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Abstract. Brittle fault zones are geological structures formed by a core and a damage zone that impact the fluid
flow within geological formations. The fault core is usually responsible for the compartmentalization of several
reservoirs acting as barriers while the damage zones may enhance the fluid flow. Both components present low
seismic resolution that does not allow an appropriate characterization of those regions. Recent works based on the
Finite Element Method (FEM) have focused on the characterization of damage zones adjacent to a geological fault.
However, the interaction of two or more faults may create linking damage zones and preferential flow paths or
barriers to fluid flow. This paper presents a methodology for the numerical modeling of damage zones resulting
from the interaction between two geologic faults. Several scenarios of different relative distances between two
faults are analyzed to understand the effect of linking damage zones.
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1 Introduction

Fault zones are complex geological structures formed by different deformation mechanisms in rocks. Those
structures include a core and a damage zone, which concentrate different deformation levels and can impact the
fluid flow of several reservoirs. Thus, their study and characterization are of great interest for developing
production strategies and exploration in the oil and gas industries[1]—[5]. The fault core corresponds to the region
with the highest levels of compressive deformation formed by fault rocks, as breccias and cataclasites that can act
as fault seal. The damage zone is the region adjacent to the fault core constituted by a network of subsidiary
structures. The identification of the damage zone in geological formations presents many uncertainties due to the
low seismic resolution that does not allow a good characterization. However, some studies [2], [3] indicate that in
highly porous rocks, the deformation mechanisms can cause grain reorganization and breakage, resulting in
different types of deformation bands. On the other hand, rocks with low porosity normally respond to the same
stress by fracturing. These geological structures can have considerable impacts on rock permeability. In other
words, the damage zone can act as a conduit if fractures are dominant, while in the predominance of deformation
bands the damage zones act as barriers [3], [6]. Kim et al.[7] defines three types of damage zone within and around
a fault zone, as illustrated in Fig. 1.
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Figure 1. Types of interaction damage zone (Adapted from Peacock et al.[8]).

The tip damage zone is the rock volume deformation area that develops in response to a stress concentration
around a fault tip. It may present contractional or extensional regions, depending on the fault formation mechanism.
Wall damage zones are the regions resulting from the propagation of faults through rock or from damage associated
with the increase in fault slip. The interaction of two or more faults generates the linking damage zone that can
present different structures depending on the interaction between the two fault segments [7], [8].

Recent studies have characterized the damage zone corresponding to one fault [9], [10]. However, several
uncertainties still exist, particularly regarding the definition of the geological structures that compose the linking
damage zone between two or more faults. To understand the formation and development of linking damage zones,
this study presents a methodology for numerical modeling of the interaction between two normal faults within
carbonate reservoirs. Some scenarios considering different relative distances between two faults are analyzed.

2 Methodology

In this study, we assume that a normal fault can be represented through a vertical section under plane strain
conditions, as shown in Fig. 2a. The fault is given by two superimposed straight lines inserted within a
homogeneous porous medium. Over each line of the fault, displacements in opposite directions are applied
incrementally to generate the damage zone. Those displacements are imposed considering a constant fault length
and a parabolic distribution [11], Fig. 2b, with null displacements at the fault tips and maximum displacement
(dmax) at the fault center. The value of dmax is defined as 10% of the total fault length (L) [12]. We restrict horizontal
and vertical displacements in the nodes at model boundaries. Such boundaries are located far from the faults to
avoid influencing the results. The finite element mesh is composed of elements of quadratic interpolation and full
integration (CPE6, CPES8), as it is shown in Figure 2c.

MR RRSRS
L
“‘-,';;

S

e e

S

(a) (b) (c)

Figure 2. Model geometry (a), displacements imposed over the two faces of the fault (b) and the finite element
mesh (c).

The Mohr-Coulomb elastoplastic model with a non-associated flow rule is used to represent the
geomechanical behavior of the porous rock. The plastic regions triggered in the rock due to the application of
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displacements along the nodes in the fault are considered the damage zone. To visualize those regions, we use the
scalar variable PEMAG that is obtained through the principal plastic strains as follows:

PEMAG = \/g (PEp, + PEp,? + PEp3?). 1)

Furthermore, in order to analyze better the behavior of the linking damage zone, we use p-q diagrams. The
variable p is the average stress while q is the deviatoric stress; both stress invariants are given as:

_ oll+c;2+ol3, @)

q= \/% [(0'y —0')? + (0'y —0'3)? + (0', — 0'3)?], (3)

where ¢'; represents the principal effective stresses.
The simulations are performed with the software Abaqus® using the solver for large displacements and
updated Lagrangian formulation.

3 Numerical Tests

The tests performed in this study consider two normal faults with the same length (L=500 m) and dip (6=60°)
as shown in Fig. 3. Two groups of models were built, the first varying the distance between the faults (A) and the
second varying their overlapping (B). In all tests, we consider that the average depth between the shallowest and
the deepest tips is 5000 m. The rock material parameters are listed in Tab. 1 and are typical of carbonates present
in pre-salt reservoirs[13].

