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Abstract 
Roof disaster has been one of the major disasters restricting coal mine safety production, 
a serious threat to coal mine safety production, resulting in a large number of economic 
losses and casualties. Accurate and effective prediction of the height of water flowing 
fractured zone is of great significance for the prevention and control of roof water 
disasters in coal mines. Therefore, in order to narrow the range of the calculation results 
of the empirical formula of water flowing fractured zone, the numerical simulation 
method was used to predict the development height of water flowing fractured zone in 
1303 working face of Sima Coal Mine. Firstly, the simulation results of water flowing 
fractured zone using the strain-softening model and Mohr-Coulomb model and whether 
the rock quality designation (RQD) was introduced were compared and analyzed. 
Secondly, a numerical calculation model using strain-softening model which introducing 
RQD and error correction coefficient was established to predict the development height 
of water flowing fractured zone in 1303 working face of Sima Coal Mine, with the height 
of 122.3 m. Finally, compared with the field measurement results, the error is only 5.9%. 
It shows that this method can effectively narrow the development height range of water 
flowing fractured zone, which is conducive to the prevention and control of roof water 
disasters in coal mines. 
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1. Introduction 

China has a vast territory and rich mineral resources. In terms of energy, coal resources account for 
more than 90% [1]. In recent years, the shallow resources of many traditional coal bases are gradually 
exhausted, and the focus of coal development is gradually transferred to the deep and the west. The 
occurrence environment of coal seam is more and more complicated [2]. Roof disaster has always 
been one of the major disasters restricting coal mine safety production [3]. In the process of coal 
mining, the overburden strata have different deformation degrees at different heights, which can be 
divided into caving zone, fracturing zone and bending zone, referred to as the "upper three zones". 
[4]. The caving zone and fracturing zone are called water flowing fractured zone [5](Figure 1). When 
there is an aquifer in the upper part of coal seam, the development height of water flowing fractured 
zone will be the key to the occurrence of roof water disaster. Due to the different diagenetic time and 
mineral composition of coal measure strata, the multi-layer strata with different thickness and strength 
are formed, so it is very difficult to predict the height of water flowing fractured zone in roof. At 
present, scholars at home and abroad have carried out a lot of research to predict the height of water 
flowing fractured zone [6-7]. Based on information entropy theory, Liu et al. investigated the height 
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of water-conducting fractured zone and the predictive variables from eighteen coal mines in China 
[8]. Based on the theory of elastic foundation beam and short-wall block backfill mining 
characteristics, Zhang et al. established a mechanical model for calculating the height of a water 
flowing fracture zone in the overlying strata of short-wall block backfill mining, and this model 
calculated the height of the water flowing fracture zone [9]. Dong et al. carried out the mechanical 
analysis of overburden stability and failure, established the mechanical model of main roof rock beam, 
and deduced the ultimate span and limit deflection of rock beam fracture, based on the movement and 
deformation mechanism of overburden rock [10]. 
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Figure 1. Schematic diagram of three zones 

 

The empirical formula calculation method has always been the most commonly used method to guide 
coal mine production, but it simply divides the roof lithology and describes the calculation results of 
different lithology conditions in the form of error, resulting in a large range of predicted heights. For 
example, the heights of water flowing fractured zone of Xiaojihan Coal Mine and Bulianta Coal Mine 
are same according to the empirical formula, but the heights of the field measurement are very 
different, which is mainly due to the different lithologic combination characteristics of their roofs 
[11]. Therefore, field measurement and numerical simulation methods are used to narrow the range 
of development height of water flowing fractured zone. In view of the geological conditions of the 
unconsolidated confined aquifer overlying Qidong Coal Mine in Huaibei coalfield, based on the fluid-
solid coupling module in FLAC3D, a three-dimensional generalized model of the No.I section of 
7130 working face in no.3 mining area of Qidong Coal Mine was established, and the development 
height of water flowing fractured zone in overlying rock was obtained [12]. The development height 
of water flowing fractured zone in fully mechanized caving mining is simulated by numerical 
simulation method to study the relationship between development height of water flowing fractured 
zone and mining thickness [13]. In the framework of theoretical model of key strata, numerical 
simulation is carried out by using RFPA2D, a software analyzing the rock failure process, to analyze 
the development height of water flowing fractured zone in roof of different key strata positions [14]. 
Some scholars [11,15] also considered the influence of different lithologic combinations on the height 
of water flowing fractured zone, but they only gave the development height of water flowing fractured 
zone with different lithologic combinations, without considering the difference of the development 
of water flowing fractured zone between multi-layer hard rock and multi-layer soft rock in numerical 
simulation. 

