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Abstract
India has been seeking technology for mass production of coal below ground. Longwall technology was accepted as one of 
the options a few decades ago. Unfortunately, it failed to meet the expected benchmark for success. This shortfall was deci-
phered and attributed to the inadequate understanding of cavability, leading to a mismatch in support performances. Hence, 
the present study attempted to bridge the gap in understanding of the strata behavior in longwall workings for the Indian 
geological formations. Four longwall panels representative of the major Indian coalfields were selected for the investigation. 
An effort was made to supplement the design-based knowledge of longwall workings, under different geo-mining and strata 
conditions. The stress redistribution was observed with the progressive mining along with the model and field-observed 
mechanism of strata failure, caving, and support loading. The effect of mining activities on the failure and deformation 
characteristics of the strata was studied using Finite Difference software FLAC3D. It was found that the geo-mechanical 
properties of the overlying strata and the depth of mining were the most influential factors in controlling the behavior of the 
strata. At shallow depth, mechanical strength and the thickness of the overlying strata were identified as the main control-
ling parameters for most of the ground control events. However, at greater depths, face instability appeared to be the major 
contributor to these events. It is inferred that the proposed numerical modeling approach could be effectively utilized for 
evaluation of the stress redistribution, mechanism of failure, quantification of caving span, face convergence, and support 
loading for longwall panels in Indian geo-mining conditions.
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List of Symbols
Sc	� Uniaxial compressive strength
St	� Brazilian tensile strength
�h	� Mean horizontal in situ stress
ν	� Poisson’s ratio
�	� Unit weight of the overlying rock
H	� Depth of cover
�	� Coefficient of linear thermal expansion
E	� Elastic modulus
G	� Geothermal gradient
�v	� In situ vertical stress

Abbreviations
GCF	� Godavari valley coalfields
JCF	� Jharia coalfields
RCF	� Raniganj coalfields
SPCF	� Sohagpur coalfields
StCF	� Sonhat coalfields

1  Introduction

In India, the first powered support longwall was deployed 
in 1978 at Moonidih colliery of Bharat Coking Coal Lim-
ited (BCCL). In the past 4 decades, about 80 longwall faces 
were worked with support capacity up to 1152 ton with a 
production capacity of 3 million tons per annum under dif-
ferent geo-mining conditions. However, the overall perfor-
mance has not been encouraging when compared with other 
major coal-producing countries. The major reasons cited 
were the inadequate characterization of the geological and 
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geotechnical conditions, improper design of panels, and poor 
selection of shield capacity (Ghose and Dutta 1987; Ghosh 
2003; Tadisetty et al. 2006; Islavath et al. 2016). The fail-
ure of the initial longwall projects thwarted the large-scale 
adoption of this technology. Some of the longwall faces at 
JK5, PVK, and GDK10 in Godavari Valley coalfields (GCF), 
Jhanjra in Raniganj coalfields (RCF), and Moonidih in Jharia 
coalfields (JCF) operated without any strata control problem. 
However, the experience at the Dhemomain and the Khot-
tadih faces of RCF and Churcha faces of Sonhat coalfields 
(StCF) proved disastrous (Sarkar 1998; Singh and Singh 
2010b; Deb and Verma 2004). The shallow depth workings 
of Balrampur, Rajendra, and New Kumda mines of Sohag-
pur coalfields (SPCF) faced severe strata control problems 
due to the presence of massive main roof. These workings 
required induced caving by deep hole surface blasting for 
controlling the weighting severity (Pan and Prasad 1999; 
Sarkar and Dhar 1993).

Regular caving of the overlying strata is essential in long-
wall workings as it ensures a safe stress environment by 
eliminating the excessive load on the support and abutment 
stress around the longwall faces. Delayed caving causes 
dynamic loading of supports, spalling, and rock burst at the 
face. At times, mild-to-severe air blasts are also experienced 
(Shabanimashcool et al. 2014). Therefore, a careful under-
standing of the caving mechanism is essential at the design 
and planning stage for effective ground control. Through 
numerous analytical, empirical, and numerical approaches, 
researchers have studied the mechanism of the roof caving 
under different geo-mining conditions. Using classical beam 
theory, Obert and Duvall (1967) studied the mechanism of 
strata caving and predicted the length of the void where the 
first and periodic caving events would occur. Adopting the 
bending moment approach, Majumdar (1986) suggested the 
first and periodic caving spans for Indian coal measure rocks. 
Similarly, a series of empirical models had been developed 
in the past for understanding the caving behavior of the 
strata, based on the specific mechanical concepts or field 
observations. While some of these approaches suggested 
roof classifications for qualitative assessment of caving 
behavior (Zamarski 1970; Arioglu and Yuksel 1984; Zhao 
1985; Peng et al. 1986, 1989), there were other models that 
proposed quantitative aspects to predict the caving behav-
ior of the strata (Pawlowicz 1967; Bilinski and Konopko 
1973; Singh and Singh 1979, 1982; Unrug and Szwilski 
1980; Peng 2006). All the proposed approaches being site-
specific were based on specific geo-mining conditions. Simi-
larly, over the years, some numerical modeling approaches 
had also developed to study the underlying mechanisms of 
the roof cavability (Vakili and Hebblewhite 2010; Shabani-
mashcool and Li 2012; Khanal et al. 2012; Shabanimash-
cool et al. 2014; Wang et al. 2018; Le et al. 2018, 2019). 
Although the above approaches provide some insights into 

the mechanisms of roof caving, their applicability is not sig-
nificant due to the complexity of the geo-mining condition 
and the typical geo-materials involved in the Indian geologi-
cal formations.

Along with the caving behavior, the interaction of the 
face support with the overlying strata is equally significant 
for the longwall geo-mechanics. To date, numerous stud-
ies were executed to understand the fundamental mechanics 
of shield–strata interaction at longwall face. They include 
detached block theory (Wilson 1975), yielding foundation 
theory (Smart and Aziz 1986), the empirical nomograph-
based method (Peng et al. 1987), load cycle analysis (Peng 
1998), neural networks (Chen 1998), ground response curves 
(Medhurst and Reed 2005), and Voussoir beam theory (Qian 
et al. 1994). Analyses were performed through various soft-
wares (Cheng 1998; Deb 1998; Park and Deb 1999; Sand-
ford et al. 1999; Barczak and Conover 2002; Trueman et al. 
2009; Hoyer 2012) and physical modeling also (Guo 2015; 
Kong et al. 2017; Yang et al. 2017, 2019). However, due to 
the complex nature of the overlying strata and the associated 
depth of mining, the applicability of the above approaches is 
doubtful in Indian geo-mining conditions. Thus, a detailed 
study of roof–support interaction with progressive face 
advance is required for developing site-specific and rational 
understanding.

The structural stability of a longwall face is another criti-
cal aspect of sustained productivity. Face instability due to 
excessive spalling and slabbing of coal affects its regular 
advance and influences face production that eventually 
leads to substantial economic losses. Consistent caving, 
safe roof–support interaction, and controlled stress envi-
ronment are crucial for face stability. The reverse scenario 
may worsen the condition with a series of production delays. 
Some numerical modeling studies (Bai et al. 2015, 2016; 
Song and Chugh 2018; Yang et al. 2019) had been carried 
out in the past to understand the face instability mechanism 
in longwall workings. These studies stated that the concen-
tration of abutment stresses, weighting severity, and roof-to-
floor convergence were the critical parameters that control 
the structural stability of the longwall faces.

In recent years, the depth of coal mining in India has 
increased. The depth of the working in some of the mines 
like Adriyala and Moonidih ranges between 450 and 650 m. 
In the future, workings of coal might operate beyond this 
range. The longwall workings of the GCF, operating at 
moderate to large cover depths, had experienced severe 
face spalling during face advance, in the recent past. Given 
these experiences, the prevailing design approach needs to 
be updated to meet concurrent challenges. Unfortunately, 
the longwall operators in India still rely on the conven-
tional knowledge base of strata mechanics. Its application 
is prone to risk in the current mining scenario. Hence, a 
comprehensive approach is required to enhance the current 
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understanding of the strata behavior, the complex rock–sup-
port interaction, and face instability in such geo-mining con-
ditions where massive sandstone predominant in the overly-
ing strata.

