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Abstract 

Estimation of the height of caved and fractured zones above a longwall panel along with the stability 

conditions of the goaf area are very crucial to determine the abutment stresses, ground subsidence, and face 

support as well as designing the surrounding gates and intervening pillars. In this work, the height of caving-

fracturing zone above the mined panel is considered as the height of destressed zone (HDZ). The long-term 

estimation of this height plays a key role in the accurate determination of maximum ground surface 

subsidence and the amount of transferred loads towards the neighbouring solid sections. This paper presents 

a new stability analysis model of caved material system in the goaf area. For this aim, a theoretical energy-

based model of HDZ determination in long-term condition is developed. Then the stability condition of the 

caved material system is investigated using the principle of minimum potential energy. On the basis of the 

actual data gathered from the literature, the unstable time period of the caved material system is also 

calculated. Moreover, the effects of time- and temperature-related parameters and constant coefficients as 

well as their inherent relations with HDZ are evaluated. Furthermore, sensitivity analysis shows that the two 

temperature-related constants material constant and time are the most effective variables in HDZ, and the 

slope of material hardening is the least effective one. The estimated HDZ and the stability time of the caved 

materials can be successfully applied to determine the induced stress and the maximum surface subsidence, 

respectively, due to longwall mining. 

 

Keywords: Longwall Mining, Height of Destressed Zone, Caved Material System, Minimum Potential 

Energy, Stability Time. 

1. Introduction 

Longwall mining method is one of the most 

popular and productive underground methods 

used in the mining industry. This method is 

suitable for extraction of the relatively thick,  

sub-horizontal, and uniform coal (rock) seams. 

The main objective of this method application is 

high productivity along with providing the 

acceptable safety conditions. However, the mining 

efficiency exclusively depends upon the stability 

of the stopes, gates, surrounding access tunnels, 

and pillars. The stability of these structures is also 

related to both the roof cave-in performance and 

the interaction of the caved materials with the roof 

rock strata. Subsequent to the seam extraction and 

advancing the hydraulic jacks, the immediate roof 

in the mined area collapses and caves at the rear 

of the working face. The downward movement of 

the roof rock strata then gradually extends 

upwards and will cause the disturbed roof strata to 

become destressed. Thus the overburden pressure 

above the destressed zone will be redistributed in 

the rock mass surrounding the longwall panels 

and directed to the front and rib-side abutments 

[1-7]. 

Generally, there are several research approaches 

to study the progressive fracturing and caving of 

the panel roof rock strata including in-situ 

measurement as well as physical, empirical, 

numerical, and analytical modeling. Despite being 

worthy, each of these methods has defects that 
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have been described in detail by Rezaei and others 

[3]. Due to these restrictions and simplicity of the 

analytical modeling, a new theoretical  

energy-based model with further incorporated 

effective parameters is suggested in this work to 

evaluate the combined height of caving and 

fracturing zones above the longwall gobs. Here, a 

combination of the height of caving and fracturing 

zones is considered as the height of destressed 

zone (HDZ). Beyond this height, the overburden 

pressure will be transferred towards the adjacent 

solid sections. Therefore, HDZ has a vital role in 

the amount of transferrable loads to the front 

abutment, adjacent access tunnels, pillars, and 

panel rib-sides. Thus to suitably evaluate the 

amount of transferrable loads to the adjacent gates 

and the intervening pillars, the amount of HDZ 

must be estimated [3]. In addition, evaluating the 

induced ground subsidence is a critical topic in 

longwall mining, which is affected by the caving 

and fracturing of the roof rock strata [8]. Actually, 

the complete/total value of HDZ can be achieved 

while the caved material system would be stable. 

On the other hand, the ground subsidence 

phenomenon will be stopped by stabilization of 

the caved material system. Therefore, the stability 

time of the caved material system is very 

important in determination of maximum HDZ and 

ground surface subsidence due to longwall 

mining. 

The main aim of this work was to investigate 

HDZ above the longwall gobs in long-term 

conditions, and to estimate the stability time of the 

caved material system. For this purpose, the time-

dependent analytical determination of HDZ is 

firstly described. Then the stability time of the 

caved material system is calculated based upon 

the principle of minimum potential energy. Unlike 

the past studies, the geometrical and 

geomechanical properties of roof rock strata as 

well as the pressure, time, and  

temperature-dependent parameters of the caved 

materials were considered in the HDZ prediction 

simultaneously. Finally, the effects of time and  

temperature-related parameters on HDZ and the 

stability time of the caved material systems were 

evaluated. 

