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ABSTRACT 

Analysis of stress change and permeability variations 
caused by rock failure is much interest in geothermal 
reservoir. Cold water injection into the reservoir can 
cause significant change of pore pressure, 
temperature, and the stress state in the hot reservoir 
which in turn impact rock permeability. Analysis of 
this process is useful in designing geothermal 
reservoirs. In view of the complexity of the process, 
numerical modeling is generally necessary. In this 
paper, we present a three-dimensional fully-coupled 
thermo-poro-mechanical finite element model with 
damage mechanics to simulate reservoir stimulation 
by hydraulic fracturing. The model considers stress-
dependent permeability, and convective heat 
transport in the thermo-poroelastic formulation. Rock 
damage is reflected in the alteration of elastic 
modulus and permeability. A series of numerical 
experiments have been carried out to study the 
impact of cold water injection on the reservoir. 
Results show different patterns of damage 
localization around the wellbore and its propagation 
into the reservoir under different stress regime. In 
addition to the geometry of the stimulated zone, 
locations of potential induced-seismicity caused by 
injection are calculated, and show qualitative 
agreement observations in the field. The model 
provides a useful tool for the analysis of stress 
induced micro-seismicity and fracture propagations 
in geothermal and petroleum reservoirs.   

INTRODUCTION 

Water injection in geothermal reservoir involves 
coupled rock deformation and fluid flow as described 
in Biot’s poroelastic theory [1]. Thermal and 
chemical effects can also be significant in this 
context [2]. The influence of fluid flow and 
temperature change around the wellbore on the stress 
variations in the reservoir can be described using 
thermo-poroelasticity. This influence is often 
computed based on a linear rock behavior without 
rock failure. The assumptions of linear elastic rock 

skeleton and constant permeability have limitations 
for use in predicting the real behavior of the reservoir 
rock. Generally, the strain-stress behavior of rocks in 
triaxial tests shows hardening and post-peak 
softening. This behavior depends on the rock type, 
pore pressure, stress conditions, and temperature. The 
continuum damage mechanics approach is one of the 
methods that can capture the hardening and softening 
behavior of the rock. The continuum damage 
mechanics was first introduced by Kachanov and 
since has been developed by many researchers [3-8] 
who have investigated inelastic behavior caused by 
crack initiation, micro-void growth, and fracture 
propagation. Also, the evolution of rock damage in 
the presence of poroelastic and thermo-poroelastic 
effects has been considered. Selvadurai [8] studied 
influence of damage and permeability in porous rock. 
His results showed a significant permeability 
alteration caused by damage evolution in 
consolidation problems. Tang et al. proposed a 
damage and permeability model based on 
experimental strain-stress observations and 
permeability measurements [6-7]. The permeability 
variations induced by altered stress and rock failure 
has been studied by many researchers [e.g., 9-12], 
and relations have been suggested between 
permeability change and micro-crack and void 
evolution [12] showing that for granite permeability 
can increase by a factor of four. Other studies present 
different magnitudes for the increase in the level of 
permeability depending on rock type and 
experimental conditions.  
 
In this work, we present the development of a finite 
element model to study the influence of thermo-poro-
mechanical coupling on rock damage evolution and 
permeability variation. The damage model used 
corresponds to the brittle rock failure behavior with 
crack initiation, micro-void growth and permanent 
deformation prior to fracture. In order to capture the 
full effects of rock cooling by injection in the 
presence of higher fluid fluxes caused by rock 
degradation and permeability enhancement, the 
model considers both the conductive and convective 
heat transfer in porous medium. Numerical 



simulations are presented to verify the model and to 
illustrate the role of various mechanisms in rock 
fracture and distributed damage evolution during 
stimulation. 

THERMO-POROELASTIC MODEL 

The theory of thermo-poroelasticity (or poro-
thermoelasticity) is developed by combining the 
influence of thermal stress and differential solid/fluid 
expansion to rock stresses and fluid diffusion. 

