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Abstract. Various geoscientific applications require a fast
prediction of fracture permeability for an optimal workflow.
Hence, the objective of the current study is to introduce and
validate a practical method to characterize and approximate
single flow in fractures under different stress conditions by
using a core-flooding apparatus, in situ X-ray computed to-
mography (CT) scans and a finite-volume method solving the
Navier–Stokes–Brinkman equations. The permeability of the
fractured sandstone sample was measured stepwise during a
loading–unloading cycle (0.7 to 22.1 MPa and back) to val-
idate the numerical results. Simultaneously, the pressurized
core sample was imaged with a medical X-ray CT scanner
with a voxel dimension of 0.5× 0.5× 1.0 mm3. Fracture ge-
ometries were obtained by CT images based on a modifica-
tion of the simplified missing attenuation (MSMA) approach.
Simulation results revealed both qualitative plausibility and
a quantitative approximation of the experimentally derived
permeabilities. The qualitative results indicate flow chan-
neling along several preferential flow paths with less pro-
nounced tortuosity. Significant changes in permeability can
be assigned to temporal and permanent changes within the
fracture due to applied stresses. The deviations of the quanti-
tative results appear to be mainly caused by both local under-
estimation of hydraulic properties due to compositional ma-
trix heterogeneities and the low CT resolution affecting the
accurate capturing of sub-grid-scale features. Both affect the
proper reproduction of the actual connectivity and therefore
also the depiction of the expected permeability hysteresis.
Furthermore, the threshold value CTmat (1862.6 HU) depict-
ing the matrix material represents the most sensitive input

parameter of the simulations. Small variations of CTmat can
cause enormous changes in simulated permeability by up to
a factor of 2.6± 0.1 and, thus, have to be defined with cau-
tion. Nevertheless, comparison with further CT-based flow
simulations indicates that the proposed method represents a
valuable method to approximate actual permeabilities, par-
ticularly for smooth fractures (< 35 µm). However, further
systematic investigations concerning the applicability of the
method are essential for future studies. Thus, some recom-
mendations are compiled by also including suggestions of
comparable studies.

1 Introduction

Naturally and artificially induced hydromechanical coupling
is essential for the understanding of many geologic processes
within the Earth’s crust and for the successful realization of
a wide range of geoscientific applications. A more detailed
overview about these applications such as geothermal en-
ergy generation, nuclear waste disposal or hydrocarbon pro-
duction is presented by Rutqvist and Stephansson (2003).
Since there are different phenomena of direct and indirect hy-
dromechanical coupling in geosciences, this study only deals
with the direct solid-to-fluid coupling, which is defined as the
stress-induced changes in fluid dynamics (Wang, 2000).

In the past, the stress dependency of fracture permeabil-
ity and its hysteretic behavior due to stepwise loading and
subsequent unloading were investigated by various authors
(e.g., Gangi, 1978; Kranz et al., 1979; Snow, 1965). Various
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empirical models were developed that approximate stress-
dependent fracture permeability by adding roughness-based
variables to the common cubic law approach (Bernabe, 1986;
Gale, 1982; Gangi, 1978; Huo and Benson, 2015; Swan,
1983; Walsh, 1981; Witherspoon et al., 1980; Zimmerman
et al., 1992). However, flow in rough fractures is governed
by several additional morphology-related features, such as
the grade of connectivity, variations in tortuosity, flow sepa-
ration and stagnant zones (Konzuk and Kueper, 2002; Tsang,
1984), that are hard to quantify empirically.

Hence, numerical simulations that allow the implemen-
tation of much more sophisticated physical solution ap-
proaches and boundary conditions represent a powerful tool
in modern geosciences. Accordingly, there is an immense
number of computational fluid dynamics (CFD) studies con-
cerning different topics such as single-phase and multi-phase
flow (Sahimi, 2011), natural (Crandall et al., 2010) and artifi-
cial fractures (Brush and Thomson, 2003) or fractured porous
media (Landry and Karpyn, 2012). The same applies to CFD
methods, which are most frequently represented by finite-
difference, finite-element, lattice gas and lattice Boltzmann
methods (Madadi and Sahimi, 2003). In particular, the lat-
tice methods are suggested by Madadi and Sahimi (2003)
as the ideal computational base for arbitrary geometries.
In addition to that, the finite-volume method has been in-
creasingly and successfully used to simulate fracture flow
in the last few years (Al-Yaarubi et al., 2005; Brush and
Thomson, 2003; Crandall et al., 2010; Huber et al., 2012;
Schwarz and Enzmann, 2013). However, in practice, solving
three-dimensional (3-D) mathematical models such as the
Navier–Stokes equation with these methods can be computa-
tionally elaborate so that many simulations prefer simplified
flow models such as the “local cubic law” approach (Brush
and Thomson, 2003; Konzuk and Kueper, 2004; Koyama et
al., 2008; Oron and Berkowitz, 1998; Zimmerman and Yeo,
2013).

Various studies concerning numerical simulations of
stress-dependent fracture flow in core-scale dimensions have
been performed until now. Table 1 provides a chronolog-
ical list of previously performed studies. All these simu-
lations focus on dynamic changes of fracture permeabil-
ity due to loading conditions. However, they do not ad-
dress residual changes as a result of mechanical deforma-
tion within the fracture, which can be addressed by subse-
quent unloading. Except the study by Watanabe et al. (2008),
who highlight qualitative insights into the flow structures,
all other studies in Table 1 quantify and intend to vali-
date simulated fracture flow. In a subsequent study which
is not listed in Table 1, Watanabe et al. (2009) applied a
similar (non-quantitative) procedure for other fracture types.
By contrast, quantification of fracture flow was performed
by Indraratna et al. (2015), who performed CFD simula-
tions based on initial laser-scanning measurements, where
the flow model is coupled with a deformation criteria sim-
ulating fracture closing. Similar, but more simplified, defor-

mation procedures were performed for statistically derived
aperture distributions (Pyrak-Nolte and Morris, 2000), pro-
filometer measurements (Kim et al., 2003), laser-scan data
(Nemoto et al., 2009; Watanabe et al., 2008, 2009) and a con-
ceptual 2-D model (Liu et al., 2010). Furthermore, Dicman et
al. (2004) described changes in aperture distribution by com-
bining laboratory data and stochastic approaches. Consider-
ing this study and further information provided in Table 1,
most of the used fracture geometries can be assumed to be
not directly correlated to the actual fracture geometries un-
der loading conditions used for validation. For this reason,
more recent studies introduced X-ray computed tomography
(CT) that enables the scanning of in situ conditions during
the experiment within the sample and creates “real-time” im-
ages of the fracture (Watanabe et al., 2011, 2013).

In the past, in situ imaging of experiments based on CT
technologies was applied to a wide range of studies including
geomechanical behavior of fractures (Re and Scavia, 1999),
evaluations of triaxial tests (Feng et al., 2004; Ge et al., 2001;
Lenoir et al., 2007; Ren and Ge, 2004; Vinegar et al., 1991;
Zhou et al., 2008), shear tests (Tatone and Grasselli, 2015),
sand production experiments (Santos et al., 2010) as well
as various single-/multi-phase core-flooding experiments in
fractured and unfractured rocks (Huo and Benson, 2015;
Krevor et al., 2012; Oh et al., 2013; Perrin and Benson, 2010;
Pini and Benson, 2013; Pini et al., 2012; Rangel-German et
al., 2006; Schembre and Kovscek, 2003; Shi et al., 2009;
Watanabe et al., 2011). CT technology generally represents
a 3-D non-destructive method to image material contrasts in
high resolution and, therefore, is well suited to reproduce dy-
namic processes in situ and in “real time”. Detectable mate-
rial contrasts can be caused by significant changes in density,
such as the transition from solid to air, or chemical compo-
sition affecting the X-ray attenuation. In this study, the term
“real time” refers to a non-continuous but stepwise imaging
of a sample being subjected to a dynamic process.

Comparing other appliances such as industrial, micro- or
synchrotron-based CTs, medical CT scanners admittedly op-
erate with the lowest resolutions. However, they generally
have the advantage of lower scanning times and are more
flexible in terms of sample/equipment weights and sizes
(Watanabe et al., 2011). Currently, medical CT scanners rep-
resent the most economical option to conduct such experi-
ments and also provide, particularly in regard to their impor-
tance in medicine, a good accessibility.

The central issue concerning CT measurements and frac-
tured rocks is given by the aperture calibration based on
measured material contrasts. Considering a transect perpen-
dicular to the fracture plane, there are generally four meth-
ods to calibrate apertures caused by the fracture-related den-
sity anomaly (Ketcham and Carlson, 2001; Ketcham et al.,
2010). (1) The peak height (PH) method is based on the gap
between the idealized matrix density and the negative peak
of the anomaly, which was successfully applied by Watan-
abe et al. (2011) but typically is more applicable for homo-

Solid Earth, 7, 1109–1124, 2016 www.solid-earth.net/7/1109/2016/



T. Kling et al.: Simulating stress-dependent fluid flow 1111

Table 1. Numerical simulations of stress-dependent single-phase fracture flow considering the sample and fracture type, the method to
reproduce fracture apertures, the model dimensions and simulation methods.

References Core sample Fracture type Source of model geometry Volume element dimension Dimensions Simulation type
(length/diameter) (aperture translation method) (represented fracture area) (Solver)

Pyrak–Nolte and Granites Artificial Fractal aperture distributions 300× 300 cubic grid blocks 2.5-D Network model
Morris (2000) (literature data) (stratified percolation method) (100× 100 mm2) (Hardy–Cross method)

Kim et al. (2003) Granite Tensile Profilometer 0.05× 0.05×> 0.008 mm3 3-D Lattice Boltzmann
(16.4 cm/14.0 cm) (mated and offset) measurements (111 to 116× 128 mm2) (Navier–Stokes)

Dicman et al. (2004) Sandstone Tensile Average aperture (stochastic 1× 1× 1 grid block 3-D Finite difference
(2.54 cm/5.99 cm) aperture distribution map) (10× 10× 15 grid blocks) (local cubic law)

Watanabe et al. (2008) Granite Tensile Laser-scanning 0.25× 0.25 mm2 2.5-D Finite difference
(15.0 cm/10.0 cm) (mated and offset) equipment (sample scale) (local cubic law)

Nemoto et al. (2009) Granite Shear fracture for experiment, Laser-scanning equipment 0.25× 0.25 mm2 2.5-D Finite difference
(15.0 cm/9.5 cm) tensile (offset) for simulation and thin film technique (50× 50 mm2) (local cubic law)

Liu et al. (2010) Coal and Sandstone Shear fracture Conceptual side view 100× 25 2-D Finite element (fluid/solid
(10.0 cm/5.0 cm) four-node mesh (none) coupling model)

Watanabe et al. (2011), Granite Tensile (mated) and Medical CT scanner 0.35× 0.35× 0.50 mm3 3-D Finite difference
Watanabe et al. (2013) (15.0 cm/10.0 cm) natural (double fractured) (peak height method) (sample scale) (local cubic law)

