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Abstract

The construction of coal body microstructure is the foundation of realizing the organic combination of coal micro
seepage experiment and simulation. In light of the problem that traditional experimental methods cannot directly reveal
the coal microstructure, a three-dimensional (3D) digital model for coal microstructure based on non-contact computed
tomography (CT) images was developed here. Firstly, the high-precision micro-CT system pnCT225KvFCB was used to
obtain two-dimensional (2D) CT images of the coal core. Secondly, a CT image pre-processing methodical approach was
developed. Furthermore, this paper proposed the gray level threshold segmentation (DTM) method as a way to obtain
binary images for CT images. Thirdly, the CT images obtained above were then stacked to produce a 3D digital
reconstruction model of the coal core. Taking the Shanxi Changzhi anthracite and Anhui Wugou long-flame coal, which
have different degrees of metamorphism, as examples, an application of the quantitative parameters of the internal pore
structure of the digital reconstruction model was calculated. The porosity experimental results obtained using the mercury
intrusion method were analyzed to confirm the accuracy of the reconstruction process. Results show the 3D
reconstruction models is fit to reveal the real pore structure of the coal microstructure and the porosity error obtained
between the reconstruction model and laboratory analysis was less than 5%. The proposed 3D reconstruction method in
the present study is capable of visually and quantitatively describing the characteristics of microstructure and porosity of

raw coal.
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1. Introduction

Permeability is an important parameter for characterizing
coal reservoirs as well as for evaluating coal bed methane
production potential. Raw coal contains many internal pores
and fissures that directly influence physical and mechanical
properties of coal microstructure, such as gas absorption,
strength, hydroscopicity, and permeability. In the practical
research of coal and gas outburst, coal gas content,
desorption velocity, gas emission intensity and attenuation
law and gas resource evaluation and development are related
to the study of coal pore structure [1]. For very low-
permeability coal, the quantitative characterization of pore
structures and their evolution characteristics in coal from the
microscopic perspective are important. However, raw coal is
deeply buried underground, and its internal microstructure,
gas desorption and the effects of geological stresses are
invisible and untouchable. One of the possible methods to
understand those processes is to use mathematical modeling
on basis of raw coal. Instead of adopting some laboratory
techniques to obtain some permeability indirectly
representing the pore structure, searching for a reliable
digital model to achieve accurate representation of the macro
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parameters of coal is necessary and useful for further study
of the coal micro mechanical behavior.

2. State of the art

The study of the pore structure of coal currently relies on
observation and field detection methods and conventional
experiments such as the mercury intrusion and nitrogen
adsorption methods [2]. Those methods are intractable to
relate the characterization of pore structure to gas desorption.
Considering the difficulty of determining directly the coal
pore microstructure via laboratory test, using computer-
modeling techniques is therefore imperative to investigate
pore scale and microstructure of coal. In the present research
field of coal pore, the methods to reconstruct pore space
model are generally divided into two main categories. The
first category is stochastic reconstruction of pore space using
statistical methods. However, obtaining the distribution
parameters of pore space is difficult. Thus, accurate
description is quite impossible for the pore structure
properties. Another method is using the images of the coal
obtained directly by various scan techniques to construct the
digital model of the pore structure [3]. In recent years, the
non-contact computed tomography (CT) technology has
become a powerful tool to achieve the goal and had been
extensively used [4]. This method can describe the internal
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structure of an object dynamically and quantitatively without
damage or change it. Using this technology, researchers are
able to extract the information of mineral composition and
microstructure of objects.