To sum up, senior scholars had carried out a series of studies on the height of water flowing fractured 
zone produced by coal mining with multiple methods and means to ensure the safe production of coal 
mining. The range of calculation results of empirical formula is large, so it is necessary to find a 
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suitable method to reduce the range of calculation results of empirical formula. Therefore, this paper 
intends to combine numerical simulation and analogy method to explore this problem. 

2. Calculation Method and Process 

2.1 Establishment of Strain Softening Model 

The height of water flowing fractured zone obtained by empirical formula and field measurement is 
higher in hard rock roof than in soft rock roof [16]. A large number of numerical simulations are 
carried out using the Mohr-Coulomb model. It is found that the height of water flowing fractured 
zone obtained by numerical simulation are different from that obtained by empirical formula and field 
measurement. The rock mechanical parameters obtained by laboratory tests are directly assigned to 
the numerical model, and the results are that the development height of the guide fracture zone in the 
hard rock lithology roof is too low, and that in the soft rock lithology roof is too high. Taking the 
mechanical parameters in Table 1 as an example, the numerical model is established, and the Mohr-
Coulomb model is used to simulate the development of the fracture zone. The horizontal direction is 
600 m, the vertical direction is 300 m, the coal seam depth is 500 m, the thickness is 6 m, each 
excavation is 5 m, and the total excavation is 200 m. The boundary of the model is reserved enough 
to eliminate the boundary effect. The development of the fracture zone of the hard rock roof and the 
soft rock roof is obtained as shown in Figure 2. 

 

 
(a) 

 
(b) 

Figure 2. Simulation results using Mohr-Coulomb model. (a) Hard rock lithologic roof model; (b) 
Soft rock lithologic roof model. 

 

It can be seen from Figure 2 that the shapes of water flowing fractured zone of the two lithology are 
saddle-shaped with low middle and high sides. In the hard rock lithology roof model, the tensile 
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failure above the working face is obvious, and there is only a small part of the shear failure at the 
front end of the working face. The height of water flowing fractured zone of this model is 104 m, 
which is about 17 times the thickness of the coal seam. In the roof model of soft rock lithology, there 
are obvious tensile failure zone and shear failure zone in the plastic zone, and the development height 
of water flowing fractured zone is 140 m, which is about 23 times the thickness of the coal seam. 

Some scholars [17] found that in soft rock strata, the sum of caving zone and fracture zone is 8 ~ 12 
times mining height. In hard rock strata, the sum of caving zone and fracture zone is 12 ~ 18 times 
mining height. In very hard rock strata, the sum of caving zone and fracture zone is 18 ~ 28 times 
mining height. In the process of stope excavation, the direct roof is affected by repeated excavation 
unloading. The unloading deformation causes the tensile failure of the roof strata above the goaf, and 
the compressive shear failure occurs at the upper end of the coal wall in front and rear of working 
face [18]. It can be seen that the Mohr-Coulomb model in numerical simulation has a great limitation 
on the height of water flowing fractured zone. 
 

Table 1. Mechanical parameters of roof strata 

Model 
category 

Rock stratum 
Density 

ρ/(kg·m-3) 

Cohesion 

C/MPa 

Internal friction 
angle 

φ/° 

Elasticity 
modulus 

E/GPa 

Poisson 
ratio 

μ 

T
he hard rock roof board m

odel 

The first layer of 
rock 

2700 4 30 25 0.30 

The second layer of 
rock 

2600 4 30 26 0.31 

The third layer of 
rock 

2500 4.1 30 30 0.25 

The fourth layer of 
rock 

2500 5 32 20 0.30 

The fifth layer of 
rock 

2300 3.3 35 23 0.30 

The sixth layer of 
rock 

2300 4.2 30 25 0.2 

Coal seam 1500 1.5 35 9 0.25 

Floor strata 2500 3.7 33 30 0.28 

T
he soft rock roof board  

m
odel 

The first layer of 
rock 

2700 3.2 30 15 0.30 

The second layer of 
rock 

2600 3.2 30 15 0.30 

The third layer of 
rock 

2500 3.1 28 17 0.25 

The fourth layer of 
rock 

2500 2.3 32 15 0.30 

The fifth layer of 
rock 

2300 3.1 35 20 0.30 

The sixth layer of 
rock 

2300 3.1 30 25 0.20 

Coal seam 1500 1.5 35 9 0.25 

Floor strata 2500 3.7 33 30 0.28 
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Mohr-Coulomb model is an elastic-perfectly plastic model, after the model reaches the peak stress, 
the material parameters do not change with the strain, which is inconsistent with the actual (Figure 
3). Strain-softening model displays that the strength parameters decrease gradually from peak values 
to residual ones with increasing deformation in post-failure region, and the strain-softening behavior 
is often observed both in laboratory and in the field of underground rock engineering [19,20]. Some 
scholars have applied the strain-softening model to the study of tunnel, permeability evolution test 
and coal wall spalling [21-22]. In this paper, the strain-softening model has been used to simulate the 
development height of water flowing fractured zone of roof strata. 
 

