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INFLUENCE OF THiCKNESS OF WEAK BEDDiNG PLANES At VARiOUS POSitiONS WitHiN 
PiLLAR HEiGHt ON StRENGtH: A NUMERiCAL MODELLiNG StUDY 

Efficient extraction of coal from an underground mine is mainly done under the protection of differ-
ent forms of coal pillars. It is observed that the coal seams and its host rock contain different geological 
discontinuities such as weak beds (bands), which affect the strength of pillars. The weak bed creates weak 
bedding planes. The available pillar strength formulae are based on the width-to-height ratio, depth of cover, 
and strength of intact coal, and they do not consider the effects of discontinuities. A numerical simulation 
study on the quarter symmetry model is carried out to assess the impact of weak beds with their positional 
variation and thickness. The strength of the pillar without discontinuities estimated through the simulation 
study was validated with those obtained by the indigenous empirical strength formula. A weak bed of 
0.2 m, 0.3 m, 0.4 m, and 0.5 m thick was incorporated into the model within the pillar height at different 
positions and studied its impact on pillar strength. A simulation study revealed that the presence of a weak 
bedding plane at different positions in the pillar system reduces the strength of the pillar from 3.50% to 
15%. However, it was found that the strength is reduced more in the case of a weak roof-pillar interface. 
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1.	 Introduction

The bord and pillar mining method (BPMM) is the most dominant and popular technique of 
underground coal extraction in India. It will continue to dominate in future considering prevailing 
geological discontinuities and techno-economical aspects. Galleries and pillars in BPMM are gen-
erally designed as per the Coal Mines Regulations 2017 [1] in India. The stability of the pillar [2] 
especially at the goaf edges during depillaring decides the efficacy of this method. The strength 
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of a coal pillar is influenced by the nature of the material which forms it. Coal contains many 
natural discontinuities including weak bedding planes in pillar systems, which adversely affect 
its strength. It has been found that these pillars are frequently affected by natural discontinuities 
such as weak clay/shale band within pillar height, weak host strata (interfaces), cleats, slips, etc. 
which may deteriorate pillar strength and cause instability [3] during underground coal mining.

Further, these factors also influence the performance of the fender and rib/snook [4] during 
depillaring. It is therefore necessary that these discontinuities should be considered during its de-
sign. Inspection of coal mine workings has indicated that the intensity of discontinuities including 
the nature of host strata within the pillar system is highly variable. These create instability issues 
threatening the lives of miners and machinery, especially during pillar extraction when high values 
of induced stresses are observed over the pillars at higher depths. The presence of a clay band 
along with water creates the probability of sliding the whole pillar along this weak plane in an 
underground working environment. Knowledge of the behaviour of such pillars in terms of their 
strength and interaction with different natures of host strata would help in avoiding safety issues 
due to the premature failure of a pillar/fender/snook. The strength of a pillar affected by the dis-
continuities will be smaller as compared to the strength of an intact coal pillar, but it has not been 
quantified yet for the Indian coalfields. Efforts have been made in the past by foreign researchers 
[5] to study the shear strength of discontinuities in coal through laboratory testing without any 
field implications of pillar design. Researchers [6] have speculated about the adverse impacts of 
discontinuities on the strength and stability of coal pillars. The rock mass classification has also 
been utilised by researchers to investigate the impact of fractures on the stability of coal pillars.

Previous numerical modelling studies [7-9] found that the effects of discontinuities become 
more visible as the width-to-height (w/h) ratio of the pillar decreases. A numerical modelling 
study [10] was carried out for pillar strength estimation without considering discontinuities and 
observed that the strength of the pillar increases linearly with the w/h ratio, however, the post-
failure modulus of the coal pillar was found to be non-linear. Further, pillar strength is found to 
be more sensitive to the strength of the interfaces between the coal pillar and the host rock strata, 
even at larger w/h ratios [5,11]. Therefore, it is required to determine the strength of the pillars 
affected by discontinuities for the safety of underground workings. Further, appropriate safety 
precautions and arrangements can be made for such vulnerable pillars during depillaring [12-13]. 
The possibility of the global collapse of the whole panel/district poses a major safety hazard to 
operating coal mines, which can be alleviated by the effective design of such coal pillars [14]. 
The available empirical formula for the estimation of coal pillar strength does not explicitly 
consider the effects of discontinuities (TABLE 1). 