In the 1980s, CT technology appeared in the medical
field and has since been used in the research of material
defect detection and rock structure [5]. Kawakata
reconstructed three-dimensional (3D) structure of granite
using the CT image resampling method [6]. Vogel used a CT
scan image to analyze soil samples and established a 3D
porous model [7]. Yang pioneered the use of CT recognition
technology in detecting damage and assessment of changes
in the rock microstructure during compression [8]. However,
the main research objects of those studies are rocks. Ge
conducted a real-time dynamic test and observed the entire
process of the development of coal microscopic damage
evolution law under triaxial and uniaxial load [9]. Peng
combined fractal theory with digital image processing
technology and discussed the relationship between porosity
and fractal dimension [10]. Gong computed multi-scale
features of fissures and pores by using scanning electron
microscopy (SEM) and CT images based on the image
processing and analysis technologies [11]. As a type of rock,
coal has heterogeneous porous characteristics that are more
complex. In the aforementioned studies, the object of study
is coal. However, the resolution of the CT machine is not
high, thereby resulting in an unclear effect of the pore
structure reconstruction.

Measuring the pore structure characteristics is possible
using traditional test methods, including determining the
pore size distribution within a certain range and identifying
the pore type in coal. However, the results obtained are
solely in the macroscopic two-dimensional (2D) space with
limited characterizations. Furthermore, those testing
processes generally destroy the coal core microstructure,
thereby resulting in a larger deviation than real coal. The
method of CT technique is able to obtain pore parameters
and quantitative characteristics of the microscopic pore
structure of coal while minimizing damage as much as
possible. The method is also able to establish visual digital
models using 3D image reconstruction techniques.

In this study, we discussed the techniques of combining
theoretical analysis, image processing, and the methods of
laboratory experiments with the 3D reconstruction
technology based on 2D CT images. This study also
conducted 3D reconstruction of thin-section samples of
Shanxi Changzhi anthracite coal and Anhui Wugou long-
flame coal. Combined with experimental laboratory analysis
and reconstructed digital models, the study verified the
accuracy of the reconstruction model of coal microstructure.
The discussions also established further directions for the
study of the microstructure properties of digital model
reconstruction.

3. Methodology

In order to obtain the pore structure model that could
represent the actual microstructure of coal core and realize
the organic combination of microscopic experiment and
simulation, the key technology that must be solved is
constructing 3D coal porous models. Specifically, this study
seeks solutions for the following: establishing of coal body
microstructure description and network model using the 3D
reconstruction technology and realizing the transformation
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of the 2D CT image information to the 3D structure of coal
pore distribution and topology information.

Creating a geometric model is the first step to simulate
numerically of coal bed gas seepage in coal and rock mass.
The structure of pore and fracture of coal and rock mass is
small, and the conventional test method is difficult to
observe. Using CT technology, distributing hole and crack
structure in 2D plane is possible using the chromatography
scanning of coal and rock mass, namely, CT slice. A series
of 2D slices are processed by threshold segmentation, and
then the data interpolation between slices is carried out.
Furthermore, the 3D distribution of the pore structure is
obtained by the operation of spatial stacking. The entire
process can be called CT 3D reconstruction.

3.1 Pore microstructure of coal samples

The size of the pores in coal is not uniform. The pores can
be classified as micro pores (diameter < 0.01 um), which
increase the coal adsorption volume; holes (0.01 pm to 0.1
pm), which consist of capillary condensation and gas
diffusion space; and large aperture pores (0.1 pm to 100 pm),
which increase the gas permeability spaces.

The available pore size distribution can be determined
using the mercury intrusion method or nitrogen adsorption
isotherm method. Previous studies had shown that the pore
size distribution of coal with different coalification degrees
has a certain regularity: the higher the degree, the smaller the
pore size. The significantly large proportion of micro pores
in the pore volume reflects that the physical structure of coal
tends to be tight. Figure 1 (a) shows a SEM image of highly
metamorphic anthracite, whereas Figure 1 (b) shows a SEM
image of low-grade metamorphic long-flame coal.

(b)
Fig. 1. SEM images of raw coal samples. (a) Anthracite, (b) Long-
flame coal
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Notably, the surface of anthracite was smooth with no
evident fractures, whereas the surface of long-flame coal has
many pores and fissures. Therefore, as the rank decreases,
large pores gradually become apparent on the coal surface.
Specifically, the lower the degree of coal metamorphism, the
higher the degree of development of the coal pore system.
But the internal pore shape and distribution characteristics of
coal cannot be expressed by the method.

