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Abstract:

Rock elastic properties play an important role in the geological characteristics of reservoirs.
The analysis of these properties is normally based physical experiments on rocks. However,
such conventional physical experiments cannot meet actual requirements when the rock
is fragile or has complex composition. With the development of computer technology
and the application of micro-computed tomography scanning technology, digital rock
physics technologies came into existence. In this work, micro-computed tomography was
applied to obtain high-quality three-dimensional images of coal samples. Next, the image
multi-threshold segmentation method was used to divide the grayscale image into three
reasonable components, including mineral, organic matrix, and pores. Digital rock models
with different gas saturations were established using mathematical morphology based
methods. Five volume samples were selected from the original large digital rock model
under different conditions of porosity, mineral, and gas saturation. Based on these three-
dimensional digital cores and the finite element method, the effective elastic moduli of coal
rock mass were simulated and the compressional wave velocity and shear wave velocity
were computed. Results show that, in the absence of filled minerals, both bulk and shear
moduli decrease with rising porosity; compressional and shear wave velocities decline, and
the ratio of compressional wave velocity to shear wave velocity increases. However, a more
realistic study considering filled minerals demonstrates decreasing shear wave velocity and
counterintuitively rising compressional wave velocity when the porosity increases. Gas
saturation only affects the compressional wave velocity. The obtained results improve our
understanding of rock elastic behaviors in the coalbed.

1. Introduction

The coalbed and its by-products are processed and used

seismic interpretation, reservoir evaluation and reserve estima-
tion (Wang et al., 2013b; Wang and Fehler, 2018). According
to Al-Marzouqi (2018), the very small-scale structure of a

in several industries to generate electricity, or to produce
fertilizers and plastics. Coal can also be transformed into
diesel and gasoline fuel used for motorized vehicles in many
countries in the world, including Canada, USA, Australia,
India, and China (Gentzis and Bolen, 2008; Moore, 2012; Peng
et al., 2017; Cui et al., 2018; Vishal et al., 2018).

The elastic properties of reservoir rocks are important for

rock is a paramount aspect controlling its physical behavior.
Valuable insights can be gained into the comprehension and
evaluation of rock physical properties by the understanding of
pore-scale physics. Routine experiments can be carried out to
regulate the elastic parameters of a coal reservoir. However,
some complications remain that have a certain impact on such
experiments: the loose structure of coal rock is not favorable

E-mail address: andh.bacar@yahoo.com (A. B. Andhumoudine); niexin_cugb@126.com (X. Nie); zhougb@cfbgc.com (Q. Zhou);

Yandy *Corresponding author.
Scientific yujie3@cnooc.com (J. Yu); oumarkane92 @hotmail.fr (O. I. Kane); longde_jin@ golder.com (L. Jin);
Roufeidarana@gmail.com (R. R. Djaroun).
Press 2207-9963 (© The Author(s) 2021.

Received January 17, 2021; revised January 28, 2021; accepted January 29, 2021; available online February 2, 2021.


https://orcid.org/0000-0003-1820-9999

54 Andhumoudine, A. B., et al. Advances in Geo-Energy Research, 2021, 5(1): 53-63

(2)

Fig. 1. Extraction location of model rendering (a) and cropped unit (b).

for collection and sample preparation; when ultrasonic testing
processes are applied to the rock, the coal structure can be
destroyed, and its energy state will considerably weaken, thus
making the extraction of affective waveform data beyond the
bounds of possibility (Chauhan et al., 2016). Numerous phys-
ical properties can be assessed based on digital rock physics
(DRP), which supply high resolution computed tomography
(CT) images of the rock pore and mineral geometries (Al-
Marzouqi, 2018; Dvorkin, 2020). Techniques of DRP have
been used to enhance the petrophysical properties of rocks
and porous media in different materials (Chen and Zhou, 2017;
Sun et al., 2017). Based on digital core models, the effective
electrical conductivity or elasticity can be simulated with the
finite element method (FEM) (Wang et al., 2013a; Nie et al.,
2016, 2019; Wei et al., 2018). Researchers have used DRP to
study the elastic properties of simple rocks such as sandstones
(Arns, 2002; Makarynska et al., 2008; Combaret et al., 2013;
Madonna et al., 2013; Zhao et al., 2020). Recently, digital
core technology has also been applied by many researchers
on anisotropy rocks, such as fractured rocks, thinly bedded
rocks, and shale gas reservoir (Zhao et al., 2013; Sun et al.,
2014; Nie et al., 2016; Zhang et al., 2016; Wei et al., 2018).
Nonetheless, few studies have focused on coal elastic property
simulations.