2. Background 

2.1. Distributed zones above mined panel 

After coal extraction in longwall mining, the roof 

rock strata are allowed to be fractured and caved 

in the mined area (called the goaf area). This 

process causes disturbance of the original in-situ 

stress regime and the hydraulic conductivity. By 

progressive in extraction, the fracturing and 

caving phenomena of roof strata gradually extend 

upwards and will cause the disturbed roof strata to 

become destressed. Prediction of HDZ above the 

longwall gobs plays an important role in 

determining the transferred loads towards the 

front abutments and panel rib-sides in which the 

gates and pillars are situated. For this purpose, 

many researchers have investigated the behavior 

of working roof, process of gradual upward 

movement, and determination of the height of 

caving and fracturing zones. These issues have 

recently been discussed by some investigators  

[1-3], in which the previous related investigations 

have also been referred. According to these, three 

zones of disturbance have been identified above 

the mined panel (Figure 1). These zones include 

the caved, fractured, and continuous deformation 

zones [9]. As it can be seen in Figure 1, these 

zone can reach 20, 20-50, and more than 50 times 

the extracted seam thickness (mining height), 

respectively. However, extension of each zone 

depends on the geological and geomechanical 

conditions of overburden strata including the 

strength properties of rocks, in-situ stress, 

thickness of seam (rock) and overburden, and type 

and nature of the strata [10]. 

 

 
Figure 1. Three movement zones in overburden due to longwall mining [10]. 
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2.2. Literature review 

Comprehensive literature review about the 

disturbed zones over the goaf area was conducted 

in detail [2, 3, 6, 7]. However, for brevity, only 

the most important and related ones of the older 

studies were reviewed. Instead, the new 

investigations in the field of roof rock failure 

strata and its relationship with the ground surface 

subsidence are discussed in more detail. Roof rock 

behaviour above the goaf area was studied by 

Eavenson [11] for the first time. He believed that 

the inner-burden shear failure during multiple 

seam extraction in longwall mining extended to 

the ground surface. However, Denkhaus [12] 

proved that the maximum HDZ would be equal to 

50% and 63% of the depth of cover above the 

panel for rocks with sufficient and insufficient 

cohesion, respectively. Some other researchers 

have proposed different models to calculate the 

heights of caved and fractured/destressed zones 

above the goaf area in terms of the coefficient of 

extracted coal seam thickness or mining height. 

For example, Ropski and Lama [13] have shown 

that the primary and secondary caving zones 

extend to a height of 3-3·5 times the extracted 

coal seam thickness. Palchik [14] believed that the 

thickness of the fractured zone varied from 20 to 

100 times the extracted seam thickness. Palchik 

[15] has found that the maximum heights of 

interconnected fractures and separate horizontal 

fracture zones reach 19-41 and 53-92 times the 

extracted coal seam thickness, respectively. 

According to Zhimin and others [16], the height 

of the fractured zone was obtained to be  

14.33–17.71 and 16.04 times the mining thickness 

from in-situ measurements and numerical 

modeling, respectively. Zhang and others [17] 

have investigated the overburden fracture 

evolution laws in mining a very thick coal seam 

under water-rich roof using the numerical 

modeling. Their finding proved that the height of 

the fractured zone in the overburden strata ranged 

from 18.66 to 47.66 times the extraction seam 

height. Gao and others [18] have developed a 

numerical approach to simulate the progressive 

caving of strata above a longwall panel. Their 

results show that the fractures extend 

approximately 40 m into the roof. 

In addition to the above reviewed references, the 

newly related research works that have been 

conducted in the latest recent years (2015, 2016, 

and 2017) are examined here in detail. The 

horizontal displacement distribution caused by a 

single advancing longwall panel excavation has 

been evaluated by Tajduś [19]. He assumed that 

the value of the horizontal displacement was 

proportional to the slope of subsidence value. Xue 

and others [20] have analyzed the movement and 

fracture of overlying strata based on the 

experimental analysis. They concluded that the 

maximum height of caving, fracturing, and 

bending zones were equal to 7.5, 25, and 25 times 

the mining height, respectively. Based on the  

in-situ measurement and numerical and theoretical 

modeling, Bai and others [21] have studied the 

roof deformation and failure characteristics in 

advancing longwall working face, and proposed a 

dynamic mechanical model of the roof structure. 