Indraratna et al. (2015) Sandstone Tensile Laser-scanning 1.0× 1.0 mm2 2.5-D Finite volume
(11.4 cm/5.4 cm) (mated) equipment (sample scale) (Navier–Stokes)

Current Sandstone Saw cut Medical CT scanner 0.50× 0.50× 1.00 mm3 3-D Finite volume
(6.7 cm/5.0 cm) (smooth, mated) (missing attenuation method) (sample scale) (Navier–

Stokes–Brinkman)

geneous materials (Ketcham et al., 2010). The PH method
requires a careful calibration. 2) The missing attenuation
(MA) method, which integrates the entire anomaly area, was
meanwhile refined for smaller apertures and can also be
used for heterogeneous rocks and, theoretically, does not re-
quire calibration (Huo et al., 2016). (3) The full-width-half-
maximum (FWHM) method uses the midpoint between ma-
trix and peak value; however, it is only applicable to larger
apertures (Ketcham, 2010) and less accurate than the MA
method (Van Geet and Swennen, 2001). (4) The inverse
point-spread function (IPSF) method represents a hybrid be-
tween PH and MA methods and iteratively reconstructs frac-
tures by using a IPSF accounting for the blurring of the
CT image. Indeed, IPSF method is well suitable to calcu-
late apertures and also is applicable for heterogeneous ma-
terials. However, this method is computationally expensive
due to the complex numerical deconvolution (Ketcham et al.,
2010). Indeed, Watanabe et al. (2011) introduced a useful
method to simulate stress-dependent fluid flow based on CT
images and in fracture-scale before. However, their method
revealed several limitations: (A) simulations are very sensi-
tive to image noise due to the core holder; (B) the aperture
calibration that is based on the PH method needs a care-
ful and very time-consuming calibration; and (C) the ap-
plied CFD simulation relies on a simplified fluid dynamics
represented by the “local cubic law” approach. Particularly
for field work, where time often plays a significant role, a
functional approach without time-consuming operation pro-
cedure and costly equipment can be an asset. Thus, a method
would be necessary that only requires a fast CT scan of a
pressurized dry sample to predict fluid flow under predefined
boundary conditions.

The objective of this study is therefore to propose a prac-
tical approach based on real-time X-ray CT data to numer-
ically validate and reproduce stress-dependent single-phase
fluid flow in a fractured sandstone sample. This simulation
approach consists of (1) an aperture calibration approach
for 3-D simulations based on a modification of the simpli-
fied MA method (MSMA) and (2) a sophisticated simulation
method that accounts for fracture and matrix flows by solving
the Navier–Stokes–Brinkman equation. To demonstrate the
effectiveness of this method and to also indicate the transfer-
ability to real reservoir rocks such as an enhanced geothermal
system (EGS), a fractured low-permeable sample is used. In
the present study, the fluid flow is simulated under loading
and unloading conditions to prove the extent to which it is
possible to reproduce flow characteristics and residual frac-
ture changes. Imaging is performed by simultaneously con-
ducting medical CT scans and core-flooding experiments, al-
lowing the validation of the simulated results. Furthermore,
current simulations are compared to corresponding studies
(Watanabe et al., 2011, 2013) providing various insightful
recommendations for the successful implementations of fu-
ture CT-based CFD simulations.

2 Material and methods

2.1 Sample

In this study a Zenifim sandstone is used, which was ob-
tained from the former (unproductive) hydrocarbon prospec-
tion well Ramon-1 located in the central Negev area in south-
ern Israel (Fig. 1). The rock belongs to the sea marginal de-
posits of the arkosic Zenifim Formation (Precambrian age)
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Figure 1. Top view of the fractured Zenifim Sandstone with a di-
ameter of 5.0 cm and a length of 6.7 cm.

and originates from 1770 m below surface. Additional in-
formation on geology and stratigraphy can be obtained by
Weissbrod and Sneh (2002). According to Huo and Ben-
son (2015), who used the same sample in their study, the
sample is sedimentologically classified as an immature felds-
pathic greywacke. The sample is composed of poorly sorted
and rounded grains with a mean grain size of 0.2 mm. The
matrix is cemented by quartz resulting in low mean perme-
ability of 5.92× 10−19 m2 and porosity of 2.5 to 3.9 % with
a bulk density of 2,490 kg m−3 (mercury injection capillary
pressure (MICP) analysis). However, microscopic analyses
(Huo and Benson, 2015) and visible fine laminations with a
thickness of a few millimeters, which dip towards the core
axis, indicate a significant porosity heterogeneity within the
core.

The utilized rock sample is a continuously cylindrical core
sample with a length of 6.7 cm and a diameter of 5.0 cm
(Table 1, Fig. 1). Before the coupled experiments, the sam-
ple was bisected along the core axis by generating a saw-
cut fracture intersecting the previously mentioned lamina-
tions resulting in a discontinuity, which can be described as a
(mated) smooth-walled and relatively tight fracture. It should
be noted that abrasion processes and local grain disruptions
due to the sawing process result most likely in some minor
artifacts along the fracture surface.

2.2 Experiment

An aluminum core holder was used for the core-flooding ex-
periment (Fig. 2). This experimental setup is based on the
a porosity heterogeneity study by Perrin and Benson (2010)
and was modified and successfully adapted for core-flooding
experiments in porous (Pini et al., 2012) and fractured rocks
(Huo and Benson, 2015). The fractured core is positioned in
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Figure 2. Schematic setup of the core-flooding apparatus for single-
phase (N2) flow experiments (after Huo and Benson, 2015).

an aluminum core holder with alternating interlayers of Viton
rubber, heat-shrinkable Teflon and nickel foil that can also be
seen on the CT image (Fig. 3). For further technical details
please refer to Huo and Benson (2015), who used the same
experimental setup.

Permeability measurements of the core sample are based
on the steady-state method. After saturating the encapsulated
sample with nitrogen (N2), three different flow rates (12, 16
and 20 mL min−1) are successively applied. A constant pore
pressure of 2.1 MPa is applied to suppress the slippage effect.
Hence, the applied low flow rates and corresponding small
pressure drops reveal a linear relationship indicating laminar
fluid flow. Hence, in this study the fluid can be treated like a
incompressible fluid and permeability can be determined by
using Darcy’s law (Huo and Benson, 2015).

According to this, permeabilities are determined under
stepwise changes of effective stress (σ ’). Here, σ ’ is de-
fined as the difference between applied confining pressure
and pore pressure. In order to characterize stress dependency
of the fractured sample comprehensively, changes in σ ’ rep-
resent a full loading–unloading cycle. Following this, σ ’ is
increased stepwise from 0.7 MPa (2.1, 3.5, 5.5, 11.0 MPa)
to 22.1 MPa under loading conditions and, subsequently, are
decreased by applying equivalent stress intervals.

Contemporaneously, the core holder is positioned in a
medical X-ray CT scanner (General Electric Hi-Speed CT/I
X-ray computed tomography) to reveal “real-time” images
of the sample for every stress stage. Scans were performed
at an energy level of 120 keV, a tube current of 200 mA and
a display field of view of 25 cm. We use CT scans to obtain
an x− y resolution in the plane of 0.5× 0.5 mm2 and a slice
thickness of 1 mm resulting in corresponding voxel dimen-
sions. As a result of the CT scans each voxel is assigned to a
specific CT number in Hounsfield units (HU). Furthermore,
at each stress stage, multiple (five) scans are conducted and
averaged afterwards, representing a practical method to re-
duce the random noise of CT scans by 50 % as extensively
discussed by Huo et al. (2016) and Pini et al. (2012).
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Figure 3. The computed tomography (CT) image of the rock sam-
ple with a rescaled voxel dimension (0.25× 0.25× 0.25 mm3). The
upper filter plate, the units of the core holder and lamination of the
sample are highlighted in orange. The fracture is indicated by a dot-
ted purple line.

2.3 Image processing

The geometry of the model is based on the averaged, multi-
ple CT scan revealing a cylindrical set with a total dimen-
sion of 256× 256× 68 voxels that still contains the mul-
tilayer construction of the core holder as well as the fil-
ter plates of the fluid in- and outlet. Full processing is per-
formed by using a customized MATLAB code. After read-
ing the five data sets, every CT scan is resampled to an
isotropic voxel size (one voxel of 0.5× 0.5× 1.0 to 16 vox-
els of 0.25× 0.25× 0.25 mm3) required for a proper com-
putation of the CFD program. Subsequently, the five scans
are averaged to a single image (Fig. 3). In a further step,
geometric information stored by single CT numbers of the
(resampled) voxels are transformed voxel-wise to according
geometric (local apertures) and hydraulic (local permeabili-
ties) properties being essential for the flow simulations. The
corresponding calibration approach is explained fully in the
next paragraph. Finally, the core holder and filter plates are
numerically cropped based on known core dimensions and
obvious density contrasts, resulting in a final sample dimen-
sion of 194× 194× 258 voxels. Note that marginal voxels of
the sample are directly affected by the adjacent core holder
so that the processed sample is slightly smaller than expected
(200× 200× 268 voxels).

Aperture calibration is based on the phenomena that the
presence of (low-density) air or nitrogen, as used in this
study, in a homogeneous rock matrix reduces CT numbers
of voxels containing present voids. Considering a fractured
homogeneous rock along a cross section perpendicular to
the fracture plane, the resulting density contrasts can be per-
ceived as a more or less pronounced anomaly depending on
fracture width. Thus, an aperture calibration method (MA
method) was developed by Johns et al. (1993) assuming that

all X-ray attenuation is conserved in the CT image and that
local apertures can be derived by integrating the available
density anomalies. Dispersion of X-ray attenuation and par-
tial volume effects can cause an expansion of the anomaly
over adjacent voxels that gather this “missing attenuation”
(Johns et al., 1993) and, in particular for larger fractures, rep-
resent a large portion of the entire anomaly. According to
that, Johns et al. (1993) suggested a calibration-based linear
relationship between aperture width and the integral of the
full measured anomaly which was subsequently confirmed
in several fracture aperture studies (Bertels et al., 2001; Heri-
awan and Koike, 2015; Huo and Benson, 2015; Keller, 1997;
Ketcham et al., 2010; Van Geet and Swennen, 2001; Vander-
steen et al., 2003; Weerakone and Wong, 2010) and phys-
ically established by Huo et al. (2016). Accordingly, the
linearity between missing attenuation (CTMA) and fracture
aperture a can be simply described as

CTMA = C · a, (1)

where the constant C is given by the slope of the calibration
line. Furthermore, CTMA is defined as

CTMA =
∑N

i=1
(CTmat−CTi), (2)

where CTi represents the CT number of the voxel along the
cross section affected by the missing attenuation and N lo-
calizes the considered voxel. In this study, CTmat represents
an idealized global threshold value for the matrix material
assuming a homogeneous rock matrix as also assigned in
previous studies (Johns et al., 1993; Keller, 1997; Keller et
al., 1999). Indeed, using a global CTmat is a simplified as-
sumption and provides additional errors particularly for het-
erogeneous rocks (Keller et al., 1997) but is sufficient for
the intended straightforward purposes of this study. Usually,
heterogenous rocks would require the usage of local CTmat
values (e.g., Huo et al., 2016) which would result in a large
number of possible simulation results and would not improve
the validity of the presented results. CTmat is determined by
averaging the single modes of all CT numbers at every pres-
sure stage, assuming that the most frequent CT number dom-
inates the matrix of the rock sample. Our results reveal a ma-
trix number of CTmat = 1862 HU, which is in line with other
CT-based sandstone studies (Akin and Kovscek, 2003; Huo
et al., 2016; Vinegar et al., 1991).