Thus, the focus of this paper lies in the study of the inter-
relationships of ground control parameters (stress redis-
tribution, strata failure and caving, support loading, face 
convergence, and instability of longwall face) in different 
mining conditions for Indian rock formations. A numerical 
modeling approach was developed in this study using Finite 
Difference software FLAC3D (Itasca 2015) to simulate the 
field-scale longwall system of extraction and study the geo-
mechanical response of the strata in prevailing geological 
formations. The modeling results were used to classify the 
roof behavior with progressive face advance. Four models 
were studied considering the variable geo-mining conditions 
of past longwall panels. The modeling results were validated 
with the field-observed caving span and support loading. 
The outcome of this paper supplements the existing knowl-
edge of longwall geo-mechanics pertinent to Indian strata 
formations. Furthermore, it is expected to contribute to the 
scientific design of future longwall panels in challenging 
geo-mining conditions.

2 � Geological Formation and Strata Behavior 
Experiences

The geological column above an underground working plays 
a significant role in the design of a safe and reliable struc-
ture. Characterization of overlying strata and its rock mass 
properties are crucial for the effective design of underground 
workings. Since longwall mining deals with large extraction 
below ground, a thorough knowledge of the local geology 
is essential to ensure safe and consistent operation. There 
are ample instances worldwide where the poor characteri-
zation of overlying strata led to tragic experiences (Hen-
derson 1980; Frith and Creech 1997; Sarkar 1998; Verma 
and Deb 2010; Yu 2014; Verma et al. 2016; Li et al. 2018). 
Sarkar (1998) carried out a study of 50 different mining sites 
belonging to JCF, RCF, SPCF, and GCF for developing an 
understanding of strata characteristics and effective design 
of longwall structures. The study included the percentage of 
sandstone content, RQD, and compressive strength to char-
acterize the rock materials overlying the coal seams up to 
ten times the extraction height.

Sarkar (1998) reported that the sandstone content in RCF 
varied from 27 to 100%, with an average of 70%. For JCF, 
the average value was found to be 44%. Similarly, in SPCF 
and GCF, the average sandstone contents were 87 and 90%, 
respectively. The value of RQD varied from 38 to 95% in 
RCF and JCF. In the case of SPCF, the RQD of massive 
sandstone roof varied from 75 to 80%, whereas the RQD 

of sandstone was 70% in almost 90% of the cases in GCF 
(Sarkar 1998; Banerjee et al. 2016). The average compres-
sive strength of the overlying strata in JCF varied from 39 
to 80 MPa, while it ranged between 60 and 90 MPa in RCF. 
In SPCF, the compressive strength varied from 7 to 49 MPa, 
and in GCF, it varied from 10 to 40 MPa.

The data collected from different mine sites reflect that 
the depth of workings of different longwall faces varied 
from 40 to 650 m, whereas the height of extraction ranged 
between 1.8 and 4.5 m. The capacity of powered roof sup-
port varied between 325 t (Moonidih face) and 1152 t (Adri-
yala face), out of which most of the powered supports were 
the four-legged chock-shield type. The caving characteristics 
of the strata altered from RCF to GCF. At Jhanjra mine, 
the shallow depth panels in RVII seam were extracted suc-
cessfully without any strata control problem, whereas the 
longwall workings of Pasang seam in Balarampur, New 
Kumuda, and Bishrampur mines, and Burhar VIB seam of 
Rajendra mine in Sohagpur coalfield experienced severe 
strata control problems, during major caving while working 
under 50–100 m cover depth (Singh and Singh 2010b). At 
150 m depth, a few faces of RVIIA seam of MIC portion 
of Jhanjra mine were extracted without any strata control 
problem. However, significant ground control challenges 
were observed due to deterioration of the roof followed by 
excessive face convergence during periods of major strata 
cavings in the Incline-1 portion. Longwall panels 1 and 2 
of Samla seam at Khottadih mine had extremely adverse 
strata control condition at a cover depth of 160–190 m. This 
caused prolonged dynamic loading on the supports at the 
face. Consequently, panel 3 of the mine collapsed at 791 m 
of face advance due to the damage of 55 shield supports and 
formation of the face cavity attributed to excessive support 
loading. Similarly, in Churcha mine at the depth of 218 m, 
the face collapsed after 198 m of face advance due to uncon-
trolled caving (Sarkar 1998).

The strata control scenario of longwall operations at 
the GCF had mixed experiences. The intensity of caving 
was found minimal under 6–7 m thick and easily cavable 
immediate roofs, while the weighting severity was signifi-
cant under sandstone roof with poor caving characteristics. 
The primary issue had been the selection of the face length. 
The behavior of the strata changed considerably with the 
variation in the length of the faces. Faces of shorter length 
(60–90 m) were mined out successfully without any strata 
control problems. However, the roof control issues were 
observed with longer lengths of faces (120–150 m). Frequent 
breakdowns of the machinery, maintenance difficulties, and 
production halts were experienced during the major weight-
ings. Face spalling and cavity formations were observed due 
to the higher extraction heights and the presence of weak 
immediate roofs in GDK-11A, JK-5, and VK-7 mines (Deb 
and Verma 2004).
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The span of roof caving observed during the main fall 
varied from 25 m (Panel A4 in XVIII seam, Moonidih mine) 
to 140 m (Panel 1 in seam V, Churcha mine). The faces at 
Churcha, Khottadih, Balarampur, New Kumda, Rajendra, 
and the GDK 9 mines experienced dynamic loading on the 
supports, during major caving of the strata. Here, due to the 
deterioration of roofs, excessive face convergence and sup-
port closure were followed with the mechanical damage of 
the support (Singh and Singh 2010b).

3 � Description of the Study Sites

Four longwall panels belonging to different coalfields and 
strata conditions were considered for the numerical mod-
eling study to analyze the strata behavior. Using the Roof 
Separation Index (RSI), the rock beds above the working 
seams were classified for the immediate roof, main roof, 
and overburden depending on the strata sequence and the 
height of extractions (Singh and Singh 2004). The height 
of caving was considered up to 12–15 times the extraction 
height after analyzing the nature of the caving of the Indian 
coal measure rocks.

The longwall face of Working ‘A’ was extracted under 
392 m depth with 95 m face length and 2.5 m mining height. 
Four-legged powered roof supports of capacity 325 t were 
used during the extraction of the panel. The immediate roof 
primarily comprised of intercalation and shaly coal. The 
main roof consisted of medium to coarse grain sandstone 
with intercalation (Fig. 1a). The thickness of the immediate 
roof and the main roof was 5.6 m and 15.5 m, respectively. 
The compressive strength of the strata varied between 10.2 
and 44.7 MPa. The tensile strength varied between 0.2 and 
4.4 MPa. The lower RQD of rock beds indicated the layered 
nature of the strata formations that facilitated easy caving 
conditions.

The longwall face of Working ‘B’ was extracted under the 
212 m depth of cover with the support capacity of 4 × 760 
t. The longwall panel with 150 m face length was extracted 
for 3 m extraction height, partly under sandstone and partly 
under shaly coal immediate roof. The thickness of the imme-
diate roof and the main roof was 30 m and 15.94 m, respec-
tively. The low compressive strength and tensile strength of 
the rock beds indicated weak strata formations compared to 
the other sites.

The 150 m longwall face of Working ‘C’ was operated 
for 2.4 m extraction height under 53 m cover depth using 
powered roof supports of 4 × 450 t. The thickness of the 
hardcover varied from 24 to 38.55 m. The immediate roof 
over the coal seam consisted of medium-grained sandstone 
with laminated shale layers, that had the tendency of quick 
separation. The compressive strength of overlying rock 

beds varied between 8 and 23.8 MPa. The tensile strength 
varied from 0.08 to 2.5 MPa.

The longwall face of Working ‘D’ was extracted with 
120  m face length and 2.2  m extraction height using 
4 × 550 t supports. The overlying strata comprised of 40 m 
hardcover overlain by 60 m of distressed goaf of the upper 
seam workings. The RQD of the caving roof varied from 
77 to 90%. The compressive strength of the strata varied 
from 30.5 to 46 MPa and the tensile strength varied from 
3.3 to 5.2 MPa. The detailed lithology and the physicom-
echanical properties of the different rock beds of the four 
study sites are depicted in Fig. 1a–d.

