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SUMMARY

The constitutive model presented in this work is built on a conceptual approach for unsaturated expansive
soils in which the fundamental characteristic is the explicit consideration of two pore levels. The distinction
between the macro- and microstructure provides the opportunity to take into account the dominant
phenomena that affect the behaviour of each structural level and the main interactions between them. The
microstructure is associated with the active clay minerals, while the macrostructure accounts for the larger-
scale structure of the material. The model has been formulated considering concepts of classical and
generalized plasticity theories. The generalized stress—strain rate equations are derived within a framework
of multidissipative materials, which provides a consistent and formal approach when there are several
sources of energy dissipation. The model is formulated in the space of stresses, suction and temperature;
and has been implemented in a finite element code. The approach has been applied to explaining
and reproducing the behaviour of expansive soils in a variety of problems for which experimental data
are available. Three application cases are presented in this paper. Of particular interest is the modelling
of an accidental overheating, that took place in a large-scale heating test. This test allows the capabilities
of the model to be checked when a complex thermo-hydro-mechanical (THM) path is followed. Copyright
© 2005 John Wiley & Sons, Ltd.

KEY WORDS: constitutive modelling; expansive soils; unsaturated porous medium; fabric/structure of
soils; suction

1. INTRODUCTION

The study of expansive soils has been a subject of increasing interest in recent research [1-06].
A major motivation is the possible use of those materials as engineered barriers and seals
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in radioactive waste repositories. Many disposal concepts consider the barrier made up from
highly expansive compacted clay, in an initially unsaturated state. During its lifetime the
barrier will undergo processes of heating, induced by the heat-emitting waste, and of hydration,
coming from the host rock (which is generally in a saturated state). This scenario has
led to increasing interest in the knowledge of the behaviour of unsaturated expansive soils
under a wide range of testing conditions; in particular the thermo-hydro-mechanical (THM)
behaviour has received special attention [7—12]. However, the interest on these materials is not
limited to nuclear waste disposal applications, but they are present in other engineering
problems such as shallow and deep foundations, slopes with stability problems, desiccation and
formation of fissures in soils in arid regions, and clay based liners for waste isolation from the
environment.

Comprehensive modelling of unsaturated expansive clays is a complex problem. The swelling
behaviour of these clays has often been reproduced through relatively simple and empirical laws,
which relate the material response to suction changes and applied stresses. There are relatively
few formulations that integrate the main aspects of behaviour in a unified framework [13—15]. In
that sense the approach proposed by Gens and Alonso [13] can be mentioned as a reference
framework to analyse the behaviour of unsaturated expansive materials. In that work,
particular attention is placed on the clay fabric and how it can be integrated in the constitutive
modelling of the different structural levels present in an expansive soil.

The fabric of compacted expansive clay has been actively studied [6,8,16,17], a marked
double structure is generally observed. For instance, Figure 1 presents the results of mercury
intrusion porosimeter tests of the FEBEX bentonite [6]. The two dominant pores size may be
associated with two basic structural levels: (i) the macrostructure, composed by the global
arrangements of clay aggregates, with macropores between them, and, (ii) the microstructure,
which corresponds to the active clay minerals and their vicinity. Figure 2 shows a schematic
representation of the conceptual model. Appendix A presents the phase diagram related to this
conceptual model.

The model presented in this work is based on the general framework proposed by Gens and
Alonso [13] and considers some of the improvements suggested in Reference [14]. A series of
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Figure 1. Distribution of incremental pore volume for two compacted bentonite samples at different dry
densities. Mercury Intrusion Porosimeter test [6].
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Figure 2. Schematic representation of the two structural levels considered.

modifications and developments have been performed in order to enhance the constitutive law
and also to formulate the model in a form more suitable for its implementation in a finite
element code. One of the aims is to provide a more general mathematical framework in order to
achieve a more general interpretation of the phenomena that take place in expansive clays
subjected to complex THM paths. To this end, concepts of generalized plasticity theory have
been included in the formulation of the model. The governing small strain—stress equations have
been derived considering concepts of multi-dissipative materials [18].

The mechanical law is the core of a double structure THM formulation specially developed
to handle coupled THM problems in geological media. The double structure approach
has been implemented in the finite element program CODE_BRIGHT [19] and has been
applied to solve a number of boundary value problems [20]. This paper contains the descrip-
tion of the mechanical constitutive model, with the main aspects of the mathematical
framework adopted, and includes three application cases. More details can be found in
Reference [20].

In order not to clutter the main body of the paper, most mathematical derivations and
detailed model expressions are collected in the appendices. In the following, bold faces indicate
tensors; stresses (¢) and strains (g) are considered as first-order tensors and stiffness and
compliance matrices are second-order tensors.

2. MODEL FORMULATION

The microstructure is the seat of the basic physical-chemical phenomena occurring at clay
particle level. These microstructural phenomena underlie many features of expansive soils
behaviour [13]. In addition, deformations due to loading and collapse may have a major effect at
macrostructural level. This macrostructural behaviour can be described by concepts and models
of unsaturated non-expansive soils, such as the elasto-plastic Barcelona basic model (BBM)
developed by Alonso et al. [21]. In expansive soils there are other mechanisms in addition to the
ones included in the BBM which can induce plastic strains [13]. For example, Figure 3 shows the
behaviour of compacted expansive clay subjected to a cyclic suction-controlled oedometer test
with suctions varying between 0.2 and 1.7 MPa [22]. In this test the sample is subjected
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Figure 3. Accumulation of swelling strain in a cyclic suction test [22].

alternatively to wetting and drying paths under constant vertical stress. It can be observed that
the material exhibits a clear non-linear behaviour, with irreversible accumulated deformations at
the end of each cycle. The results obtained by Day [23] in a suction cyclic test (Figure 4) also
show a marked inelastic behaviour. This is again a compacted clay, but here the amplitude of
the suction cycles is wider, because the sample was dried under atmospheric conditions during
the summer months in southern California. It is important to highlight that both samples were
compacted under static conditions, and that the constant vertical stress applied during the test
was relatively low. In this situation, it is expected that the observed plastic deformations were
developed inside the macrostructural yield surface of the BBM. This inelastic behaviour can be
associated with the interactions between the two structural levels. This plastic mechanism
considers that microstructural changes can modify the global arrangement of aggregates in an
irreversible way [13].

More experimental work related to the soil behaviour under suction cycles can be found in the
literature (e.g. References [24-27]). Different techniques of suction control and different stress
paths were applied by different authors. From those tests, two main aspects can be noted:
irreversible behaviour appears independently of the suction level and, it is difficult to determine
precisely the initiation of the yielding.

