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ABSTRACT 
In the oil and gas industry, geological faults play a key role in reservoir compartmentalization. Faults 
consist of impermeable surfaces and adjacent damage zones containing fracture networks that may act as 
preferential pathways for fluid migration. Accurate characterization of these zones is essential for efficient 
production strategies. Existing numerical approaches using finite element methods commonly model 
damage zones as continuous media with elastoplastic behavior or apply fracture mechanics concepts. 
However, fracture networks are often not explicitly represented, leading to uncertainties in subsequent 
flow modeling. This study proposes numerical models for geological faults with explicit fracture 
representation through cohesive interface elements within the finite element framework. Mesh sensitivity 
analyses highlight the need for adequate refinement, while parametric analyses demonstrate that slight 
variations in constitutive parameters significantly affect fracture initiation and propagation. The results 
enable the evaluation of fracture network development near faults, confirming the relevance of the 
proposed methodology. 
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1. INTRODUCTION 

Geological faults are complex structures formed 
by different deformation mechanisms in rocks. In 
general, two main regions, the fault core and an 
adjacent damage zone, can be distinguished in 
faults. The core is usually filled with degraded rock 
and represents a barrier to fluid flow (Fossen, 
2016) while the damage zone presents different 
structures and architectures depending on the type 
of rock and the deformation mechanisms that 
formed them. Very porous rocks, such as 
sandstones, can undergo grain breakage, pore 
collapse, and reorganization, resulting in different 
types of deformation bands that reduce 
permeability in the damaged zones. In contrast, 
rigid, low-porosity rocks, such as carbonates, can 
generate isolated fractures or networks of 
fractures that considerably increase the rock's 
permeability (Cowie & Scholz, 1992; Fossen, 2010; 
Kim et al., 2004; McGrath & Davison, 1995). 

In particular, fractured damage zones play a 
fundamental role in hydrocarbon production as 
they can trigger preferential flow paths (enhancing 
production) or undesirable flow corridors 
(connecting productor and injector wells) (Caine et 
al., 1996; Fossen & Rotevatn, 2016; Choi et al., 
2016). Recent studies have presented different 
techniques for modeling fracture initiation and 
propagation in geological porous media, showing 
significant advances in understanding these 

phenomena (Johri et al., 2014). However, the 
numerical representation of fractured damage 
zones around geological faults has not been 
explored or has been simplified using traditional 
formulation of continuum equivalent approach. 

Therefore, this study proposes a numerical 
modeling methodology based on the combination 
of continuum finite elements to represent the host 
rock and cohesive interface elements to explicitly 
represent fractures. This strategy also allows the 
use of proper constitutive models to represent 
both the mechanical behavior of the rock mass and 
fractures. First and foremost, a sensitivity analysis 
is carried out to evaluate the response of the 
proposed methodology under different mesh 
discretizations and fracture parameters such as the 
normal and tangential stiffness, the variation of 
maximum stress values associated with the onset 
of damage, and fracture energy. The results can 
help to understand the formation and architecture 
of fractured damage zones in geological faults. 

 

2. MATERIALS AND METHODS 

In this study, the vertical section of a reservoir 
containing a normal fault is modeled under plane 
strain conditions. The fault is represented by a 
discontinuity composed of two lines under which 
opposite displacements are imposed, as shown in 
Figure 1. These displacements are imposed 

 

Figure 1. Representation of the geological fault using overlapping lines in a vertical section of the fault plane, 
along with the finite element mesh discretization. 
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incrementally according to a parabolic distribution 
with zero displacements at the ends and maximum 
displacement (dmax) at the center of the fault. The 
value of dmax is defined as 10% of the total fault 
length (L), as observed in the literature (Quevedo 
et al., 2023). The displacements at the model's 
edges are restricted in horizontal and vertical 
directions, and the edges are sufficiently far from 
the discontinuity to avoid edge effects in the 
results. The finite element mesh consists of 
triangular elements (CPE3) and interface elements 
(COH2D4) inserted on each edge of the triangular 
elements. All elements are linear, and full 
integration is considered (one integration point for 
triangles and two for interface elements). 

