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Most of deep geological engineered structures, such as rock caverns, nuclear waste disposal repositories,
metro rail tunnels, multi-layer underground parking, are constructed within hard crystalline rocks
because of their high quality and low matrix permeability. In such rocks, fluid flows mainly through
fractures. Quantification of fractures along with the behavior of the fluid flow through them, at different
scales, becomes quite important. Earlier studies have revealed the influence of sample size on the
confining stressepermeability relationship and it has been demonstrated that permeability of the
fractured rock mass decreases with an increase in sample size. However, most of the researchers have
employed numerical simulations to model fluid flow through the fracture/fracture network, or laboratory
investigations on intact rock samples with diameter ranging between 38 mm and 45 cm and the
diameter-to-length ratio of 1:2 using different experimental methods. Also, the confining stress, s3, has
been considered to be less than 30 MPa and the effect of fracture roughness has been ignored. In the
present study, an extension of the previous studies on “laboratory simulation of flow through single
fractured granite” was conducted, in which consistent fluid flow experiments were performed on cy-
lindrical samples of granitoids of two different sizes (38 mm and 54 mm in diameters), containing a
“rough walled single fracture”. These experiments were performed under varied confining pressure
(s3 ¼ 5e40 MPa), fluid pressure (fp � 25 MPa), and fracture roughness. The results indicate that a
nonlinear relationship exists between the discharge, Q, and the effective confining pressure, seff., and Q
decreases with an increase in seff.. Also, the effects of sample size and fracture roughness do not persist
when seff. � 20 MPa. It is expected that such a study will be quite useful in correlating and extrapolating
the laboratory scale investigations to in-situ scale and further improving theoretical/numerical models
associated with fluid flow through rock masses.
� 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Investigations on the movement of fluid through rock mass and
the factors that affect such movements are great concerns in geo-
engineering field. Constructions of deep geological engineered
structures, such as rock caverns, radioactive/nuclear waste disposal
repositories, metro rail tunnels,multi-layer underground parking, or
exploitation of oil, natural gas, geothermal energy,mineral resources
and CO2 sequestration, are few important areas where such studies
have significant roles. In general,most of these engineering activities
are associated with hard or crystalline rocks, or highly consolidated
gh).
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sedimentary rocks, where fluid flows mainly through fractures
(Walsh, 1965; Brace, 1980; Bandis et al., 1983; Zimmerman et al.,
1991; Cook, 1992; Bear et al., 1993; Zimmerman and Bodvarsson,
1996; Klimczak et al., 2010), and the discharge, Q, through such
fractures is much higher than that through the intact rock (Singh
et al., 2015). As such, the flow capacity of the fractures is mainly
governed by the flow properties of the “most prominent fracture” or
the “single fracture” (Hakami and Larsson, 1996; Brown et al., 1998;
Ranjith, 2010; Singh et al., 2014). In general, investigation on the
behavior of fluid flow through rock mass at regional scale, i.e. in the
field/in-situ condition, which consists of agglomeration of frac-
ture(s) of variable geometry (size, shape, aperture, orientation,
density and roughness), is difficult and requires in-depth knowledge
of fracture systems (Illman, 2006). Also, in the deep Earth’s crust,
quantification of the interconnected fractures and their in-filling
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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materials, boundary condition, along with their behaviors due to
change in surrounding stress conditions requires detailed geological,
geophysical and geotechnical inputs. This involves huge cost,
complicated instrumentations, and laborious and cumbersome test
procedures, along with technical and logistical difficulties.

Therefore, investigation on the fluid flow properties of “single
fracture” at different scales, under a controlled laboratory condi-
tion, becomes an excellent stepping-stone, which would assist
researcher to generalize the laboratory experiments to larger scale
in an enhanced approach. The scale effect on the permeability was
studied byWitherspoon et al. (1980), Brace (1980, 1984), Raven and
Gale (1985), Gueguen et al. (1996), Butler and Healey (1998a,
1998b), Hunt (2003), and Feng et al. (2009). Scale effects on hy-
draulic conductivity, K, under in-situ condition were studied at a
granitic site at Central Spain by Guimera et al. (1995) and values of
K were measured on the same fracture at different distances from
the pumping well. Several researchers have mentioned that the
scale effect on permeability is still under considerable debate,
which is mainly due to the present insufficient experimental
knowledge, lack of consistency in measurement and interpretation
of data (Clauser, 1992; Gueguen et al., 1996; Butler and Healey,
1998a, 1998b; Zlotnik et al., 2000; Hunt, 2003; Neuman and Di
Federico, 2003). Illman (2006) revealed a strong field evidence of
a directional permeability scale effect from multiple cross-hole
pneumatic injection tests conducted in a geologically distinct unit
of unsaturated fractured tuff. It was observed that the scale effect
on permeability is controlled by the connectivity of fluid-
conducting fractures, which increases with the scale. Illman
(2006) concluded that there is a difficulty in characterizing the
permeability at multiple scales with a single or consistent method.
Several researchers (Raven and Gale, 1985; Gueguen et al., 1996;
Wang et al., 2002) have concluded their work by mentioning that
“further work is required to investigate the behavior of fluid flow
through fracture(s) at different scales in combination with quan-
tification of fracture properties (i.e. connectivity, size, density and
roughness) to provide a solid basis for normal stress-fracture flow
theory”. Matsuki et al. (2006) studied the size effect on aperture
and permeability of synthetic fractal fractures (ranging from 0.2 m
to 12.8 m) generated by a new spectral method. They mentioned
that different granites are subjected to different flow and boundary
conditions, and hence it is very difficult to draw firm conclusions on
the relation between the size of the sample and the fracture
permeability.

Few researchers (e.g. Witherspoon et al., 1979; Raven and Gale,
1985) have investigated the influence of sample size on the
confining stressepermeability relationship. The effects of stress on
fluid flow through single fracture or fractured rock mass have been
studied mainly by numerical modeling (e.g. Tsang, 1984; Oda, 1986;
Bai and Elsworth, 1994; Zhang and Sanderson, 1996; Chen and Bai,
1998; Bai et al., 1999; Pyrak-Nolte and Morris, 2000; Koyama et al.,
2006; Nazridoust et al., 2006; Zhao et al., 2013; Briggs et al., 2014;
Hao et al., 2015; Zou et al., 2015) or in-situ scale pumping tests (e.g.
Theis, 1935; Stober, 1986; Boonstra, 1989; Krusemann and de
Ridder, 1990; Genter et al., 2010; Stober and Bucher, 2015). Labo-
ratory scale investigations are very limited (Lomize, 1951; Louis,
1969; Gangi, 1978; Witherspoon et al., 1979, 1980; Brown, 1987;
Brown et al., 1998; Qian et al., 2005; Ranjith, 2010; Singh et al.,
2014, 2015), or mainly focus on intact rock samples with the
diameter of 38e450 mm and the diameter-to-length ratio of 1:2
(Raven and Gale, 1985; Tan et al., 2014; Selvadurai, 2015). Also, the
confining stress, s3, has been considered to be less than 30MPa and
the effect of fracture roughness has been ignored. It can be
observed from the above literature review that most of the re-
searchers have used numerical simulation/in-situ scale testing or
complicated test setups to study the behavior of fluid flow through
the fractured rock mass, and have not identified the influence of
fracture roughness in association with the effect of sample size on
the fluid flow. In addition, investigations on fluid flow in fractured
rock samples with different sizes, employing a consistent method
under controlled laboratory conditions, are lacking, which is quite
significant for understanding the effect of sample size on the
fractured rock permeability and would assist researchers to un-
derstand the basic mechanism of fluid flow.