In this study, the elastic properties of coalbed methane
reservoir rocks are obtained based on three-dimensional (3D)
digital cores. First, 3D digital core models of coals are
built by micro-CT scanning, and the gray-scale voxels are
segmented into pore, organic matrix, and mineral. Next, the
pore is separated into gas and water with the mathematical
morphological method (Section 2). Different elastic moduli are
assigned to different respective components, and the equivalent
elastic moduli of the models are calculated using the FEM
(Section 3). Finally, effects of different component contents
are also explored and discussed (Section 3).

(b)

2. Methodology
2.1 Micro-CT scan

Micro-CT scanning is used to reconstruct computer im-
ages, so that the information of materials with different den-
sities on the specified level are displayed in the form of high-
resolution digital images. In this study, the coal rock sample
was obtained from Qinshui Basin, China. The rock sample
was 1.88 mm in diameter, and the CT scanning 3D image had
a resolution of 1.95 um. Once the core sample image was
acquired, a 500x500x500 voxel-sized cuboid was cropped
out for better imaging. The extraction location of the cropped
unit can be seen on the left side, whereas the image of the
cropped unit is the right side of Fig. 1.

2.2 Image processing

Various types of system noise are present in the grayscale
image of the core obtained by micro-CT scanning, which re-
duce image quality and are not conducive to subsequent quan-
titative analysis (Maximenko and Kadet, 2000). Therefore, CT
images were processed using three filtering algorithms: median
filtering, low-pass linear filtering, and Gaussian smoothing
filtering. The filtering effects of the above three algorithms
were comprehensively compared to select different filtering
algorithms in combination with different types of images to
be processed (Huang et al., 1979). After filtering, the grayscale
image is conducive to the natural transition between pore
and skeleton, and it can also make the boundary smooth and
retain the characteristic information of the image. In order
to better quantify and distinguish the skeleton and the pores,
however, it is necessary to further use the image segmentation
method to perform a reasonable labeling processing of the gray
image. The key to image labeling is to select the segmentation
thresholds from coal porosity and mineral content based on
experimental laboratory data. The final thresholds data should
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make the segmentation result close enough to experimental
core porosity and component data. Taking the final searched
value as the multi-segmentation thresholds, the segmented
labeled image is obtained, including pore, mineral, and organic
matrix. The image after threshold segmentation is presented
in Fig. 2, where dark blue represents minerals; light blue
indicates organic matrix; and red represents pores.

2.3 Simulation of fluid distribution

In the present work, the fluid distribution was simulated
by a mathematical morphological method, which includes
four basic operations: dilation operation, erosion operation,
opening operation and closing operation, as shown in Fig. 3
(Serra, 1982; Hu et al., 2001; Liu et al., 2009). Furthermore,
advanced complex algorithms based on dilation and erosion
operations are useful to implement many kinds of image
processing (Haralick et al., 1987; Zhang, 2017), including
image classification and recognition (Icke et al., 2005), origi-

£

(a) Original image

(c) Dilation algorithm

Fig. 2. Image after multi-threshold segmentation.

(b) Erosion algorithm

X

(d) Opening algorithm

Fig. 3. Sketch of erosion, dilation, and opening algorithms (modified from Liu et al., 2009).
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Fig. 4. Image after one opening operation.

nal image reconstruction, feature extraction, and edge de-
tection (Wei and Tong, 2010). When constructing a three-
dimensional digital core, it is usually regarded as a 2-phase
model consisting only of skeleton and pore space. Mathe-

matical morphology can be used to facilitate the simulation
of the pore fluid distribution of a rock (Liu et al., 2009).
The mathematical morphology methods of this paper are used
to simulate different saturation conditions. After a series of
opening operations, the models of different gas saturations are
obtained, as seen in Fig. 4, where green indicates the presence
of gas and red denotes the presence of water.

Table 1. Model material parameters.

Model No. 1 2 3 4 5

Porosity 0.0496  0.1089  0.0694 0.0279 0.0213
Organic matter ~ 0.9234  0.8280 0.8805 09712  0.9399
Mineral content  0.0270  0.0631  0.0501  0.0009  0.0388

2.4 Selection of sub-cores

Following the fluid distribution simulation, 5 sub-cores
were selected from the original whole-core model. Table 1
details the different component volume contents of the 5
models, while Fig. 5 shows the images of the equivalent sub-
cores; next-step simulations were implemented based on these
models.