In this paper the elasto-plastic model related to the interaction mechanism between both
structures is formulated in the framework of generalized plasticity theory. In this theory the
yield function is not defined, at least in an explicit way. This theory is well suited if generalized
stress reversals need to be modelled and also when there are several sources of energy dissipation
[28-31]. A generalized plasticity model was applied to materials that show irrecoverable
deformations upon reloading [32], and also to include the behaviour of soils under cyclic loading
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Figure 4. Evolution of shrinkage and swelling in a cyclic suction test [23].

when they exhibit irreversible deformation in loading, unloading and reloading [28, 29]. These
are also typical aspects of behaviour observed in expansive soils under generalized stress paths
including suction and stress changes.

There are significant advantages in using generalized plasticity theory to model the plastic
mechanism related to the interaction between both pores structures. Some of them are:

® No clear evidence exists concerning the shapes of the internal yield surfaces corresponding
to the interaction mechanisms between the two structural levels. Their experimental
determination does not appear to be easy either.

® The effect of drying/wetting cycles on the behaviour of expansive soils is a matter of great
practical importance. Generalized plasticity is especially well adapted to deal with this type
of generalized cyclic loading.

® [t is a formulation suitable to be implemented in numerical codes in a simple, robust and
structured manner.

® [t provides sufficient flexibility to incorporate additional microstructural phenomena such
as non-equilibrium microstructural suction [20], or geochemical variables such as osmotic
suction and cation exchange [33, 34].

Additionally, a generalized plasticity model is able to model a material behaviour
characterized by the existence of an elastic domain (delimited by yield surfaces), since, the
classical plasticity theory can be considered a particular case of the generalized plasticity
theory [32, 35].

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2005; 29:751-787



756 M. SANCHEZ ET AL.

The model is formulated in terms of the three stress invariants (p,J,0), suction (s) and
temperature (7'). The invariants are defined in Appendix B. The vector of generalized stresses,
which includes temperature and suction, is identified with a hat, i.e.. 6 = {T,s,p, J, H}T.

Finally, the complete model formulation requires the definition of laws for: (i) the
macrostructural level, (ii) the microstructural level, and (iii) the interaction between the
structural levels. In the following sections the main aspects of these three parts of the model are
presented.

2.1. Macrostructural model

The BBM is able to reproduce many of the basic patterns of behaviour observed in non-
expansive soils [21]. In that sense, it is an appropriate law to model the macrostructural
behaviour. The BBM considers two independent stress variables to model the unsaturated
behaviour, these are: the net stresses (6), computed as the excess of the total stresses over the gas
pressure (6; — Ip,), and the matric suction (s), computed as the difference between gas pressure
and liquid pressure (p; — p1). The BBM is an elasto-plastic strain-hardening model, which
extends the concept of critical state for saturated soils to unsaturated conditions including a
dependence of the yield surface on matric suction (Figure 5). The size of the yield surface
increases with suction and the trace on the isotropic p—s plane is called the loading—collapse
(LC) yield curve, because it represents the locus of activation of irreversible deformations due to
loading increments or collapse (compression) due to wetting. The position of the LC curve is
given by the value of the hardening variable pf§, which is the pre-consolidation yield stress of the
saturated state.

Concerning the effects of temperature on clay behaviour, several constitutive laws have been
developed to include the thermal effects under saturated conditions [36-40]. In this work, the
effects of temperature have been integrated in the model in accordance with the thermo-
mechanical law for non-saturated conditions proposed by Gens [41]. The thermal effect is
included by considering that the elastic component of the strain induced by temperature changes
is only volumetric and assuming a dependence of the pre-consolidation pressure on temperature.
In this way, the fact that temperature increments reduce the size of the yield surface and the

Figure 5. Three-dimensional representation of the BBM yield surface.
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strength of the material is taken into account. This is a well-known behaviour for saturated
conditions [36] that can also be extended to unsaturated conditions, as confirmed in recent
experimental work [11,12]. The global (macroscopic) thermal response of the material is
considered at the macrostructural level.

A version of the modified Cam Clay model is the saturated law adopted as a limit condition of
the unsaturated formulation [21]. The yield surface (FLc) can be expressed as

=0 124 pe - = 0 (1)
g(_300) pS 0 p -

ﬂg3ﬁ[
where M is the slope of the critical state, py is the apparent unsaturated isotropic pre-
consolidation pressure, g is a function of Lode’s angle and p, considers the dependence of shear
strength on suction and temperature [41].
The hardening law is expressed as a rate relation between volumetric plastic strain and the
saturated isotropic pre-consolidation stress, (p§, Figure 5), according to

2 _ (1+e) p
Py (oy—x) "

2

where e is void ratio, « is the elastic compression index for changes in net mean stress and /) is
the compression index for changes in net mean stress for virgin states of the soil in saturated
conditions.

Regarding the direction of the plastic strain increment, a non-associated flow rule in the
plane s = constant and T = constant is suggested [21,41]. The plastic potential (G) adopted is
given by

g(0)

2
2 —
g(_300)] M*(p -+ ps)po = p) = 0 3

G_wﬂ[

where « is determined from the condition that the flow rule predicts zero lateral strains in a K
stress path [21]. In Appendix B the main BBM equations are presented.

2.2. Microstructural model

It is assumed that physico-chemical phenomena occurring at this level are basically reversible
and that the microstructural fabric does not have a preferential orientation [13]. So, the
deformations arising from microstructural phenomena can be considered elastic and volumetric.
The microstructural volumetric strain depends on a microstructural effective stress () defined
as [42]

p=p+ st where sy =5+ s 4)

where p is the net mean stress and s, the osmotic suction. It is assumed that y is a constant
(x > 0). Here the total suction (sy) is equal to the matric suction (s) because the effect of the
osmotic suction is not considered. In References [33, 34] the formulation has been extended to
include geochemical variables such as osmotic suction and cation exchange.

An additional assumption is made in the current formulation so that there is hydraulic
equilibrium between the water potentials of the two structural levels (a similar hypothesis was
made in (4)). This implies that the suctions associated to each of the water potentials are equal
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Figure 6. Definition of microstructural swelling and contraction directions.

and, therefore, only one suction variable should be considered. Therefore, in the model
formulation, the generic name of suction (s) is used for both, but it has different physical
meaning depending on the structural level considered. In Reference [20], an extension of the
constitutive model to handle problems in which this hypothesis is relaxed is presented.

In the p—s plane, the line corresponding to constant microstructural effective stresses is
referred to as the neutral line (Fynp ) since no microstructural deformation occurs when the stress
path moving on it, § = constant (Figure 6).

The neutral loading line (NL) divides the p—s plane into two parts, defining two main
microstructural stress paths, which are identified as

p > (0 = microstructural contraction (MC) path
p <0 = microstructural swelling (MS) path.

The increment of the microstructural elastic deformation is expressed as a function of the
increment of the microstructural effective stress:
b
gm=—=—+)— 5
"™ Kn  Kn "Kn ®
where the subscript m refers to the microstructural level, the subscript v refers to the volumetric
component and Ky, is the microstructural bulk modulus (Appendix C).

