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Abstract Dimensions and mutual relationships amongst fracture (cleat) parameters such as maximum aperture width,
average aperture width, length, spacing etc. control the connectivity within a fracture network and the fluid flow in a coal
seam as the matrix permeability, here, is negligible. In this paper, we document cleat size distributions and investigate length—
aperture relationships from coals of Raniganj coalfield in Eastern India. This coalfield has a proven extractable reserve of six
billion tons of coal and holds immense potential to be one of the largest coal bed methane fields serving India’s growing
energy needs. Here, cleat length (L) correlates with corresponding maximum aperture width (D,,,,) in a power-law function
with an exponent of 0.84 (D, o L*%%) instead of the commonly observed exponents of 1 or 0.5 applicable for other natural
‘opening-mode’ fractures. The conventional wisdom pertains that laminar fluid flow (Q) through an isolated, smooth-walled,
parallel-plate fracture, embedded in an impermeable matrix, is directly proportional to the cube of its aperture width (b,
equivalent to D,,,; cubic law: Q o b’). This assumes a linear relationship between length and fracture aperture. However, the
modified relationship between cleat length and average aperture width changes the cubic law applicable for Raniganj coal
seam and now fluid flow correlates with aperture width in a power-law function with an exponent of 4.25 (Q o b**°) instead
of 3 (cube). Such simplifications will come handy for the modeling and estimation of fluid flow as it will reduce the effort of
cleat length measurement which is anyway difficult and can be misleading due to the risk of undersampling.
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1 Introduction

Cleats are naturally occuring primary fractures in coal
seams (Kendall and Briggs 1933; Laubach et al. 1998).
They are the principal pathways for the flow of free fluids
(Li et al. 2011). Cleats form orthogonal to the bedding
plane and generally occur as two mutually perpendicular
sets (Fig. 1) namely face cleats and butt cleats. Face cleats
are more prominent, regular, through-going sets of frac-
tures which initially formed during the coalification pro-
cess. The weakly developed (Kulander and Dean 1993;
Laubach and Tremain 1991; Laubach et al. 1998) butt
cleats form later and usually terminate orthogonally against
face cleats (Ammosov and Eremin 1963; Busse et al. 2017;
Close 1993; Gamson et al. 1993; Laubach et al. 1998; Ting
1977; Tremain et al. 1991). Banded or humic coals are
charecterised by alternate bright and dull bands resulting
variations in mechanical and fracture stratigraphy (Lau-
bach et al. 2009). Development of cleats is restricted
mostly within vitrinite rich bright bands. In some cases,
few ‘master cleats’, cut across all the bands and can act as
through-going conduits (Laubach and Tremain 1991;
Laubach et al. 1998). Cleats may be partially or completely
filled with secondary minerals such as pyrite, quartz, cal-
cite, galena, marcasite, sphalerite, kaolinite, etc. (Spears
and Caswell 1986). Such infilling can reduce the available
aperture width for fluid flow.

In recent times, with an increase in coal bed methane
(CBM) extraction and growing interests of CO, seques-
tration within coal beds, the study of cleats is gaining
impetus. This recent surge has helped the community with
a better understanding of cleat origin, its dimensions and
classification. Laubach et al. (1998) demonstrated that coal
bed permeability is largely dependent on different physical
parameters such as size, spacing, connectedness, aperture,
cement infill, and orientation. Their role in defining the
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Fig. 1 Schematic diagram of bright bands, dull bands, face cleats and
butt cleats (figure not to scale) in a typical banded coal sample
(modified after Laubach et al. 1998). The figure contains ‘primary’,
‘secondary’, ‘tertiary’ and ‘master cleats’. In this analysis, the length,
spacing, and apertures are measured from all of these cleat types
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fluid flow during CBM extraction (Harpalani 1999; Palmer
2009; Reid et al. 1992; Sparks et al. 1995) and controlling
the stability of the coal seams during mining operations are
already recognized (Pattison et al. 1996). From the study of
coal core samples of the San Juan and Warrior Basin, Puri
et al. (1991) showed that Darcy flow dominates in the cleat
system and contribution from coal matrix in fluid flow can
be neglected. Paul and Chatterjee (2011) documented that
the face and butt cleat orientations in the Jharia coalfield
(adjacent to our study area) can be directly related to the
observed directional permeability.

