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a b s t r a c t

This paper extends the use of crack-tracking techniques within the smeared crack
approach for the numerical simulation of cohesive–frictional damage on quasi-brittle
materials. The mechanical behaviour is described by an isotropic damage model with a
Mohr–Coulomb failure surface. The correct crack propagation among the two alternative
fracture planes proposed by the Mohr–Coulomb theory is selected with the use of an
energy criterion based on the total elastic strain energy. The simulation of three benchmark
problems of mixed-mode fracture in concrete demonstrates that the proposed methodol-
ogy can reproduce the material’s frictional characteristics, showing robustness, as well
as mesh-size and mesh-bias independence.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The accurate structural assessment of existing structures and the efficient design of new ones necessitate, apart from the
comprehensive knowledge of the construction materials’ characteristics, the realistic simulation of fracture phenomena,
potentially leading to structural failure. Geomaterials, such as concrete, mortar and bricks, are typically found in the existing
buildings. Owing to their high competence under compressive loading, the critical state in such materials is usually deter-
mined by their shear or tensile capacity. Under these two stress states, fracture initiates upon reaching the material’s ulti-
mate capacity and propagates exhibiting a drop in the stress (i.e. stress softening) for increasing strain. It is for this reason
that these materials are termed as quasi-brittle materials.

Simulation of fracture in quasi-brittle materials within the computational failure mechanics is possible by means of two
alternative ways: the discrete and the smeared crack approaches. In the discrete crack approach, cracking is modelled as an
actual discontinuity within the discretized finite element domain. In most of the numerical strategies of the discrete crack
approach the onset and the propagation of the modelled crack bases on energy criteria. On the contrary, in the smeared crack
approach the fracture is initiated by a stress/strain criterion and is modelled as smeared within the area of a finite element by
modifying its mechanical properties (stiffness and strength). For a comprehensive review of discrete and smeared crack
approaches the reader is referred to [13,19,20,5,6,35].

Independently of the approach chosen to simulate fracture, it was soon realised that the numerical solution was strongly
dependent on the discretization characteristics of the analysed domain, i.e. there was a strong mesh-bias dependence. To
overcome this drawback, the aforementioned numerical strategies are usually enhanced by means of an integrated
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crack-tracking procedure. The use of crack-tracking techniques permits to identify the path for the crack propagation and
allow in this way the application of the selected numerical strategy on a restricted part of the mesh. This necessity for
the prediction of the crack propagation has triggered the research on the methodology to identify the correct crack path.
Within the discrete crack method, a variety of procedures have been proposed. These include on one hand the use of local
criteria, where the crack propagates towards the direction of the maximum circumferential stress at the vicinity of the crack
tip [2,40,23,44] or perpendicular to the direction of the maximum principal stress of an averaged stress/strain tensor at the

Nomenclature

Symbols
c cohesion
C isotropic linear-elastic constitutive tensor
d damage index
D specific dissipated energy
E Young’s modulus
f t tensile strength
f c compressive strength
Gf tensile fracture energy
he average element size
Hd discrete softening parameter
Hmat material softening parameter
ldis discrete characteristic width
lmat material characteristic length
le finite element size
r damage threshold internal variable
rexcl exclusion radius defined by the user
rneigh radius of the neighbourhood where ~Vc is computed
rcrack radius for the application of the energetic criterion
rcrit radius defined by the user used for the selection of rcrack
r0 initial value of the damage threshold internal variable
v Poisson’s ratio
Ve the volume of element e
~Ve crack direction for the current element
~Vc crack average direction vector
~Vc;max vector which forms an angle amax with vector ~Vc

V1; V2 the volume of the potential cracks in the directions h1 and h2
w1; w2 the elastic strain energy per volume crack for crack propagation h1 and h2
We the elastic strain energy of element e
a angle between ~Vc and ~Ve

amax maximum curvature angle
b angle between a potential failure surface and the direction of the minimum principal stresses
dj distance between new potential and crack tip/root element
h1;2 direction of the two potential fracture planes according to the Mohr–Coulomb theory
R equivalent stress
r normal stress
r stress tensor
�r effective stress tensor
s shear stress
e strain tensor
we the selected crack propagation angle of element e
u internal friction angle
U damage criterion
xe direction of the minimum principal stresses of element e
: double contraction

Abbreviations
DEN double edge notched
XFEM Extended Finite Element Method
EFEM Embedded Finite Element Method
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