2.3. Interaction between structural levels

Gens and Alonso [13] include the interaction between the two structural levels as a basic point of
their approach, in order to achieve a more comprehensive description of expansive soil
behaviour. The irreversible macrostructural deformations induced by microstructural effects are
considered proportional to the microstructural strains according to interaction functions
[13,14]. In a general form it can be expressed as

égﬁ = fém (6)
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where s‘;ﬂ is the macrostructural plastic strain arising from the interaction mechanisms between
both structures. Two interaction functions f are defined: fc for MC paths and fg for MS paths.
In the case of isotropic loading, the interaction functions depend on the ratio p/py. Figure 7
shows a generic representation of the interaction functions.

The ratio p/py is a measure of the degree of openness of the macrostructure relative to the
applied stress state. When this ratio is low it implies a dense packing of the material (Figure 8).
It is expected that under the latter condition (dense macrostructure) the microstructural swelling
(MS path) affects strongly the global arrangements of clay aggregates, inducing large
macrostructural plastic strains. So, the higher values of the fs function correspond to low
values of p/py. In this case the microstructure effects induce a more open macrostructure, which
implies a macrostructural softening. On the other hand, when the microstructure contracts

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2005; 29:751-787
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(MC path) the larger (induced) macrostructural plastic strains occur with open macrostructures,
that is, for values of p/py close to 1. Under this path the clay tends to a more dense state, which
implies a hardening of the macrostructure. This coupling between both plastic mechanisms is
considered mathematically assuming that:

& =€) c+éy (7

That is, the hardening variable of the macrostructure (pf;, Equation (2)) depends on the total
plastic volumetric strains (g?), which is obtained from the sum of plastic volumetric strains
induced by the BBM yielding (&) ), plus those arising from the interaction mechanisms between
both structures (gfﬁ).

This mechanical law is able to model the macropore invasion induced by microstructure
expansion, when conditions of high confinement prevail (as reported by Komine and Ogata [4]),
considering negative values of the function fs for high values of p/po [14]. In Figure 7 the point
in which both interaction curves meet, indicated as E, is the equilibrium point. This point
represents the state of the material for which no cumulative deformations are observed after
cycles of suction changes [14].

It is noted that the material response will depend strongly on the direction of the
microstructural stress path relative to the NL, which delimits two regions of different material
behaviour. A proper modelling requires the definition of specific elasto-plastic laws for each
domain in order to describe correctly the material behaviour according to the microstructural
stress path followed (MC or MS). Generalized plasticity theory can deal with such conditions,
allowing the consideration of two directions of different behaviour and the formulation of
proper elasto-plastic laws for each region. According to that theory, for a complete model
definition, it is necessary to provide: (i) a loading and unloading direction, (ii) a plastic flow
direction, and (iii) a plastic modulus. These are described below.

2.3.1. Loading and unloading direction. At every point of the stress space two vectors may be
defined, one indicates the microstructural compression direction and the other the
microstructural swelling direction (equivalent to loading/unloading in conventional stress/
strain formulations). The neutral line is considered as reference for the microstructural
behaviour dividing the generalized stress space in two regions. From Equation (4), the neutral
line is defined as (Figure 9):

Fnoip+ys—pae =0 (3)

Then, the microstructural compression direction can be obtained as

OF;
fic = alfL =10,7,1,0,0}" )
()

The opposite direction defines the microstructural swelling direction, which is expressed by

ST o6
In order to provide a generic expression for the plastic mechanisms induced in MC or MS paths,
p will indicate the type of path followed. The following general expression is obtained:

. OFnL
"= "2

={0,—y,—1,0,0}T (10)

= 03{0,7,1,0,0}T (11)
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Figure 9. Definition of microstructural swelling and contraction directions.

where
wg=1 if f=C (MC path) (12)

wp=—1 if =S (MS path) (13)

Given a generalized stress state and a generalized stress increment, the criterion to identify the
microstructural stress path can be specified as (Figure 9)

Microstructural compression criterion:

Al -6°>0 (MC path) (14)
Microstructural swelling criterion:

fid -6°>0 (MS path) (15)
Neutral loading:

fig-6°=0 (NL path) (16)

where 6° is the elastic generalized stress increment. The dot in Equations (14)—(16) means matrix
product (single contraction in index notation).

2.3.2. Plastic flow direction. The concept of image point is applied to define the flow rule for a
generic state. The image point is obtained as a projection of the current stress state on the BBM
yield surface (Figure 10). It is assumed that the current stress ratio (1), , s and T are maintained
constant during projection. The normal to the plastic potential at the image point (nge) is

defined as
oG oG oG\
_ 1
nG® (ap®a aJ®: 69®) ( 7)

The equations used to evaluate this vector and the projections are included in Appendix D.
In order to define the flow rule it is necessary to take into account the component of
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macrostructural behaviour induced by microstructural strains due to the coupling mechanism.
For a given microstructural path (MC or MS), the macrostructural response (expansion or
compression) depends on the sign of the interaction function f3. If 3 is positive the effect on the
macrostructure goes in the same direction as the microstructural deformation. When fp is
negative, the opposite occurs. As an example, a microstructural compression path is examined.
This path leads to a contracting behaviour of the microstructure. Therefore if f¢ is positive, the
macrostructure will also contract and macrostructural hardening will take place. In contrast, if
fc is negative, there will be expansive macrostructural strains and macrostructural softening will
occur. To take into account these two possibilities, the flow rule for microstructure compression
paths is finally given as

(18)

where mc is the plastic flow direction. Similar considerations for microstructure swelling paths
lead to:

s
ms = — Ng* (19)
51
A general form of the plastic flow direction can be written as
mﬁ = (JJ/} f—ﬁnG* (20)
| /5l

2.3.3. Plastic modulus. The plastic modulus () is defined adopting a similar structure as the
one proposed by Pastor et al. [29]:

Hy = HyHGH; 1
where

(a) H [1; is the term that contains the main variables that control the coupling between both
structures. It can be defined as

Hj =" 22)
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When the stress path is isotropic fp depends on p/py. However, if a deviatoric stress
component is applied f3 depends on the p;/py ratio (see Figure 10) and the following
equation should be used to determine the distance to the LC surface:

B g(—3091%  3J2
pr‘”{ <(0) ]Mzwps)

(23)

where p, is a reference mean net stress for a non-isotropic stress state. Figure 10 shows a
schematic representation for this case.

(b) H,% is the term that considers the history of the material associated to this mechanism.
When it is assumed that irreversible macrostructural plastic strains are always induced by
the microstructural effective stresses change, this factor is given by

Hp=1 (24)

This implies that there is no elastic domain associated with the interaction mechanism. In
this case a history variable (pnL), related to the last generalized microstructural stress
reached by the material is considered (Figure 9).