3.2 Industrial CT scanning and imaging principle

Industrial CT scanning technology is based on industrial CT
scanning devices. These devices consist of three parts [12],
namely, scanning component, computer system, storage unit
and image display system. The basic principle of CT
scanning devices is as follows: when the X-ray scans an
object of a certain thickness, the detector receives the X-ray
and translates it into visible light, and converts the light into
electrical signals. After the analog/digital conversion of the
signal, the information is input into the computer for further
processing. The X-ray photon attenuation coefficient of coal
pore and material is different, as well as the X-ray input and
output. Then, the density distribution of coal is determined.
Based on a matrix arrangement, CT images are produced [13,
14]. The coal core CT scanning process is shown in Figure 2.

Fig. 2. Coal core CT scan process schematic

When X-rays emitted from the CT device penetrate the
objects, their light intensity can be calculated via the
following equation:

I =1, exp(-u,,px) @

where,

1,= light intensity of X-ray before penetrating coal,

I = light intensity of X-ray after penetrating coal,
u, = absorption coefficient for the mass of the coal

being detected,
o = coal density, and
x = penetration length of the incident X-ray.

We also considered a previous work [15] of Formulas (2)
and (3), as follows:

3.8

V4
u=u,p=pa+ bﬁ (2)

VY SN (3)
p——ln(lo)—fLﬂdx

where,
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p = projection measured value,

Z = atomic number,

a = Klein-Nishina coefficient,
b=9.8 x 10-24 s and

E = X-ray particle energy.

In practical applications, CT values are used to measure
the gray level of the CT image obtained by comparing
attenuation coefficient and water, as shown in Formula 4.
The absorption coefficient and CT values of the X-ray are
determined in terms of the following expression:

CT(Hy = H )

x1000

3.3 Coal CT image reconstruction process

In the reconstruction technique, 3D data are generated from
a certain process. The 3D volume of coal samples can be
obtained by extracting the geometric model of the
reconstructed coal microstructure, which is also known as
the real digital model. The ultimate goal of 3D
reconstruction is to produce a coal pore structure model that
can be used in numerical simulation analysis and in the
calculation of the porosity of coal. The reconstruction
process has four steps, which are discussed in detail below.

(1) Coal core production and CT scan
A coal pillar was drilled using a glass drill and fine
sandpaper. Coal samples were collected for comparison
experiments. All coal samples must be collected from the
same location. The production process must ensure the
integrity of the coal core. The influence of specific
parameters on the CT system and magnification bust must be
removed to determine the scanning length and position.
Then, the samples were scanned to produce 2D CT images.
Coal pillar diameter and length are shown in Figure 3.

b
Fig. 3. Diameter and length of the s(czmned coal pillar. (a) Diameter, (b)
Length
Preprocessing of the coal samples can affect the coal
structure. The surface of the coal samples was irregular in
shape and covered with holes, thereby rendering the contour
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of the CT images irregular and accompanied with small
noise. Trimming the CT images was necessary to remove the
influence of the boundary and balance the amount of data
reconstruction to calculate capacity. The central part of the

(b) Before denois!

(a) Coa core CT image

(2) 2D CT image processing

The raw CT scan images have a large amount of noises,
which are usually generated by the CT system and the
environment, and are unable to be used directly. Measures
must be taken to remove those noises. Using the noise
identification technology, we determined that the existing
noise in CT scan images was mainly Gaussian noise [16, 17].
The Wiener filter exhibited a good noise removal effect on
Gaussian noise (Fig. 4). The C area in Figure 4 corresponded
to air. The density was uneven. The gray value of the image
pixels should be concentrated and kept within a small range
when reflected in CT images. However, the distribution of
the gray value was broad because of the presence of noise.