4 � Numerical Modeling Approach and Its 
Field Validation

An elastoplastic plain strain model was constructed in 
FLAC3D to simulate the strata behavior of the selected 
longwall panels. The total length of the model was 
1000 m, which is five times the length of the mining zone. 
The geometry of the model comprised of the floor, coal 
seam, and overlying roof layers up to the surface. The base 
of the model was fixed with rigid boundary conditions, 
while the roller boundary was prescribed on the other two 
sides. The zone size in x-, y-, and z-direction was taken 
as 1 m, 0.75 m, and 0.43 m, respectively, at the coal seam 
level. The size of the elements in the mining zone was 
kept equal in the coal seam but was allowed to increase in 
geometric progression series, maintaining a ratio of 1.1 
in the roof and the floor and a ratio of 1.15 laterally. Any 
abrupt change in zone size was avoided to ensure the mini-
mal influence of zones on model behavior (Fig. 2). The 
behavior of the sub-horizontal parting plane was simulated 
using interface elements characterized by Coulomb slid-
ing and separation in tension. The interface elements were 
assigned values of pre-defined normal and shear stiffness 
in addition to joint friction, cohesion, and tension. The 
stiffness values of the interface elements were decided 
from the empirical relation as prescribed in the software 
manual. This was further refined by verifying the penetra-
tion rate to an acceptable limit of 10% of the minimum 
zone size for the value of the vertical stress prevailing in 
the given condition. The initial model was constructed in 
two stages. In the first stage, the model was solved elasti-
cally for the initialization of pre-mining stresses. In the 
second stage, Mohr–Coulomb plasticity material proper-
ties were assigned to represent the in situ condition of the 
panel. For the initialization of the in situ stress conditions, 
the following equations were used in the absence of field 
data (Sheorey 1994; Sheorey et al. 2001):
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where �h is the mean horizontal in situ stress; �v is the 
in situ vertical stress; ν is the Poisson’s ratio of rock; � is 
unit weight of the overlying rock, MN/m3; H is the depth 
of cover, m; � is the thermal expansion coefficient of rock; 
8 × 10−6/°C for sandstone and 30 × 10−6/°C for coal; E is 
Young’s modulus of rock, MPa; and G is the geothermal 
gradient for Indian coalfields; 0.03 °C/m.

([1])�h =
�

1 − �
�H +

�EG

1 − �
(H + 1000),

([2])�v = �H,

The rock mass compressive and tensile strengths of 
the strata were obtained from downgrading the laboratory 
strengths by considering scale effect and the RQD of the 
strata. This approach provides a good agreement for the esti-
mation of rock mass properties in Indian coal measure rocks 
(Singh and Singh 2010a, b). The value of elastic modulus 
(E) was estimated following the approach suggested by Wil-
son (1980). In the absence of the tri-axial test data, the cohe-
sive strength of different layers was derived from the rock 
mass UCS and the friction angle using the Mohr–Coulomb 
failure criterion and assuming the angle of internal friction 
of 25° for coal and 40° for sandstone (Singh and Singh 2009, 

Fig. 1   Stratigraphy and physicomechanical properties of Workings ‘A’, ‘B’, ‘C’, and ‘D’
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2010a, b). The rock mass properties used in the models are 
given in Table 1.

The simulation scheme for the four study sites is con-
ceptually based on the approach suggested by Singh and 

Singh (2009) for the assessment of strata behavior in 
longwall workings. The Mohr–Coulomb plasticity model 
was used to capture the failure mechanism of the strata 
with progressive mining. The residual cohesive strength 

Fig. 1   (continued)
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was assigned as 0.8 times of the initial cohesive strength, 
while the residual tensile strength was assigned as zero to 
simulate the softening behavior of the material after fail-
ure. The concept of the ground response curve was incor-
porated for the cyclic installation and withdrawal of the 
supports during the simulation. The concept is based on 
the relationship of support pressure and roof convergence 
subjected to a dynamically changing rock environment 

where the excavation has been made. The interdependence 
of rock mass properties, support pressure, support stiff-
ness, and ground deformation is commonly represented 
by ground characteristic lines and support reaction lines, 
as shown in Fig. 3. The portion AB of the round response 
curve represents the initial roof convergence, which is due 
to the elastic deformation of the strata that takes place 
immediately after the excavation of rock. The support 

Fig. 1   (continued)
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pressure required to restrain convergence is very high in 
this condition, and it should match with the existing stress 
level. As the roof deforms, the support resistance required 
to prevent further convergence reduces, as arching and 
self-supporting capacity of the ground is induced at point 
B. As the roof failure initiates with further deformation, 
the required support resistance starts to increase with the 
loss of the self-supporting capability of the ground. As a 

result, support of higher capacity is required to contain the 
failed ground at point D.

In the current model, the convergence curve of the roof 
was obtained concerning the iteration time-steps of the 
numerical model to obtain a reasonable response in terms 
of load on the face support (Fig. 4). It was noted that the 
installation of support between time-steps P2 and P3 was 
beneficial for reducing the rate of plastic convergence, so 

Fig. 1   (continued)
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that the roof condition at the face remains stable. There-
fore, the support was installed at point P2 after each stage 
of cyclic face advance simulated at an interval of 1 m to 
avoid the effect of elastic roof convergence on the support. 
This process ensures a field representative simulation of sup-
port loading irrespective of the depth of cover. The longwall 
shield was modeled by taking four elements, each along the 
roof and the floor of the face designated as ‘canopy’ and 
‘base’ of the support, respectively. The reaction member of 
the support was applied at 1 m (Pt1_ars) and 3 m (Pt3_ars) 
behind the face, representing hydraulic legs of the support. 
The total load on the support was obtained as the summation 
of the load of the members with the progressive advance of 
the face (Pt1_ars and Pt3_ars) with due consideration of 
the two-dimensional plane strain condition, which agrees 
quite well with the field measurement data. The progressive 
load on the support was monitored through the application 
of ‘History’ command against the time-steps of the model. 
The schematic representation of the simulated support and 
the ‘History’ locations are shown in Fig. 5.

The progressive mining of the longwall face was simu-
lated in stages of 1 m until the major caving occurs. After 
setting of installation chamber of 5 m width, supports of 
rated capacity were installed in the face with pre-defined 
setting and yield pressure and associated stiffness proper-
ties. A FISH routine was used to facilitate the progressive 
mining and advancing of the support. Removal of supports 
from the previous position and its installation in the new 
face position was controlled by an FISH routine which uses 
a Ground Response Curve to allow the rock to converge 

elastically before the support was deployed in the advance 
position and remained installed at the new face location till a 
stable convergence was obtained. In all the models, support 
was set to 60% of the yield load capacity to represent the 
actual field condition.

Four model indicators were used through different FISH 
routines to monitor the behavior of strata with progressive 
face advance. The model indicators are ‘Front abutment 
stress (MPa)’, ‘Load on the support (t)’, ‘Face convergence 
slope (mm/m)’, and ‘failure state of the overlying strata and 
face’. The front abutment stress was measured at the center 
of the coal face using a FISH routine, which searches for 
the maximum value of the induced vertical stress in the coal 
seam up to 20 m ahead of the face line. The value of the 
front abutment stress was obtained in every step and stored 
in a particular log file. Accordingly, a term named Vertical 
Stress Concentration Factor (VSCF) was used in this paper, 
which is the ratio of peak mining stress (induced stress) to 
the pre-mining stress (in situ stress) in a given stress envi-
ronment. The load on the support was estimated through the 
total nodal reaction exerted by the support member during 
each mining cycle using another FISH routine.

The convergence slope was calculated by taking the dif-
ference of the Z-position of the roof-level node to the cor-
responding floor-level node at the face. A FISH routine was 
used to measure face convergence for nodes located at 0, 1, 
2, 3, and 4 m distance from the face during its progressive 
advance. The convergence slope was calculated with respect 
to the node at the face (0 m position) for the nodes located at 
1, 2, 3, and 4 m away from the face line, and was averaged 

Fig. 2   A geometric view of the model
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Table 1   Rock mass properties 
of Working ‘A’, Working ‘B’, 
Working ‘C’, and Working ‘D’ 
considered in the model

Thickness (m) Density kg/m3 Shear 
Mod. 
(GPa)

Bulk 
Mod. 
(GPa)

Tensile 
strength 
(MPa)

Cohesion (MPa)

Working ‘A’
 Floor 50.0 1935 2.48 4.14 1.03 2.52
 Coal 2.5 1406 0.80 1.33 0.04 0.65
 Coal roof 1.15 1406 0.80 1.33 0.04 0.65
 Immediate roof 5.64 1879 2.03 3.38 0.76 1.90
 Main roof 1 5.34 1935 2.48 4.14 1.03 2.52
 Main roof 2 10.17 2003 2.42 4.03 0.86 2.22
 Overburden 370.5 2144 5.11 8.51 1.03 3.08

Working ‘B’
 Floor 50.0 2300 1.54 2.57 0.35 0.96
 Coal 3.0 1400 0.80 1.33 0.31 1.48
 Immediate roof 30 2045 1.20 2.01 0.39 0.94
 Main roof 15.94 2050 1.54 2.57 0.35 0.96
 Overburden 166.34 2050 1.54 2.57 0.41 1.11

Working ‘C’
 Floor 50.0 2300 1.86 3.11 0.66 1.25
 Coal 2.4 1400 0.80 1.33 0.50 1.52
 Immediate roof 5.5 2024 1.20 2.00 0.30 0.51
 Main roof 24.6 2021 1.86 3.11 0.66 1.25
 Overburden 20 1789 1.32 2.19 0.25 0.54

Working ‘D’
 Floor 50.0 2300 4.89 8.15 1.98 3.97
 Coal 2.4 1394 0.80 1.33 0.27 0.98
 Coal roof 2.1 1394 0.80 1.33 0.27 0.98
 Immediate roof 6.53 2349 5.22 8.69 1.92 3.79
 Main roof 15.44 2276 3.63 6.05 1.70 3.66
 Overburden 18.18 2336 4.89 8.15 1.98 3.97
 Settled goaf 60 2000 0.48 0.80 0.27 0.98

Fig. 3   Rock–support interaction diagram Fig. 4   Numerical model obtained ground response vs. time-stepping 
curve for roof strata



1837Numerical Modeling Study of the Geo-mechanical Response of Strata in Longwall Operations with…

1 3

to get final convergence slope for a particular face position. 
The failure state of the overlying strata and the longwall face 
were also observed using failure state indicator flags.

