soil skeleton stress, is aieifitgiction of the bonding effect due to
water menisci at the inter-particle contacts. Tame result is obtained when examining
critical states at different suctions. Based onse¢hebservations, an elasto-plastic
constitutive model is developed using a singledymlrface the size of which is controlled
by volumetric hardening. In spite of this simphgiit is shown that the model reproduces
correctly many important features of unsaturatedbshaviour. It is especially remarkable
that, although only one vyield surface is used ie formulation of the model, the
irreversible behaviour in wetting-drying cycleswell captured. Because of the behaviour
normalization achieved by the model, the resultogstitutive law is economical in terms

of the number of tests required for parameter deteation.



INTRODUCTION
Suction has long been recognized as a fundameatalle in the understanding of the
mechanical behaviour of unsaturated soils. Forrgasons many well-known constitutive

models (Alonso et al. 1990, Cui & Delage 1996 ande¥ler & Sivakumar 1995) include

suction as a basic stress variable together wighniét stresso (defined as total stress
minus pore air pressure).

In fact suction influences mechanical behaviouamfunsaturated soil in two different
ways (Karube & Kato 1994, Wheeler & Karube 1995):

i)  modifying the skeleton stress through changeseratferage fluid pressure acting

in the soil pores;

i) providing an additional bonding force at the paeticontacts often attributed to

capillary phenomena occurring in the water menisci.

It is important to realize that, for the two mecisams, the effects of suction are
influenced by the state of saturation of the sHile relative area over which the water and
air pressures act depends directly on the degreatofation (the percentage of pore voids
occupied by water) but the same parameter alscctaffthe number and intensity of
capillary-induced inter-particle forces.

Therefore, models using only suction in their folation are unlikely to be complete.
It is necessary to incorporate, through a paranseteln as degree of saturation, information
regarding over which proportion of the soil sucteffects are relevant. Therefore, it is not
surprising that constitutive models that use onlgtisn as the unsaturated variable face
difficulties in describing important features ofsaturated soil behaviour. Another class of

elasto-plastic models for unsaturated soils, sscthase proposed by Bolzon et al. (1996),



Jommi & Di Prisco (1994), Karube & Kawai (2001),reb & Khalili (2000), are expressed
in terms of a different set of constitutive vareblthat include explicitly the degree of
saturation in their definitions. In these modeks $tress variable has the form of the Bishop

(1959) stress:

O = O = 6hk[ua - X(Ua - Uw)] 1)
whered 1 is the Bishop (1959) stresgy is the total stressy, is the air pressure, is the
liquid pressuredy is Kronecker’s delta ancgk is a soil parameter ranging between 1 (at

saturation) and zero (at dry conditions) and tha function of degree of saturation. The
additional scalar variable is given either by suctdr by degree of saturation depending on
the specific model, with the exception of the maafeKarube & Kawai (2001) where it is a
function of both suction and degree of saturatidithough such models introduce
explicitly the degree of saturation in the defimitiof the soil variables, they still present
limitations when predicting important aspects ofamrated soil behaviour unless the
additional complexity of multiple yield surfacesimdroduced. Two examples of features of
behaviour that require adequate modelling are:
1. the irreversible reduction of specific volume tltain occur during drying of an
unsaturated soil (i.e. during increase of suction);
2. the dependency of the soil response during virggding at constant suction on the
past history of suction variation.
The first type of behaviour has been observed byngd et al. (1995and Sharma
(1998) in laboratory tests involving wetting-dryicgcles (i.e. cycles of decrease-increase
of suction) on soil samples subjected to oedomaeainit isotropic conditions respectively.

Examples of this type of soil response are showfigare 1. The second type of behaviour



has been observed by Sharma (1998) during isottogatting to virgin states of samples at
constant suction. In particular, the results byrBifaa(1998) suggest that a compacted
unsaturated soil shows a different stiffness dumirgin loading at the same constant
suction depending on whether the sample undergasstag-drying cycle prior to loading
or not. Figure 2 shows examples of isotropic testere the dependency of the soil
stiffness during virgin loading on the previoustbrg of suction variation can be observed.
Moreover, for some of these models the determinatiomodel parameters requires non-
conventional laboratory tests (e.g. tests at cohnstagree of saturation) or, alternatively, a
backanalysis for fitting model predictions to contrenal laboratory results.

In this paper a model is described that incorparatelicitly in its formulation the two
distinct suction effects mentioned previously, utthg their dependence on degree of
saturation. By staying close to these basic belavwechanisms, the proposed elasto-
plastic model is capable of reproducing the mogtartant patterns of unsaturated soll
mechanical behaviour, including those indicated vaboin a rather simple manner
employing only a single yield surface. The modeoaprovides an effective way of
unifying experimental results of tests performedddferent suctions. Apart from the
conceptual benefits of such unification, this faesults in economical procedures of

parameter determination from the point of viewrs umber of laboratory tests required.

