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A numerical method is presented for identifying the material parameters that appear in
second-gradient models. For local second-gradient models, additional material parameters
must be defined in numerical models. The objective of the present study is to develop
a simple numerical identification procedure for these additional coefficients. The method
combines modelling of laboratory tests with analytical implements. Numerical studies are
then used to validate the method for a shale and to investigate the effects of both the
internal length and the additional coefficients on the numerical responses. The procedure
provides the first coherent results achieved at the laboratory scale.
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RESUME

Une méthode numérique permettant d'identifier les paramétres matériaux spécifiques
aux modéles second gradient est présentée. Pour les modéles second gradient locaux,
des parameétres matériaux supplémentaires sont définis dans les modéles numériques.
L'objectif est de développer une procédure d'identification numérique simple pour ces
coefficients supplémentaires. La méthode combine la modélisation d’essais de laboratoire
et des développements analytiques. Des études numériques permettent de valider la
méthode sur une argile et d’'investiguer les effets de la longueur interne et des coefficients
supplémentaires sur la réponse numérique. La procédure fournit les premiers résultats
cohérents a I'échelle du laboratoire.
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1. Introduction

Geomaterials exhibit multi-scale behaviour, which results from their heterogeneous structure of minerals, matrix, cracks,
and pores. This specific structure leads to complex pressure-dependent mechanical responses and the frequent occurrence
of localised deformation phenomena [1,2]. In the last few decades, a number of theoretical approaches have been developed
to describe the mechanics of these materials. Examples include higher-order continuum methods, multi-scale approaches
using homogenisation, and discrete element methods. In this study, we use the first of these approaches to solve strain
localisation problems encountered in modelling the behaviour of geomaterials.

Strain localisation is an important phenomenon that occurs in all types of materials, including metals, polymers and
geomaterials. The phenomenon is particularly problematic when modelling strain softening in geomaterials using classical
constitutive equations. These equations are known to produce non-dissipative numerical solutions [3] with mesh depen-
dencies (in terms of the size and the orientation) [4,5] as well as strain localisation in thin zones known as shear bands.
While these constitutive equations may be able to predict the occurrence of strain localisation [6,7], they cannot be used
to describe the localised states [5]. Hence, they must be modified by integrating an implicit internal length for modelling
strain localisation [8,9].

Following the pioneering works of Aifantis [9-11], a number of enhanced constitutive equations have been developed
for modelling localised zones. These models can be grouped into three categories: non-local models (see Bazant [3], for
instance), which have been mainly applied to concrete; gradient plasticity models [12,13], which have been used for a
variety of materials; and models derived for Cosserat materials, which are based on micro-structure media theory (also
called micro-morphic media theory) [14-16], and which have generally been used for describing geomaterials.

Chambon et al. [17,18] developed local second-gradient models by introducing additional mathematical constraints to
link the micro and macro quantities involved in the micro-morphic media framework. In addition to the classical dis-
placement field, an enhanced kinematical variable and additional constitutive equations must also be included in these
models. A second order field is generally introduced for strains and rotations of the grains at a micro-scale. Although this
approach facilitates precise description of micro-scale phenomena in geomaterials, the localisation computations are often
very time-consuming and are difficult to complete for large-scale applications. The present study mainly focuses on the
laboratory (specimen) scale, with the aim of eventually extending the results to industrial cases. It is therefore necessary to
consider simplified enhancements. The strong volume changes that occur in most geomaterials during the development of
shear bands (e.g., [19-21]) have led to the development of models that involve volumetric quantities (e.g., [22,23]). In these
models, the enhanced kinematical variable is a scalar (instead of a complete second-order tensor). This clearly reduces the
number of degrees of freedom and thus the time required for the localisation computations. Note, however, that this type of
theory is unsuitable for materials that do not exhibit volume changes during plastic loading. In this paper, we work within
the framework of the second-gradient dilation model developed by Fernandes et al. [23].

In computational mechanics, the material parameters in classical constitutive equations (used in computations involving
classical kinematics) are usually calibrated using experimental laboratory tests that are traditionally used for modelling
large-scale phenomena (such as tunnel excavations and the behaviour of dams and concrete structures; see [24-26], for
example). The use of higher order terms for modelling strain localisation requires the definition of additional coefficients
and the use of a specific calibration procedure for identifying these material properties. Unfortunately, it is not always
possible to obtain data for enhanced models from traditional experimental methods, which probe the macro-scale response
of materials and not their internal structure and deformation mechanisms (shear-band development, the kinematics of
individual grains and the distribution of the force-transmitting contacts). The development of specific laboratory tests for
the calibration of higher order parameters is a critical initiative that is still in progress [1,2,21].

