
The Impact of Contact Area and Fracture
Surface Roughness on Fluid Flow in

Fractured Reservoirs

Faisal Awad ALJUBOORI a,1, Jang Hyun LEE b Khaled A. ELRAIES b

Karl D. STEPHEN c

a North Oil Company, Ministry of Oil, Kirkuk 36001, Iraq
b Universiti Teknologi PETRONAS, 32610 Seri Iskandar,

Perak Darul Ridzuan, Malaysia
c Institute of GeoEnergy Engineering, Heriot-Watt University,

Edinburgh EH14 4AS, United Kingdom
ORCiD ID: Faisal Awad ALJUBOORI https://orcid.org/0000-0002-3659-2744

Abstract.
The estimation of effective fracture permeability depends mainly on the geome-

try of the void space between the fracture surfaces. Sometimes, these void spaces
are closed partially or totally for various reasons, which create a contact area be-
tween the fracture surfaces. These contact areas cause the fluid to follow a tortuous
path around them, which reduces the permeability magnitude notably.

In this study, a digitised fracture network of a carbonate formation has been used
to investigate the impact of contact areas and variable aperture width on the effec-
tive fracture permeability by using a discrete fracture networks approach. More-
over, a statistical analysis of a fracture width was used to build a stochastic aper-
ture distribution to evaluate the fluid flow behaviour. Where, the properties of the
aperture histogram are the only required parameters for the aperture modelling, in
addition to several advantages in the current workflow compared with the former
modelling approaches.

The results were represented by a correction curve plotted based on the 3D sim-
ulation results, which can be used to evaluate the reduction factor in fracture per-
meability by considering the impact of contact areas in fractures. Furthermore, it
can also be utilised for the history-matching process by calibrating the fracture per-
meability, hence fluid flow behaviour at the well region or the reservoir scale.

Keywords. Fracture Surface Roughness, Fracture Aperture, Fracture Contact Area,
Fracture Permeability, DFN Modelling

1. Introduction

Naturally fractured reservoirs are highly heterogeneous systems, where fractures con-
trol the reservoir permeability, and hence the fluid flow behaviour [1,2,3,4]. Therefore,
accurate modelling of the fracture network has a key role in the development of such
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complicated reservoirs [5,6,7]. Moreover, the estimation of fracture permeability is a
challenging task. The variability in the fracture width, which is difficult to predict, has a
major impact on fracture permeability. Several approaches have been suggested to pre-
dict the variability in the fracture width by creating fracture surfaces using Gaussian and
Self-Affine autocorrelations (e.g. [8,9,10,11]).

Furthermore, Adler et al. [11] have detailed the required statistical analysis parame-
ters (such as; surface roughness (σh), surface fluctuation (h±), correlation length (lc), . . .
etc.) to describe the random fracture properties and to build fracture surfaces. Although
it is important to understand the fluid flow and the role of each parameter in a small-scale
model, a more practical approach is necessary for sector or full-field modelling. The ef-
fect of some of the previously mentioned parameters such as; surface roughness (σh), is
an apparent reduction factor used to correct the deviation from the ideal parallel plate
concept which has been assumed in the derivation of the cubic law [10,12]. Therefore,
the overall formula can be adjusted by considering a factor (f) which was found to be
varied from (1.04 – 1.65) [10].

Nevertheless, the suggested detailed description of creating fracture surfaces is ap-
plicable for 2D models of Finite Element modelling (e.g. [11,13,14,15]), whilst it would
be impossible to apply the same procedure for hundreds to thousands of 3D fractures
in a full field modelling. Moreover, the 2D models cannot represent the natural fracture
connectivity because the non-connecting fracture in the planer view may be connected
in the third dimension [10]. Therefore, proposing a convenient approach is necessary to
model the fracture properties at a large-scale (sector or full field), without neglecting the
small-scale heterogeneity of the fracture surfaces such as roughness and contact area.