At this point it is possible to introduce different evolution laws that take into account
the history of the material. For example, a hypothetical case with an elastic domain has
been modelled in Reference [20] following a similar approach to the one introduced in
Reference [35]. In that case there were two yield surfaces, one for each microstructural
stress path (MC or MS), delimiting the elastic behaviour. That is, a conceptual model
similar to the one adopted in the Barcelona Expansive Model (BExM) [14].

() H; is a factor that ensures the correct scaling of the plastic deformations, and it is
defined as
Hj = |jmy| (25)

where ||mg|| is the Euclidean norm of the vector.

Finally, the plastic strain increment induced by the f mechanism is integrated in the model
considering these three basic elements of the generalized plasticity theory (Appendix E). The
equation for the plastic strain increment caused by a stress increment is expressed as

82 = j./; mg (26)

where i/; is defined in a similar way as in Reference [29], i.e.:
nE -6
Hy

ig = 27)

where ng = 0Fni/0c. Finally, after some algebraic combination of the equations above
(Equation (6) for plastic strain, Equation (20) for flow rule, and, Equation (21) for plastic
modulus), it is possible to obtain the volumetric strain increment due to a p increment for the
component of plastic strain arising from the interactions mechanism:

: P
£€ﬂ :fﬁ Kimn’lvﬂ (28a)
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where £ oG
wpJp
myp = B B 9T 28b
b= gl V5l 3p® (250)

Equation (28a) expresses the coupling between structural levels as defined by Equations (5) and
(6). The active mechanism (ff) is identified according with the criterion of microstructural
contraction/swelling established in Section 2.3.1 (Equations (14)—(16)).

In summary, the mechanical law has been formulated considering an elasto-plastic model
(formulated in the context of classical plasticity) for the description of the macrostructural
behaviour, a non-linear elastic model to describe the microstructural behaviour and a
generalized plasticity model to include the irreversible effects induced by the coupling between
both structural levels. The aim of the following section is to obtain the elasto-plastic tensors
related to the increment of strains, suction and temperature, that define the stress—strain
relations.

3. ELASTO-PLASTIC STRESS-STRAIN RELATIONS

The behaviour of the soil described by the double structure model can be regarded as the
consequence of the joint action of several mechanisms that can act simultaneously. In this work,
some concepts of multi-dissipative materials introduced by Rizzi et al. [18] have been considered
to take into account that different mechanisms can induce plastic deformations. A first step is
the assumption of an additive decomposition of the strains into elastic and plastic components;
so, the increment of total strains can be expressed as

g=¢+ ) & (29)

where 1, is the number of active plastic mechanisms that correspond to one subset of the total
plastic possible mechanisms. The model has three inelastic mechanisms: Ic, due to yield of the
BBM, and mc or ms when one of the two interaction mechanisms is active. Two is the maximum
number of simultaneous active plastic mechanisms i.e. Ic plus mc or ms.

In classical plasticity theory, it is assumed that the material behaves either as an elastic or a
plastic solid. The yield surface defines the transition from elasticity to plasticity, stress states
inside the yield surface are considered as elastic (¥ <0). In generalized plasticity theory the state
of the material is determined from the control variables: generalized stresses, strains and a finite
number of internal variables. A process of loading is defined as elastic if the set of internal
variables remains unchanged [32].

In the case of elastic loading, the stress increment is related to the increment of strains, suction
and temperature by the following relation:

6=D. &€ +as+arl (30)
where D is the global elastic matrix which considers the elastic component of the two structural
levels. o and et are the elastic vectors associated with suction and temperature, respectively.

The expressions for the elastic tensors are introduced in Appendices C and E. When a loading
process is inelastic, plastic strain rates are assumed to be governed by a flow rule. For the

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2005; 29:751-787
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macrostructural model, the strain increment can be expressed as
9 _ 1
flc= /e, = JrcmLc (1)

where Aj ¢ is the plastic multiplier associated to the Ic plastic mechanism, and my ¢ is the flow
rule direction (normal to the plastic potential, Equation (3)).

In this model the material behaviour is described by elasto-plastic mechanisms that can be
activated during the loading process. The set of active plastic mechanisms is not known in
advance. Therefore it is necessary to use an iterative procedure to find them [43,44]. A
possibility is to assume that all the plastic mechanisms are initially active [43]. Here it is assumed
that both plastic mechanisms are initially active: Ic and f (that is mc or ms).

Regarding the Ic plastic mechanism it is assumed that once yield occurs (that is Fic = 0), the
stresses must remain on the yield surface during plastic deformation. This constraint is enforced
by the consistency condition, which implies that: Fyc =0. After some algebra on the
consistency condition (Appendix E), the following equation is obtained:

Jic(Hie + Hie) + Ap(hg + hg) = éLc + Sic + fie (32)

where i ¢ and iﬁ are the unknowns. Hyc, Hf, hg and hj are moduli related to the Ic and f
mechanisms, whereas, é;c, sy c and f ¢ are variables linked to the increment of strains, suction
and temperature. In Appendix E all the details of Equation (32) are presented.

For the f plastic mechanism, a procedure similar to that suggested by Pastor et al. [29] has
been followed to obtain the equation with the unknowns /e and i,;. It can be written as

ALchS ¢ + Ap(Hpg + Hj) = ég + $p + iy (33)

where /f -, Hg and Hj; are moduli related to the plastic mechanisms (Ic and f), and ég, $3 and 7g
are variables linked to the increment of strains, suction and temperature. Appendix E contains
additional details for the calculation of Equation (33).

The system formed by Equations (32) and (33) can be written as

JucHic + Aghy = éLc + Sic + fic

/;LLCHLC + Zﬁﬁ/; =ép+ S+ i[; (34)
which can be expressed in a compact form as

H-i=é+s+t H=H+
A H=H+H (35)

The hardening modulus matrix (H) is symmetric when there is reciprocity in the hardening rules
of both mechanisms (reciprocal hardening implies that H; = Hj; for i#j) [18]. So, this model
has non-reciprocal hardening (/; can be non-zero), because the only coupling between both
plastic mechanisms is given by the hardening law of the BBM (Equations (5) and (6)).
According to Rizzi et al. [18], there is a unique increment of g for any increment of ¢ if, and
only if, H is a P-matrix (Appendix F). When this condition is satisfied, the flow rule of the
multidissipative materials exhibits hardening, otherwise it exhibits softening. Finally, for H =0
the behaviour is perfectly plastic. For the general case of non-associative plasticity, there is
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a unique increment of ¢ for any increment of ¢, if, and only if, the effective hardening matrix H
is a P-matrix. H® is the critical softening matrix.

