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Abstract One of the key issues in protective seam mining

is the pressure relief and permeability improvement effect.

In this paper, the results of X-ray CT scanning experiments

and permeability experiments using reconstituted coal

specimens subjected to the same stress path and the same

effective confining pressure (confining pressure minus pore

pressure) are combined using the stress–strain relationship

to study the damage to reconstituted coal specimens and its

influence on permeability during the unloading process.

When the effective confining pressure (r3 - p) is unloaded

from 8 to 6 MPa and the deviatoric stress increases, the

damage variables will increase by 0.0351 and 0.084,

respectively, compared with the unloading point under the

fixed axial displacement with unloading confining pressure

(FADUCP) and fixed deviatoric stress with unloading

confining pressure (FDSUCP) stress paths. At the same

time, the permeability increased by 1.7 and 16.7 %,

respectively. Therefore, the damage variable and perme-

ability increased notably little in this process. After the

effective confining pressure is unloaded to approximately

5 MPa, together with the decrease in the deviatoric stress,

the growth of the damage variable and permeability begins

to accelerate. In addition, the relative decrease in the

deviatoric stress with appearing damage cracks, and the

relative increase in permeability with the same amount of

effective confining pressure being unloaded, shows that the

damage to specimens under the FDSUCP stress path is

larger than that from the FADUCP stress path.

Keywords Protective seam mining � Unloading �
Reconstituted coal � X-ray CT scan � Permeability

1 Introduction

Over many years, work on the topic of gas prevention in

coal mines has shown that for a coal seam group that has a

risk of coal and gas outbursts, extraction of protective

seams is the most economical and effective measure (Lama

and Bodziony 1998; Liu et al. 2011; Wang and Cheng

2012). This intervention not only insures the safe and

efficient recovery of seams, but also improves the capture

rate of coal bed methane (CBM), which plays an important

role in promoting energy conservation and comprehensive

utilization of resources.

Extraction of protective seams causes a reduction in the

three-dimensional stress in the surrounding rock, and this

reduction varies for different distances to the protective

seams (Yang et al. 2011a, b; Guo et al. 2012). The change

in stress state causes damage to the surrounding rock,

which increases the permeability. The cave zones, fracture

zones, and continuous deformation zones are classified

according to the different permeability (Palchik 1989;

Karacan et al. 2007). Specifically, Palchik (2003, 2005)

studied the formation process and the scope of the fractured

zone in a long-wall mining face. Majdi et al. (2012) put

forward a mathematical model for the height of the

distressed zone. Also, Yang TH et al. (2011) put forward a

stress-damage-flow coupling model and applied it to

pressure relief CBM in deep coal seams.
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In general, scientific issues in extraction of protective

seams involve three aspects: changes in stress, damage to

coal and rock, and changes in permeability. Many scholars

have performed studies on these aspects using laboratory

experiments. Using an X-ray CT scan, Kawakata et al.

(1997) studied the process of fault formation in granite

under tri-axial compression, and Zhou et al. (2008) ana-

lyzed the damage development in limestone during

unloading. Bobet and Einstein (2010) and Robina et al.

(1998) obtained information on the crack coalescence of

plaster under uni-axial compression. The effect of stress on

the permeability of coal and rock was investigated by

Somerton et al. (1975), Li et al. (1997), Jasinge et al.

(2011) and Wang et al. (2013). In addition, Palmer and

Mansoori (1998), Shi and Durucan (2003a, b) developed

models for permeability, stress and pore pressure.

According to the references, great progress has been

made on extraction of protective seams from an engineer-

ing perspective, but macroscopic experiments and theo-

retical analysis have also been mainly emphasized. Few

researches on the coupling effects among stress, damage,

and permeability have been done in the laboratory. X-ray

CT scanning can effectively determine internal damage

development of specimens (Kawakata et al. 1997; Otani

et al. 2000; Feng et al. 2004; Zhou et al. 2008), while the

permeability of a specimen cannot be measured during this

experiment. Therefore, based on the fact that the reduction

of the three-dimensional stress on protected seams during

extraction of protective seams, this paper uses X-ray CT

scan experiments and permeability experiments under the

same stress paths [fixed axial displacement with unloading

confining pressure (FADUCP) and fixed deviatoric stress

with unloading confining pressure (FDSUCP)] and the

same effective confining pressure by using reconstituted

coal specimens with minimal discreteness to measure

damage and permeability development, respectively.