In this paper, an extension of the previous studies on “laboratory
simulation of flow through single fractured granite” was per-
formed, in which consistent fluid flow experiments were con-
ducted on cylindrical granitoid sample of two different sizes
(38 mm and 54 mm in diameters, with a constant diameter-to-
length ratio of 1:2), containing a “rough walled single fracture”.
These experiments were performed under varied conditions of
confining pressure (s3 ¼ 5e40 MPa), fluid pressure (fp � 25 MPa),
and fracture roughness (by selecting 3 types of granitoid rocks
based on their grain size) to quantify the effect of sample size in
association with fracture roughness on the fluid flow through
fractured rock mass. Further, fracture roughness was characterized
by employing three-dimensional (3D) laser scanning technique
conducted on the fracture surfaces and an attempt was made to
examine the relationship between fracture aperture closure and
discharge quantitatively.

2. Methodology

The experimental procedures and methodologies employed in
this study to investigate the behavior of fluid flow through the
granitoid samples of different sizes, comprising a single fracture,
were introduced in detail in the following sections.

2.1. Sample selection and preparation

In the present study, three types of granitoid rocks were
collected under in-situ conditions from an open quarry in and
around Euroa-Strathbogie road, Victoria, Australia (Fig. 1). These
granitoid rocks were selected based on their grain size (coarse,
medium and fine grained), quality (strength and modulus) and low
matrix permeability. This was done mainly to create different
roughness and to ensure that the flow takes place only through the
fracture but not through the matrix. The granitoid blocks were
brought to the laboratory (Fig. 2) and then cylindrical rock core
samples of two different sizes (38 mm and 54 mm in diameter)
with the constant diameter-to-length ratio of about 1:2 were ob-
tained, according to the recommendation of Indian Society of Rock
Mechanics (ISRM). These core samples were designated as S1-CG-
38, S2-MG-38, S3-FG-38 and S1-CG-54, S2-MG-54, and S3-FG-54
representing sample number, grain size (coarse, medium, and fine
grained) and sample diameter, respectively. The samples’ number,
their geometrical details, and location coordinates in degree deci-
mal (DD) format along with their engineering properties are pre-
sented in Table 1.

Optical properties of these granitoid samples are studied under
transmitted light microscope and the photomicrographs of the
samples S1-CG-38, S2-MG-38 and S3-FG-38 are depicted in
Fig. 3aec, respectively. In addition, to characterize these granitoid
samples chemically, mineralogically as well as by modal count (in
hand specimen and under microscope), analysis was performed
based on the classification approach of the Sub-commission on the
International Union of Geological Sciences (IUGS) (Streckeisen,
1974). The results are plotted on quartz-alkali feldspar-plagioclase
(QAP) diagram as depicted in Fig. 4. Optical and mineralogical
properties of these granitoids rocks were investigated mainly to
characterize the granites, observe the variation in the grain sizes,



Fig. 1. Index map showing location of the granitoid rock sample collection site in Victoria, Australia.
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and identify the presence of hard (quartz and amphiboles) and soft
minerals (feldspars and biotite).

The core samples obtained were grinded and polished accu-
rately according to the American Society of Testing Manual (ASTM)
standards for rocks (ASTM D4543, 2008), and oven-dried for 24 h.
Then, a single vertical fracture of certain roughness was created by
employing a direct tensile-split test, conducted on the cylindrical
granitoid sample, running along the length of the sample (Fig. 5).
The detailed methodology can be referred to in Singh et al. (2015).
Three different types of fracture surfaces were created based on the
grain sizes (coarse, medium and fine) of the rock mass and the
variable rough surface was quantified employing laser scanning
technique as mentioned in the following section.

Roughness measurement was performed on both of the cylin-
drical halves/fracture surfaces (produced from direct tensile split
tests) of the sample at 0.04 mm point spacing, by employing 7-axis
30cm 

Fig. 2. The granitoid rock block placed in the rectangular boxes for coring.
ROMER 3D laser profile absolute arm scanner, certified to ASME
B89.4.22 (2004) specifications. The 3D laser profile scanner was
used to capture the texture of fracture surface profiles or the
topography of the surfaces using the laser beam. The path of the
scanned surface was performed manually by rotating the scanner
in different directions with respect to the vertical axis (Fig. 6a and
b). This wasmainly to avoid the problems of shadows and reflection
from the mineral grains (especially quartz and alkali feldspar) and
to measure the coordinates X, Y and Z, representing the point co-
ordinates along the width, length and asperity height of the frac-
ture surface, respectively. Further, the coordinates of the scanned
surface were brought into ASCII or binary files. Then, statistical
analysis was performed on these obtained data sets and the clas-
sical statistical parameters, e.g. mean, median, mode, skewness,
kurtosis, standard deviation, etc., were generated, as listed in
Table 2. Several researchers have used the root mean square (RMS)
(a) Coarse grained, (b) Medium grained, and (c) Fine grained samples.



Table 1
Engineering properties, locations and geometrical details of the samples.

Sample Rock
type

Location (X, Y in DD)
(m)

D
(mm)

L
(mm)

sc
(MPa)

E (GPa)

S1-CG-38 Coarse grained
granitoid
(monzogranite)

145.7088, 36.832 39.7 76.2 150 42
S1-CG-54 53.8 106.94 126 35

S2-MG-38 Medium grained
granitoid
(granodiorite)

145.746, 36.8347 39.5 73.3 172 24
S2-MG-54 53.94 96.08 127 21

S3-FG-38 Fine grained
granitoid
(monzogranite)

145.6452, 36.8102 39.6 74.6 249 77
S3-FG-54 53.83 99.92 181 62 a)

b) 

c) 
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of roughness, Rq, and the average roughness, Ra, to detect the
variation in the fracture surface of different topographies quanti-
tatively (Mellott et al., 2001; Guerrero et al., 2002; Vasconcelos
et al., 2008; Singh et al., 2015).

