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Summary
In this study, we present a method to incorporate the effects of 
fault damage zones (DZs) in a reservoir-simulation model. Per-
meability anisotropy associated with fault DZs depends on many 
factors, including the geometry of the faults in the reservoir and 
the associated dimension and density of fractures in the DZs. 
To model permeability anisotropy caused by fault DZs, we start 
by using geomechanically constrained discrete fracture models 
of DZs. Then, we use the orientation and size of the faults with 
reference to the grid axes to incorporate the effect of permeability 
anisotropy in the simulation grid. In this case study, in which faults 
are formed in an extensional regime, DZs show increased perme-
ability along the strike of the fault and in the vertical direction, 
but there is no significant change in the permeability perpendicular 
to the faults. Inclusion of DZs in the simulation model shows sig-
nificant improvement in the history matching in comparison to a 
base reservoir-simulation model with no DZs. Further, we analyze 
the uncertainty of the DZ modeling in the reservoir simulation by 
simulating multiple equiprobable models. 

Introduction
Fluid flow through secondary fractures associated with DZs adja-
cent to large faults can be significant in many reservoirs. These 
effects can be represented in reservoir simulation by adding them 
either in the fine-scale geological model or in a coarse-scale 
reservoir-simulation model. DZs may contain many secondary 
fractures, so including each one as a discrete feature in the simu-
lation model is limited by the computational power and time of 
the reservoir simulator (Durlofsky 2003; Geiger et al. 2009; Lim 
et al. 2009). However, there has been considerable progress made 
in upscaling the flow effects of small-scale geological heteroge-
neities (Corbett et al. 1992; Ringrose et al. 1993; Pickup et al. 
2000a, 2000b; Flodin et al. 2001; Jourde et al. 2002; Durlofsky 
2003; Ahmadov et al. 2007; Gong et al. 2008). These upscaling 
techniques are successful at maintaining the average flow behavior 
of the reservoir in some scenarios, but discrete-fracture techniques 
may be required for some water-injection problems. 

Fractured porous media are typically simulated using dual-
porosity models, but these models are not suited for reservoirs with 
only a few fractures or localized fracture zones that dominate flow. 
Ideally, faults are defined as discrete features in an upscaled model, 
but to maintain their complex geometries, special discretization 
scheme and multipoint flux approximation adjacent to the faults 
have to be used (Verma and Aziz 1997; Rodriguez et al. 2004). 
Also, upscaling and history matching using a number of geologi-
cal scenarios with fault-DZ fractures can be a lengthy process. An 
alternative that includes the effects of fractures associated with the 
faults is a multilaminate model (Pande 1980; Koutsabeloulis et al. 
1994), in which first a base upscaled model with reservoir-scale 
faults and stratigraphical heterogeneities is constructed. Then, dif-
ferent scenarios of the effects of the localized fractures are included 
on the base model. In this technique, fractures are treated as an 

effective medium, spatially changing the base-model properties in 
localized areas. Various techniques may be used to define local-
ized, fine-scale heterogeneities on an upscaled grid such as local 
grid refinement (LGR) (Ciment and Sweet 1973; Pedrosa and 
Aziz 1986; Nacul 1991) and a windowing technique (Mlacnik and 
Heinemann 2003). However, the effectiveness of these techniques 
depends on the type of upscaled grid, the type and scale of local-
ized heterogeneity, and the ability of the reservoir simulator to 
handle these treatments.

In this paper, we describe a workflow to incorporate geo-
mechanically constrained DZs in reservoir simulation using a 
multilaminate technique. Paul et al. (2009) describe a method to 
model geomechanically constrained fault DZs. Fault DZs (sec-
ondary faults and fractures associated with the main fault) are 
formed during the propagation of a rupture along a main fault 
(Madariaga 1976; Freund 1979). Stress concentration along the 
propagation path can be used to model the width and nature of a 
DZ associated with the reservoir-scale faults. In this case study, 
we use the DZ descriptions from Paul et al. (2009) and present a 
discrete-fracture-modeling experiment to show the effects of the 
DZ an the permeability of an upscaled block. Then, we incorporate 
the effect of the DZs in the reservoir-simulation model, which is a 
nonorthogonal grid with corner-point geometries. Adjacent to the 
fault, gridblocks are truncated to maintain the actual shape of the 
faults. We discuss a workflow to include permeability anisotropy 
in the fault-adjacent gridblocks of the base simulation model and 
to quantify the effects using history matching of the production 
and injection data.

Field-Scale Permeability Anisotropy and 
Project Motivation
The chosen study area (CS field) is located in the Timor gap 
between Australia and Indonesia. Fig. 1 shows the production, 
injection and exploration wells of the field. Interference and tracer 
tests between injection and production wells of the studied field 
show enhanced flow along the reservoir-scale faults. Larger east/
west-trending faults indicate a relatively high connectivity parallel 
to these faults in comparison to the north/south-trending faults. 
Well CSP3 shows a clear indication of pressure communication 
with Wells CSP1 (approximately 2.5 km), CSP2 (approximately 
1.5 km), CSP4 (approximately 3.5 km), and injectors (�6 km) 
within 24 hours. Well CSP4 also sees pressure support from injec-
tors (approximately 4.5 km), but the response is delayed relative to 
Well CSP3 even though the injectors are closer, indicating a lower 
permeability from injectors to Well CSP4 when compared with 
Well CSP3. Well CSP7 shows pressure communication with Well 
CSP6 (approximately 3 km) after 30 hours and with Well CSP5 
(approximately 1.5 km) after 12 hours, a delayed response relative 
to the responses of Well CSP3. Injector pressure support in Well 
CSP7 is observed after 48 hours, which is again a delayed response 
relative to pressure support from injectors to Wells CSP3 and CSP1 
to the east. To summarize these observations, the blue lines in Fig. 1
indicate established hydraulic connectivity among the wells.

