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Abstract Along with the increase of mining depth,

the dynamic disasters related to the instability and

destruction of coal-rock are becoming more and more

serious. In this paper, the uniaxial compression model

of coal-rock was established by means of the micro

particle flow PFC2D software firstly, and then the

variation of stress field and damage field of coal-rock

were analysed. Finally, the time–space constitutive

model of coal-rock was discussed and modified. The

research results show that: the compression stress field

of coal-rock has obvious time–space effect, and along

with the change of compressive stress, the stress field

was transferred to the inner coal-rock body; the coal-

rock damage evolution process has a similar temporal

and spatial relations with the stress field evolution, the

number of damage cracks were increasing with the

constant change of compressive stress, and transferred

to the inner coal-rock body with ‘‘string wave’’ feature;

the time–space damage constitutive model of coal-rock

established on the basis of local crack and the stress

concentration factor of coal-rock was reasonable and

effective, the damage degree of the whole coal-rock

could be predicted by the variation of local coal-rock

stress and cracks. In overall, the successful verification

of the time–space relationship of coal-rock damage and

stress transfer indicated that the possibility of using the

constitutive model developed in this study to investi-

gate coal-rock stability in coal mine.

Keywords Coal-rock � Stress field � Damage

evolution � Time–space effect

1 Introduction

Coal–gas outburst, rock burst and other coal-rock

dynamic disasters are closely related to the instability

and failure of coal-rock mass (Zhang et al. 1991; Wen

et al. 2015; Khaled et al. 2016). Under the influence of

mining, the stress on coal-rock will increase, followed

by stress concentration, and finally leads to the stress

field of external coal-rock transferred to the internal

area (Li 1987). With this time–space process, the

primary fracture of coal-rock mass is continuous

evolution, the new crack initiation and development,

and eventually leading to the macro failure of the coal-

rock mass and induce dynamic disasters. Therefore, it

has important practical significance for coal resources

achieving scientific and safe mining to studies the

temporal-spatial effects of the compressive stress field

and the damage mechanism of coal-rock.

In terms of the evolution of stress field and the

unstable failure of coal-rock damage, Matsuki et al.

(2009) defined regional stress for a heterogeneous rock
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mass composed of different rock bodies and studied the

stress distribution in the damage process of anisotropic

rock mass. Carranza-Torres and Fairhurst (1999) intro-

duced the elastic–plastic mechanical response of rock

mass in underground excavation based on the Brown

Hawke failure criterion and the extent of plastic behavior

and the related stress and displacement fields were given

by closed-form expressions. Ju et al. (2007) analyzed the

variation of stress field and deformation law of overbur-

den strata in deep coal mine. The study found that with

the increase of mining progress, the blocks at different

positions of the overlying strata in the mining area

continued to rupture and the key layer was moved along

the vertical directionwith the change of the semi elliptical

stress field. Peng et al. (2010) analyzed the influence of

mining fracture on the stress distribution of the mining

and concluded that the distribution characteristics, posi-

tion, direction of the fracture affected the distribution of

mining stress and gas pressure in coal seam. Liu et al.

(2008) studied the generation, propagation and coales-

cence mechanism of cracks in intermittent jointed rock

mass and found that the fracture zone of roadway

surrounding rock was not even developed, it was first

produced in the vicinity of the roof joint, and then

developed to the adjacent parts of the roadway surround-

ing. Zhang et al. (2010) analysed the relationship between

the distribution of micro cracks and the macroscopic

failure of rock mass. Yin (2008) by means of the particle

flow software PFC, studied the fracture morphology, the

number of cracks, the space position and the stress–strain

curve of the rock mass unstable failure.

These studies obtained many meaningful results,

however, there was little literature about the relation-

ship between the stress field evolution and the damage

and fracture law of the coal-ock. Therefore, in this

paper, the uniaxial compression model of coal-rock

established with the micro particle flow PFC2D

software, and analyzed the temporal-spatial effects

of stress field and the evolution characteristics of the

damage field in coal-rock by monitoring the param-

eters of stress and cracks.