Careful calibration with different spacers (0.19, 0.29, 0.41,
0.52 mm) within the fracture indicates a slope of the linear
calibration line of 5890± 38.3 HU mm−1 (Fig. 4, after Huo
et al., 2016). According to Eq. (1) and (2), apertures can
therefore be calculated by

a =

∑N
i=1(CTmat−CTi)

5890 ± 38.3 HUmm−1 . (3)

As a consequence, Eq. (3) (with N > 1) can be used to de-
scribe local apertures along the fracture; however, it is not
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practical to model the entire core sample. Typically, the MA
in voxels adjacent to the voxel containing the fracture de-
pends on rock type and aperture size (Huo et al., (2016)).
Considering several cross sections through the fracture used
here indicates that occasional local apertures affect 2–3 vox-
els, where the vast majority (≥ 99 %) of the attenuation is
captured by the central voxel causing a local but marginal
information loss. Hence, assuming that the main informa-
tion about fracture aperture is stored in one voxel, we define
N= 1, which also benefits the calculation of apertures for
every single voxel of the core sample. However, it is worth
mentioning that the applied calibration method would get
more and more erroneous with increasing fracture widths.
However, whether a fracture is large or not is also coupled
to the CT resolution; thus, the voxel-wise calibration would
cause artifactual apertures in the adjacent voxels actually rep-
resenting the matrix and also would underestimate apertures
in the voxels containing the fracture. In this study, most vox-
els containing the fracture range between 1700 and 1820 HU,
suggesting that calculated (and summarized) apertures of
each aperture cannot exceed 0.15 mm and most widely are
significantly smaller than 0.1 mm. This corresponds to Huo
and Benson (2015), who determined mean apertures between
0.025 and 0.031 mm. Negative apertures due to CTi > CTmat
as a result of the heterogeneity of the matrix or due to re-
maining image noise are defined as “zero apertures” with
a = 0 mm.

Although this strategy does not describe the basic inten-
tion of the common MA method, it provides a convenient
solution to include data for the entire core and also enables
integrations of regions with higher porosity within a ho-
mogenous matrix material where fluid inclusions should de-
crease CTmat. Hence, voxels representing sections of the ma-
trix with significant porosity should reveal lower CT num-
bers (CTi < CTmat) so that these voxels, in simplified terms,
are treated as equivalent apertures. These equivalent aper-
tures represent the effective hydraulic diameter, which can be
applied to characterize tube-like fluid flow in porous media
(Debbas and Rumpf, 1966), and describes these tubes as rect-
angular ducts comprising the same area as the tubes (Janna,
2010).

Since simulating fluid flow does not work only with aper-
ture information, each voxel has to be assigned to a poten-
tial hydraulic property. Assuming laminar flow and that fluid
flow within the core is mainly controlled by fracture prop-
erties, the “cubic law” approach (Boussinesq, 1868; Snow,
1965) is chosen to derive appropriate local permeabilities
(KMA) based on the MSMA aperture calibration, which is
defined as

KMA =
a2

12
. (4)

2.4 Simulation

Fluid flow within the processed CT scan image is simulated
using the FlowDict module of the multidisciplinary com-
mercial GeoDict® program package (Math2Market, Kaiser-
slautern, Germany), which has been developed to predict
(microstructure-based) physical material properties (Pfrang
et al., 2007). In the past, GeoDict was successfully applied
to several studies with geoscientific background concerning
fluid flow or particle tracking in fractured as well as porous
media (Khan et al., 2012; Leu et al., 2014; Pudlo et al.,
2014; Rücker et al., 2015; Schwarz and Enzmann, 2013). The
utilization of the FlowDict module is based on three basic
prerequisites: (1) a 3-D voxel-based image of a permeable
object, (2) experimental parameters such as mass flow and
flow direction and (3) an incompressible Newtonian fluid.
Indeed, the used fluid (N2) is actually a compressible fluid
but can be treated as an incompressible fluid due to experi-
mental boundary conditions (e.g., pore pressure, flow rates)
as mentioned earlier. FlowDict only supports two simulation
types: predicting the mean fluid velocity based on pressure
drop boundary conditions and vice versa. Afterwards, entire
sample permeability can be derived by applying Darcy’s law
(only for considering laminar flow).

In this study, fluid flow simulations are based on an ex-
plicit finite-volume method that solves the Navier–Stokes–
Brinkman equation according to Iliev and Laptev (2004). The
governing equation comprises both incompressible isother-
mal flow in pure fluid regions represented by the Navier–
Stokes equation and flow in solid (matrix) regions defined by
hydraulic properties represented by the Brinkman extension
of Darcy’s law (Iliev and Laptev, 2004):

−µ1u+ (ρu · ∇)u︸ ︷︷ ︸
Navier–Stokes

+

Darcy’s law︷ ︸︸ ︷
µK−1

x ·u+∇P = 0︸ ︷︷ ︸, (5)

∇ ·u= 0, (6)

where µ is the fluid viscosity, ρ the fluid density, P rep-
resents fluid pressure and u is the 3-D velocity vector.
Furthermore, the reciprocal local permeability K−1

x repre-
sents locally assigned permeability based on the aperture
calibration (x =MA), in voxels representing the solid ma-
trix (x = solid) and further materials such as filter materi-
als (x =filter). Equation (5) outlines the momentum con-
servation which contains viscous forces, an advective accel-
eration term, the Brinkman extension to Darcy’s law and
the applied pressure gradient. Concurrently, the continuity
equation (Eq. 6) describing the conservation of mass has
to be valid. In order to solve the pressure–velocity relation-
ship, a guess-and-correct procedure represented by the Semi-
Implicit Method for Pressure-Linked Equation (SIMPLE) al-
gorithm (Patankar and Spalding, 1972) is implemented.

Fluid flow is simulated parallel to the core axis for nitro-
gen at 50 ◦C with respective values for density (1.2 kg m−3)
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Figure 4. Calibration based on a total of 380 points at each spacer in
order to apply the missing attenuation method. The circles with the
red dot represent the medians for every spacer while smaller circles
without dot are outliers. The thin and thick blue lines show 25 %
confidence intervals and 75 %, respectively. The dashed line corre-
sponds to the regression line of all calibration points. The solid line
corresponds to the adjusted regression line used for further aperture
calculations by neglecting an apparent aperture (0.08 mm) caused
by the fracture roughness (after Huo et al., 2016).

and viscosity (1.9× 10−5 Ns m−2). The simulations com-
pute the velocity field for the given pressure drop us-
ing periodic boundary conditions on the computational box
and Dirichlet boundary conditions for the pressure. Pres-
sure drops for each stage of σ ’ are arbitrarily defined by
measured values obtained for a flow rate of 16 mL min−1.
Ksolid (5.92× 10−19 m2) were obtained by MICP analysis
(Sect. 2.1). In addition, in order to stabilize the simula-
tion and to provide homogeneous in-/outflow as experimen-
tally accomplished by filter plates, two artificial filter plates
with Kfilter = 1× 10−10 m2 are attached to the inlet and out-
let according to the experimental setup (cf. Fig. 3). Indeed,
hydraulic properties of these filter plates are also included
into flow simulations and associated permeability calcula-
tions; however, affectations can be assumed to be negligi-
ble due to the proportionally small extent of the filter plates
(194× 194× 5 voxels) compared to the sample dimensions
(194× 194× 258 voxels).

Simulations are terminated by either reaching the accuracy
criterion (ratio of current to former calculated permeability
during iteration) of 1.5× 10−4 or exceeding 106 iterations.
Simulations are performed with a high-performance com-
puter containing four Interlagos processors (64 cores) with
512 GB of total RAM. Dependent on available capacity (24
or 48 cores in this study) and aperture calibration, computa-
tion time of a single simulation ranges between 2 and 4 h.
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Figure 5. Changes in 3-D fluid flow only along the fracture plane
due to closing during loading conditions (from 0.7 to 22.1 MPa)
and due to reopening caused by unloading conditions (from 22.1
to 0.7 MPa) by applying forward modeling with an explicite finite-
volume method solving the Navier–Stokes–Brinkman equation.
Fluid flow is visualized by fluid velocity per voxel normalized by
the maximum fluid velocity at the given pressure stage. Fluid ve-
locity increases from red to yellow. Velocity fields of the initial and
residual pressure stage (0.7 MPa) indicate permanent local closings
along the fracture. A schematic perspective is included for better
3-D orientation.

3 Results and discussion

3.1 Simulation

In this section, only the results of the simulations are dis-
cussed. For more detailed discussion and analysis on the
experimental results, which particularly emphasize the hy-
draulic and geometric properties of the fracture as well as the
applicability of empirical models, we refer to Huo and Ben-
son (2015). However, some of their findings are discussed
in the context of the quantitative and qualitative simulation
results presented in this study.

Qualitative results mainly highlight the visualization of
fluid flow simulations that can be used for flow path analysis.
In contrast, quantitative results refer to fluid volumes for the
different stress stages that can be directly validated by corre-
sponding core-flooding experiments and are compared to the
effectiveness of other simulation approaches.

www.solid-earth.net/7/1109/2016/ Solid Earth, 7, 1109–1124, 2016



1116 T. Kling et al.: Simulating stress-dependent fluid flow

Visualizations of all simulation results indicate that prin-
cipal fluid flow in the core is governed by a few preferential
flow channels along the fracture plane that are partially in-
terconnected (Fig. 5). Differentiating fluid flow simulations
for single stresses shows the expected stepwise closure of
the fracture and containing channels. This becomes clear for
considering changes in local fluid flow with changes in effec-
tive stress. Applying loading conditions indicates a signifi-
cant decrease in connectivity and local permeabilities within
most parts of the fracture. In reverse, the same is observed
for unloading conditions. This behavior is in line with an
increasing (decreasing) percentage of contact areas and an
increase (decrease) of smaller apertures due to loading (un-
loading) presented by Huo and Benson (2015). Furthermore,
applying unloading conditions includes the re-increase of
connectivity and permeability due to the opening of several
channels and branches. However, some channels and espe-
cially branches remain closed or disconnected as a result of
irreversible deformation (Fig. 5). Hence, it can be assumed
that changes in fracture connectivity can be directly related
to the strength of the present asperities (Huo and Benson,
2015; Pippan and Gumbsch, 2011). Accordingly, plastic de-
formation and brittle failures along asperity tips cause irre-
versible changes that are associated with the permanent local
closings and constrictions as also depicted by Fig. 5. Elas-
tic deformation can be assumed to be most widely reversible
and facilitates local reopenings.