Comparing the bottomhole pressure (BHP) and water-produc-
tion rate (WPR) response from the base simulation model, which 
has porosity and permeability distributions from classical geosta-
tistical techniques (described later in this paper), shows a poor 
history match with actual production and injection data from the 
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wells. On the basis of observations from tracer and interference 
tests, we include the localized enhanced permeability parallel to 
the reservoir-scale faults, which shows a better history match in 
comparison with the history match from the base model. The 
enhanced fault-parallel permeability is hypothesized as an effect 
of fault DZs. In this paper, we propose a workflow for incorporat-
ing the permeability variations because of DZs into the reservoir-
simulation model. The conclusions from this study are based on the 
history matching of production data for approximately 2.5 years 
from the initial production. 

Permeability Anisotropy Caused by a DZ 
Using Discrete-Fracture-Network (DFN) 
Modeling
To model the trend and magnitude of the permeability anisotropy 
caused by fault DZs, we use 2D and 3D discrete-fracture modeling. 
In this study area, Paul et al. (2009) estimated the width of DZs as 
approximately 150 m for large reservoir-scale faults and approxi-
mately 50 m for smaller faults. A 3D DFN study investigated the 
relative trend of permeability anisotropy in an average block size 
of the reservoir-simulation model. Hence, the size of the 3D model 
was the following: depth of 80 m (average depth of gridblocks), 
width perpendicular to the fault of 380 m (average width of grid-
blocks), and length along the fault of 100 m (approximately one-
third of the average length of gridblocks). The fractures and faults 
in the DZ are defined as discrete features using a dynamic rupture 
technique (Paul et al. 2009) combined with Monte Carlo simula-
tion to incorporate the uncertainty in their locations and geometry. 
Fracture planes mostly strike subparallel (maximum deviation of 
approximately 30°) to the fault. Fracture density in the model 
decreases away from this fault face and becomes zero beyond 
the limit of the DZ (approximately 60 m). A discrete-fracture 
model (Fig. 2) with approximately 600,000 cells was used for the 
study. This model has average fracture density of approximately 
0.3 fracture/m and 3–4 vertical stack of fractures in the DZ. In the 

model, the matrix porosity of approximately 13% and permeability 
km of approximately 150 md are based on petrophysical analysis. 
Fracture aperture was kept at approximately 1 mm, and fracture 
permeability kf varies as a multiplier of km, which is based on field 
and laboratory studies (Brown and Bruhn 1998; Luthi and Souhaite 
1990). We used a range of multipliers from 102 to 106 (extreme 
case) with km to define fracture permeability. This multiplier range 
was used to study the effect of contrast between matrix and fracture 
permeability in the permeability anisotropy of an average gridblock 
of the simulation model. 

One face of the model perpendicular to the flow is defined as 
an injector well at 1,500 B/D, and the opposite face is defined as 
a producer with production at a pressure constraint equivalent to 
reservoir pressure, 4,000 psi. Models with and without DZs are 
simulated (Karimi-Fard et al. 2004) until steady state is reached, 
giving the pressure difference �P between injector and producer 
faces of the model. By comparing the pressure difference (�P) 
between the two cases, we can estimate the change in the effec-
tive bulk permeability along the flow owing to the presence of 
fractures, 
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where k1
* and k2

* are the equivalent, or upscaled, permeabilities, 
and �P1 and �P2 represent the pressure difference of steady-state 
solution along the flow for the models with and without fractures. 
Repeating the experiment in the three possible principal directions 
with kf =103�km, we estimated effective-permeability-change fac-
tors of 1.36, 1.39, and 1 in the direction subparallel, vertical, and 
perpendicular to the fault, respectively. By comparing the simula-
tion results for different permeability-contrast cases, we conclude 
that the anisotropy effect increases only with increasing contrast 
between the matrix and fracture permeability. 

The 3D modeling demonstrates that the effective permeability 
in the vertical direction is similar to that of the horizontal direction 
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Fig. 1—Map shows the relative locations of injectors (Wells CSI1 through CSI4), producers (Wells CSP1 through CSP8), and 
exploration wells. Red lines indicate well path. Blue lines in the figure show established pressure contact among wells during 
interference and tracer tests. The darker blue color represents the paths with relatively shorter well interaction time than those 
of the lighter colors.  Flow along the faults shows enhanced permeability with respect to the average matrix permeability of the 
reservoir.  The background color of the map is the depth of the reservoir (warmer color represents shallower depth).
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parallel to the reservoir-scale faults. Also, effective permeability in 
two horizontal directions (parallel and perpendicular to the fault) 
shows some amount of anisotropy. Therefore, we used two hori-
zontal directions in the 2D modeling (Fig. 3a), which represented 
the actual average gridblock size (approximately 360�380 m) of 
the reservoir-simulation model, allowing us to use higher fracture 
density with limited computational expense. In Fig. 3b, simulation 
results with increasing average fracture density in the DZ indicate 
a linear increase in permeability of the gridblock in the direction 
parallel to the fault, but there is almost no change in permeability 
in the direction perpendicular to the fault. For fracture density of 
approximately 0.3 fracture/m (same as 3D-model fracture density), 
the permeability parallel to the fault increases by approximately 
1.5 times, which is consistent with the 3D-model results. Well-
bore-image analysis indicates a fracture density of approximately 
2 fractures/m for a DZ width of approximately 60 m (Paul et al. 
2009). For this fracture density, we see an approximately seven-
fold increase in the fault-parallel permeability of a grid cell. Within 
the DZ, permeability increase is approximately 40 times the matrix 
permeability. Similarly, a wider DZ would show a much higher 
increase in the cell permeability parallel to the fault. To define the 
uncertainty owing to geometry (length, orientation, and intersec-
tions) of the fractures in the DZ, we repeat the 2D experiments 
for five equiprobable models with the same fracture density and 
DZ width for the models. Fig. 3b shows the uncertainty range 
of permeability multiplier (spread of red triangles) for a fracture 
density of approximately 1.3 fractures/m. Uncertainty range is 
approximately 0.5 for fault-parallel multiplier, which indicates 
the uncertainty of the fracture network in the DZ. However, an 
uncertainty range of approximately zero for fault-perpendicular 
multiplier confirms a nonfactor change in permeability in the 
direction perpendicular to the fault.

