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Abstract. The present work investigates the fracturing behavior of an anisotropic layered 
geomaterial, known as Opalinus Clay (OPA). The formation of this rock is mainly related to a 
sedimentation process, where bedding planes correspond to planes of isotropy. OPA is here studied 
because of its good properties, primarily, the low permeability and high adsorption capability, 
which make it a perfect candidate for the storage of radioactive waste. The characterization of this 
rock takes place experimentally in the Mont Terri Rock Laboratory, in the northern Switzerland, 
with an increased attention to theoretical and computational predictions. In this context, this work 
aims at simulating the nonlinear crack behavior of OPA by using the eXtended Finite Element 
Method (XFEM) and damage mechanics. The study is applied on a Semi-Circular specimen under 
a Bending load (SCB), whose fracturing response is investigated in terms of peak load and 
direction of the cracking propagation for different notch dimensions and geometries.  
Introduction 
An underground capability in which radioactive waste can be permanently stored, is called deep 
geological repository. Based on studies conducted in the Mont Terri Rock laboratory, OPA has 
been identified as a capable material of hosting high-level radioactive Waste. In order to define 
the feasibility of such repository, the rock must be characterized in its fracturing behavior, which 
is highly affected by its mechanical anisotropy [1-3]. In the last years, Barbi et al. [4] applied on 
OPA the design parameters defined experimentally by Bock [5], i.e. deformability, strength, 
permeability and hydro-mechanically-coupled parameters, and studied the orientation-dependence 
of fracture mechanics parameters for SCB tests. Following the studies [4,6] , and based on the 
pioneering work by Bock [5], we here evaluate comparatively, the SCB behavior as provided by 
an advanced computational XFEM and damage concepts. This falls within a wider numerical 
investigation, as provided in Ref. [7], focusing on the force-CMOD response, together with the 
specimen toughness and kinematic behavior.  

Due to the efficient kinematic approximation at the interfacial level, and the proper introduction 
of discontinuous enrichment functions, the XFEM is capable to avoid very fine mesh refinements 
ahead of the crack tip, to follow a crack propagation [8-12]. The main XFEM basics are, thus, 
applied to model the crack propagation in transversely-isotropic geomaterials, accounting for a 
standard SCB test, which is explored in its fracturing response for different notch shapes and sizes, 
in terms of global response, maximum strength, toughness and cracking propagation. After a brief 
description of the XFEM theoretical basics, we discuss about the numerical investigation and 
results, focusing on the overall sensitivity of the response. 
Theoretical Formulation 
The main basics of XFEM are briefly recalled in this section, before its application on the 
fracturing process of anisotropic solids as OPA. Based on a classical Galerkin method, in addition 
to the usual global shape functions applied to describe generic nodes, some enrichment functions 
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are added for cracked elements to account for discontinuities in the displacement field, as 
singularities at the crack-tip. Starting from the general shape functions for the entire domain of 
nodes, the enriched approximation for the displacement function is defined as [8-12] 
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in which x  stands for the global coordinate, iN  are the shape functions referred to an arbitrary 
node i , iu  are the corresponding degrees of freedom, ( )H x  is the Heaviside function which 
accounts for the displacement jump, jN  refers to the shape function at the discontinuity node j , 
and jb  represents the additional degrees of freedom associated with ( )H x . Moreover, ( )lF x  are 
the enrichment functions at the crack-tip, kN  are the shape functions associated to the crack-tip 
functions at node k , while l

kc  are the other degrees of freedom for the elastic asymptotic crack-
tip enrichment functions. 

In an enriched element, the degradation process starts taking place, when some fixed crack 
initiation criteria are satisfied, which can be referred either to the stress and strain field. In this 
perspective, we select a maximum nominal stress criterion, i.e. 
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where  is the Macauley bracket, and p  is the nominal traction stress vector, defined by means 
of its normal component np , and shear components sp , tp , whereas o

np , o
sp , o

tp   are the associated 
peak values. Based on relation (2), the damage process starts once the maximum nominal stress 
ratio reaches the unit value. Such stress components follow the material degradation defined by 
the damage variable D , i.e. 
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(1 )s sDp P= −                      (4) 

(1 )t tDp P= −                      (5) 

where , ,n s tP P P  stand for the normal and shear stress components as predicted by an elastic 
traction-separation behavior for an undamaged strain field. On the contrary, for a compressive 
state 0nP < , the material behaves elastically, without any presence of damage. The scalar damage 
parameter assumes a null value before the damage initiation, and it increases monotonically up to 
the unit value, during the damage evolution until the complete damage.  More specifically, the 
damage parameter is assumed to follow an exponential evolution of the type 
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where the damage evolution is represented by the dimensionless parameter α , while the effective 
displacement at the damage initiation, the maximum value of the effective displacement reached 
during the loading steps and the effective displacement at complete failure are, labeled, 
respectively, as 0 max,m mδ δ  and f

mδ . 