MODELLING ASSUMPTIONS

In the proposed model the basic stress varialileeiSaverage skeleton stress” (Jommi
2000), that is equivalent to the Bishop (1959)ssiiwhere thg parameter of Equation 1 is

equal to the degree of saturati&n,



G,hk =0~ 6hk[ua - X(Ua - uw)] (2

This variable expresses the average stress aatintpe soil skeleton, that is the
difference between the total stress and the avgraagsure of the two fluid phases (i.e. gas
and liquid) with the degree of saturation as a Wy parameter. It incorporates,
therefore, in a direct manner the first of the guctoles noted above. The definition of the
average skeleton stress represents the naturaisexteto the unsaturated domain of the
Terzaghi (1936) effective stress for saturated @eanmaterials and it reduces to the
Terzaghi’s effective stress at saturated condfii@ degree of saturation equal to unity).

Laboratory tests have shown, however, that it is passible to explain important
features of the unsaturated soils behaviour, sadhairreversible compression (collapse)
during wetting (i.e. during a suction reductiondahe increase of the pre-consolidation
pressure with increasing suction, by using the ayerskeleton stress as the only
constitutive variable (see, for example, Jenning8uland 1962). To account for these
phenomena it is necessary to consider the secowtlosumechanism. Irreversible
mechanical response of a granular material is maskociated to the relative slippage
taking place at the interface between soil pagicle an unsaturated soil, the possibility of
such slippage is partially prevented by the stabiyj effect of the normal force exerted at
the inter-particle contacts by meniscus lenses atewat negative pressure (Wheeler &
Karube 1995). Several features of the elasto-plasthaviour of unsaturated soil are,
therefore, likely to be the consequence of bondimg) de-bonding phenomena between soil
particles due to the formation and vanishing ofevabenisci at inter-particle contacts and
they can not be accounted for by using exclusivbly average skeleton stress as a

constitutive variable.



Consequently an additional constitutive variableeeds to be introduced as a measure
of the magnitude of the inter-particle bonding doievater menisci so that the second type
of suction effects is properly accounted for. Theggnitude of such inter-particle bonding is
expected to be the result of two contributionstred number of water menisci per unit
volume of the solid fraction and b) the intensifytlee stabilizing normal force exerted at
the inter-particle contact by a single water mamsdience the variablgis defined in the
present formulation as the product of two factaesmnely the degree of saturation of the air

(1-S) and the function of suctidis):

E=1(s91-5s) (3)

The factor 1-S) accounts for the number of water menisci per ualume of solid
fraction. The existence of a unique relationshipween the value ofltS) and the number
of water menisci per unit volume of solid fractima physically reasonable assumption,
however the uniqueness of such relationship igoiggly true only for the ideal case where
the soil is rigid (i.e. when the dimensions andp&saof voids do not change due to particle
re-arrangements) and where each value of degresatafation corresponds to a given
arrangement of water within soil pores. The tef¥§] is equal to zero when the soil is
saturated (i.eS=1) and water menisci are absent whereas it asspo®Bve increasing
values when the number of water menisci increades.number of water menisci per unit
volume of solid fraction can therefore be express®@ monotone increasing function of
the term {-S). The validity of this definition does not apply thet case of a soil in an
extremely dry state, when the water menisci willristo disappear from the particle

contacts. Although the extension to the case akextly dry soils should not present any



conceptual difficulty, this is not covered in theegpent paper because the experimental
validation would require experimental results frartest programme conducted on samples
at very low degree of saturation, which are cutyemavailable.

Clearly the relationship between the number of watenisci per unit volume of solid
fraction and the terml(S) is dependent on the specific fabric of the siod. (on the pore
size distribution of the soil). For the purposedto$ work, it is not necessary however to
characterize explicitly such relationship becaumsg information implicit in the definition
of the function, introduced later in the paper thvides the variation of the ratede in
terms of the bonding variable

The function of suctiori(s), which multiplies the factorl(S), varies monotonically
between 1 and 1.5 for values of suction rangingvéeh zero and infinity respectively and
it accounts for the increase with increasing suctod the stabilizing inter-particle force
exerted by a single meniscus. In particularedpresses the ratio between the value of
stabilizing force at a given suctiomand the value of stabilizing force at a suctiorzeifo
for the ideal case of a water meniscus locateleatontact between two identical spheres
(the analytical solution of this problem is dueRisher 1926). The specific form of the
function f(s) depends on the size of the spheres and on the wlthe water surface
tension but the range of variation, between 1 a’id i$ always the same regardless of
dimensions and physical properties. The relatigné{s) used in this work is shown in
Figure 3 corresponding to the case of two spheagsy radii of 11 and a value of the
surface tension of water corresponding to a tentpeyaf 20 C. Haines (1925) suggested
that a material with the texture of a compacted kaolmld be represented by spheres

having radii equal to J. Obviouslythe shapes of the aggregates are far from being



spheres of the same size addition, for soils with a multi-modal pore sidestribution, the
dimension of the spherical grains in the solutiérFisher (1926) should be defined as a
variable depending on the average size of thepsoés that include water menisci. At this
stage of development of the model, however, theamagson of a simplified relationship,
such as the one given in Figure 3, is considerasom@able.