3D Geocellular Model
The chosen study area has a number of large reservoir-scale faults 
striking in the east/west (E/W) direction and several small-scale 
faults with a north/south (N/S) orientation. These faults are formed 
in an extensional environment. The average throws for E/W and N/S 
faults are approximately 300 and 50 m, respectively. Reservoir lay-
ers are from a fluvial-deltaic-dominated depositional environment

and they comprise medium- to coarse-grained sandstone to very-
fine- to fine-grained shale (Paul et al. 2009). 

The geocellular model of the reservoir is a nonorthogonal grid 
with 300�160�265 cells in the x-, y-, and z-directions, respec-
tively. It has 183 modeled faults and 265 layers. The reservoir is 
a broad E/W-trending horst with closure at 2930 m subsea to the 
gas/water contact at 3108 m subsea. Fluid samples collected from 
drillstem tests (DSTs) indicate that the reservoir acts as a single 
compartment with common gas/water contact. Matrix porosity and 
permeability in the model are defined on the basis of the reservoir 
quality, which is guided by grain size, sorting, and lithofacies. 
Porosity in the model varies from 2 to 20%, with an average value 
of 8.6%. Horizontal and vertical permeability in the model lie in 
the range of 0.001–900 and 0.001–400 md with average values of 
approximately 150 and 60 md, respectively. Porosity and perme-
ability distributions are modeled using the paleocurrent transport 
models from seismic and well data.

Base Simulation Model
The geocellular model is upscaled to a simulation model using an 
irregular nonorthogonal grid with a grid size of 80�46�45 cells 
in the x-, y-, and z-directions, respectively. The 45 layers in the 
z-direction represent the 19 stratigraphic units or 265 layers of the 
geocellular model. Average layer thickness varies from 3 to 20 m. 
The field is divided into six parts (Fig. 4) with different upscaling 
ratios to honor the heterogeneity of the reservoir. We can see in 
Fig. 4 that in the main gas-bearing section, the simulation model 
is relatively fine with respect to other parts of the reservoir. 

Porosity is upscaled using arithmetic averaging. Horizontal 
permeability (kh) for fluvial layers is upscaled using a hybrid arith-
metic-harmonic algorithm (Rasaei and Sahimi 2009), while marine 
layers are upscaled using a hybrid harmonic-arithmetic algorithm 
(Aarnes et al. 2009) to capture the lateral reservoir heterogeneity. 
Vertical permeability (kv) is upscaled using harmonic-arithmetic 
averaging. In the gridblocks with shale layers having kv < 0.1 md, kv 
is set to zero to define these layers as a barrier to flow in the vertical 
direction. Water saturation is upscaled using a porosity-weighted 
averaging algorithm. Figs. 5a and 5b illustrate the porosity and 
horizontal permeability distribution of one reservoir layer (Layer 
18) of the base simulation model, respectively. The porosity and 
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Fig. 2—The fine-scale unstructured grid (a) without a DZ and (b) with discrete fractures and associated matrix blocks of a DZ. (The 
DZ is represented as very fine grid cells.) In a steady state with similar injection and production constraints, the ratio of pressure 
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permeability distributions are biased toward well data, which are 
treated with higher importance during paleocurrent modeling.

The simulation model has 162 faults. Adjacent to the faults, grid 
cells are highly nonorthogonal and have irregular shapes (Fig. 4). 
Because faults are not aligned to the grid axes, cells are truncated 
to honor the actual orientation and shape of the faults. Because 
of these complexities, a reservoir simulator with a two-point flux 

calculation can perform only an approximate calculation for this 
part of the grid. 

Initial Conditions and Fluid Properties for Reservoir Simula-
tion. Initial formation pressure obtained from downhole testers 
(modular formation dynamic tester and repeat formation tester) 
shows initial reservoir pressure of approximately 4,486 psi at 
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the gas/water contact at approximately 3109 m subsea, which 
is common in all the appraisal wells. Pressure-gradient analysis 
with the tests shows a normal water gradient of 1.37 psi/m and a 
gas gradient of 0.35 psi/m. Compressibility of the rock matrix is 
obtained by uniaxial compressive testing on the core samples from 
exploration Well CSB2. Testing suggests a very stiff and strong 
reservoir rock, with a range of compressibility from 1.2�10−6 psi−1 

to 3.8�10−6 psi−1.
Initial water saturation (Swi) is defined as a function of porosity, 

permeability, and height above the free-water level (to include the 
effect of capillary pressure in transition zones), and is calibrated 
using core measurements and log data. Fig. 6 shows initial water-
saturation distribution in the reservoir section, indicating an aver-
age value of Swi of approximately 10%. Residual gas saturation 
(Sgr) is obtained from core measurements using a brine immer-
sion/imbibition technique, which gives a range of 20–30% with 
an average value of 26.6%. 

The relative permeability of the water at residual gas saturation 
is measured on core samples from the appraisal wells. The average 
relative permeability is 0.24 at residual gas saturation. Figs. 7a and 
7b show the oil/water and oil/gas relative permeability curves used 
for reservoir simulation, respectively.