Furthermore, additionally enhanced fluid flow is observed
in single parts within the matrix (Fig. 6). Comparing with the
CT image (Fig. 3) indicates that this flow occurs along lam-
inations containing darker matrix voxels with CTi < CTmat
according to Eq. (3). In homogeneous media CTmat sim-
ply should represent the predominant mineral phase. In fact,
the rather heterogenous sandstone in this study is dominated
by quartz (detrital grains and cement) but is also enriched
in feldspar. This feldspar component predominantly consists
of plagioclase with minor alkali feldspars (Weissbrod and
Sneh, 2002). Although there are compositional differences,
quartz and plagioclase typically reveal similar and, compared
to most other minerals, relatively low CTi values (Ketcham,
2005; Tsuchiyama et al., 2005). Thus, the assumed CTmat
(1862.6 HU) most widely can be ascribed to these dominant
mineral phases. Hence, regions with significantly lower CTi
values are caused by significant porous regions. This poros-
ity heterogeneity is also observed in thin sections (Huo et al.,
2016, Huo and Benson, 2015). Nevertheless, the simulated
overall matrix permeability can be assumed to be rather low,
which is also clarified by carefully examining the propaga-
tion of the pressure fields corresponding to the predefined
bulk matrix permeability of 10−19 m2 . Concurrently, prop-
agation of the pressure fields also reinforces the assumption
that major fluid flow occurs along the fracture. Furthermore,
comparing absolute changes in fluid flow (Fig. 6) due to load-
ing between the lowest (0.7 MPa) and the highest (22.1 MPa)
pressure stage indicates that most changes within the sam-
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Figure 6. Changes in 3-D fluid flow sample due to closing (A and
B) during loading conditions (from 0.7 to 22.1 MPa) by applying
forward modeling with an EFV method to solve Navier–Stokes–
Brinkman. Flow visualizations comprise fracture as well as matrix
flow. Fluid flow is visualized by fluid velocity per voxel normalized
by the maximum fluid velocity at the given pressure stage. Fluid
velocity increases from purple to red. Absolute changes in fluid flow
(|A−B|) are shown in the lower part. Most changes occur within the
fracture. Absolute changes increase from purple to red. A schematic
perspective is included for better 3-D orientation.

ple occur along the fracture plane while the simulated ma-
trix flow remains nearly equal. Unfortunately, core perme-
ability is derived by solving the Navier–Stokes–Brinkman
equation for the measured pressure drop over the entire sam-
ple (as stated in Sect. 2.4), which prevents the quantification
of the matrix permeability. Due to the missing appropriate
validation experiments and the negligible matrix flow, pos-
sible fracture–matrix interaction is not further discussed in
this study and can be considered as uninfluential artifacts of
the matrix material. Nevertheless, the MSMA method can
provide a promising approach to simulate such issues, es-
pecially considering laminated sandstones, which were ex-
perimentally investigated in the past (Clavaud et al., 2008;
Grader et al., 2013; Karpyn et al., 2009). Indeed, this method
can be erroneous for heterogeneous rocks such as granite,
but Watanabe et al. (2011) found that affectations of locally
resulting non-real apertures in the matrix are marginal.

In contrast to qualitative analysis, quantitative results
of the simulation significantly differ from expected results
(Fig. 7a). Although there are significant deviations, quan-

Solid Earth, 7, 1109–1124, 2016 www.solid-earth.net/7/1109/2016/



T. Kling et al.: Simulating stress-dependent fluid flow 1117

(a)
Simulation (CT  =1862.6 HU)mat
Simulation (with CT  +17.7 HU)mat
Simulation (with CT  -17.7 HU)mat

Experiment

Effective stress [MPa]
0 252015105

10 -15

2
P

er
m

ea
b

il
it

y 
[m

 ]

10 -14

10 -13

10 -12

10 -14 10 -1310 -15
10 -15

10 -14

10 -13

2
Experimental permeability [m ]

2
S

im
u

la
te

d
 p

er
m

ea
b

il
it

y 
[m

 ]

C = 1862.6 + 17.7 HUTmat

C = 1862.6 HUTmat

C = 1862.6 - 17.7 HUTmat

(b)

Figure 7. (a) Measured and simulated permeabilities of the entire core sample versus effective stress. Simulation results are obtained by
forward modeling (cf. Eq. 3) and by changing CTmat according to the mean standard deviation of the CT measurements (cf. Eq. 7) and
(b) corresponding deviations between experimental and simulated permeabilities indicating a systematic error.

titative results exhibit several characteristics also observed
in the experiment (Huo and Benson, 2015) such as (weak-
ened) hysteretic behavior, discernible decreases of perme-
ability with increasing pressure and subsequent reactivation
of fluid paths under unloading conditions. A first simple
(straightforward) simulation is based on an aperture calibra-
tion that applies a global CT number for the matrix material
(CTmat = 1862.6 HU) as introduced in Sect. 2.3. Addition-
ally, two further simulations are based on modified CTmat
values. For the latter, the standard deviation of the voxels is
considered. Commonly, image quality of CT scans can be
affected by random noise caused by imprecisions during CT
image reconstruction (Huo et al., 2016; Pini et al., 2012) or
by the reduction of X-ray intensity due to the presence of
metal filters to reduce beam hardening (Ketcham and Carl-
son, 2001; Nakashima and Nakano, 2014; Watanabe et al.,
2011). As a result of the induced noise, Huo et al. (2016) as-
certained a mean standard deviation of±17.7 HU for each of
the voxels. Thus, two “worst-case” scenarios are considered
by implementing the terms CTmat± 17.7 HU as input param-
eters for model calibration of these scenarios to account for
uncertainties in CTmat.

Considering the simple modeling approach, the simulated
permeabilities are in the range of minimum and maximum
measured permeabilities. However, the permeabilities are
clearly underestimated (up to a factor of 0.3) at lower σ ’ and
significantly overestimated (up to a factor of 7.1) at higher
σ ’. As a result, slopes of the stress-dependent permeability
curve diminishes for lower σ ’ under loading as well as un-
loading conditions, which consequently contributes to a de-
clined hysteresis area compared to experimental results. This
reduction of hysteresis area indicates that intensity of frac-
ture closing derived from CT images appears to be depressed.
Possible explanations for this observation are discussed here-
inafter.

Comparing the deviation between predicted and observed
results indicates that there appears to be a systematic error af-
fecting the simulation results (Fig. 7b). Of course, this could
be caused by uncertainties of the pressure drop measure-
ments during the experiment. However, permeabilities cal-
culated by considering pressure drop uncertainties indicate
deviation by a maximum factor of 1.2 and a minimum factor
of 0.9 at the lowest loading stage (Huo and Benson, 2015).
Most factors of other pressure stages are about 1.0 so that
this uncertainty seems to be negligible. Counterchecking of
the model input data and boundary conditions showed that
the error of the simulation mainly relies on the aperture cali-
bration. For that reason, we tested the sensitivity of the simu-
lation focusing constants (slope and CTmat) and shape of the
calibration line.

Varying the slope (5980.2 HU mm−1, according to Eq. 3)
between±1 and 5 % hardly reveals any effect on the hystere-
sis except a very slight shift along the ordinate. This should
be explained by very low apertures within the fracture, as
represented by mean apertures between 0.025 and 0.031 mm
as shown by Huo and Benson (2015), so that changes within
the slope hardly affect apertures at the considered scale.

Furthermore, in order to be valid and as introduced in
Sect. 2.3, the MSMA method requires a linearity of the cal-
ibration line as reinforced by a careful calibration according
to Huo et al. (2016) who also physically derived the linear
relationship which justifies the extrapolation of apertures as
performed here.

An additional factor that can contribute a major part to
the simulated deviations is represented by CTmat describ-
ing an averaged threshold value for the matrix material. Be-
ing apparent from Fig. 3, there are significant material het-
erogeneities within the sample. While darker voxels (with
CTi < CTmat) can be assumed to contain more porous regions
as discussed above, there are also significant brighter voxels
(with CTi > CTmat). These significantly higher CT (partially
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CTi > 1900 HU) values can be ascribed to the local accumu-
lation of alkali feldspars, typically revealing much higher CT
values (up to 100 HU) than quartz due to the high attenuation
of potassium (Ikeda et al., 2000). Thus, locally present alkali
feldspar in a voxel can cause a local underestimation or even
closing of the calibrated local aperture according to Eq. (3),
most likely making a significant contribution to the underes-
timation of permeabilities at lower pressures (cf. Fig. 7a).

Additionally, this local underestimation can be reinforced
by an inappropriate choice of the threshold value CTmat,
which also implies some uncertainties. Hence, we focus here
on the sensitivity of the simulations caused by uncertainties
in CTmat. Thus, CTmat is varied by the uncertainties provided
by random noise by including the averaged standard devia-
tion (±17.7 HU). Adding the standard deviation (+17.7 HU)
to CTmat indicates that simulated results at lower σ ’ are
shifted towards the experimental data while results at higher
σ ’ significantly overestimate the measurements. The oppo-
site happens for CTmat −17.7 HU, where simulations rather
approximate measurements at higher σ ’ and strongly under-
estimate measurements at lower σ ’. According to Eq. (3)
and Fig. 4 this is obvious since a higher CTmat causes the
calibration of larger apertures and, therefore, partially opens
new flow channels by ascribing apertures that are zero for
non-adjusted CTmat. Vice versa, non-adjusted channels are
constricted or closed by slightly tighter apertures applying a
lower CTmat. Hence, the simulation results are highly sensi-
tive to changes in CTmat. Modifying CTmat just by+17.7 HU
increases simulated permeabilities up to a mean factor of
2.6± 0.1. In contrast, reducing CTmat by −17.7 HU dimin-
ishes simulation results up to a mean factor of 0.3± 0.02.
Hence, the simulated results that contain the standard devi-
ation of the CT scan are able to cover the full range of ex-
perimental values. However, the latter also clearly demon-
strate that the used simulation is unable to explicitly repro-
duce the measured permeability hysteresis. Indeed, the sim-
ulations can be fitted by varying CTmat within the mentioned
range but the compression and resulting strain on the fine-
grained sample as well as the evaluation of the single images
do not endorse such a proposal.

A further reasonable explanation for the deviations of the
simple simulation approach (with CTmat = 1862.6 HU) from
the experimental hysteresis is the presence of potential sub-
grid-scale features. This means that variations in the fracture
topography most likely are significantly below the CT res-
olution (0.5× 0.5× 1.0 mm3) so that the actual roughness
cannot be captured accurately. Thus, in addition to com-
positionally caused underestimation of local apertures, the
resolution-caused generalization of these features per voxel
underestimates experimental permeabilities at lower stresses
due to a reduction in actual (sub-grid-scale) connectivity.
While at higher stresses the permeability is overestimated
by suggesting generalized flow paths. Actually, it can be
assumed that there is a significant amount of contact ar-
eas within the single voxels causing sub-scale inhibition of

fluid flow or connectivity. Therefore, the transferred fracture
roughness represents only an approximation of a finer and
more complex flow pattern within the smooth fracture where
connectivity and tortuosity can be assumed to play a more
significant role.