The model was validated against the main fall span and 
load on the powered roof support observed in the middle 
zone of the face. The comparative plot of the span of the 
main fall observed in the field, and the model is shown in 
Fig. 6. The results obtained from the model are in close 
agreement with the field experience. Similarly, the corre-
lation between the trend of loading of powered roof sup-
port observed in the field, and the model is also in close 
agreement (Fig. 7). In all the cases, the load on the support 
increased initially and then relaxed after reaching peak load 

during the first major caving of the main roof. The devia-
tion of the modeled and measured support load behavior as 
observed in the case Workings ‘B’ and ‘D’ is likely due to 
the time-lapse in the manual recording of the data, which 
could not be incorporated in the model.

5 � Simulation Results

Following basic verification of the modeling results with the 
field experience, an in-depth analysis of stress redistribution, 
failure and caving of the strata, cycling loading of the face 
support, and progressive face convergence as well as face 
instability was carried out to develop a broader understand-
ing of the subjects.

5.1 � Stress Redistribution

During underground excavation, the state of stress is dis-
turbed and redistributed elsewhere in the surrounding rock 
mass. Knowledge of newly formed stress trajectory includ-
ing the stress concentration as well as relaxation is criti-
cally essential to understand the mechanism of failure (Peng 
2006; Rezaei et al. 2015a, b; Suchowerska et al. 2013, 2014). 
Before extraction, the vertical and the horizontal stresses 
presented the major and minor principal stresses for Work-
ings ‘A’ and ‘B’, whereas a reverse condition was observed 
in case of Workings ‘C’ and ‘D’ owing to the different min-
ing depth and elasticity properties of the overlying rock 
beds. In the pre-mining period, the magnitude of the major 
and the minor principal stresses were 8.2 and 5.6 MPa for 

Fig. 5   Schematic diagram of 
modeled powered roof support 
with history locations
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Working ‘A’, 4.3 and 3.8 MPa for Working ‘B’, 2.4 and 
0.96 MPa for Working ‘C’, and 2.8 and 2.2 MPa for Work-
ing ‘D’, respectively. After the development of the panel, 
the peak value of major principal stresses concentrated at 
4–5 m ahead of the extraction face in case of Working ‘A’, 
whereas it was within 1–3 m in Working ‘B’. In contrast, the 
peak value of major principal stresses concentrated in the 
immediate roof and floor in case of Working ‘C’ and Work-
ing ‘D.’ The ultimate magnitude of major principal stress 
was experienced just before the rupture of the main roof for 
all the four cases (Fig. 8).

In response to the mining activity, the vertical stress 
relieved behind the coal face but concentrated in the 
unmined area ahead of the face, whereas the horizontal 
stress concentrated in the upper-to-lower end of immedi-
ate and main roof (Fig. 9). The peak horizontal stress was 
experienced at the upper end of the roof layers before caving, 
which was reduced after the caving occurred and was then 
transferred to the roof layers ahead of the face. The observa-
tion of stress distribution with the progressive advance of 

the face provides good agreement with the typical longwall 
geo-mechanics (Peng 2006; Kang et al. 2018).

The distribution of vertical stress on the floor, roof, and 
face of all the four workings during peak abutment period 
is shown in Fig. 10. It was observed that the stress relieved 
zone behind the face gradually increased in lateral as well as 
vertical direction with the progressive advance of the face. 
Similarly, the abutment stress concentration ahead of the 
face was also increased until the occurrence of the main 
roof caving.

In general, the height of the stress relieved zone (hst) in 
the goaf progressively increased with the advance of the face 
(fa), but this also led to a higher concentration of stress at the 
face because of the formation of large overhang behind the 
face. In Working ‘A,’ the stress relieved zone reached up to 
20 m in the roof before caving of the main roof. Similarly, 
the stress relieved zone extended up to 31, 18, and 42 m 
at sites ‘B’, ‘C’, and ‘D’, respectively. These observations 
were primarily attributed to large overhang in Workings ‘B’ 
and ‘D’. A comparatively smaller value of the hst/fa ratio 
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indicated delayed roof caving and increased the severity of 
impending roof weighting in general (Table 2).

The magnitude of peak abutment stress in terms of ver-
tical stress concentration factor (VSCF) with the progres-
sive face advance is presented in Fig. 11. The plot shows 
that the concentration of vertical stress rose gradually till 
the rupture of the overhang formed in the goaf. In Working 

‘A’, the peak VSCF of 1.86 was found at 24 m of face 
advance, which was relaxed after subsequent caving of 
the overlying strata. Similarly, in Workings ‘B’, ‘C’, and 
‘D’, the peak VSCF of 2.44, 1.55, and 3.94 were observed 
2–5 m ahead of the face at 48, 39, and 82 m face advance, 
which is a valid outcome for Indian geo-mining conditions 
(Singh and Singh 2009, 2010b).

Fig. 8   Location and magnitude of peak major principal stresses just before the main fall
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Fig. 9   Concentration of horizontal stress in overlying strata of Working ‘A’
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5.2 � Failure and Caving of Strata

Figure 12 shows the state of failure in overlying strata 
before caving of the main roof in the four different work-
ings. In general, the failure of the rock material was dis-
tributed upward in the roof and downward on the floor and 
in some cases ahead of the face. In Workings ‘A’ and ‘B’, 
the dominant mechanism of failure was shear, whereas the 

tensile mode of failure was dominant in Workings ‘C’ and 
‘D’. The first caving of the immediate roof just above the 
face was experienced at 12 m face advance in Working ‘A’ 
and 40 m face advance in Working ‘B’. Similarly, in Work-
ings ‘C’ and ‘D’, the first caving was realized at the face 
advance of 39 m and 56 m, respectively. The competency of 
the strata, shallow depth of working, and formation of large 
overhang behind the face were the prime reasons for the 

Fig. 10   Distribution of stresses at peak abutment for Workings ‘A’, ‘B’, ‘C’, and ‘D’
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delayed caving in Working ‘D’, while the thick immediate 
roof was the major cause of such observation in Working 
‘B’. The subsequent caving of immediate roof was observed 
at every 4–6 m interval of face advance in Workings ‘A’ and 
‘D’ while regular caving of immediate roof was observed at 
every 1–2 m of face advance in Workings ‘B’ and ‘C’ owing 
to relatively softer nature of the strata.

In Working ‘A’, the process of rupture initiation in the 
main roof started after 18 m of face advance, which moved 
gradually upward to the upper layer with progressive min-
ing. The main fall was observed at face advance of 25 m 
when 5.8 m-thick roof caved behind the face with the peak 
load of 325 t on the face support. In the field, as well, the 
failure of the main roof was observed at the same stage of 
face advance with yielding of the face supports. In Working 
‘B’, the event of caving en masse was experienced due to 
the presence of a thick immediate roof of 30 m, which caved 
after 49 m of face advance along with caving of the main 
roof. As a result, a total 42 m-thick roof participated in the 
en masse caving, causing a serious loading condition at the 
face. In the field, a total of 62 leg circuits were noticed in 
the yielding state in response to this heavy weighting event. 
The affected zone of the face was from chock No. 20 to 80, 
covering 60% of the face length with maximum impact at 
its center.