Finally, damage development and its influence on the

permeability of coal during unloading are analyzed by the

linking of the two experimental results.

2 Experimental Method

2.1 Specimens

Due to tectonic stress, underground coal appears in a bro-

ken structure with low strength, and it is difficult to obtain

a raw coal specimen. Moreover, even if a raw coal speci-

men can be produced, the repeatability of experiments and

the ability to compare experimental results are poor

(Jasinge et al. 2009, 2011; Ranjith et al. 2010). At the same

time, the reconstituted coal specimens and raw coal spec-

imens have good consistency on the deformation law

(Yao and Zhou 1998; Yin et al. 2008); therefore,

reconstituted coal specimens are chosen for study in this

paper.

The raw materials for producing the reconstituted coal

specimens consist of coking coal from the Qinan coal mine

of the Huaibei coalfield in China. According to the meth-

ods of MT/T 1087-2008 (China State Administration of

Work Safety 2009) and GB/T 8899-1998 (State Bureau of

Quality Technology Supervision of the People’s Republic

of China 1998), maceral composition and proximate anal-

ysis were tested and the results are summarized in Table 1.

The production process (Peng et al. 2011) for the

reconstituted coal specimens is as follows: 60–80 mesh

coal particles were evenly mixed with a small amount of

water and packed into abrasives to produce the reconsti-

tuted coal specimens. Next, a pressure of 100 MPa was

applied for 30 min. After that, the specimens were placed

in a 60 �C vacuum oven for 24 h. Finally, specimens (see

Fig. 1) with an approximate height of 100 mm were

obtained using a cutting machine. The physical parameters

of the specimens used in the experiments are shown in

Table 2.

Table 1 Maceral composition

Organic maceral composition Inorganic maceral composition

Vitrinite Inertinite Exinite Clay type Sulfide Carbonate

72.94 % 22.59 % 0 4.21 % 0.36 % 0

R0 1.4243

Proximate analysis

Ash Volatile matter Fixed carbon

17.41 % 29.43 % 51.69 %

Fig. 1 Specimens
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2.2 Experimental Design

The experimental design used in this research is shown in

Fig. 2 and described as follows. After in-site sampling and

determination of basic parameters, the reconstituted coal

specimens are produced. The X-ray CT scan experiments

and permeability tests are performed during unloading

under the same stress path and the same effective confining

pressure. The CT values and CT scan images obtained from

the X-ray CT scan experiments are used to analyze the

damage development, and the results of the permeability

tests are used to analyze the permeability variation during

unloading. Because the reconstituted coal specimens with

minimal discreteness are subjected to the same stress path

and the same effective confining pressure, the two different

experimental results can be linked to analyze the damage

development and its influence on the permeability of coal

during unloading.

2.3 Experimental Apparatus and Experimental

Procedures

2.3.1 X-Ray CT Scan Experiment

Damage development in the specimens under different

stress path was measured using a X-ray CT scan system

(see Fig. 3) located at the Cold and Arid Regions Envi-

ronmental Engineering Research Institute of the Chinese

Fig. 2 Experimental design

Table 2 Specimens physical parameters

Specimens Diameter (mm) Length (mm) Mass (g)

A 50.9 100.0 231.16

B 50.9 99.4 236.3

C 50.7 100.4 244.89

D 50.8 98.5 237.35

Fig. 3 X-ray CT scan system
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Academy of Sciences. This system consists of a PHILIPS

spiral CT machine, a tri-axial device used to determine

axial stress and axial strain, and CT image processing

software. The spatial resolution of the CT machine is

0.208 9 0.208 mm, and the relative density resolution is

0.3 % Hounsfield Unit (Hu). The maximum designed axial

compression and confining pressure of the tri-axial device

are 200 and 20 MPa, respectively.

Specimen A and specimen B are used in the X-ray CT

scan experiments under the FADUCP and FDSUCP stress

paths, respectively. The experimental process uses a scan

voltage of 180 mA, a scan current of 120 kV, and a scan

layer thickness of 3 mm. The experimental procedure is as

follows.

1. Install the specimen and conduct an X-ray CT scan at

the initial stress state.

2. Gradually increase the confining pressure to 8 MPa,

load the specimen to the yield point further using a

0.04 mm/min displacement loading rate, and conduct a

second X-ray CT scan.