The presence of meniscus water provides a physigabnation to the experimental
observation that, at the same value of averagetshkestress, the value of void ratio during
virgin loading of unsaturated soil is always gredlwan the value of void ratio of the same
soil subjected to the same load under saturatedittmm The existence of water in the
form of meniscus lenses within an unsaturated reakes the inter-particle contacts more
stable and, therefore, restrains the reciprocglpatie of soil particles that causes
compressive strains during virgin loading. Consigyewith such empirical observations,
this work introduces a fundamental modelling asdionpspecifying that during virgin
loading of an unsaturated soil the ragi® between void ratio in unsaturated conditiens
and void ratio in saturated conditiogsat the same average skeleton stress state isjaeuni
function of the bonding variablé This assumption not only provides an essentatisty
point for the development of the model but it ad$fers a powerful unifying perspective to
examine the results of tests performed at diffeseistions. This assumption is validated in

the next section on the basis of published laboyd#st data.

EXPERIMENTAL VALIDATION OF MODELLING ASSUMPTIONS

The validation of the assumption introduced in pinevious section has involved the

analysis of different sets of data from laborattsts performed on compacted Speswhite



Kaolin (Sivakumar 1993 and Wheeler & Sivakumar 20@h a compacted mixture of
Bentonite and Kaolin (Sharma 1998) and on compakiadyu gravel (Toll 1990). The
first part of this section analyses the data freatropic virgin compression tests at constant
suction (Sivakumar 1993 and Sharma 1998) whiléheend of the section, the analysis of
further experimental data from triaxial shear teets compacted Speswhite Kaolin
(Sivakumar 1993 and Wheeler & Sivakumar 2000) amd¢@mpacted Kiunyu gravel (Toll
1990) demonstrates that the conclusion achievedsfuropic stress states can also be
extended to non-isotropic stress states.

Sivakumar (1993) and Sharma (1998) performed ipa@trairgin compression of soil
samples at different values of suction, namely &kB&, 200 kPa, 300 kPa, as well as of
saturated samples. During these tests the corrdsgpohanges of void rati@ and water
ratio, e, (i.e. the volume of water in a volume of soil aintng unit volume of solids) were
measured. The analysis of the experimental regudisates that, for the range of stresses
considered, the normal compression lines at constastion follow a linear relationship in
the semi-logarithmic planesinp andeyInp (where t is the mean net stress). Each
normal compression line is therefore identifiedthg values of the two parameters that
correspond to the slope and to the intercept avengvalue of p. As for the data set by
Sharma (1998) there were no virgin loading testssaturated samples, the slope and
intercept of the saturated normal compressionweee estimated from the drying branch
of a wetting-drying test under isotropic constasdd. In this type of test, after an initial
wetting that brought the soil to saturation, thengle was subjected to drying that caused
significant irreversible changes of void ratio. Thenciple of the effective stress holds

during most of such drying because the sample reedasaturated for a large increase of



suction due to its high air-entry value. Under sated conditions the imposed change of
suction corresponds to an equivalent change oétteetive stress. Hence, by plotting the

void ratio against the mean effective strassyas possible to estimate the slope and the
intercept of the saturated normal compression line

The values of slopes and intercepts of normal cesgion lines oé ande, at constant
suction were used to re-plot the normal compresisnas in terms of the isotropic average
skeleton stresg”. Figures 4 and 5 show the normal compressiaslat constant suctions
of zero (saturated), 100 kPa, 200 kPa, 300 kP#hdarsemi-logarithmic planedn p” for
each set of data respectively.

Inspection of Figures 4 and 5 reveals that the ablompression lines at non-zero
values of suction are not straight lines in the idegmarithmic planeedn p” but they are
curves with slopes that decrease as they apprbackaturated line (zero suction). This is
consistent with the experimental observation theqree of saturation increases during
isotropic loading to virgin states at constant isunct Indeed, if a soil sample attains
saturation during compression at a positive valugsuation, the isotropic average skeleton
stress coincides with the saturated effective staesl the corresponding value of void ratio
should lie on the saturated normal compression. liAfter saturation, the normal
compression line at non-zero suction should theeeti@ve the same slope of the saturated
normal compression line. It is therefore to be expe that the slope of the normal
compression lines at non-zero suction progressikediyice as they converge towards the
saturated line.

From the normal compression lines in the semi-itigawc planeedn p” shown in
Figures 4 and 5, it is possible to calculate th® faetween the value of the unsaturated

soil and that corresponding to the saturated séatat the same average skeleton stress.
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Figures 6 and 7 show, for the data sets of Sivaku(®893) and Sharma (1998)
respectively, the value of the ratide plotted against the value of the bonding variable,
defined by equation (3) (corresponding to the v&lokES andf(s) of the unsaturated soil).
The value of the function of suctid(s) has been calculated according to the relationship
shown in Figure 3 and it is equal to 1.10, 1.15 &rid for suction values of 100 kPa, 200
kPa and 300 kPa respectively. The relationship showFigure 3 refers to the Fisher
(1926) solution where the spherical grains havel eqlal to 14 This is the order of
magnitude of the macro-structural voids of a clay sompacted dry of optimum, such as
the soils investigated by Sivakumar (1993) and BBaf1998). Porosimetry studies have
shown that clay materials compacted dry of optinpresent a marked bi-modal pore size
distribution (see, for example, Gens and Alonso02)98ith macro-structural and micro-
structural voids of the order of magnitude ofs and 0.01x respectively. For the range of
suctions investigated by Sivakumar (1993) and Shafh®98) it is reasonable to expect
that only macro-voids are affected by de-saturataord, hence, by the formation of water
menisci) while the micro-voids stay saturated.