Rq is a mathematical representation of the asperities height and
depth of the fracture surface, and is defined as the average between
the asperity height deviations and the mean of the line/surface,
taken over the entire surface. Ra is the mean height over the entire
surface. Rq and Ra were computed by employing the following
equations, respectively (Mellott et al., 2001; Guerrero et al., 2002;
Vasconcelos et al., 2008; Singh et al., 2015):

Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1

�
Zi � Z

�2
vuut (1)

Ra ¼ 1
n

Xn

i¼1

��Zi � Z
�� (2)

where n is the number of data points, and Z is the asperity height.
Further, 3D surface roughness profiles of the cylindrical halves/

fracture surfaces corresponding to different grain sized samples, i.e.
coarse, medium and fine grained, were generated by employing
ArcGIS software v.10.2.2, as depicted in Figs. 7e9, respectively.

The obtained coordinates X, Y and Z were converted into a point
coverage shape file. Then using this shape file for all the samples, a
3D surface was generated in ArcGIS by employing the raster
interpolation technique (Kriging function) of the 3D-analyst tool. A
section AB was taken along the center of the generated 3D surface
roughness image, as represented by the dotted line in sample S1-
CG-38 in Fig. 7. Then, by using the 3D-profile graph tool of the
3D-analyst, the sample length, l1, and the length of flow path, l2
(defines tortuosity) were computed along the section AB (refer to
S1-CG-38 in Fig. 7). The results of all the samples are listed in
Table 3.

Subsequent to the roughness measurement, both of the cylin-
drical halves were joined together by means of a silicon adhesive,
applied on the side walls of the sample all along the length as
depicted in Fig. 10. In this manner, several cylindrical rock samples
of two different sizes, comprising a “single vertical fracture”, were
produced. The application of silicon adhesive ensures that side
walls of the sample were completely sealed and the water flows
through a fracture from the top to the bottom only or vice versa,
and no leakage was found to be out of the side walls.
Fig. 3. Photomicrographs of the granitoid samples: (a) S1-CG-38, (b) S2-MG-38, and
(c) S3-FG-38.
2.2. The fluid flow test setup and working principle

High pressure triaxial cell (HPTC), employed by Singh et al.
(2015), was modified as per the present objective and test re-
quirements. The photograph of the experimental setup is shown in
Fig. 11. The modified test setup consists of a loading system, a
loading frame, a triaxial cell, top and base pedestals of two sizes
(38 mm and 54 mm in diameter), a compressor unit, a hydraulic oil
reservoir, a high pressure hydraulic pump, and a water pressure
pump. For further details of the setup and the working principle,
one can refer to Singh et al. (2015).
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Fluid flow tests were performed on the fractured granitoid
specimen at different combinations of s3 (5 MPa, 10 MPa, 15 MPa,
20 MPa, 30 MPa and 40 MPa) and fp (1 MPa, 2 MPa, 3 MPa, 4 MPa,
6MPa, 8MPa,10MPa,14MPa,18MPa, and 25MPa). The required s3
was applied on the sample, and the fluid was injected to the bottom
of the sample. The discharge, Q, was collected from the top of the
sample in an airtight container kept on weighing balance, and it
was recorded at every 3e10 s. The test was continued until the flow
became stabilized. For each fp, the test lasted for approximately 30e
45 min. There were 33 experiments in total. For each sample, about
600e3000 test points were obtained, depending upon the stabili-
zation time of the discharge. After each experiment, the samplewas
again exposed to different target s3. To ensure side wall leakage and
stabilize the fluctuation in the target s3, the sample was exposed to
the required s3 for a period of 6e8 h. In the same manner, several
samples were tested and for the sake of brevity, a typical data sheet
used for recording experimental observations and calculated pa-
rameters for the sample S1-CG-38 (up to 105 s only) is listed in
Table 4. The obtained results are analyzed as follows.

3. Results and discussion

Microscopically, the sample S1-CG-38 can be characterized as a
coarse grained rock, showing inequigranular texture with
Fig. 5. Cylindrical rock cores split into two halves to create a vertical single fracture.
subhedral to anhedral grains of quartz (white to grey in color), K-
feldspar (grey color with cross-hatched twining), plagioclase (dark
grey, lamellar twining) and biotite (light to dark brown, Fig. 3a). The
sample S2-MG-38 is a medium grained rock, showing hypidio-
morphic texture with anhedral grains of quartz, plagioclase, and K-
feldspar with high mafic content, mainly amphiboles (greenish)
and biotite (Fig. 3b). The sample S3-FG-38 is a fine grained rock,
showing equigranular texture with anhedral grains of quartz (grey
to variegated cyan to purple color), subhedral grains of plagioclase,
and K-feldspar (microcline in black and white color with cross-
hatched twining; and orthoclase in grey with cloudy appearance)
with very less amount of mafics (Fig. 3c). The sample S2-MG-38
shows alteration of plagioclase into epidote and biotite into chlorite
high magnification.

Data obtained from modal count and mineralogical classifica-
tion are plotted as triangular plots, as depicted in Fig. 4. It can be
observed from the figure that the samples S1-CG-38 and S3-FG-38
fall in the field of monzogranite, whereas S2-MG-38 falls at the
boundary of granodiorite. The monzogranite is a typical granitoid
rock consisting of almost the same proportion of K-feldspar and
plagioclase with some quartz, whereas the granodiorite is rich in
plagioclase. The sample S2-MG-38 is rich in mafics as well (Fig. 3b).