Governing Equations 
The governing equations include the constitutive and 
transport laws. The constitutive equations of thermo-
poroelasticity have been developed by McTigue [13] 
and Palciauskas and Domenico [14]. Using the 
geomechanics sign convention of compression 
positive, the constitutive equations are: 
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where ijσ  and ijε  are the total stress and strain 

tensors, p and T  are the pore pressure and 

temperature respectively. α is the Biot coefficient, 

ζ  is the variation of fluid contents, K  is bulk 

modulus, and G is the shear modulus; 1γ , 2γ  and 

β  are given by: 
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where φ  is the porosity, fα  and mα  the thermal 

expansion coefficients of solid and fluid, respectively. 
 
Fluid flow in porous rock is governed by Darcy’s law, 
and heat conduction obeys Fourier’s law, so that: 
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where fρ  is fluid mass density, k  and η the 

permeability and viscosity, respectively, Tk  the 
thermal conductivity. 
 
The balance of force and continuity for the fluid mass 
are given by: 
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By substituting the constitutive equations into the 
balance equations given by Eqn. (8), (9), we obtain 
the field equations for the rock deformation and fluid 
flow, namely Eqn. (10) and Eqn. (11). The 
conservation of energy with Fourier’s law yields the 
field equation for the temperature distribution: 
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where u  is the displacement and 
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m =  for three-dimensional cases. In 

Eqn. (12), we consider convective heat transfer 
because of cooling effects which are from increased 
flow velocity in damage phase. This fluid velocity is 
coupled with pore pressure variations in Darcy’s law, 

k
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DAMAGE AND PERMEABILITY MODEL 

We use a model of rock damage and permeability as 
proposed by Tang et al. based on experiments [6, 7]. 
The model is modified herein to consider continuous 
stress relaxation from the peak stress to the residual 
strength (softening regime). According to this model, 
the strain-stress behavior of rock can be divided into 
an elastic phase and a damage phase. In the elastic 
phase there is no damage in the rock, whereas the 
rock begins to fail by crack initiation, crack-growth 
and void-growth when the stress conditions reach the 
failure level i.e., they satisfy the failure criterion. An 
elastic-damage mechanics represents the rock 
degradation by expressing the damage in terms of a 
reduction on the elastic modulus as the damage 
proceeds: 
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where d  represents the internal damage variable  
describing the amount of degradation (crack initiation, 

micro-void growth and crack propagation) and 0E is 

the initial rock modulus. If damage occurs by 
compressive stress, the damage variable is defined in 
terms of strain, peak stress, and residual compressive 
strength of the rock as: 

( ) εεε
εε 01 Ef
ff

d cc
ccr

ccr ⎥
⎦

⎤
⎢
⎣

⎡
+−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−
−−=       (14) 

)( crc εεε <<  



)(1
0

cr
cr

E

f
d εε

ε
>−=          (15) 

where crf and crε  are the residual compressive 

strength and strain, and cf  and rε  are the peak 

stress and strain in compressive field. ε is the 
equivalent strain. 
 
If damage evolves in a tensile stress field, the damage 
variable is defined using the residual tensile strength 
of  the rock as:  
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where trf and trε  are the residual tensile strength 

and strain, respectively. 
 
To trace the progress of damage under shear or 
tensile stress, a Mohr-Coulomb failure criterion is 
used: 
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where 1σ  and 3σ  are the maximum and minimum 

principal stresses, respectively; fφ  and fc  represent 

the friction angle and cohesion, respectively. 
The rock permeability model used also considers 
altered permeability in the elastic and damage phase 
[6, 7]: 
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where 0k  is the initial permeability, dζ  and dβ  are 

material constants determined empirically. Here 

dζ ( 1>dζ ) indicates permeability increase by 

damage. The parameter dβ [Pa-1] in the exponent 

term is the control parameter for stress sensitivity of 
permeability in porous rock. 
 