3.2 Comparison

As stated above (Table 1), several authors have published
stress-dependent fluid flow studies based on variously de-
rived fracture geometries and numerical approaches. Until
now, medical CT data and, thus, most untreated input data
were solely applied by Watanabe et al. (2011; 2013). In their
first study (Watanbe et al., 2011), the authors used an alu-
minum core holder for core-flooding experiments on tensile
single-fractured (SF for single fracture) and naturally double-
fractured (MF for multiple fractures) granites. In Fig. 8a sim-
ulated permeabilities resulting from their approach are com-
pared to the results of this study (only loading conditions are
shown). As one might expect, measured permeabilities of the
four core-flooding experiments decrease with increasing σ ’.
Although both rock types, Zenifim sandstone and granite, re-
veal similar matrix permeabilities (10−18 to 10−19 m2), fluid
flow experiments with the fractured sandstone obtain higher
permeabilities (between 10−14 and 10−15 m2) than granite
experiments (between 10−15 and 10−17 m2). Typically, mean
apertures of mated tensile fractures in Inada granite should
decrease from 0.071 to 0.065 mm, applying loading from
10 to 100 MPa (Watanabe et al., 2008). Mean apertures of
the sandstone sample are significantly lower and range be-
tween 0.031 and 0.024 mm (Huo and Benson, 2015). Nev-
ertheless, with increasing stresses, hydraulic apertures of the
granite fracture decrease from 0.009 to 0.003 mm (Watanabe
et al., 2008) while hydraulic apertures of the sandstone frac-
ture decrease from approximately 0.030 to 0.005 mm (Huo
and Benson, 2015). These significant hydraulic differences
of the samples appear to be caused by higher tortuosity as de-
scribed by Tsang (1984) due to a higher roughness of the ten-
sile granite fractures as compared with the smooth sandstone
fracture. In addition, this dependency between fluid flow and
tortuosity is reinforced by considering CFD-based flow visu-
alizations of the granite sample, indicating a highly tortuous
network of flow channels along the fracture (Watanabe et al.,
2011).

In order to clarify the effectiveness of the compared simu-
lation approaches, discrepancies between simulated and ex-
perimental permeabilities of each sample are plotted as fac-
tors against the normalized effective stress in Fig. 8a. It can
be seen that simulated permeabilities of the SF sample are
5 (at 5 MPa) to 116 times (at 50 MPa) higher than predicted
by the experimental data, while simulations based on the MF
sample overestimate experimental results by a factor of 30 (at
5 MPa) and 106 (at 50 MPa). Overestimations are supposed
to be primarily caused by image noise due to the core holder
causing “non-zero apertures” and, in consequence, extended
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flow paths within the fracture and the matrix (Watanabe et al.,
2011). Considering the three simulation scenarios conducted
within the scope of this study, experimental permeabilities
are over- or underestimated ranging between a minimum fac-
tor of 0.1 and a maximum factor of 20. Considering only the
simple simulation approach (with CTmat = 1862.6 HU) nu-
merical results show a maximum overestimation by a factor
of 7.1 and a minimum underestimation by a factor of 0.3. Ac-
cordingly, the MSMA method appears to reveal slightly bet-
ter simulation results than Watanabe et al. (2011), although
the considered fracture is significantly smaller which indi-
cates an effective noise reduction by applying multiple scans.
However, in a subsequent study Watanabe et al. (2013) im-
proved their approach (Fig. 8a) with an adjusted experimen-
tal setup on a granite containing a single tensile fracture (SF
PEEK) by using a carbon fiber reinforced polyether ether
ketone (CFR PEEK) core holder. Applying the PEEK core
holder significantly reduced the image noise and revealed
nearly concurrent experimental and simulated results.

Accordingly, the introduced MSMA method represents
a further approximating step for successful CFD simula-
tions but also exposes current limitations. Although apply-
ing the method with a global CTmat affirm a loss in ac-
curacy as predicted by Keller (1997) for smooth fractures
(< 35 µm), simulation results still are valuable to approxi-
mate actual permeabilities in such fractures. Indeed, com-
positional heterogeneities provide inaccuracies as also pre-
dicted by Keller (1997) but are not so dominant that they
cause a complete loss of information, as indicated by the
kinematics of several reproducible flow channels. Neverthe-

less, inaccuracy is provided not only by compositional het-
erogeneities but also by sub-grid-scale features, particularly
regarding higher confining pressure and, thus, closing local
apertures.

Focussing on our own experiences and including the pi-
oneering research by Watanabe et al. (2011 and 2013), we
provide the following recommendations for future medical
CT-based fracture flow studies.

The determination of more detailed pore data of the
matrix, especially when considering heterogeneous porous
rocks, is done by introducing additional MICP measurements
and technologies such as micro-CT, environmental scanning
electron microscopy (ESEM) or nuclear magnetic resonance
(NMR) spectrometry. Additionally, an upscaling of micro-
CT data to core scale and coupling this matrix with a medical
CT-based aperture distribution of the fracture would provide
more realistic pore-geometry data for simulating fracture–
matrix flow interaction.

Before fracture flow experiments start, some “blank tests”
should be considered. Core-flooding experiments of the un-
fractured core sample can provide additional information
about the actual hydraulic properties of the matrix. Further-
more, scans of the unstressed fractured sample with a PEEK
core holder (to reduce the beam hardening effect) can be used
to detect image noise, which is caused by the metal core
holder used in common core-flooding experiments as pre-
sented by Watanabe et al. (2013). In this study, image noise
cannot be explicitly assigned to the core holder and is most
widely due to the imperfections of the CT image reconstruc-
tion as also stated for equivalent experimental setups (Huo
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et al., 2016; Pini et al., 2012). However, an additional af-
fectation due to the core holder cannot be excluded so that
a “blank test” would be very beneficial. Since both men-
tioned noise sources create random noise in the CT image
both quality improvement methods, the PEEK core holder
and the multiple scan method, should be tested for their ef-
fectiveness. Ideally, both methods should be combined to
diminish affectations of both possible noise sources. How-
ever, PEEK core holder technology was only successfully
applied for maximum confining pressure between 36 and
50 MPa at room temperatures (23 ◦C; Ito et al., 2013; Watan-
abe et al., 2013) and, thus, is a useful option for experiments
focussing on similar conditions. Typically, the strength of
PEEK strongly depends on temperature (Searle and Pfeiffer,
1985) and the chemical composition of the fluid used for the
experiment (Pritchard, 1994) and, thus, appears to be chal-
lenging for experiments that simulate reservoir conditions or
processes in the deeper Earth’s crust. Additionally, this study
is based on low voxel resolutions (0.5× 0.5× 1.0 mm3) gen-
eralizing the area, which is covered by the voxel, to a sin-
gle aperture value. Thus, high-resolution fracture measure-
ments such as laser-scanning or profilometer measurements
should be helpful to detect the effect of generalized fracture
morphologies within the voxel scale by comparison with un-
stressed “blank test” data.

Typically the common MA method is used to determine
apertures only perpendicular to the fracture plane, rather fa-
voring 2-D aperture distributions. Despite that, the MSMA
indicates a good transferability of present apertures to a 3-
D problem favored by the tightness of the studied fracture
with mean apertures between 0.031 and 0.024 mm, where
the fracture-caused anomaly predominantly affects the voxel
containing the fracture. However, with increasing fracture
width it becomes more likely that the anomaly also affects
adjacent voxels and the aperture calibration becomes invalid.
Thus, the applicability of the introduced method should be
validated for additional scenarios: (1) for different fracture
widths where apertures must be smaller than the x− y res-
olution of the CT scan; (2) for different fracture types such
as smooth and rough fractures or tensile and shear fractures;
(3) for different materials highlighting the influence of dif-
ferent heterogeneities caused by the mineralogical compo-
sition or porosity; (4) for different applicable x− y resolu-
tions provided by medical CT scanners (e.g., 0.2× 0.2 or
0.3× 0.3 mm2). However, most of the suggested scenarios
depend on each other and should be critically considered.
In addition, a similar procedure is recommended for the PH
method used by Watanabe et al. (2011) to underline the scope
of applications and limitations of both methods.

In this study, aperture calibration is based on the general
assumption of a linear relationship between MA and aper-
ture width (e.g., Bertels et al., 2001; Keller, 1997; Van Geet
and Swennen, 2001) and, thus, on a crude spacer calibra-
tion (with four spacers ≥ 0.2 mm). However, Mazumder et
al. (2006) found a significant nonlinear relationship by ap-

plying an optimized MA approach to minimize affectations
due to heterogeneities of their coal sample. They found that
the slope of the line significantly increases with decreasing
apertures (< 0.25 mm). Therefore, future studies should fo-
cus on a more accurate spacer calibration, particularly with
spacers < 0.1 mm, which corresponds to many apertures un-
der confining pressure.

In order to validate qualitative fluid flow, new contrast
agents should be introduced. Conventionally used iodine
was shown to cause beam hardening effects that exacer-
bate the interpretation of flow paths within the fracture
(Watanabe et al., 2011). Meanwhile, sodium polytungstate
(Na6H2W12O40) was proposed as a promising contrast agent
for hydrological CT experiments by significantly reducing
the undesirable beam hardening effect (Nakashima, 2013;
Nakashima and Nakano, 2014). Alternatively, further tech-
nologies such as positron emission tomography could be ap-
plied (Fernø et al., 2015; Kulenkampff et al., 2008).

4 Conclusions

A alternative method to simulate fluid flow in a fractured
porous core sample under loading and unloading conditions
based on medical CT measurements was introduced. Sim-
ulation results reveal qualitative plausibility but also reveal
shortcomings considering quantitative results. Generally, the
proposed method is able to approximate experimentally de-
rived permeability data even in smooth fractures (< 35 µm);
however, it merely indicates the stress dependency of fracture
permeability.

Qualitative results reveal satisfactory accordance with the
well-established flow channeling approach, indicating that
major flow is governed by several preferential flow paths
along the fracture with less pronounced tortuosity. The sim-
ulations reproduce temporal and permanent closing of some
flow channels due to increasing effective stress, causing sig-
nificant changes in connectivity and associated permeability.

Despite the quantitative deviations, the simulated perme-
abilities indicate stress dependency of the sample represented
by a slight decrease in permeability with increasing effective
stress and even imply hysteretic behavior. Besides minor cal-
ibration errors, the deviations are mainly caused by composi-
tional heterogeneities of the matrix material and resolution-
caused limitations. The former facilitates underestimation of
local hydraulic properties, while the latter prevents an accu-
rate capturing of sub-grid-scale features. Both error sources
affect the reproduction of actual connectivity playing an im-
portant role in smooth fractures. Furthermore, the simula-
tion is very sensitive to the choice of an adequate threshold
value CTmat (1862.6 HU in this study). Small deviations from
the ideal CTmat (±17.7 HU in this study) can cause enor-
mous changes in simulated permeability by up to a factor
of 2.6± 0.1. Thus, CTmat has to be defined with caution and
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can cause additional problems for rocks with significant min-
eralogical heterogeneities.