The linear elastic constitutive model is chosen 
to analyze the rock’s geomechanical behavior as 
expressed by Hooke's law. The constitutive model 
used to analyze the discontinuities is the Cohesive 
Zone Model (CZM). The Cohesive Zone Model 
(CZM) is used in the interface elements to simulate 
the initiation and propagation of fractures.  A 
traction-separation constitutive law (Figure 2) 
describes the relative displacement - traction in the 
in the element through a characteristic curve 
(Camanho & Davila, 2002). 

Damage initiation refers to the beginning of the 
degradation of the response at a material point. 
The degradation process begins when the stresses 
and strains meet specific criteria. Here, the 

initiation of the damage process is predicted using 
the maximum stress criterion, see Eq. 1, i.e. 
damage begins when the maximum value of the 
ratio between the stress t and the nominal strength 
(𝑡𝑛, 𝑡𝑠, 𝑡𝑡) at a point reaches the value 1. 

𝑚á𝑥. {
〈𝑡𝑛〉

𝑡0
𝑛

,
𝑡𝑠

𝑡0
𝑠

,
𝑡𝑡

𝑡0
𝑡

} = 1 (1) 

Material stiffness is then progressively 
degraded, according to a softening law (Eq. 2), 
which describes the evolution of the damage 
variable D, 

𝐷 =
𝛿𝑓

𝑚(𝛿𝑚𝑎𝑥
𝑚 − 𝛿0

𝑚)

𝛿𝑚𝑎𝑥
𝑚(𝛿𝑓

𝑚 − 𝛿0
𝑚)

 (2) 

Different mechanisms, such as displacement 
and energy, can represent the evolution of 
damage. This study adopted an evolution law 
based on fracture energy, corresponding to the 
area under the stress-separation curve. The 
Benzeggagh-Kenane model (Benzeggagh & 
Kenane, 1996) is used to simulate the evolution of 
damage during fracture propagations. This criterion 
is applicable when the critical fracture energies of 
the rock material along shear directions s and t are 
similar, i.e., 𝐺𝑠

𝑐 = 𝐺𝑡
𝑐. The critical energy 

considers the mixed damage mechanism, i.e., 
combined in multiple directions, as shown in (Eq. 3), 

𝐺𝑐 = 𝐺𝑐
𝑛 + (𝐺𝑐

𝑠 − 𝐺𝑐
𝑛) {

𝐺𝑆

𝐺𝑇

}
𝜂

 (3) 

 

 

Figure 2. In the Cohesive Zone Model (CZM), 𝒌𝒏 is the normal elastic stiffness, represented by the initial slope of 

the traction-separation curve, 𝝈𝟎
𝒏(𝝉𝟎

𝒔,𝒕) is the maximum normal and shear stress before damage initiation, 𝜹𝟎
𝒎  

is the relative displacement at damage initiation,  and 𝜹𝒇
𝒎  is the relative displacement at ultimate damage. 
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where 𝐺𝑐
𝑛 and 𝐺𝑐

𝑠 are mode I and mode II critical 
fracture energies, respectively; 𝐺𝑆 = 𝐺𝑠 +𝐺𝑡, 𝐺𝑇 = 
𝐺𝑛 + 𝐺𝑆. 𝐺𝑛, 𝐺𝑠, and 𝐺𝑡 are the work done by the 
tractions and their conjugate relative 
displacements in the normal, first, and second 
shear directions, respectively, and 𝜂 is a material 
parameter. This paper adopts 𝜂 = 2,284 (Rueda, 
2021). 

The workflow developed follows a conventional 
procedure: definition of the geometry, boundary 
conditions, and properties, generation of the 
continuous mesh, fragmentation of the mesh using 
MeshFrag (Rueda, 2021), simulation, and, finally, 
analysis and interpretation of the results using 
Abaqus software. 

 

3. RESULTS AND DISCUSSIONS 

In the numerical simulations presented here, a 
normal fault with a length of 1000 meters and an 
inclination angle of 65° is modeled at the center of 

the domain. Table 1 lists the adopted 
geomechanical parameters and Figure 3 (a, b) 
shows the model geometry, imposed 
displacements, and mesh, respectively. 

The vertical stress gradient is 0.010MPa/m. The 
horizontal stresses are obtained from the vertical 
ones, considering a stress ratio of 0.9. 