Fig. 5. Composition distribution of the 5 sub-cores.
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2.5 FEM and elasticity simulation

The FEM is used to calculate the information required
to obtain the effective linear random material properties and
simulate the elasticity of the 3D digital core. The method
was proposed by Garboczi and Day (1995) and the code is
written in Fortran language. In order to calculate the finite
element problem, the model needs to be divided into non-
overlapping finite element units. In the digital rock cases, each
voxel is set as an elemental unit, and a periodic boundary
condition is adopted. Furthermore, macro-strains are applied
in the principal stress direction and the shear stress direction.
By using the finite element method to calculate the elastic
modulus of the three-dimensional digital core, the elastic
potential energy can be expressed as the quadratic polynomial
of the elastic displacement vector of each node (Liu et al.,
2009). The finite element method can be used to calculate
stress and strain in six directions. In this paper, we use
isotropic models to analyze the elastic properties. For the
isotropic cases, the bulk modulus (K) and shear modulus (u)
can be obtained by the following equations:

Oy + Oy + 0y,

K=—"—"> = (D
(et &y +ez)

=2 @)
£y
where Oy, Oyy, Oy, Ty, Oy, Oxy Tepresent the stresses in 6
directions; &y, &y, €, &, &, Exy represent the strains in 6
directions.

Using the bulk modulus and the shear modulus obtained
by calculation, the P wave velocity V,, and S wave velocity
Vs of the three-dimensional digital core can be calculated by
Eqgs. (3) and (4). The average density in the formula can be
multiplied by the density of the corresponding component to
obtain the respective volume fraction.

K+4/3
V, = +p/” (3)
u
vi=,/5 4
0 4)

3. Application results and discussion

3.1 Reliability of simulation results

In this numerical simulation experiment, based on the 3-D
digital core, the equivalent elastic moduli of the rock samples

Table 2. The elastic parameters of each component.

Porosity ~ Porosity =~ Mineral =~ Organic
(gas) (water) (calcite)
Bulk modulus (GPa) 0.20 2.20 81.00 2.90
Shear modulus (GPa)  0.00 0.00 30.70 2.70
Density (g/cm?) 0.30 1.00 271 1.30

are calculated by the finite element method; the P and S wave
velocities are subsequently obtained. The moduli of methane
gas, water, organic matter and mineral used in the simulations
are listed in Table 2.

The final result for P and S wave velocities under dry
sample condition are shown in Table 3. When evaluating the
ultrasonic velocity test results of samples from the same coal
rock, it can be concluded that the P and S wave velocities
calculated using the numerical simulation results are within
the measured values of dry samples of this coal rock. The
experimental results of the core wave velocities under gas
saturation are: 2190.0-3170.0 m/s (V},) and 1040.0-1560.0 m/s
(Vy). These values demonstrate that the simulation of this time
value is in good agreement with the actual results.

3.2 Elastic properties under ideal conditions
without mineral

In this section, the effect of porosity and gas saturation is
discussed without considering the mineral by setting the same
parameters for the mineral label as the organic matrix.

3.2.1 Effect of porosity

Porosity is one of the most important physical properties
of coal-rock reservoir, as well as one of the most essential
indicators in coal-rock reservoir evaluation. Understanding
the relationship between porosity and rock elastic mechanical
parameters of coal reservoirs is of great significance to actual
production. Figs. 6(a)-6(b) present the results of bulk and shear
moduli changing with porosity. When the porosity increases,
the volume fraction of the matrix will inevitably decline. Since
the bulk and shear moduli of water and gas are both lower
than those of the matrix, the bulk and shear moduli show a
reduction.

The relationships among V), Vi, and porosity are shown
in Figs. 6(c)-6(d). When the porosity rises, the P and S wave

Table 3. Simulation results of the 5 gas-saturated sub-core models.

Model Number  Density (g/cm®)  Matrix Density (g/cm?)  Bulk modulus (GPa)  Shear modulus (GPa)  V, (km/s) Vi (km/s) V,/Vq
1 1.3109 1.3400 3.2453 2.5039 2.2410 1.3786 1.6255
2 1.3192 1.3999 3.5957 2.1996 2.2246 1.2733 1.7471
3 1.3317 1.3758 3.7110 2.4336 2.2855 1.3513 1.6913
4 1.2897 1.3013 2.8596 2.5559 2.2045 1.4022 1.5721
5 1.3461 1.3558 3.1200 2.6694 2.2275 1.4324 1.5551
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Fig. 6. Effect of porosity on elastic properties under ideal conditions.

velocities of coal rock reservoirs gradually subside, and the
wave velocities under water saturation are greater than those
under gas saturation. The difference between Vs under gas and
water saturation is small. It can be concluded that the fluid type
has a lower effect on V; as compared to V,. The V,/V; ratio
increases, i.e., V; drops faster than V), with porosity, as shown
in Fig. 6(e).