In order to identify shear band thickness, these parameters must be assessed by measurement at a local scale rather than
at the more standard sample scale. Different methods have been proposed, among them False Relief Sterophotogrammetry
(FRS) and Computed X-ray Tomography [27]. The main drawback of the latter is its inefficiency to capture deformation
in the absence of changes in material density, i.e. in the absence of variations in volume. To overcome this limitation, CT
X-ray has been coupled to 3D Volumetric Digital Image Correlation (DIC) for application to clay rock and granular material
[28]. Nevertheless, the number of in situ tomography tests remains limited and the resolution of conventional CT systems
restricts their practical use to coarse-grained materials such as sand. For fine-grained materials such as claystone or shale,
the shear bands are thinner and their measurement requires a higher resolution, which can only be achieved with more
powerful, but less widely available, X-ray sources [28].

Our objective here, however, is to develop a simple numerical identification procedure that combines traditional mod-
elling tests with theoretical implements. The modelling tests enable the classical material constants to be calibrated and
the analytical results are then used to identify the higher order parameters. The effect of these additional quantities on the
width of the shear bands in the localised regime is well known, as is the reciprocal influence of this width on the stress-
strain relationship [29]. These parameters are directly related to the implicit internal length introduced by the corresponding
second-gradient model. In simple cases, the analytical solutions of 1-D boundary value problems can be used to provide an
explicit relationship between these parameters and the implicit internal length [30,31]. The additional parameters can be
derived by making geometrical assumptions about the implicit internal length.

It should be noted that mesh effects are not directly addressed in this study. In our experience, however, we have
found that a minimum of four or five elements are required to model the width of the shear bands in order to obtain
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mesh-independent results [23,29]. This number of elements ensures an accurate description of localisation for the various
applications considered in this study. This assumption may also be used to estimate the implicit internal length, an input
which is required for deriving the additional coefficients.

In the first part of this paper, we present the main notations. For clarity, tensors and vectors are presented in terms of
their components, which are identified by lowercase subscripts. Exponents or upper-case subscripts have different meanings
here. Repeated indices indicate the summation convention for tensors. In the second section, we present the context of our
study by discussing the general theoretical considerations. The key developments in the second-gradient dilation model are
reviewed first, followed by a discussion of the constitutive equations. The constitutive equation used here is a straightfor-
ward extension of an elastoplastic softening Drucker-Prager model that involves an implicit internal length. We then go on
to solve a simple boundary value problem in order to illustrate how the theoretical implements can be used to estimate
the higher order parameters. We then describe the identification procedure and, in the section that follows, we use differ-
ent applications to validate the method and to discuss the effects of the implicit internal length and the extra coefficients
on the numerical responses. The experimental data are briefly presented first, followed by the numerical applications. The
finite element open source software Code_Aster [32] is used to perform the computations. The paper ends with concluding
remarks and a discussion of future work.

2. Theoretical considerations

In this section, we present the preliminary theoretical considerations and review the background to the theory in order
to outline the context of the present study. First, the second-gradient dilation model is mathematically formulated, and
we discuss its relationship to the second gradient model and the microdilation model. Next, we introduce the constitutive
equations. The underlying first gradient model corresponds to an elastoplastic softening Drucker-Prager model [34], which
has been enhanced using concepts developed by Mindlin [15]. A simple boundary value problem is then solved to illustrate
how the analytical results can be used to estimate the higher order coefficients.

2.1. Second gradient dilation model

The second-gradient dilation model can be viewed as either a constrained micromorphic dilation model [22] or as a
simplified local second-gradient model [30]. The similarities between these two models can be seen by examining the
governing equations chronologically, from the initial micromorphic models to the second-gradient model and up to the
more recently developed microdilation model.

In micromorphic models, an enhanced kinematics must be defined in addition to the classical displacement field, denoted
by u;. A second order field, known as a micro deformation gradient and denoted by fj;, is typically introduced to model
the strains and the rotations of the grains at the micro-scale. Note that, unlike the classical deformation field, this micro
deformation gradient is not the gradient of an underlying displacement field. Neglecting the body forces (for simplicity)
and taking into account the higher order terms, the principle of virtual work thus yields the following result for arbitrary
kinematically admissible fields (uj, i’;) where u} and ; are sufficiently smooth and have null values on the parts of the
boundary where the corresponding real field is prescribed:

du’ au’ o f};
f (O’,’jg;-l-fij( ;Jk-— a—)(;) +Zijka—xlk] dv=/<t,’u;‘+Tijf§-) ds (1)
Q IR

where ojj, Tjj and X, are the macro-stress, micro-stress and the double stress tensors, respectively. The traction forces t;
and the double surface tractions T;; are prescribed on the boundary 9. x; are the coordinates for an orthonormal Cartesian
basis.