Ming-he and others [22] have developed a 

numerical model to evaluate the stress distribution 

around the longwall face based on the caving 

height zone. The research conclusion has 

highlighted that the height of caving zone is the 

main parameter effective on the coefficient of 

stress concentration around the longwall panel. 

The in-situ measurements performed by Palchik 

[23] showed that the maximum height of caved 

zone could reach 20 times the mining height. 

According to a conceptual model proposed by Qu 

and others [24], the maximum relative height of 

key stratum is about 20.7 times the extracted seam 

thickness. 

According to a coalface failure model proposed 

by Jiachen and others [25], due to longwall panel 

extraction, the height of caving zone increases 

with increase in the mining height. According to 

Meng and others [26], the ratios of the average 

caving-fracturing zone height to the extracted coal 

seam thickness in the Daliuta coal mine from the 

in-situ tests, physical modeling, and numerical 

simulation are equal to 20.3, 22.8, and 19.4, 

respectively. Theoretical evaluation of the 

abutment pressure in longwall coal mining 

conducted by Zhu and others [27] based on the 

analysis of load transfer mechanisms of key 

stratum (KS) showed the importance of roof rock 

strata disturbed zone in transferred load to the 

sides and front abutments. Yu and others [28] 

have evaluated the stress changes and deformation 

of coal pillars and gateroads affected by the 

mining-induced stress based on the in-situ 

measurements. Accordingly, they have concluded 

that the adjacent panel extraction plays a crucial 

role in the main deformation and damage of the 

surrounding gate roads. Xie and Xu [29] have 

studied the key stratum above the mined panel, 

and evaluated its effect on the mining abutment 

pressure of a coal seam. They proved that the 

abutment pressure of the field model with a key 

stratum was 42% higher than that of the model 
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without any key stratum. Rezaei [6] has developed 

a new neural network model for estimation of the 

height of caving–fracturing zone over the 

longwall gobs and evaluation of the effect of 

geomechanical parameters on this height. Rezaei 

and others [7] have proposed an optimum ANN 

model to determine HDZ over the mined panel in 

longwall mining. Beside the determination of 

disturbed zones above the mined panel, the 

relationship between the ground subsidence and 

overburden failure and also time-dependent 

failure and deformation of roof strata time have 

been investigated by some researchers [30-34]. 

These showed that numerous factors affected the 

ground subsidence due to mining operation 

including the mining method, mining depth, ore 

thickness, stope size, dip angle of ore body, 

geological structure, nature of overburden and 

water contents, roof supports, etc. [34]. However, 

there is no formulated analytical basis to show the 

relation between the ground subsidence and 

disturbed zones above the mined panel in log-term 

condition. 

 Considering the above literature review, it is 

obvious that there are various in-situ 

measurements, empirical, mathematical, 

numerical, and physical models to predict the 

height of disturbing zones above the longwall 

gobs. In all the previous investigations, the effects 

of time- and temperature-related parameters were 

ignored in the evaluation of the height of caving 

and fracturing zones. To overcome these 

shortages, a time-dependent energy model for 

evaluation of HDZ above the longwall gobs is 

described in the current study. Furthermore, the 

stability of the caved material system is discussed 

for subsidence estimation subjects. The main 

application of the estimation of the caved material 

system stability time is in the prediction of 

maximum occurred ground subsidence in surface 

due to longwall mining. It is obvious that the 

ground subsidence would be stable while the 

caved material system is stable. Indeed, 

determination of the time stability of the caved 

material system helps the ground subsidence 

occurrence period determination. Knowledge of 

the maximum surface subsidence and it 

occurrence period helps engineers in designing the 

preventive supports and supply the safety 

requirements. 

3. Stability analysis model 

3.1. Time-dependent calculation of HDZ 

Energy consideration in longwall mining, and 

consequently, determination of HDZ above the 

longwall panel in long-term and short-term 

conditions have already been discussed by Rezaei 

and others [3-5]. However, HDZ in the long-term 

condition was calculated by Rezaei and others [5] 

recalled here in order to develop a new procedure 

for evaluation of the stability time of the caved 

material system as well as estimation of the effect 

of time- and temperature-related parameters on 

HDZ. According to Rezaei and others [3], coal 

seam extraction in longwall mining causes 

disturbance of the energy balance within a system 

enclosing mine openings and surrounding rocks. 