Data obtained from the 3D laser scanning of the fracture surface
for the samples S1-CG-38, S2-MG-38, S3-FG-38 and S1-CG-54, S2-
MG-54, and S3-FG-54 were analyzed statistically, and the following
classical statistical parameters such as mean, median, standard
deviation, skewness, kurtosis along with RMS roughness, Rq and
roughness average, Ra, were computed and presented in Table 2. It
can be observed from Table 2 that the standard deviation and range
(Max.eMin.) values for small samples S1-CG-38, S2-MG-38, and
S3-FG-38 are 1.89, 2.23, 0.95 and 9.81, 10, 5.07, respectively, and are
1.4, 1.53, 0.86 and 7.96, 8.31, 5 for large samples S1-CG-54, S2-MG-
54, and S3-FG-54, respectively. In general, the higher values of
standard deviation and range indicate a rough surface, whereas
lower values indicate a smooth fracture surface. Further, it can be
observed from the 3D surface profile of samples S1-CG-38 and S1-
CG-54 (Fig. 7), that more asperities are visible in the sample S1-CG-
54 as compared to that in S1-CG-38, and the asperity height varies
from 0 to 7.96 mm and 0 to 9.81 mm, respectively. It can be
observed from Fig. 9 that more small asperities are present in the
sample S3-FG-38/54, and the asperity range varies from 0 to 5 mm.
It can be attributed to the fact that the samplewith coarse grain size
(Fig. 7) has few number of small asperities as compared to the fine
grained sample, where more small asperities are present (Fig. 9). It
can also be observed from Table 2 that Rq and Ra values of coarse
grained samples of both small and large sizes (1.89, 1.4 and 1.61,
1.16, respectively) are significantly higher than those of the fine
grained samples (0.95, 0.86 and 0.8, 0.65, respectively), which
further strengthens the fact that the fracture surface of the coarse
grained rocks developed after the split test was rougher as
compared to that of the fine grained samples. It is interesting to
note that the fracture surfaces of these samples can be systemati-
cally correlated with the grain size, that is, the finer the grain size,
the more smooth the developed fracture surface, and vice versa.
However, a slightly higher value of standard deviation (2.23 mm)
and range (10 mm) for the sample S2-MG-38 than those of the
sample S1-CG-38 (1.89 mm and 9.81 mm, respectively) can be
attributed to the development of irregular and inhomogeneous
fracture surface in the sample S2-MG-38, mainly due to the
mineralogical and structural flaws, such as presence of softer
mineral (plagioclase and biotite, Fig. 3b), and linear structural
fabric. Further, it can also be noted that the samples S2-MG-38 and
S2-MG-54 have low values of E (24 GPa and 21 GPa, respectively), as
depicted in Table 1. Such samples are more susceptible to defor-
mation and irregular breakage.
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Fig. 6. Laser scanning on the cylindrical halve of the granitoid sample in different directions: (a) parallel to the sample length; (b) at an angle with the sample length.

Table 2
Statistical parameters of the surfaces of the fracture/cylindrical halves for rock samples of both sizes (38 mm and 54 mm in diameter).

Sample Mean
(mm)

Median
(mm)

Standard
deviation (mm)

Sample
variance (mm2)

Kurtosis Skewness Standard
error (mm)

Range
(mm)

Minimum
(mm)

Maximum
(mm)

RMS of roughness,
Rq (mm)

Average
roughness,
Ra (mm)

Confidence
level (95%)

S1-CG-38 4.56 4.22 1.89 3.59 �0.79 0.36 0.003 9.81 0 9.81 1.89 1.61 0.007
S2-MG-38 5.57 5.64 2.23 4.97 �1.02 �0.17 0.004 10 0 10 2.23 1.9 0.008
S3-FG-38 2.36 2.27 0.95 0.9 �0.73 0.32 0.002 5.07 0 5.07 0.95 0.8 0.003
S1-CG-54 4.29 4.3 1.4 1.95 �0.7 �0.1 0.002 7.96 0 7.96 1.4 1.16 0.004
S2-MG-54 5.03 5.17 1.53 2.33 �0.73 �0.31 0.002 8.31 0 8.31 1.53 1.3 0.004
S3-FG-54 1.96 1.92 0.86 0.73 0.38 0.48 0.001 5 0 5 0.86 0.65 0.003

Fig. 7. 3D surface profile of coarse grained samples (38 mm and 54 mm in diameter).
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Experimental results of fluid flow tests on the samples of
different sizes (38 mm and 54 mm in diameter) and constant
diameter-to-length ratio of about 1:2 were analyzed, and the
relationship between the discharge, Q, and the fluid pressure, fp,
corresponding to various values of s3, for coarse grained samples
was plotted in Fig. 12. It can be observed from the figure that a
linear relationship exists between Q and fp, and Q increases with
the increase in fp. It can also be observed from Fig. 12 that Q de-
creases significantly with the increase in applied s3. The observa-
tions are consistent with the findings reported by earlier
researchers (Gangi, 1978; Cook, 1992; Pyrak-Nolte and Morris,
2000; Singh et al., 2014, 2015). The flow behavior is almost laminar
for most of the data points except for the case where the difference
between s3 and fp is less than 1 MPa (i.e. s3 ¼ 15 MPa and
fp ¼ 14 MPa). In such cases, most probably, the flow starts entering
in between the sample and the membrane, and hence the data
deviate from the linear relationship between Q and fp and are
enclosed in a circle (Fig. 12). As most of the experimental data of Q-
fp plot follow the linear trend, it can be assumed that the flow
through the fracture obeys the Darcy’s law. So the hydraulic frac-
ture aperture, e, can be computed by assuming that the density of
water is 997.05 kg/m3 at 25 �C and the dynamic viscosity of water is
8.90� 10�4 kg/(m s) at 25 �C, employing the well-known cubic law,
which assumes a linear flow between two parallel smooth plates
(Gangi, 1978; Kranzz et al., 1979; Tsang and Witherspoon, 1981;
Schrauf and Evans, 1986). Further, it must be noted that highly
sophisticated instrumentation is required to measure hydraulic
aperture of the fracture, especially when it decreases with the
change in incremental s3.

The slope of Q-fp curves corresponding to coarse, medium and
fine grained samples of both sizes (38 mm and 54 mm) was
computed, and the variation in the slope, s, of Q-fp curves with s3 is
plotted in a bar graph, as shown in Fig. 13aec. It can be observed
from the figure that s is significantly high for coarse, medium and
fine grained rocks of small samples (38 mm) when s3 � 15 MPa. It
can also be observed from Fig. 13aec that s becomes low with
increasing s3 and almost becomes constant when s3 � 20 MPa.
However, for the fine grained sample, the critical s3 � 30 MPa. This
indicates less resistance in flow through the smooth fracture (Fig. 9
and Table 2) when s3 increases, and the effect of fracture roughness
on fluid flow is not much significant when s3 is beyond a certain
critical value (30 MPa).

The relationship betweenQ and the effective confining pressure,
seff. (¼s3 � fp), for coarse, medium and fine grained rocks of both
sizes was plotted and shown in Fig. 14aec. It can be observed from
the figure that the relationship is nonlinear and Q decreases with
the increase in seff.. However, Q is significantly less for the large
sample S1-CG-54 than that for S1-CG-38 up to seff. less than 10MPa
(Fig.14a). Such observations were also reported by Cook (1992). The
variation in Q for small (S1-CG-38, S2-MG-38, and S3-FG-38) and
large (S1-CG-54, S2-MG-54, and S3-FG-54) samples is negligible
when seff.�10MPa,15MPa and 25MPa, respectively (Fig.14aec). It
can be noticed that the fracture roughness has a strong influence on
Q for coarse grained samples when seff.�10MPa, and this influence



Fig. 8. 3D surface profile of medium grained samples (38 mm and 54 mm in diameter).
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is not obvious when seff. � 10 MPa (Fig. 14a). On the contrary, for
fine grained samples S3-FG-38 and S3-FG-54, the variation in Q is
quite perceptible for seff. even up to 25 MPa (Fig. 14c). It can be
inferred that faster closure of fracture aperture is due to more as-
perities contact at seff. � 10 MPa for coarse grained samples in
contrast with the fine grained samples (Fig. 14c), and hence, for
coarse grained samples, fluid flow through samples S1-CG-38 and
S1-CG-54 ceases and approaches to a point when seff. � 10 MPa
(Fig. 14a).