Kinematic constraints can be added to the previous formulation by forcing the micro gradient to equal the macro gradi-
aur

ent: i’; = 5 This constraint produces the second-gradient model [30]. The equation for the principle of virtual work for a
kinematically admissible field uj* can be expressed as
/ M s g f( ¥4 P;Dut)d 2)
O —L . V= u Du*)ds
ij ij ijk 3X13Xk piu; ilu;
Q Q

where p; and P; are the force per unit area and the additional external (double) force per unit area, respectively. For
conciseness, these forces are not detailed in the present paper. In Equations (1) and (2), the micro deformation gradient
fij triggers the appearance of an implicit internal length in these models. However, this enhanced kinematics introduces
many additional degrees of freedom to the corresponding finite element formulation. Microdilation media [22] possess all
the advantages of micromorphic models, but the number of degrees of freedom is reduced through the introduction of only
volumetric quantities. In these cases, the enhanced kinematical variable x corresponds to the microvolume change and its
gradient. The classical stress field oj; is augmented by introducing the micro dilation stress, which is denoted by «, and the
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double dilation stresses, denoted by S;. Applying the principle of virtual work to a kinematically admissible field (uf, x*)
yields:

ou? ax*
/(o*,-ja—x; + k(€ —x*)+S; X )dv:/(tiu?—i—mx*)ds 3)
Q i

0X;j

For conciseness, the boundary conditions t; and m are not detailed in this paper. In the same way that the micromorphic
model was transformed to the second-gradient model, a kinematic constraint can be introduced between the macro volume
change €y, and the microdilation x*. This modification produces the second-gradient dilation model [23]. We thus obtain
the following equation for a kinematically admissible displacement field u;:

f up g /( * 1 p;Dut)d (4)
oij - v= iU + PiDuj)ds

y BXJ' 1 3X1*3Xj pitl; St
Q

982

where p; and P; are boundary conditions given by

DS; DSjn;  Dny
- L 4 — P
Dx; ! ST

pi =ojjnj —ninjDS; — D, Dx
i p

(5)

Pi = Sjnjn,-

In this equation, n; are the components of the unit outward normal to a boundary. For simplicity, we assume that
P; = 0. Boundary conditions that prescribe a non-zero value of P; will in general only induce effects such as boundary
layers in the vicinity of the boundaries. However, in this paper, we are mainly interested in the phenomenon of localisation.
The aforementioned assumption results in S;n; =0 on the requisite section of the boundary (see [23,29,30]). In this case,
Equation (5) reduces to:

g S0
pi = oijn; ox; i (6)

P;i=0
The strong form of the virtual work principle (the balance equation) can be written as:

30’,‘]‘ 325]' N
0Xj 0X;0Xj a

(7)

As mentioned by Fernandes et al. [23], the main limitation of the second-gradient dilation model is that regularizing
effects are brought about only by changes in volume. As a result, the efficiency of the model is limited to loading conditions
that involve volume changes, dilatancy or contractancy. Simulations of pure shear bands will be mesh-dependent according
to this approach. An alternative approach would be a micromorphic model, or its gradient limit, based on the total equiv-
alent strain, or equivalent/cumulative plastic strain, instead of only the dilation [30]. However, an approach such as this is
difficult and cumbersome to implement. The second-gradient dilation model is not suitable for materials that do not exhibit
volume changes during plastic loading. Nevertheless, for geomaterials, large deformations in localized zones are generally
accompanied by volume changes, due to either the enlargement of voids in soils or the development of micro fractures in
rocks and concrete [33,27]. In claystones, however, volume changes may be relatively limited compared to shear strains [28].

Concerning the numerical formulation and implementation, details can be found in [23]. Implementation of Equation (4)
in the finite element code Code_Aster (Edf) requires the definition of new finite elements that allow the continuity of €} to
be enforced through Lagrange multipliers. The additional field x was added and the equality between the micro and macro
dilations €}, = x was enforced using a Lagrange multiplier field E. A penalization term, r, was also introduced in which r
is an elastic constant. Finally, the virtual work Equation (4) can be rewritten in the form:

8 *
/ <Uij€,'*j + Sjaixj — B(ey — XM+ E*(ev — x) +r(ev — x)(ey — x*)) dv= / (piuf + PiDuj)ds (8)
Q Q2

which must be verified for any kinematic admissible fields (uf, x*, ). Several finite elements were developed with dif-
ferent finite element interpolations. u; and x are discretized by polynomial functions of two and one degrees, respectively,
and are continuous from one element to the adjacent ones. Several shape functions for the Lagrange multipliers E are im-
plemented: constant, and first and second orders. The balanced equation is written in a weak form and discretized using a
finite element method. This yields a set of non-linear equations that are then solved with a Newton-Raphson method.
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(a) stress—axial strain plane (b) volumetric strains—axial strain plane
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Fig. 1. Typical responses in standard homogeneous triaxial tests.

