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Abstract

The mechanical behaviour of natural clays is significantly affected by their in
situ or initial structure in the form of cementation or interparticle bonding. This

behaviour can differ substantially from the behaviour of reconstituted clays. Suction



as well as plastic volumetric strains drive isotropic hardening/softening as this is
a simple way to account for the phenomenon of volumetric collapse upon wetting
and the stiffening effect that suction has on the soil skeletal response. A model
that combines unsaturated and structured behavior is presented and then used to
simulate stress strain behaviour observed for an unsaturated natural clay subjected
to isotropic load paths. A parametric analysis is performed to observe the influence
suction hardening has on mobilized strengths. It is also shown that the model can

predict the maximum of collapse of unsaturated soils.

1 INTRODUCTION:

The majority of research and analysis in soil mechanics to date has assumed full satu-
rated conditions, not least because this simplifies the development of analytical, physical
and numerical models. Similarly, the mechanics of structured soils, whose behaviour is
influenced by physico-chemical effects at the level of interparticle bonds, is relatively well
understood, despite a growing appreciation of the importance of structure in natural
soils. In recent years, researchers have begun to look at the modelling of both of these
difficult features of real soils, namely partial saturation and structure, and to develop
constitutive models that can be used to predict engineering behaviour more realistically
in situations where the standard models are known to be inadequate. Saturated models,
for example, cannot predict the sudden collapse of a slope due to rainfall infiltration; and
standard elasto-plastic models cannot predict the irrecoverable degradation of strength
and stiffness that is observed when natural soils are deformed. In saturated conditions,
Terzaghi [1]| suggested that the mechanical response of a soil depends only on the effective

stress tensor



o'=0—ut (1)

where o is the total continuum stress tensor, u is the (liquid) pore pressure, and ¢
is the identity tensor. In seeking a generalisation of this principle to partially saturated
states, it was initially supposed that both the state of deformation and the failure strength
of unsaturated soils might be determined by a suitable generalised effective stress [2]|. It
was soon realised that that could not, by itself, explain the phenomenon of collapse
upon wetting [3], and this led some to doubt the value of the effective stress principle
in unsaturated conditions altogether. It was later recognised that surface tension forces
exert a stabilising influence on the soil fabric, and contribute significantly to the strenght
of unsaturated soils [4]. A multi-phase continuum analysis (Fredlund and Morgenstern,
[5] shows that any three known pressures, either the total pressure p, the water pressure
ur,, or the air pressure ug, may be treated as a reference pressure. Thus, with ug as a
reference pressure, the stress state of an unsaturated soil can be represented by the net
stress tensor o™ = o — ugt, and the suction s = ug — ur,. The essential point is that
unsaturated soils have an additional degree of freedom compared to saturated soils, and
a full description of their state requires a second, independent kinetic variable (e.g. s),

net o1 g’ is chosen as the constitutive stress tensor. In consideration

regardless of whether o
of the influence of suction on strength, most previous modelling studies focused on the
generalisation of the isotropic hardening variable of the underlying saturated model. The
first full constitutive model for unsaturated soils [6], known as the Barcelona Basic Model
(BBM), was based on the modified Cam-clay (MCC) model, whose isotropic hardening

variable is the effective consolidation pressure pj. The BBM was formulated in the stress

space (o™, s) and it included suction hardening by generalising the definition of pj to



account for the influence of s. Wheeler and Sivakumar |7] suggested that the specific water
content vy, is a more appropriate kinematic state variable than the degree of saturation
Sy, because vy, /v (where v is the specific volume) is power conjugate to s. Houlsby [8], on
the other hand, derived an alternative set of work-conjugate stress variables retaining the
more natural kinematic variables (€, S;), consisting of: i) the generalised effective stress

o', defined in terms of the equivalent pore pressure:

u = Syur, + (1 — Sy)ug (2)

and 7) the modified suction ns, where n stands for porosity. Bolzon et al. |9] developed
an unsaturated model, based on a generalised plasticity model for saturated soils, that

was formulated in terms of (0’ s). The advantages of using o’ (rather than ")

as a
constitutive stress are now widely accepted [10], and several recent studies have pursued
this approach [11, 12, 13, 14]|. The choice of stress variables has nevertheless been the
subject of much debate [15, 16, 17|.