Inspection of Figures 6 and 7 suggests remarkdidy, for all the three values of
suction investigated, the data from normal compoessre consistent with a unique
relationship linking the value of the proportieie and the bonding variablel. Such
bonding variable therefore appears to be uniquelgted to the ability of the skeleton to
sustain higher void ratios when the soil is undestien. For each of the three curves at
constant suction shown in Figures 6 and 7, theevafuthe proportiore/e is expected to
attain a value of 1 wheg is equal to zero (i.e. when the sample achievasataon)

because in this case the normal compression linesrazero suctions coincide with the

11



saturated line in the semi-logarithmic plaa p”. The model equation which fits the three

el/g vs £ curves at constant suction in Figures 6 and 7t{Hefollowing form:

::1-a[ﬂ1-exr(b F)) (4)

S

wherea andb are fitting parameters. Equation 4 predicts aealfe/g equal to 1 wherd
is equal to zero, consistent with the physical axgtion given above.

For the range of suction investigated the valutheffunctionf(s) varies relatively little
in comparison with the variation of the value oé thonding variablef. It is therefore
reasonable to expect that experimental data miglsirhilarly consistent with a relationship
linking the value of the proportioe/e, during isotropic virgin loading to the value ofth
degree of saturation of the gas phas&)1-

Sivakumar (1993) and Wheeler & Sivakumar (2000s@n¢ed further experimental
data from shearing tests to critical state on cartgeh Speswhite Kaolin under various
suction values. These data have been used to igatestvhether the relationship between
the ratioe/e and the bonding variabld,could be extended to non-isotropic stress states.
The model equation in Figure 7, which had beenndelfion the basis of isotropic normal
compression tests, was therefore used to predigesaf void ratio at critical states. The
predicted values of void ratio at critical statere&veomputed following the same procedure
as in the isotropic case. Firstly the saturateticafistate line in the semi-logarithmic plane
(e, In p”) was defined (by fixing its slope and intercept) the basis of shearing tests
performed by Sivakumar (1993) and Wheeler & Siva&ui2000) on saturated samples.
Then, for each unsaturated sample sheared toatritiate, the corresponding experimental

values of mean net stress, degree of saturationsacaiibn at critical state were used to
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calculate the isotropic average skeleton stygsand the bonding variablé, These values
of p” and & were then employed to compute the void ragiofrom the saturated critical
state line and the rati@/e from the model equation of Figure 7 respectivéligure 8
shows the comparison between predicted and expetamealues of void ratio at critical
state corresponding to different suction levels.

Inspection of Figure 8 indicates remarkably that télationship established between
the ratioe/g and the bonding facto€ for isotropic virgin compression and given by
equation (4) can also accurately predict the vattbrvalues at critical state. This implies
that such relationship might be unique for the telgdastic loading of an unsaturated soil
regardless of the specific stress ratio appliethéosample and that the selected bonding
variable closely represents the real effect ofiencbn inter-granular stress. The different
series of Figure 8 correspond to different proceduadopted by Wheeler & Sivakumar
(2000) for the compaction of Speswhite Kaolin & #ame dry of optimum water content
(i.e. for the test series Il and Il the compactimessure and method of compaction were
different from those employed for preparing the s from series | shown in Figures 5
and 7). On the basis of their empirical results,edlar and Sivakumar (2000) concluded
that the behaviour at critical state of a soil castpd at the same dry of optimum water
content is not affected by the procedure adoptedctmpaction. This result is also
confirmed by the comparison shown in Figure 8.

Finally, the analysis of the data from undrainedti{wespect to water phase) triaxial
shear tests performed by Toll (1990) on compacheaptes of a lateritic gravel from Kenya
(Kiunyu gravel) is presented. Samples were compdayeToll (1990) at different values of

water content ranging from 17.0 to 27.7 and thexaskd in axial compression to critical

13



state while preventing flow of water. The Authopoets the measured values of the void
ratio, degree of saturation, suction and net ststgte at the end of the tests when the
unsaturated samples have attained critical statdittons. Together with the results from
unsaturated soil samples, the Author presents desnsat of data from undrained triaxial
shear tests to critical state performed on satdrséenples. For the saturated tests, the soil
samples were compacted at water content rangingeket 18.7 and 31.0 and were then
saturated prior to testing. On the basis of therated shear tests, Toll (1990) suggested the
values of the slope and intercept of saturatectalistate line in the semi-logarithmic plane
(e, Inp").