2.2. Constitutive equations

Equations (6) and (7) demonstrate the need to define constitutive equations. The procedure detailed in Section 3, be-
low, is applied to a shale material in Section 4. A common way to model strain softening in geomaterials is to decrease
the cohesion forces with increasingly plastic behaviour of the material. In this study, the decrease is modelled using the
Drucker-Prager associated plasticity approach [34]. Though the model may appear too simplistic for accurate description of
both strain softening phenomena and the volume changes that occur in geomaterials, the aim of this study is to develop an
identification procedure that can later be used with any constitutive model. In the following section, the corresponding con-
stitutive equations are first briefly reviewed. A linear isotropic elastic model based on the work of Mindlin [15] is assumed
for the second-gradient component. The corresponding equations are then presented in the section that follows.

2.2.1. Drucker-Prager constitutive equations
The yield condition is expressed by:

F(o,y?)=y3]2+ali —R(yP)
1
li=0ibji  Ja=5sissii (9)

In these equations, s;; are the components of the deviatoric macro-stress tensor and §;; are the components of the
identity tensor. o is a material parameter that is related to the friction angle ¢ (Equation (11)). The function R(yP) induces
strain softening through the deterioration of cohesion, which is a common way of modelling failure in soft rocks. We assume
that R(yP) is linear from the peak strength (P = 0) to the residual strength (yP = y]ﬁt) (see Fig. 1 and Equation (10)):

R(yP) =0y +hy? ifyPe[0, yh] (10)
R(yP) =0y +hyl, ifyP>yh

where oy is a parameter from which the cohesion coefficient C can be derived (see Equation (11)). The slope of the
softening branch is given by h (see Fig. 1). The accumulated plastic distortion yP, as defined by Equation (12), is the
internal state variable in the model. The variable ylﬁt signals the transition towards the residual threshold (see Fig. 1a).

2sin(¢)
~ 3 _sin(p)
6C cos(¢)
~ 3 _sin(p)

(11)

t 1
2.p.p)\2
),D:/<§e?je?j> dt (12)
0

where e})j are the components of the deviatoric plastic macro-strain tensor. Fig. 1 illustrates typical responses in standard
homogeneous triaxial testing, both in the stress-axial strain plane (Fig. 1a) and in the volumetric strain-axial strain plane
(Fig. 1b).

After linear elastic loading, the response is characterized by a linear strain softening followed by a plateau (Fig. 1a). After
an initial decrease in the volumetric strains up to the peak strength, the volumetric strains are seen to increase (Fig. 1b).

This increase is continued because the model is associative.



448 S. Raude et al. / C. R. Mecanique 343 (2015) 443-456

The plastic strain rate is obtained by applying the normality rule, which introduces the plastic multiplier A, which is
a positive scalar associated with the loading-unloading condition from the Kuhn-Tucker complementary conditions. As we
consider a Drucker-Prager associated model, the plastic potential is equal to the yield function (9). The stress state must
satisfy the persistency (or consistency) condition. The constitutive equations can thus be expressed as a rate as:

ij =A;-F;d€‘1k (13)

where ¢;; are the components of the macro-strain tensor and Afﬁd is the fourth order tangent elasto-plastic tensor given
by:

GimGopA$

kl
A A Umn pD (14)
ijkl = “Xijkl GqTArqsthS _
Gjj and L are defined by:
e LI S E L Gl o GGy s (15)
ij = 3Uij s = 31/P )/ 1= ijajio ij = Yij 3 ij
where Afjkl is the fourth order elastic stiffness tensor. The rate forms of the classical constitutive equations can be written
as:
ep ep ep ep
. A Atz Az Ao .
o11 AP AP A€D  aep €11
02 | _ 2211 32222 2212 2221 €22 (16)
1] - ep é
12 Aa1p A1222 A1212 A1221 12
021 €21

ep ep ep ep
A2111 A2122 A2112 A212]

Note that the tangent elasto-plastic tensor is symmetric because the model is associative. The tangent elasto-plastic
tensor components are detailed in Equation (17) and will be applied in Section 2.3 below.

Afin = (K + gG> - % (oc <1< + g) +G <G“2;T“22>)2
st (s30) (o5 e (52
(46012) (a <K n E) e (w))
' 23 ’r (17)
A,y = (K + 3@) ( ( g) c <<m - 022))
Mgy = Agoo = ATy = A3y = H ( G:”) < (K * g) —¢ (%>>

ep 1 (2Go2\?
A1212 - A1221 - A2121 - A2112 =G- E

€p  _ ACP  _ ACP _ AP __
A1112_A1121_A1211_A2]11_

|~

T

where K and G are the bulk and shear moduli, respectively, H = (quAﬁqS[Gfs - L) equals the denominator in Equation (14),
and —L is the standard hardening modulus defined by:

1
H:4<K+§G>a2+3G—L

2. . >
L= \/;61188—1:[’ = _\/;G”h lfyp = yult
" o ify? > yP

in which t is the equivalent stress deviator:

2
,:(%)/(_on;azz) 9)

(18)
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2.2.2. Constitutive equations for the second-gradient dilation model
Equations (2) and (4) show that the second-gradient model reduces to a second-gradient dilation model if the double
stresses satisfy the following conditions:

S1=3%111 =2%212 = 2% = 2¥313 =2X331

So =322 =2%112 =2%121 = 32323 = 2X33;

S3=1X333 =2%113 =2%131 =323 =233 (20)
Y122 =213 =2132 = 2133 =0

Yo11 = X213 = X231 = X233 =0
Y311 = X312 = X321 = X322 =0

Consequently, the following equation holds for a kinematically admissible displacement field u}

a%u* 92u*

/ Sijk——— dV:/ Sj———|dv (21)
3X13Xk 3Xj8Xi

Q Q

Following the framework adopted in the studies of Mindlin, we assume an isotropic linear elastic relationship between
the double stresses and the macrovolume change gradient. For a two-dimensional case, Mindlin [15] proved that

(21117 [am34s 0 0 ax3 0 a2 a2 0 [ x1117]
2112 0 aigsaigs 0 as 0 0 ap X112
2121 0 aigsa145 0 as 0 0 ap X121
iz | _| @ 0 0 a3z 0 axp as 0 X122 (22)
2211 0 axps aps 0 ay 0 0 a X211
Y12 a; 0 0 aps 0 aigsaies O X212
X a2 0 0 ax»s 0 aigs5 a145 O X221

L2221 L 0 a2 a;2 0 a3 0 O aq2345 1 L x222

where xijix = % and the constants a, depend on five parameters a; i € {1, 2, 3, 4, 5}:

(12345 = 2(a1 + ax +as + a4 +as)

a3 =daz + 2a3

an=a+% (23)
azs = ajz +as

as4 =2(asz +ayg)

Using the relationship between the components of the double dilation stresses given by Equation (20), we thus obtain:

[2a1 0 0 00a; a; O 7]
_gm' 0 9%9000 0 a [ X111 7]
A12345 = 201 a2 09 %000 0 a ||%X7
a2 =0 121 X121
23 S22 0 000OO0OOO O X122
iz =0ay > = (24)
y5 =0 211 0 0000O0O0O O X211
a3 =0 X212 @ 0 000% % o X212
221 a g g X221
L Z222 | a 000075 3 L X222
L 0 a;a; 00 0 0 2a; |
The constitutive equations for the second-gradient dilation model can therefore finally be written as
d€y
Sj=B— 25
i=pB 3x; (25)

in which 8 = (n + 1)a;. n is introduced in order to account for the dimensionality of the problem (i.e. n =2 in a two-
dimensional problem and n =3 in a three-dimensional problem). The only additional parameter to be calibrated is 5.

Thus, a total of seven material parameters must be defined: six for the underlying Drucker-Prager elastoplastic model,
(E, v, o, oy, h and yflt), and only one for the second-gradient component ().
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2.3. Analytical implements

In this section, we present the solution to a simple boundary value problem. For conciseness, we do not provide details
of the resolution. The problem considered is a shear band analysis based on the work of Vermeer [35] and has previously
been solved using the Mohr-Coulomb classical constitutive equations in a complete local second-gradient model [30], and
using the Hujeux classical constitutive equations [36] in a second-gradient dilation model [31]. For this simple analytical
problem, we can derive an explicit relationship between the extra parameter, 8, which appears in the constitutive equations
(Equation (25)), and the implicit internal length of the domain under consideration, denoted by I.. In the shear band analysis,
the orientation of the shear band is known and the stress-state orientation is free. We assume that the existing stress state
is homogeneous and search for solution for the rate. We make the following five assumptions:

- An infinite geomaterial layer bounded by two parallel planes at (x =0) and (x =1) is considered. The direction normal

to the plane under consideration is denoted by z.

The plane strain is oriented in the z direction.

- The displacement field is defined by only two components: u along the x-axis and v along the y-axis.

The components u and v depend only on x. Derivatives with respect to x are denoted by a “/”.

- The rates at the boundaries are known. At x=0, 1 =0 and v =0. At x=1, p; and i € {1, 2} (see Equation (6)) are given.
We assume once more that P; = 0 (see Equation (6)).