Assessing the correct permeability, in a pre-drill/pre-de-
velopment stage of a CBM project, is challenging. Often the
measured permeability from the cores in a laboratory is far
from the observed permeability during CBM production. To
close this gap, researchers are redefining coal permeability
estimations based on fracture models [e.g. Discrete Fracture
Network models described in Liu et al. (2019), Zhang et al.
(2015), Zhi et al. (2018)]. Equating fracture parameters with
resultant permeability requires certain analytical solutions
like the ‘cubic law’ (details in Sect. 2). Attempts were made
to simplify the cubic law by reducing the number of mea-
surable input parameters by establishing mutual relation-
ships between them (For example, cubic law can be
simplified to quintic law where fluid flow is a function of
only fracture aperture; Klimczak et al. 2010).

The geology of Ranigunj coalfield is relatively well
studied (Chakraborty et al. 2003; Ghosh 2002; Paul and
Chatterjee 2011; Prusty et al. 2015; Vishal and Singh
2015). However, characterization of cleats and under-
standing its control on permeability, prior to any significant
CBM exploition, demands attention. In this paper, we have
discussed aperture-size distribution of coal cleats from
Raniganj coals and have quantified the relevant scaling
relationship between cleat length and aperture. Results are
then compared with the same from other types of tensile
fractures hosted in igneous, sedimentary and metamorphic
rocks as well as with theoretical solutions. We demon-
strated that the ‘cubic law’ correlating fracture aperture and
permeability can be further simplified here, leading to a
less ambiguous analytical solution of coal permeability.

2 Background

2.1 Application of fracture mechanics in the study
of natural rocks

One of the key aspects of fracture mechanics is to establish
displacement-length relationships for different kinds of
naturally forming fractures such as dykes, veins, joints,
faults, deformation bands and shear bands (Aydin et al.
2006; Clark and Cox 1996; Cowie and Scholz 1992a; Lawn
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1993; Scholz 2002; Schultz et al. 2008a; Vermilye and
Scholz 1995; Xu et al. 2005). In such studies, “Linear
Elastic Fracture Model (LEFM)” is applied with the
assumption that the host rock is homogeneous and iso-
tropic. The governing equation used to construct LEFM
models for opening mode fractures under plane strain
conditions (Pollard and Segall 1987) is based on a linear
relationship between fracture length (L) and maximum
displacement (D,,.., equivalent to maximum aperture
width) measured perpendicular to the fracture walls
(Fig. 2). It is expressed as:

Dy = Aci2L(1 —v*) JE (1)

where v is the Poisson’s ratio and E is the Young’s mod-
ulus of the host rock. This correlation is consistent when
the fractures are noninteracting and growing under condi-
tions of constant driving stress Aagi (Scholz 2002).

Traditionally, the total laminar fluid flow (Q) through
fractures which are assumed to be an open space between
two smooth parallel plates (Boussinesq 1868; Klimczak
et al. 2010; Snow 1965) with a constant width (b) per-
pendicular to the direction of flow (Fig. 2) is estimated to
be proportional to the cube of ‘b’. This relationship
between Q and b is known as the ‘cubic law’ (Klimczak
et al. 2010; Krantz et al. 1979; Lomize 1961; Louis 1969;
Snow 1965; Tsang and Witherspoon 1981) and expressed
by the equation:

Q = —pgb*ohL/(12p) (2)

where p is fluid density, g is gravitational acceleration, oA
is pressure gradient, p is viscosity of the fluid and L is plate
length, equivalent to fracture length.

It is already recognized that the cleat attributes resemble
those of opening mode fractures in other types of rocks

(Campbell 1979; Dron 1925; Kendall and Briggs 1933;
Laubach et al. 1998; McCulloch et al. 1974, 1976; Ting
1977; Williamson 1967). Due to the lack of appreciable
wall parallel shear offset, cleats are considered as typical
opening-mode fractures (Laubach et al. 1998). Hence, it is
plausible to argue that LEFM is applicable to coal cleats.

2.2 Study area

The study area is located at the Raniganj coalfield (in and
around the city of Asansol) in the states of West Bengal
and Jharkhand, India (Fig. 3). This coalfield marks the
eastern end of the chain of Eastern Indian Coalfields. In
terms of reserves, it is the second-largest coalfield of
India with a proven extractable reserve of six billion tons
of coal (http://bardhaman.nic.in/mines/mines.htm).