The data presented by Toll (199e limited to the critical state values measured a
the end of the undrained shearing of each sampieh Sata were useid this work to
validate the proposed assumption of a unique ogisktip between the rati@/e
(corresponding to a given value of the isotropierage skeleton stress) and the bonding
variable £ at the critical stateThe soil tested by Toll (1990) is likely to exhilitdifferent
grading from the soils investigated by Sivakum#&9@) and Sharma (1998)Jowever, due
to the absence of precise information on the fatiribe soil tested by Toll (1990), the radii
of the spheres in the Fisher (1926) solution (nethe functionf(s) of equation (3)) were
taken equal to J/, the same value as in the previous two analysese&ah experimental
data point, the value of the functid(s) was then calculated according to the suction
measured by Toll (1990) at the critical state.

For the purposes of the study presented here, ibaturated samples tested by Toll
(1990) were classified in two different groups, leane including samples compacted at

similar values of water content. The data showikigure 9 refer to unsaturated samples
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whose compaction water content was comprised bet®é®% and 27.7% whereas for the
samples shown in Figure 10 the compaction watetecvrranged between 19.6% and
21.9%. The value of the compaction water contefetces significantly the ensuing fabric
of the unsaturated sample and this in turn hasffagteon the mechanical response of the
sample, including the response at critical stagedigcussed by Wheeler and Sivakumar
2000). Hence, the purpose of such distinction veaseiect two homogenous groups of
samples, which presented a similar soil fabric artbse mechanical response during
laboratory testing could be, therefore, comparedmFthe examination of Figures 9 and
10, it can be observed that all critical state datants (each of them corresponding to
different values of suction, net stress state agtek of saturation at critical state) follow a
unique trend when plotted in the plarede| ¢). In Figures 9 and 10 the expression of the
curve interpolating the experimental data is givbgnequation (4) (the same expression
used for the experimental data of Sharma (1998)Sawmkumar (1993) shown in Figures 6
and 7).

The samples compacted at a water content betwe8&@&o2dnd 27.7% (Figure 9) had
suction values ranging from 2 kPa to 73 kPa onhiegcthe critical state whereas the
suction values at critical state for the samplesgacted at water contents between 19.6%
and 21.9% (Figure 10) varied between 22 kPa andkbZ7 The proposed relationship,
therefore, is shown to be capable of bringing togetresults from a very wide range of

suction values.

FORMULATION OF THE ELASTO-PLASTIC STRESS-STRAIN MOD EL

An elasto-plastic isotropic stress-strain model ftorsaturated soils incorporating

volumetric-hardening is described in this sectidihe success of the modelling ideas

15



proposed here will be demonstrated in the nextigedty comparing the predictions with
the experimental results from various types of fabmry tests all performed under isotropic
loading. The development of the model is hencetdichin this section to isotropic stress
states in order to concentrate attention to theclfaatures of the model. Extension to more
general stress states is quite straightforwardvotig standard procedures (Gens, 1995).

The formulation of a constitutive model includinglymetric-hardening requires the

definition of:

1. a normal compression state surface, which reldtesvhalues of void ratice,
isotropic average skeleton strggsand bonding variablé during the irreversible
behaviour of the soil;

2. an incremental expression, which relates the elastit of the change of void ratio,
e to the changes of the isotropic average skeldtessp” and bonding variabl€,

The normal compression state surface is defineel &&the product of two factors. The

first factor is the equation of the saturated ndrooanpression line relating the variation of
the void ratioe; to the change of the isotropic average skeletmssp” and the second

factor is the equation that links the variationtlod ratioe/e to the change of the bonding
variable . For the materials studied here, the analyticehfof the normal compression

state surface is therefore expressed as:

e(p".é) = j(f) e.(p") (5)

16



whereg(p’,£) is the normal compression state surfage(f) is given by equation (4) and
e

S

e,(p") is the saturated normal compression line (a ditdige in the semi-logarithmic

planee-In p”) having the form:
e(p)=N-Alnp’ (6)

N andA in equation (6) are the intercept fdt= 1 kPa) and the slope of the saturated
normal compression line respectively. Note that, daturated conditions, the isotropic
average skeleton strepS coincides with the mean effective strepsand therefore the
parameter® andA are equal to those that identify the saturatednabcompression line in
the semi-logarithmic planes-ln p. Figure 11(a) shows three examples of normal
compression lines that lie on the normal compresstate surface and correspond to
constant values of the bonding varialfleEquations (5) and (6) indicate that the normal
compression lines at constahare straight lines in the semi-logarithmic plaae p” and
that their extrapolations at high values @f intersect each other at the same point
coinciding with a value of the void rateg on the saturated normal compression line equal
to zero.