The assumption that H is a P-matrix implies that each diagonal element of the H matrix plus
the corresponding diagonal element of the H® matrix is greater than zero (i.e. (Hic + Hj:) >0
and (Hp + H;) > 0). Therefore, the condition of H >0 is seltisﬁed for each plastic mechanism.
The solution of system (34) requires the inversion of the H matrix which is assumed to be a
P-matrix, obtaining:

Ai=H"'-(e+s+1 (36)

The choice of the plastic mechanisms initially assumed active should be verified by checking that
they are actually active [43, 44]. If one of them is not active, the case becomes a single dissipative
model.

The net stress increment can be expressed as

¢=D6-<s—s§—s?—232) (37)
n=1
After some algebra (Appendix E) the following general form is obtained:

d:Dep‘£+Ysj+YTT (38)

In the case of two active plastic mechanisms these tensors may be evaluated by

1 _ _ _
Dep =D.- |I— E(H'BmLC . n{c — h/;mLC . n; + HLCm,; . n/T; — thmﬁ : HEC) -De (39)
1
H
+ Hyc mgng - (o + By) — hremgl[l + Ig + nf ¢ - (o + BI} (40)

Yo =05 + By — = D¢ - {Hpmrc[l + I +nf - (o + By)] — E/;mLcn/? (o5 + By)

1 _ _ _
Yr =07 — I D. - [Hpmic(d +nj-or) — hﬁmLan o7+ HLCmﬁn} oy

- h_LCm[f(d + HEC ar)] (41)

Appendix E contains details to compute the elastic and elasto-plastic tensors. For simpler
cases, for example when only the Ic plastic mechanism is active a procedure similar to
the one presented in Reference [41] has been followed. Conversely, when only the plastic
mechanism f is active, the stress—strain rate equations have been obtained in accordance with
the concepts of generalized plasticity presented in Reference [29]. More details can be found in
Reference [20].

The mechanical model has been implemented in the finite element program CODE_
BRIGHT, a numerical tool designed to handle coupled THM problems in geological
media [19,45]. A detailed description of the integration algorithm can be found in
Reference [20].
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4. APPLICATION CASES

The constitutive model has been applied to solve a variety of problems in which expansive soils are
involved [20]. In this section, three cases are presented. The first case corresponds to the simulation
of a swelling pressure test. The second example refers to a test involving wetting/drying cycles. The
third one is related to the modelling of compacted bentonite behaviour under a complex THM path.

4.1. Swelling pressure test

The swelling pressure test offers valuable information related to the behaviour of expansive
soils. In this section the simulation of a test carried out by Romero [8] on a sample of Boom clay
pellets is presented. In these materials two structural levels can be clearly distinguished: the
microstructure associated to the high density pellets (dry density 1.96 mg/m?); and the
macrostructure that corresponds to the granular-like arrangement of these pellets (dry density
1.37 mg/m3) with macropores between the pellets. Table I presents the values of soil parameters
and initial values of state variables used in the modelling.

The main objective of this simulation is to explain and reproduce the observed behaviour during
the test (Figure 11). Therefore, a numerical analysis has been carried out prescribing the same
suction changes as in the test under constant volume conditions. Figure 12 shows the computed
vertical net stress—suction path. The initial condition () corresponds to an initial suction of 80 MPa
and a low vertical stress and it is located inside the elastic domain. A wetting path is then followed
up to a value of suction close to 0.01 MPa (point ). Finally the sample is subjected to drying, up
to a maximum suction of 0.4 MPa. It can be observed that the model can reproduce satisfactorily
the main trends observed during the test. Figure 13 shows the evolution of the BBM hardening
parameter during the test and Figure 14 displays the evolution of the interaction functions fc and fs.

In the first stage (/-C) the stresses remains inside the LC yield surface and the stress path is
determined by the increase of load required to compensate the swelling strains due to suction
reduction. The ms mechanism is active with positive values of the fg function during most of this
stage. This implies that the induced macrostructural plastic strains (due to ms mechanism) are of
expansion, with a tendency to a more open macrostructure and, consequently, a reduction of pj.
The LC yield curve moves to the left, from the initial position LC_I to the contact condition
LC_C (i.e. a macrostructural softening). Negative values of fs are in fact computed at the end of
the /-C path (i.e. at high pressure, close to collapse) that result in the very slight change of
tendency of p§ just before reaching point C. Point C corresponds to the contact point between

Table I. Parameters used to define the elasto-plastic constitutive law (Section 4.1).

Parameters defining the Barcelona basic model for macrostructural behaviour
Kk =0.020 K5 =0010 Zp) =0.650 p.(MPa)=001 r=0.780 ( (MPa~')=500 pi (MPa)=0.11

Parameters defining the law for microstructural behaviour
km=0.10 y=1

Interaction functions

fo =010+ 1.10(p:/po)**;  fs = —0.10 + L.1(1 — p;/po)’
Cmacro = 0.60 Cmicro = 0.35
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Figure 11. Reported stress path in the o,—s plane [8].

the stress path and the LC curve. Under this condition a collapse of the macrostructure occurs
and the stresses tend to reduce to compensate the compression strains. This implies a hardening
of the material with a significant increase of pj (Figure 13). Now the stress path, on the p—s
plane, is controlled by the shape of the LC curve, with both plastic mechanisms active (Ic and f).
Finally, during the drying path W-D the mc mechanism is active with positive values of fc
during a major part of this stage, inducing compressive plastic macrostructural strains
associated with macrostructural hardening. Small negative values of fc are computed only at the
very end of the path.

The final state of the sample is a denser macrostructure, with a net increment in the value of pj
and a larger elastic domain given by the final position of the yield surface LC_D.

4.2. Cyclic wetting/drying test

Two tests carried out by Pousada [22] have been selected to examine the response of an
expansive clay subjected to suction cycles under oedometric conditions at two different vertical
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Figure 12. Computed stress path, together with the positions of the LC curve in the o,—s plane.
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Figure 13. Evolution of the hardening parameter, p§, during the test.

stress levels. The tests correspond to samples with a dry density of 1.34 mg/m3 and with an
initial water content of 24% that were subjected to six wetting—drying suction cycles with
suction changing from 0.2 to 1.7 MPa and back. Table II shows the values of the parameters
used to model the tests.
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Figure 14. Evolution of the fc and fs interaction functions.

Table II. Parameters used to define the elasto-plastic constitutive law (Section 4.2).

Parameters defining the Barcelona basic model for macrostructural behaviour
Kk =0.050 K, =0.001 4o =0.065 p.(MPa)=0.01 r=096 ( (MPa')=0.20 P (MPa) =0.75

Parameters defining the law for microstructural behaviour
o (MPa™ ') =8.0x 107" B, (MPa')=20x10"2 ;=1

Interaction functions
fc = 1.6+ 0.6 tanh(10( p, /po) — 0.40); fs = 1.6 — 0.6 tanh(10( p;/po) — 0.40)

€macro = 0.55 €micro — 0.45

The experimentally observed response of the material, in terms of volumetric deformations, at
two different vertical stresses (0.01 and 0.1 MPa) is presented in Figures 15(a) and (b). These
plots also show the results from the constitutive model in terms of: volumetric strains, macrovoid
and microvoid ratio. It can be observed that the response obtained is good in qualitative terms.
The model can reproduce the tendency to reduce the swelling capacity of the material when the
vertical stress increases, both, in total strain values and in their irrecoverable components. The
reductions in the accumulated strains, as cycles accumulate, are also well captured by the model
in both tests. This type of behaviour can be explained considering double structure concepts.