3D FINITE ELEMENT METHOD FOR 
THERMO-POROELASTICITY 

At this stage of the work, we develop a 3D finite 
element program with full poro-thermoelasticity 
capability [15]. The model uses eight-node 
hexahedron elements for the displacements u , and 
eight-node elements for the pore pressure p , and 

temperature T  to improve numerical resolution of 
displacements. The following variables are 
approximated using Galerkin’s method for u , p , 

and T : 
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where the shape functions for the displacement, pore 

pressure and temperature are uN , pN , and TN , 

respectively, and nodal variables for displacements, 

pore pressure and temperature are u~ , p~  and T
~

, 
respectively. Weak formulations are obtained by 
substituting Eqns. (20)-(22) to the field Eqn. (10)-
(12). For discretizing the time domain, the Crank-
Nicolson type approximation is applied. Full 
description of coupled chemo-thermo-poroelastic 
finite element formulation and verifications are 
published by Zhou and Ghassemi (2009) for the 2D 
case. In convective heat transfer computation, we 
applied Streamline-Upwind/Petrov-Galerkin (SUPG) 
method to avoid numerical oscillation [17].  
 
Three-dimensional poro-elastic stress analysis has 
been carried out using pressurization of the mid-
section of the well by a fluid. Results show that 
effective radial stress distributions are similar to 2D 
plane-strain case but induced effective tangential 
stress distributions are different because of the 
influence of induced vertical stress around injection 
zone and pore pressure distributions which flow in x-, 
y-, and z-directions (Fig 1). 
 

 
Figure 1:  Injection-induced effective radial and 

tangential stress variation with respect to 
time. Injection pore pressure is 10 MPa. 

Numerical Implementation of Damage Theory 
Theory of damage mechanics has been implemented 
in the 3D finite element code described above. 
According to the experimental results from Park et al. 
and Tang et al. [18, 6-7], stresses show a rapid 
decrease which is related to the softening regime 
after rock failure.  

 



 
Figure 2:  Finite element simulations of compressive 

triaxial test. Blue line: strain-stress 
relationships. Damage variable(Red line) 
evolves after rock failure.  

 
Figure 3:  Finite element simulations of tensile 

triaxial test for comparison of shear-
failure damage model. Blue line: strain-
stress relationships. Red line: Damage 
variable 

 
Figure 4:  Finite element simulations of a triaxial 

test. Green line: strain-stress 
relationships with homogeneous Young’s 
modulus. Damage variable evolves after 
rock failure; Red line: results from the 
heterogeneous Young’s modulus.  

 

We first performed a number of simulations (of 
triaxial compression tests) to find the material 
parameters for the residual strength which determines 

the level of softening in the damage phase. By 
comparing the strain-stress behavior and permeability 
change with experimental data in [18, 6-7], we 
selected the optimum parameters for permeability 

dζ , dβ , and the cohesive strength in Mohr-

Coulomb failure criterion. The simulations involved 
axisymmetric analysis using 400 elements and 1317 
nodes. The aspect ratio (width to height) for the 
domain used in the triaxial test simulations was 1:4; 
the confining stresses were applied in the lateral side 
at the level of experimental conditions (10 MPa). 

Fig 2-3 show finite element results of stain-stress 
behavior for shear and tensile failure. The results 
show a linear strain-stress behavior in elastic phase, 
however, the stress drops to its residual stress of the 
softening regime in damage phase. This damage 
model has advantages to control stress drop from the 
peak stress to residual stress, and the value of 
residual stress with respect to strain variations.  To 
simulate more realistic triaxial test, we considered 
heterogeneity of modulus using Weibull distribution 
function which is widely used in a geomechanics 
simulation to depict heterogeneity of rock. The 
heterogeneous results are presented in Fig 4 that 
stress-strain curve is varied smoothly.  

 

NUMERICAL EXAMPLES 

3D  Simulation of Cold-Water Injection  
 
In this section, we present numerical examples for 
hydraulic fracturing experiments under the influence 
of different far-field stress while taking into account 
fluid and temperature variations around a wellbore.  
 