3. Conduct an X-ray CT scan on specimen A under the

FADUCP stress path with an average unloading rate

for the confining pressure of 0.25 MPa/min; as the

confining pressure is unloaded to 6, 4.8, 3.6, 2.4, and

0.8 MPa, additional X-ray CT scans are conducted.

The experiment ends when visible damage cracks can

be observed from the CT images.

4. Conduct an X-ray CT scan on specimen B under the

FDSUCP stress path with an average unloading rate

for the confining pressure of 0.25 MPa/min; as the

confining pressure is unloaded to 6, 4.8, 3.6, and

2.4 MPa, additional X-ray CT scans are conducted.

The experiment ends when visible damage cracks can

be observed from the CT images.

2.3.2 Permeability Test

The permeability of a specimen under different stress paths

was tested using a coupling instrument to measure the

stress and permeability of coal and rock (see Fig. 4). This

instrument consists of a mechanical module and a fluid

module. In the mechanical module, the maximum designed

axial compression and confining pressure are 300 and

60 MPa, respectively. The axial deformation measurement

range and radial deformation measurement range are 0–10

and 0–5 mm, respectively. In the fluid module, the range of

penetration pore pressure is 0–20 MPa, and the measure-

ment range of permeability is 0.01–100 mD.

The pressure transient method (Brace et al. 1968; Evans

and Wong 1992; Wang et al. 2011) is adopted to measure

Fig. 4 Schematic of a coupling instrument to measure the stress and permeability of coal and rock
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the permeability of the specimens. The basic governing

equation for the pressure pulse through a coal specimen can

be written as Eqs. (1) and (2).

PupðtÞ � PdownðtÞ ¼ Pupðt0Þ � Pdownðt0Þ
� �

e�at ð1Þ

a ¼ kA=lbLð Þ 1=Vup þ 1=Vdown

� �
ð2Þ

where PupðtÞ and PdownðtÞ are the pressure of the upstream

and downstream reservoirs at time t, respectively; Pupðt0Þ
and Pdownðt0Þ are the initial pressures of the upstream and

downstream reservoirs at time t0, respectively; a is the

slope of the line when plotting the pressure decay PupðtÞ �
PdownðtÞ on semi-log paper against time; k is the perme-

ability; A and L are the cross-sectional area and length of

the specimen, respectively; l and b are the dynamic vis-

cosity and compressibility of the gas, respectively; and Vup

and Vdown are the volume of the upstream reservoir and

downstream reservoir, respectively.

Vup is equal to Vdown in the experimental apparatus

shown in Fig. 4. Thus, we obtain

a ¼ kA

uL

2

bVup

ð3Þ

and define

Sup¼bVup; ð4Þ

where Sup, defined as the storage coefficient, indicates the

change in gas volume caused by the unit gas pressure

change. Thus, we obtain

a ¼ kA

uL

2

Sup

: ð5Þ

Therefore, the governing equations for the experimental

apparatus shown in Fig. 4 can be written as in Eqs. (1) and

(5). The experimental procedure is as follows:

1. Install the specimen and gradually increase the confin-

ing pressure to 3 MPa. Apply a vacuum to the specimens

for 24 h, and subsequently increase the confining

pressure to 10 MPa and hold under vacuum for 6 h.

2. Set the system temperature to 40 �C and apply a gas

pressure (CH4; purity of 99.99 %) of 2 MPa to the

specimens. Because the volume of gas in the ISCO

Pump is no longer changing, we assume the adsorption

equilibrium is reached.

3. Load specimen C to the yield point further using a

0.04 mm/min displacement loading velocity, and

measure the permeability change during this process.

Next, fixing the axial displacement and the unloading

confining pressure by 0.25 MPa/min, the permeability

change is measured for every 1 MPa reduction.

Load specimen D to the yield point further using a

0.04 mm/min displacement loading velocity, and measure

the permeability change during this process. Next, change

the control mode to load control, fixing the deviatoric stress

and unloading confining pressure by 0.25 MPa/min, the

permeability change is measured for every 1 MPa

reduction.

3 Results and Analysis

3.1 Definition of the CT Value and Distribution

of the Scanning Layers

According to Professor Hounsfield, one of the inventors of

the CT machine, the CT value H is defined by

H¼ 1; 000� lm
r � lm

w

lm
w

; ð6Þ

where lm
r and lm

w are the mass absorption coefficients for

the rock matrix material and pore water, respectively. The

unit of the CT value is Hu, and 1,000 is the scaling factor

for Hu. The CT values of air, water and ice are -1,000

(HU), 0 (HU), and -100 (HU), respectively. The CT value

is proportional to the material density.