3.1  Mesh sensitivity study 

Different discretizations were used to study the 
sensitivity of the results to mesh refinement. 
Initially, the model was built with 50 and 100 
elements along the fault discontinuity. In addition, 
a mesh generation with a refinement gradient was 
adopted, in which the discretization becomes 
progressively coarser as it moves away from the 
fault region, capturing stress concentrations while 
optimizing computational cost. Figure 4 illustrates 
the damage results for the two discretization 
orders. In the 50-element mesh, the fractures 
along the fault exhibit an irregular pattern and 
extend to the upper boundary of the model, 

Table 1. Rock parameters. 

Parameters Nomenclature Value 

Young’s modulus E 1.7 ∙ 1010𝑃𝑎 

Poisson’s ratio 𝜈 0.20 

Normal stiffness of the fracture 𝑘𝑛  1.7 ∙ 1011𝑃𝑎/𝑚 

Shear stiffness in two directions 

of the fracture 

𝑘𝑠, 𝑘𝑡  7.08 ∙ 1010𝑃𝑎/𝑚 

Effective tensile strength 𝜎0
𝑛  1.250 ∙ 106𝑃𝑎 

Shear strengths 𝜏0
𝑠,𝑡  5.0 ∙ 106𝑃𝑎 

Fracture energy 𝐺𝑐
 120 𝑁/𝑚 

 

 

  
(a) (b) 

 

Figure 3. Model geometry and displacements imposed over the two faces of the fault (a) and the finite element 
mesh (b). 
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causing instability in the analysis. In contrast, the 
results of the 100-element model are more 
consistent, indicating that the displacement 
applied along the fault influences the formation of 
the fractured zone. A higher concentration of 
fractures near the discontinuity indicates behavior 
compatible with the expected mechanisms. 
Furthermore, when comparing this configuration 
with a continuous approach, one can see that the 
boundaries of the fractured zone are similar to 
those observed in damage zones generated by 
continuous models based on equivalent 
deformations. 

3.2  Parametric analysis 

To understand the sensitivity of the model to 
the parameters adopted in the behavior of the 
cohesive elements, several numerical analyses 
were carried out. Initially, the influence of the 
normal and tangential stiffness moduli in the 

cohesive model on the overall behavior of the 
structure was evaluated. Following, the effects of 
varying the maximum stress values associated with 
the onset of damage were analyzed, observing 
their influence on fracture nucleation. Finally, 
simulations were carried out varying the values of 
fracture energy to understand its contribution to 
the propagation of discontinuities. The elastic 
parameters of the continuous elements were 
described in Table 1. The values used in the 
parametric study are detailed in Table 2. 

The first set of analyses corresponds to the 
variation in the normal and tangential stiffness of 
the cohesive model. The results shown in Figure 5 
indicate that increasing the normal stiffness 
modulus resulted in higher fracture concentrations 
in the region adjacent to the fault, contributing to 
the increased fracture density observed. This 
behavior occurs because higher stiffness moduli 
result in higher stresses, leading longer elements to 

   

(a) (b) (c) 

 

Figure 4. Fractured region for different mesh discretizations: (a) model with 50 elements, (b) model with 100 
elements, and (c) overlap of solutions obtained with the refined mesh (100 elements), comparing the cohesive 

and continuous (elastoplastic) modeling approaches. 

 

Table 2. Parameters analyzed in the cohesive model. 

Parameters Nomenclature Value 1 Value 2 

Normal stiffness  𝑘𝑛  1.7 ∙ 1011𝑃𝑎/𝑚 1.7 ∙ 1012𝑃𝑎/𝑚 

Shear stiffness  𝑘𝑠, 𝑘𝑡  7.08 ∙ 1010𝑃𝑎/𝑚 7.08 ∙ 1011𝑃𝑎/𝑚 

Effective tensile strength 𝜎0
𝑛  1.250 ∙ 106𝑃𝑎 1.250 ∙ 109𝑃𝑎 

Shear strength 𝜏0
𝑠,𝑡  5.0 ∙ 106𝑃𝑎 5.0 ∙ 109𝑃𝑎 

Fracture energy 𝐺𝑐
 1.2 ∙ 102 𝑁/𝑚 1.2 ∙ 103 𝑁/𝑚 
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reach the rupture criterion. Consequently, more 
fractures can be observed, even in regions further 
away from the fault. 

The results shown in Figure 6 refer to the 
analysis of the variation in the maximum normal 
and shear stress values associated with the onset 
of damage in the cohesive elements. One can 
observe that, for higher limit stress values, the 
number of fractured interface elements is 
significantly lower. This behavior shows that the 
higher the nominal stress value for damage 
initiation, the greater the stress path required for 
the material degradation process to begin. As a 
result, when damage starts to occur, the elements 

in the model have higher stress levels, slowing 
down the propagation of fractures and reducing 
the extent of the damaged regions. 