Before conducting large reservoir simulations, we 
tested a small simulation domain consisting of a 3D 
block of rock with dimensions of 10×10×5 m3 (Fig. 
5) with a 0.2 m injection interval. We use eight-
noded hexahedron element for displacements and 8-
nodes for pore pressure and temperature. All 
reservoir properties are represented in Table 2 for 
granite reservoir. The permeability in the maximum 
far-field stress direction (x-direction) is 5 times 
higher than that in the minimum far-field stress 
direction (y-direction). The vertical permeability 
value is assumed to be 10% of the permeability in the 
minimum far-field stress direction. In this example, 
the maximum horizontal stress is 30 MPa (x-
direction), minimum horizontal stress is 20 MPa (y-
direction), and the vertical stress is 10 MPa (z-
direction). The injection pressure starts at 13 MPa 
and is increased at 0.5 hr intervals until it reaches 20 
MPa. 
 



 
Figure 5: Iso-surface (20%) of injection-induced 

damage variable for the case when the 
minimum in-situ stress is Sv. 

 
Table 2: Material properties used in simulations. 
Young’s modulus, E 10 GPa 
ν,  νu 0.22, 0.46 
Skempton's coefficient, B 0.92 
Permeability, k  0.001 md 
Porosity,  φ  0.30 

Fluid mass density,  fρ  1111 kg/m3 
Fluid viscosity,  η  3.0×10-4 Pa·s 
Thermal expansion coefficient of 

solid , mα  and  fluid fα  
1.8×10-5 K-1 

3.0×10-4 K-1 

Thermal diffusivity, Tc  1.6×10-6 m2/s 

Friction angle, fφ  30 ° 

Cohesive force, fc  100 MPa 

Material constant,  dζ  100 

Material constant,  dβ  5.0×10-8 
 
The permeability and pore pressure distributions in 
the fracture zone are represented in Fig. 6. Note that 
axial stress (σzz) distribution (Fig. 7) contributes to 
failure around the wellbore, along with the tangential 
stress. It is observed in our fracture simulation that 
damaged area (micro-crack & void growth area) 
becomes sharper when damage variable 
convergences are satisfied. Also, anisotropic 
permeability model under anisotropic far-field stress 
shows more realistic results since fluid injection 
plays an important role in this process and its 
simulation. 

 

 
Figure 6:  Cross sectional view of permeability and 

pore pressure distributions. Results are 
for a time of 6 hrs.  Permeability 
distributions: (a) and (b); pore pressure 
distributions: (c) and (d). See Table 2 for 
units. 

 

 
Figure 7:  Cross sectional view of effective axial 

(σzz)  stress distributions at 6 hrs. Cross 
sectional view for maximum horizontal 
direction is plotted in (a) and minimum 
horizontal directions are plotted in (b). 

 
After carrying out small reservoir geomechanical 
simulations, we conducted large scale reservoir 
simulations using a large mesh with 83,232 8-noded 
hexahedron elements for a reservoir size of 240×120 
×150 m3 as shown in Fig. 8. We tested three different 
far-field stress regimes:  strike-slip: (SH, max = 30 MPa, 
Sh, min = 10 MPa, Sv = 20 MPa), horizontal far-field 
stress as the minimum in-situ stress; thrust (SH, max = 
30 MPa, Sh, min = 20 MPa, Sv = 10 MPa), vertical far 
field stress as the minimum stress component;  and 
normal faulting regime (SH, max = 20 MPa, Sh, min = 10 
MPa, Sv = 30 MPa), the vertical far field stress as the 
maximum in-situ stress component.  All reservoir 
properties are the same as the previous simulations, 
and permeability anisotropy is oriented according to 
the far-field stress direction, for example, kh,min = 
0.1×10-3 md,  kH, max = 10×10-3 md, kv = 1×10-3 md 
are applied for strike-slip regime, kh,min = 1×10-3 md,  
kH, max = 10×10-3 md,  kv = 0.1×10-3 md for thrust 
regime, and kh,min = 0.1×10-3 md,  kH, max = 1.0×10-3 



md, kv = 10×10-3 md are applied for normal fault  
regime.   
 
Table 3: Reservoir properties used in three-

dimensional diulations. 