In this paper, the CT values were calibrated with water

phantom, considering that specimens were hosted by the

Fig. 5 Scanning layers distribution in each scan
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high-density aluminum pressure vessel during experiments

and the influence of other factors, therefore, the CT values

obtained from experiments did not have absolute implica-

tion. However, the CT values obtained from different stress

states are relatively meaningful, and can be used to analyze

the damage development of specimens. In addition, the CT

images presented are related to the degree of adjusting

window. Although the CT images vary with the adjusting

window, the CT values do not change.

To analyze the non-uniformity of the CT value distri-

bution in different areas in the scanning layers, this paper

defines the variable X, which comprehensively reflects the

change in the CT value and the CT variance.

X ¼ SD

H þ 1; 000
ð7Þ

where SD is the CT variance.

The scanning layers distribution is shown in Fig. 5, and

can be divided into 32 layers.

3.2 Fixing Axial Displacement with Unloading

Confining Pressure

3.2.1 Analysis of Damage Development During Unloading

The stress–strain curves under the FADUCP stress path are

shown in Fig. 6. At the unloading point, the deviatoric

stress and strain are 14.65 MPa and 3.13 %, respectively.

As the confining pressure is unloaded from 8 to 6 MPa at a

fast rate, the deviatoric stress increases slightly. The peak

of the deviatoric stress occurs at 15.37 MPa with a strain of

3.21 %. Subsequently, the deviatoric stress begins to

decrease during unloading of the confining pressure, and at

the same time, the axial strain also increases slightly.

Table 3 and Fig. 7 show the changes in the CT values

and CT images obtained under the FADUCP stress path.

There are many scanning layers in each scan, and the 8th,

16th, and 25th layers are typical representatives to be

analyzed here. Seen from Table 3, the change in CT values

is small as the confining pressure changed from 8 to

6 MPa, which implies that damage to the specimen during

this process is not extensive. Therefore, for brevity, Fig. 7

shows only the CT images for confining pressures from 4.8

to 0.8 MPa. The damage evolution process is as follows.

1. Initial scanning (1st scan) is carried out before loading.

The difference in the initial damages determines that

of the CT value of each scanning layer.

2. When the confining pressure reaches 8 MPa and the

deviatoric stress reaches 14.65 MPa (2nd scan), com-

pared with the initial scanning, the CT value of the 8th

scanning layer increases by 54.8, the 16th increases by

52.4 and the 25th increases by 53.9, which means the

specimen is consolidated.

3. When the confining pressure is 6 MPa and the

deviatoric stress reaches 15.37 MPa (3rd scan), com-

pared with the 2nd scan, the CT values of the 8th, 16th,

and 25th scanning layers are reduced by 1.7, 1.5, and

2.6, respectively, which means that damage to the

specimen is occurred.
Fig. 6 Relation between stress and strain under the FADUCP stress

path

Table 3 The variation of CT

values during FADUCP
Scan no. Confining

pressure (MPa)

r1 - r3

(MPa)

8th scanning layer 16th scanning layer 25th scanning layer

H SD H SD H SD

1 0.0 0.0 224.3 27.4 198.0 25.5 172.7 24.6

2 8.0 14.65 279.1 58.4 250.4 73.7 226.6 89.3

3 6.0 15.37 277.4 26.3 248.9 21.7 224 20.6

4 4.8 14.89 272.5 88.7 242.9 101.4 218.5 103.5

5 3.6 13.25 269.4 27 236 21.2 213.6 20

6 2.4 11.33 266.5 27.4 223.2 22.4 199 21.3

7 0.8 4.79 251.7 28.8 199.2 30.4 176.1 33.3
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4. When the confining pressure is 4.8 MPa and the

deviatoric stress reaches 14.89 MPa (4th scan; Fig. 7

a1, b1, c1), compared with the 3rd scan, the CT

values of the 8th, 16th, and 25th scanning layers are

reduced by 4.9, 6.0, and 5.5, respectively, which

means that the damage to the specimen continues to

develop.