Nevertheless, the comparison with an analogous CT-based
CFD study by Watanabe et al. (2011) reveals that the intro-
duced MSMA approach can be a valuable method to ana-
lyze quantitative and qualitative fracture flow. Considering
the aforementioned comparative study a list of recommenda-
tions for future research is compiled, including a systematic
investigation concerning different experimental and model
setups, rock types, fracture modes as well as validation tech-
niques.

5 Data availability

Since the size of the underlying data is too large for an up-
load, the authors encourage interested readers to contact the
co-authors. Raw CT data can be obtained from Da Huo (dhu-
osu@gmail.com). Processed CT data and simulation results
(e.g., flow and pressure patterns) are stored on a server at the
University of Mainz (Contact: enzmann@uni-mainz.de)

Acknowledgements. This study was mainly carried out within the
framework of the Helmholtz Association of German Research
Centres (HGF) portfolio project “Geoenergy” and is part of the
comprised reservoir engineering cluster. In addition, we acknowl-
edge the postdoctoral grant to Jens-Oliver Schwarz, which was
funded within the framework of DGMK (German Society for
Petroleum and Coal Science and Technology) research project
718 “Mineral Vein Dynamics Modelling”. The latter is funded
by the companies ExxonMobil Production Deutschland GmbH,
ENGIE E&P Deutschland GmbH, DEA Deutsche Erdoel AG and
Wintershall Holding GmbH, within the basic research program of
the WEG Wirtschaftsverband Erdöl- und Erdgasgewinnung e.V.
The authors also want to thank Rani Calvo from the Geological
Survey of Israel for providing the Zenifim sandstone sample used
in this study. In particular, we thank Math2Market for providing
the GeoDict software package for fluid flow simulations. We
acknowledge support by Deutsche Forschungsgemeinschaft and
Open Access Publishing Fund of Karlsruhe Institute of Technology.
Last, but not least, we thank the anonymous referees for their
constructive comments and valuable hints.

The article processing charges for this open-access
publication were covered by a Research
Centre of the Helmholtz Association.

Edited by: M. Halisch
Reviewed by: two anonymous referees

References

Akin, S. and Kovscek, A. R.: Computed tomography in petroleum
engineering research, Geological Society, London, Special Pub-
lications, 215, 23–38, doi:10.1144/gsl.sp.2003.215.01.03, 2003.

Al-Yaarubi, A. H., Pain, C. C., Grattoni, C. A., and Zimmerman,
R. W.: Navier-Stokes simulations of fluid flow through a rock
fracture, in: Proceedings of the 2nd International Symposium on
Dynamics of Fluids and Transport in Fractured Rock, edited by:
Faybishenko, B. and Witherspoon, P. A., American Geophysical
Union, 201–205, 2005.

Bernabe, Y.: The effective pressure law for permeability in Chelms-
ford granite and Barre granite, Int. J. Rock Mech. Min., 23, 267–
275, doi:10.1016/0148-9062(86)90972-1, 1986.

Bertels, S. P., DiCarlo, D. A., and Blunt, M. J.: Measurement
of aperture distribution, capillary pressure, relative permeabil-
ity, and in situ saturation in a rock fracture using com-
puted tomography scanning, Water Resour. Res., 37, 649–662,
doi:10.1029/2000wr900316, 2001.

Boussinesq, J.: Mémoire sur l’influence des Frottements dans les
Mouvements Réguliers des Fluids, Journal de Mathématiques
Pures et Appliquées, 2, 377–424, 1868.

Brush, D. J. and Thomson, N. R.: Fluid flow in syn-
thetic rough-walled fractures: Navier-Stokes, Stokes, and lo-
cal cubic law simulations, Water Resour. Res., 39, 1085,
doi:10.1029/2002wr001346, 2003.

Clavaud, J.-B., Maineult, A., Zamora, M., Rasolofosaon, P., and
Schlitter, C.: Permeability anisotropy and its relations with
porous medium structure, J. Geophys. Res.-Sol. Ea., 113,
B01202, doi:10.1029/2007jb005004, 2008.

Crandall, D., Bromhal, G., and Karpyn, Z. T.: Numerical simu-
lations examining the relationship between wall-roughness and
fluid flow in rock fractures, Int. J. Rock Mech. Min., 47, 784–
796, doi:10.1016/j.ijrmms.2010.03.015, 2010.

Debbas, S. and Rumpf, H.: On the randomness of beds packed with
spheres or irregular shaped particles, Chem. Eng. Sci., 21, 583–
608, doi:10.1016/0009-2509(66)85072-8, 1966.

Dicman, A., Putra, E., and Schechter, D. S.: Modeling fluid flow
through single fractures using experimental, stochastic and sim-
ulation approaches, SPE/DOE Symposium on Improved Oil Re-
covery, Tulsa, Oklahoma, 17–21 April, 2004.

Feng, X.-T., Chen, S., and Zhou, H.: Real-time computerized to-
mography (CT) experiments on sandstone damage evolution dur-
ing triaxial compression with chemical corrosion, Int. J. Rock
Mech. Min., 41, 181–192, doi:10.1016/S1365-1609(03)00059-5,
2004.

Fernø, M. A., Gauteplass, J., Hauge, L. P., Abell, G. E., Adamsen,
T. C. H., and Graue, A.: Combined positron emission tomogra-
phy and computed tomography to visualize and quantify fluid
flow in sedimentary rocks, Water Resour. Res., 51, 7811–7819,
doi:10.1002/2015wr017130, 2015.

Gale, J.: Assessing the permeability characteristics of fractured
rock, Geological Society of America Special Papers, 189, 163–
182, doi:10.1130/SPE189-p163, 1982.

Gangi, A. F.: Variation of whole and fractured porous rock perme-
ability with confining pressure, Int. J. Rock Mech. Min., 15, 249–
257, doi:10.1016/0148-9062(78)90957-9, 1978.

Ge, X., Ren, J., Pu, Y., Ma, W., and Zhu, Y.: Real-in time CT test
of the rock meso-damage propagation law, Sci. China Ser. E-
Technol. Sci., 44, 328–336, doi:10.1007/bf02916710, 2001.

Grader, A. S., Balzarini, M., Radaelli, F., Capasso, G., and Pelle-
grino, A.: Fracture-matrix flow: Quantification and visualization
using X-Ray computerized tomography, in: Dynamics of Fluids
in Fractured Rock (Geophysical Monograph Series 162), edited

www.solid-earth.net/7/1109/2016/ Solid Earth, 7, 1109–1124, 2016

http://dx.doi.org/10.1144/gsl.sp.2003.215.01.03
http://dx.doi.org/10.1016/0148-9062(86)90972-1
http://dx.doi.org/10.1029/2000wr900316
http://dx.doi.org/10.1029/2002wr001346
http://dx.doi.org/10.1029/2007jb005004
http://dx.doi.org/10.1016/j.ijrmms.2010.03.015
http://dx.doi.org/10.1016/0009-2509(66)85072-8
http://dx.doi.org/10.1016/S1365-1609(03)00059-5
http://dx.doi.org/10.1002/2015wr017130
http://dx.doi.org/10.1130/SPE189-p163
http://dx.doi.org/10.1016/0148-9062(78)90957-9
http://dx.doi.org/10.1007/bf02916710


1122 T. Kling et al.: Simulating stress-dependent fluid flow

by: Faybishenko, B., Witherspoon, P. A., and Gale, J. E., Ameri-
can Geophysical Union, Washington, D.C., 157–168, 2013.

Heriawan, M. N. and Koike, K.: Coal quality related to microfrac-
tures identified by CT image analysis, Int. J. Coal Geol., 140,
97–110, doi:10.1016/j.coal.2015.02.001, 2015.

Huber, F., Enzmann, F., Wenka, A., Bouby, M., Dentz, M., and
Schäfer, T.: Natural micro-scale heterogeneity induced solute
and nanoparticle retardation in fractured crystalline rock, J. Con-
tamin. Hydrol., 133, 40–52, doi:10.1016/j.jconhyd.2012.03.004,
2012.

Huo, D. and Benson, S. M.: An experimental investigation of stress-
dependent permeability and permeability hysteresis behavior in
rock fractures, in: Dynamics of Fluids and Transport in Complex
Fractured-Porous Systems (Geophysical Monograph Series 210),
edited by: Faybishenko, B., Benson, S. M., and Gale, J. E., John
Wiley & Sons, Inc, Hoboken, NJ, 99–114, 2015.

Huo, D., Pini, R., and Benson, S.: A calibration-free ap-
proach for measuring fracture aperture distributions us-
ing X-ray computed tomography, Geosphere, 12, 558–571,
doi:10.1130/GES01175.1, 2016.

Ikeda, S., Nakano, T., and Nakashima, Y.: Three-dimensional study
on the interconnection and shape of crystals in a graphic granite
by X-ray CT and image analysis, Mineralogical Magazine, 64,
945–959, doi:10.1180/002646100549760, 2000.

Iliev, O. and Laptev, V.: On numerical simulation of flow through
oil filters, Comput. Visual Sci., 6, 139–146, doi:10.1007/s00791-
003-0118-8, 2004.

Indraratna, B., Kumara, C., Zhu, S.-P., and Sloan, S.: Mathemati-
cal modeling and experimental verification of fluid flow through
deformable rough rock joints, Int. J. Geomech., 15, 04014065,
doi:10.1061/(ASCE)GM.1943-5622.0000413, 2015.

Ito, H., Kato, K., Ochi, Y., Hosokawa, N., Watanabe, N., Mino, Y.,
and Tsuchiya, Y.: Fracture flow models of core samples by X-ray
CT under pressure and numerical simulation, Proceedings of the
11th SEGJ International Symposium, Yokohama, Japan, 18–21
November 2013, 2013.

Janna, W. S.: Introduction to fluid mechanics, Boca Raton [etc.]:
CRC Press, Taylor & Francis Group, 2010.

Johns, R. A., Steude, J. S., Castanier, L. M., and Roberts, P. V.:
Nondestructive measurements of fracture aperture in crystalline
rock cores using X ray computed tomography, J. Geophys. Res.-
Sol. Ea., 98, 1889–1900, doi:10.1029/92jb02298, 1993.

Karpyn, Z. T., Alajmi, A., Radaelli, F., Halleck, P. M., and Grader,
A. S.: X-ray CT and hydraulic evidence for a relationship be-
tween fracture conductivity and adjacent matrix porosity, Eng.
Geol., 103, 139–145, doi:10.1016/j.enggeo.2008.06.017, 2009.

Keller, A. A.: High resolution cat imaging of fractures in con-
solidated materials, Int. J. Rock Mech. Min., 34, 155.e151–
155.e116, doi:10.1016/S1365-1609(97)00181-0, 1997.