 
Case 1 

(Strike-slip) 

Case 2 

(Thrust) 

Case 3 

(Normal) 

SH, max 30 MPa 30 MPa 20 MPa 

Sh, min 10 MPa 20 MPa 10 MPa 

Sv 20 MPa 10 MPa 30 MPa 

kH, max 0.1×10-3 md  1×10-3 md 1×10-3 md 

kh,min 10×10-3 md 10×10-3 md 0.1×10-3 md 

kv 0.1×10-3 md 0.1×10-3 md 10×10-3 md 

 
 

 
Figure 8:  Mesh used in simulation; SH,max represents 

maximum horizontal stress, Sh,min is the 
minimum horizontal stress, and Sv is 
vertical stress. 

 

In these simulations, damage propagation caused by 
fluid injection was investigated in relation to the in-
situ stress regime. The first case was when the 
minimum in-situ stress is horizontal (Case 1). The 
injection interval zone is 2 m and injection pressure 
begins at 8 MPa and is increased at 2.5 MPa 
increments every 0.5 hr until it reaches 32 MPa. Fluid 
injection causes both effective tangential and 
effective axial stresses to become tensile. These two 
stress components contribute to tensile principal 
stress inside the rock. Fig. 9 shows 20% damaged 
area. Note that damage and fracture propagate 
vertically and horizontally in this case where the 
minimum stress is horizontal. Height growth occurs 
rapidly near the wellbore where the axial stress 
effects dominate. Away from the wellbore, the in-situ 
stress controls the manner of damage zone 
propagation similar to hydraulic fracture. The 
effective axial stress and pore pressure distributions 
are shown in Fig. 10.  

 

 
Figure 9:  Damage and permeability distributions 

for minimum horizontal far-field stress at 
12 hrs. 20 % damage of iso-surface is 
plotted in (a) and (b) is magnified image. 
Cross sectional view of permeability 
distributions are illustrated in (c) and (d). 

 



 
Figure 10:  Effective vertical stress and pore 

pressure distributions for minimum 
horizontal far-field stress at 12 hrs. Cross 
sectional views of effective vertical stress 
are in (a) and (b) and pore pressure 
distributions are in (c) and (d), 
respectively. 

 
For the Case 2, vertical minimum in-situ stress 
regime, the injection interval zone is 0.2 m and the 
pressure is prescribed to begin from 20 MPa and is 
increased at 2.5 MPa at 0.5 hr until it reaches 42 MPa. 
Fig. 11 shows fluid induced 20% damaged area and 
the permeability distribution.  Results show that 
injection induced damage and fractured area 
propagate horizontally. Pore pressure and stress 
distribution with damage evolution around a wellbore 
as shown in Fig. 12. 
 

 
Figure 11:  Damage and permeability 

distributions for minimum vertical far-
field stress at 6 hrs. 20 % damage of iso-
surface is plotted in (a) and (b) is 
magnified image. Cross sectional view of 
permeability distributions are illustrated 
in (c) and (d). 

 
Figure 12:  Effective vertical stress and pore 

pressure distributions for the case when 
vertical stress is the far-field minimum 
stress, at 6 hrs. Cross sectional views of 
effective vertical stress are in (a) and (b) 
and pore pressure distributions are in (c) 
and (d), respectively. 

 

 
Figure 13:  Distributions of damage, 

permeability, pore pressure, and effective 
vertical stress for the case when vertical 
stress is the far-field maximum stress, at 6 
hrs. 20% damage of iso-surface is plotted 
in (a) and cross sectional views of 
permeability is in (b). Pore pressure and 
effective vertical stress distributions are 
in (c) and (d), respectively. 

 
For the Case 3, vertical stress as the maximum far 
field stress, the same injection rate conditions of Case 
1 are used for the comparison of normal fault regime 
with strike-slip regime (Case 1). Only different 
properties are far-field stress distribution and 
permeability anisotropy because of maximum far-
field stress directions are varied from y-direction to 
z-direction. Results show a stronger tendency for the 