Constitutive models for unsaturated soils require an additional equation relating
changes in s to changes in S,, just as ¢’ is related to € in saturated models. This equa-
tion describes the water retention properties of the material which are in general strongly
coupled to the mechanical behaviour. For monotonic (wetting or drying) processes, a
single water retention curve is sufficient for modelling purposes. In general, however,
the suction-saturation relationship is hysteretic, and S; cannot be expressed simply as a
function of state. The significance of hydraulic hysteresis in geotechnical problems is a
subject of increasing research interest. Techniques have recently been established for the
inclusion of its effects in constitutive models (see for instance [18, 19]). Wheeler and co-

workers [20] have developed a conceptual model to explain the phenomenon of hysteresis

in terms of the structure of the pore space.



Natural soils typically exhibit a significant inherent anisotropy of fabric. They are
further distinguished by the presence of inter-particle bonding, which contributes to their
strength and stiffness [21]. The combined effects of fabric and bonding will be referred
to using the term structure in this paper. There have been considerable advances in the
constitutive modelling of natural soils to account for structure, and damage to structure,
with a single yield locus elasto-plastic framework (e.g. [22, 23|), and more recently, using
the framework of kinematic hardening and bounding surface plasticity [24, 25, 26]. These
models converge on the MCC model in the limit of total destructuration. They employ an
additional isotropic hardening variable, namely the degree of structure, in combination
of pj, to model the enhanced strength of a structured soil, relative to a reconstituted soil
at the same void ratio.

The combined effects of bonding and partial saturation were considered by Alonso
and Gens [27]. It was predicted that these combined effects would result in an increase
in yield stress that is larger than the sum of the individual contributions. This was
confirmed by Leroueil and Barbosa [28], who conducted experiments on an unsaturated
saprolite from Brazilian gneiss, artificially bonded with cement (see Fig. 1). The question
of how to model this suction-structure interaction by generalizing the definition of the
effective pj, has only recently been considered by e.g. |29, 30, 31, 32, 33, 34, 35]. Most of
these advanced models account for a double structure, defined by micro- and macro-scale
porosities.

In the following, a relatively simple model accounting for structure and partial satu-
ration in soils is proposed. This model is aimed at capturing the coupled effects of these

features on the macroscopic behaviour of natural soils.

[Fig. 1 about here.|



2 CONSTITUTIVE MODELLING:

2.1 Choice of stress variables

Attention is restricted to small deformation regime, isothermal conditions and the rate-
independent behaviour. Thus, the basic elasto-plastic assumption is the additive decom-

position of the strain rate, €, into an elastic and a plastic part, €¢ and €P, respectively:
€ =€ +¢€ (3)

The effective pressure is p’ = p—u, where p is the total pressure and u is the equivalent
pore pressure. Following an energetic approach, Coussy & Dangla ([36]) proposed the
following relation, accounting for the energy of the interfaces that separate the liquid and

gas phases:

u:uG—Srs—gU(Sr,gb) (4)

where ¢ is the porosity and U(S,, ¢) corresponds to the interfaces energy (see Figure 2
for a schematic representation of the relationship between interfaces energy and the water

retention curve) and is given by:

U(S0,6) = / 5(5,, 9)dS, (5)

The coefficient 2/3 appearing in Equation (4) takes account of the effects of skeleton

deformation (via porosity changes) on the water retention properties of the soil.

[Fig. 2 about here.|



2.2 Constitutive stress-strain equations
2.2.1 Modelling unsaturation effects

According to the framework described in [13], the stress defined by eq. (1) together with
the equivalent pore pressure defined by eq. (4) can be used instead of Terzaghi’s effective
stress to extend elastoplastic models to unsaturated states.

Starting from the Modified Cam-Clay model, the constitutive stress-strain equations
of the model presented in this paper are summarized hereafter. For simplicity, the model
formulation is expressed in triaxial stress space. The elastic law is represented by the

incremental elastic-strain/stress equations:

K dp
de¢ = L 6
E’U v p/ ( )
dg
d e pu— —_—
“ = 3q (7)

where €] and € are the volumetric and shear components of the elastic strain tensor, v is

the specific volume, and xk and G are material constants. The yield function is given by:
0 a,00) =a® = M?p' (py — 1) =0 8)

where M is a material constant and pf{, represents the (generalized) hardening parameter
of the model, which can be seen as an apparent consolidation pressure. It accounts not
only for the (classical) mechanical hardening arising from irreversible volumetric strains
but also for the suction-induced (apparent) hardening.