This leads to release the stored strain energy in the 

mined seam. However, this released energy will 

not be lost according to the principle of energy 

survival but transfer from one equilibrium state to 

another. Indeed, the released energy is consumed 

in the fracturing, caving, and destressing of the 

over roof rock layers. Accordingly, it is concluded 

that the total stored strain energy in the mined 

seam (Um) is equal to the strain energy stored in 

the roof destressed zone (Ud), as shown in the 

following equation: 

m dU U  (1) 

By the assumption that there exist no permanent 

supports in longwall mining, i.e. ignoring the 

effect of body forces, here, the total stored strain 

energy in the mined seam (Um) is calculated by 

the Salamon [35] equation, as follows: 

dSuTU
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p
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im  )()(

2

1
 (2) 

where p

iT , p

iu , and Sm are the stress or traction 

vector acting on a surface, and the component of 

the displacement vector before starting the mining 

and mined layer area, respectively. These 

parameters are computed as follow [35]: 

(p)

i v

2
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where σv, E, γ, H, and ν are the initial stress due to 

the overburden pressure, rock mass elastic 

modulus, rock mass unit weight, depth of cove, 

and rock mass Poisson ratio, respectively. 

Substitution of Eq. (3) into Eq. (2) leads to: 
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In Eq. (4), the integral term is the moment of 

inertia of surface Sm with respect to the plane of 

ground surface. Thus according to the  

parallel-axis theorem in statics: 

2

0

2 DAIdAHI m

Sm

   
(5) 

where I0 is the moment of inertia of the mined 

area (panel) cross-section with respect to a 

horizontal line across its centre of gravity, Am is 

the cross-section of the mined panel, H is the 

depth of cove, and D is the vertical distance from 

the panel centre of gravity to the ground surface. 

With regard to the rectangular cross-section of the 

mined panel, Am, I0, and D are calculated as 

follow: 

m w s

3

w s
0

s

A L h

L h
I

12

D H h / 2

 


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 (6) 

where Lw and hs are the panel width and extracted 

coal seam thickness, respectively. 

When Eqs. (5) and (6) are substituted into Eq. (4), 

the final equation of the total stored energy in the 

extracted coal seam is obtained: 

2

2m v s

m s

(1 )(1 2 ) A h
U ( H Hh )

2(1 )E 3

     
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 
 (7) 

The strain energy stored in the roof destressed 

zone (Ud) is generally composed of elastic strain 

energy (UE) and viscoplastic strain energy (UV). 

VEd UUU   (8) 

The non-linear rheological constitutive model 

introduced by Zhang and others [36] is utilized to 

investigate the rheological properties of the caved 

materials and calculate the components of Ud. In 

this model, the elastic modulus (E), coefficient of 

viscosity (μ), and threshold value of stress (σs) are 

considered based upon the modified Bingham 

model [36]. According to this model, the stress of 

caved materials before and after the yield point 

(threshold value of stress) is calculated as follows: 








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s

s

at

K

eE
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
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>,

0

 (9) 

where E0 is the initial elastic modulus, a is the 

material constant, t is the pressure time of caved 

materials, ε is the strain of caved materials, λ is 

the slope of material hardening stage, and K is the 

coefficient that is calculated by the following 

equation: 





 s

at

Bt

eE
K 



0

1
 (10) 

where B = 1/η0Cα; η0 is the initial coefficient of 

viscosity; and C, μ, and α are the material 

constants related to temperature. 