The performance of coal pillars can be strongly impacted by geological conditions, such 
as the inclination of the coal seam, the strength of the rock strata at the roof and floor, and the 
interfaces between the coal pillar and dirt band within the pillar height [3]. Additionally, it is re-
ported that cohesive and frictional qualities affect coal strength, which aids in understanding how 
various pillar sizes behave under various geo-mining circumstances. According to Ran et al. [21], 
failure along weak interfaces at the roof-floor level can result from a pillar developed along the 
inclined coal seam under significant lateral stress. Considering the impact and safety threat issues 
due to discontinuities in the coal pillar, it is required to evaluate through field, laboratory, and 
numerical simulation studies. The outcomes of this study would prove to be useful for mining 
academicians and practitioners in designing coal pillars/fenders affected by discontinuities dur-
ing development. Further, it would result in increased recovery with enhanced safety during the 
final pillar extraction.
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3.	S tudy of Pillar Stability

Pillar stability is assessed through the factor of safety and effective width-to-height ratio 
using available empirical and laboratory-based formulations (TABLE 1). Numerical modelling 
is also done to find out the strength of a modelled pillar. Details of the pillar stability evaluation 
are mentioned below.

Fig. 1. Section of Seam No. 1 of Godavarikhani No. 11 Incline Mine

Fig. 2. Panel No. C-2 for widening and heightening using continuous miner
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strain hardening characteristics. Considering the heightened pillars and lower factor of safety, 
each pillar is supported by the application of glass-fibre reinforced plastic bolting. It will help in 
confinement from the surroundings of the pillar and will control induced stress-driven spalling 
in the heightened pillars. Further, pillar strength is also increased after application of the side 
bolting [22], which is mentioned in TABLE 3. 

An attempt is made to estimate the strength of the heightened pillar considering the average 
size (36.50 m×41.50 m, centre to centre), depth and other geo-mining conditions (TABLE 4) 

1 2 3 4 5 6 7 8 9 10
75 28.5 28.9 5.00 5.74 9.70 13.72 1.4 15.51 1.6
76 28.0 36.3 5.00 6.32 9.39 14.92 1.6 16.87 1.8
77 28.0 37.1 5.00 6.38 9.36 15.05 1.6 17.01 1.8
78 28.1 37.3 5.00 6.41 9.35 15.10 1.6 17.08 1.8
79 28.3 24.9 5.00 5.30 9.98 12.81 1.3 14.48 1.5
80 28.7 24.9 5.00 5.33 9.96 12.88 1.3 14.56 1.5
81 28.8 30.9 5.00 5.96 9.58 14.18 1.5 16.03 1.7
82 28.6 30.7 5.00 5.92 9.60 14.10 1.5 15.94 1.7
83 28.7 28.8 5.00 5.75 9.70 13.74 1.4 15.54 1.6
84 27.0 36.4 5.00 6.20 9.45 14.67 1.6 16.59 1.8
85 27.2 37.2 5.00 6.28 9.41 14.85 1.6 16.78 1.8
86 27.3 37.4 5.00 6.31 9.40 14.90 1.6 16.85 1.8
87 27.4 42.9 5.00 6.69 9.22 15.68 1.7 17.72 1.9
88 26.7 30.5 5.00 5.69 9.73 13.63 1.4 15.41 1.6
89 27.2 29.9 5.00 5.70 9.73 13.63 1.4 15.41 1.6
90 27.5 29.3 5.00 5.67 9.74 13.59 1.4 15.36 1.6
91 31.7 36.4 5.00 6.78 9.19 15.86 1.7 17.93 2.0
92 31.8 37.5 5.00 6.88 9.15 16.08 1.8 18.18 2.0
93 31.5 37.5 5.00 6.85 9.17 16.01 1.8 18.09 2.0
94 31.4 29.8 5.00 6.12 9.50 14.50 1.5 16.39 1.7
95 31.1 30.9 5.00 6.20 9.46 14.67 1.6 16.58 1.8
96 30.0 29.2 5.00 5.92 9.60 14.09 1.5 15.93 1.7
97 30.0 29.5 5.00 5.95 9.59 14.15 1.5 16.00 1.7
98 29.2 36.5 5.00 6.49 9.32 15.27 1.6 17.26 1.9
99 29.1 37.5 5.00 6.55 9.29 15.40 1.7 17.41 1.9