A=-50m

Figure 3. Geometrical settings of the parametric study.

Table 1. Carbonate rock parameters taken from [13].

Parameter Carbonate Unit
Young modulus (E) 17000 MPa
Poisson ratio (v) 0.3 -
Friction angle (@) 34.0 ©
Dilatancy angle (y) 24.0 ©

Cohesion (c) 6.0 MPa

The effective vertical stresses are assessed with a vertical stress gradient of 12 MPa. The horizontal stresses
are obtained from the vertical ones considering a horizontal stress ratio of 0.9.

The first models were built considering a fixed B value of 100 m and A values equal to -200 m, -50 m, 50 m,
e 200 m. Figure 4 shows the PEMAG contour plots at the end of each simulation. For the case A = -200 m, the
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development of a linking damage zone between the faults is unclear. However, for the other A values, the linking
damage zone is noticed with different PEMAG distributions in each case. The red arrows, which show the
movement of the rock on both sides of the normal faults, can explain those differences. Negative or positive values
of A lead to extension or compression of the region between the faults, respectively.

PEMAG

(Avg: 75%)
+1.472e+00
+1.200e+00
+1.100e+00
+1.000e+00
+9.000e-01
+8.000e-01
+7.000e-01
+6.000e-01
+5.000e-01
+4.000e-01
+3.000e-01
+2.000e-01
+1.000e-01
+0.000e+00

Figure 4. Results for models with different values of the distance between faults A.

In order to analyze the results better, we draw the stress paths of the two Gauss points (GP) indicated by
white circles within the linking damage zone of the models with A=-50m and A=200m. Figure 5 shows the stress
path of the GP for A = -50 m. We notice that the GP is under an elastic regime in the initial condition. However,
after applying the prescribed displacements along the fault, the stress path goes to the left of the p-q diagram,
surpasses the Mohr-Coulomb envelope, and reaches negative values of the stress invariant p (named “Pressure” in
Abaqus). Those results indicate that this region is prone to developing fractures.
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Figure 5. Stress path of a Gauss point within the linking damage zone of the model with A=-50m.

Figure 6 shows the GP stress path with A =200 m. As in the previous case, the initial stress is under an elastic
regime and reaches the Mohr envelope. However, in this case, the stress path goes to the right of the p-q diagram,
increasing the stress invariant p to high values around 480 MPa. Those results indicate that the linking damage
zone in this model is prone to develop compaction structures.
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Figure 6. Stress paths of a Gauss point within the linking damage zone of the model with A=200m.

In the second group of tests, we varied the overlapping between the faults considering values of -200 m, -100
m, 100 m and 200 m, maintaining the distance A at -50m. The results in terms of PEMAG at the end of each
simulation are shown in Figure 7. Once again, we notice that depending on positive or negative values of B, the
linking damage zone presents different shapes; for negative values, extensional regions with narrow linking
damage zones are triggered. On the other hand, for positive values, compressional regions with broad linking
damage zones are produced.

PEMAG

(Avg: 75%)
+1.461e+00
+1.100e+00
+1.008e+00
+9.167e-01
+8.250e-01
+7.333e-01
+6.417e-01
+5.500e-01
+4.583e-01
+3.667e-01
+2.750e-01
+1.833e-01
+9.167e-02
+0.000e+00

Figure 7. Results for models with different values of the overlapping B.

We draw the stress paths of the two Gauss points (GP) indicated by white circles within the linking damage
zone of the models with B=-200 m and B=200 m. Figure 8 shows the stress path followed by the GP in the model
with B = -200 m. The stress path reaches the Mohr-envelope and over this goes to the left of the diagram p-q,
reducing the stress invariant p. Those values indicate that shear or dilation structures can be present in the linking
damage zone.
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Figure 8. A Gauss point's stress path within the model's linking damage zone with B=-200 m.

Figure 9 shows the stress path of a GP located within the linking damage zone of the model with B=200 m.
In this case, the stress path reaches the Mohr-envelope and follows it to the right of the diagram p-q. The stress
invariant p increases reaching values of 900 MPa. Those values indicate that shear and compaction structures can
be present in the linking damage zone.
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Figure 9. A Gauss point's stress path within the model's linking damage zone with B=200 m.

4  Conclusions

In this study, we focus on the interaction of two normal faults and analyze the linking damage zone triggered
in carbonate rocks. Considering the FEM and the elastoplastic Mohr-Coulomb model with non-associated flow
rule, we simulate the formation and evolution of damage zones through the imposition of displacements to the
nodes located over two parallel faults. From the two groups of models analyzed, we observed that the linking
damage zone presents extensional or compressional regions, depending on the relative position of the geological
faults. Moreover, the stress paths of some representative points within the linking damage zone show that these
regions are prone to fracturing, to develop deformation bands or other kinds of geological features. These results
can be used to characterize linking damage zones in some rocks, allowing the identification of barriers or
preferential flow paths. Further simulations also considering faults with different dips and lengths are under
analysis to understand better the geomechanical behavior of linking damage zones.
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