The simulation model of the CS field is a compositional model 
with eight hydrocarbon pseudocomponents (C1/N2, C2/CO2, C3, C4, 
C5/C6, C7–C11, C12–C19, and C20+) and three fluid phases. The prop-
erties of hydrocarbon fluids within the reservoir are defined using 
the Peng-Robinson equation of state (Søriede and Whitson 1992). 
Properties of the water phase are measured from the samples col-
lected during the DST in Well CSU2. Hydrocarbon fluid in the 
CS-field reservoir is a retrograde gas/condensate with a measured 
dewpoint of 4,320 psia, which is lower than initial reservoir pres-
sure of 4,486 psia. Gas-formation-volume factor is 0.7921 RB/
Mscf, and viscosity is 0.0304 cp. Samples collected during DSTs 
in Wells CSB1, CSB2, CSU1, and CSU2 show similar and uniform 
hydrocarbon-fluid composition across the field. Despite the simi-
larities in the composition condensate, yield in the wells located 
in the east of the field varies between 63–65 bbl/MMscf, whereas 
wells in the west side show a value between 69–70 bbl/MMscf. As 
a result, these zones are defined as two separate initial-composition 
regions during the simulation. 

Constant-volume experiments indicate that the maximum liq-
uid-phase volume is approximately 2.4% of total saturation volume 
at 1,300 psi, which shows that most of the hydrocarbon volume is 
mobile and recoverable from the reservoir. Production in the field 
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Fig. 5—(a) Porosity and (b) horizontal permeability (kh) of the main reservoir section (Layer 18) of the upscaled model. Average 
porosity is 13%, and kh varies from 1 to 900 md in the layer.
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is constrained by hydrocarbon-production rate. The reservoir is 
normally pressured by the aquifer, so the latter has a significant 
impact on overall recovery. In the model, the aquifer volume is 
considered to be at least 100 times the pore volume.

The response from the base simulation model shows a poor 
match for injection and production wells with actual field observa-
tions. Thus, we improve the model by adding the effect of DZs. 
In the next section, we discuss how to implement the effects of 
DZs in the gridblocks adjacent to the faults, honoring the afore-
mentioned complexities.

Implementation of the DZ in the 
Upscaled Grid
The extent of DZs was estimated using a dynamic rupture-mod-
eling technique (Paul et al. 2009). This technique uses rupture 
propagation along a fault plane to model the width and nature of 
DZs associated with faults. In the study area, faults were mostly 
formed in an extensional stress environment. As indicated by 2D 
and 3D DFN modeling, a DZ increases the permeability in vertical 
and fault-parallel directions, but causes no permeability change 
in the fault-perpendicular direction. Fig. 8 shows a schematic of 
the change in cell permeability caused by a DZ. Fault-parallel 
permeability k1 in the DZ is many times higher than isotropic base 

permeability kh. Depending on the orientation of the fault, a DZ 
introduces permeability anisotropy in the associated grid cells, 
which can be difficult to define if these grid cells are nonorthogo-
nal and larger than the DZs. Ideally a full permeability tensor, 
multipoint flux approximation, and/or LGR are used in the fault-
adjacent gridblock to implement the DZ effect in the simulation 
model. However, these modifications may make the simulation 
slow because of convergence issues. In addition, there are limita-
tions with the simulator in handling any of these modifications in 
the simulation model, so we approximate the anisotropy effect by 
changing permeabilities of the fault-adjacent gridblocks in the x-, 
y-, and z-direction. Also, we assume that the porosity change is 
negligible because fracture volume in the DZ is small in compari-
son to the total pore volume of a gridblock. Following are the three 
effects of DZ that we incorporate in a simulation grid:

(1) Effect of size of the DZ: normalized DZ width (NDZW) 
(2) Effect of anisotropy in the DZ: normalized permeability 

factors (NPFs) in x-, y-, and z- direction
(3) Effect of fracture density in the DZ: fracture density con-

stant m 
We transform these three effects into multiplier functions that 

can be used to estimate permeability changes in the base model at 
fault-adjacent grid cells. Eqs. 2a, 2b, and 2c define the multiplier 
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functions in the x-, y-, and z-direction, and are called as absolute-
permeability multipliers (APMs). In the presence of a DZ, normal-
ized width and normalized permeability factors in the x-, y-, and 
z-direction guide the value of multipliers. Fracture-density constant 
m scales the variability of fracture density in the DZs associated 
with faults of different geometries. For a grid cell without a DZ, 
(NDZW � NPF �m) equals zero, which converts these multipli-
ers (APMs) to 1. In the following sections, we describe how to 
estimate the variables (NDZW, NPF, and m) for the fault-adjacent 
grid cells.

APM NDZW NPF mx x= +1 ( )( )( ),   . . . . . . . . . . . . . . . . . . . . (2a)

APM NDZW NPF my y= +1 ( )( )( ),   . . . . . . . . . . . . . . . . . . . . (2b)

APM NDZW NPF mz z= +1 ( )( )( ).   . . . . . . . . . . . . . . . . . . . . (2c)

Effect of Size of the DZ (NDZW). Paul et al. (2009) shows that 
the absolute widths of the DZ are related to the size of the faults, 
location of the rupture event, and material properties. For this study 
area, DZ widths were estimated by dynamic rupture technique. 
The mean DZ width (DZ_mean) of 100 equiprobable simulations 
ranges approximately from approximately 40 to 50 m for small 
faults and from approximately 90 to 120 m for large faults. The 
standard deviation of 100 simulations is approximately 15 m for 
smaller faults and approximately 60 m for larger faults. The effect 
of a DZ depends on the relative size of the DZ width and the block 
size. We defi ne the DZ in a normalized relative scale (0 to 1) for 
the whole grid and call it the NDZW. DZs run subparallel to res-
ervoir-scale faults, but their width extends normal to the plane of 
the fault. To normalize the DZ width we divide actual DZ width 
by the effective-grid-cell width normal to the fault. Effective width 
in the x- and y-directions can be defi ned as bulk cell volume (CV) 
divided by cross-section area (dz×dx) and (dz×dy), respectively. 
In this study, x- and y-directions are aligned with E/W and N/S 
directions. Eqs. 3a and 3b show NDZW for the faults trending in 
E/W and N/S directions, respectively. Fig. 9b shows the NDZW 
values for Layer 18 of the simulation grid. We can see that smaller 
cells associated with the same faults have higher NDZW. Also, 
cells associated with larger faults have higher NDZW because 
they have wider DZs. For an example, the fault in the southern 
most part of the fi eld in Fig. 9a has DZ_mean of approximately 
100 m (greenish area). In the same region (Fig. 9b), NDZW varies 
from approximately 1(red) to 0.6 (green) for small to large cells, 
respectively.