The results illustrated in Figure 7 correspond to 
the analysis of the variation of the different 
fracture energy values adopted in the model. In 
general, the differences between the scenarios 
were not significant at the final stage of the 
simulation. However, when analyzing the process 
evolution over the simulation, there is a distinct 
behavior between the cases. For lower fracture 
energy values, damage growth is more contained, 
with the fracture generation rate stabilizing after 
approximately 60% of the total applied load. In 

  
(a) (b) 

Figure 5. Results for different values of normal and shear stiffness (a) value 1 

(𝒌𝒏 = 𝟏. 𝟕 ∙ 𝟏𝟎𝟏𝟏𝑷𝒂/𝒎, 𝒌𝒔, 𝒌𝒕 = 𝟕. 𝟎𝟖 ∙ 𝟏𝟎𝟏𝟎𝑷𝒂/𝒎) and (b) value 2  (𝒌𝒏 = 𝟏. 𝟕 ∙ 𝟏𝟎𝟏𝟐𝑷𝒂/𝒎, 𝒌𝒔, 𝒌𝒕 = 𝟕. 𝟎𝟖 ∙

𝟏𝟎𝟏𝟏𝑷𝒂/𝒎) of table 2. 

 

  
(a) (b) 

 

Figure 6. Results for different values of tensile and shear strength (a) value 1  

(𝝈𝟎
𝒏

= 𝟏. 𝟐𝟓𝟎 ∙ 𝟏𝟎𝟔𝑷𝒂, 𝝉𝟎
𝒔,𝒕 = 𝟓. 𝟎 ∙ 𝟏𝟎𝟔𝑷𝒂) and (b) value 2 (𝝈𝟎

𝒏 = 𝟏. 𝟐𝟓𝟎 ∙ 𝟏𝟎𝟗𝑷𝒂, 𝝉𝟎
𝒔,𝒕 = 𝟓. 𝟎 ∙ 𝟏𝟎𝟗𝑷𝒂) of table 2. 
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contrast, for higher fracture energy values, the 
appearance of fractures occurs more gradually and 
continuously throughout the simulation, indicating 
a more progressive and distributed damage 
process. 

 

4. CONCLUSIONS 

This study uses cohesive elements and discrete 
fracture representation to evaluate the influence of 
mesh discretization and cohesive zone model 
parameters on the initiation and propagation of 
fractures around a geological fault. It found that 
using a more refined mesh along the fault 
contributes to the stabilization of the interface 
elements, providing a more accurate response 
when compared to the results of damage zones in 
continuous models. The parametric analysis 
observed that higher values of normal and 
tangential stiffness favor the concentration of 
stress and the formation of more intense fractured 
zones. As for the nominal stress values for damage 
initiation, high values delay damage activation due 
to the rock's greater resistance, reducing the 
fractured region's extent. Finally, the fracture 
energy analysis revealed that higher values lead to 
a more controlled damage evolution, with 
stabilization in fracture formation, characterizing a 
more ductile material response. On the contrary, 
for lower levels of fracture energy, the behavior 
observed is more fragile, with fractures developing 
more abruptly and less distributed throughout the 
analysis. These results reinforce the importance of 

properly calibrating the parameters and the mesh 
when modeling fracturing processes in continuous 
media. 
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      ( 𝝈  𝟎  𝒏 = 𝟏 . 𝟐 𝟓 𝟎   ∙   𝟏 𝟎  𝟔 𝑷 𝒂 ,       𝝉  𝟎  𝒔 , 𝒕 = 𝟓 . 𝟎   ∙   𝟏 𝟎  𝟔 𝑷 𝒂 )


      𝝈  𝟎  𝒏 = 𝟏 . 𝟐 𝟓 𝟎   ∙   𝟏 𝟎  𝟗 𝑷 𝒂 ,       𝝉  𝟎  𝒔 , 𝒕 = 𝟓 . 𝟎   ∙   𝟏 𝟎  𝟗 𝑷 𝒂 )


  (   G  c = 1 . 2 ∙  10 2   N / m )


  (   G  c = 1 . 2 ∙  10 3   N / m )