To calculate the elastic strain energy of the caved 

materials within the destressed zone (UE), the 

common equation of strain energy is used. If the 

destressed zone above the longwall panel is 

considered as a separate system, its absorbed 

elastic strain energy can be calculated as follows: 

 
h

E AdhdVU
02

1

2

1
  (11) 

where σ is the applied stress on the caved 

materials, ε is the strain occurring under the 

applied stress, h is the height of the caved 

materials within the destressed zone, and A is the 

unit surface of the system. Here, Ad is considered 

as the unit surface of the destressed zone, which is 

equal to the panel width multiplied by the unit 

length of longwall panel (Ad = Lw × 1
m
). After 

completion of the caving process, the caved 

materials are thoroughly compressed, and then the 

total height of caved materials is equivalent to 

HDZ (h = Hd). Thus Eq. (11) can be modified to: 

ddE HAU 
2

1
  (12) 

In Eq. (9), the caved material system has the 

elastic and viscoplastic properties when σ ≤ σs and 

σ≥ σs, respectively. Accordingly, the elastic and 

viscoplastic components of strain energy are 

calculated based on its related stress in this 

equation. Therefore, substitution of the elastic and 

viscoplastic parts of Eq. (9) into Eq. (12) lead to 

calculate the elastic strain energy (UE) and 

viscoplastic strain energy (UV) stored in the roof 

destressed zone, as follow: 

2

2

1
dd

at

E HAEeU   (13) 

ddV HA
K

U )
22

(
22 

  (14) 

Instead of the strain of caved materials, this 

equation can be instituted; it was developed by 

Salamon [37] to describe the stress-strain behavior 

of caved materials: 
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where σc is the uniaxial compressive strength of 

caved materials and εm is the maximum possible 

strain of the caved materials. εm depends on the 

bulking factor (b), and can be determined using 

the following equation [38]: 

b

b
m
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By substituting Eqs. (15) and (16), Eqs. (13) and 

(14) could be modified as follow: 
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Now the total strain energy stored in the roof 

destressed zone (Ud) is achieved by substituting 

Eqs. (17) and (18) into Eq. (8) in the following 

form: 
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Finally, if Eqs. (19) and (7) are substituted into 

Eq. (1), HDZ in time-dependent condition is 

calculated as follows: 
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(20) 

3.2. Stability time of goaf 

Estimation of stability time of the caved material 

systems is very important to determine the 

maximum surface subsidence due to longwall 

mining. In this research work, stability analysis of 

the proposed time-dependent energy model is 

conducted based on the principle of minimum 

potential energy of the caved materials system. It 

is obvious that the total potential energy of the 

caved material structure (Π) is composed of strain 

energy (Ud) and external work (W): 

WUd   (21) 

The total strain energy stored in the roof 

destressed zone (Ud) was calculated in the 

previous section, as shown in Eq. (19). Thus only 

the external work (W) is calculated in this section. 

Assuming that P is the pressure of roof rocks and 

u is the deformation of caved materials, the 

external work of roof rocks upon the caved 

materials (W) can be written as: 

puW   (22) 

Here, the deformation parameter (u) is selected as 

the state variable. For matching the external work 

and strain energy equations, the stress (σc) existing 

in Eq. (19) must be written in terms of 

deformation. To do so, stress and strain can be 

defined according to the stress-strain behaviour of 

caved materials in rheological constitutive model 

by Zhang and others [36], as the following 

equations: 

K/   (23) 

hu /  (24) 

Given that the discussed height in this study is the 

height of destressed zone in long-term condition 

(Hd), we can write: 

dHu /  (25) 

Replacing Eq. (25) into Eq. (23) leads to: 

KH

u

d

c   (26) 

Substitution of Eq. (26) into the stress parameter 

of Eq. (19) leads to: 

2
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(27) 

When Eqs. (27) and (22) are substituted into Eq. 

(21), the total energy of structure (Π) is achieved 

as follows: 

2
atd

2 2

d

d

A u 1
[Ee ] pu

bu K
2H K [E ]

H K(b 1)
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


 
(28) 

According to the principle of minimum potential 

energy, the system is stable when the energy of 

the system reaches a minimum. If δ
2
Π ≥ 0 and δΠ 

= 0, the energy of the system reaches a minimum 
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(δ is the derivative sign). In the case of δ
2
Π ˂ 0 

and δΠ ≠ 0, the energy of the system cannot reach 

a minimum. These concepts are used in order to 

calculate the stability time of the caved material 

system in longwall mining. Accordingly, the 

second derivative of total energy of structure (Π) 

or Eq. (28) is achieved as: 

2 at 2d

2 2

d

A 1
[Ee ] ( u)

KH K E

         (29) 

In our investigation, the state of transition from 

the instability to stability (δ
2
Π = 0) is considered 

as the stability time of the caved materials system. 