σ 

ε 

elastic zone

ideal elastoplastic 
model

strain-softening 
model

plastic zone

 
Figure 3. Schematic diagram of strain-softening model 

 

The triaxial compression test of rock samples on MTS815.02 electro-hydraulic servo rock mechanics 
experimental system can obtain the full stress-strain curve shown in figure 4. By processing the test 
data, the change of cohesion c with strain after peak strength of roof rock samples is shown in Figure 
5, and the fitting equation is as follows Equation 1. 
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Figure 4. Total stress-strain curves of rock samples under triaxial stress state 
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where c0 is the initial cohesion, ε is the strain of sample. 
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Figure 5. Variation curve of cohesion with strain after peak strength 

 

The attenuation law of Equation 1 and Figure 5 is written into the strain softening model, and the 
numerical simulation results are shown in Figure 6. It can be seen from the Figure6 that in the roof 
of hard lithology, the height of water flowing fractured zone is 170 m, close to 28 times the thickness 
of the coal seam. In the roof of soft rock lithology, the height of water flowing fractured zone is 70 
m, which is about 11.6 times the thickness of the coal seam. This result is consistent with the high 
development law of water flowing fractured zone obtained by other scholars. The plastic zone 
generated by simulation is saddle-shaped basically with high on both sides and low in the middle. 
The two models are tensile failure of roof strata above the goaf, and compression-shear failure is 
formed at the upper end of coal wall in front and rear of working face, which is in line with the typical 
characteristics of water flowing fractured zone. 

 

 
(a) 

 
(b) 

Figure 6. Simulation results using strain-softening model. (a) Hard rock lithologic roof model; (b) 
Soft rock lithologic roof model. 
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In addition, the rock mechanical parameters obtained through the test are very different from the 
properties of the rock mass on field [23]. The rock mass in natural state has initial stress due to its 
own weight and geological tectonic movement. After excavation in rock mass, the initial stress state 
of rock mass is changed, and the stress in rock mass is redistributed. Natural rock mass often contains 
primary fractures and other structural planes, and the standard cylindrical specimens used in the test 
are complete rock rather than primary rock mass. The materials used in the test can be regarded as 
uniform and isotropic, but the actual rock mass contains a large number of primary and secondary 
cracks, which are not uniform and anisotropic. Due to the existence of cracks, the mechanical 
parameters of the roof strata in the field coal seam are significantly lower than those obtained in the 
laboratory test. Therefore, in the numerical simulation, the multiplication of the rock mechanical 
parameters obtained from the test and the rock quality designation (RQD) of the roof strata should be 
regarded as the mechanical parameters of the actual roof strata for simulation calculation (Equation 
2). 

 

t sN N RQD  ,                                (2) 

 

where Ns is the mechanical parameters of rock mass obtained from the indoor test, and Nt is the 
mechanical parameters of roof strata. 

2.2 Analysis by Analogy Method 

State Bureau of Coal Industry and other departments jointly formulated Regulations of Resorting 
Coalmining and Pillars Leaving on Buildings, Water Bodies, Railroads and Main Mines and Entries 
(hereinafter referred to as the Regulations), and specified in detail the calculation formula of water 
flowing fractured zone under various conditions (Table 2). This formula is applicable to the overlying 
strata of coal seam with hard, medium hard, soft and ultra-soft lithology. The thick coal seam is mined 
in layers. The single layer mining thickness should be 1~3 m, and the cumulative mining thickness is 
not more than 15 m. 

 

Table 2. Calculation formula for height of water flowing fractured zone in thick seam slicing 
mining 

Lithology Formula one / m Formula two / m 

hard 𝐻 =
100∑𝑀

1.2∑𝑀 + 2.0
± 8.9 𝐻 = 30 ∑𝑀 + 10 

medium hard 𝐻 =
100∑𝑀

1.6∑𝑀 + 3.6
± 5.6 𝐻 = 20 ∑𝑀 + 10 

soft 𝐻 =
100∑𝑀

3.1∑𝑀 + 5.0
± 4.0 𝐻 = 10 ∑𝑀 + 5 

ultra-soft 𝐻 =
100∑𝑀

5.0∑𝑀 + 8.0
± 3.0  

 

Where ∑𝑀 is the cumulative mining thick. 