The elastic change of void ratibe® is assumed equal to:

" (7)

wherek is the elastic swelling index ar@l” to pf” are the initial and final value of the
isotropic average soil skeleton stress respectiietyuation (7) implies that the elastic

change of void ratio depends exclusively on thengkaof the isotropic average skeleton
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stresg” (i.e. it is independent of the variation of thending variable). This is equivalent

to assume that the elastic deformation of the sk@leton is not affected by the bonding
action that the water menisci exert at the intetiga contacts. It will be shown in the next

section that this assumption fits well the elabBbaviour of the laboratory tests considered
in this work.

The normal compression state surface defined bgtexu(5) acts as a limiting surface
in the €, p”, §)-space, where it separates the region of thenathté& soil states from the
region of the non-attainable soil states. The ssponse is elastic while the soil follows a
path inside the space of the attainable soil stAdsen the soil path reaches the normal
compression state surface, this surface imposesstraint on further changes &fp” and
& and the soil state can therefore either move liegikle the space of the attainable soil
states or alternatively follow a path lying on thermal compression state surface. When
the latter possibility occurs, irreversible (elaptastic) changes of void ratio develop.

Thus the normal compression state surface andlidsgcelaw introduced above (equations
(5) and (7) respectively) implicitly define a yieldcus that incorporates a volumetric
hardening rule. To obtain the analytical form offswyield locus consider the elastic stress
path in Figure 11(a) starting from the soil stadé@ated by 1, at a isotropic average skeleton
stresgp,”(0) on the saturated normal compression line,randing to the soil state denoted
by 2, at a isotropic average skeleton st$61) on the unsaturated normal compression
line corresponding td=¢;. The change of void ratio during the path frontestato state 2

is computed according to the elastic equation (7):

i (&)

Ne=- 8
T o ®)
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As the solil states 1 and 2 also belong to the nlocm@pression state surface, they
must lie on the same vyield locus and an alternaxmession for the variation of void ratio
during the path from state 1 to state 2 can thesef®e obtained by using the normal

consolidation state surface of equation (5):
Be=e(p (0.0~ e(P'(£).6) =N -An p 0~ (&N -An (&) (9)

By equating equation (8) and equation (9) and tkamranging, the following equation

of the yield locus in the isotropic plagdn p” is obtained:

(e(f) —1} L+ N)
eS

A-k "
= In p; (0) +

Inpy(&) = -
RGER RGERL
eS eS

(10)

Figure 11(b) shows the yield locus of equation (itDthe isotropic plane&f-In p”
together with the two yield points correspondingthe soil states 1 and 2, which are
identified by the coordinatepq’(0), 0) and |6, (&1), &) respectively.

Figure 11(b) also shows an expanded yield locuicated by the broken line, which
refers to a soil sample that has experienced additiplastic volumetric strains and whose
yield locus has therefore undergone volumetric éairty. The current size of the yield
locus is identified by the value of its intercgpt(0) with the horizontal axis, which is the
yield value of the isotropic average skeleton strdaring isotropic compression of a
saturated sample. The saturated yield st@S€) can therefore be assumed as the
hardening parameter of the present elasto-plastidein The irreversible change of void
ratio Ae” associated to the expansion of the yield locus fam initial position identified by

Po(0)= p,"(0) to a final position identifiedo, (0)= p, (0} coincides then with the
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irreversible change of void ratio calculated by sa¢urated normal compression line for a

variation of the isotropic average skeleton stfiem® p,”(0); to po () :

HOP
p; (0),

Ae? = —-(A—k)In (11)

and equation (11) represents thus the volumetnndemang rule of the proposed elasto-
plastic model.

The complete model includes a formulation to coraphe degree of saturation that
must incorporate the effect of hydraulic hysteresid stress-induced changes of soil fabric.
The relationships proposed by Vaunat et al. (2@01@) Gallipoli et al. (2002) can be used
for this purpose but a detailed description of ttosnponent of the model is outside the
scope of the paper. For the model computationsepted in the next Section, the
experimentally observed degrees of saturation bhaem used. In this way the differences
between predictions and observations must be attibexclusively to the mechanical

elasto-plastic model.

MODEL PREDICTIONS

The good performance of the proposed elasto-plastidel is demonstrated here by
comparing the results from a selection of experisgerformed by Sharma (1998) on a
compacted mixture of Bentonite and Kaolin with tteeresponding model predictions. In
particular, the comparison will show the potentélthe proposed model for correctly
predicting:

= The initial yield locus of the soil correspondirgthe after-compaction state.

» The irreversible change of void ratio occurringidgmwetting (collapse).
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= The irreversible change of void ratio during drying
= The dependency of the soil response during isatrepgin loading at constant
suction on the previous history of suction variatio

The last two points refer to typical features ofaturated soil behaviour that are not
taken into account by existing elasto-plastic atutste frameworks formulated in terms of
a single yield surface.