3.2.2 Effect of gas saturation

The results for bulk modulus with increasing gas saturation
are shown in Figs. 7(a)-7(b); the bulk modulus decreases when
the gas saturation increases, and the shear modulus remains
unchanged. This is because gas and water have different bulk
moduli and equal shear moduli. Therefore, gas saturation
affects the bulk modulus, but barely influences the shear

modulus.

The effect of gas saturation on V,, and V; are shown in Figs.
7(c)-7(d). Results in the figures reveal that as gas saturation
increases, V), drops while V; remains unchanged. Therefore, the
V,,/Vs ratio slightly decreases with gas saturation, as shown in
Fig. 7(e).

3.3 Elastic properties under real conditions with
mineral

The elastic properties under ideal conditions have been
discussed without considering the minerals, even though the
development of minerals in coalbeds can be a major factor
affecting elastic properties. In this section, the effect of poros-
ity and gas saturation is considered while accounting for the
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Fig. 7. Effect of gas saturation on elastic properties under ideal conditions.

presence of the minerals.
3.3.1 Effect of porosity

The relationships among bulk modulus, shear modulus
and porosity are shown in Figs. 8(a)-8(b). As presented in
Figs. 8(a)-8(b), when the porosity increases, the bulk modulus
gradually rises and the shear modulus decreases. Under ideal
conditions, the trend of bulk modulus is not consistent with
these changes. It is clear from Fig. 9 that model porosity
is positively related to mineral content, i.e., when porosity
is higher, more mineral can develop in the microfractures or
large pores. The relatively high bulk modulus of the mineral
increases the effective bulk modulus. However, with declining
porosity, the shear modulus still drops. In conclusion, the bulk
modulus is more strongly affected by the mineral content than
the shear modulus.

The effect of porosity on V), and V, are shown in Figs. 8(d)-
8(e). When comparing these results to data on Fig. 6, it is clear
that when minerals are considered, V), and V; will be relatively
higher. Increased coal reservoir rock porosity results in larger
mineral content, elevated P wave velocity, and reduced S wave
velocity, as shown in Figs. 8(c)-8(d). The sensitivities of P and
S wave velocity to mineral content and porosity are different.
Mineral content has a great influence on V), while porosity
has a great influence on V. Fig. 8(e) shows the trend of V), /Vs
together with porosity: the V,,/V; ratio increases with porosity,
and this trend is more obvious than that under ideal conditions
without minerals.

3.3.2 Effect of gas saturation

Simulation results under increasing gas saturation and
actual conditions, while considering the influence of minerals,
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are shown as in Figs. 10(a)-10(b). The bulk modulus grad-

ually decreases, and the shear modulus remains basically
unchanged. This is because gas and water have different bulk
moduli and similar shear moduli with very small values near
0. It can be concluded that gas saturation has a greater effect
on the bulk modulus than it does on the shear modulus.

The effect of gas saturation on V), and Vi are shown in
Figs. 10(c)-10(d). With increasing gas saturation, V), declines
while Vi stays constant, and the V), / Vs ratio slightly subsides,
as indicated in Fig. 10(e).

4. Conclusions

Digital rock physics are useful to help us better understand
rock physical characteristics. In this paper, the elastic moduli
of coalbed methane reservoir rock were simulated under differ-
ent conditions based on three-dimensional digital core models
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and FEM modeling. The P wave velocity and S wave velocity
of the core were also calculated. Based on our findings, the
following conclusions are drawn:

1y

2)

Under the ideal condition of the lack of filling minerals,
V, and V; of the cores gradually decline with rising
porosity. Under actual conditions considering filled min-
erals, however, increasing porosity results in a gradually
decline of Vs while V), of the core gradually rises, which
is an unexpected result. This is due to coalbed minerals
developing mostly in the microfractures and some large
pores, therefore porosity and mineral content are always
positively correlated.

Under both ideal and real conditions, when gas saturation
increases, V), declines and V; remains unchanged; the fluid
almost has no contribution to the shear modulus.

3) Nevertheless, these results can improve our understanding

of rock elastic behaviors in the coalbed. Our study was
limited to conditions of one specific temperature and
pressure, thus pressure and temperature still need to be
considered in more detailed subsequent studies, since the
gas elastic properties and adsorbed gas content are closely
related to these two conditions. Moreover, anisotropy is
also a crucial factor to consider in future research.
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