Therefore, the time of stability of caved material 

system can be obtained when δ
2
Π = 0. Since K ˃ 

0 in Eq. (29), we can write: 

01  KKEe at
 (30) 

Substitution of Eq. (10) into Eq. (29) and 

rearranging it lead to: 

at at 2 at

s s2 Ee (Ee ) Bt Bt Ee             (31) 

To solve Eq. (31) and obtain the stability time of 

the caved material structure, a graphical method 

can be used. For this purpose, Eq. (31) is divided 

into two functions, as follows: 

at at 2 at

sf (t) 2 Ee (Ee ) Bt Bt Ee           (32) 

 stg )(  (33) 

The intersection of the graphs of the above two 

equations will be the stability time of the caved 

material structure (ts). Actually, these two graphs 

and their intersection value could be applied to 

obtain the stability time of caved materials that 

practically outlined in the following sub-section. 

3.3. Validation of proposed model 

In order to validate the proposed model, the 

particular experimental data was utilized to plot 

the graphs of the above-mentioned two functions 

(given in Eqs. (32) and (33)) and obtain the 

corresponding stability time. As an engineering 

example, the values of the measured experimental 

data conducted by Zhang and others [36] were 

applied for drawing the graphs and calculation of 

the stability time of the caved material structure 

(ts). These measured experimental datasets are 

presented in Table 1. Also the geometrical and 

geomechanical parameters are kept constant 

according to the in-situ measurements conducted 

by RafiqulIslam and others [39], as shown in 

Table 2. On the basis of the experimental data 

given in Table 1, Zhang and others [36] have 

calculated the stability time of the caved materials 

using the analytical model and compared the 

results obtained with the observations in practice. 

Therefore, the results of the proposed model in 

this research work can be compared with the 

result of the above research work as a comparison 

basis for the validation aim. Considering this data, 

the graphs of f(t) and g(t) were plotted and shown 

in Figure 2. According to this figure, the stability 

time of the caved material structure is equal to 

1.643 years. Thus from the first caving period 

until 1.643 years later, the caved material system 

is unstable and HDZ increases consequently. 

After this time, the system will be stable, and the 

additional subsidence will not occur in the ground 

surface. The stability time calculated by Zhang 

and others [36] was 1.51 years. As it can be seen 

from this comparison, the results of the current 

research work are in a good agreement with the 

results obtained by Zhang and others [36], which 

conforms well to the observations in practice. 

Thus it can be concluded that the proposed model 

can be successfully applied for the long-term 

stability analysis of goaf area and calculation of 

the stability time of the caved materials. 

Moreover, this model and its corresponding 

computed stability time can be linked to the 

maximum ground surface subsidence calculation 

in the future research works.

 
Table 1. Experimental parameters used in plotting graphs [36]. 

σs (MPa) E (MPa) B µ α λ a 

20 59 1.24 2 0.3 3 1 

 
Table 2. Geometrical and geomechanical parameters and corresponding mean caving and fracturing zone used 

in current study calculations [39]. 

H (m) Lw (m) γ (KN/m
3
) E (GPa) ν σc (MPa) b hs (m) HDZ (m) 

290 120 2.7 3.5 0.22 50 1.5 3.5 29.5 
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Figure 2. Graphs of f(t) and g(t) to obtain stability time of caved material structure. 

 

4. Parametric study 

Beside the geometrical and geomechanical 

parameters, the time and temperature parameters 

are also the most important variables, and are very 

crucial in the stability analysis of the goaf area. 

Knowledge of the height of the caved, fractured, 

and destressed zone along with the sustainability 

of the goaf area is very crucial during the time and 

extraction phases. Also compression of the caved 

material causes increase in temperature, which 

affects the bulking and compaction characteristics 

of the caved material. These may affect the 

instability of the caved material system and other 

related objects, i.e. roof failure and ground 

subsidence. Despite this great importance, this 

issue was rarely investigated by previous 

researchers. Thus the effects of pressure and time 

of caved materials and temperature-related 

parameters are discussed in detail here. 

Accordingly, variations in HDZ versus material 

constant (a), slope of materials hardening stage 

(λ), temperature-related parameters of α, C, and μ, 

threshold value of stress (σs), initial coefficient of 

viscosity (η0), and pressure time of caved 

materials (t) are shown in Figures 3-10, 

respectively. In these figures, the relative 

influence of each parameter on HDZ is identified 

by varying the desired parameter and maintaining 

fixed values for the other parameters according to 

Table 1. 