In Working ‘C’, the failure process of the main roof ini-
tiated at 70–72 m face advance (Figs. 12c, 15, 16c). The 
average load on the support during this period was recorded 
as 446 t. In the field, a similar observation was noted at face 
advance of 67 m without any deformation of the overlying 
roofs. The ultimate caving of the main roof was observed at 
face advance of 89 m in the model, while the field-observed 
caving span was 81 m, which was also accompanied by 
yielding of 163 hydraulic leg circuits. The modeling results 
showed that nearly 24.5 m-thick main roof caved during the 
main fall, which ultimately triggered the yielding of a large 
number of hydraulic leg circuits. The field observations 
showed 50–450 mm of support closure in chocks 20–40, 
with an average of 150 mm during the main fall.

In Working ‘D’, the tensile failure of the main roof initi-
ated at the center of the beam and progressed upward at 68 m 
of face advance (Fig. 12d). In the first phase, 5.32 m-thick 
portion of the main roof failed in tension and gradually 
progressed upward with further mining. When the face 
advanced to 70 m, the load on the support was raised to 
yield load of 550 t, while the main roof spanning over 32 m 
underwent failure up to 6 m in the vertically upward direc-
tion. The failure process of the main roof was dominated 
by tensile failure. The ultimate caving of the main roof was 
observed at 87 m face advance when 15.45 m-thick roof 
caved behind the face over 68 m of span in the direction of 
mining. Starting from the initiation of failure to the ulti-
mate caving, the face witnessed a series of weightings at 
every 5–10 m interval of mining due to the staged failure of 
the thick hard roof. The entire process of caving was con-
trolled by the strata properties, particularly the thickness of 
the main roof, its deformation modulus, and their location 
above the coal seam, as also agreed by Shabanimashcool 
et al. (2014).

Figure 13 plots the normalized value of the bending stress 
(ratio of the induced value of σxx to the in situ horizontal 
stress) with the progressive advance of the face in four work-
ings. The maximum stress was often concentrated in the 
upper portion of the main roof before its ultimate failure and 
caving in all the four workings. Furthermore, the maximum 
bending stress was realized in the Working ‘D’ followed by 
the Workings ‘A’, ‘C’, and ‘B’. This was mainly due to the 
presence of a thick sandstone roof with high elastic modulus 
and compressive strength in the working. As a consequence, 
a series of weighting in every 5–10 m interval was realized 
before the ultimate caving of the main roof at 87 m in this 
case. In Working ‘A’, the span of maximum bending stress 
was realized after 13 m of face advance, whereas the span 
was realized just before caving of the main roof in Working 
‘C’ and ‘B’. Higher depth of working with the high-stress 
environment and laminated rock formations were the major 
reasons that resulted in maximum bending stress at a lower 
span in the Working ‘A’.

Table 2   Ratio between the heights of stress relieved zones to the face 
advance in four workings

The height of stress 
relieved zones (hst), m

Face advance 
(fa), m

hst/fa ratio

Working ‘A’ 20 24 0.83
Working ‘B’ 31 48 0.64
Working ‘C’ 18 39 0.46
Working ‘D’ 42 82 0.51
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sive face advance
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Figure 14 plots the caving angle during the initial stage 
and the final stage of caving, as observed during the main 
fall in the four workings. The first instance of caving was 
observed after 24 m face advance in Working ‘A’ with a cav-
ing angle of 16°, which involved 2 m thick and 3 m lateral 
length of the main roof. The ultimate caving angle in Work-
ing ‘A’ was 90° at the time of the main fall, observed at face 

position of 25 m. During this period, the support load of 325 
t was experienced at the center of the face. Similarly, the first 
caving of the main roof in Working ‘B’ involved a 9 m-thick 
roof covering 31 m lateral distance with caving angle of 
40°. The load on the support during this event was 676 t. At 
face position of 49 m, the main roof caved completely with 
caving angle of 74°. The initial and ultimate caving angles 

Fig. 12   Failure state of material during rupture of the main roof
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during the first and ultimate caving of the main roof were 
34° and 44° in Working ‘C’ and 24° and 62° in Working ‘D’, 
respectively. In Working ‘C’, the supports were observed in 
yielding conditions starting from the initial stage to the final 
stage of main fall, whereas the load on the support reached 
90% of the yield load during the initial caving of the main 
roof in Working ‘D’.

5.3 � Progressive Face Convergence and Cyclic 
Loading of Roof Support

During the simulation of progressive mining cycles, face 
convergence and the load on the supports were monitored 
to understand the deformation (Fig. 15) and loading char-
acteristics of the overlying strata near the face (Fig. 16a–d). 
From the modeling results, it was noticed that the values of 
peak convergence slope near the working face for the four 
Workings ‘A’, ‘B’, ‘C’, and ‘D’ were 4, 21, 8, and 10 mm/m, 
respectively. The peak convergence was observed due to the 
lowering of the main roof during the main fall. The con-
vergence slope was marginal in the initial phase of face 
advance, but the value suddenly increased to its peak in 
all the four workings once the face reached the weighting 
period. Although the longwall face in Working ‘A’ was oper-
ated at greater depth, the average convergence experienced 
was minimum due to the regular caving of the laminated 
strata. In contrast, due to the presence of thick immediate 
and main roofs, the peak convergence was at the higher side 
resulting in caving en masse during the main fall in Working 
‘B’. In Workings ‘C’ and ‘D’, the convergence slope gradu-
ally increased due to the formation of large overhang behind 
the face and reached the maximum value before the main fall 
and got relaxed afterward.

The load on the support with progressive mining in all the 
four workings is plotted in Fig. 16. In Working ‘A’, the first 
instance of significant load on the support was observed at 

the face advance of 10 m with the support load of 242 t. The 
support load slightly increased to 255 t at the time of the first 
local fall, while its value was 245 t during subsequent local 
fall. The first instance of peak load was experienced during 
the main fall at 25 m face advance. The weighting lasted for 
only three mining cycles when the support achieved a peak 
load of 325 t and got relaxed thereafter due to the ultimate 
caving of the main roof.

In Working ‘B’, the rise in support load with progressive 
mining followed a linear trend due to the formation of the 
large overhang of thick immediate as well as main roofs. 
With progressive advancement of the face, the load on the 
support gradually built to 676 t till face advance of 48 m. 
The first instance of peak load up to the yield load of 760 t 
was observed at the face position of 49 m due to the caving 
en masse of the immediate as well as the main roof.

In Working ‘C’, the face was operated at 50 m cover 
depth with a support capacity of 450 t. Under this condi-
tion, the overlying strata remained hanging up to 30 m of 
face advance without any significant loading of the support. 
A support load of 375 t was experienced at face position of 
34 m due to the deformation of the failed immediate roof and 
reached to 432 t before the first instance of the immediate 
roof caving that led to local fall. During face advance from 
45 to 70 m, the load on support increased gradually from 
414 to 436 t. At face position of 72 m, the support load of 
447 t was experienced due to the initiation of failure in the 
main roof. The support load reached its peak value for the 
first time at face position of 80 m, where the failed portion 
of the main roof started to deform, leading to the main fall. 
The weighting period lasted up to ten mining cycles till 89 m 
of face advance, and the support load decreased after the 
ultimate caving of the main roof.

In working ‘D’, the support load of 434 t gradually devel-
oped with progressive mining till 69 m of face advance. It 
achieved a yield load of 550 t at 70 m face advance when 
the first weighting at the face was observed. The face expe-
rienced a strong weighting event before caving of the main 
roof at 87 m face advance. It was mainly because of the 
presence of 16 m strong bed, which failed and deformed 
gradually during 70–87 m of face advance (Fig. 16d).

An overall analysis of the loading pattern experienced 
by the supports deployed at the face showed that in Work-
ing ‘A’, the loading of the support was almost constant until 
the main fall occurs. The load on the support at the end 
of a mining cycle increased by 13–25% of its setting load. 
However, the support load experienced a continuous built-
up until it achieved the yield load in Workings ‘B’, ‘C’, and 
‘D’. The support deployed in Working ‘D’ experienced the 
least incremental loading, whereas the support deployed in 
Working ‘C’ had the maximum rate of load increment. These 
observations of cyclic loading patterns during progressive 
mining indicated that the support of 4 × 450 t capacity 
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deployed in Working ‘C’ was under-rated as it suffered 
extreme loading conditions in most of the mining cycles, 
as also confirmed through field experiences. These obser-
vations of cyclic loading of face support also validate the 
findings reported by Medhurst and Reed (2005) and True-
man et al. (2009).