In this paper, both roughness and contact area were represented in the modelling by
generating fracture apertures property using their frequency distribution data provided
by Bisdom et al. [15]. The statistical properties of the fracture aperture histogram have
been used as the input data for Sequential Gaussian Simulation (SGS) distribution. Fur-
thermore, considering the geological description and core examination (if the core data
are sufficient and representative) could improve the distribution. The fracture perme-
ability was estimated using the parallel plate law (cubic law), as illustrated in Equation
1. However, detailed mathematical descriptions can be found in several references (e.g.
[10,11,12]).

Fracture Permeability (m2) =
Aperture (m)2

12
(1)

The key difference in this work is that we evaluate the fracture contact area effect
in 3D models with variable aperture. In addition, the advantage of the proposed method-
ology includes; scale flexibility, fewer parameters required for modelling, the ability to
consider the matrix contribution to the fracture performance, and an improved under-
standing of the differences in the fluid flow pattern.

It is worth mentioning that outcrop studies provide valuable information about the
fracture characteristics and their properties, which can be used as effective input data for
fracture modelling [3,16,17,18].
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2. Geological Description of the Fracture Network

The studied outcrop area is located in central Tunisia, in the foothills of the Tunisian At-
las in the Gafsa Basin, see Figure 1. An excellent outcrop exposure of fractured Eocene
Carbonate of Kef Eddour Formation has been utilised to extract the fracture network us-
ing Unmanned Aerial Vehicle (UAV or “drone”). The acquired orthophotos have accu-
rately been processed to extract a fracture dataset [19,20], as shown in Figure 2. Addi-
tional details about this outcrop, analysis of the digitised fracture sets could be found in
[19]. Meanwhile, the acquired and processed outcrop images could be found in [20].

Figure 1. The outcrop location (a) Gafsa basin setting (b) Enlargement of the red box area in (a) showing the
Alima anticline in the centre. The red lines represent the top of the seismic sections. the green star indicates a
well, after Bisdom et al. [19]

Figure 2. The digitised fracture network from the outcrop, the highlighted part of the network (indicated by
red colour) has been utilised in the current workflow, after Aljuboori et al. [21].

The processed and interpreted outcrop images can be used in fracture modelling
[22]. The digitised fractures may be preserved in the reservoir simulation model (i.e, to
be modelled deterministically) [23].
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3. Modelling Workflow Steps

A systematic workflow was suggested to estimate the reduction in system permeability
due to various reasons (e.g., diagenesis alteration, cementation, field stress changes, ...
etc.). The workflow starts after the fractures were upscaled to the grid. At this step, both
fracture aperture and permeability were not defined yet. The aperture distribution, which
has been used to assign the value of the fracture aperture, could be extracted from outcrop
studies, FMI interpretation or geomechanical modelling results. The proposed workflow
has been summarised in the following steps: -

1. Modelling the fractures deterministically or stochastically. An example of deter-
ministic fracture modelling has been illustrated in Figure 3 below:

Figure 3. Example of deterministic fracture modelling, (A) Digitised fracture network (B) The corresponding
fractured cells in the model (C) Flow simulation model showing the fractures (yellow cells) and the matrix
(grey cells)

2. Populate the fractures with aperture property using Sequential Gaussian Simula-
tion (SGS) and aperture distribution properties as input data (such as; minimum
and maximum aperture width, mean and standard deviation), see Figure 4. Then,
calculate the fracture permeability using the cubic law, as given in Equation 1.

Figure 4. (A) Aperture distribution histogram, (B) Populated fractured cells in the grid with aperture values
based on aperture distribution

3. Run the model by defining a single producer located at the grid centre and inter-
pret the system permeability (ka) using the well test technique, i.e. system per-
meability when all the fractures are fully open to the fluid flow (Zero contact area
- Base Case scenario).
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4. Assign zero aperture values to the smallest apertures based on the illustrated
distribution in Figure 4. The aperture values have already been populated in step
(2) as a property. Then, if we aim, for example, to close any aperture below (0.178
mm) of the distribution, as illustrated in Figure 5 labelled by the first selection.
A simple conditional “if” formula could be used in the software calculator to shut
these apertures totally as follows: -

New Aperture = i f (Aperture ≤ 0.178 , 0 , Aperture) (2)

Figure 5. Aperture distribution histogram, the blue box is showing an example of how to choose the smallest
apertures and close them gradually.