The system of differential equations to be solved can be written in the form of Equation (26). The second equation results
in a linear relationship between the components of the displacement field in the shear band.
-1 ep ep ep ep ep </ ep - . ep
{ U BAT 1, — (A4 — A1 ATT) U = (AT P2 — P1ATy,) (26)
. ep  -/\ _ o/ A€P
(b2 — Ay ) = V' Afy,
The solutions to this set of differential equations depend on the constitutive coefficients, which are themselves depen-

dent on both the stress state and the classical material parameters (see Equation (17)). The general solution to this set of
equations is given by:

U =iy + (C21 cos(wx) + Caz sin(wx)) (27)

AP AP L —ASD ASP . . ., . . . ., .

where w = 121 “ﬁliep 12121111 | Cy and Cp; are integration constants, and iy is a particular solution. The solution v’ is
1212

given by Equation (26). The trigonometric functions clearly indicate the appearance of a localised structure. The localised
structure in this problem has an internal length [. = %” The relationship between I, and B can therefore be deduced
according to Equation (28):

ep ep ep ep

B _ Atefn — Ao —C (28)
2 = 2P T 472 A®P

e RLREISTIP RUREISTIP:

Equation (28) depends on the constant C, which is assumed to determine the localisation criterion, i.e. the threshold
of the possible localisation. Consequently, this quantity becomes positive as soon as it is possible for localisation to occur
in the domain under consideration. Second, this ratio depends only on the first gradient quantities via the elasto-plastic
tensor components given by Equation (17). The localisation threshold for the second-gradient model is therefore the same
as the localisation threshold in the underlying first gradient model. In practice, this ratio can be obtained from homogeneous
computations involving only the classical constitutive equations (see Section 3). Next, we derive 8 (the additional coefficient)
from this ratio.

In examining Equation (28) and assuming that the terms on the right-hand side are known, it is clearly necessary
to specify an internal length, I, in order to estimate the extra parameter . Here, we assume that the internal length
is equal to the width of the bands that are obtained from the 3D-localisation computations detailed in Section 4. The
localised structures in the 3D-applications are therefore assumed to arise and evolve along planes (to be consistent with the
assumption of plane strains in the solution to the aforementioned problem). We have no experimental basis for estimating I.

Ic can be defined as the grain size of coarse-grained materials such as sand [28]. In these materials, internal length [. can
be estimated from the thickness of the shear bands, tsb, based on a tsb/I. ratio of between 15 and 20 [13,23]. As already
mentioned, while shear bands can be measured in granular materials with conventional X-ray CT systems, this is not the
case for fine-grained rocks such as the shales considered in the present work. Because of a resolution issue, we are unable
to measure shear bands and cannot therefore infer an internal length for the material under study, especially given the
size of the samples used in the triaxial compression tests. However, measurements of shear bands have been carried out at
the European Synchrotron Radiation Facility on smaller samples of claystone [28] and marl [33]. The measured shear-band
thicknesses for these materials were about 70 pm and 50 pm, respectively. This compares to a thickness of about 5 mm
for a sand tested with the same apparatus and under the same conditions. Measurements performed on a soft clay [37],
yielded shear-band thicknesses on the order of 1 mm to 8 mm, depending on the displacement rate applied during triaxial
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Fig. 2. Flow chart for the method.

compression tests. For these kind of materials, the internal length is proportional to the ratio “fn—l‘ where |m]| is the absolute

value of the negative slope of the softening branch in the Drucker-Prager model [23].

For simplicity, we considered mesh-size to be a known input and used a minimum of four or five elements for the band
width as a rule-of-thumb for obtaining mesh-independent results [29,23]. There is no known method for calibrating the
internal length. In the numerical computations detailed in Section 4, the mesh size was chosen with a view to eventually
extending the methodology to large-scale industrial applications. For example, for the specimens studied in Section 4, which
have a width of approximately 34 mm, an internal length of 10 mm was used to derive 8.

3. Methodology

In this section, the numerical calibration method developed in this paper is presented. The method will then be then ap-
plied to a shale material in Section 4. The approach can be viewed as a classical identification procedure that integrates the
theoretical implements detailed in Section 2.3 in order to calibrate the higher order parameter 8. The method is illustrated
in the flow chart in Fig. 2.

In general, the material parameters that appear in the classical constitutive equations are calibrated using laboratory tests
that are traditionally used to model certain large-scale physical phenomena. The identification procedure is the first step in
the process and aims to define the material parameters that appear in the first gradient model. If the constitutive equations
used are fairly simple, only standard triaxial compression tests are generally required. However, additional stress paths may
be required for more complex models. For the Drucker-Prager constitutive equations, the standard compression paths are
sufficient for calibrating the six parameters that appear (E, v, «, oy, h and yflt; see Section 2.2.1). Upon completion of the
classical identification procedure, the classical material parameters are then computed. The global numerical responses are
identified by the calibration curves, i.e. the global numerical responses that most accurately describe the experimental data.
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In the application presented in Section 4, the calibration curves are synonymous with the typical stress-axial strain curves
obtained through modelling of traditional triaxial compression tests.