Point E, in the interaction functions, corresponds to the equilibrium condition reached after a
certain number of cycles when the suction cycles develop symmetric paths around it [14]. For
both tests, the suction cycles develop predominantly on the left side of point E. This implies net
expansions of the samples, which are more marked in the case of the small stress level. This is
due to the fact that the initial stress is further away from point E in the case of the sample under
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Figure 15. (a) o, = 0.01 MPa, (b) o, =0.1 MPa. Values of volumetric deformations (reported and
computed), macro- and microvoid ratios induced by suctions cycles (upper graph). Evolution of the
interaction functions (lower graph).
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the smaller stress implying larger macrostructural strains induced by the interaction mechanism.
Another interesting aspect is the evolution of the micro- and macrovoid ratios as the cycles
increase. The microstructural behaviour is reversible and the changes in the microstructural void
ratio are not greatly affected by the stress level. On the other hand, the macrostructural void
ratio is significantly influenced by the values of applied stress. This can be attributed to the
increased difficulty of modifying the macrostructural arrangement when the material
confinement is higher.

4.3. THM response of the FEBEX bentonite

4.3.1. Overheating episode. A difficulty in validating this type of models is the lack of
experimental results involving complex THM stress paths. However, a large-scale heating test
that is being carried out in CIEMAT (Madrid) [46], has provided relevant data to evaluate the
performance of the model. The layout of the test is depicted in Figure 16. Two electrical heaters
(simulating canisters containing heat-emitting waste) were placed in the centre of a steel cylinder
6 m long and with inner diameter of 1.62 m. The space between the heaters and the steel cylinder
was filled with a 0.64 m thick engineered barrier made up of compacted bentonite. The barrier is
hydrated uniformly from all around the cylinder with an applied water pressure of about
0.5 MPa. Simultaneously, the barrier was heated maintaining a constant temperature of 100°C
at the contact between heaters and bentonite. The THM behaviour of the heating test has been
successfully modelled [46, 47].

On day 1391 of the experiment an accidental overheating occurred. Figure 17 shows the
evolution of temperatures at various radii in the barrier. It can be seen that points close to the
heater reached temperatures in excess of 200°C (more than 100°C above the prescribed
temperature). Afterwards the heaters were switched off and the barrier cooled down rapidly to
temperatures close to 45°C near the heater. Finally, the prescribed thermal conditions of the test
were re-established, i.e. a constant temperature of 100°C at the contact between heaters and
clay. Figure 18 shows the evolution of suction for a point close to the heater. Firstly, the suction
reduced from 110 to 55 MPa due to the passage of a vapour front. Afterwards, thermally

Section A3 Section B3 Secton B6

Bentonite blocks Confining structure Heaters Sensor nozzles Hydration system nozzles

Figure 16. Layout of the large-scale heating test.
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Figure 17. Evolution of temperature during and after the overheating event.
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Figure 18. Evolution of suction during and after the overheating event.
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induced drying increased the suction to values close to 165 MPa. Finally there was a tendency to
recover the value before the event.

The evolution of the radial stress in the barrier is especially interesting. Figure 19 presents the
evolution of radial stress in two representative sections of the barrier. Just after overheating,
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Figure 19. Evolution of radial stresses during and after the overheating event.

there was a moderate increase of radial stress followed by a strong reduction down to around
2 MPa. The radial stress recovered somewhat subsequently but it remained very far from the
initial values. There was a large irreversible net reduction of radial stress. This behaviour was
detected in all the sensors placed in sections involving heaters.

4.3.2. Overheating modelling. Herein it will be examined whether the mechanical model is
consistent with the observations of irreversible phenomena indicated above. The following
considerations should be pointed out: (i) only the constitutive law is tested so there are no time
effects due to the transient phenomena occurring in the barrier, (ii) the information attributed to
the constitutive law point corresponds in fact to a zone of the barrier of finite size, and (iii) the
aim is not to reproduce the full behaviour of the barrier but to check whether the main features
of the observed mechanical behaviour are a natural outcome of the constitutive model.

A synthetic generalized stress path was applied to the constitutive law, corresponding to four
major episodes: a wetting due to the passage of a vapour front, an intense drying associated with
the increase of temperature, a subsequent cooling due to the switching off of the heaters and,
finally, the re-establishment of the prescribed test conditions. Table III summarizes the four
main loading stages of the overheating episode.

Regarding model parameters, the laboratory work aimed at the THM characterization of the
FEBEX bentonite has provided valuable information for this purpose. Two main types of tests
have been used to validate the model: oedometric tests, in which a wide combination of
generalized loading paths has been considered; and swelling pressure tests [47]. Table IV
presents the values adopted for the model parameters.

Figures 20-22 show the model results when the loading stages indicated in Table III were
applied. The suction and temperature changes were applied under conditions of no volume
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Table III. Main loading stages of the overheating (average records).

Stage Description s (MPa) T (°C) g, (MPa)
0 Initial conditions before overheating 110 90 6.5-7.5
1 Reduction of suction (due to the vapour front passage) 55 135 7.5-8.0
and increase of temperature, below the maximum value
2 Achievement of the maximum temperature and suction 165 200 2.0-2.5
3 Cooling down of the barrier to the minimum 155 45 2.5-3.5
observed temperature
4 Re-establishment of the initial thermal and hydraulic 110 90 3.54.0
conditions

Table IV. Parameters used to define the elasto-plastic constitutive law (Section 4.3).

Parameters defining the Barcelona basic model for macrostructural behaviour
Kk =0.005 Ks=0.001 Ag =0.080 p. (MPa)=0.50
r=090 ((MPa')=100 pi(MPa)=65 o (°C")=10x10"°

Parameters defining the law for microstructural behaviour
om (MPa™ ) =21x10"¢ B (MPa )=23x10° y=1

Interaction functions
fc =14 0.9 tanh(20(p;/po) — 0.25); fs = 0.8 — 1.1 tanh(20(p;/po) — 0.25)

€macro = 0.20 €micro = 0.45
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Figure 20. Computed values of radial stress during the application of the generalized stress path.

change, mimicking the confined state of the test. Therefore, zero strain in all directions and an
isotropic stress state was assumed. Figure 23 shows a three-dimensional representation of the
four loading stages.
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Figure 22. Evolution of the hardening parameter during the four loading stages.