2 Uniaxial Compression Model of Coal-Rock

2.1 Particle Flow Profile

Using the discrete element method, Cundall et al. (1979)

established particle flow theory to offer a microscopic

analysis of the damage evolution mechanism and failure

process of rock materials. Particle flow code (PFC)

presents two bond models, namely, contact bond and

parallel bond, to simulate the damage of the particle bond

(Itasca Consulting Group 2008). Contact bond refers to

the bond between the particle points, and the force can

only be generated when the particle demonstrates

relative displacement. Given that the moment of force

cannot be transmitted, the contact bond applies to

granular materials (e.g., soil mass). Parallel bond refers

to the plane-to-plane bond between particles. Given that

themoment of force can be transmitted, the parallel bond

applies to compact materials, such as rocks. The uniaxial

compression model of rock specimens was built using

the parallel bond.

2.2 Physical–Mechanical Parameters of Coal-

Rock

Particle flow theory represents the macroscopic phy-

sico-mechanical properties of rocks as their micro-

scopic physico-mechanical properties. However, the

microscopic parameters of coal-rocks do not directly

correspond to their macroscopic parameters. The

microscopic parameters were checked and corrected

prior the numerical simulation of the uniaxial com-

pression model. During this process, a large number of

numerical simulation tests were performed as either

laboratory or in situ field tests under similar conditions.

The numerical simulation results were compared with

the laboratory or in situ field test results, and the

microscopic parameters were repeatedly adjusted via

trial and error (Itasca Consulting Group Inc. 2004).

In the process of particle flow, the microscopic

physico-mechanical parameters of the uniaxial compres-

sion model of coal-rock were compared with a certain

coal mine coal-rock specimen uniaxial compression test.

The microscopic parameters of PFCmodel (Table 1) are

close to the macro mechanical parameters of the real

coal-rock mass. Under the size of 50 mm 9 100 mm

simulation test conditions (corresponding to the exper-

imental size), the stress–strain curves (Fig. 1) and the

final failure characteristics (Fig. 2) are in good agree-

ment with the experimental results.

2.3 Uniaxial Compression Model of Particle Flow

The non-standard sized (90 m 9 40 mm) uniaxial

compression model of particle flow (Fig. 3) was
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established on the basis of the above parameters. In

order to analyze stress field time–space effects and

damage field evolution law in coal-rock, three mea-

suring circle (radii = 15 mm) were arranged in the

model interior (the total measure area accounted for

58.9 % of the total area of the model), and the

measuring centers were (-30 mm, 0), (0, 0) and

(30 mm, 0). In the process of loading, the stress and

damage in the measurement loop were recorded by the

fish language function. Owing to actual mines mining

coal body does not produce to internal displacement,

so in the process of loading retained the left side of the

wall body fixing.

3 Test Result Analysis

3.1 Time–Space Effects of Compressive Stress

Field in Coal-Rock

Figure 4 shows the stress-time curves of compressed

coal-rock. The green curve represents the average

stress change characteristics of the whole coal-rock,

and the red, blue and black curves represent the

average stress changes characteristics in the measur-

ing area of 1, 2 and 3, respectively. Figure 5 shows the

stress concentration factor and time curves of com-

pressed coal-rock.

The stress concentration factor K was defined as

follow:

K ¼ ri
r

ð1Þ

where ri—the average stress in the i measuring area

and i = 1, 2, 3 respectively. r—the average stress of

the whole model.

Table 1 Physico-mechanical parameters of coal-rock

Parameter Magnitude Parameter Magnitude

Minimum particle size (mm) 0.3 Porosity 0.1

Particle diameter ratio 1.66 Friction coefficient 0.46

Density (kg/m3) 1800 Parallel bond tensile strength/MPa 10.0

Particle contact modulus (GPa) 1.0

Parallel bond deformation modulus (GPa) 12 Parallel bond cohesive force/MPa 16.0
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Fig. 1 Stress–strain curves of coal-rock specimens

Fig. 2 Failure mode of coal-rock specimen

Fig. 3 Uniaxial compression model of particle flow
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According to Fig. 4, with the change of compres-

sive stress of coal-rock, the stress evolution charac-

teristics between local measuring area of the coal-rock

and the whole model are similar. They all gone

through three stages of compaction, elastic compres-

sion and plastic deformation. As can be seen from

Fig. 5 that in the process of coal-rock compression, the

stress concentration has obvious time–space effect.