5. When the confining pressure is 3.6 MPa and the

deviatoric stress reaches 13.25 MPa (5th scan;

Fig. 7a2, b2, c2), compared with the 4th scan, the CT

values of the 8th, 16th, and 25th scanning layers is

reduced by 3.1, 6.9, and 4.4, respectively, which means

that the damage to the specimen accumulates

gradually.

Fig. 7 Variation of CT images

in the different stress states.

a1–a4, b1–b4, c1–c4 are the CT

images of the 8th, 16th and 25th

scanning layers with the

confining pressure being 4.8,

3.6, 2.4, 0.8 MPa, respectively

Fig. 8 X values of the 8th scanning layer in different measured area.

The radius of measured area is the distance from the edge to the

center

Fig. 9 X values of the 16th scanning layer in different measured

area. The radius of measured area is the distance from the edge to the

center
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6. When the confining pressure is 2.4 MPa and the

deviatoric stress reaches 11.33 MPa (6th scan;

Fig. 7a3, b3, c3), compared with the 5th scan, the CT

values of the 16th and 25th scanning layers are reduced

by 12.8 and 32.6, respectively, and the CT value of the

8th scanning layer is reduced by 4.4. It can be observed

from the CT images that obvious damage areas appear

in the 16th and 25th scanning layers, particularly the

ring-shaped damage cracks in the 25th scanning layer.

7. When the confining pressure is 0.8 MPa and the

deviatoric stress reaches 4.79 MPa (7th scan; Fig. 7a4,

b4, c4), compared with the 6th scan, the CT values of

the 8th, 16th, and 25th scanning layers are reduced by

14.8, 24.0, and 22.9, respectively. It can be observed

from the CT images that damage cracks also appear in

the 8th and 16th scanning layers at the same time that

the ring-shaped damage cracks of the 25th scanning

layer develop outward.

To further analyze the damage development of the dif-

ferent regions in each scanning layer during unloading, the

X values reflecting the non-uniformity of the distribution of

the CT values are calculated using Eq. (7). Figures 8, 9 and

10 show that, in the process of unloading, the X values

change in the local areas and increase suddenly for the

stress state that results when the confining pressure is

unloaded to 0.8 MPa and the deviatoric stress reaches

4.79 MPa. According to the CT images, the damage cracks

appear in those local areas. However, due to the influence

of convolution artifacts during CT imaging, the X values at

the edge of specimen, which are also large, cannot be used

for analysis.

3.2.2 Permeability Changes During Unloading

The results of the permeability tests are shown in Fig. 11.

When the specimen is in the stress state of hydrostatic

pressure, at the same time, the effective confining pressure

is 8 MPa, the initial permeability is 0.429 mD. Maintaining

the effective confining pressure at 8 MPa, as the specimen

is loaded to the unloading point, the permeability is grad-

ually reduced. Under the FADUCP stress path, the per-

meability of the unloading point is not measured, and the

permeability in the vicinity is 0.316 mD. During the initial

period of unloading, the permeability increases slowly.

When the effective confining pressure is unloaded with the

deviatoric stress reduced to 7 and 6 MPa, the permeability

increases to only 0.322 and 0.332 mD, respectively. After

the effective confining pressure reaches 5 MPa, the growth

rate of the permeability begins to increase. When the

effective confining pressure is unloaded to 5, 4, 3 and

2 MPa, the permeability increases to 0.360, 0.450, 0.574

and 0.939 mD, respectively.

Fig. 10 X values of the 25th scanning layer in different measured

area. The radius of measured area is the distance from the edge to the

center

Fig. 11 Relationship among the deviatoric stress, permeability and

strain under the FADUCP stress path

Fig. 12 Relation between stress and strain under the FDSUCP stress

path
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3.3 Fixing Deviatoric Stress with Unloading Confining

Pressure

3.3.1 Analysis of Damage Development During Unloading

The stress–strain curves under the FDSUCP stress path is

shown in Fig. 12. Due to specimen error, the stress states of

the yield point show small differences with that shown in

Fig. 6. At the unloading point, the deviatoric stress and

strain are 17.84 MPa and 3.19 %, respectively. Before the

confining pressure is unloaded to 6 MPa, the deviatoric

stress can be maintained as approximately constant. After

that, the deviatoric stress begins to decrease while the axial

strain grows rapidly.