Step 1: CT scan and image
segmentation real coal digital model

Step 4: Real coal
digital model
Fig. 5. CT reconstruction process: 2D to 3D objectives
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(d) After dencising
Fig. 4 CT slices of coal specimens and before and after denoising

CT scan image was the least affected, which was generally
subject to our actual requirements. Then, the rectangular
area of a certain pixel size in the region is selected as the
target area of the pending reconstruction process.

Frequency

Gray level

ing (c) Histogram before denoising

Frequency

(e) Histogram after denoising Gray level

Noise evidently existed in the image (white spots in Figure
4(b)). Via the Wiener filtering denoising operation, the
effect of noise can be reduced, and the gray values are
concentrated (Figure 4(c)). The obtained CT image after
denoising is shown in Figure 4(d).

(3) 3D data stream establishment

The current methodology enables the design and
development of new porous microstructures and the analysis
of the existing microstructures of 2D images. The processed
2D CT images were arranged in the space structure and
imported into 3D reconstruction software for reconstruction
[18].

Step 2: Noise processing
threshold segmentation

Step 3: 3D data flow
stack
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(4) Establishment of the real digital model of the coal
core

At present, two methods are applied for 3D reconstruction,
namely, volume rendering, and surface rendering. With the
development of computer technology, surface rendering has
shown only a few interactive advantages. Volume rendering
is more prominent than surface rendering as it consider the
process of all elements. We may confidently anticipate that
volume rendering will become more popular, thereby
implying its possible replacement of surface rendering
techniques in many applications. Based on MATLB, we can
compile 3D reconstruction software based on the volume
rendering method. This software can meet the needs of the
3D reconstruction of the coal core, and show the
discontinuous behavior of coal. The reconstruction
procedure employed is summarized in Figure 5.

3.4 Threshold segmentation method based on CT image
gray level

Pore fracture is one of the important characteristics of coal.
2D CT images are not binary-valued. Therefore, accurate
threshold segmentation is the basis of the precise
characterization of coal microstructure, and is a key step in
determining whether the reconstructed model can accurately
describe the physical structure of coal.

In the process of dealing with 2D CT images, the number
of coal pores in the CT image may increase or decrease with
different threshold segmentation methods, even in the same
CT image. The user may select different threshold
segmentation algorithms or thresholds, thereby resulting in
larger subjective calculation results. Therefore, the
traditional CT image analysis process has strong randomness
or uncertainty features. In this paper, the threshold
segmentation method, also called the gray level method, is
determined based on the principle of CT image formation.
The scanned images were viewed as a matrix of different
gray values. The gray level of the CT image can be
compared with the digital terrain model (DTM). The gray
value was equivalent to ground elevation in DTM. The
images with maximum gray value that correspond to the
pore and fracture volumes V; and the total volume of coal V'
can be expressed as follows:

Vv S (- ()

(5)
VT =V E (rmax _;/;m'n ).H(}’;)
1 =Tinin (6)
where
7, = minimum gray value of the image,

mi

rma

1, = gray value of each pixel, . €[r,, 7, ]

. = maximum gray value of the image,

v=unit pixel volume, and

min > " max

], its

H(r,.)= gray histogram in the range of[r 7

value can be calculated as follows:

H(r)-" g
n
where

n, = the number of pixels in the image,
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n =the sum of the image pixels, and E H(r)=1.
When the gray value of the individual pixel in the image
is relatively higher, the calculated porosity will be larger
than the real value. Imbalance between the pore volume Vg
and the total coal volume V; was observed. The values of V
and Vr all change with the threshold value x. The change in

the threshold is restricted in the range of [”mim’”max]' The
maximum value of x is 7, . When the value of x is greater
than ., the obtained porosity is meaningless. After

optimization, the relationship between gray value and
porosity can be expressed as follows:

o()-75 -2 (®)

ZﬁxH(V,-)

The gray value threshold can be determined by using the
relationship curve of the gray value and ¢(x) The critical
gray value ¢ corresponds to the abrupt change in gray value.
The relationship curve of the gray value and ¢(x)decreased

with the increase in the gray value. When the gray value
exceeded the value of ¢, the curve increased further and the
coal material became visible. Based on the gray level, the
CT images can be classified into two categories, namely, one
with pores and fractures and the other with materials.