NDZW
DZ dx dz

CVEW = ( )( )( )_mean
,   . . . . . . . . . . . . . . . . . . . . (3a)

NDZW
DZ dy dz

CVNS = ( )( )( )_mean
.   . . . . . . . . . . . . . . . . . . . . (3b)

Effect of Anisotropy Because of the DZ (NPF). The DFN study 
of the DZs shows that the maximum permeability enhancement 
is along the fault strike and in the vertical direction. However, 
depending on the relative orientation of the fault with respect to 
the grid axes, the permeability enhancements are distributed in 
x-, y-, and z-direction. The horizontal (x and y) and vertical (z) 
components of the permeability multiplier are related to the strike 
and dip of the fault, respectively. We approximate the anisotropy 
effect using the magnitude of the dot product of the full perme-
ability tensor and the normal vector of the grid faces for the DZ. 
This is a reasonable approach because the permeability-anisotropy 
effect is relatively high in the direction parallel to faults compared 
to perpendicular to faults, and most of the faults are aligned either 
to E/W (x-direction) or to N/S (y-direction). In the Uncertainty in 
the Simulation Response section, we discuss uncertainty related to 
the different anisotropy-distribution techniques, which can be used 
in more general scenarios in which faults and grid axes are not 
parallel. Eq. 4 represents the anisotropy coeffi cients in the x-, y-, 
and z-direction, and in this study we refer to these components as
an NPF. Figs. 10a through 10c illustrate the NPF values for Layer 18
on the simulator grids in the x-, y-, and z-direction, respectively. 
We can see that faults aligned in the EW direction have high NPF 
in the x-direction while the faults aligned in the N/S direction have 
a higher y-component. Also, the N/S-trending faults have a higher 
z-component because they have a comparatively higher dip angle 
than the E/W faults.

NPFx strike= | sin( ) |,   . . . . . . . . . . . . . . . . . . . . . . . . . . . . (4a)

NPFy strike= | cos( ) |,   . . . . . . . . . . . . . . . . . . . . . . . . . . . (4b)

NPFz dip= | sin( ) |.   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (4c)

Effect of Fracture Density in the DZ. Fracture density of the DZ 
can be estimated using well-scale information such as wellbore 
images. Paul et al. (2009) shows that fracture density in the study 
area gradually increases with proximity to the reservoir-scale 
faults. Also, dynamic rupture modeling indicates that fracture den-
sity in the DZ is directly proportional to the energy released during 

(a) (b) 

m051m01 DZ_mean 0510
DZ_mean (m) 10 NDZW

20 40 60 80 100 120 140 0.2 0.4 0.6 0.8

Fig. 9—(a) DZ mean on Layer 18 of the upscaled grid. Mean is estimated from 100 equiprobable simulations of the DZ estimation 
using the dynamic rupture-propagation technique (Paul et al. 2009). (b) Estimated values of NDZW on Layer 18 of the upscaled 
grid. Smaller grid cells adjacent to same fault show high NDZW value.
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the rupture event. Also, DZ width is proportional to the energy 
released. Hence, fracture density is proportional to the width or 
size of the DZ. We used a proportionality constant m in the mul-
tiplier functions to defi ne the variability of fracture density in the 
simulation model. The value of m is constant for a model, and it 
scales the effect of fracture density by relative width of fault DZs. 
In this study, the value of m is determined using iterative history 
matching. This can also be determined using fracture density from 
wellbore images and DFN modeling, but it can be computationally 
expensive to do this for all the faults in a reservoir. 

Figs. 11a through 11c show the APM values in the x-, y-, and 
z-direction, respectively, using m=20 for Layer 18 on the simula-
tion grids. Permeability enhancement of the fault DZs using m=20 
in the multiplier functions (Eq. 2) gives the best history match. 
The permeability multipliers (APMs) in the model needed for the 
history match (for a gridblock size of approximately 360�380 
m, with DZ width of approximately 60 m and fracture density of 
approximately 2 fractures/m, red circled blocks) in the vertical 

direction and parallel to the faults are approximately 6–7. This 
value is consistent with the permeability multiplier obtained from 
the DFN modeling for the gridblock of the same size with similar 
DZ width and fracture density (Fig. 3). The consistency of these 
independent techniques validates the DZ modeling and implemen-
tation techniques in this study and suggests that m=20 indicates 
a fracture density of approximately 2 fractures/m for the cell size 
of approximately 360�380 m and DZ width of approximately 60 
m. That means the permeability-multiplier relationship for DZs 
from DFN modeling (lines in Fig. 3b) can be represented by Eq. 
2. The coefficients (NDZW, NPF, and m) can be obtained from a 
gridblock (with similar size and DZ width similar to those of the 
DFN model) of the history-matched simulation model. 