Table 4 and Fig. 13 show the changes in the CT

values and the CT images obtained, respectively, under

the FDSUCP stress path. This paper selects the 6th

layer, 15th layer and 23rd layer as representative for

analysis. Additionally, for brevity, Fig. 13 shows only

the CT images for the confining pressure unloaded from

4.8 to 2.4 MPa. The damage evolution process is as

follows.

Table 4 Variation of CT values during FDSUCP

Scan no. Confining

pressure (MPa)

r1 - r3

(MPa)

6th scanning layer 15th scanning layer 23rd scanning layer

H SD H SD H SD

1 0 0 184.0 21.6 208.6 22.3 234.3 22.1

2 8 17.84 237.3 20.1 257.8 21.8 281.4 21.3

3 6 17.73 233.1 19.8 252.3 21.5 277 21.4

4 4.8 17.13 224.3 19.2 244.2 21.4 274.4 21

5 3.6 14.29 206.7 21.9 226.3 21 270.8 22

6 2.4 10.89 195.6 27.5 207.3 23.8 259.9 22.4

Fig. 13 Variation of CT images

in the different stress states.

e1–e3, f1–f3, g1–g3 are the CT

images of the 6th, 15th and 23rd

scanning layers with the

confining pressure being 4.8,

3.6, 2.4 MPa, respectively
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1. Initial scanning (first scan) is carried out before

loading; the difference in the initial damages deter-

mines that of the CT value of each scanning layer.

2. When the confining pressure is 8 MPa and the

deviatoric stress reaches 17.84 MPa (second scan),

compared with the initial scan, the CT value of the 6th

scanning layer increases by 53.3, the CT value of the

15th scanning layer increases by 49.2, and the CT

value of the 23rd scanning layer increases by 47.1,

which means that the specimen is consolidated.

3. When the confining pressure is 6 MPa and the

deviatoric stress reaches 17.73 MPa (third scan);

compared with the second scanning, the CT values

of the 6th, 15th, and 23rd scanning layers are reduced

by 4.2, 5.5, and 4.4, respectively, which means that

damage to the specimen begins to appear.

4. When the confining pressure is 4.8 MPa and the

deviatoric stress reaches 17.13 MPa (fourth scan;

Fig. 13e1, f1, g1), compared with the third scan, the

CT values of the 6th, 15th, and 23rd scanning layers are

by reduced 8.8, 8.1, and 2.6, respectively, which means

that damage to the specimen continues to develop.

5. When the confining pressure is 3.6 MPa and the

deviatoric stress reaches 14.29 MPa (fifth scan;

Fig. 13e2, f2, g2), compared with the 4th scan, the

CT value of the 6th and 15th scanning layers is

reduced by 17.6 and 17.9, respectively, and the CT

value of the 23rd scanning layer is reduced by 3.6. It

can be observed from the CT images that obvious

damage areas appear in the 6th and 15th scanning

layers, particularly the ring-shape damage cracks

identical to Fig. 7c3 in the 6th scanning layer.

6. When the confining pressure is 2.4 MPa and the

deviatoric stress reaches 10.89 MPa (6th scan;

Fig. 13e3, f3, g3), compared with the fifth scan, the

CT values of the 6th, 15th, and 23rd scanning layers

are reduced by 11.1, 19.0, and 10.9, respectively. It can

be observed from the CT images that damage cracks

also appear in the 15th scanning layer at the same time

that ring-shaped damage cracks develop outward in the

sixth scanning layer.

According to the CT values and the CT variances of

different areas measured in each scan, the X values

reflecting the non-uniformity of the distribution of CT

values are calculated using Eq. (7). As shown in Figs. 14,

15 and 16, in contrast with the CT images, similar to the

results of the FADUCP stress path, the X values of the

local area obviously increase when damage cracks emerge

in the local areas. Additionally, due to the influence of

convolution artifacts during the CT imaging, the X values

at the edge of specimen are large and cannot be used for

analytical purposes.

3.3.2 Permeability Changes During Unloading

The results of the permeability test are shown in Fig. 17.