At this step, the number of zero aperture cells has been determined, and the per-
centage of the contacted area is calculated. The well test procedure has been used
to determine the permeability. The interpreted permeability at this step should be
less than the permeability value determined in step (3) due to the effect of zero
aperture (contacted area cells).

5. Repeat step (4) for the next range (labelled by second selection in Figure 5) of
the aperture to be closed and determined the system permeability.

6. Repeat step (5) until the contacted area reached 30% or more as required.
7. Plot the normalised permeability (k/ka) versus the percentage of the contacted

area to conclude the permeability reduction curve.

The above steps could be applied to any fracture network to estimate the reduction
in fracture permeability due to the sealed aperture by cementation or any other reasons,
which should be supported by outcrop or sedimentology studies. Moreover, the same
procedure has been applied to the 2D models and 3D single aperture models except for
step (2), where a single value of aperture was assigned. In addition to using Sequen-
tial Indicator Simulation (SIS) or Truncated Gaussian Simulation (TGS) approaches to
distribute the zero aperture cells randomly.
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4. Setup of Numerical Simulation Models

4.1. 2D Simulation Models

Fine-scale 2D models in the XY-direction were generated based on a horizontal fracture
extended for (100 m) in both directions, and (0.3 mm) in the Z direction, which represents
the fracture aperture dimension. This fracture has been upscaled to the 2D grid, which
has the dimension of (100m×100m×0.5m), with (1m×1m×0.5m) resolution as shown
in Figure 6(A). The initial mechanical aperture has assumed to be (0.3 mm) [15,24].
Furthermore, Barton et. al. [24] have explained that the initial mechanical aperture is a
function of surface roughness only, as explained in Equation 2;

A0 =
JRC

5
(0.2

σc

JCS
− 0.1) (3)

Where;
A0 Initial mechanical aperture.
JRC Joint roughness coefficient.
σc Uniaxial compressive strength.
JCS Joint compressive strength.

Further calculation details have been explained in [15,24]. The initial aperture of
(0.3mm) was used to assign the fracture permeability in the grid by using the cubic law,
see Equation 1, [12,21,25]. In addition, the real fluid properties of a carbonate reservoir
have been adapted to initialise the model. The simulation scenarios of a grid’s central
producer have been organised into two groups; the first group scenario was based on
a uniform distribution of the asperities (contact surfaces cells), Figure 6(B). However,
the second group scenario represents the asperities cells by random distribution, Figure
6(C).

Figure 6. (A) 2D model with 0% of contact area, (B) Example of uniformly distributed 8% of the contact area
(black cells), (C) Example of randomly distributed 8% of the contact area (black cells).
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4.2. 3D Simulation Models

The illustrated fracture pattern in Figure 2 (the red part), was imported into a geological
modelling package and a fracture network was created deterministically in the model.
The discrete fracture networks (DFN) approach was used, which is appropriate for well
scale or sector modelling [5,6,26,27,28,29]. This work aims to investigate the effect of
contact areas and fracture surface roughness on effective fracture permeability. There-
fore, the matrix properties were set to zero, which helps to focus on the analysis of the
fracture network response alone.

The shown flow simulation model in Figure 3(C) has based on the digitised frac-
ture network of Kef Eddour Formation, see Figure 3(A). The flow model has discre-
tised into (100×100×8) grid cells (i.e., 80,000 grid cells in total), and it has dimensions
of (100m×100m×4m). Fractures were assumed to be vertical in the model (dip 90° as
observed in the outcrop) and an average aperture of (0.3 mm) [15]. Furthermore,the cu-
bic law was employed to calculate the fracture permeability. The fluid properties of a
carbonate reservoir were utilised to initialise the flow model to ensure realistic reservoir
conditions and fluid composition. The fracture network honoured the detailed geological
observations of the outcrop [30], see Figure 3(B).