The remaining ingredient to complete the unsaturated elastoplastic framework is the
definition of the hardening due to suction. This feature, which is a key point in the
modelling of unsaturated soil behaviour, accounts for an additional role of suction on
the strength of the soil (apart from its contribution to static equilibrium). This func-
tion corresponds to the well-known Loading-Collapse (LC) curve of the Barcelona Basic

7



Model (BBM, [6]). The identification of this relation may be achieved by using a direct

comparison to the LC curve of the BBM using the following relation:

p62ﬁ0+ug—u (9)

This expression is obtained by equating the total preconsolidation pressures expressed in
terms of effective stress (eq. 1) and net stress ™" = o —ugt. P is the net preconsolidation

pressure as defined in the BBM:

A
in* A(s)—k
i%—ﬁ<@) (10)

where p° is a reference pressure and A(s) is given by:

A@):A@)P+«1—rymm—5@ (11)

where A(0) is the slope of the virgin compression line at saturation in the net stress-
specific volume plane, r is the fraction of A\(0) corresponding to the slope of the virgin
compression line of the material under high suctions in the net stress-specific volume plane
and 3 is a material parameter linked to the rate of change of the soil compressibility with
suction. Alternatively, one can also give directly an explicit functional definition of the

apparent hardening due to suction:
Po = p5 U(s) (12)

where py is the effective preconsolidation pressure under saturated conditions and at the
same plastic strain state than the effective preconsolidation pressure pj at the current
unsaturated state. In this case, the identification of the I(s) function should be based on
experimental data on the evolution of the apparent yield locus with respect to changes

in suction (or degree of saturation).



It is worth noting that other choices are possible for the expression of the preconsol-
idation pressure as a function of the saturation state. However, it is easy to show [37]

that the one given in equation (12) ensures that

o _ s (13

Do Po
as is the case in the BBM. It should be noted that the [(s) function may be expressed
in terms of the degree of saturation S, instead of the suction s. This may induce some
advantages in terms of numerical modelling (concerning transitions between saturated
and unsaturated conditions). In terms of consistency, this latter approach (already used
by several authors, see for instance [10, 38|) presents the advantage to include in the argu-
ments of the function describing the effective preconsolidation pressure pj, (see eq. (12))

two variables of the same thermodynamical nature, namely €? and S, which are both

generalized strains. Here, two expressions are considered:

I(S,) = 1+

<S(ST) S, — se> (14)
(s(8,) - se>) (15)

Patm

s, = 1—|—atanh<

Patm
where pu.n, is a reference pressure and s, is the air entry suction, and k, a and b are are
material constants for a given soil. The mechanical hardening rule does not depend on

the [(S,) function (see eq. (13)) and can classically be expressed as follows:

dpy v
o A—k

deb (16)

2.2.2 Including structure effects

As mentioned previously, structure and partial saturation contributions to the apparent
yield stress are coupled in the sense that the LC curve of a cemented material is neither

a simple translation of the uncemented LC curve nor an homothetic transformation of



it (see Fig. 1). This point is clearly observable in Figs. 3 and 4. When inspecting the
LC curves in terms of yield stress normalised with respect to the saturated stress, it
can be concluded that the relative contribution of suction to the yield stress diminishes
for increasing cement content. The reason for this observation is that capillary forces
that contribute to interparticle efforts (and thus increase soil’s strength) tend to become
negligible if the soil’s intrinsic stiffness increases (which occurs when the cement content

increases). A schematic representation of these coupled effects is presented in Fig. 5.
[Fig. 3 about here.]
|[Fig. 4 about here.|
[Fig. 5 about here.|

To reproduce these observations, and following [24], a scalar parameter R > 1 is
introduced as a measure of the degree of structure of the material. This parameter is
supposed to degrade from its initial value to unity as the material deforms and loses
its initial structure. Starting from the saturated net preconsolidation pressure of the
equivalent remoulded or uncemented soil p;;, the apparent preconsolidation pressure of

the structured soil is R pj at saturation, and for a given value of suction it is given by:

A(0)—k

B . Rﬁ* A(s)—k
Po=p ( pco) 17

Other possibilities exist. For instance, if the alternative choices to the LC curve of BBM

hereinabove mentioned (equations (14) and (15)) are used, the following expressions for

the effective preconsolidation pressure are obtained (see Fig. 6):

po(s) = Rpyl(S,) = Rpy [1 + (sS, — se)] (18)

atm

o) = Rl |Taann (-5 (19

10



The rate of degradation of the soil structure is also assumed to be saturation dependent

and given by:

iR - —k(ST)%dad (20)

where degy is a measure of the incremental irreversible deformation (including both volu-

metric and shear strains):

deg = /(1 — A)(deh)? + A(dehy? (21)

with A a material constant. Without further indication on the effective couplings between
structure and partial saturation effects, the structure degradation function, k(S,), is

assumed to have the following form:

k(S,) = ko (p—g)w (22)

Ph
where ky is a material parameter representative of structure degradation under saturated
conditions and v is a material parameter that determines the effect of partial saturation
on the rate of degradation via the ratio between the saturated and unsaturated precon-
solidation pressures. The modified preconsolidation stress as defined in Equations (9)
and (17) (or alternatively in equations (18) or (19)) is then included in the yield function

(eq. (8)). Invoking the consistency condition gives:

of ., Of of
“Ldp' + Zhdg +
op " 9™ Ipy

dp}y =0 (23)

Expanding the last term in (23) gives:

of ., Of of Opj
o™ YT By e

of 3p6ds+ af Opg

p
et o as T oy ok

dR =0 (24)

Accounting for the hardening function (13), the plastic deformation increment may for-
mally be written as:
deP = AldO', + AQdSL + AngL (25)

11



which shows the three possible (and coupled) mechanisms involved in the generation of

plastic strains where Ay, Ay and A3 are hardening functions.

[Fig. 6 about here.]

2.3 Modelling the water retention properties

In a first step, the water retention properties of the soil will be modelled using Brooks &

Corey’s model (see [39]):

Se

s = (%) (26)

S

where s, and « are model parameters related to the air entry value and the slope of
the retention curve in a (In(S,),In(s)) plane. This equation does not include hysteresis
effects. It can be seen as the description a main branch (either drying or wetting) of
the water retention curve if monotonic changes of water content are to be accounted for.
Furthermore, eq. (26) assumes no coupled effects of soil deformation (porosity changes

for instance) on the water retention curve.

2.4 Identification of model parameters

Identification of the parameters of the model is a key point. The aim of the present model
is to add as less as possible new parameters with respect to the Barcelona Basic Model
(BBM). The existing parameters originating from Modified Cam-Clay Model (MCC) are:
A, K, M, N (or initial void ratio) and pj. In addition, the parameters coming from BBM
to account for unsaturation effects are: 3, p° and r. The full description of these latter
effects requires the definition of the water retention properties, which is not included in

the original BBM. This is done here by using 2 additional parameters: s, and «. Finally,

12



structure effects are described using 4 parameters: Ry, kg, A and v, where Ry is the
initial degree of structure. These parameters are present in the original contribution of
Rouainia & Muir Wood [24]. It should be noted that particular attention has been taken
in order to avoid including specific parameters devoted to the coupling effects between
saturation and structure although these coupling effects are included in the present model
formulation through the dependence (on R and s) of the hardening functions Ay, Ay and
Az in (Eq. (25)).

Among the parameters newly introduced with respect to BBM, Ry has a straight-
forward physical meaning and can be deduced from common laboratory tests performed
on structured and remoulded soils. The others (ky, A and 1) will require an estimation
based on a comparison of model predictions with experimental measurements.

One of the main difficulties is the discrimination between the effects of structure
and partial saturation on the yield locus in the (p/, s) (or equivalently (p, s)) plane. In
practice, experimental data (typically isotropic compressions) on saturated material on
both intact and reconstituted samples would be sufficient to characterize the structure
effects on the studied soil without the coupled influence of partial saturation effects
(remember that the scalar parameter describing the degree of structure has been defined
in this study as an apparent over-consolidation of the intact material with respect to the
remoulded material, both at saturated state). One of the advantages of this procedure is
that it involves simple tests on saturated reconstituted specimens which are more easily
reproducible.

To close the identification of the overall hardening function, a common procedure is
then required which consists in determining the yield point of intact samples at various

levels of suction. Doing so will of course give an idea of the couplings that may appear

13



between partial saturation and structuration effects (see Figs. 3 and 4 and the corre-
sponding discussion). In complement, a schematic representation of the coupled effects

between structure and partial saturation is given in Fig. 7.

[Fig. 7 about here.]