When the specimen is in the stress state of hydrostatic

pressure, at the same time, the effective confining pressure

is 8 MPa, the initial permeability of the specimen is

0.31 mD. Maintaining the effective confining pressure at

8 MPa, as the specimen is loaded to the unloading point,

the permeability is gradually reduced. The permeability at

the unloading point is 0.163 mD, when the effective con-

fining pressure is unloaded to 7 and 6 MPa, together with

the decrease in the deviatoric stress, the permeability

increases to 0.190 and 0.199 mD, respectively. As the

unloading continues, after the stress state that results when

the effective confining pressure reaches 5 MPa, the growth

Fig. 14 X values of the 6th scanning layer in different measured

area. The radius of measured area is the distance from the edge to the

center

Fig. 15 X values of the 15th scanning layer in different measured

area. The radius of measured area is the distance from the edge to the

center
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rate of the permeability begins to increase. When the

effective confining pressure is unloaded to 5, 4 and 3 MPa,

the permeability increases to 0.213, 0.295 and 0.526 mD,

respectively.

4 Discussion

4.1 Analysis of the Damage Difference

The CT values of the 8th, 16th, and 25th scanning layers in

the initial scanning under the FADUCP stress path are

224.3, 198.0, and 172.7, respectively, and that of the CT

values of the 6th, 15th, and 23rd scanning layers in the

initial scan under the FDSUCP stress path are 184.0, 208.6,

and 234.3, respectively. Since the CT value is a reflection

of the density, it can be inferred that the 8th scanning layer

has the largest initial density, the 16th the second and the

25th the smallest for the specimen under the FADUCP

stress path. Similarly, the 23rd, the largest, followed by the

15th, and the 6th, the smallest for the specimen under the

FDSUCP stress path.

It can be observed from the CT values and CT images

that the damage to the 25th scanning layer is maximal and

to the 8th is minimal under the FADUCP stress path.

Similarly, the damage to the 6th is maximal and to the 23rd

is minimal under the FDSUCP stress path.

Therefore, the correspondence between the CT values,

the CT images and the damage development in the dif-

ferent scanning layers indicates that the differences in

density cause the differences in damage among the scan-

ning layers. Additionally, the smaller the CT values of the

scanning layer, the more severe the damage develops.

4.2 Effect of the Stress Path on the Damage

and Permeability

Damage and permeability are sensitive to stress, and the

inconsistency of the stress path leads to differences in

damage and permeability development.

When the damage cracks appear (Figs. 7c3, 13e2),

compared with the unloading point, the deviatoric stress

under the FADUCP stress path decreases by 23.1 % while

the deviatoric stress under the FDSUCP stress path

decreases by 19.9 %. However, when the effective con-

fining pressures are all unloaded from 8 to 3 MPa, com-

pared with the unloading point, the deviatoric stress under

the FADUCP and FDSUCP stress paths decrease sepa-

rately by 36.6 and 14.2 %, respectively; however, the

permeability under the FDSUCP stress path increases by

222.5 %, and the permeability under the FADUCP stress

path increases by 81.5 % compared with the permeability

at the vicinity of the unloading point. Therefore, we can

conclude that the FDSUCP stress path causes greater

damage to the specimen than that of the FADUCP.

4.3 Effect of Damage Development on Permeability

Due to instrument error, specimen error, adsorption of gas

in coal etc., the stress–strain curves obtained from the

X-ray CT scan experiment and permeability experiment

under the same stress path are different. However, the

shapes appear to be quite similar. This similarity verifies

the feasibility of the experiment design. The results

obtained separately from the X-ray CT scan experiment

and the permeability experiments are linked together to

analyze the damage development and its effect on the

permeability of the reconstituted coal specimens.

Fig. 16 X values of the 23rd scanning layer in different measured

area. The radius of measured area is the distance from the edge to the

center

Fig. 17 Relationship among deviatoric stress, permeability and

strain under the FDSUCP stress path
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To directly study the effect of damage to the coal body on

permeability, it is necessary to calculate the damage variable.

The CT values reflect the density of the material; and

also, as shown in Eq. (8) (Yang et al. 1998), the damage

variable can be expressed by the change in the material

density; therefore, we can attempt to build a relationship

between the CT value and the damage variable.

D ¼ 1

m2
0

Dq
qinitial

; ð8Þ

where D is the specimen damage variable; m0 is the space

resolution of the CT machine, and qinitial is the initial

density, and Dq is the change in density.

The CT value is proportional to the mass-absorption

coefficient, hence

H¼ kl; ð9Þ

where H and l are the CT value and mass absorption

coefficient, respectively, and k is the proportion coefficient.