The increment of the contact area has been assessed by assuming an increasing range
from (0 to 30%). The effective permeability of the fracture network has been calculated
for each level of the contact area using the well test analysis (the derivative and semi-log
methods) to analyse the simulation results. An example of The contact area is indicated
by black cells in the model, as illustrated in Figure 7.

Figure 7. Fractured cells in the model, black cells represent the contact area with a closed aperture, where
their proportion increased from 5% to 30%, and the yellow cells represent the open aperture.

The distribution of the black cells in the flow model can be generated using Sequen-
tial Indicator Simulation (SIS) or Truncated Gaussian Simulation (TGS) method. The
seed number of the distribution has been fixed during the process to ensure that the pre-
viously assigned black cells remain in their locations while adding new black cells when
the percentage of the contact area increased. The horizontal anisotropy range is 3 metres
in both major and minor directions while the vertical range is 2 metres to mimic the het-
erogeneity of the fracture surface, and they are suitable to produce a smooth variation in
the aperture distribution based on cell thickness.

All simulation scenarios have been carried out using the black oil simulator. The
pressure drop in all scenarios was designed to maintain the grid pressure above the bubble
point pressure to prevent any two-phase flow occurs during the flow period.

F.A. Aljuboori et al. / The Impact of Contact Area and Fracture Surface Roughness56



4.3. Gaussian Aperture Distribution Models

The fracture width (aperture) is the dominant parameter in estimating fracture perme-
ability. However, in most fracture modelling workflow an average single value has been
used for the estimation of fracture permeability or conductivity (e.g., [15,31,32,33,34]).
Nevertheless, an alternative approach has been based on creating two fracture surfaces
using the Gaussian or Self-affine method (e.g., [9,10,11]). The result of this approach
is creating spaces with variable widths between the generated fracture surfaces, which
represent the fracture aperture.

In the current work, the surface roughness of the fracture was investigated implic-
itly by assigning variable aperture. A statistical analysis of hydraulic fractures of the Kef
Eddour formation, which has been presented in [15], was used in fracture permeability
estimation. The hydraulic aperture frequency has been regenerated, as shown in Figure
8 (A), to calculate their statistical properties such as mean, standard deviation, minimum
and maximum aperture to be used in aperture distribution, Figure 9 (A, B) . The sequen-
tial Gaussian simulation was employed to obtain smooth changes in aperture distribution.
A variable seed number was applied to generate multiple realizations using the same
mean, standard deviation and correlation length. Moreover, the fracture permeability was
calculated using the parallel plate law (the cubic law).

Figure 8. (A) Statistical frequency curve of hydraulic fracture of Kef Eddour formation (the highlighted curve
has been used in the aperture distribution) (B) Re-generated statistical frequency of opening width ( after the
author permission [15]).

Figure 9. (A) Histogram of hydraulic aperture (B) Cumulative density function (CDF) plot.
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5. Results

The results were divided into two parts, the first part summarises the 2D modelling that
aimed to validate the proposed procedure of the current work (i.e., using a black oil sim-
ulator and well test analysis to assess the boundary element analysis method). In addi-
tion, carry out the 3D modelling of the contact surface effect and determine how the re-
sults may differ from 2D especially when using an outcrop fracture network compared
to a single fracture generated stochastically using the Gaussian or self-affine approach.
Whilst, the second part includes using real statistics of the aperture distribution, illus-
trated in Figure 9, as input data for 3D modelling via the Gaussian distribution. Table 1
has summarised the total number of runs for each model: -