The coal seams of the Raniganj basin were deposited in
two Formations: (1) stratigraphically older early Permian
Barakar Formation and (2) younger, late Permian Raniganj
Formation. They are separated by the non-coaly Barren
measure Formation. The facies changes are gradational.
The elongated Raniganj basin extends ~ 70 km in WNW-—
ESE direction having an width of ~20km (Chakraborty
et al. 2003). The basin’s northern boundary is demarcated
by a WNW-ESE trending fault zone. The southern
boundary is marked by several faults parallel/subparallel to
the northern boundary faults. The western limit of the basin
is defined by two major faults; one of which strikes along
NW-SE and the other strikes along NNE-SSW. Two sets
of intra-basinal, normal faults are present throughout the
basin. They strike in NNW-SSE and NNE-SSW direc-
tions. The general southerly dip of the coal-bearing Rani-
ganj and Barakar measures is low (~ 5°) to moderate
(rarely > 10°).

Fig. 2 a Schematic diagram (modified after Klimczak et al. 2010) of fluid flow (Q) through parallel plates with length L, breadth W, and
constant aperture width b. ‘b’ is equivalent to D,,,. b Schematic diagram of an ideal isolated fracture with an elliptical opening profile having

Length L and maximum aperture width D,
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Fig. 3 Location and simplified geological structure of the study area showing different geological Formations and faults associated with the
Raniganj basin (modified after Gupta 2009). The numbered black dots represent the sampling locations. The samples selected for this study are

obtained from Chinakuri, Narayankuri, Jhanjra, and Bansra coal mines

3 Methodology
3.1 Sampling

Multiple blocks (Fig. 4) of bituminous to sub-bituminous
ranked coals were collected from three underground mines
(Chinakuri, Bansra, and Jhanjra) and one opencast mine
(Narayankuri). Sampling covered multiple sub-seams
(Table 1) of the Raniganj Formation spreading over a wide
depth range (0-613 m). The average sample size is
~6 x 6 x 6 cubic cm. Emphasis was given to collect
some samples from recognizable fault zones to understand
the effect of deformation on cleat development and
preservation.

The moisture, ash, volatile matter and fixed carbon
data are collected from the internal reports of Coal India
Limited. The vitrinite reflectance (VRo) is derived from a
modified empirical equation https://shodhganga.inflibnet.
ac.in/bitstream/10603/32892/13/13_chapter%203.pdf:
VRo% = (49.90 — VM%) /18.98.

3.2 Measurement of aperture and length

Quantification of the physical attributes of cleat network
can be challenging. In literature, different methods were
prescribed for visual estimation of cleat attributes. Geo-
graphic Information System (GIS) derived data were used
to determine regional cleat orientation and spatial cleat
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network (Rodrigues et al. 2014). In an outcrop scale, usu-
ally, a magnifying glass with a ruler or a comparator are
used to measure cleat parameters (Dawson and Esterle
2010; Ortega et al. 2006; Paul and Chatterjee 2011).
Borehole logging data are also used as a guide in mea-
suring cleat attributes under in situ stress condition
(Chatterjee and Paul 2013; Close and Mavor 1991). These
methods have a resolution limit up to the millimeter scale
(Dawson and Esterle 2010; Gale et al. 2007; Hooker et al.
2009). Hence, quantifying cleat attributes under different
microscopes is a common practice to determine cleat
length, aperture, spacing, etc. Mazumder et al. (2006) used
X-ray computed tomography images to analyze cleat
spacing and aperture distribution. They introduced the term
‘relevant cleat length’ to express cleat length as a function
of measured spacing.

In order to overcome these challenges and to avoid
biases originating from different scales of measurements, it
is generally agreed to collect the cleat/fracture attribute
data by three standard techniques: (a) measurement along
circular scanlines, (b) two-dimensional (2D) box-counting
and (c) along one-dimensional straight scanlines. In case of
steeply dipping multiple fracture sets, orientation-bias free
circular scanlines may be used (Mauldon et al. 2001;
Rohrbaugh and Dunne Mauldon 2002). The 2D box-
counting method has several advantages like this method is
suitable for a scattered dataset and it provides more accu-
racy as the trigonometric measurement corrections are not
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Fig. 4 Coal samples collected from the study area with a, b different intensities of cleat formation; ¢, d alternate bright bands and dull bands in

coal samples

Table 1 Summary of the proximate analysis report of the collected samples from multiple seams at different depths