During the process (before point 1) of stress gradually

increase of the whole coal-rock, the stress in measur-

ing circles is also gradually increasing, and the stress

concentration factor of each monitoring area is

approximately 1. At point 1, the stress of the external

coal-rock (the monitoring area 3) reaches its peak,

then the stress concentration coefficient begins to

decrease, which means that the bearing capacity of

external coal-rock begin to decline. At point 2, the

stress of the whole coal-rock reaches its peak and at

point 3, the stress of the middle area of coal-rock (the

monitoring circle 2) reaches its peak, but the stress

concentration coefficient is still more than 1, which

means that it can continue to beer exceed damage

stress of the whole coal-rock. At point 4, the stress of

the internal coal-rock (the monitoring area 1) reaches

its peak, and the stress concentration coefficient is still

increasing, bearing a bigger damage stress of the

whole coal-rock. All in all, the stress of coal-rock

gradually transported to the internal area along with

the process of coal-rock compression and the deeper,

the greater the stress concentration factor.

Then, the bearing capacity of each area of the coal-

rock begins to decrease and at point 5, the stress

concentration factor of the middle part of the coal-rock

begins to decrease, the damage stress of coal-rock is

mainly borne by the internal part. After point 5, the

stress concentration factor of the middle coal-rock is

\1, the residual damage stress is completely concen-

trated in the internal part. It can be seen that the decline

of mechanical bearing capacity also from the external

coal-rock to the internal coal-rock.

In summary, the damage evolution process of coal-

rock has obvious time–space effect, the stress of

different space position in different time has the

following relation:

ri ¼ kitr ð2Þ

where kit—the stress concentration factor at t moment

in the i measuring area.

According to formula (2) and the numerical sim-

ulation results, the time–space effect of coal-rock

damage and stress change are as follow:

r1 ¼ k1tr;

r2 ¼ k2tr;

r3 ¼ k3tr;

t ¼ ti;

8
>>><

>>>:

k10 ¼ 1

k20 ¼ 1

k30 ¼ 1

t0

k14 � k13 � k12 � k11 � 1
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t1 � t4

k15 � 1

k25 � 1

k35 � 1

t
5

0

B
B
B
@

1

C
C
C
A

ð3Þ

where t0 is the time from point 0 to point 1; t1 is the

time from point 1 to point 2; t2 is the time from point 2

to point 3; t3 is the time from point 3 to point 4; t4 is the

time from point 4 to point 5; t5 is the time from point 5

to point 6;

3.2 Evolution Law of Compressive Damage Field

in Coal-Rock

According to Table 2 and Fig. 6, along with the

variation of stress field of coal-rock, the cracks in the

whole coal-rock or monitoring area are ever-
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Fig. 4 Stress-time curves of compressed coal-rock
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Fig. 5 Stress concentration factor-time curves of compressed

coal-rock
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changing and also have obvious temporal-spatial

relations. It is very clearly that the number of cracks

in measuring circle 3 is larger than that in measuring

circle 2 and in measuring circle 2 is larger than that in

measuring circle 1 in every time. This reflects that the

coal-rock damage has a strong regional characteris-

tics. At point 1 and point 2, the number of increment

of cracks in measuring area 3 is the largest, followed

by measuring area 2 and measuring area 1, the

damage is mainly concentrated on the external coal-

rock. At point 3, the number of increment of cracks in

measuring area 2 is bigger than that in measuring area

3 and measuring 1, show that the damage transfer to

the middle area (measuring area 2) of the coal-rock.

At point 4 and point 5, the number of increment of

cracks in the measuring area 1 is larger than that in

measuring area 2 and measuring area 3, the damage

transfer to the inner area (measuring area 1) of the

coal-rock. Meanwhile, it is found that although the

damage path and damage time of the monitoring

areas are different, the total damage number of cracks

in each monitoring areas are almost the same. The

evolution law of coal-rock compression damage field

and the time–space law of stress field are in good

agreement. Figure 7 shows the spatial–temporal

characteristics of coal-rock damage, along with the

time the damage of coal-rock constantly transfer to

the interior, and the damage evolution has obvious

characteristic of ‘‘string wave’’.