The theoretical implements from Section 2.3 are used in the second step to estimate the only additional coefficient 3,
that appears in the higher order constitutive equations (see Section 2.2.2). The classical material parameters obtained in the
first step and the analytical ratio in the right-hand side of Equation (28) can all be derived from the triaxial compression
tests that were modelled in the first step. As discussed in the previous section, the internal length value I. can be defined
from geometrical considerations, including the mesh size and the rule-of-thumb that a minimum of four or five elements be
used to determine the shear-band width (see Fig. 2). Consequently, 8 can be estimated for a given set of classical material
parameters and for a given internal length, which is mesh-size dependent. Completion of these first two steps therefore
provides values for all of the parameters of the constitutive equations needed to perform the computations.

In the third step, the localisation computational method (i.e. the computations using the first and second-gradient con-
stitutive equations) is validated numerically by modelling a number of heterogeneous triaxial tests. Two types of numerical
results are obtained: the localisation modes from investigating a plastic indicator (i.e. the instantaneous plastic state or
accumulated plastic shear strains) and the responses in the stress-axial strain plane (Fig. 2). The localisation modes and
the responses are then compared to the assumed value of the internal length from the previous step, which was used to
estimate B8 and the calibration curves obtained from the first step of the classical procedure, respectively.

The higher order terms affect the stress—strain relationship, resulting in differences between the global responses ob-
tained from the localisation computations and the calibration curves acquired from the first step. Consequently, if the
classical material parameters calibrated in the first step are retained, it is not possible to accurately describe the experi-
mental data in the localisation computations unless very high internal lengths are used (i.e. very high values of 8). Such
values, however, are not consistent with the mesh size used and some of the classical material parameters must therefore
be changed. For the Drucker-Prager constitutive equations and the triaxial global responses, the additional parameter 8 af-
fects the post-peak branch in the typical stress-axial strain plane. Consequently, it is necessary to change the corresponding
classical material parameter that exhibits similar effects, i.e. h (see Section 2.2.1).

The analytical results used to estimate § in the second step depend on the classical material constants that were obtained
in the first step. Consequently, changing h to better describe the calibration curves in the localisation computations requires
that both the analytical implements and 8 be recalculated. This, of course, means that the numerical calculations used to
validate the method must be performed again.

The method is summarised below.

(i) Complete the classical identification procedure to determine the material parameters that appear in the first gradient
model.

(ii) Compute the ratio given by Equation (28) and use the internal length I, as defined by geometrical considerations, to
estimate the additional parameter §.

(iii) Perform the localisation computations using the parameters derived in steps 1 and 2 above, and compare the global
responses and the localised patterns to the calibration curves in step 1 and the assumed internal length, respectively.

(iv) Modify the required classical material parameters (i.e. h) and repeat steps 2 and 3.

(v) Iterate the loop until a solution is found that approximates the calibration curve, i.e. the experimental data.

4. Application to a shale material

To validate the method outlined in Section 3, we applied it to experimental results of triaxial tests performed at the Geo-
Ressources Laboratory on porous shale specimens from Sisteron, France. The tests were performed on cylindrical specimens,
38 mm in diameter and 76 mm in height, and were undertaken at confining pressures of 0, 2, 5 and 10 MPa. However,
because the results for the post-peak branches were only relevant for the test at 2 MPa, we only used the results of this
single test (Fig. 3).

The classical identification procedure (Step 1 of the method), was carried out first, by modelling homogeneous triax-
ial tests in order to calibrate the Drucker-Prager material parameters, as described below. The localisation computations
(Steps 4 and 5) were then performed and are presented in the final section of this paper.

4.1. Classical calibration procedure

The first step of the method is the classical identification procedure. Here, we describe the calibration of the Drucker-
Prager material parameters using the experimental data presented in Fig. 3. Six coefficients must be defined (see Sec-
tion 2.2):

- oy, o, yflt, h in the Drucker-Prager constitutive equations;
- E and v or G and K for the linear elastic branch.
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Fig. 3. Working data from triaxial compression tests performed at a confining pressure of 2 MPa.
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Table 1
Drucker-Prager material parameters obtained using the classical identification procedure (Step 1).
E 4.8 GPa Young's modulus
v 0.38 - Poisson’s ratio
o 0.31 - Dilation coefficient
oy 154 MPa Peak stress
h -1.7 GPa Post-peak slope
yup]t 0.01 - Residual accumulated plastic strain
C 7 MPa Cohesion
] 23 ° Friction angle

The elastic parameters are given by the pre-peak branch in Fig. 3(b) (Table 1). The parameters oy and « are equivalent
to the Mohr-Coulomb parameters C and ¢ (see Equation (11)), respectively, which are in turn related to the intercept and
the slope in the {03, o1}-plane. The parameter h represents the mean post-peak slope in the stress-axial strain plane.

The calibration was conducted on a material point by modelling the homogeneous triaxial tests. Fig. 4 shows the typical
results obtained and the material constants are summarised in Table 1. The curves labelled Exp.Data and Num.Calibration are
the reference experimental curve and numerical calibration curve, respectively.