In addition, Exploration Specification of Hydrogeology and Engineering Geology in Mining Areas 
(hereinafter referred to as the Specification) also gives the empirical formulas of maximum height of 
water flowing fractured zone (Table 3). 
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Table 3. Empirical formula of maximum height of water flowing fracture zone 

Dip angle 
of coal seam 

/° 

Compressive 
strength of 
rock /MPa 

Rock type 
Roof 

manage 
methods 

The height of water 
flowing fractured zone 

/m 

0~54 

40~60 
diabase, limestone siliceous 

quartzite, conglomerate, glutenite, 
arenaceous shale et al. 

All caving 𝐻 =
100𝑀

2.4𝑛 + 2.1
+ 11.2 

20~40 
arenaceous shale, argillaceous 

sandstone, shale 
All caving 𝐻 =

100𝑀

3.3𝑛 + 3.8
+ 5.1 

<20 
decayed rock, shale, argillaceous 

sandstone, clay rock, Quaternary and 
tertiary loose soils et al. 

All caving 𝐻 =
100𝑀

5.1𝑛 + 5.2
+ 5.1 

55~85 

40~60 
diabase, limestone, siliceous 

quartzite, conglomerate, glutenite, 
arenaceous shale et al. 

All caving 𝐻 =
100𝑚ℎ

4.1ℎ + 133
+ 8.4 

<40 

arenaceous shale, argillaceous 
sandstone, shale, clay rock, decayed 
rock, Quaternary and tertiary loose 

soils et al. 

All caving 𝐻 =
100𝑚ℎ

7.5ℎ + 293
+ 7.3 

 

Where M is the cumulative mining thick, n is the coal seam layering thickness, and h is the vertical 
height of mining face in small stage. 

In order to avoid the problem of statistical determination of uniaxial compressive strength in the 
classification of hard, medium-hard, weak and extremely weak roof types in the current specification, 
and the problem of not reflecting the combination structure of soft and hard roof strata, Hu[24] applied 
multivariate nonlinear regression to obtain the fitting formula (Equation 3) by considering five 
factors : mining height, proportion coefficient of hard rock b, working face slope length, mining depth 
and advancing speed. 

 

11.664.0
243.426

346.5exp11.0ln85.112.2741.3 





  v

s
lbMHh ,           (3) 

 

where M is the cumulative mining thick, l is the inclined length of working face, s is the depth of 
working face, v is the advance speed of working face. 

Though the proportion coefficient of hard rock considering the combined structure of soft and hard 
rock, the influence of rock integrity on rock strength is ignored. The rock strata with poor rock mass 
integrity have different impacts on water flowing fractured zone from the rock strata with good rock 
mass integrity. Here, RQD is introduced to correct the impact of rock mass integrity on water flowing 
fractured zone, and the following formula (Equation 4) is obtained. 

 
/r hH H RQD .                                (4) 

2.3 Error Correction Coefficient 

In order to facilitate the application of engineering calculation, the error correction coefficient is 
introduced to narrow the range of water flowing fractured zone obtained by empirical formula and 
numerical simulation, and reduce the calculation error of water flowing fractured zone. The error 
correction coefficient of the height of water flowing fractured zone is, 
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min max

3 s

r

H
G

H H H


  ,                               (5) 

 

where G is error correction coefficient, Hs is the height of the water flowing fractured zone by 
numerical simulation, Hmax is the maximum height of water flowing fractured zone is obtained by 
empirical formula, Hmin is the minimum height of water flowing fractured zone is obtained by 
empirical formula, and Hr is the height of water flowing fractured zone corrected by RQD. 

In the actual calculation process, factors such as empirical formula, analogy method and numerical 
simulation can be comprehensively considered to predict the development height H of water flowing 
fractured zone in different coal mines, 

 

G
HH

HH
H rs 





maxmin

.                               (6) 

3. Case Verification of Working Condition 

The 3# coal seam in Sima Coal Mine area is deep in the northwest and shallow in the southeast, and 
the buried depth is about 300 m. Taking 1303 working face as an example, the coal seam thickness 
is 6.5 m. According to the physical and mechanical analysis and test of rock mass of multiple 
boreholes and roof and floor of coal seam in Sima Mine Field, the corresponding rock physical and 
mechanical parameters are obtained (Table 4). According to the parameters in Table 4, the strain-
softening model is used for numerical simulation. The simulation results without considering RQD 
are shown in Figure 7(a), and the simulation results with considering RQD are shown in Figure 7(b). 