5.4 � Face Instability

The observation of failure state and horizontal movement of 
the coal face during the main fall at all the four study sites 
is shown in Fig. 17. In Working ‘A’, the extent of the failed 
zone was observed up to 4 m ahead of the face. Most of the 

Fig. 14   Caving angle during the initial and the final stage of caving of the main roof in the four workings
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zones at the coal face yielded in shear mode (Fig. 17a). The 
failed zones were distributed from the top to the bottom of 
the face. The top corner of the face experienced the maxi-
mum horizontal displacement of 72 mm during the period 
of the main fall. In Working ‘B’, the extent of the failed zone 
was observed up to 2 m ahead of the face. All such zones 
were failed in shear. The formation of the yielded zone first 

started at the center of the face and propagated gradually 
upward as well as downward with progressive face move-
ment. The maximum horizontal displacement of 24 mm was 
observed at the center of the face. Interestingly, no zone was 
found in yielding conditions until the main fall in Work-
ing ‘C’. The maximum horizontal displacement of 10 mm 
was observed at the top corner of the longwall face. Such 

Fig. 14   (continued)
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observations were primarily related to the nature and the 
loading condition of the strata. The depth of the mine was 
also one of the main factors for such typical observations. 
In Working ‘D’, a 3 m-thick zone ahead of the longwall face 
underwent failure starting from the face corner to the face 
bottom. All the zones failed in shear. The maximum hori-
zontal displacement of 12–15 mm was observed at the face 
corner. On closer scrutiny, it was observed that the failure 
process of the coal face depended on the elastic properties 
of the coal seam, of the roof, and the floor of the workings. 
In all the four workings, the failure of the coal face initiated 
from the center of the face and progressed gradually upward 
or downward depending on the stiffness of the overlying or 
underlying strata.
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To investigate the relationship between the stress and 
strain parameters during failure, Fig. 18 plots the relation-
ship between the axial strain and the vertical and horizon-
tal stresses during peak stress period at the four longwall 
faces. It can be observed that in Working ‘A’, the vertical 
stress reached its peak value of 19.4 MPa at the distance 
of 4 m ahead of the face and then continuously decreased 
beyond this region. On the contrary, the horizontal con-
fining stress reached its peak value of 8.7 MPa at the dis-
tance of 6 m ahead of the coal wall and then decreased to 
0.6 MPa at the monitoring point of the coal wall which 
resulted in a 96% reduction in confinement from the peak 

observed value. The distribution of axial strain confirmed 
that the face was axially strained by 2.5% at the face, and 
the axial strain continuously decreased away from the face. 
Based on the field and the model observations of face fail-
ure within 4 m region ahead of the face, 0.5% of axial 
strain could be taken as the threshold limit beyond which 
the face got destabilized. As the confining stress decreased 
due to the failure of the coal wall, the concentration of 
peak abutment stress penetrated deeper into the coal wall 
till the end of the failure regime. A similar mechanism was 
observed in Workings ‘B’ and ‘D’ as well. The depth of 
the failure region in Workings ‘A’, ‘B’, and ‘D’ is shown 

Fig. 17   Extension of the failed zones and horizontal displacements at the center of the longwall face during the main weighting
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in Fig. 18. The threshold limit of axial strain in Work-
ings ‘B’ and ‘D’ was 0.7% and 0.26%, considering the 
field and model-based observations of the depth of failure 
and interaction of vertical and horizontal stress paths at 
the coal wall. The stress paths realized around the coal 
wall of Working ‘C’ suggested that the vertical and the 
horizontal stress trajectories intersected each other 2 m 
ahead of the face due to the increase in confining stress, 
which superseded the vertical stress beyond this region. 
The intersection point of stress path in Working ‘C’ could 
be considered as the point of inflection beyond which the 
face gets stable due to the increase in confining stresses 
against the induced vertical stresses ahead of this point. 
From the field observations, it was also established that 
beyond 2 m ahead of the face, the rock behaved elasti-
cally, and no such failure was found at the coal wall during 
strata weighting. In Working ‘D’, the point of inflection 
was found 5 m ahead of the face, which indicated plastic 
damage of the face within this region with failure depth of 
3 m as a result of the weighting.

6 � Discussion

An in-depth study was carried out to understand the geo-
mechanical response of the strata under varying geo-
mining conditions represented by four different longwall 
workings belonging to different coalfields in India. The 
finite-difference modeling approach was applied to study 
the pattern of stresses redistribution, mechanism of strata 
failure and caving, progressive face convergence apart 
from cyclic loading of the support, and face instability 
mechanism till the completion of main fall in the selected 
workings. It was found that the magnitude, direction, and 
concentration of principal stresses largely depend on the 
mining depth and elastic properties of the overlying strata. 
At shallow depth workings (Workings ‘C’ and ‘D’), the 
major principal stress was often concentrated in the roof 
and floor of the working, whereas the concentration of 
stresses was noticed ahead of the coal face in high-to-
moderate depth workings (Workings ‘A’ and ‘B’).
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The concentration of peak abutment stress was observed 
2–5 m ahead of the face in all the four workings depending 
on the length of overhang formed in the goaf. The forma-
tion of overhang in such workings was primarily controlled 
by the strength properties and thickness of the overlying 
strata along with their bending behavior at different depths 
of working. In Working ‘A’, the concentration of abutment 
stress was realized at 4–5 m ahead of the face due to the 
effect of the high working depth, whereas higher values 
of the peak VSCF were noticed in Workings ‘B’ and ‘D’ 
owing to the formation of large overhang under the thick 
and strong roof layers. The nature of overhang formation 
is also important in deciding the amount of stress relieved 
zone in the goaf, which contributes to high volume caving 
and impact loading of the support and the face. The events 
of en masse caving and dynamic support loading at longwall 
faces in Workings ‘B’ and ‘D’ were the by-products of such 
a mechanism. In all the workings, the concentration of verti-
cal stress is gradually increased and reached the maximum 
value just before the failure of the main roof.

The type of formations (laminated or massive) along 
with the strength properties of various rock layers within 
the caving zone is crucial in defining the nature of caving 
(regular/delayed) in longwall operations. As discussed, 
nearly 50–85% of Indian coal measure rocks are comprised 
of sandstone in the zone of caving in such operations. Irre-
spective of the rock type, the laminated strata formations 
cave easily after the advancement of the support without 
forming any significant overhang in the goaf, as observed in 
Working ‘A’. In contrast, thick and strong formations form 
a large overhang and cause dynamic loading to the support 
during the failure and subsequent caving of the strata, as 
observed in the remaining three Workings, ‘B’, ‘C’, and 
‘D’. In Working ‘A’, the large amount of induced stress that 
developed because of deep mining condition resulted in the 
shear failure of strong but laminated sandstone layers. The 
impact of such strata failure and caving was insignificant due 
to the regular caving of the strata. Although the strength of 
the roof layers was relatively high, the laminations present 
in the strata enabled them to cave at regular intervals with 
the progressive face advance. On the contrary, although the 
roof strata of Working ‘B’ were weaker, the high thickness 
of such roof resulted in the formation of 47 m long over-
hang which ultimately triggered en masse caving in the goaf 
followed by yielding of a large number of hydraulic legs 
as observed in the field. In Workings ‘C’ and ‘D’, which 
were representative of shallow depth working, thickness 
and mechanical strength of the main roof often control the 
intensity of its failure and caving. The presence of thick and 
strong main roof caused delayed caving of the main roof 
and a series of yielding event of powered supports deployed 
in such conditions. The tensile mode of failure dominated 
the overall failure process in such operations. Irrespective 

of the above conditions, the caving of the immediate roof is 
not considered as the potential threat to strata control unless 
it is very thick.

The role of bending stress in separation and caving of 
the main roof is critical in terms of the nature of caving 
and loading on the powered support. The magnitude of the 
induced bending stress mainly depends on the elastic prop-
erties and thickness of the participating roof. The more the 
elastic modulus and the thickness of the roof, the higher is 
the induction of bending stress, which ultimately helps in 
forming a larger overhang causing a delay in caving and 
impact loading on the supports. The strata control observa-
tions at Working ‘D’ perceived similar experience where the 
bending stress was found in order of three times the in situ 
horizontal stress.

Estimation of caving angle and length of the overhang of 
the main roof helps in determining the nature and volume 
of rock involved in the process of caving. The lower angle 
of caving with the formation of large overhang signifies 
delayed caving, whereas the larger angle of caving with a 
shorter span of overhang confirms an easy caving condition, 
but caving en masse involves a large volume of rock under-
going failure over a very small interval of face advance. It 
was found that the magnitude of the caving angle depends 
on the nature of the formation, thickness, and elastic proper-
ties of the strata and the depth of the mining. If the strata are 
competent enough, the caving angle is often relatively low, 
while the larger angle of caving is expected during the major 
caving in case of soft strata. In Working ‘A’, the laminated 
strata under high working depth caved with caving angle of 
about 90°, while the thick and competent strata in Work-
ing ‘C’ caved with caving angle of 44° under the shallow 
depth of working. As the overlying strata of Working ‘A’ 
caved with maximum caving angle, the loading lasted for 
only one mining cycle during the main fall in the absence 
of large overhang. In comparison, at Working ‘C’, the for-
mation of large overhang with a lower caving angle caused 
significant loading on the support during the period of major 
caving. These observations show that the initial angle and 
the final angle of caving of the main roof and the extent of 
face advance in-between are essential for deciding the asso-
ciated irregularity of caving of the strata and the severity of 
resultant loading of the face support.