Because only air exists in the specimen, l can be

expressed as (Feng et al. 2004; Zhou et al. 2008).

l ¼ lmq ¼ ð1� /Þqrl
m
r þ /qal

m
a ; ð10Þ

where qr and qa are the density of the coal matrix and air,

respectively, lm
r and lm

a are the mass absorption coefficient

of the coal matrix and air to the X-ray, respectively, and /
is the porosity.

According to Eq. (10)

/ ¼ l� qrl
m
r

qalm
a � qrlm

r

: ð11Þ

From Eqs. (9), (10) and (11), we obtain

/ ¼ Hr � H

Hr � Ha

; ð12Þ

where Hr and Ha are the CT values of rock matrix material

and air, respectively, and q can be expressed as

Fig. 18 Relationship among damage variable, permeability and

deviatoric stress under the FADUCP stress path

Fig. 19 Relationship among damage variable, permeability and

effective confining pressure under the FADUCP stress path

Fig. 20 Relationship among damage variable, permeability and

deviatoric stress under the FDSUCP stress path

Fig. 21 Relationship among damage variable, permeability and

effective confining pressure under the FDSUCP stress path
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q ¼ ð1� /Þqr þ /qa: ð13Þ

If the small amount of air within the specimen is

ignored, q can be simplified as

q ¼ ð1� /Þqr ð14Þ

According to Eqs. (12) and (14), the following

expression can be obtained as

q ¼ H � Ha

Hr � Ha

qr: ð15Þ

Because Ha ¼ �1; 000, hence

q ¼ H þ 1; 000

Hr þ 1; 000
qr ð16Þ

Substituting Eq. (16) into Eq. (8), we obtain

D ¼ 1

m2
0

H þ 1000

Hr þ 1000
qr

� �
� qinitial

� �
: ð17Þ

When the small amount of air within the specimen is

ignored, the matrix densities of specimen A and specimen

B are approximately 1.136 and 1.1683 g/cm3, respectively.

Therefore, according to the mean CT values at the

unloading point, we can obtain the mean matrix density

of specimens at this stress state by Eq. (16). This paper

primarily studies the damage and permeability

development during unloading, and therefore the damage

variable of the unloading point is viewed as 0. m0 is 0.028.

Finally, based on the mean CT values, damage variable

during unloading can be calculated by Eqs. (16) and (17).

The damage variable and permeability are obtained

separately from the X-ray CT scan experiments and per-

meability tests. It can be seen in Figs. 18, 19, 20 and 21

that the trends in the changes are approximately consistent

under the same stress path during unloading. When the

effective confining pressure is unloaded from 8 to 6 MPa,

the damage variable under the FADUCP and FDSUCP

stress paths increases, respectively to 0.0351 and 0.084,

while the permeability (compared with the unloading

point) increases by 1.7 and 16.7 %, respectively. In addi-

tion, this results shows that the damage variable and per-

meability increases are rather small. After the effective

confining pressure is unloaded together with the decrease

in the deviatoric stress, the increases in the damage vari-

able and permeability begin to accelerate. This observation

provides a guideline for the development of CBM resour-

ces in coal seam groups with low permeability.

5 Conclusions

This paper studies the damage and permeability develop-

ment in reconstituted coal specimens with an initial effec-

tive confining pressure of 8 MPa during unloading under

the FADUCP and FDSUCP stress paths. When the effective

confining pressure is unloaded from 8 to 6 MPa, compared

with the unloading point under the FADUCP and FDSUCP

stress paths, the damage variable and permeability increase

by 0.0351 and 0.084, respectively; at the same time, the

permeability increases by 1.7 and 16.7 %, respectively;

these results indicate that the damage variable and perme-

ability increased notably little in this process. As the

effective confining pressure is unloaded to approximately

5 MPa, together with the decrease in the deviatoric stress,

the growth of the damage variable and permeability begin to

accelerate. The damage in specimens under the FDSUCP

stress path is even larger than that from the FADUCP stress

path. When the damage cracks appear in the specimens,

compared with the unloading point, the decrease in the

deviatoric stress under the FDSUCP stress path is 19.9 %

and the decrease of the deviatoric stress under the FADUCP

stress path is 23.1 %. Additionally, when the effective

confining pressure is unloaded from 8 to 3 MPa, and the

deviatoric stress under the FADUCP and FDSUCP stress

paths decrease separately by 36.6 and 14.2 %, respectively;

however, the permeability under the FADUCP stress path

increases by approximately 81.5 % and the permeability

under the FDSUCP stress path increases by 222.5 %.
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