induced damage and fractured zone to propagate 
vertically; however as shown in Fig 13, the damage 
area is smaller (for the same injection rate of Case 1) 
because of the influence of large vertical far field 
stress. The different geometry of the failure plane for 
the case of Sh,min and Sv as  the minimum in-situ 
stress component can be attributed to different 
patterns of fluid and stress distribution in each case. 
In this simulation, it is observed that effective axial 
stress caused by fluid injection is the main 
contributor to tensile failure across the wellbore for 
case 1 and case 3 (Sh,min. as minimum). However, in 
the case of Sv as the minimum stress, the effective 
axial stress is not significant compared to the 
minimum Sh,min and the wellbore hoop stress which 
serve to propagate the damage. We observe that a 
higher injection pressure is needed to generate the 
fracture plane in the homogeneous rock case, when 
Sv is the minimum in-situ stress rather than Sh,min 
because of the effective stress contributions for 
tensile failure. This is reasonable since there is 
additional hoop tensile stress when the fracture in 
initiated in a vertical plane (as opposed to only axial).  
 

 
Figure 14:  Iso-surface 20% damage plot of 

three-dimensional damage propagation 
with respect to time under horizontal far-
field stress as the minimum: (a): 0.5hr, 
(b): 1 hr, (c): 1.2 hr, (d): 1.5 hr 

 
 
The variation of damage propagations with time for 
the strike-slip, thrust and normal fault regimes are 
illustrated in Fig. 14-16 for comparison.  
 

 
Figure 15:  Iso-surface 20% damage plot of 

three-dimensional damage propagation 
with respect to time under vertical far-
field stress as the minimum: (a): 1 hr, (b): 
1.2 hr, (c): 1.5 hr, (d): 1.9 hr. 

 
Figure 16:  Iso-surface 20% damage plot of 

three-dimensional damage propagation 
with respect to time under vertical far-
field stress as the maximum: (a): 1.5 hr, 
(b): 2 hr, (c): 4 hr, (d): 8 hr. 

 
Hydraulic fracturing with cold water injection has 
been illustrated in Fig 17. Initial reservoir 
temperature is 200 °C and cold water temperature is 
65 °C. Injection pressure is maintained 35 MPa for 6 
hr which starts from 8 MPa. Both fluid injection and 
temperature difference contribute fracture 
propagation. In this simulation, we assume hydraulic 
fracture (macro crack) as 90% damage. Results show 
that 90% damage zone length is 24 m, height is 8 m, 
and average thickness near the well 10 cm. Note that 
temperature distribution is influenced by fluid flow 
which is related with convective heat transfer but 
transfer rate is very slow. 



 
Figure 17:  Plot for hydraulic fracturing zone 

(90% damaged area) in horizontal stress 
as the minimum (a), and pore pressure 
distribution (b). Different planes view of 
temperature distributions in (c) and (d). 
All results have the same time step at 6 hr.  

 

Three-Dimensional Simulation of Injection-
Induced Micro-Seismicity 
In this section, we consider induced micro-seismicity 
simulations with damage evolution. It is assumed that 
seismic events are generated when the effective rock 
stress reaches the level prescribed by the failure 
criterion (Mohr-Coulomb) as fluid infiltrates the rock 
and stresses change. The simulation mesh is the same 
in the previous homogeneous three-dimensional 
simulations. However, heterogeneities of modulus 
and permeability are considered using Weibull 
distribution functions. The initial modulus and 
permeability distributions are illustrated in Fig. 18. 
As before, three different far-field stress regimes are 
tested one with horizontal stress as the minimum, 
another with vertical stress as the minimum and the 
other with vertical stress as the maximum. To 
investigate the permeability and far-filed stress 
relationship, we also considered two different 
permeability models namely (1) reservoir 
permeability properties are highly related to the far-
field stress (anisotropic permeability) and 
permeability are independent of the far-field stress 
(isotropic permeability).  Details of reservoir 
properties are described in Table 4. In the case of 
anisotropic permeability, we simply assumed a 
permeability that is 10 times higher in the maximum 
in-situ stress direction and 10 times lower in 
minimum in-situ stress direction. 
 
 

Table 4: Reservoir properties used in three-
dimensional heterogeneous simulations. 