Numerical Investigation 
We start now the numerical analysis for the OPA-based SCB, implemented in the code as a 
transversely isotropic material with bedding planes aligned by 45° with respect to the borehole 
axis, as suggested in Refs. [5-7]. Elastic properties derived from in-situ and laboratory tests are 
herein assigned to OPA, according to a quasi-brittle and transversely isotropic constitutive law of 
the type 
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where 4 GPazE = , 0.33xyν = , 0.24xzν = , 1.2 GPaxzG = , with xy yz xzG G G≠ =  and xz yzν ν=  [7]. 
The specimen has diameter 80 mmD =  and thickness 6 mmS = , and it is subjected to a 
downward displacement of 0.1 mm in the mid-side of the top face (Fig. 1). The specimen is 
discretized with tetrahedral elements of quadratic geometric order (C3D10), as also applied in the 
extended work by Dimitri et al. [7]. The damage evolution (defined in the same notation as in the 
Abaqus code) is controlled by a constitutive law with a softening branch of the following type 
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where 0
np  is the parallel-to-bedding tensile strength of the material, here kept equal to 2 MPa ; mδ  

is the displacement discontinuity, while f
mδ  is its associated critical value,  assumed as 0.1mm;f

mδ =  
and α  is kept equal to 5.  
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Figure 1. An SCB test modeled starting from experimental results. 

Based on these assumptions, a sensitivity study is performed to investigate the influence of the 
notch shape and dimension on the response of the SCB specimen. To this end, four different notch 
shapes are taken into account as shown in Fig. 2.  

 
                           (a)         (b)         (c)  (d) 

 
Figure 2. Notch shapes investigated: (a) rectangular notch, (b) V-notch, (c) U-notch, (d) key-

hole like notch. 
The notch depth 6 mma =  is kept constant, while the notch width b  is varied from 1 mm  up to 

4mm  by steps of 1mm . The V-notch tip has a connecting radius of 0.5 mm for each value of ,b so 
that, for 1 mmb =  it reverts to the U-notch with the same dimensions. The global force-CMOD 
response of the specimens (Fig. 3) shows a slight dependence of the curves to the notch shape at 
least in the maximum strength and descending branches, with possible variations in the overall 
ductility, together with small variations in the crack path, around the vertical direction. For each 
selected notch shape with 2 mmb = , in Fig. 4 we display some principal stress contour plots at the 
same time step.  
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XFEM 
Notch depth mm6a =  

  
(a) (b) 

 
(c) 

 
(d) 

Figure 3. Force-CMOD response of specimens with b  varying from 0 mm to 4 mm and with: (a) 
rectangular notch, (b) U-notch, (c) V-notch, (d) key-hole-like notch. 

 

 

 

 
(a) rectangular notch (b) U-notch 

 
(c) V-notch 

 
(d) key-hole-like notch 

Figure 4. Principal stress distributions for the specimen with 6mma =  and 2mmb = . 

It is worth observing that the crack propagates in the same vertical direction in all specimens. 
Furthermore, the principal stress distributions in the entire solid are almost the same for an equal 
crack length. In addition, the position of the crack initiation corresponds to the notch vertex for the 
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rectangular shape (Fig. 4a), while it is always located in the center of the circular notch tip for the 
other shapes (Fig. 4b-c-d). 
Conclusion 
In the present work, the XFEM-based approach is implemented together with damage mechanics 
to study the fracturing response of an OPA-based rock, with a transversely isotropic behavior. In 
line with an experimental investigation from literature [6], a notched Semi-Circular Bending test 
is explored to assess the influence of the notch shape and size on the overall fracturing response. 
Based on results, a negligible variation is observed in the ascending branch of the load-CMOD 
curves, with a more pronounced variation in the peak load and brittleness of the specimen. Such 
variations come with few deviations of the crack from the vertical direction. A further extension 
of the work will include the arbitrariness of the bedding properties or the influence of the notch 
inclination with respect to the bedding planes. 
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