Table 1. Summary of the Simulation Runs

Model 2D Uniform 2D Random 3D Single Aperture value 3D Variable Aperture value

No of Runs 10 12 50 55

5.1. Results of 2D Models and 3D Single Aperture Models

The aim of the 2D models work is to validate the used approach of numerical simulation
and the techniques of well test analysis, see Figure 10. A uniform distribution of the
contact surfaces in the fractured grid was used with varying contact areas. The 2D sim-
ulation results produced an excellent match with the simulation results of Zimmerman
et al. [8], as shown in Figure 11. Furthermore, The calculated shape factor from the 2D
results is almost identical to the values obtained by Zimmerman et al. [8] which is around
(1.5). However, the calculated normalized permeability of the 3D models has shown sig-
nificantly lower values than the 2D models. Moreover, the calculated shape factor of the
3D simulation is completely different and generally higher than the 2D value, see Figure
11. The shape factor was calculated using the suggested formula by Zimmerman et al.
[8] in the following Equation 4.

k
ka

=
(1−βC)

(1+βC)
(4)

where;
k Fracture network permeability affected by contact area.
ka Fracture network permeability when contact area is zero.
β Shape factor of the asperities
C Contact area percentage

Using the normalized permeability (k/ka) allows comparing variable system perme-
abilities on the same basis. Furthermore, the mentioned 3D behaviour represents the frac-
ture network performance only and the matrix has no contribution. Therefore, the effect
of contact surfaces on fluid flow in 3D fracture network might be different in the case of
matrix contribution, where the matrix permeability constitutes a bypass fluid path to the
sealed fractures.
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Figure 10. Example of pressure and pressure derivative response at various percentage of closed fractures.

Figure 11. (A) Normalised permeability of the 2D models of the current work compared with the results of
the presented 2D model by Zimmerman et al. [8] using the boundary element method. In addition, the result of
the 3D has been included for comparison purposes, (B) comparison of the calculated shape factor for both 2D
and 3D models.
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5.2. Gaussian Aperture Distribution Model Results

Five realizations were generated to investigate the possible changes in the fracture per-
meability value due to contact surfaces. The results were shown insignificant changes in
permeability (5.5%) for ≤ 5% of contact cells, see Figure 12. However, it became signif-
icant and the permeability value reduced by (23%) for 13% of contact cells, nevertheless
the permeability remains higher than predicted by 2D or 3D single aperture models. Fi-
nally, for more than 13% contact cells scattered results were obtained with a high range
of permeability reduction, Figure 12. The results highlighted that the spatial distribution
of contact areas and their clustering in the system can change the performance of the
fluid flow dramatically.

Figure 12. Normalised permeability of five realisations corresponds to the contact cell percentage in addition
to the 2D and 3D results.

The growth in fracture contact area (represented by increasing cell percentage in the
simulation model) has distributed via the Gaussian method and it was based on closing
the smaller aperture in the illustrated histogram in Figure 5 increasingly, which is more
realistic to what happens in nature by precipitation, cementation or reservoir depletion.

6. Discussion

The 2D models (Uniform and Random distribution of the contact areas) produce very
similar results regardless of their distribution mode. Whilst, the 3D single aperture mod-
els have shown a consistent and greater reduction in permeability when the percentage
of the contact areas increased. This model has predicted a higher permeability reduction
than 2D models.
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In contrast, in the 3D variable aperture models, which considered the surface rough-
ness implicitly through the variable aperture, the reduction in permeability is not as high
as observed in the 3D single aperture models, where the impact is low until 13 % of
contact areas.

The current work highlighted the importance of using real aperture distributions, as
presented by several authors (e.g., [15,35]). The proposed workflow can be adapted to
enhance the aperture distribution in fracture modelling, which is a critical parameter for
the development of fractured reservoirs. Furthermore, the results of the 3D models have
shown that the effect of contact surfaces or fracture roughness cannot be represented by
a simple equation, and it is controlled by many factors such as matrix contribution and
aperture distribution.