A reasonable correspondence between measured and calculated values of radial pressure is

observed (Figure 20). Figure 21 depicts the calculated evolution of the interaction functions and
Figure 22 shows the evolution of the hardening parameter.
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Figure 23. Three-dimensional representation of the applied generalized stress path.

In the first loading stage the elastic mechanisms associated with suction reduction and
temperature increase tend to increase the swelling pressure because they are associated with soil
expansion. In this path the interaction function fs has negative values, which implies a
hardening of the material. Heating continues in the second stage but now it is associated with a
drying of the soil (increase of suction). This intense drying dominates and causes a tendency to
contract and, consequently, a swelling pressure reduction occurs. During this stage (mc
mechanism active) the interaction between the two structural levels produces a densification of
the macrostructure. The third stage is characterized by a reduction of temperature and a wetting
of the material; the latter dominates causing a tendency to expand and hence an increase of
swelling pressure. At the final stage, the initial thermal and hydraulic variables are again
prescribed, continuing the wetting of the material and increasing the temperature. These two
factors lead to a tendency for expansion of the soil and hence an increase of swelling pressure.
During the last two stages the ms mechanism is active. The interaction between the two
structures causes an expansion of the macrostructure and a reduction of pf during the main part
or this path. This behaviour tends to change in the later part of this stage, when the stress path
reaches negative values of the interaction function.

According to the model, the intense drying of stage 2 affects strongly the behaviour of the
bentonite during this event, inducing changes in the clay structure that are not recovered when
returning to the conditions before the overheating. The final outcome is that the constitutive
model response to this complex THM generalized stress path is a significant reduction in
swelling stress, the same behaviour as that observed in the heating test.

Naturally, this analysis does not reproduce exactly the conditions of the test, as it involves
instantaneous application of the thermal and hydraulic loading without considering the
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transient phenomena that actually occurred in the barrier. It is therefore not surprising that
there is a certain time lag between test observations and constitutive model predictions. In any
case, the main objective of proving the capability of the model to reproduce irreversible
behaviour when is submitted to complex THM loading paths has been largely achieved. Also a
physical explanation has been suggested to explain the observed bentonite behaviour.

5. CONCLUSIONS

In order to represent more closely the typical fabric of expansive clays the mechanical model
described in this paper considers the existence of two pores structures. The explicit inclusion in
the constitutive law of these two basic structural levels, and their main interactions, provides a
powerful approach to analyse and to describe the behaviour of expansive clays. For instance,
the typical evolution of swelling strain or swelling pressure observed in expansive soils under
wetting can be described by the integration in the model, at microstructural level, of simple laws
based on clay minerals behaviour. Moreover, the inclusion of a suitable law for the
macrostructure level allows characteristic phenomena that affect the global arrangements of
clays aggregates to be reproduced, such as macrostructural collapse (i.e. Section 4.1). Finally,
the consideration of the interaction between both structural levels plays a crucial role to explain
complex behaviour features observed in expansive materials (i.e. Sections 4.2 and 4.3).

The constitutive law has been formulated in the context of elasto-plasticity for strain
hardening materials. A well-known elasto-plastic model for unsaturated soils, which describes
the macrostructural behaviour, has been combined with a generalized plasticity model to
reproduce the irreversible effects related to the interaction between the two structural levels. The
model has been implemented in the finite element program CODE_BRIGHT and has exhibited
good performance when it has been applied to reproduce a number of experimental results
involving expansive materials.

APPENDIX A

Figure Al shows the phase diagram adopted and Equations (A1)-(A4) contain some of the
variables used in this work.

V=Vi+Vim+VimM=Van+ VM (A1)
Ve=Vim + Vim (A2)
VV VVM va
= — = m — A3
e=3 em +e VS+VS (A3)
Vy
€m = em = V:n (A4)

A more detailed explanation of the variables and laws related to the double structure approach
can be found in Reference [20].
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Figure Al. Phase diagram adopted.

APPENDIX B

A detailed description of the BBM model can be found in References [21,41], here the more
relevant equations used in this work are presented. Equation (1) is expressed in terms of stress
invariants defined as

p=%oc+0,+0) (B1)

J? = 0.5 trace(s?) (B2)

0 = —Lsin'(1.5v/3 dets/.J?) (B3)
s=o0—pl (B4)
oc=o;— Ips (BS)

where ) )
pr=pg if pg>p  otherwise pr = p

I is the identity tensor.
The following equations are related to Equation (1):

ps = ks e PAT (B6)

ps considers the dependence of shear stress on suction and temperature. k and p are model
parameters. The equation that defines the set of yield po values for each associated suction is
given by

% \(40)—K)/(As—K)
) (B7)

Po = De <p0T
V4

¢

where p, is a reference stress, « is the elastic stiffness parameter for changes in net mean stress,
Piyr is the pre-consolidation net mean stress for saturated conditions at current temperature.
As) 18 the compressibility parameter for changes in net mean stress for virgin states of the soil,
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which depends on suction according to
My = Aolr + (1 = e ™] (B8)

where r is a parameter which defines the minimum soil compressibility (at infinity suction) and {
is a parameter which controls the rate of decrease of soil compressibility with macrostructural
suction.

According to Reference [41], p§i; can be expressed as

Por =P+ 2 AT + o3 AT|AT)) (B9)

where o) and o3 are material parameters.
Finally, the normal to the yield surface is defined as

(B10)

APPENDIX C: ELASTIC MODEL

In this section the elastic tensors for the general case are presented. More details can be found in
Reference [45]. The elastic matrix is evaluated as follows:

[K+3G, K—3G, K—3G, 0 0 0
K+3G, K-3G, 0 0 0
K+3G, 0 0 0

D, = (ChH
G 0 0
symm G, 0
L G,_

where K is the global bulk modulus and G, is the shear modulus. K may be computed
considering the elastic contribution of the two pores structures, the global stiffness is

defined as
1 1\
(%) (2

where Ky is the macrostructural bulk modulus for changes in mean stress, computed as
(1 +em)
=——p
K

Km (C3)

For the microstructural bulk modulus (Ky,) the following two laws have been implemented [42]:

K= (C4a)

m=— a
ﬁn'l

Ky = (1:76“‘) § (C4b)
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The macrostructural bulk modulus for changes in suction has been computed considering the
following law [45]: 1
.= ( + eM)(S +pat) (CS)
Ks
Finally, the macrostructural bulk modulus for changes in temperature is evaluated through the
expression [41]: |

"7 (a0 + mAT) ()

APPENDIX D

At the image point projection it is assumed that 7, 6, s and 7 are maintained constant during
projection. The following equations define the projection:

o _ BO/I&300PMpo — 1 o _ 1

’ ©+ps DI
[g((’)/[g(—30°)]]2M2 + 52 \/§ n(p Ps) (D1)

where

V3B 38

T o p P+,

(D2)

with s® =5, 0© =0 and T® = T.