The selection process of the model parameter vaised for the predictions (see Table
1) has been described in Section 3, except fovahee of the elastic swelling indexthat
was selected on the basis of elastic isotropicitmpdnloading cycles at constant suction.
Figures 12, 13 and 14 show the comparison betweeerienental and predicted behaviour
for three isotropic loading tests at constant sumct{100 kPa, 200 kPa and 300 kPa
respectively) that involve elasto-plastic yieldingspection of Figures 12, 13 and 14
reveals that the proposed model correctly calcsiidte respective yield points by assuming
for all three test simulations the same initiallgyidocus associated to a value of the
hardening parametqs,”(0)=17 kPa. Such model prediction is corroborabgdthe soil
response observed by Sharma (1998) during the irgti@ah stage prior to loading, when
the suction of the three samples was decreasedthemwalue after compaction to 100 kPa,
200 kPa and 300 kPa respectively. During this staljethree samples experienced
exclusively elastic swelling, which indicates thhé initial yield curve after compaction
had not undergone further expansion associated ldastip volumetric compression
(collapse). It is then expected that all three dampould yield on the same locus during

isotropic loading and the proposed model indeedecty predicts this. Therefore, for the
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test simulations presented in the remainder of feistion, the value of the hardening
parameter corresponding to the soil after compaatias assumed equal to 17 kPa.

Figure 13 also shows the comparison between maogliglions and experimental
results for an elastic loading-unloading cycle, athconfirms the adequacy of the elastic
law given by equation (7). The very good match leetmvexperimental and predicted values
of void ratio at the beginning of the loading irgiiies 12, 13 and 14 provides a further
proof of the validity of equation (7) because thedicted initial values of void ratio are
computed by means of an elastic path starting ftbe saturated yield stress state

(Po”(0)=17 kPa) according to the following expression

n

_ P
=e —kKIn——— 12
&K 17 kPa (12)

whereg, is the void ratio predicted by the saturated noromahpression line fop”= 17
kPa andp” is the isotropic average skeleton stress of uhsaturated sample at the
beginning of loading.

Figure 15 shows the comparison between the expetahend predicted behaviour for
a wetting-drying cycle performed at constant ispizaet stress of 50 kPa. Inspection of
the stress path followed by the soil during the tesFigure 15(b) reveals that the model
predicts irreversible changes of void ratio duriugh the wetting and the drying branch of
the test. Yielding of the soil occurs initially dlog wetting and the consequent development
of elasto-plastic strains produces the first expan®f the yield locus from its initial
position to the position indicated by (A) (corresding to the end of wetting). After the
reversal of suction the model continues to prediasto-plastic deformations during the

whole drying and this corresponds to a further espm of the yield locus from the
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position (A) to the final position (B). This testralation clearly demonstrates the potential
of the present framework to interpret the elasts{it volumetric strains that occur during
both the wetting and the drying phases as a simglehanical phenomenon that can be
modelled by employing only one yield locus. Parthe discrepancy between experimental
results and model prediction in Figure 15(a) is ttuthe incomplete equalisation of suction
within the sample during the test. The occurrencem@mplete equalisation is proven by

the experimental observation, reported by Sharn®§), that a significant amount of

water flowed into the sample during the stabilsagperiod at the end of the wetting stage,
when the sample was kept at constant suction ofkB@0for a period of time necessary to
equalize suction before subsequent drying (theicaérthange of void ratio at constant
suction of 100 kPa shown in Figure 15(a) corresgorttiis stabilisation period). However,

despite such experimental limitation, the inspectimf Figure 15(a) still indicates a

satisfactory agreement between predicted and cadpasults.

Now the more complex stress paths involving wettingng cycles are considered.
Figure 16 shows the comparison between the expetahand predicted behaviour during
wetting-drying cycles performed at a constant ity net stress of 10 kPa. Inspection of
Figure 16(b) indicates that the occurrence of elg$dstic strains occur exclusively during
the drying branches whereas elastic swelling tgtkases during the wetting phases. The
irreversible strains generated by the first dryprgduce an expansion of the yield locus
from the initial position to position (A) wherealet second drying originates a further
expansion from position (A) to position (B). Notdat, as explained above, the
discontinuity in the slope of the wetting paths whoin Figure 16(b) is due to the

stabilisation phase following incomplete suctiom&csation during previous wetting.
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The model predictions in Figures 15 and 16 reptesesignificant improvement over
existing elasto-plastic models based on a sing&dyiocus, which would incorrectly
predict elastic compression during all the dryilgges of the above tests.

Finally, Figure 17 shows the comparison betweereexpental and predicted behaviour for
two constant suction isotropic tests that showedgiit mechanical responses depending on
whether the sample has undergone a wetting-dryolg @rior to loading or not. Inspection
of Figure 17 reveals that the model is capableapturing the different stiffness shown by
the soil during virgin loading in two cases. Thesa significant advance with respect to
existing models that would predict instead the salope of the normal compression lines
for both cases regardless of the previous histofyswction variation. A further
improvement with respect to existing models is thia¢ present framework correctly
predicts different values of void ratio at the lmeging of loading in the two cases of Figure
15(a). This is due to the irreversible change aflvratio that occurs during drying of the
sample subjected to the wetting-drying cycle (segie 15(b)) and it also reflects in the
different degree of expansion of the yield locukieeed at the end of test in the two cases

(position (A) and position (B) respectively).

