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ABSTRACT 

Predicting the ultimate fate of the injected of water or 
supercritical carbon dioxide in the subsurface for storage or 
heat extraction involves understanding the interrelationship 
between multiple processes, such as the hydrological, 
mechanical and chemical transport of the injected working 
geofluid. The majority of these processes take place within 
the fracture and faults which may lead to compromising the 
integrity of the reservoir. Results, obtained using LDEC, 
which analyze the coupling of fluid flow and stresses 
within extensive combined fracture-fault networks are 
presented. Moreover, subsurface is inheritably 
heterogeneous and hydromechanical properties can vary 
spatially from one location to another. Thus, a second 
analysis has been conducted assuming that the 
geomechanical properties are randomly generated between 
both the weak and strong cases. Uncertainty with the 
fracture network orientation could also impact the large 
scale response and activation of the faults and thus the 
integrity of the reservoir, the containment of the working 
geofluid, the surface deformation and ultimately the fluid-
induced seismicity. A third analysis was conducted based 
on alteration of the orientation of the fracture network from 
the base case scenario. The resulting effect on the friction 
and activation conditions along the main faults is assessed. 

INTRODUCTION & PROBLEM STATEMENT  

Global temperatures are increasing. Atmospheric CO2 
concentration is increasing. New carbon management 
legislation and initiatives are based on the assumption 
that increased CO2 levels are a major cause of global 
warming. Several ways of reducing CO2 emissions 
and CO2 levels in the atmosphere include: improved 
efficiency in power generation by upgrading existing 
plants, higher efficiency in all new plants, relying 
more on renewable energy such as enhanced 
geothermal system (EGS, Figure 1a) using water or 
supercritical CO2 as a geofluid, and finally, carbon 

capture and storage (CCS, Figure 1b). EGS and CCS 
share similar technological fundamentals and the 
consequences of their deployment on the 
environment as well as on the public perception such 
as induced seismicity. 

 

Figure 1: a) [Top] Basics of an Enhanced Geothermal 
(Adapted from eere.energy.gov); b) [Bottom] Basics of 
Geological Carbon Sequestration and Well Integrity 
(Adapted from Carbon Sequestration Research and 
Development, 1999, Chapter 5and Gasda et al., 2004) 

Undoubtedly, predicting the ultimate fate of the 
injected water or supercritical carbon dioxide in the 
subsurface for storage or heat extraction involves 
understanding the interrelationship between multiple 



processes, such as the hydrological, mechanical, 
thermal and chemical transport of the injected 
working geofluid (Figure 2, Ezzedine, 2008). The 
majority of these processes take place within the 
fracture and faults.  

 

Figure 2: Potential Hydrological, Thermal, Chemical and 
Mechanical coupling affecting the design of a geothermal 
or a geological carbon sequestration system. 

For instance, reactions induced by the presence of 
geofluid and changes in stress state due to large 
volume of injected geofluid will result in significant 
changes in the permeability of the fractures through 
hydro-thermo-mechanical and chemical precipitation 
and dissolution, healing/precipitation, which alter the 
permeability tensor within the reservoir. Changes 
may be relatively small, but their impact could be 
large. Furthermore, the large rate and volume of 
injection will induce pressure and stress gradients 
within the formation that may activate existing 
fractures and faults, or drive new fractures through 
the caprock, creating new fractures, and thus 
compromising the integrity of the reservoir. We will 
report results obtained using LDEC to analyze the 
hydromechanical coupling of fluid flow and stress 
within extensive combined fracture-fault networks. 
We will also discuss the implications these results 
have for the transport and ultimate fate of the 
working geofluid. Moreover, subsurface is 
inheritably heterogeneous and hydromechanical 
properties can vary spatially from one location to 
another. Therefore, a second analysis has been 
conducted assuming that the geomechanical 
properties, for instance, are randomly generated 
between both the weak and strong cases. Uncertainty 
with the fracture network orientation could also 
impact the large scale response and activation of the 
faults and thus the integrity of the reservoir, the 
containment of the working geofluid, the surface 
deformation (uplifting) and ultimately the fluid-
induced seismicity. A third analysis was conducted 
based on alteration of the orientation of the fracture 
network from the base case scenario. The resulting 
effect on the friction and activation conditions within 
the main faults is assessed. 

THE SIMULATION TOOL: LDEC 

The massively parallel Livermore Distinct Element 
Code (LDEC) is deemed to be the appropriate tool 
for conducting the proposed analyses (Morris et al., 
2002). LDEC is an implementation of the distinct 
element method (DEM) (Cundall, 1988). Using this 
approach one can directly approximate the block 
structure of the jointed rock using arbitrary 
polyhedra. Preexisting joints are, therefore, readily 
incorporated into the DEM model. Furthermore, the 
distinct element method can readily handle large 
deformation on the joints. In addition, the method 
detects all new contacts between blocks resulting 
from relative block motion. The Lagrangian nature of 
the DEM simplifies tracking of material properties as 
blocks of material move. Furthermore, it is also 
possible to guarantee exact conservation of linear and 
angular momentum. By using an explicit integration 
scheme, the joint models can be very flexible. The 
joint constitutive models in LDEC include effects 
such as, cohesion, joint dilation, and fiction angle to 
name a few. LDEC implements two approximations 
to block response: rigid and deformable (Morris et 
al., 2002). 