As shown in Figure 6, the minimum point of the curve
corresponds to the threshold segmentation value [19]. Pore
spaces were observed on the critical left side of the gray
value. By contrast, critical coal materials were observed on
the right side of the gray value. For any CT image, the
corresponding curve between gray value x and

porosity ¢(x) can be drawn. The essence of the threshold

was to determine the minimum value of the function ¢(x)

1.0
0.8
g
2
Z 0.6
= 0.4].cccunnn, 0 30\ Pore Material
: c . ' ‘
oo 0.15 .
02]f \.A% 2040
0.0
0 50 100 150 200 250
Gray value

Fig. 6. Relationship curve between image gray value, pore, and
material

4 Result Analysis and Discussion

4.1 Digital model for coal microstructure based on CT
images

Based on the aforementioned steps, Shanxi Changzhi
anthracite and Anhui Wugou long-flame coal samples in
China, which could represent different coal metamorphisms,
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were selected to develop the 3D reconstruction digital model.
The coal samples were magnified 100 times. The minimum
pore diameter was determined to be over 1.94 um. The CT
sections were 2,041 x 2,041 pixels. The CT sections were
cut and 80 x 80 pixels CT slices were selected to reflect the
coal microstructure and reduce reconstruction calculation
difficulty. The size of the 3D model was 80 x 80 x 80 pixels,
and the digital model actual size was 0.16 x 0.16 x 0.16 mm.
Figure 7 shows the 3D digital reconstruction models of
Anhui Wugou long-flame coal and Shanxi Changzhi
anthracite.

These 3D digital reconstruction models were very small
and reached only 0.16 x 0.16 x 0.16 mm. These models
contained many pores and a large amount of channel
information on the “pore throat” scales. When these are
combined with CT reconstruction, the following
phenomenon can be observed: The bedding structure was
evident in raw coal microstructures. Without continuity and
anisotropy, coal contains a large number of internal pores.
The 3D digital models could reveal the structure of coal,
which cannot be reflected by 2D image information. This
method of determining the coal pore structure is more vivid
and concrete than that by using SEM.

(b)
Fig. 7. Coal microstructure real digital models. (a) Shanxi Changzhi
anthracite, (b) Anhui Wugou long-flame coal

4.2 Porosity measurement of coal digital model and error
comparison

Based on the number of pixels, the 3D reconstruction model
could be considered as a matrix set of pixels [20, 21]. The
study used statistical software to analyze the obtained data
flow. Then, the porosity of the reconstructed digital models
was calculated using Formula (9) [22-24].

Vi _ szaE::":mi" (o —7)H (1) o)
Vo a3, (e = (1)

¢:

Table 1. DTM threshold segmentation results and porosity of 3D reconstruction models

. DTM 3D . DTM 3D
Coal | Statistical | method | recomstruction | (oo | St2tistical | method | reconstruction
¢8I0 | Threshold | Porosity (%) Te8I%M | Threshold | Porosity (%)

A region 12 12.14 A region 17 17.89

80x80x80 21 14.08 80x80x80 23 16.34

pixels 30 1321 pixels 47 17.21

Shanxi | p oo 12 12.17 \f]ﬁgg; B region 36 16.83

fn}iflfag;?; 80x80x80 19 11.69 long- | 80x80x80 28 14.71

coal pixels 30 14.46 fg:le pixels 31 15.12

C region 32 13.21 C rogion 36 18.81

80x80x80 25 13.59 80x80x80 22 16.52

pixels 51 12.83 pixels 41 17.13

Ve n=0 .
In this case, the image undergoes binary processing. As ¢_7T_ 2 [(r =0)+(r = 1)]

such, the reconstruction model contained only two gray
values, namely, 0 and 1, Thus, porosity can be calculated as
follows:

To characterize objectively the validity of the established
model, a pressured-mercury experiment was conducted after
the CT scanning. The data were then averaged. In view of an
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isolated phenomenon, Sections A, B, and C in Fig. 4 were
selected for the 3D reconstruction. The porosity of the
reconstruction model was also calculated. Table 1 presents
the porosities of the models.