Further, the variation in Q with seff. for both small and large
samples with various grain sizes was plotted, as shown in Fig. 15a
and b. It can be observed from the figure that the variation is
nonlinear and initially there is a rapid decrease in Q until
seff. � 15 MPa and seff. � 10 MPa for small and large samples,
respectively. When seff. � 15 MPa (Fig. 15a) and seff. � 10 MPa
(Fig. 15b) for small and large samples, respectively, the variation in
Q with seff. is negligible and fluid flow becomes almost constant.
These results are quite consistent with the observations of Engelder
and Scholz (1981) and Pyrak-Nolte andMorris (2000). These results
Fig. 9. 3D surface profile of fine grained samples (38 mm and 54 mm in diameter).
indicate that fracture roughness does not contribute to fluid flow
when seff. is beyond a certain critical value (20 MPa and 15 MPa for
small and large samples, respectively (Fig. 15a and b)). The fracture
aperture changes to the residual aperture when seff. � 20 MPa and
seff. � 15 MPa for small and large samples, respectively. It can be
inferred that most of the asperities come in contact with each other
at higher effective stress and fluid flow through such fractures
completely ceases and approaches a point, and hence the variation
in Q with seff. becomes constant, as shown in Fig. 15a and b.

Further, the Reynold number, Re, is computed for all samples
based on the measured Q and sample dimensions, employing the
following relationship (Zimmerman et al., 2004; Ranjith, 2010;
Ranjith and Viete, 2011; Singh et al., 2015):

Re ¼ rQ
mW

(3)

where r and m are the density and dynamic viscosity of the fluid,
respectively; and W is the fracture width, which is a function of e.

The variation in Rewith seff. for small samples with various grain
sizes was plotted in Fig. 16. Two lines representing Re ¼ 10
(Hassanizadeh and Gray, 1987) and Re¼ 4 (Ranjith and Viete, 2011)
were added to mark the transition of flow from laminar to turbu-
lent. It can be observed from the figure that Re decreases non-
linearly with seff., and most of the data points fall below the line
Re ¼ 10, indicating laminar flow conditions (Hassanizadeh and
Gray, 1987), except for some data at seff. � 2 MPa for fine grained
sample and seff. � 1 MPa for coarse grained sample. It should be
noted that the sample S1-CG-38 is a coarse grained sample with
moderately high Rq and Ra values (Table 2), indicating rough frac-
ture surface with large asperities. In such a case, the effect of sur-
face roughness on fluid flow is negligible (Ranjith, 2010) and hence
higher Q and Re (>10) values can be observed. However, the sample
S3-FG-38 is a fine grained sample and has small Rq and Ra values
(Table 2), indicating the smooth fracture roughness with small as-
perities. It can be inferred that the discharge through the fracture of
fine grained sample S3-FG-38 follows less tortuous path of flow
(Table 3), and hence yields a high Q, and thereby Re > 10 can be
observed. It can also be observed that Re decreases rapidly with seff.
initially up to seff. � 20MPa, and when seff. � 20MPa, data of all the
samples become asymptotic and no significant variation can be
perceived. It can be inferred that the effect of surface roughness on
Re is insignificant when seff. � 20 MPa. This is mainly because of
complete closure of fractures when seff. � 20 MPa, and as fluid flow
through fractures becomes very less, Re becomes almost constant.

4. Conclusions

A simple andwell definedmethodology has been developed and
presented in this paper to simulate the effect of sample size on the
fluid flow through a fractured granitoid rock containing a “rough
walled fracture” under the laboratory environment. It has been
demonstrated that split test technique was quite successful in
creating a single fracture, and the variation in the grain sizes of the
rock can be utilized to create a fracture surface of certain roughness,
which can be quantified precisely by employing high precision 3D
laser scanner. It has been observed that the variation in surface
roughness of coarse and fine grained samples is quite distinct, as
can be observed from the 3D surface roughness profiles. Based on a
series of fluid flow experiments performed on samples of both sizes
with variable roughness, it has been found that a linear relationship
exists between Q and fp, and Q is significantly less for large samples
(54mm in diameter) as compared to that for small samples (38mm
in diameter). It has been clearly demonstrated that the size effect
on fluid flow exists, however, it does not contribute at higher stress,



Table 3
Computed l1 and l2 values (in mm) of samples obtained from two-dimensional
roughness profile.

Sample l2 l1 l2 � l1

S1-CG-38 87.7 76.2 11.5
S2-MG-38 85.8 73.3 12.5
S3-FG-38 82 74.6 7.4
S1-CG-54 122.91 106.94 15.97
S2-MG-54 112.41 96.08 16.33
S3-FG-54 109.91 99.92 9.99

Fracture

Silicon adhesive

Fig. 10. Cylindrical samples with sealed axial walls comprising a single fracture (after
Singh et al., 2015).

Table 4
Typical datasheet used for recording experimental observations and calculated pa-
rameters for sample S1-CG-38.

No. t (s) w (g) Dw (g) Q (m3/s) No. t (s) w (g) Dw (g) Q (m3/s)