Figs. 12a through 12c show the modified permeability for the 
history-matched model in the x-, y-, and z-direction, respectively. 
The x-direction (E/W) permeability ranges from 400 to 3,200 md 
in the gridblocks adjacent to the faults. Higher values are associ-
ated with the larger faults, which are the major paths to give a 

Fig. 12—Modified permeability in the (a) x-, (b) y-, and (c) z-direction on Layer 18 of the simulation model. Large E/W-trending 
faults show high permeability anisotropy along the fault in x- and z-direction. Anisotropy in y-direction is relatively low because 
of smaller faults in the N/S direction.

 

(a)                                                                      (b)         (c) 

0230 0kx_mod (mD) 00230 ky_mod(mD) 00230 kz_mod(mD)
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 0050003 1000 1500 2000 2500 3000

(a)                                                                       (b)      (c) 

1 14.6xAPM 8.51 APMy 1 11.8APMz2 4 216 14108 2 3 5 424 1086

Fig. 11—APM in (a) x-, (b) y-, and (c) z-direction on Layer 18 shows multiplier values up to approximately 15 in x-direction and 
approximately 12 in z-direction adjacent to the E/W-trending faults. In y-direction, permeability multipliers are of relatively low 
values. 

(a)                                                                     (b)                                  (c) 

00 1NPFx 10 NPFy 10 NPFz
0.2 0.4 0.80.6 0.2 0.4 0.80.6 0.2 0.4 0.80.6

Fig. 10—Estimated values of the NPF in (a) x-direction, (b) y-direction, and (c) z-direction on Layer 18 of the upscaled grid. It 
shows relatively high connectivity in the x-direction along the large reservoir-scale faults trending in the E/W direction and rela-
tively high y-direction and vertical connectivity adjacent to the N/S-trending faults.
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preferential flow in the E/W direction. This is also observed in 
interference and tracer tests. The average value for the modified 
ky is much lower than kx values, which is consistent with the low 
connectivity in the N/S direction indicated by the tests. Some 
of the high ky values are associated with the inclined part of the 
E/W-trending fault, giving a high y-component. The kz values are 
relatively higher (1,000–3,000 md) in the blocks associated with 
the larger faults, which may explain observations of good pres-
sure support and some of the water production from the aquifer. 
However, interbedded shale layers with very low permeabilities are 
still the barrier for overall vertical flow. 

History Matching
In this section, we compare the history matching of the base 
reservoir-simulation model with the history matching of the res-
ervoir-simulation model with the DZs. Fig. 1 shows the locations 
of production (CSP1 through CSP8) and injection (CSI1 through 
CSI4) wells in the CS field. The CS field is a condensate reservoir. 
Production and injection from the field are constrained by gas-
production and -injection rates, respectively. BHP and WPR from 
model response and field observation are compared quantitatively 
to conduct history matching. Table 1 illustrates the listing of 
quantitative history matching for cases with m value of (10, 20, 
and 30). All three cases show improvement from the base case. 
For the m=20 case, both BHP and WPR are improved from the 
cases with m value of 10 of 30. Blank boxes in the table indicate 
unavailability of the field data. Also, in some wells, field data 
(magenta curve in Figs. 13 and 14) are available only for a limited 
production/injection period.

Reservoir Pressure. In the CS fi eld, reservoir pressure is supported 
by both aquifer and injected gas, so understanding fl uid commu-
nication in both vertical and horizontal directions is important for 
assessing reservoir production behavior. In the base simulation 
model, vertical communication is controlled by vertical permeabil-
ity and the juxtaposition of faults, and the horizontal communica-
tion is controlled by spatial lateral reservoir heterogeneity. Figs. 
13a and 13b, respectively, show that injector Well CSI3 simulates 
higher BHP than observed and producer Well CSP3 simulates 
lower BHP than observed, which indicates a lack of pressure 
communication or lower permeability in the base model. Perme-
ability anisotropy caused by DZs supports both horizontal and 
vertical communication. After including the DZ in the base model, 
we observe a signifi cant improvement in the history matching

of the BHP for both Wells CSI3 and CSP3 (Figs. 13a and 13b, 
respectively).

In general, for injection wells, the base model overestimates the 
BHP. A simulation model with DZs, which has higher permeability 
in the E/W and vertical directions along the larger faults, gives a 
better history match. All of the production wells located to the east 
of the injectors and within the major DZ show significant improve-
ment in BHP match with the DZs in the simulation model. Well 
CSP1, which is located at the flank of the structure (Fig. 1), shows 
relatively poor history match of BHP after 6 months of production. 
Aquifer effect is visible even in an earlier period of the production, 
which is indicated by a sharp decline in BHP. Producers located 
north of the injectors show an improved history matching with 
DZs in the model, but the effect was not as significant because 
DZs for N/S-striking faults are relatively smaller than those for 
E/W-striking faults.

Water Production. In this fi eld, the initial water saturation in 
the reservoir section is 0–30%, and most of this is residual water. 
Detailed relative permeability experiments are not available for this 
fi eld, so there may be some degree of uncertainty in the residual 
water saturation and water fl ow. The initial fi eld condensate 
water-to-gas ratio was approximately 2.33 bbl/MMcf of raw gas 
produced. Thus, the main source of free-water production in the 
large scale is the aquifer below the main reservoir. Two possible 
ways by which water can encroach on the wells in the early period 
of production are perforations very close to the water/gas contact 
and localized heterogeneities such as faults connecting the aquifer 
to wells. Fig. 14b shows better water-production-rate matching for 
Well CSP8 from the DZ model. In Fig. 14a, we see that the DZ 
model shows a better match for cumulative water production than 
the base model. 