CONCLUSIONS

The paper proposes an innovative constitutive fraonke for unsaturated solil that is
able to explain the various mechanical featurethisf material by resorting to a physical
description of the different effects of suction gwil straining. In the assumed mechanism,
the relative slippage of soil particles is goverfgdtwo counteracting actions exerted on

the assemblage of soil particles: a) the perturbeigpn of the average stress state acting on
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the soil skeleton and b) the stabilizing actiontleé normal force exerted at the inter-
particle contacts by water menisci. The variablastrolling each one dhese actions (i.e.
the average skeleton stress variatl@nd the bonding variabl€respectively) are defined
on the basis of the current values of the net stséate, suction and degree of saturation.
The introduction of degree of saturation in therdabn of the soil constitutive variables is
essential to properly represent the contributiosaf suction to the two effects described
above.

Based on a physical argument, the present progssaimes that, during the elasto-
plastic loading of a soil element, the proportiefe between the void rati@ under
unsaturated conditions and the void rajainder saturated condition at the same average
skeleton stress state, is a unique function ofltheding variableé. This fundamental
assumption is successfully validated in this woyktliie analysis of several published sets
of experimental data for different materials. Tinalgsis of one set of data (for which both
isotropic and shearing tests are available) alggests that the relationship betwesdn,
and¢is unique for a given soil and it is independéithe applied stress ratio.

On the basis of this assumption, a full elastotmlastress-strain model for isotropic
stress states is formulated and its good performamaemonstrated by the comparison
between predicted and laboratory tests results feontomprehensive experimental
programme including a wide variety of differentests paths. This comparison confirms the
potential of the proposed model for correctly pcadg the most important features of the
mechanical behaviour of unsaturated soils by retgiat the same time the simplicity of a

model formulated in terms of single yield curve plarticular it is able to predict correctly
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the following two typical responses of unsaturageds that are not modelled by existing
elasto-plastic constitutive frameworks based omgle yield surface:

1. the irreversible change of void ratio during drying

2. the dependency of the response during virgin cogspra at constant suction on the

previous history of suction variation.

An additional significant advantage is that a reboumber of laboratory tests are
necessary for calibrating the proposed model. miquéar, the relationship betweesie
and ¢ is the only additional information required forethinsaturated soil behaviour (apart
from the parameter values for the saturated modeldefine the relationship betweefg
and ¢, it is possible to choose among alternative testipgions that involve irreversible
straining of the soil such as virgin loading at st@amt suction, undrained virgin loading and

wetting-drying at constant applied stress.
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TABLE

Parameter Value

A, slope of NCL as=0 0.144

N, eon NCL ats=0 forp™=1 kPa 1.759

k, swelling index for changes pf 0.040

a, parameter of model equation (4) 0.369
b, parameter of model equation (4) 1.419

Table 1. Parameter values for the proposed eldastipmodel.
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Figure 1. Wetting-drying cycle on: (a) compactecktonie of Bentonite and Kaolin under
constant mean net stress of 10 kPa (after Shar®&),1&) compacted Boom clay under
oedometric conditions at constant vertical strég¥)0 kPa (after Alonso et al. 1995).
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Figure 2. Isotropic virgin loading of compacted tmpe of Bentonite and Kaolin at: (a)
constant suction of 300 kPa (after Sharma 1998)cdnstant suction of 200 kPa (after
Sharma 1998).
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1926).
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Figure 5. Normal compression lines at constanticucin the planee-ln p”* (data by
Sivakumar 1993).

35



1.4 —

Model equation y
| — — Experimental (s=100 kPa)
————— Experimental (s=200 kPa)
— — — Experimental (s=300 kPa) | /
1.3 —
// /
v/
/
/
/a
//
" /,
L 10 /
D /
/
/)
7,
- J7
/
Vi
1.1 —
/
74
1 I ! |
0 0.2 0.4 0.6
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Figure 11. Derivation of the yield locus in thetrepic plane.
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Figure 12. Model prediction for isotropic virgindding at constant suction of 100 kPa: (a)
change of void ratio, (b) stress path (experimetddh by Sharma 1998).
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Figure 13. Model prediction for isotropic virgindding at constant suction of 200 kPa: (a)
change of void ratio, (b) stress path (experimetddh by Sharma 1998).
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Figure 14. Model prediction for isotropic virgindding at constant suction of 300 kPa: (a)
change of void ratio, (b) stress path (experimetddh by Sharma 1998).
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Figure 15. Model prediction for a wetting-dryingcty of a sample subjected to a constant
mean net stress of 50 kPa: (a) change of void,rdtjostress path (experimental data by
Sharma 1998).
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Figure 16. Model prediction for wetting-drying cgsl of a sample subjected to a constant
mean net stress of 10 kPa: (a) change of void, réijostress path (experimental data by
Sharma 1998).
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Figure 17. Model prediction for isotropic virgindding at constant suction of 300 kPa: (a)
change of void ratio, (b) stress path (experimeadiéh by Sharma 1998).

47



	citation_temp.pdf
	http://eprints.gla.ac.uk/7684/