 

 
Figure 3. Relationship between HDZ and material constant. 
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Figure 4. Relationship between HDZ and slope of material hardening. 

 

 
Figure 5. Relationship between HDZ and temperature-related parameter (α). 

 

 
Figure 6. Relationship between HDZ and temperature-related parameter (C). 
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Figure 7. Relationship between HDZ and temperature-related parameter (μ). 

 

 
Figure 8. Relationship between HDZ and threshold value of stress. 

 

 
Figure 9. Relationship between HDZ and initial coefficient of viscosity. 
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Figure 10. Relationship between HDZ and pressure time of caved materials. 

 

According to Figure 3, the material constant has a 

direct relation with HDZ. Indeed, the material 

constant (a) is a positive material constant, named 

the softening parameter that describes the 

softening characteristic of the material or rocks. If 

the softening parameter of caved material 

increases, the compression capacity of the 

material will increase. Therefore, with increase in 

the material constant, more compression will 

occur, and then further roof caving will take place. 

As it can be seen in Figure 4, when the slope of 

material hardening increases, HDZ increases by a 

linear relation. It is obvious that the higher value 

of slope of material hardening means that the 

caved materials have a more compression 

capability. This causes an additional caving, and 

thus a further value of HDZ. Figures 5-7 indicate 

that the temperature-related parameters including 

α, C, and μ are in non-linear inverse relations with 

HDZ. It is known that increasing the temperature 

and its related parameters increases the amount of 

fluid, and lowers the strain rate of the caved 

material. Decreasing the strain rate lowers the 

compaction of the caved material, and thus 

decreases the caving process of the roof rock 

strata. Thus HDZ will increase with increase in 

the temperature-related parameters including α, C, 

and μ. As it can be seen in Figure 8, a higher value 

for threshold stress leads to a lower HDZ. The 

threshold value of stress normally depends on the 

compressive strength of caved materials. 

Obviously, materials with high compressive and 

threshold stress values have fewer tendencies to 

cave, and as a result, HDZ will decrease. It can be 

concluded from Figure 9 that the higher the initial 

coefficient of viscosity, the lower is HDZ. This 

proves the fact that if the coefficient of viscosity 

of caved rocks increases, less compression of 

them will occur. Thus the amount of roof caving 

decreases, and thus HDZ will be less. Finally, 

Figure 10 demonstrates that HDZ has a direct 

relation with the pressure time of caved materials. 

It is clear that over the time, the caved material 

will be further compressed, and therefore, enough 

space will be provided for more caving. As a 

result, the height of the destressed zone increases 

over the time. In addition, the semi-fractured or 

suspended rocks will cave over the time that 

causes the increase in HDZ. 

As a general conclusion of the parametric study, it 

can be concluded that the time and  

temperature-related parameters considerably 

affect HDZ (see Figures 5-7 and 10). This issue 

has been neglected in the previous research works, 

which can influence the estimated HDZ and other 

related variables, especially in time-dependent 

situations. Therefore, the proposed model could 

be preferred in long-term conditions. 

5. Sensitivity analysis 

In this section, sensitivity analysis is conducted to 

estimate the most and least effective parameters 

on HDZ among the time- and temperature-related 

parameters. Sensitivity analysis could be 

performed in two different ways, i.e. novel and 

traditional procedures. In novel procedures, 

available equations and techniques such as cosine 

amplitude method [40-42] could be applied for 

this purpose. However, in the traditional methods, 

the influence of an input variable on the 

corresponding output could be achieved by 

systematic changing of it and keeping fixed values 

for the other inputs of the model. The latest 

procedure was used in this work for the sensitivity 
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objects. To do so, to achieve the influence of each 

parameter on HDZ, other parameters were 

assumed constant, according to the experimental 

values given in Table 1 in the first stage. Then the 

value of the considered input changed 

systematically from -30% to +30% (i.e. three 

values) of its actual value in Table 1 and 

corresponding HDZ calculated. This process was 

performed for all of the time and  

temperature-related parameters, and the graphs 

obtained along with their gradients are 

demonstrated in Figure 11. The graph with higher 

gradient shows a more impact of its corresponding 

input on the output. As it can be seen in Figure 11, 

temperature-related parameters (α and µ), material 

constant (a), and time (t) are the most effective 

variables on the HDZ, while the slope of material 

hardening (λ) is the least effective one on it. 