Mine/block name Seam Depth (m) Moisture (%) Ash (%) Volatile matter
(%)
Fixed carbon (%) Derived
VRo (%)
Chinakuri R4 613 1.8 15.8 344 48 0.82
Narayankuri R8B 25 5.9 24.3 29.3 41.1 1.09
Bansra R8B 35-197 6.4 23.5 29.3 40.7 1.09
Jhanjra R7A 65 7.8 232 29 39.9 1.10
R7 65 7.7 28.8 27.2 36.5 1.20
R6 97-157 6.4 20.5 30.2 41.7 1.04

required when fracture sets are oriented along multiple
strike lines. The 2D box-counting method also comes with
certain limitations like it is very time consuming (Gillespie
et al. 1993) and can be subjective due to the complicated
nature of the fracture networks in some cases. Neverthe-
less, measurement of cleat attributes along 1-D scanlines is
popular amongst researchers (Apriyani et al. 2014; Hooker
et al. 2009; Marrett et al. 1999; Ortega et al. 2006; Sapiie
et al. 2014; Solano-Acosta et al. 2007; Weniger et al. 2016)
due to several reasons: (1) it is a relatively quick and
straightforward technique as trigonometric corrections are
not required for single/two sets of parallel fractures; (2)
multiple related attributes, such as spacing, aperture, etc.
can be measured together; (3) the technique is independent
of the scale of measurement and of rock-types that

facilitates comparison between similar dataset from dif-
ferent lithologies of varied scales.

In the current study, multiple polished chips (from both
bright and dull bands) were cut parallel to the bedding
plane of each sample and were observed under Reflected
light optical microscope and scanning electron microscope
(Fig. 5). The samples were imaged at magnifications of
5 x 10 and 10 x 10 using a Leica DM750P microscope
mounted with a LeicaEC4 camera. The images were
acquired and measurements were carried out with a soft-
ware named Leica Application suite version 3.4.0. LAS
EZ.

We applied the 1D scanline method for cleat aperture
measurement by placing multiple scanlines orthogonal to
the direction of face or butt cleats. Each scanline starts at
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Fig. 5 Images of cleats from a a hand specimen chip from Narayankuri with superposed scanlines; b schematic cleat scanline (1D) diagram
traced from (a) showing measurement methodology of cleat aperture and length. Inset showing an example: ‘cleat 1’ intersects the three
scanlines x, y and z at three locations. Mean of aperture measurements at these three locations represent the average aperture of cleatl and largest
of them is D,,,,; ¢, d same as (b) under optical microscope and scanning electron microscope (SEM)

the first cleat subject to measurement. We define the
aperture width of a cleat as the distance measured along the
scanline between its two opposite fracture walls. Maximum
opening displacement along the fracture length is coined as
maximum aperture width (D,,,,). Generally, each cleat is
encountered by more than one scanline providing multiple
width measurements on a single cleat. The arithmetic mean
of such multiple measured apertures represents the average
aperture width (D,,,) of that cleat (Fig. 5). This technique
is consistent with the approach established by Oron and
Berkowitz (1998) who demonstrated that the aperture
applicable in ‘cubic-law’ should be measured as an average
over a certain length of the fracture. From each sample,
approximately sixteen to thirty aperture measurements
were carried out. As the aim of this study is to understand
the relationship between cleat length and aperture and use
that correlation to estimate the cumulative fluid flow, we
included all cleat types (primary, secondary, tertiary and
master cleats) independent of their corresponding
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mechanical or fracture stratigraphy (Dawson and Esterle
2010; Pattison et al. 1996).

The measurement of the cleat aperture has its inherent
limitations. Due to the irregular nature of their boundaries,
it is often difficult to distinguish the infilling of secondary
minerals,coal fragments. This issue is minimized by proper
selection of cleats under Scanning Electron Microscope
(SEM) and by measuring the effective aperture width (or
hydraulic aperture).

The length (L) of a cleat is the distance measured along
a straight line joining the two tips of it on a bedding par-
allel plane. Cleat lengths were measured in hand specimen
and under a microscope. When both tips of the cleat are
visible, the measurement of its length is simple. Such
measurement can be difficult when cleats are longer than
the sample or the chip under a microscope. In such cases,
tentative extrapolations are done assuming that the aperture
varies regularly along the length, with maximum aperture
in the middle and zero aperture at the tips. This is a valid
assumption as cleats are typical opening mode fractures.