Keller, A. A., Roberts, P. V., and Blunt, M. J.: Effect of fracture
aperture variations on the dispersion of contaminants, Water Re-
sour. Res., 35, 55–63, doi:10.1029/1998wr900041, 1999.

Ketcham, R. A.: Three-dimensional grain fabric measurements us-
ing high-resolution X-ray computed tomography, J. Struct. Geol.,
27, 1217–1228, doi:10.1016/j.jsg.2005.02.006, 2005.

Ketcham, R. A.: Accurate three-dimensional measurements of fea-
tures in geological materials from X-ray computed tomogra-
phy data, in: Advances in X-ray Tomography for Geomaterials,

edited by: Desrues, J., Viggiani, G., and Besuelle, P., ISTE Ltd.,
London, UK, 143–148, 2010.

Ketcham, R. A. and Carlson, W. D.: Acquisition, optimization
and interpretation of X-ray computed tomographic imagery: ap-
plications to the geosciences, Comput. Geosci., 27, 381–400,
doi:10.1016/S0098-3004(00)00116-3, 2001.

Ketcham, R. A., Slottke, D. T., and Sharp Jr, J. M.: Three-
dimensional measurement of fractures in heterogeneous mate-
rials using high-resolution X-ray computed tomography, Geo-
sphere, 6, 498–514, doi:10.1130/ges00552.1, 2010.

Khan, F., Enzmann, F., Kersten, M., Wiegmann, A., and Steiner,
K.: 3-D simulation of the permeability tensor in a soil aggregate
on basis of nanotomographic imaging and LBE solver, J. Soils
Sediments, 12, 86–96, doi:10.1007/s11368-011-0435-3, 2012.

Kim, I., Lindquist, W., and Durham, W.: Fracture flow simulation
using a finite-difference lattice Boltzmann method, Phys. Rev. E,
67, 046708, doi:10.1103/PhysRevE.67.046708, 2003.

Konzuk, J. and Kueper, B. H.: A study on the use of cubic-law based
models for simulating flow through discrete rough-walled frac-
tures, Proceedings of Fractured Rock Aquifers Conference, Den-
ver, CO, March 13–15 2002, 2002.

Konzuk, J. S. and Kueper, B. H.: Evaluation of cubic
law based models describing single-phase flow through a
rough-walled fracture, Water Resour. Res., 40, W02402,
doi:10.1029/2003wr002356, 2004.

Koyama, T., Neretnieks, I., and Jing, L.: A numerical study on
differences in using Navier–Stokes and Reynolds equations for
modeling the fluid flow and particle transport in single rock
fractures with shear, Int. J. Rock Mech. Min., 45, 1082–1101,
doi:10.1016/j.ijrmms.2007.11.006, 2008.

Kranz, R. L., Frankel, A. D., Engelder, T., and Scholz, C. H.: The
permeability of whole and jointed Barre Granite, Int. J. Rock
Mech. Min., 16, 225–234, doi:10.1016/0148-9062(79)91197-5,
1979.

Krevor, S. C. M., Pini, R., Zuo, L., and Benson, S. M.: Rela-
tive permeability and trapping of CO2 and water in sandstone
rocks at reservoir conditions, Water Resour. Res., 48, W02532,
doi:10.1029/2011wr010859, 2012.

Kulenkampff, J., Gründig, M., Richter, M., and Enzmann, F.: Eval-
uation of positron-emission-tomography for visualisation of mi-
gration processes in geomaterials, Physics and Chemistry of the
Earth, Parts A/B/C, 33, 937–942, doi:10.1016/j.pce.2008.05.005,
2008.

Landry, C. J. and Karpyn, Z. T.: Single-phase lattice Boltz-
mann simulations of pore-scale flow in fractured perme-
able media, Int. J. Oil Gas Coal Technol., 5, 182–206,
doi:10.1504/IJOGCT.2012.046320, 2012.

Lenoir, N., Bornert, M., Desrues, J., Bésuelle, P., and Vig-
giani, G.: Volumetric digital image correlation applied to X-
ray microtomography images from triaxial compression tests
on argillaceous rock, Strain, 43, 193–205, doi:10.1111/j.1475-
1305.2007.00348.x, 2007.

Leu, L., Berg, S., Enzmann, F., Armstrong, R. T., and Kersten, M.:
Fast X-ray micro-tomography of multiphase flow in Berea Sand-
stone: A sensitivity study on image processing, Transp. Porous.
Med., 105, 451–469, doi:10.1007/s11242-014-0378-4, 2014.

Liu, W., Li, Y., and Wang, B.: Gas permeability of fractured sand-
stone/coal samples under variable confining pressure, Transp.

Solid Earth, 7, 1109–1124, 2016 www.solid-earth.net/7/1109/2016/

http://dx.doi.org/10.1016/j.coal.2015.02.001
http://dx.doi.org/10.1016/j.jconhyd.2012.03.004
http://dx.doi.org/10.1130/GES01175.1
http://dx.doi.org/10.1180/002646100549760
http://dx.doi.org/10.1007/s00791-003-0118-8
http://dx.doi.org/10.1007/s00791-003-0118-8
http://dx.doi.org/10.1061/(ASCE)GM.1943-5622.0000413
http://dx.doi.org/10.1029/92jb02298
http://dx.doi.org/10.1016/j.enggeo.2008.06.017
http://dx.doi.org/10.1016/S1365-1609(97)00181-0
http://dx.doi.org/10.1029/1998wr900041
http://dx.doi.org/10.1016/j.jsg.2005.02.006
http://dx.doi.org/10.1016/S0098-3004(00)00116-3
http://dx.doi.org/10.1130/ges00552.1
http://dx.doi.org/10.1007/s11368-011-0435-3
http://dx.doi.org/10.1103/PhysRevE.67.046708
http://dx.doi.org/10.1029/2003wr002356
http://dx.doi.org/10.1016/j.ijrmms.2007.11.006
http://dx.doi.org/10.1016/0148-9062(79)91197-5
http://dx.doi.org/10.1029/2011wr010859
http://dx.doi.org/10.1016/j.pce.2008.05.005
http://dx.doi.org/10.1504/IJOGCT.2012.046320
http://dx.doi.org/10.1111/j.1475-1305.2007.00348.x
http://dx.doi.org/10.1111/j.1475-1305.2007.00348.x
http://dx.doi.org/10.1007/s11242-014-0378-4


T. Kling et al.: Simulating stress-dependent fluid flow 1123

Porous. Med., 83, 333–347, doi:10.1007/s11242-009-9444-8,
2010.

Madadi, M. and Sahimi, M.: Lattice Boltzmann simulation of fluid
flow in fracture networks with rough, self-affine surfaces, Phys.
Rev. E., 67, 026309, doi:10.1103/PhysRevE.67.026309, 2003.

Mazumder, S., Wolf, K. H. A. A., Elewaut, K., and Ephraim, R.:
Application of X-ray computed tomography for analyzing cleat
spacing and cleat aperture in coal samples, Int. J. Coal Geol., 68,
205–222, doi:10.1016/j.coal.2006.02.005, 2006.

Nakashima, Y. and Nakano, T.: Optimizing contrast agents with
respect to reducing beam hardening in nonmedical X-ray com-
puted tomography experiments, J. Xray Sci. Technol., 22, 91–
103, doi:10.3233/xst-130411, 2014.

Nemoto, K., Watanabe, N., Hirano, N., and Tsuchiya, N.: Di-
rect measurement of contact area and stress dependence of
anisotropic flow through rock fracture with heterogeneous
aperture distribution, Earth Planet. Sci. Lett., 281, 81–87,
doi:10.1016/j.epsl.2009.02.005, 2009.

Oh, J., Kim, K.-Y., Han, W. S., Kim, T., Kim, J.-C., and Park, E.: Ex-
perimental and numerical study on supercritical CO2/brine trans-
port in a fractured rock: Implications of mass transfer, capillary
pressure and storage capacity, Adv. Water Resour., 62, Part C,
442–453, doi:10.1016/j.advwatres.2013.03.007, 2013.

Oron, A. P. and Berkowitz, B.: Flow in rock fractures – The local
cubic law assumption reexamined, Water Resour. Res., 34, 2811–
2825, doi:10.1029/98wr02285, 1998.

Patankar, S. V. and Spalding, D. B.: A calculation procedure
for heat, mass and momentum transfer in three-dimensional
parabolic flows, Int. J. Heat Mass Transfer, 15, 1787–1806,
doi:10.1016/0017-9310(72)90054-3, 1972.

Perrin, J.-C. and Benson, S.: An experimental study on the influence
of sub-core scale heterogeneities on CO2 distribution in reservoir
rocks, Transp. Porous. Med., 82, 93–109, doi:10.1007/s11242-
009-9426-x, 2010.

Pfrang, A., Schladitz, K., Wiegmann, A., and Schimmel, T.: Calcu-
lation of the evolution of surface area and free volume during the
infiltration of fiber felts, Chemical Vapor Deposition, 13, 705–
715, doi:10.1002/cvde.200706590, 2007.

Pini, R. and Benson, S. M.: Simultaneous determination of capillary
pressure and relative permeability curves from core-flooding ex-
periments with various fluid pairs, Water Resour. Res., 49, 3516–
3530, doi:10.1002/wrcr.20274, 2013.

Pini, R., Krevor, S. C. M., and Benson, S. M.: Capillary pres-
sure and heterogeneity for the CO2/water system in sandstone
rocks at reservoir conditions, Adv. Water Resour., 38, 48–59,
doi:10.1016/j.advwatres.2011.12.007, 2012.

Pippan, R. and Gumbsch, P.: Multiscale modelling of plasticity and
fracture by means of dislocation mechanics, Springer Science &
Business Media, New York, 2010.

Pritchard, G.: Anti-corrosion polymers: PEEK, PEKK
and other polyaryls, 8, Rapra Technology Ltd., Shaw-
bury/Shrewsbury/Shropshire, UK, 1994.

Pudlo, D., Henkel, S., Enzmann, F., Heister, K., Werner, L., Ganzer,
L., Reitenbach, V., Albrecht, D., and Gaupp, R.: The relevance of
mineral mobilization and dissolution on the reservoir quality of
sandstones in CO2 storage sites, Energy Procedia, 59, 390–396,
doi:10.1016/j.egypro.2014.10.393, 2014.

Pyrak-Nolte, L. J. and Morris, J. P.: Single fractures under normal
stress: The relation between fracture specific stiffness and fluid

flow, Int. J. Rock Mech. Min., 37, 245–262, doi:10.1016/S1365-
1609(99)00104-5, 2000.

Rangel-German, E., Akin, S., and Castanier, L.: Multiphase-flow
properties of fractured porous media, J. Petroleum Sci. Eng., 51,
197–213, doi:10.1016/j.petrol.2005.12.010, 2006.

Re, F. and Scavia, C.: Determination of contact areas in rock joints
by X-ray computer tomography, Int. J. Rock Mech. Min., 36,
883–890, doi:10.1016/S0148-9062(99)00056-X, 1999.