SIMULATED SCENARIOS 

First, we have conducted strong and weak 
hydromechanical scenarios and compare them to 
the base case scenario reported in Morris (2009) 
(see Figure 3 for the distribution of fractures and 
faults). Three cases where identified based on 
the Young modulus E: 1) weak case: E=5GPa, 
2) mild (base) case: E=10GPa;   and 3) strong 
case: E=20GPa. The Poisson’s ratio is set to 
20% for all cases. For the current analyses, only 
Young modulus has been changed, Poisson’s 
ratio remained constant throughout all 
subsequent analyses. 

These three analyses enable us assessing the 
activation of the faults under different ultimate 
conditions and not relying solely on a base case 
scenario. Subsurface reservoirs are inheritably 
heterogeneous; therefore, the hydromechanical 
properties can vary spatially from one location 
to another. Thus, a second analysis has been 
conducted assuming that the geomechanical 
properties, for instance, are randomly generated 
between both the weak and strong cases. 
Uncertainty with the fracture network 
orientation could also impact the large scale 
response and activation of the faults and thus the 
integrity of the reservoir, the containment of the 
injected water or CO2, the surface deformation 



(uplifting) and ultimately the fluid-induced 
seismicity. A third analysis was conducted based 
on shifting the fracture network by 25 degrees 
from the base case scenario. The resulting effect 
on the friction conditions within the main faults 
is assessed. 

RESULTS 

Simulations involve an extensive fracture 
networks (about 400 thousands of fractures), 
including detailed intersections with faults (four 
faults). We consider only fractures and faults 
within the reservoir itself. These faults have not 
been observed to persist into the overburden. 
Consequently, this initial study is concerned 
only with assessing impact of different 
geomechanical conditions on the evolution of 
the reservoir and not the caprock response. 

Base Case Scenario 

Figure 3 shows the fault-fracture network for the 
Krechba reservoir built using LDEC using the 
same assumptions previously reported in Morris 
(2009). Figure 4 depicts the response of the 
combined fracture and fault network to pressure 
increase overlaid by the slip conditions on the 
faults.  

 
Figure 3: Fracture-fault network model for the Krechba 
reservoir built within LDEC, highlighting the details of the 
individual fractures within the network. The model includes 
400,000 individual fracture elements. 

Pressure field is chosen to reflect conditions 
observed on site. Throughout the entire 
document all figures are plotted for same fluid 
pressure conditions of CO2 in the reservoir in 
order to facilitate the comparison between the 
different cases. This calculation considers the 
poroelastic response of the fractured rockmass 

and includes the redistribution of stresses 
through the combined fracture-fault network. 

   
Figure 4: Overlay of the changes in the pressure field and 
the slip conditions on the fault. 

 
Figure 5: propensity for shear on the faults. The color 
scale reflects the coefficient of friction required to maintain 
stability of the segments of the faults. 

Figure 5 shows our LDEC prediction of 
propensity for shear on the faults. The color 
scale reflects the coefficient of friction required 
to maintain stability of the segments of the 
faults. As faults approach a ratio of 0.6, they are 
presumed to become permeable. Consequently, 
it can be seen that several faults are critically 
stressed and likely to provide fast flow paths. 

Weak Case 

Analyses conducted in previous section have 
been re-analyzed for a weak case scenario where 
the bulk modulus is set to 5GPa and Poisson’s 
ratio fixed at 20%. Figure 6 depicts, for the same 
poroelastic conditions as in the base case 
scenario, propensity for shear on the faults. Not 
surprisingly, weaker conditions promote less 
stability and more slips on the fault.  One can 



also draw the conclusion that the activated fault 
surfaces is by large greater than for the base case 
and confirmed on Figure 7 which  depicts the 
slip conditions on faults. 

 
Figure 6: Weak case scenario: propensity for shear on the 
faults. The color scale reflects the coefficient of friction 
required to maintain stability of the segments of the faults. 

 
Figure 7: Weak case scenario: slip conditions on the fault. 

Strong Case 

Similarly to the weak case, same re-analysis has 
been conducted for a stronger case scenario 
where the bulk modulus is set to 20GPa and 
Poisson’s ratio fixed at 20%. Figure 8 depicts, 
for the same poroelastic conditions as in the base 
case scenario, propensity for shear on the faults. 
Stronger conditions promote more stability and 
less slips on the fault. Figure 9 depicts the slip 
conditions on faults. It is worth noting that the 
activated fault surfaces are less than those 
calculated in the base case scenario. 

 
Figure 8: Strong case scenario: propensity for shear on the 
faults.  

 
Figure 9: Weak case scenario: slip conditions on the fault. 