Dependence of fluid flow on cleat aperture distribution and aperture—length scaling: a case... 139

‘1@ Chinakuril *:b Chinakuri4 **:C Bansra UG
' (613m) €=0.043 ] (613m) E=AUL] E a?lsgélm) Bils
$=0.12 $=0.23 $=0.21
% Bansra lncline e=o011 | ° Narayaukui e=0.018 | | s £=0.007
B e 6=0.07 (Z5m) =0.12 (157 6=0.08
e E)
E " . : é
g et
] Lon® =
B = 5
‘% |‘ 1 =
E <
£ |19 Ihanjra intact . “ P Thanjra FZ e=0.015 |11 Thanjra ¥z S
O €=0.009 | |
(65m) 5=0.09 | (65m) 1v=0.16 (97m) v=0.12

Distance along scanline (mm)

Fig. 6 Cumulative cleat aperture along scanlines from one sample of each of the four locations as outlined in Fig. 3. The solid rectangles on
these plots show the cumulative frequencies and the solid triangles represent individual aperture measurements. Sampling depths, the strain (¢)
and variability () along the scanline are labelled on each plot suggesting the effect of faults (FZ: sample collected within 1m of fault zone) is
more on the variability than their depth of occurrence and strain. The inset figures in (b) and (e) are examples of highly variable and almost

uniform cleat patterns respectively

Presence of at least one tip in the microscopic view or in
the sample reduces measurement related uncertainties.

Numerous definitions of cleats based on their sizes are
common in literature such as micro cleats, macro cleats,
mega cleats, etc. An uniform classification based on cleat
size is not well established. It is important to state that we
are only considering ‘sensu stricto’ cleats that are of micro
to millimeter-scale in length and forms the primary fracture
network in coal during desiccation. Larger secondary coal
fractures (could be even traceable across adjacent bore-
holes) formed during exhumation or deformation are
excluded from our current study and their interaction with
the cleat system needs further investigations.

4 Results
4.1 Aperture size and distribution

The smallest aperture in the entire sample population is
observed to be about 5 pum whereas the largest one is about

80 um. Such a wide range in aperture is possibly due to
large variation in sampling depth and non-uniform mac-
erals. Average aperture varies between 12 and 49 pm. The
samples from Jhanjra have the most prominently developed
and easily distinguishable face and butt cleats. On the
contrary, the samples from Chinakuri mines show a com-
plex network of the cleat orientations where the face and
butt cleats are almost indistinguishable. Coal samples from
these two mines (Jhanjra and Chinakuri) show relatively
wider ranges in measured average apertures (20—49 pm).
The associated variation in measured aperture along a
scanline (Fig. 6) is quantified by a numerical parameter (b)
which is the ratio of the sum of absolute maximum and
minimum variations in cleat aperture from the isotropic
strain line with the cumulative aperture (Brook et al. 2016).
The isotropic strain line, connecting the origin to the final
cumulative aperture in each plot (Fig. 6), represents a line
of homogeneous strain. The samples collected from
undisturbed seams of Bansra (incline mine) and Jhanjra
coal mines show uniformly distributed aperture size and
spacing resulting lower values of 6 (0.07-0.09). The value
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of 0 is relatively larger (0.12-0.23) in the samples collected
near the faults from Chinakuri, Bansra, and Jhanjra mines.
The strain (&) along the scanline (Fig. 6), obtained from the
ratio of the sum of the apertures to the scanline length
(Brook et al. 2016), varies between 0.007 (Jhanjra coal
sample) to 0.043 (Chinakuri coal sample).

4.2 The relationship between cleat length
and aperture

Figure 7 shows robust linear correlation (R2= 0.89)
between average aperture (D,,,) and maximum aperture
(Dyuax) of individual cleats from different samples. The
regression line is set to intercept the origin as D, should
be zero when D,,, is zero. Rounding off the slope of the
regression line to 1.6, we can formulate a simple empirical
equation of D,,,, as a function of D, as:

90
80 *
70
60
50
40

Dy (M)

30

20

Dy = 1.5553 D,

10 A R?=0.8916

0 10 20 30 40 50 60
D,yg (um)

Fig. 7 The plot of average aperture width (D,,,,) versus maximum

aperture width (D,,,,) for Raniganj coals showing a strong linear
correlation between them

500 4

=0.0964 L5439
R? =0.4261

Doy (Hm)

50 -

50 500 5000

L (um)

Fig. 8 The plot of cleat length (L) versus maximum aperture width
(D,.ax) for Raniganj coals with a power-law best fit trend captured by
the continuous black straight line. The upper and lower dotted trend
lines capture the spread of the measured data
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Dmax = 1-6Davg (3)

The mutual relationship between maximum aperture (D,,,..)
and cleat length (L) obeys a power-law distribution
(Fig. 8). The correlation is expressed as:

Dypae = 0.1 1084 (4)

Combining Egs. (3) and (4) and substituting D,,,, with
D,,,, the equation correlating L and D,,, (power-law
exponent is rounded off to 0.8) can be expressed as:

1/0.8

L= (16Dyy,) (5)

4.3 Calibration of the ‘cubic law’

We can estimate the potential fluid flow through the cleats
by applying ‘cubic law’ as shown in Eq. (2).