The model findings of the four sites showed that the 
rate of face convergence varied with the competency of the 
strata and the depth of mining. The movement pattern of the 
main roof and resultant roof convergence are the key factors 
that control the severity of roof deformation and loading of 
roof supports during the progressive advance of the face. If 
the strata formation is laminated, the rate of convergence 
is relatively low. Therefore, in Working ‘A’, although the 
face was operated at large depth, the laminated nature of 
strata resulted in a relatively low rate of face convergence. 
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However, the presence of massive immediate roof and large 
overhang resulted in mounting the convergence rate till cav-
ing of the main roof strata in Working ‘B’. The rate of rising 
in face convergence was maximum in Working ‘C’ among 
all the four workings due to mining in shallow depth and 
influence of thick sandstone roof, which eventually caved 
after 89 m of face advance. In Working ‘D’, the staged fail-
ure of the main roof led to the periodical rise in face con-
vergence at every 5–10 m of mining interval. The maximum 
rate of convergence in Workings ‘A’, ‘B’, ‘C’, and ‘D’ was 
identified as 4, 21, 8, and 10 mm/m, respectively. The maxi-
mum convergence rate at Working ‘B’ indicated a heavy 
weighting event, which is in good agreement with the field 
observation of en masse caving in that working.

Based on the field and model observations, it was also 
observed that the capacity of powered supports deployed at 
the Workings ‘A’, ‘B’, and ‘D’ was technically suited to the 
respective geological environment. It was experienced that 
due considerations need to be given to the nature, thickness, 
and physicomechanical properties of the rock layers present 
in the caving zone while selecting the capacity of powered 
support. The performance of face support was least affected 
due to the regular caving of laminated formation of strata 
in Working ‘A’. However, the presence of thick and strong 
sandstone roof requires due attention for optimum selec-
tion of powered support through scientific assessment of 
rock characteristics and their breaking strength. Similarly, 
if the immediate composite layer is thick as prevailing in the 
Working ‘B’, it was evident at many occasions that the roof 
caved right from the face along with the main roof which 
transferred a significant load of the massive roof to the 
shield support during periods of major roof caving. In such 
circumstances, the heavy weighting events affect operating 
cycles of powered support, causing critical damage to the 
face infrastructures in extreme cases. The stability of the 
coalface also gets affected in response to these weighting 
events. Rational selection of powered support capacity con-
sidering the behavior of the strata is crucial to avert potential 
damage in such workings.

The support load-time steps’ chart of Working ‘C’ indi-
cated that the shield was overloaded, and the rate of load-
ing did not reduce until the main fall occurs. Based on the 
analysis of rock–strata interaction at Working ‘C’, it was 
confirmed that the selected support was not enough to con-
trol the energy transferred by the deflection of 24.6 m-thick 
sandstone roof, which was located 5.5 m above the mining 
height. The selection of under-rated capacity of face sup-
port was the prime reason for such observation in Work-
ing ‘C’. In Working ‘D’, the main roof underwent failure in 
stages after 68 m of face advance at every 5–10 m interval 
of mining. As a result, a series of weighting events were 
experienced before the ultimate failure of the main roof at 
87 m face position. The face convergence observation also 

compliments the same phenomenon at Working ‘D’. In the 
presence of a thick sandstone roof in the immediate vicinity, 
the shield supports got periodically or continuously loaded 
as observed in Workings ‘C’ and ‘D’, depending on the rated 
capacity of the support deployed in such conditions. Under 
such circumstances, ensuring the consistent setting load is 
extremely difficult in the presence of a weak immediate roof 
while continuous overloading of the support may trigger the 
cavity formation in the roof, resulting in a prolonged delay in 
face progress. No such events were encountered in Workings 
‘C’ and ‘D’ due to the presence of a strong immediate roof 
above the mining height.

The observations of face failure at the four workings sug-
gested that the face instability mechanism was dominated 
by shear failure in the majority of the cases. The process of 
coal wall yielding was governed by the loading environment, 
coal strength, and state of stress around the longwall face. 
It was observed that the ultimate strength and the confining 
stress in the coal wall gradually decreased with progressive 
mining, and the failure occurred when the peak vertical 
stress surpassed the ultimate strength of the coal wall. From 
the start of the mining, the increasing abutment stress and 
decreasing confinement weakened the coal wall, which led 
to its failure in shear. However, the depth of the coal wall 
failure depended on the working depth, coal mass strength, 
as well as the location of peak abutment stress ahead of the 
face. Out of the four workings, the coal wall of Working ‘C’ 
remained stable even in the period of weighting due to the 
higher coal strength and shallow depth of mining. On the 
contrary, the coal wall of Working ‘A’ experienced failure 
to the maximum depth of 4 m ahead of the face owing to the 
lower rock mass strength and concentration of high verti-
cal stress associated with the greater depth of working. The 
maximum horizontal displacement of 72 mm in the coal wall 
was observed in Working ‘A’ during the period of the main 
fall. Additionally, it was also found that the pattern of face 
failure was mostly controlled by the ratio of elastic modulus 
of the immediate roof and floor to that of the coal wall as 
the required confinement was provided by the section with 
a higher modulus. In all the workings, the failure process 
and horizontal movement of coal face were initiated from 
the center of the face, and progressed gradually upward or 
downward depending on the softness of the roof or floor 
strata, respectively.

The observations of vertical and horizontal stresses and 
the axial strain relationship during the peak stress period 
suggested that the structural integrity of the coal wall was 
destabilized when it crossed the threshold value of the axial 
strain of the respective working. The threshold value of axial 
strain for Workings ‘A’, ‘B’, and ‘D’ was identified as 0.5%, 
0.7%, and 0.26%, respectively. Interestingly, the stress tra-
jectories of Workings ‘C’ and ‘D’ intersected each other 
beyond 2 m and 5 m ahead of the face, which indicates that 



1852	 B. Behera et al.

1 3

Ta
bl

e 
3  

C
om

pa
ris

on
s o

f s
om

e 
of

 th
e 

cr
iti

ca
l g

eo
-m

ec
ha

ni
cs

 in
 In

di
an

 lo
ng

w
al

l o
pe

ra
tio

ns

G
eo

-m
ec

ha
ni

ca
l c

ha
ra

c-
te

ris
tic

s
Pr

es
en

t m
od

el
 re

su
lts

O
bs

er
va

tio
ns

 o
f v

ar
io

us
 re

se
ar

ch
-

er
s

Re
fe

re
nc

es
Fi

el
d 

ob
se

rv
at

io
ns

Re
m

ar
ks

Lo
ca

tio
n 

of
 p

ea
k 

ve
rti

ca
l 

str
es

s c
on

ce
nt

ra
tio

n 
ah

ea
d 

of
 th

e 
fa

ce

2–
5 

m
2–

4 
m

Si
ng

h 
an

d 
Si

ng
h 

(2
00

9)
Is

la
va

th
 e

t a
l. 