 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 

Stress 
regime 

Strike-slip Thrust Normal 

E 10 GPa  (n=1.5) 10 GPa  (n=1.5) 10 GPa  (n=1.5) 

K, md 

(n=1.5) 
10-2   

kmax=10×10-2   

kmin=0.1×10-2   

kv=1.0×10-2   

10-2   

kmax=10×10-2   

kmin=1.0×10-2   

kv=0.1×10-2   

10-2   

kmax=1×10-2   

kmin=0.1×10-2   

kv=10×10-2   

C0 100 MPa   (n=2) 100 MPa  (n=2) 100 MPa  (n=2) 

T0 5 MPa  (n=2) 5 MPa  (n=2) 5 MPa  (n=2) 

 

Figure 18:  Initial heterogeneous modulus is 
plotted in (a), (b) and permeability 
distribution is presented in (c), (d). 

 
The resulting seismic events and permeability 
distributions are plotted in Fig. 19 for different 
reservoir permeability. Fig. 19 (a) shows the seismic 
events in time for the conditions of isotropic 
permeability with minimum horizontal far-field stress. 
Fig. 19 (b) shows a plot for the same far-field stress 
conditions and injection rate but with anisotropic 
permeability.  It is observed the seismic events are 
scatted broadly when permeability is isotropic since 
there are no significant differences in fluid sweep 
velocities in the x-, y-, and z-directions. However, in 
the case of anisotropic permeability, seismic events 
are highly localized because fluid invasion is focused 
in the maximum far-field stress direction and this 
leads to localized seismic events. Same conditions 
are simulated for the minimum vertical far-field 
stress case (Fig. 20). It is similarly observed that 
broad distributed seismic events occur under 
isotropic permeability conditions, and scattered 



localized events are observed in the anisotropic 
permeability case. Vertical stress as the maximum 
has been plotted in Fig. 21. Note that same injection 
conditions are used for both stress regime simulations. 
Results show that for the normal faulting case, the 
induced-seismicity does not propagate and stabilizes 
earlier because vertical stress is higher compared to 
the thrust regime where a higher injection rate is 
needed to generate tensile failure for fracture 
propagation in the vertical direction. It is worth 
pointing out that the smaller grey points show the 
distribution of micro-seismic events as a result of the 
far-filed stresses and might be interpreted as 
background values. 
 

 
Figure 19:  Predicted micro-seismic events 

after 10 hrs of pumping for the case of 
horizontal stress being the minimum far-
field stress: (a) the case of isotropic 
permeability and (b) anisotropic 
permeability.   

 

 
Figure 20:  Micro-seismic events after 6 hrs of 

pumping for the case that the vertical 
stress is the minimum far-field. (a) the 
case of isotropic permeability and (b) 
anisotropic permeability.   

 



 
Figure 21:  Micro-seismic events after 6 hrs of 

pumping for the case that the vertical 
stress is the maximum far-field. (a) the 
case of isotropic permeability and (c) 
anisotropic permeability.   

 
 

CONCLUSIONS 

A three-dimensional fully coupled finite element 
method has been developed for modeling damage-
induced stress variations and permeability change 
along with induced seismicity. The model was used 
to simulate a number of synthetic hydraulic fracturing 
experiments for different stress regimes. Vertical 
damage propagation observed when the horizontal 
far-field stress is the minimum in-situ stress 
component, whereas horizontal damage propagation 
is observed when the vertical far field stress as the 
minimum. Comparison between the results for the 
strike-slip and normal faulting regimes using the 
same injection rate show that damage area is smaller 
for the latter case. Also, it is observed that higher 
injection pressure is needed to generate a horizontal 

fracture plane in a thrust faulting regime compared to 
the vertical fracture plane in strike-slip stress regime. 
This is because of the effective stress contributions to 
tensile failure. Realistic patterns of micro-seismicity 
have been generated for these stimulation 
experiments. Results show the significant roles of 
stress state and initial rock permeability in the 
resulting pattern. The results of this study indicate 
that the finite element method with damage can be 
used to model reservoir stimulation and induced 
seismicity. Effort is ongoing to simulate damage 
propagation and induced seismicity under different 
injection rates, various permeability structures 
involving faults, and different in-situ stress regimes 
for small and large size reservoirs and to compare 
results with available lab and field experiments.  
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