3.3 Space–Time Evolution Constitutive Model

The concept of damage was first introduced by the

Soviet Union scholar (Kachanov 1958). In his paper,

the continuity factor and effective stress were used to

describe the deterioration of the properties of the metal

in the process of creep fracture. Later, Rabotnov (1969)

introduced the concept of damage variable. There are

many various definitions for damage variable, due to

the damage of the material is caused by the material

micro structure and some macroscopic physical per-

formance changes, so we can choose the damage

variable from two aspects of microcosmic and macro-

scopic. From the microscopic aspect, the number of

cracks (Ge et al. 1999; Kim et al. 2013), length (Ren

and Ge 2001), area (Voyiadjis and Kattan 2015),

volume (Peng and Yang 2000) can be selected and

from the macroscopic aspect, the elastic coefficient

(Mizuno et al. 2010), the yield stress (Murti et al.

1991), the elongation (Cao and Xian 2001), the density

(Kupchella et al. 2015), the resistance sound emission

(Iturrioz et al. 2013) can be selected. In this paper, the

damage variablewas defined by the parameter of crack.

The damage variable as follows:

Di ¼
Cit

Ci

ð4Þ

where Cit—the number of cracks in the i measuring

area at tmoment;Ci—the total number of cracks in the

i measuring area at the moment that the coal-rock was

completely damaged.

Therefore, based on the principle of crack charac-

teristics and strain equivalence principle (Lemaitre

et al. 1999), the damage constitutive equation of coal-

rock uniaxial compression is:

Table 2 The number of

cracks in every monitoring

area and the whole coal-

rock sample of the 1–6 key

moments

Time\position Measuring area 1 Measuring area 2 Measuring area 3 Whole model

1 57 112 162 551

2 115 189 372 1088

3 226 326 702 2090

4 276 824 1099 3666

5 1027 1230 1313 5950

6 1129 1255 1320 6176
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Fig. 6 Crack-time curves of compressed coal-rock
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ri ¼ Eeð1� DiÞ ¼ Ee 1� Cit

Ci

� �

ð5Þ

where E—elastic modulus of intact coal-rock.

Then, the damage constitutive characteristics of

coal-rock are discussed through the parameters of the

crack and the stress in the measuring area 3.

From formula (4) and formula (5), the damage

constitutive equation of coal-rock as a whole and

monitoring area 3 are:

r ¼ Eeð1� DÞ ¼ Ee 1� Ct

C

� �

r3 ¼ Eeð1� D3Þ ¼ Ee 1� C3t

C3

� �

8
>><

>>:

ð6Þ

where Ct—the number of cracks of the whole model at

tmoment; C—the total number of cracks of the whole

model at the moment that the coal-rock was com-

pletely damaged.

Then, bring the formula (2) into the formula (6):

r ¼ r3
k3t

¼ Ee
k3t

1� D3ð Þ ¼ Ee
k3t

1� C3t

C3

� �

ð7Þ

Formula (7) is the damage constitutive equation of

the whole coal-rock based on the stress concentration

coefficient and the crack parameter of the external part.

Figure 8 is a complete coal-rock stress–strain curve

based on the formula (6) and the formula (7), they all

in good agreement with the actual values. Thus, the

compression damage constitutive equation of coal-

rock can be established according to the crack

parameters. In view of the fact that it is very difficult

to monitor the crack damage parameters of intact coal-
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(c)

(d)

(e) 

(f)

Fig. 7 Evolution process of coal-rock compression damage.
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Fig. 8 The stress–strain curves of the whole coal-rock
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rock, it is meaningful to monitor the crack parameters

of local coal-rock then gain the damage constitutive

equation of intact coal-rock by the formula (7). Then

the impact and the instability characteristics of coal

mine can be analyzed.

4 Conclusion

The compression stress field of coal-rock has obvious

time–space effect, along with the change of the

Compressive stress, the stress field is transferred to

the internal coal-rock body constantly.

The damage evolution of the coal-rock also has

obvious temporal-spatial relations. With the change of

the coal-rock compression stress field, the crack number

in coal-rock body is increasing, and it is transferred to

the internal as the ‘‘string wave’’. The evolution law of

coal-rock compression damage field and the time–

space law of stress field are in good agreement.

The time–space damage constitutive model of coal-

rock established on the basis of local crack and the

stress concentration factor of coal-rock was reasonable

and effective, the damage degree of the whole coal-

rock could be predicted by the variation of local coal-

rock stress and cracks.
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