3 MODEL PERFORMANCE:

The proposed constitutive model has been implemented into a constitutive driver in
order to test its capabilities at the stress point level. Some simulations of theoretical
tests and comparisons with available experimental data are presented hereafter. The

model parameters used in this section are summarised in Table 1.

3.1 [Illustration of model capabilities

Figures 8 and 9 illustrate the influence of initial suction and degree of structure on the
oedometric response of a virtual unsaturated structured soil. Figure 8 shows constant
suction oedometer tests on a soil starting from different values of suction. The modelling
of initial degree of structure and its degradation has been disabled, simply by fixing
the initial degree of structure to unity. The classical trends of unsaturated compacted
soils behaviour are observed: increase of yield stress and decrease of compressibility with
increasing suction.

Figure 9 highlights the role of the initial degree of structure on the simulations. Soils
presenting a higher initial degree of structure are characterized by a higher apparent yield
point and an increasing trend to brittle behaviour. At high stresses, corresponding to
considerable degradation of the initial structure, the curves of initially structured soils
(Ro = {2,3,4,5}) tend to converge towards that of unstructured materials (Ry = 1).

14



|[Fig. 8 about here.]

[Fig. 9 about here.|

3.2 Confrontation to experimental results

Isotropic compression tests performed on specimens (sampled at 8 m depth) of a residual
soil from Sao Paolo, Brazil (see [40]) are simulated. The main drying branch of the water
retention curve has been given by the authors. A good fit is obtained using s. = 0.55 kPa
and o = 8.57 (see Fig. 10). Simulation results using the proposed model are presented in
Fig. 11. The model is able to capture the increase in elastic stiffness due to its formulation
using an effective stress framework (a higher suction means a higher effective stress and
thus a higher bulk stiffness as predicted by eq. (6), see [41, 42| for more details).

A reasonably good prediction can be observed. From this figure, one can see that the
proposed model is able to reproduce the maximum of collapse which is typical of natural
and compacted unsaturated soils (see among others |9, 43, 44, 45]). This can indeed be
seen from the increasing and then decreasing vertical distance between the saturated and
any of the unsaturated compression curve in Fig. 11. This feature arises from the chosen

coupling between suction and structure contributions to the yield limit (see Eq. (17)).

[Fig. 10 about here.]

[Fig. 11 about here.|

[Table 1 about here.]
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4 CONCLUDING REMARKS:

An elastoplastic model extending the Barcelona Basic Model to account for structure
of soils and its degradation with deformation has been introduced. It includes coupled
phenomena between partial saturation and structure effects. These coupled effects have
been modelled to ensure a consistent representation of observed experimental data.

Contrary to various models previously developed, the present model does not account
explicitly for a double structure (micro- and macro-porosities). This may be a limita-
tion in terms of modelling capabilities but this strategy has the advantage to provide a
model with fewer parameters to fit and which is still able to capture the main features of
unsaturated structured soils.

The capabilities of the model have been studied based on a parametric study and
satisfactory simulations of the isotropic behaviour of a natural unsaturated soil have
been presented. This model is finally able to reproduce the maximum of collapse observed

experimentally but impossible to reproduce with BBM-like models.
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Parameter

Virtual soil

Brazilian soil

K ) 0.02 0.015
A0) (9 0.2 0.055
v ) 0.3 0.3
M ) 1.0 NA.
B (kPa D) 0.0123 0.01
r ) 0.75 0.98
»°  (kPa) 100.0 0.001
S (kPa) 1.0 0.55
a ) 2.5 8.57
A ) 0.75 0.0
ko ) 5.0 15
b ) 0.1 0.1
vy (kPa) 200.0 80.0
eo ) 0.9 0.7
Ro ) NA. 2.0

Table 1: Model parameters.
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Fig. 1: Evolution of the yield stress as a function of suction in the case of an artificially
cemented soil (after [28]).
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Fig. 8: Influence of initial suction value on oedometer response of a virtual unstructured
soil: constant suction compressions (s = {1, 50, 100,200,500} kPa, Ry = 1).
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Fig. 9: Influence of the initial degree of structure on oedometer response of a virtual soil:
constant suction compressions (s = 100 kPa, Ry = {1,2,3,4,5}).
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Fig. 10: Water retention curve of residual soil from S&o Paolo (8 m): experimental data
from [40] and simulation using Brooks & Corey’s model.
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