In summary, the current methodology of estimating the reduction in fracture per-
meability due to closed apertures could be employed to improve the history matching
process by adjusting the fracture permeability or to simulate the fluid flow behaviour in
a producer when the fractures in the simulation model over-performed. Where the frac-
ture permeability could be used as a calibrating parameter [17,36]. Moreover, the follow-
ing Table 2 summarises the key differences between the current methodology and the
previous approaches.

Table 2. Comparison table between the current methodology and the previous approaches

Items Current work Adler, et al. [11] Zimmerman, et al. [8]

Scale Flexible based on cell
size “modeller choice”

No scale mentioned No scale was men-
tioned, the used model
was 30*30 grid cells

Dimension 2D and 3D models 2D model 2D model
Matrix effect Can be included Cannot be included Cannot be included
Fluid flow pattern Redial flow (similar to

the flow in the reservoir
to the wellbore)

Not mentioned Linear flow from one
end of the model to the
other end cells

Required parameters
for aperture modelling

Either Aperture (for
single aperture value
models) Or, Aperture
histogram properties
(for variable aperture
value models)

1. The probability den-
sity, φ(h±). 2. Organisa-
tion of each surface by
introducing an autocor-
relation function. 3. The
interrelation between the
two fracture surfaces.

Aperture (single value)

Surface roughness Included (implicitly in
the 3D models only)

Included as a direct pa-
rameter

Not included

Aperture Single and variable variable Single value
Assigning contact area Through SIS or TGS

based on aperture dis-
tribution and using the
software calculator

Automatically, when
the fracture surfaces are
generated the overlap
area is the contact area

Using the decay expo-
nent of spatial correla-
tion and damping factor

Permeability reduc-
tion

Estimated (2D and 3D
models)

Not estimated Estimated (2D models
only)
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7. Conclusions

It has been shown that the single-value assumption of fracture aperture may result in an
inaccurate estimation of fluid flow performance in fractures. Furthermore, the fluid flow
behaviour in the simple 2D models or 3D single aperture models can be misleading due
to simple assumptions of fracture morphology. Whilst, the 3D variable aperture models
have shown various fluid flow behaviour in fractures that might be obtained due to the
spatial distribution of the closed apertures and their clustering under multiple distribution
trials and different percentages of the contact surface. This variety of flow behaviour
explains the complexity of the fracture network and its connectivity.

Although the distribution of the fracture aperture depends on the statistical analysis
such as; minimum and maximum aperture value, standard deviation, and mean is not
unique, it can help to understand the complexity of the subsurface aperture morphology
and their impact through the range of results (i.e., realisations) that represents the un-
certainties due to distribution. These results can be adapted in the risk analysis of the
evaluation project and ranking of the parameters’ impact on the fluid flow in fractures.

Moreover, the aperture distribution can be improved by defining its value as a con-
tinuous property at each well location (using core data or FMI interpretation). In ad-
dition, concluding a relationship between the fractures’ aperture and a second property
or parameter such as facies (especially dolomite) can be very helpful, where the sec-
ond parameter can be used as a bivariate property in the distribution (i.e., improving the
modelling workflow of the property).

The proposed workflow can be adapted to tune the fracture permeability in the
history-matching process to avoid using global multipliers without justified reasons. The
methodology of the current work has been based on using static conditions without con-
sidering the matrix effect, or aperture changes under dynamic conditions such as effec-
tive stress changes due to the reduction in the reservoir pressure during depletion. This
process may lead to rock expansion and hence reduction in the fracture aperture, which
reduces the effectiveness of fractures as a major fluid flow path in the reservoir.

8. Future work

The current work can be extended to consider the impact of several essential factors on
the fluid flow behaviour in fractures, such as evaluating;

1. Matrix effect on the fracture performance, where the matrix permeability consti-
tutes a flow path to bypass the closed fractures using a full-field model. It should
be highlighted that this proposed work has been applied to a small-scale model
by Aljuboori et al. [4], which can be used as a guide.

2. The change in the effective stress, and hence the fractures aperture, due to reser-
voir depletion or water injection.
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