 

Table 4. Physical and mechanical properties of rock 

Lithology 

Bulk 

modulus 

K/GPa 

Shear 

modulus 

G/GPa 

Internal 

friction 

angle 

φ/° 

Cohesion 

C/MPa 

Tensile 

strength 

σc/MPa 

Density 

ρ/(t·m-

3) 

Rock quality 

designation 

(RQD)/% 

sandstone 30 18 40 3.8 3.1 2.7 89.2 

mudstone 27 15 24 3.9 2.4 2.3 83.4 

upper roof 42 32 36 4.6 4.2 2.6 88.6 

immediate 

roof 
23 15 30 2.8 3.1 2.6 90.4 

coal seam 7 2 27 0.7 1.5 1.4 89.4 

immediate 

floor 
28 18 28 3.5 2.7 2.6 84.6 

hard floor 26 17 32 3.3 2.9 2.5 86.8 

Ordovician 

limestone 
30 20 35 2.6 3.2 2.6 89.5 
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(a) 

 
(b) 

Figure 7. Numerical simulation of fractured zone development under strain-softening model.(a) 
Without considering the RQD; (b) considering the RQD. 

 

The roof of 3# coal seam is mainly composed of sandstone and mudstone, which is a lithologic hard 
roof. The actual height of water flowing fractured zone is 130 m. It can be seen from Figure 7(a) that 
the development height of water flowing fractured zone obtained without considering the RQD is 140 
m, which is about 21.5 times the mining height, and the error with the measured height is 7.7%. In 
the model considering the RQD, the development height of the fracture zone is 120 m, about 18.5 
times the mining height. In the process of coal seam mining, shear failure occurs above the coal wall 
of the mining boundary. With the advancement of the working face, the previous shear failure zone 
evolves into the tensile failure zone at the upper part of the goaf.  After excavation, the rock strata 
above the coal wall on the mining boundary are still in the shear failure zone, which is consistent with 
the law pointed out by previous scholars. 

According to the formula one for calculating the height of water flowing fractured zone in hard rock 
of the Regulations, the height of water flowing fractured zone in 1303 working face of 3# coal seam 
is 57.4~75.2 m, and the height of formula two is 86.5 m. According to the empirical formula of the 
Specification, the predicted height is 81.1 m. In summary, according to the existing empirical 
formulas, the height of water flowing fractured zone is predicted to be 57.4~86.5 m.  

The height of 3# coal seam in No.3 mining area M is 7 m, the inclined length of working face l is 200 
m, the proportion coefficient of hard rock b is 0.78, the buried depth s is 276 m, the advancing speed 
v is 20.1 m/d, and the height of fracture guide zone Hh determined by Equation 3 is 78.7 m. According 
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to the field drilling observation, the average RQD of each rock layer in the roof of the working face 
is 81%, which is substituted into Equation 4 to obtain the height of water flowing fractured zone is 
98.4 m. 

The height of water flowing fractured zone on the roof of 1303 working face in 3# coal seam 
calculated by Formula 6 is 122.3 m, and that measured in the field is 130 m. The error of Formula 6 
is only 5.9%. 

4. Conclusion 

On the basis of the existing empirical formula, this paper proposes a new modified formula for 
predicting the height of fracture zone by using analogy method and numerical simulation analysis, 
and obtains the following results: 

(1) Based on the mechanical parameters of the laboratory test sample, the strain-softening model was 
used to simulate the development of water flowing fractured zone of the roof. The simulation results 
show that the development height of the fracture zone of the hard rock roof is higher than that of the 
soft rock roof, which is consistent with the field practice. 

(2) The RQD was introduced to weaken the mechanical parameters of materials obtained from the 
laboratory test. Taking Sima Coal Mine as the background, it was applied to the numerical simulation 
calculation process and good simulation results were obtained. 

(3) The empirical formula proposed by predecessors is introduced into RQD for correction, 
considering the influence of rock integrity on lithology. The error correction coefficient G is 
introduced, and the height of water flowing fractured zone obtained with considering empirical 
formula method and numerical simulation comprehensively. It is well verified in 1303 working face 
of 3# coal seam in Sima Coal Mine, and the height of water flowing fractured zone is predicted to be 
122.3 m with an error of only 5.9%. 
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