1 3 11.56 0.09 3 � 10�8 19 57 14.45 0.25 8.33 � 10�8

2 6 11.65 0.11 3.67 � 10�8 20 60 14.7 0.24 8 � 10�8

3 9 11.76 0.06 2 � 10�8 21 63 14.94 0.24 8 � 10�8

4 12 11.82 0.09 3 � 10�8 22 66 15.18 0.25 8.33 � 10�8

5 15 11.91 0.08 2.67 � 10�8 23 69 15.43 0.23 7.67 � 10�8

6 18 11.99 0.07 2.33 � 10�8 24 72 15.66 0.26 8.67 � 10�8

7 21 12.06 0.18 6 � 10�8 25 75 15.92 0.25 8.33 � 10�8

8 24 12.24 0.14 4.67 � 10�8 26 78 16.17 0.27 9 � 10�8

9 27 12.38 0.17 5.67 � 10�8 27 81 16.44 0.31 1.03 � 10�8

10 30 12.55 0.16 5.33 � 10�8 28 84 16.75 0.27 9 � 10�8

11 33 12.71 0.22 7.33 � 10�8 29 87 17.02 0.12 4 � 10�8

12 36 12.93 0.19 6.33 � 10�8 30 90 17.14 0.06 2 � 10�8

13 39 13.12 0.22 7.33 � 10�8 31 93 17.2 0.73 2.43 � 10�7

14 42 13.34 0.21 7 � 10�8 32 96 17.93 0.41 1.37 � 10�7

15 45 13.55 0.2 6.67 � 10�8 33 99 18.34 0.3 1 � 10�7

16 48 13.75 0.24 8 � 10�8 34 102 18.64 0.33 1.1 � 10�7

17 51 13.99 0.23 7.67 � 10�8 35 105 18.97 0.34 1.13 � 10�7

18 54 14.22 0.23 7.67 � 10�8
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i.e. when seff. is beyond a critical value (25 MPa). The discharge is
quite sensitive to the effective confining pressure, flow pressure
and fracture roughness when seff. � 10 MPa. However, when
seff. � 20 MPa and seff. � 15 MPa for small and large samples,
respectively, the fracture roughness does not contribute to fluid
flow and the variation in Q with seff. is negligible or approaches a
Fig. 11. The modified test setup used for determining the flow characteristics of water
through the fractured rock mass (modified after Shukla et al., 2012; Singh et al., 2015).
constant value. In such cases, the fracture aperture approaches the
residual aperture, which is mainly attributed to the increase in the
contact area of asperities at high confining stress and complete
closure of fracture aperture. When seff. is beyond the critical value,
further closure of aperture is impossible. Furthermore, there is a
critical flow pressure beyond which deviation in linearity occurs.
Also the study clearly demonstrates that the cubic law relationship
is still useful for computing the hydraulic aperture, e, of the fracture
from the experimental fluid flow data, which is otherwise quite
difficult and intricate to be measured and requires highly sophis-
ticated instrumentations. The Reynold number is quite sensitive to
fp, fracture roughness and s3, and a nonlinear relationship exists
between Re and seff.. Re values tend to be high (>10) for (i) fracture
surface with larger aperture/coarse grained rock and (ii) fracture
surface with smaller aperture/fine grained rock. In the case of (i),
the effect of surface roughness on fluid flow is negligible because of
larger aperture (Ranjith, 2010), and hence higher Q and Re (>10)
values can be observed. However, in the case of (ii), the discharge
through the fracture of fine grained sample S3-FG-38 follows less
Fig. 12. The variation of Q with fp corresponding to various s3 for samples S1-CG-38
and S1-CG-54.



Fig. 13. The variation in the slope, s, of Q-fp curves with s3 corresponding to both sizes
(38 mm and 54 mm) for (a) coarse, (b) medium and (c) fine grained samples.

Fig. 14. Q as a function of seff. for both sizes (38 mm and 54 mm) of (a) coarse, (b)
medium and (c) fine grained samples.
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Fig. 15. The variation in Q with seff. for different fracture roughness of small and large
samples.

Fig. 16. The variation of Re with seff. for small samples (38 mm in diameter).
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tortuous path of flow (Table 3) and hence yields a higher Q value,
thereby, higher Re (>10) values can be observed, especially at
initially applied stress.

The methodology developed in the present work can be used
quite satisfactorily to simulate the responses of extreme elevated
flow pressures, confining pressures and fracture roughness collec-
tively. Such studies are quite useful in correlating and extrapolating
the laboratory scale investigations to in-situ scale and further
improving theoretical/numerical models associated with fluid flow
through rock mass. However, in order to study the scale effect in
natural conditions, further larger rock samples (>54 mm in diam-
eter) containing natural fractures (single or multiple fractures with
different orientations) should be tested following the similar
testing methodology. Furthermore, in order to extrapolate
laboratory-scale experimental results to field/regional scale, it is
essential to understand in detail (i) regional scale fracture system,
(ii) its roughness characteristics, (iii) the relationship among frac-
ture roughness, aperture and Qeseff. properties, and (iv) regional
scale deformation pattern.

Conflict of interest

The authors wish to confirm that there are no known conflicts of
interest associated with this publication and there has been no
significant financial support for this work that could have influ-
enced its outcome.

Acknowledgments

The authors are thankful to the IITB-Monash Research Academy,
Indian Institute of Technology Bombay, Mumbai, India for
providing the opportunity to work on this project. This work was
supported and funded by BHP Billiton Ltd., Melbourne, Victoria,
Australia. The authors are also grateful to the Head, Civil Engi-
neering laboratory, Monash University for providing necessary
laboratory support. The first author is also grateful to the Geological
Survey of India, Southern Region for scrutiny and granting
permission to publish this paper.

References

ASME B89.4.22. Methods for performance evaluation of articulated arm coordinate
measuring machines (CMM). The American Society of Mechanical Engineers
(ASME); 2004.

ASTM D4543. Standard practices for preparing rock core as cylindrical test speci-
mens and verifying conformance to dimensional and shape. West Con-
shohocken, USA: ASTM International; 2008.

Bai M, Elsworth D. Modeling of subsidence and stress-dependent hydraulic con-
ductivity for intact and fractured porous media. Rock Mechanics and Rock
Engineering 1994;27(4):209e34.

Bai M, Meng F, Elsworth D, Roegiers JC. Analysis of stress-dependent permeability
in nonorthogonal flow and deformation fields. Rock Mechanics and Rock En-
gineering 1999;32(3):195e219.

Bandis SC, Lumsden AC, Barton NR. Fundamentals of rock joint deformation. In-
ternational Journal of Rock Mechanics and Mining Sciences & Geomechanics
Abstracts 1983;20(6):249e68.

Bear J, Tsang CF, de Marsily G. Flow and contaminant transport in fractured rock.
New York: Academic Press; 1993.

Boonstra J. SATEM: selected aquifer test evaluation methods, a microcomputer
program. Wageningen, Netherlands: International Institute for Land Reclama-
tion and Improvement; 1989.

BraceWF. Permeability of crystalline and argillaceous rocks. International Journal of
Rock Mechanics and Mining Sciences & Geomechanics Abstracts 1980;17(5):
241e51.

Brace WF. Permeability of crystalline rocks: new in situ measurements. Journal of
Geophysical Research 1984;89(B6):4327e30.

Briggs S, Karney BW, Sleep BE. Numerical modelling of flow and transport in rough
fractures. Journal of Rock Mechanics and Geotechnical Engineering 2014;6(6):
535e45.



K.K. Singh et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 329e340 339
Brown SR. Fluid flow through rock joints: the effect of surface roughness. Journal of
Geophysical Research 1987;92(B2):1337e47.

Brown S, Caprihan A, Hardy R. Experimental observation of fluid flow channels in a
single fracture. Journal of Geophysical Research 1998;103(B3):5125e32.