Using Eq. (2), if fracture length (L) is substituted with
D, (‘b’ in cubic law), the equation can be written as:

0 = —{(pgb*on) /121}  {(16D)5%} (6)
Equation (6) can be further simplified as:
Q = —(8pgb**6h) /3u (7)

Equation (7) suggests that the flow-rate through the
measured cleats is proportional to the aperture with a
power exponent of 4.25.

5 Discussion

5.1 Comparison of cleat dimensions with global
studies

Compared to joints, veins, dikes and other opening-mode
fractures in different host rocks, the aperture size for coal
cleats is of at least one order of lower magnitude (Fig. 9).
However, the measured dimensions (aperture 5-80 um) of
cleats from Ranigunj field lie within the known range of
cleat dimensions measured from other coaliferous basins
around the world. Tremain et al. (1991) reported cleat
heights and lengths to vary from microns to meters in
Fruitland Formation of San Juan Basin, New Mexico.
Close and Mavor (1991) analyzed drilled coal cores from
the San Juan Basin and reported apertures varying from
0.01 to 0.2 mm. From parallel-plate fracture permeability
models, Laubach et al. (1998) demonstrated that cleat
apertures should typically vary between 3 and 40 pum.
Weniger et al. (2016) carried out at least 8000 individual
measurements of coal cleats from several European basins
and reported a median aperture of 29 pm with a range in
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Fig. 9 Compilation of cleat length versus maximum aperture width (D,,,,) for Raniganj coals (rectangular solid dots within the encircling
ellipse) with equivalent data sets for opening mode joints, veins and dikes (see: Schultz et al. 2008a, b). Dotted and dashed lines represent
different slopes (pre-exponential constant ‘c’) with constant values of n = 1 and n = 0.5 respectively. Darker lines show power-law fits to:
Lode‘ve sparitic sinuous veins: D, = 0.012°%7, R?> = 0.41; Moros joints: D, = 0.0025L%48, R* = 0.45; and Ethiopia dikes: D, ..

= 0.078L%*, R? = 0.66

median values between 7 and 50 pm, similar to the Rani-
ganj coals.

Relatively wider cleat aperture distribution from Chi-
nakuri and Jhanjra coal samples can be explained by the
presence of small scale faults (throw < 2 m). This is fur-
ther manifested in the higher values of 0 in the samples
from the deformed hanging walls compared to the undis-
turbed footwalls. Syntectonic deposition of coals in the
hanging walls of such intrabasinal faults was reported in
this area by Ghosh (2002). The width of the deformation
zones associated with such small faults is limited (< 2 m)
and is not expected to affect the regional fracturing pattern
and therefore, the derived permeability should also remain
unaffected.

However, the effect of tectonism on the development of
cleat was reported from Bowen Basin, Australia (Dawson
and Esterle 2010; Esterle and Sliwa 2002) where cleat
orientation follows local stresses.

5.2 Fracture length—-aperture width scaling ratios:
comparison with global studies

Derived power-law function between cleat length and
average aperture is consistent with the theoretical deriva-
tions and previously studied outcrop data. Schultz et al.
(2008a) compiled and classified such data from various

geological discontinuities into four distinct classes: (1)
faults; (2) joints, veins, dikes; (3) deformation bands and
(4) compaction bands. They showed that maximum aper-
ture (D,,..) and fracture length (L) obeys a power law
function except in faults where they vary linearly (Cowie
and Scholz 1992a; Scholz 2002; Xu et al. 2005). Theo-
retically, for interacting and propagating cracks of varied
lengths, the constant driving stress, as applied in Eq. (1), is
insufficient (Segall 1984). Lawn and Wilshaw (1975)
established that opening mode fracture propagation is
dependent on stress intensity factor (K;) at the fracture tip.
K; increases linearly with driving stress and with the square
root of half of the fracture length (Eq. 8).

Ki = Agi(nL/2)™ (8)

Olson (2003) showed that according to Griffith’s criteria
for energy balance, fracture propagation initiates when K;
becomes greater than or equal to the intrinsic fracture
toughness (K;.) of the host material.