In general, for the wells located north of the injector, the DZ 
simulation model has improved the history matching for the water-
production rate. In Wells CSP7, CSP5, and CSP6, water production 
is relatively low, and both the base model and DZ model show good 
history matching. Most of the wells located in the east side of the 
structure have relatively low water production and show a good his-
tory match from both models. Well CSP3 started producing water 
at approximately 1,900 B/D after 1 year of production. The cause 
was determined to be a perforation in this well that is very close to 
the oil/water contact. Water breakthrough started once the reservoir 
was slightly depleted. The reduced cumulative water production 
with the DZ model can be explained as an increased gravity effect 
or less coning caused by increased vertical permeability.

TABLE 1—QUANTITATIVE HISTORY MATCHING WITH BHP AND WATER PRODUCTION 
RATE (WPR) FOR CASES WITH m VALUES OF 10, 20, AND 30*  

m=10  m=20  m=30  

Wells** 
BHP (% 

avg. error) 
WPR (% 

avg. error) 
BHP (% 

avg. error) 
WPR (% 

avg. error) 
BHP (% 

avg. error) 
WPR (% 

avg. error) 

   1ISC
 5.8 6.0 9 2ISC
 2.3 2.0 3 3ISC

    4ISC
CSP1 16.5 12.6 3.1 11.4 15.3 13.2 
CSP2  31.1  23.4  22.3 
CSP3 9.4 9.6 0.6 9.1 9.5 13.6 
CSP4 11.5 4.5 0.8 3.7 8.3 3.9 
CSP5  8.1  7.5  7.6 
CSP6  28.1  27.4  25.3 
CSP7 21 4.2 1.8 1.9 17 2.5 
CSP8  14.2  7.3  17.5 

*   Errors are shown in absolute average percentage between observed and simulated values at well locations. Blank 
spaces indicate unavailability of field data. 

**  I = Injector; P = Producer 
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From the preceding analysis, we can conclude that the response 
from the DZ model matches better with the observed value than 
the base model. Thus, the DZ model has definitely improved the 
base simulation model by including permeability changes because 
of DZs, which guides the pressure distribution and fluid flow in 
the reservoir. However, we can see that the water-production match 
is still not perfect. The possible reasons include the uncertainty in 
relative permeability of the water, localized heterogeneities that 
are acting as conductive paths, and the uncertainty in the size of 
the aquifer. 

Uncertainty in the Simulation Response
History matching of BHP and water production shows that the 
simulation model with DZs gives a better match when compared 
with the base simulation model. In the following subsections, we 
include an analysis to capture the uncertainty trends related to the 
fault-DZ modeling in the simulation model. These uncertainties 
may come from the width and fracture density of the DZ, and 
from the method to model the anisotropy because of DZs in the 
simulation model.

Uncertainty Owing to DZ Modeling. To capture the uncertainty 
caused by DZ width in the simulation response, we simulate 20 
equally likely DZ models. These equiprobable DZ models are cre-
ated by the dynamic rupture technique considering the uncertainty 
in the input parameters (i.e., rupture velocity, seismic velocity, 
rock strength, principal stresses, and pore pressure) required for the 

modeling (Paul et al. 2009). While estimating the permeability for 
the DZ from these 20 models, we use the value for m=20 that gives 
the best history match with the mean model. Those 20 equiprobable
models show approximately 20 to 30 psi of uncertainty range in 
the BHP response from injectors and producers. In Well CSI3, 
which is a gas injector, the uncertainty range from 20 simulations 
is approximately 30 psi (Fig. 15a). 

The simulation response of the cumulative water production 
from all 20 equiprobable models has a better match than the base 
model. As shown in Fig. 15b, the uncertainty range from different 
models is approximately 100,000 bbl. These models do not include 
the uncertainty owing to the aquifer size.

Uncertainty Caused by Methods of Anisotropy Distribution in 
the Simulation Model. The fault-adjacent gridblocks that exhibit 
the effect of fault DZs are nonorthogonal and truncated in shape. 
Therefore, the full permeability tensor is the ideal method to 
distribute anisotropy in these gridblocks of the simulation model. 
However, because of simulator limitations, we used the vector 
projection technique (Eq. 4), which is the arithmetic-average 
approximation between the matrix permeability and the DZ perme-
ability in the x- and y-direction in a gridblock. DZ permeabilities 
in the x- and y-direction are estimated using the magnitude of the 
dot product of full permeability tensor (k) and normal vector (�) 
of the grid faces (Eq. 5). This dot-product technique can be used 
in more general cases, where fault and grid axes are not parallel 
to each other. 
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Fig. 13—Comparison of observed BHP (magenta) and simulated BHP from the base model (blue) and the DZ model (green) for 
(a) injection Well CSI3 and (b) production Well CSP3. The DZ model shows a significant improvement in the history matching 
in all the wells (Paul et al. 2009).
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k k N
x h⋅ = ( ) ( ) + ( )⎡⎣ ⎤⎦� � �2 2 2cos sin ,   . . . . . . . . . . . . . . . (5a)

k k N
y h⋅ = ( ) ( ) + ( )⎡⎣ ⎤⎦� � �2 2 2sin cos ,   . . . . . . . . . . . . . . . (5b)

where kh is the horizontal permeability of the gridblock in the base 
model, � is the angle of fault from the x-direction, and N is the 
fault-parallel permeability multiplier to kh in the DZ.

The vector projection method is easy to implement, and it gives 
reasonable results. However, it may overestimate the permeability 
in either the y- or x-direction for fault orientations with a low 
angle from x- or y-axis, respectively. This occurs because in these 
orientations, gridblock permeabilities in the y- and x-direction are 
close to the harmonic average of the DZ permeability in the respec-
tive directions and the gridblock permeability. The error caused by 
this effect depends on the size of the fault-adjacent gridblocks and 

orientations of the faults. Larger grid cells tend to show larger error. 
However, the error is always restricted within a limited zone of the 
simulation grid, and overall impact on simulation response should 
be small. This is because in the directions perpendicular to the fault 
strike, the DZ effect is implemented only in fault-adjacent grid-
blocks, and the next blocks in those directions are unchanged. We 
compare the results of Eq. 4 with another anisotropy-distribution 
method that is similar to Eq. 4, but in this method we do not change 
the permeability values caused by the DZ in the y- or x-direction for 
fault orientations 0–20° from the x- or y-axis, respectively, which 
serves to minimize the error using Eq. 4. 