Butler Jr JJ, Healey JM. Relationship between pumping test and slug-test parame-
ters: scale effect or artifact? Ground Water 1998a;36(2):305e13.

Butler Jr JJ, Healey JM. Discussion of papers: Authors’ reply. Ground Water
1998b;36(6):867e8.

Chen M, Bai M. Modeling stress-dependent permeability for anisotropic fractured
porous rocks. International Journal of Rock Mechanics and Mining Sciences
1998;35(8):1113e9.

Clauser C. Permeability of crystalline rocks. EOS, Transactions, American Geophys-
ical Union 1992;73(21):233e8.

Cook NGW. Natural joints in rock: mechanical hydraulic and seismic behavior and
properties under normal stress. International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts 1992;29(3):198e223.

Engelder T, Scholz CH. Fluid flow along very smooth joints at effective pressures up
to 200 megapascals. In: Mechanical behavior of crustal rocks: the handin vol-
ume. Washington DC: American Geophysical Union; 1981. p. 147e52.

Feng Z, Zhan Y, Zhao D. Investigating the scale effects in strength of fractured rock
mass. Chaos, Solitons & Fractals 2009;41(5):2377e86.

Gangi AF. Variation of whole and fractured porous rock permeability with confining
pressure. International Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts 1978;15(5):249e57.

Genter A, Evans K, Cuenot N, Fritsch D, Sanjuan B. Contribution of the exploration of
deep crystalline fractured reservoir of Soultz to the knowledge of enhanced
geothermal systems (EGS). Comptes Rendus Geoscience 2010;342(7e8):502e
16.

Gueguen Y, Gavrilenko P, Le Ravalec M. Scales of rock permeability. Surveys in
Geophysics 1996;17(3):245e63.

Guerrero C, Reyes E, Gonzalez V. Fracture surface of plastic materials: the roughness
exponent. Polymer 2002;43(25):6683e93.

Guimera J, Vives L, Carrera J. A discussion of scale effects on hydraulic conductivity
at a granitic site (El Berrocal, Spain). Geophysical Research Letters 1995;22(11):
1449e52.

Hakami E, Larsson E. Aperture measurement and flow experiments on a single
natural fracture. International Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts 1996;33(4):395e404.

Hao Y, Smith MM, Mason HE, Carroll SA. Numerical study of the impact of CO2-
fluid-rock interactions on porosity and permeability evolution in fractured
carbonate rocks. In: The 49th U.S. Rock Mechanics/Geomechanics Symposium.
San Francisco, CA, USA: American Rock Mechanics Association (ARMA); 2015.

Hassanizadeh SM, Gray WG. High velocity flow in porous media. Transport in
Porous Media 1987;2(6):521e31.

Hunt AG. Some comments on the scale dependence of the hydraulic conductivity in
the presence of nested heterogeneity. Advances in Water Resources 2003;26(1):
71e7.

IllmanWA. Strong field evidence of directional permeability scale effect in fractured
rock. Journal of Hydrology 2006;319(1e4):227e36.

Klimczak C, Schultz RA, Parashar R, Reeves DM. Cubic law with aperture-length
correlation: implications for network scale fluid flow. Hydrogeology Journal
2010;18(4):851e62.

Koyama T, Fardin N, Jing L, Stephansson O. Numerical simulation of shear-induced
flow anisotropy and scale-dependent aperture and transmissivity evolution of
rock fracture replicas. International Journal of Rock Mechanics and Mining
Sciences 2006;43(1):89e106.

Kranzz RL, Frankel AD, Engelder T, Scholz CH. The permeability of whole and jointed
barre granite. International Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts 1979;16(4):225e34.

Krusemann GP, de Ridder NA. Analysis and evaluation of pumping test data. 2nd ed.
Wageningen, The Netherlands: International Institute for Land Reclamation and
Improvement; 1990.

Lomize GM. Water flow through jointed rock. Moscow: Gosenergoizdat; 1951 (in
Russian).

Louis C. A study of groundwater flow in jointed rock and its influence on the
stability of rock masses. PhD Thesis. London: Imperial College; 1969.

Matsuki K, Chida Y, Sakaguchi K, Glover PWJ. Size effect on aperture and perme-
ability of a fracture as estimated in large synthetic fractures. International
Journal of Rock Mechanics and Mining Sciences 2006;43(5):726e55.

Mellott NP, Brantley SL, Hamilton JP, Pantano CG. Evaluation of surface preparation
methods for glass. Surface and Interface Analysis 2001;31(5):362e8.

Nazridoust K, Ahmadi G, Smith DH. A new friction factor correlation for laminar,
single-phase flows through rock fractures. Journal of Hydrology 2006;329(1e
2):315e28.

Neuman SP, Di Federico V. Multifaceted nature of hydrogeologic scaling and
its interpretation. Reviews of Geophysics 2003;41(3):1014e44.

Oda M. An equivalent continuum model for coupled stress and fluid flow
analysis in jointed rock masses. Water Resources Research 1986;22(13):
1845e56.

Pyrak-Nolte LJ, Morris JP. Single fractures under normal stress: the relation between
fracture specific stiffness and fluid flow. International Journal of Rock Me-
chanics and Mining Sciences 2000;37(1e2):245e62.
Qian J, Zhan H, Zhao W, Sun F. Experimental study of turbulent unconfined
groundwater flow in a single fracture. Journal of Hydrology 2005;311(1e4):
134e42.

Ranjith PG. An experimental study of single and two-phase fluid flow
through fractured granite specimens. Environmental Earth Sciences
2010;59(7):1389e95.

Ranjith PG, Viete DR. Applicability of the ‘cubic law’ for non-Darcian fracture
flow. Journal of Petroleum Science and Engineering 2011;78(2):321e7.

Raven KG, Gale JE. Water flow in natural rock fractures as a function of stress and
sample size. International Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts 1985;22(4):251e61.

Schrauf TW, Evans DD. Laboratory studies of gas flow through a single natural
fracture. Water Resources Research 1986;22(7):1038e50.

Selvadurai APS. Normal stress-induced permeability hysteresis of a fracture in a
granite cylinder. Geofluids 2015;15(1e2):37e47.

Shukla R, Ranjith PG, Choi SK, Haque A. A novel testing apparatus for hydrome-
chanical investigation of rocks: geo-sequestration of carbon dioxide. Rock
Mechanics and Rock Engineering 2012;45(6):1073e85.

Singh KK, Singh DN, Ranjith PG. Simulating flow through a fracture in the
rock mass using analog material. International Journal of Geomechanics
2014;14(1):8e19.