 

   

   

  

 

Figure 11. Sensitivity analysis results of time- and temperature-related parameters. 

 

6. Conclusions 

A new analytical model was developed in this 

research work for the stability analysis of the 

longwall goaf area. To do so, a time-independent 

model was developed for the height of destressed 

zone (HDZ) above the mined panel. Then the 

stability time of the caved material system in 

longwall mining was analyzed based upon the 

principle of minimum potential energy. 

Eventually, the parametric study and sensitivity 

analysis were performed in order to evaluate the 

relation of time- and temperature-related 

parameters with HDZ, and determine the effective 

parameters. The results obtained showed that the 

material constant, slope of material hardening 

stage, and pressure time of caved materials have 

direct influences on HDZ. On the other hand, the 

temperature-related parameters (α, C, and μ), 

threshold stress, and initial coefficient of viscosity 

have inverse influences on HDZ. Moreover, 

temperature-related parameters, i.e. α and µ, 

material constant, and time are the most effective 

parameters on HDZ, and the slope of material 

hardening is the least effective one. As seen, time- 

and temperature-dependent parameters have 

significant effects on HDZ and should not be 

neglected in the modeling. A general consequence 

of the new proposed analytical model compared to 

the previous ones is that it incorporates the effects 

of pressure time and temperature-related 

parameters of caved materials on HDZ along with 

the estimation of the stability time of the goaf. 

The long-term evaluation of HDZ time plays an 

important role in an accurate estimation of 

transferred loads towards the gates and pillars 

during the anytime of mining operation lifetime. 

In addition, prediction of the stability time of 

caved materials helps the exact determination of 

maximum ground surface subsidence due to 

longwall mining. However, these topic points 

require further investigations and validation and 

recommendations for future works. 
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 چکیده:

هوای اطورا ، نشسوت    های تخریب و شکست شده بالای پهنه جبهه کار طولانی و شرایط پایداری منطقه تخریب شده به منظوور ارزیوابی تون    ناحیهبرآورد ارتفاع 

هوا شوده   شکست به عنوان ناحیوه ر  -ها بسیار حیاتی است. تخمین دراز مدت ارتفاع ناحیه تخریبهای اطرا  و پایهسطح زمین، پایداری جبهه کار، طراحی ورودی

مدلی جدیود بورای    از تن  دارای نقشی اساسی در تعیین دقیق حداکثر نشست سطح زمین و مقدار بار انتقالی به ساختارهای اطرا  است. از این رو در این تحقیق

یوین ارتفواع زون رهوا از تون  در دراز     تحلیل پایداری مواد تخریب شده توسعه داده شده است. در مدل پیشنهادی، ابتدا مدل تحلیلی بر پایه روش انرژی بورای تع 

هوای واقعوی   دهمدت تعیین شده و سپس شرایط پایداری ناحیه تخریب شده با استفاده از اصل حداقل انرژی پتانسیل مورد بررسی قرار گرفتوه اسوت. بور اسوا  دا    

یابی به درک صحیحی از نق  پارامترهوای  بر این، به منظور دست آوری شده از منابع منتشر شده قبلی، زمان ناپایداری این سیستم محاسبه شده است. علاوهجمع

ا استفاده از تحلیل حساسویت  مختلف، ارتباط ارتفاع ناحیه رها شده از تن  با متغیرهای زمان و ضرایب ثابت وابسته به دما مورد ارزیابی قرار گرفته است. در انتها ب

ته اولیه کم تأثیرترین پارامتر بر ارتفاع زون رها از تن  است. از ارتفاع ناحیوه رهوا شوده از تون  و زموان      مشخص شد که زمان مؤثرترین پارامتر و ضریب ویسکوزی

 در تعیین تن  ناشی از معدنکاری و حداکثر نشست ایجاد شده در سطح زمین استفاده کرد.توان پایداری برآورد شده به ترتیب می

 اقل انرژی پتانسیل، زمان پایداری.ه رها شده از تن ، سیستم مواد تخریب شده، حداستخراج جبهه کار طولانی، ناحی کلمات کلیدی:

 

 

 

 