The maximum difference in BHP is approximately 15 psi for 
producers and approximately 30 psi for the injector (Fig. 16a). 
A difference of approximately 50,000 bbl in cumulative water pro-
duction (Fig. 16b) is observed at the end of 2 years of production 
from both the models. The narrow difference in responses (BHP 
and cumulative water production) from both methods indicates a 
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Fig. 14—(a) History matching of the cumulative water production from the field indicates a significant improvement using the 
DZ model compared with the base model. (b) Water production from Well CSP8 predicted by the DZ model has a better match 
with the observed production, but it overestimates water production in the earlier period.
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minimal effect of the error in Eq. 4, discussed in the preceding 
paragraph. Eq. 5 may give a more accurate result if fault and grid 
axes are not aligned. In this study, both methods show a good 
improvement from the base model, verifying the effect of DZs in 
reservoir-fluid-production behavior.

Uncertainty Because of the Fracture Density of the DZ. In 
the preceding studies, we used the value of m=20 to represent 
fracture density, which is equivalent to average fracture density 
of approximately 2 fractures/m for a 360�380 m gridblock with 
a DZ approximately 60 m wide. To capture a realistic uncertainty 
range in the simulation response because of different average 
fracture density in the DZ, we show two additional cases, m=10 
and m=30, which are equivalent to an average fracture density 

range of approximately 1.2 and 2.5 fractures/m, respectively, 
for the same gridblock and DZ dimensions. We observe the 
maximum difference to be approximately 30 psi for producers 
and approximately 60 psi for the injector (Fig. 17a). Cumulative 
water production from these cases indicate a maximum uncertainty 
range of approximately 100 Mbbl (Fig. 17b) after a production of 
2 years from the reservoir. In all cases, we see a good improvement 
from the base model, verifying the effect of DZs in reservoir fl uid 
production behavior.

This uncertainty analysis demonstrates the uncertainty range 
in DZ modeling and its implementation in the simulation model. 
Although 20 equiprobable models is an insufficient number to give 
a realistic uncertainty range, it does show the process of captur-
ing the uncertainty trend in the DZ implementation process. All 
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Fig. 15—(a) Simulation responses from the 20 equiprobable models with DZs indicate an uncertainty of approximately 30 psi in 
the BHP response of Well CSI3. (b) Cumulative water production from the 20 equiprobable DZ models indicates an uncertainty 
range of approximately 100,000 bbl after 3 years of production. The DZ concept shows a significant improvement in the base 
model but also shows an increasing range of uncertainty from simulation response with production time.
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the models show significant improvement in history matching in 
comparison to the base simulation model, verifying the effect of 
the DZ in the reservoir fluid-flow behavior. 

Conclusions
This paper discusses a method to incorporate fault DZs into a 
reservoir-simulation model. A DFN study defines the permeability 
anisotropy caused by DZs, which suggests increased permeability 
along the strike of the fault and in the vertical direction, but a 
negligible effect perpendicular to the fault. We captured the effect 
of DZs in the simulation model by implementing the effects of 
width, anisotropy, and fracture density of the DZs. The uncer-
tainty analysis using multiple equiprobable DZ models shows a 
technique to capture the uncertainty related to the DZ modeling 
and implementation. Also, we found that the DFN analysis with 

well-scale information and reservoir-scale history matching pro-
vide a consistent result of the effect of DZs associated with the 
reservoir-scale faults.

We successfully demonstrated a workflow to implement DZs 
in reservoir-simulation models that predict production behavior 
better. This study includes details to routinely incorporate the 
method for reservoir studies in the oil and gas industry. However, 
it is important to understand that the suggested workflow is not 
designed to model fine-scale details of the DZs in the reservoir-
simulation model. Rather, it shows a conceptual and quantitative 
understanding of the highly permeable zones associated with the 
reservoir-scale faults, which can potentially provide pathways for 
reservoir fluids. Also, in addition to DZs, quantifying the uncer-
tainties related to the aquifer size and localized heterogeneities may 
give a better understanding of the reservoir-pressure behavior with 
time and create additional confidence in the reservoir model.
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Fig. 16—(a) Simulation responses from both anisotropy-distribution methods indicate an uncertainty of approximately 30 psi 
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Nomenclature
a, b  = coeffi cients of permeability/porosity relationship

      c =  coeffi cient of vertical- and horizontal-permeability  
 relationship

 k  = permeability 
 k*  = upscaled permeability
 k1 = fault-parallel permeability
 k2 = fault-perpendicular permeability
 kh = horizontal permeability
 km = matrix permeability
 kv = vertical permeability 
 m =  fracture-density factor of DZ in horizontal directions

 N =  fault-parallel permeability multiplier to kh in the DZ
 Swi  = initial water saturation
 � = normal vector
 �P  = pressure difference
 �  = porosity
 � = angle of the fault from x-direction
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Fig. 17—(a) Simulation responses for cases of m equal to 10, 20, and 30 indicate an uncertainty of approximately 60 psi in the 
BHP response of Well CSI3. (b) Simulation responses for cases of m equal to 10, 20, and 30 indicate an uncertainty of approxi-
mately 100,000 bbl in cumulative water production from the field after 2 years of production. All three methods show a better 
history match than the base model, showing the effect of a DZ.
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SI Metric Conversion Factors
 ft � 3.048*  E−01 � m
 md � 10−15  E−02 � m2

 psi � 6.894 757  E−03 � MPa

* Conversion factor is exact.
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