At low confining pressures, failure in geomaterials is mainly brittle and the critical state (the horizontal plateau in
Fig. 1(a)) is therefore rarely reached in triaxial compression tests. Consequently, there is an uncertainty in the yflt, a param-
eter that was arbitrarily assumed to be 1% in this study.
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Fig. 6. Distribution of the accumulated plastic shear strain for an axial displacement of —0.41 mm and different values of h.

4.2. Localisation computations

This section addresses the localisation computations that were performed in Steps 4 and 5 (see Section 3) to validate the
method. The value of the mesh size (Fig. 5) is used to determine the parameter I., which is in turn used to determine the
additional parameter 8. The parameter [. remains unchanged while h varies depending on the process, as shown in Fig. 2.
Thus, the right-hand side of Equation (28) varies while [. remains constant.

Difficulties have been encountered in the observation and characterisation of shear bands in cylindrical specimens. These
problems are related to the circular symmetries of the cylindrical shapes and are still under debate. Consequently, parallel-
piped specimens have been used to model the triaxial test instead. Fig. 5 shows the two structured quadratic meshes
that were used in this study. The numerical specimen had the same height as the experimental specimen. The width of
the numerical specimen was obtained by equating the area of the cylinder to that of the parallel-piped specimen (i.e. a
width of 33.6 mm was obtained for the parallel-piped specimen and a width of 38 mm was obtained for the cylinder). An
imperfection was introduced to the bottom of the specimen by slightly reducing (by 0.3%) the value of the parameter o
(corresponding to a small reduction in the peak oy) to obtain the same localisation patterns in all of the computations and
to initiate the localisation phenomenon (see [23,31,29]).

The input parameter [. used to estimate S was set at 10 mm (about one-third of the horizontal size of the specimens
considered for a minimum width of five elements). The slope of the post-peak branch, h, varied from —0.9 GPa to —0.6 GPa.

Fig. 6 shows maps of the accumulated plastic shear strain (yP) for a prescribed displacement of —0.41 mm. The smaller
the slope h, the wider the apparent localised bands were. The global responses in Fig. 7 clearly show that the strain
localisation occurred before the prescribed displacement of —0.41 mm for values of h below —0.6 GPa. Because of the
associated plastic flow, the volumetric strains continued to increase even once the critical state had been reached. The
width of the localised bands also continued to increase because the regularising effects are related to volume changes.
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Fig. 7. Global responses in the stress-axial displacement plane for different values of h.

Nevertheless, the band width was fairly consistent with the internal length for the three highest values of h. Note that the
localisation occurred along the planes, as predicted by the assumptions used to estimate f.

Fig. 7 illustrates the global responses in the stress-axial displacement plane. The curves labelled Hom. correspond to the
homogeneous solutions (i.e. the first gradient model and the homogeneous material) and the curves labelled Het. represent
the localised solutions (i.e. the second gradient model and the material containing an imperfection). The curve labelled
Num.Cal. is the calibration curve. These results clearly show that the heterogeneous responses differed from those obtained
for the homogeneous computations. Values of h below —0.9 GPa did not produce converged solutions. Consequently, h,
which affects the post-peak branch, was modified in the localisation computations. As we have reiterated throughout this
paper, the need to modify the parameters reflects the inadequacy of the classical calibration procedure for computations of
higher order continuum methods. An appropriate procedure should be developed that will allow the additional coefficients
to be estimated from experimental data. Finally, before localisation (i.e. before the abrupt decrease in stress), the improved
fit with the calibration curve produced h = —0.6 GPa (see Fig. 7).

In Fig. 7, the calibration curve from Fig. 4 is superimposed on the experimental curve, revealing the close agreement
between the modelled and experimental results. A better fit of second-gradient modelling with experimental curves might
be obtained by using a constitutive law that is more complex and rich than the Drucker-Prager law, for example the
L& K model (see [24]). Finally, it should be noted that both meshes shown in Fig. 5 yielded the same results for the
second-gradient modelling, thus highlighting the mesh independency of the model.

5. Conclusion and future work

In this paper, a numerical procedure was developed to identify the material parameters that appear in second gradient
models. While work remains to be done, the combination of modelling traditional tests and analytical implements provided
a simple solution to the problems encountered in calibrating additional coefficients. To validate the approach and clarify
various issues, the procedure should in the future be applied to other classical constitutive models (e.g., the L&K constitutive
model [24,38]) and other specimen shapes. Results obtained on a cylindrical specimen clearly show that localisation is
not as clear-cut with cylindrical shapes as it is with parallel-piped specimens. However, a better fit was obtained for the
global responses using a calibration curve defined at a material point. Future research might include study of the solutions
uniqueness and extension of the procedure to large-scale cases using more classical methods, such as remeshing.
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