Regarding the direction of the plastic strain increment (related to this plastic mechanism) a
non-associated flow rule in the plane s = constant and 7" = constant is suggested. This is a
similar assumption as the one made for the BBM by Alonso ef al. [21] and Gens [41].

The components of the normal to the plastic potential at the image point (17) are defined as

oG 0 1°
5% [g(;ig())O)] M*(2p® + ps — po) (D3)
;—% = 60J® (D4)
oG 2g(0)g'(0
= e M® £ )~ ) (D)
APPENDIX E

E.1. Auxiliary expressions for the macrostructural model

The consistency condition can be expressed as

FLC:0:nLC'd+lLCj+dT+H(é€Lc+£5ﬂ) (El)
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where
OF1c

Os

hc=

_ OF1c
d= oT

OFLc Opo Opj

H= ==
opy Op§ o€l

-p _ 1 T
SvLC = iLcm My c
o9 T .
8\:ﬁ - /“,Bm m,B
The net stress increment can be expressed as

6 =De- (& — & — & — €)= De- (¢ — bms — emT — Jycmic — /gmy)

After some algebra on (E1) and (E7) [20] Equation (32) is obtained, where

Hic = Hic+ Hfc = Hic +nfc-De-myc
hg = hp + = hg +n{ - D, - myg
érc =nc D€
Ste = [hc + lg +nlc - (a5 + By)ls

fc = (d +njc-ar)T

1 ,
os = —bD. - m = <E+I?m>De~m

1
I}S = 775 a)/;;{De . mﬁ

1
aT:CDe'm:K—TDe'm

HLC = —HmT -mpc

h/j = —I:ImT -m,;

1
Iy = ——— hpey;
b=, e

(E2)

(E3)

(E4)

(E5)

(E6)

(E7)

(EB)
(E9)
(E10)
(E11)

(E12)

(E13)

(E14)

(E15)

(E16)

(E17)

(E18)

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2005; 29:751-787



A DOUBLE STRUCTURE GENERALIZED PLASTICITY MODEL 783

E.2. Auxiliary expressions for the generalized plasticity model. For the generalized plasticity
model, a procedure similar to the one suggested by Pastor ez al. [29] has been followed. Firstly,
a decomposition of strain increment is assumed:

£=& + & +E (E19)
Then, pre-multiplying (E19) by n;De and operating, it gives
an;-De-s':an;~o"+bn}-De-ms'—i—can;-De-mT'—i-%w/;an;-De-m/;s'
+ i,;n} ‘D -mp + iLCnE -De -mypc (E20)

After some algebra on (E7) and (E20) [20] Equation (33) is obtained, where

hic = h§c=mng-D,-mic (E21)

Hy=Hy+ Hj = Hp+nj-D. -my (E22)

ép=my D€ (E23)

$p = mj - (o + By)s (E24)

ig=nj-orT (E25)
APPENDIX F

In this appendix, with the objective of completeness, some algebra notions on P-matrix given in
Reference [18] have been transcribed.

Definition

® The ‘principal sub-matrix’ A, of matrix A € %,,, is the matrix whose entries lie in
rows and columns of A indexed by sets o < {1,2,...,n} (i.e. A, is a sub-matrix of A
whose diagonal is part of the diagonal of A). The determinant of A, is called a ‘principal
minor’ of A.

® The matrix A € %,.,, ‘reverse the sign’ of the vector X = 0 € %" if:

x(A-X),<0 Vi=12,...,n

Definition

® A matrix A € %y, is said to be a P-matrix when all its principal minors are positive. Let A
Ruxn. The following statements are equivalent:
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(a) A is a P-matrix.
(b) A does not reverse the sign of any vector, except the zero vector,

re. x;(A-X),<0 Vi=1,2,...,n implies X=10

(c) All real eigenvalues of A and its principal sub-matrices are positive.

APPENDIX G: NOMENCLATURE

D, elastic matrix

D, elasto-plastic matrix

e void ratio

em macrostructural level void ratio
€m microstructural level void ratio
Jp interaction function for f mechanism
Fic BBM yield surface

FnL neutral line

g Lode’s angle function

G plastic potential

G, shear modulus

H hardening modulus matrix

H critical softening matrix

H effective hardening matrix

I identity matrix

J 2nd stress invariant of deviatoric stress tensor

k parameter describing the increase in cohesion with suction
K global bulk modulus

K microstructural bulk modulus for changes in mean stress plus suction
Km macrostructural bulk modulus for changes in mean stress
K macrostructural bulk modulus for changes in suction

Kr macrostructural bulk modulus for changes in temperature
Ic plastic mechanism related to BBM

LC loading—collapse yield surface (BBM)

m auxiliary unit vector mT = (1,1,1,0,0,0)

mc flow rule direction of BBM

my flow rule direction of mechanism f

mc plastic mechanism related to MC path

ms plastic mechanism related to MS path

M slope of critical state line

MC microstructural contraction path

MS microstructural swelling path

p microstructural effective stress

p mean net stress

De reference stress

Pr reference stress
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€
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i€
sS
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net mean yield stress at current suction and temperature

net mean yield stress for saturated conditions at reference temperature
net mean yield stress for saturated conditions at current temperature
parameter defining the minimum macrostructural soil compressibility
matric suction (pg — pi)

osmotic suction

total suction

temperature (7 = reference temperature)

volume, volume of pores

volume of solids

¥, of macrostructure and microstructure

elastic vector associated with suction

elastic vector associated with temperature

parameter related to the plastic potential

parameter for elastic thermal strain

parameter that relates p§ with 7

parameter for elastic thermal strain

parameter that relates pf with T

parameter controlling the microstructural soil stiffness

elasto-plastic vector associated with suction

indicates the direction of the microstructural stress path (f = C => MC path,
p =S => MS path)

parameter controlling the microstructural soil stiffness

elasto-plastic vector associated with suction

elasto-plastic vector associated with temperature

temperature increment (7 — Tj)

strain vector &y, &y, &2, 7,5 VazVyz

elastic strain increment due to stress changes

elastic strain increment due to suction changes

elastic strain increment due to temperature changes

elastic volumetric strain at microstructural level

total plastic volumetric strain

plastic volumetric strain related to i plastic mechanism (i = Ic, f§)
parameter controlling the rate of increase of macrostructural soils stiffness with
suction

stress ratio

Lode’s angle

macrostructural elastic stiffness parameter for changes in mean stress
macrostructural elastic stiffness parameter for changes in suction
parameter controlling the microstructural soil stiffness
macrostructural compressibility parameter for changes in net mean stress for
virgin states of soil at suction s

parameter that relates cohesion and T

total stress Vector Gy, 0y, 0, Tyy, Tz, Tyz)
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c net stress vector (6; — Ip,)

¢* stress vector at the image point

6 generalized stress vector

1 Fn slope

g variable related to f mechanism (= +1 for MC path, or = —1 for MS path)
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