As shown in Table 1, the average porosity of Shanxi
Changzhi anthracite was 13.04%, and the average porosity
of Anhui Wugou long-flame coal porosity was 16.72%. The
coal core structure determined using the mercury intrusion
method showed that the porosity of Shanxi Changzhi
anthracite was 13.37%, and that the porosity of Anhui
Wugou long-flame coal was 16.92%. The error between the
mercury intrusion method and the digital model of 3D CT
reconstruction was 2.4% for Shanxi Changzhi anthracite and
1.2% for Anhui Wugou long-flame coal, which showed that
the reconstructed model could vividly characterize the
micropore structure of coal. The maximum porosity errors of
these two types of coal samples were 12.5% and 13.1% (as
shown in Tab. 1). The effective porosity of the digital model
was less than that of the mercury intrusion method, which
may be due to the high pressure in the method. The high
pressure in the mercury intrusion method could increase the
pore volume of coal, and then further increase the coal
porosity.

The reconstructed digital model can be gradually
optimized to produce a smooth surface, thereby suggesting

that 3D CT data could be converted into a CAD-readable file.

Current mainstream simulation software, such as Ansys,
COMSOL, and Abaqus, can read NURBS-based CAD
surface data digital models as well as attain the numerical
simulation of gas flow at the microstructure level.
Fabrication of these reconstructed models is possible using
advances in 3D printing and other additive manufacturing
techniques, thereby radically improving our understanding
of the coal microstructure.

4.3 Limitation of the model

As per the hypothesis, the coal digital models were
established based on CT 2D images; such a process require
continuous and non-invasive acquisition of all images.
However, this condition is impossible for the coal pillar
making process, which is under different geological
conditions, especially the small size coal pillar. Furthermore,
following the need to simulate when reconstructing the
digital model of coal, the existence of closed pores (e.g.,
dead holes) is ignored, and the pores of coal are regarded as
mutual.

5. Conclusions

In order to predict the coal body microstructure, the 3D
digital models based on CT images and reconstruction
method were respectively used. In the present paper, the
problem of coal microstructure digital models based on CT

images was reconstructed, and the gray level threshold
segmentation method was developed. The porosity of coal
digital model was investigated as well as the error between
digital model and the experimental results. This paper
provides an attempt to characterize quantitatively and
visually the pores in coal. The following are the main
conclusions.

1) A 3D coal microstructure reconstruction method was
developed based on CT scan images. Among the methodical
approach steps, DTM threshold segmentation is an effective
technique to obtain binary images. In conformity with the
experiment the proposed reconstructed digital model can
show the 3D details of coal pore and visually characterize
the microstructures as well as show the spatial distribution of
the permeability of coal.

2) Using the characteristics of the image itself, the CT
image can be divided into two parts, namely, the pore and
the framework. DTM threshold segmentation can mitigate
the influence of human subjectivity on threshold selection.

3) Results showed that the 3D reconstruction model
produced using CT images can indicate pore spatial
distribution in the coal seam and is more effective than the
traditional experimental methods. By comparing the porosity
obtained by traditional experimental method and
reconstruction, we determined that the errors were less than
5%, with a high recognition rate. This result shows that the
digital reconstruction models can effectively characterize the
coal microstructure.

4) Based on CT reconstruction and reverse engineering
technology, the 3D CT data of coal can be transformed into
real CAD models, and imported into finite element software
for numerical simulation. Due to the irregularity of
morphology of pore spaces, the models must be smoothed.
This study can meet the demands for coal pore
miscrostructure in the coal mining industry with sucessful
application to examples of different degrees of coal.
However, the method is limited by special conditions, such
as pore connectivity and CT image resolution. Further
studies are required to solve the prediction model in special
conditions.
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