Singh KK, Singh DN, Ranjith PG. Laboratory simulation of flow through single
fractured granite. Rock Mechanics and Rock Engineering 2015;48(3):
987e1000.

Stober I. Strömungsverhalten in Festgesteinsaquiferen mit Hilfe von Pump-
und Injektionsversuchen. Geologisches Jahrbuch Reihe C 1986:204 (in
German).

Stober I, Bucher K. Significance of hydraulic conductivity as precondition to fluid
flow in fractured and faulted crystalline basement and its impact on fluid-rock
interaction processes. In: Proceedings World Geothermal Congress. Australia:
Melbourne; 2015. p. 1e6.

Streckeisen AL. Classification and nomenclature of plutonic rocks recommendations
of the IUGS subcommission on the systematics of Igneous rocks. Geologische
Rundschau 1974;63(2):773e85.

Tan X, Konietzky H, Frühwirt T. Laboratory observation and numerical
simulation of permeability evolution during progressive failure of brittle
rocks. International Journal of Rock Mechanics and Mining Sciences
2014;68:167e76.

Theis CV. The relation between the lowering of the piezometric surface and
the rate and duration of discharge of a well using groundwater storage.
EOS, Transactions, American Geophysical Union 1935;16(2):519e24.

Tsang YW. The effect of tortuosity on fluid flow through a single fracture. Water
Resources Research 1984;20(9):1209e15.

Tsang YW, Witherspoon PA. Hydromechanical behavior of a deformable rock frac-
ture subject to normal stress. Journal of Geophysical Research 1981;86(B10):
9287e98.

Vasconcelos G, Lourenço PB, Costa MFM. Mode I fracture surface of granite: mea-
surements and correlations with mechanical properties. Journal of Materials in
Civil Engineering 2008;20(3):245e54.

Walsh JB. The effects of cracks on the compressibility of rocks. Journal of
Geophysical Research 1965;70(2):381e9.

Wang EZ, Yue ZQ, Tham LG, Tsui Y, Wang HT. A dual fracture model to simulate
large-scale flow through fractured rocks. Canadian Geotechnical Journal
2002;39(6):1302e12.

Witherspoon PA, Amick CH, Gale JE, Iwai K. Observations of a potential size effect in
experimental determination of the hydraulic properties of fractures. Water
Resources Research 1979;15(5):1142e6.

Witherspoon PA, Wang JSY, Iwai K, Gale JE. Validity of cubic law for fluid flow in a
deformable rock fracture. Water Resources Research 1980;16(6):1016e24.

Zhang X, Sanderson DJ. Numerical modelling of the effects of fault slip on fluid
flow around extensional faults. Journal of Structural Geology 1996;18(1):109e
19.

Zhao Z, Rutqvist J, Leung C, Hokr M, Liu Q, Neretnieks I, Hoch A, Havlí�cek J, Wang Y,
Wang Z, Wu Y, Zimmerman R. Impact of stress on solute transport in a fracture
network: a comparison study. Journal of Rock Mechanics and Geotechnical
Engineering 2013;5(2):110e23.

Zimmerman RW, Bodvarsson GS. Hydraulic conductivity of rock fractures. Transport
in Porous Media 1996;23(1):1e30.

Zimmerman RW, Kumar S, Bodvarsson GS. Lubrication theory analysis of the
permeability of rough-walled fractures. International Journal of Rock Mechanics
and Mining Sciences & Geomechanics Abstracts 1991;28(4):325e31.

Zimmerman RW, Al-Yaarubi AH, Pain CC, Grattoni CA. Nonlinear regimes of fluid
flow in rock fractures. International Journal of Rock Mechanics and Mining
Sciences 2004;41(3):384.

Zlotnik VA, Zurbuchen BR, Ptak T, Teutsch G. Support volume and scale effect
in hydraulic conductivity: experimental aspects. In: Zhang D, Winter CL,
editors. Theory, modeling, and field investigation in hydrogeology: a
special volume in honor of Shlomo P. Neuman’s 60th birthday, vol. 348.
Boulder, CO: Geological Society of America; 2000. p. 191e213.

Zou L, Jing L, Cvetkovic V. Roughness decomposition and nonlinear fluid flow
in a single rock fracture. International Journal of Rock Mechanics and
Mining Sciences 2015;75:102e18.



K.K. Singh et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 329e340340
Dr. Kunal Kumar Singh is working as a Geologist at
Geological Survey of India, Bandlaguda, Nagole, Hyderabad-
500068, Telangana, India. His research interests cover
geological mapping, field and laboratory investigations,
high pressureetemperature testing for modeling fluid
flow through rock mass, micro- and macro-seismic investi-
gations, rockmechanics, hydrogeology, remote sensing and
GIS, etc. Contact information: GSI Complex, Geological
Survey of India, Southern Region, Bandlaguda, Nagole,
Hyderabad-500068, Telangana, India, Asia. Tel: þ91
7382294024; E-mail: kunalsingh@myway.com.
Prof. Devendra Narain Singh is an Institute Chair Pro-
fessor at Department of Civil Engineering, Geotechnical
Engineering Division, Indian Institute of Technology,
Bombay, India. His research interests cover cracking
characteristics of soils, thermal properties of geo-
materials, soil-contaminant interaction, characterization
of unsaturated soils, gas hydrate bearing sediments,
alternate (sustainable) construction materials (artificial
sands), and dredged materials; application of image anal-
ysis, impedance spectroscopy, sensors and piezoceramic
elements for geomaterial characterization; mdeling heat
migration, contaminant transport in porous media, effect
of wetting- and drying-cycles, swelling and shrinkage
characteristics of soils; valorization of industrial by-
products, sustainable bio-reactor municipal solid waste (MSW) landfill, bio-
geotechnology, synthesis and characterization of fly ash zeolites and their applica-
tions in aquaculture & agriculture and environmental cleanup etc. Contact informa-
tion: Department of Civil Engineering, Indian Institute of Technology Bombay,
Powai, Mumbai-400076, India, Tel: þ91 22 2576 7340 (O); 2576 8340 (R); 09820
758508 (Mob.); E-mail: dns@civil.iitb.ac.in.

Prof. Ranjith Pathegama Gamage is working at
Department of Civil Engineering, Monash University,
Melbourne, Victoria, Australia. His research interests
cover CO2 sequestration in sedimentary basins, modeling
of multiphase flow through rocks, gas outbursts and
groundwater inundation in mines and tunnels, rock
fracture mechanism and tunneling in soft and hard
ground, experimental and numerical modeling in applied
research in rock mechanics. Contact information: Dept.
of Civil Engineering, Geotechnical Engineering Division,
Monash University, Clayton campus, Melbourne 3800,
Vic, Australia. Tel: þ61 412483020; E-mail: ranjith.pg@
monash.edu.au.