(2
01

6)
1-

3 
m

Th
e 

str
es

s c
on

ce
nt

ra
tio

n 
ob

se
rv

at
io

ns
 a

t t
he

 fi
el

d 
m

ay
 v

ar
y 

w
ith

 th
e 

m
od

el
 

re
su

lts
 a

s t
he

 lo
ca

l d
is

-
co

nt
in

ui
tie

s h
av

e 
no

t b
ee

n 
co

ns
id

er
ed

 in
 th

e 
cu

rr
en

t 
m

od
el

C
av

in
g 

an
gl

e
44

°–
90

°
27

°–
90

°
D

as
 (2

00
0)

–
–

Th
e 

ra
tio

 b
et

w
ee

n 
to

ta
l 

aff
ec

te
d 

ro
of

 h
ei

gh
t a

nd
 

m
in

in
g 

he
ig

ht

Fi
ve

 to
 1

5 
tim

es
 th

e 
ex

tra
ct

ed
 

th
ic

kn
es

s
Fo

ur
 to

 8
.5

 ti
m

es
 th

e 
ex

tra
ct

ed
 

th
ic

kn
es

s
D

as
 (2

00
0)

Fo
ur

 to
 1

5 
tim

es
 th

e 
ex

tra
ct

ed
 

th
ic

kn
es

s
–

Th
e 

ra
tio

 b
et

w
ee

n 
im

m
ed

i-
at

e 
ca

vi
ng

 h
ei

gh
t a

nd
 

m
in

in
g 

he
ig

ht

Tw
o-

to
-fo

ur
 ti

m
es

 th
e 

ex
tra

ct
ed

 
th

ic
kn

es
s

Tw
o-

to
-s

ix
 ti

m
es

 th
e 

ex
tra

ct
ed

 
th

ic
kn

es
s

D
as

 (2
00

0)
Tw

o-
to

-s
ix

 ti
m

es
 th

e 
ex

tra
ct

ed
 

th
ic

kn
es

s
–

C
av

ab
ili

ty
 c

la
ss

 o
f f

ou
r 

w
or

ki
ng

s b
as

ed
 o

n 
ca

vi
ng

 
ch

ar
ac

te
ris

tic
s a

nd
 c

av
in

g 
an

gl
e

W
or

ki
ng

 ‘A
’

Ex
tre

m
el

y 
ca

va
bl

e
W

or
ki

ng
 ‘A

’
Ex

tre
am

ly
 c

av
ab

le
D

as
 (2

00
0)

W
or

ki
ng

 ‘A
’

Ex
tre

m
el

y 
ca

va
bl

e
–

W
or

ki
ng

 ‘B
’

Ve
ry

 g
oo

d 
ca

va
bl

e
W

or
ki

ng
 ‘B

’
G

oo
d 

ca
va

bl
e

W
or

ki
ng

 ‘B
’

Ve
ry

 g
oo

d 
ca

va
bl

e
W

or
ki

ng
 ‘C

’
Po

or
 c

av
ab

le
W

or
ki

ng
 ‘C

’
Po

or
 c

av
ab

le
W

or
ki

ng
 ‘C

’
Po

or
 c

av
ab

le
W

or
ki

ng
 ‘D

’
G

oo
d 

ca
va

bl
e

W
or

ki
ng

 ‘D
’

G
oo

d 
ca

va
bl

e
W

or
ki

ng
 ‘D

’
G

oo
d 

ca
va

bl
e

D
ep

th
 o

f f
ai

lu
re

 o
f t

he
 c

oa
l 

fa
ce

1–
4 

m
1–

2 
m

Is
la

va
th

 e
t a

l. 
(2

01
6)

1–
3 

m
Th

e 
fie

ld
 o

bs
er

va
tio

ns
 m

ay
 

va
ry

 w
ith

 th
e 

m
od

el
 re

su
lts

 
as

 lo
ca

l d
is

co
nt

in
ui

tie
s 

ha
ve

 n
ot

 b
ee

n 
co

ns
id

er
ed

 in
 

th
e 

cu
rr

en
t m

od
el



1853Numerical Modeling Study of the Geo-mechanical Response of Strata in Longwall Operations with…

1 3

beyond this point, the face would behave elastically due to 
the increase in confining stress as compared to the vertical 
stress in the respective cases. The point of inflection acts as 
an isolator between the plastic and elastic regions ahead of 
the coal face.

The broader findings of the present study are validated 
in terms of the caving span and the support loading pattern 
perceived during field operation at the selected sites of the 
study. Some of the critical geo-mechanics as perceived in 
the model are also compared with the pertinent observa-
tions reported by some other workers, as shown in Table 3. 
The results of the current approach are in good agreement 
with the overall characteristics of longwall geo-mechanics 
reported by several researchers in varying mining conditions 
(Medhurst and Reed 2005; Peng 2006; Trueman et al. 2009; 
Singh and Singh 2010a, b; Qian et al. 2010; Shabanimash-
cool et al. 2014; Bai et al. 2016; Prusek et al. 2016; Verma 
et al. 2016; Kang et al. 2018; Mohammadi et al. 2018; Wang 
et al. 2018; Kong et al. 2019; Liu et al. 2019). Hence, the 
confidence gained from this exercise demonstrates that the 
present numerical modeling approach can be safely used in 
the planning and design of longwall workings.

7 � Conclusion

The underperformance of longwall workings in India may 
be attributed to inadequate geological and geotechnical 
characterizations, improper designs of panels, and selec-
tion of under-rated support capacities. These lacunae in 
characterization and design negatively influenced the safety 
and productivity of various projects. This study attempted 
to bridge this gap through numerical analysis of the long-
wall faces pertaining to four coalfields namely JCF, RCF, 
StCF, and GCF, under variable mining depths. The results 
of the models were verified against the available field data 
and previously published literature. The study confirms that 
the mechanical properties of the overlying strata and the 
depth of workings were the major controlling parameters for 
defining the strata behavior in longwall workings. The major 
conclusions drawn from this work are as follows:

•	 The properties of strata, mining depth, and the length of 
overhang in the goaf contribute to the concentration and 
location of peak abutment stresses ahead of the face.

•	 At greater depths, the dominant mode of failure is shear, 
but the tensile mode of failure is dominant at the shallow 
depth workings.

•	 The instance of large overhang formation and the maxi-
mum value of peak vertical stress concentration factor 
(VSCF) was recorded in Working ‘D’ due to its shallow 
depth of cover and the high strength properties of the 
strata.

•	 In Working ‘C’, even at shallow depth, the observed 
stress concentration was relatively low due to the soft 
nature of the strata.

•	 Among the four sites, the highest value of VSCF (3.94 
times the in situ stress) was recorded in Working ‘D’, 
whereas the lowest value was recorded in Working ‘A’.

•	 Owing to the greater depth of cover, the caving of strata 
in Workings ‘A’ and ‘B’ occurs at a lower span causing 
low-stress concentration at the face in these conditions.

•	 The observation of peak abutment stress concentration 
that occurred 2–5 m ahead of the face in all the four 
workings corroborates the field observation for the Indian 
longwall panels.

•	 The investigation revealed that the formation of strata, 
its mechanical strength, and the depth of mining were 
crucial in defining the caving behavior under Indian geo-
logical formations.

•	 The main fall span of Working ‘C’ was observed after 
89 m face advance because of the presence of thick and 
competent main roof and shallow depth of cover. The 
caving of the main roof in the Working ‘A’ was found 
after 25 m of face advance due to the laminated strata 
formation and high depth of cover.

•	 The findings of bending stress concentration in the main 
roof indicate that the elastic properties and the thickness 
of the main roof are critical in terms of concentration 
of such stresses apart from the formation of overhang, 
nature of caving, and impact loading on the support.

•	 The initial and final caving angle of the main roof and the 
extent of face advance in-between, in all the four work-
ings, revealed that the nature of caving and the support 
loading depended on the magnitude of the caving angle, 
viz., lower caving angle with large face advance resulted 
in the delayed caving and intensive loading on the sup-
ports. The field observations of Working ‘C’ was in good 
agreement of such mechanism, where the first angle of 
caving of the main roof was 34°, and the extent of face 
advance was 15 m.

•	 The critical rate of face convergence in Workings ‘A’, 
‘B’, ‘C’, and ‘D’ was identified as 4, 21, 8, and 10 mm/m, 
respectively. The maximum rate of face convergence in 
Working ‘B’ confirmed the en masse caving and yielding 
of face support in response to the heavy weighting event.

•	 Due to the presence of a thick sandstone roof near the 
seam, the support deployed at the Workings ‘C’ and ‘D’ 
were overloaded. The load-time step chart showed that 
the support deployed in the Working ‘C’ was under-rated 
as it suffered extreme loading in most of the mining 
cycles.

•	 The observations of failure at the face suggested that 
the face instability mechanism was dominated by shear 
failure. The pattern of failure zone and the horizontal 
deformation at the modeled longwall faces revealed that 
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the stability of the face primarily depended on the stress 
concentration and the working depth of the mine. The 
deformation pattern of coal face showed that the hori-
zontal movement initiated at the face center and gradu-
ally propagated towards its corner, in the majority of the 
cases.

•	 For the assessment of the face instability mechanism, the 
threshold value of the axial strain in Workings ‘A’, ‘B’, 
and ‘D’ was identified as 0.5, 0.7, and 0.26%, respec-
tively, based on the depth of failure in the coal walls. 
On the basis of stress–strain relationship, the point of 
inflection between the elastic and the plastic regions was 
identified for Workings ‘C’ and ‘D’, which confirmed 
that the face would behave elastically beyond this point 
due to an increase in confining stress over the vertical 
stress.
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