Random Geomechanical Properties 

Subsurface conditions are by nature 
heterogeneous; therefore, one can expect that the 
subsurface poroelastic properties vary in space 
from one location to another. Moreover, 
analyses conducted in the previous subsections 
assume that the properties are not only strongly 
homogeneous but also take only extreme values 
(e.g. weak and strong). The coexistence of weak, 
average and strong poroelastic properties is the 
rule and not the exception; therefore their 
simultaneous signatures in the subsurface need 
to be assessed through probabilistic framework 
to predict, for example, the impact of their 
spatial variabilities and uncertainties on the 
activation of the faults and thus the integrity of 
the reservoir. As a first step toward this goal, an 
uncorrelated random fields of the density as well 
the Young’s modulus of the rock in the reservoir 
have been generated and unconditionally 



assigned to the rock mass. Figures 10 and 11 
depict the density and Young’s modulus random 
field, respectively. In average, both fields reflect 
the base case scenario. It is worth noting 
however, that in reality, damaged zone (area) are 
generally localized  around the faults 
themselves, or for instance, the zone between the 
two central faults (see Figure 3) may have more 
damaged rock mass and thus weaker properties 
localized between them. Moreover, the 
correlation between the different subsurface 
properties calls for conditional simulations as 
the probabilistic tool. For illustration purposes, 
we limit ourselves to single unconditional case 
as a first step toward building a stochastic 
framework within LDEC. 

 
Figure 10: Example of uncorrelated random of the density 
of the rock of the reservoir. 

 
Figure 11: Example of uncorrelated random of the bulk 
modulus of the rock of the reservoir. 

Similarly to the base case, all analyses have been 
re-conducted for this single random case. 
Figures 12 and 13 depict the shear slip 
conditions and propensity for shear, 
respectively. Not surprisingly, the results are 
somewhat a mixture of the weak, base and 

strong cases conducted in the previous 
subsections. It is however important to mention 
that this is the outcome of a single realization 
and an average though a series of realization is 
needed. 

 
Figure 12: Slip conditions for the random properties case 
 

 
Figure 13: Propensity for shear on the faults for the 
random property case 

Impact of Fracture Orientation 

Rock mass properties are not only the only 
uncertain, spatially variable parameters in the 
subsurface, fracture (joint) orientation is another 
one (Ezzedine, 2010). Without further ado, and 
for illustration purpose, we have re-conducted 
the analyses on a fracture network geometry that 
is 25 degree of the base case scenario. Figure 14 
depicts the fracture-fault network build for the 
current analysis. Only the fractures are re-
oriented to 25 degree off the base case scenario, 
major fault orientation remained the same. The 
computational overburden remains almost the 
same compared to the base case analysis. This 
geological setting of the reservoir has been 
simulated to assess the effect of the fracture 



orientation on the activation of the faults. It is 
worth noting that the in-situ stresses and 
orientations remain unchanged with respect to 
the previous analyses. Figure 15 shows 
propensity for shear on the faults. Because the 
fracture network is at 25 degrees the larger fault 
is more potent to shear practically along the 
entire fault, which is not observed throughout 
the previous analyses. Furthermore, the second 
major fault is well aligned with the new 
orientation of the fracture network and thus 
more shear slip is experienced (larger values, see 
legend of Figure 15). In addition, the motion on 
the faults leads to stress perturbations that 
induce shear loading on adjacent fractures. For 
this specific scenario, the fractures have not 
failed at this level of pressure perturbation. 
However, this coupled interaction between the 
faults and fracture network must be considered 
when predicting the permeability evolution 
within the reservoir (Ezzedine, 2005). 

Again this analysis is limited and a more 
thorough investigation needs to be conducted 
assuming more realistic random network of 
fractures and uncertainty around the orientation 
of the main family of fractures.  

 
Figure 14: Fracture-fault network model for the Krechba 
reservoir built within LDEC, highlighting the details of the 
individual fractures within the network. The model includes 
400,000 individual fracture elements. Notice that the 
fractures are 25 degree off from those presented on Figure 
3. Fault orientation remains unchanged. 

 
Figure 15: Propensity for shear on the faults for the re-
oriented fracture network case 

CONCLUSIONS AND PATH FORWARD 

We have attempted, through a series of 
numerical simulations using LDEC, to predict 
the behavior of the faulted system and the 
response of the overall reservoir under 
poroelastic conditions similar to In-Salah’s. We 
have also built a stochastic framework with 
LDEC to assess the impact of uncertainty not 
only in the physical (geomechanical) properties 
but also geological uncertainty due to the 
characterization of the orientation the fracture 
network. Results presented here are preliminary 
and more numerical simulations need to be 
conducted based on correlated and conditional 
realization of the subsurface at In-Salah.  

Future work will include revising this model to 
include more fractures and varied fracture sets. 
The model will be iteratively coupled with 
reservoir scale reactive transport modeling to 
investigate the interaction between mechanical 
and geochemical processes. In-situ stresses are 
by far the most uncertain in a geomechanical 
uncertainty assessment. Undoubtedly, the 
current stochastic framework can readily be 
extended to include such uncertainty.  The 
outcome of this framework will serve as an input 
to an integrated risk assessment and 
management of the reservoir to minimize its 
integrity breach, minimize surface disturbances 
and mitigate any induced seismicity that may 
occur due to the injection of geofluids. 
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