100 29.2 27.2 5.00 5.63 9.77 13.50 1.4 15.26 1.6
101 29.1 26.5 5.00 5.55 9.82 13.33 1.4 15.06 1.5
102 28.9 31.6 5.00 6.04 9.54 14.34 1.5 16.21 1.7
103 29.4 28.6 5.00 5.80 9.67 13.84 1.4 15.65 1.6
104 29.3 29.7 5.00 5.90 9.61 14.05 1.5 15.88 1.7
105 29.1 36.5 5.00 6.48 9.32 15.24 1.6 17.23 1.9
106 29.0 37.7 5.00 6.56 9.29 15.41 1.7 17.42 1.9
107 28.9 45.6 5.00 7.08 9.07 16.48 1.8 18.63 2.1
108 28.9 31.8 5.00 6.06 9.53 14.37 1.5 16.25 1.7
109 28.9 28.0 5.00 5.69 9.73 13.62 1.4 15.39 1.6
110 28.8 30.0 5.00 5.88 9.62 14.01 1.5 15.83 1.7
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An attempt is also made to develop conceptual models for lateral movement considering weak 
bands at three different positions in pillar height (Fig. 16). It indicates that lateral movement with 
weak bands at the roof-pillar interface is relatively more in comparison to the other positions. 

The findings suggest that current indigenous empirical methods [19] for pillar strength 
assessment, which do not account for geological discontinuities, may overestimate the strength 
of coal pillars having weak bedding planes. This study emphasizes the necessity for integrating 
numerical modelling techniques to account for such discontinuities, thereby providing a more 
accurate estimation of pillar strength for safe mining. This insight can guide the design of coal 
pillars, particularly in areas with known geological weaknesses, ensuring safer and more efficient 
mining operations. This study provides a framework for further research and practical application, 
enabling the development of more robust and reliable coal pillar design methodologies that can 
consider the complex geological conditions often encountered in coal seams.

5.	C onclusions

The strength of a coal pillar is reduced due to geological discontinuities within the pillar 
system. A review of the relevant literature revealed that most available empirical approaches are 
based on the w/h ratio and strength of coal/coal mass. Few foreign researchers have evaluated 
the effect of interface friction on pillar strength based on laboratory investigations. However, 
consideration of geological discontinuities within the pillar system is lacking. Field study shows 
that the geological settings of the pillar system contain a wide range of diversity that is yet to be 
quantified in the strength calculation for competent design. 

Results of a simple numerical simulation study with positional variation of 0.2 m, 0.3 m, 
0.4 m, and 0.5 m thick weak bedding planes within the pillar height revealed that its strength 
was reduced from 3.50% to 15%. Further, it was found that more strength is reduced in the case 
of a weak bedding plane at the roof-pillar interface. When a weak bedding plane/discontinuity 
is positioned away from its roof, its effect on pillar strength gradually decreases. 

If the weak bedding plane is in the middle of a pillar and the roof-pillar-floor interfaces are 
free from weak planes, there is relatively less impact over the pillar. Pillar strength is inversely 
proportional to the thickness of a weak bed. This study will help academicians and engineers to 
design coal pillars which are affected by weak bands.
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