Thus, by substituting the constant driving stress (Aai)
and stress intensity factor (K;) by critical driving stress
(Ao;.) and material specific fracture toughness (K,.) from
Eq. (8) into Eq. (1), the modified expression at critical
stage of initiation of crack propagation, is:
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Dy = cL” 9)

where n = 0.5 and ¢ is termed as pre-exponential constant
expressed with units of length” ™ and described as

¢ =Kic(1 —=v*) /{E\/(n/8)}

The value of the power exponent ‘n’ in opening mode
fractures from non-coaly rocks is close to the theoretically
derived value of 0.5 as predicted by Egs. (8, 9), whereas
the value of n is 0.84 for the cleats from our study area.
Figure 9 shows the comparison.

This increment in the value of the power exponent ‘n’
can be due to multiple reasons:

(1) Interference of multiple fracture sets

Formation of cleat network (intersection of face and butt
cleats; Figs. 4, 5) is the most important reason for the
enhanced ‘n’ value. The study of joints in Krafla fissure
swarm (Hatton et al. 1994) revealed that ‘n’ is greater than
2 for a certain sets of joints which are partially linked. Such
linking can result in accumulation of extra width than
expected from theoretical analysis of simple isolated
elliptical fractures. Olson (2003) also suggested that strain
transfer between different joints with varying degrees of
overlaps and spacings can significantly impact the scaling
relationship. Similarly, the interaction of face and butt
cleats causes strain transfer between them leading to the
development of an integrated cleat network system. This
network is a clear deviation from an ideal isolated fracture
(Fig. 2b) and thus results in an enhanced value of ‘n’ for
the studied cleat system.

(2) The mixture of hierarchical and top-bound fracture
stratigraphy

Competency contrast between stratigraphic intervals and
the nature of their interfaces influence the vertical dimen-
sion of structural discontinuities (Alzayer et al. 2015;
Benedicto et al. 2003; Nicol et al. 1996; Schultz et al.
2008a; Soliva and Benedicto 2005; Wilkins and Gross
2002). Alzayer et al. (2015) proposed a geometric growth
model (model 4, Fig. 7 in Alzayer et al. 2015) for opening-
mode fractures in layered sedimentary rocks where bed-
ding interfaces constrain the fracture height. In this model,
under sustained loading, fracture propagation gets arrested
to a finite fracture height but continues to grow in length
impacting the power-law exponent between fracture length
and aperture to deviate from the ideal value of 0.5.
According to the fracture stratigraphy classification
scheme proposed by Hooker et al. (2013), ‘bed boundary
containment’ of fractures, where interbedded fractured-
layer thicknesses control fracture height, is often achieved
by fracture ‘hierarchy’. In banded coals, a hierarchy of
subtle competency contrasts (mechanical stratigraphy)
controls cleat height (Laubach et al. 1998, 2009). In
Ranigunj coals, we observe sharp bedding interfaces
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between alternating bright and dull bands limiting the
maximum cleat height to the thickness of the bright bands
(vitrinite rich shiny brittle coal bands) containing them
(Fig. 4). These cleats, do not follow the ideal elastic growth
model constrained by their stationary tips at the bedding
interfaces. Less abundant smaller cleats in the bright bands,
also known as secondary and tertiary cleats, do not extend
up to the bounding interfaces. They follow a linear elastic
growth model where the fracture propagates concurrently
in length, height and aperture (model 1, Fig. 7, Alzayer
et al. 2015). As we measured all cleats encountered along
the scanlines without differentiating their type, our data
represents a mixture of ‘hierarchical and top-bound frac-
ture stratigraphy’ (Hooker et al. 2013). Our analysis fol-
lowed a holistic approach where variabilities both in
loading history (indicated by fracture stratigraphy), i.e., the
maturity of coals (Weniger et al. 2016) and the difference
in the rock mechanical properties (mechanical stratigraphy)
are incorporated. For this study, we considered this to be a
reasonable approximation as mechanical stratigraphy
coincides with fracture stratigraphy (Laubach et al. 2009)
in banded coals.

(3) Post propagation dilation

After fracture propagation is ceased, the void spaces
between fracture walls can further dilate without propa-
gation in length due to layer parallel extension by further
loading, provided that the void spaces are not filled with
secondary minerals or cement. Additional dilation may also
lead to an enhanced exponent value (Olson 2003). From the
reconstructed opening history of tensile fractures with
crack seal quartz cement bridges, Alzayer et al. (2015)
observed that fracture opening increments follow the
kinematics of non-linear fracture growth having distinct
stages of opening viz. (a) an initial fast propagation stage
succeeded by (b) a phase of slow propagation. Studies by
Segall (1984) and Olson (2003) also suggest that evolution
of joints can occur in two similar stages (an initial unsta-
ble propagation with n ~ 1 which subsequently stabilizes
with a lower scaling exponent value of ~ 0.5 (Schultz
et al. 2008a; Olson 2003). This leads to an increased data
scatter with the average value of scaling exponent lying in
between those two end-member values (0.5 and 1).