Ren, J. and Ge, X.: Computerized tomography examination of dam-
age tests on rocks under triaxial compression, Rock Mech. Rock
Eng., 37, 83–93, doi:10.1007/s00603-003-0007-y, 2004.

Rücker, M., Berg, S., Armstrong, R. T., Georgiadis, A., Ott, H.,
Schwing, A., Neiteler, R., Brussee, N., Makurat, A., Leu, L.,
Wolf, M., Khan, F., Enzmann, F., and Kersten, M.: From con-
nected pathway flow to ganglion dynamics, Geophys. Res. Lett.,
42, 3888–3894, doi:10.1002/2015gl064007, 2015.

Rutqvist, J. and Stephansson, O.: The role of hydromechanical cou-
pling in fractured rock engineering, Hydrogeol. J., 11, 7–40,
doi:10.1007/s10040-002-0241-5, 2003.

Sahimi, M.: Flow and transport in porous media and fractured rock:
from classical methods to modern approaches, John Wiley &
Sons, Weinheim, Germany, 2011.

Santos, J., Vargas, E., Barroso, E., Castro, J., Gonçalves, C., and
Campos, E.: Studies of mechanisms associated with sand pro-
duction using X-ray CT scan, in: Advances in X-ray Tomogra-
phy for Geomaterials, edited by: Desrues, J., Viggiani, G., and
Besuelle, P., ISTE Ltd., London, UK, 199–205, 2010.

Schembre, J. M. and Kovscek, A. R.: A technique for mea-
suring two-phase relative permeability in porous media via
X-ray CT measurements, J. Petrol. Sci. Eng., 39, 159–174,
doi:10.1016/S0920-4105(03)00046-9, 2003.

Schwarz, J.-O. and Enzmann, F.: Simulation of Fluid Flow on
Fractures and Implications for Reactive Transport Simulations,
Transp. Porous. Med., 96, 501–525, doi:10.1007/s11242-012-
0103-0, 2013.

Searle, O. B. and Pfeiffer, R. H.: Victrex poly(ethersulfone) (PES)
and Victrex poly(etheretherketone) (PEEK), Polymer Eng. Sci.,
25, 474–476, doi:10.1002/pen.760250808, 1985.

Shi, J.-Q., Xue, Z., and Durucan, S.: History matching of CO2
core flooding CT scan saturation profiles with porosity de-
pendent capillary pressure, Energy Procedia, 1, 3205–3211,
doi:10.1016/j.egypro.2009.02.104, 2009.

Snow, D. T.: A parallel plate model of fractured permeable media,
Thesis (PhD), University of California, Berkeley, 359 pp., 1965.

Swan, G.: Determination of stiffness and other joint properties from
roughness measurements, Rock Mech. Rock Eng., 16, 19–38,
doi:10.1007/bf01030216, 1983.

Tatone, B. A. and Grasselli, G.: Characterization of the effect of
normal load on the discontinuity morphology in direct shear
specimens using X-ray micro-CT, Acta Geotech., 10, 31–54,
doi:10.1007/s11440-014-0320-5, 2015.

Tsang, Y. W.: The effect of tortuosity on fluid flow through
a single fracture, Water Resour. Res., 20, 1209–1215,
doi:10.1029/WR020i009p01209, 1984.

Tsuchiyama, A., Uesugi, K., Nakano, T., and Ikeda, S.: Quantitative
evaluation of attenuation contrast of X-ray computed tomogra-
phy images using monochromatized beams, Am. Mineral., 90,
132–142, doi:10.2138/am.2005.1552, 2005.

www.solid-earth.net/7/1109/2016/ Solid Earth, 7, 1109–1124, 2016

http://dx.doi.org/10.1007/s11242-009-9444-8
http://dx.doi.org/10.1103/PhysRevE.67.026309
http://dx.doi.org/10.1016/j.coal.2006.02.005
http://dx.doi.org/10.3233/xst-130411
http://dx.doi.org/10.1016/j.epsl.2009.02.005
http://dx.doi.org/10.1016/j.advwatres.2013.03.007
http://dx.doi.org/10.1029/98wr02285
http://dx.doi.org/10.1016/0017-9310(72)90054-3
http://dx.doi.org/10.1007/s11242-009-9426-x
http://dx.doi.org/10.1007/s11242-009-9426-x
http://dx.doi.org/10.1002/cvde.200706590
http://dx.doi.org/10.1002/wrcr.20274
http://dx.doi.org/10.1016/j.advwatres.2011.12.007
http://dx.doi.org/10.1016/j.egypro.2014.10.393
http://dx.doi.org/10.1016/S1365-1609(99)00104-5
http://dx.doi.org/10.1016/S1365-1609(99)00104-5
http://dx.doi.org/10.1016/j.petrol.2005.12.010
http://dx.doi.org/10.1016/S0148-9062(99)00056-X
http://dx.doi.org/10.1007/s00603-003-0007-y
http://dx.doi.org/10.1002/2015gl064007
http://dx.doi.org/10.1007/s10040-002-0241-5
http://dx.doi.org/10.1016/S0920-4105(03)00046-9
http://dx.doi.org/10.1007/s11242-012-0103-0
http://dx.doi.org/10.1007/s11242-012-0103-0
http://dx.doi.org/10.1002/pen.760250808
http://dx.doi.org/10.1016/j.egypro.2009.02.104
http://dx.doi.org/10.1007/bf01030216
http://dx.doi.org/10.1007/s11440-014-0320-5
http://dx.doi.org/10.1029/WR020i009p01209
http://dx.doi.org/10.2138/am.2005.1552


1124 T. Kling et al.: Simulating stress-dependent fluid flow

Van Geet, M. and Swennen, R.: Quantitative 3-D-fracture analy-
sis by means of microfocus X-ray computer tomography (µCT)
- An example from coal, Geophys. Res. Lett., 28, 3333–3336,
doi:10.1029/2001gl013247, 2001.

Vandersteen, K., Busselen, B., Van Den Abeele, K., and
Carmeliet, J.: Quantitative characterization of fracture
apertures using microfocus computed tomography, Geo-
logical Society, London, Special Publications, 215, 61–68,
doi:10.1144/gsl.sp.2003.215.01.06, 2003.

Vinegar, H. J., De Waal, J. A., and Wellington, S. L.: CT studies of
brittle failure in castlegate sandstone, Int. J. Rock Mech. Min.,
28, 441–450, doi:10.1016/0148-9062(91)90082-W, 1991.

Walsh, J. B.: Effect of pore pressure and confining pressure on
fracture permeability, Int. J. Rock Mech. Min., 18, 429–435,
doi:10.1016/0148-9062(81)90006-1, 1981.

Wang, H. F.: Theory of linear poroelasticity with applications to
geomechanics and hydrogeology, Princeton University Press,
Princeton, NJ, 2000.

Watanabe, N., Hirano, N., and Tsuchiya, N.: Determination of
aperture structure and fluid flow in a rock fracture by high-
resolution numerical modeling on the basis of a flow-through
experiment under confining pressure, Water Resour. Res., 44,
W06412, doi:10.1029/2006wr005411, 2008.

Watanabe, N., Hirano, N., and Tsuchiya, N.: Diversity of channel-
ing flow in heterogeneous aperture distribution inferred from in-
tegrated experimental-numerical analysis on flow through shear
fracture in granite, J. Geophys. Res.-Sol. Ea., 114, B04208,
doi:10.1029/2008jb005959, 2009.

Watanabe, N., Ishibashi, T., Ohsaki, Y., Tsuchiya, Y., Tama-
gawa, T., Hirano, N., Okabe, H., and Tsuchiya, N.: X-ray CT
based numerical analysis of fracture flow for core samples
under various confining pressures, Eng. Geol., 123, 338–346,
doi:10.1016/j.enggeo.2011.09.010, 2011.

Watanabe, N., Ishibashi, T., Tsuchiya, N., Ohsaki, Y., Tamagawa,
T., Tsuchiya, Y., Okabe, H., and Ito, H.: Geologic core holder
with a CFR PEEK body for the X-ray CT-based numerical anal-
ysis of fracture flow under confining pressure, Rock Mech. Rock
Eng., 46, 413–418, doi:10.1007/s00603-012-0311-5, 2013.

Weerakone, W. M. S. B. and Wong, R. C. K.: Characterization of
Variable Aperture Rock Fractures Using X-ray Computer To-
mography, in: Advances in X-ray Tomography for Geomaterials,
edited by: Desrues, J., Viggiani, G., and Besuelle, P., ISTE LTd.,
London, UK, 229–235, 2010.

Weissbrod, T. and Sneh, A.: Sedimentology and paleogeography of
the Late Precambrian-Early Cambrian arkosic and conglomeratic
facies in the northern margins of the Arabo-Nubian Shield, Bul-
letin (Makhon ha-ge’ologi (Israel)), no. 87., Geological Survey
of Israel, Jerusalem, 2002.

Witherspoon, P. A., Wang, J. S. Y., Iwai, K., and Gale, J. E.: Validity
of cubic law for fluid flow in a deformable rock fracture, Water
Resour. Res., 16, 1016–1024, doi:10.1029/WR016i006p01016,
1980.

Zhou, X. P., Zhang, Y. X., and Ha, Q. L.: Real-time computer-
ized tomography (CT) experiments on limestone damage evolu-
tion during unloading, Theor. Appl. Fracture Mech., 50, 49–56,
doi:10.1016/j.tafmec.2008.04.005, 2008.

Zimmerman, R. W. and Yeo, I.-W.: Fluid flow in rock fractures:
From the Navier-Stokes equations to the cubic law, in: Dynam-
ics of Fluids in Fractured Rock (Geophysical Monograph Series
162), edited by: Faybishenko, B., Witherspoon, P. A., and Gale,
J. E., American Geophysical Union, Washington, D.C., 213–224,
2013.

Zimmerman, R. W., Chen, D.-W., and Cook, N. G. W.: The effect
of contact area on the permeability of fractures, J. Hydrol., 139,
79–96, doi:10.1016/0022-1694(92)90196-3, 1992.

Solid Earth, 7, 1109–1124, 2016 www.solid-earth.net/7/1109/2016/

http://dx.doi.org/10.1029/2001gl013247
http://dx.doi.org/10.1144/gsl.sp.2003.215.01.06
http://dx.doi.org/10.1016/0148-9062(91)90082-W
http://dx.doi.org/10.1016/0148-9062(81)90006-1
http://dx.doi.org/10.1029/2006wr005411
http://dx.doi.org/10.1029/2008jb005959
http://dx.doi.org/10.1016/j.enggeo.2011.09.010
http://dx.doi.org/10.1007/s00603-012-0311-5
http://dx.doi.org/10.1029/WR016i006p01016
http://dx.doi.org/10.1016/j.tafmec.2008.04.005
http://dx.doi.org/10.1016/0022-1694(92)90196-3

	Abstract
	Introduction
	Material and methods
	Sample
	Experiment
	Image processing
	Simulation

	Results and discussion
	Simulation
	Comparison

	Conclusions
	Data availability
	Acknowledgements
	References