Variation in mechanical properties of rock such as
fracture toughness, Young’s modulus, Poisson’s ratio has a
significant influence on the displacement—length relation-
ship (Cowie and Scholz 1992b; Gudmundsson 2004; Olson
2003; Schultz et al. 2006, 2008a). Their influence is mainly
on the value of ‘¢’ [Eq. (9)] which controls the vertical
shift of the power-law fitting line. For opening mode
fractures, ‘c’ values are reported from different litho-
types at multiple locations across the world (e.g. Ethiopia
dikes: 0.078, Moros’ joints: 0.0025, Lodeve veins: 0.01,
Culpeper Quarry: 0.00092, Florence Lake: 0.00068 and
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Shiprock dikes: 0.43) (Fig. 9) (Delaney et al. 1986; Dela-
ney and Pollard 1981; Olson 2003). The observed empiri-
cal value of ‘c = 0.1” in our study lies towards the upper
bound of these reported data. Solving Eq. (9) (assuming
E ~ 0.69-6.9 GPa and v ~ 0.35-0.45) (https://petrowiki.
org/Fracture_mechanics), we computed the value of stud-
ied coal cleat K;. as 50-500 MPa m'? (higher than the
laboratory measured values of K. from coal specimens of
different locations across the world).

5.3 Cubic law calibration for fluid flow through
opening mode fractures: comparison
with previous studies

In the traditional cubic law, it is assumed that fluid flows
through two smooth-walled parallel plates where the sep-
aration distance between the plates (the width ‘b’) remains
constant along the length of the fracture. But naturally
occurring isolated fractures in rocks are elliptical with the
maximum aperture lying somewhere at the center and
gradually decreases to zero at the tips. For such ideal
elliptical fracture, Olson 2003, derived a theoretical rela-
tionship between the average aperture (D,,,) (equivalent to
‘D> of parallel plate configuration) and the maximum
aperture (D,,.,) as:

4
- Dye (10)

Dy =

Klimczak et al. (2010) combined Eq. (9) with Eq. (10)
and expressed the fracture length (L) as a function of
average aperture width D, as:

L= 16(Dyy)’ / (mc)? (11)

They incorporated this ideal elliptical displacement
profile (Fig. 2) into the cubic law equation [Eq. (2)] and by
substituting for L [as expressed in Eq. (11)] they derive
‘quintic law’ for fluid flow through isolated, elliptical
fractures as:

Q = —4pgh*h/3p(nc)’ (12)

This enhanced nonlinearity of fifth order of power
exponent between fluid flow and aperture in the quintic law
is an important simplification.

Equations (10-12) assume isolated, ideal elliptical
fracture which follows linear elastic fracture mechanics.
Most of the cleats are distorted ellipsoids or tabular in
shape with uneven fracture walls and connected to each
other by high angled intersections. It is apparent from the
deviation of ‘n’ exponent in the aperture—length relation-
ship, that the equation to express discharge through these
cleats needs further modification of ‘cubic’ or ‘quintic
law’. Hence, based on the combination of theoretical
assumptions and empirical findings, we propose that, the

discharge, in this case, is proportional to the aperture with a
power exponent of 4.25 as derived in Eq. (7).

Philip et al. (2005) concluded that permeability is more
sensitive to fracture length than fracture aperture in case of
poorly connected fracture network which is obviously not
applicable for cleats. The effect of fracture wall roughness
in defining the hydraulic and mechanical aperture is still
debated. However, Klimczak et al. (2010) concluded that
roughness of the fracture walls does not affect the cubic
and quintic law and hence should not affect the proposed
relation by the same logic.

6 Conclusion

(1) Length—aperture distribution of the cleats from
Raniganj coal Formation shows significant nonlin-
earity and is different from other types of opening-
mode fractures. Well-developed cleat network, a
mixture of fractures from different hierarchy and
post-propagation dilation could be responsible for
such deviation.

(2) The deviation leads to a modified equation (from
cubic law) that relates fluid flow with the fracture
aperture. The modified equation provides simplicity
by reducing the number of variables required to
calculate fluid flow through fractures using analyt-
ical models.

(3) The effect of localized deformation due to the
presence of small scale faults is manifested by the
increased non-uniformity in cleat aperture-spacing
distribution.
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