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Abstract  The present study probes the effects of 
pillar wide and room’s height on the failure mecha-
nism of model using experimental test and numerical 
simulation. For this purpose, firstly gypsum speci-
mens with dimension of 15*15*5 cm containing two 
neighboring rooms and one pillar were prepared. Pil-
lar widths were 3 cm, 6 cm and 9 cm. In each pillar 
width, the roof height was 1 cm, 2 cm, 3 cm, 4 cm, 
5  cm, and 6  cm. Totally 9 physical specimens were 
tested. Concurrent with experimental tests, 18 numer-
ical models were simulated. The results show that the 
pillar wide and roof height affect the failure pattern 
and compressive strength of models. Two different 
failure patterns were observed in the model. In the 
first stage, two tensile fractures were developed from 
room edge and propagated parallel to loading axis 
till coalescence with model boundary. In the second 

stage, mixed tensile-shear cracks were developed 
through the rock pillar. It is shown that with the aug-
ment of stress–strain curve until the peak, the AE hits 
of numerical specimens presents three stages. In the 
first stage, AE hits is almost zero; this step is in the 
elastic stage, and there isn’t any crack in the sample. 
In the second stage, AE hits is in a slowly increasing 
stage, which is due to the micro cracks in the model 
continuous expansion. In the third stage, the AE hits 
increase rapidly, because the rock almost enters its 
bearing limit and the crack propagation speed is very 
fast. Generally, the maximum value of AE is near the 
peak value. When the roof height is the same, differ-
ent pillar wide led to a significant change in the maxi-
mum AE hits. The experimental test and numerical 
simulation show the similar outcomes.

Article Highlights

1.	 Investigation of the influence of pillar dimension 
on the failure mechanism of rock pillar shows 
that in constant pillar wide, the mixed mode fail-
ure change to pure tensile failure by increasing 
the pillar height.

2.	 In constant pillar height, the mixed mode failure 
change to pure tensile failure by decreasing the 
pillar wide.

3.	 Delay failure in rock pillar changes to rapidly 
failure by increasng the ratio of pillar height to 
pillar wide.
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4.	 In constant pillar height, acoustic emission phe-
nomena was increased by decreasing the pillar 
wide while in constant pillar wide, acoustic emis-
sion phenomena was increased by increasing the 
pillar height.

Keywords  Immediate roof · Axial loading · Edge 
notch · PFC

1  Introduction

One of the important issues in underground mining, 
is design of pillars. Issues such as pillars size, pillar 
strength, condition of coal seam cracking, mining 
depth, condition of floor and roof strata and stress 
distribution in a coal pillar have major effect on the 
coal burst phenomena. Of these parameters, coal pil-
lar width and its height are adjustable and thus can 
be utilized to control the coal burst hazard level of 
the mining area. The pillar design is important in 
optimization of the mining operations. The mechani-
cal behaviour of the mine pillar and the surrounding 
environment must be studied to achieve an economi-
cal and safe design of the pillars (Bogert et al 1997). 
Brady et al. (1985), proposed a pillar strength math-
ematical relation accounting for pillar dimension and 
geometry to reduce the pillar burst. Bieniawski 1968 
reported that by augmenting the size and achieving 
an approximate amount at a cube size of near 1.5 m 
which based on his opinion, was the critical size for 
coal, the compressive strength of coal cubes (short-
term strength) declined. The effect of confinement on 
rock pillar strength was investigated by Lunder and 
Pakalnis (1998). Gonzalez-Niciezaetal (2006), for-
mulated a new relation based on Bieniawski’s rock 
mass quality classification and the shear-resistance 
safety factor of pillars to increase the pillar stability. 
Esterhuizen (2006), studied on several factors which 
affects the pillar strength at low width-to-height ratios 
in hard brittle rock and implied that the strength of 
narrow pillars was more variable than wider ones. 
Mortazavi et al. (2009), declared at high WH ratios, 
pillars show a very stiff behavior in the elastic zone, 
representing a high load-bearing capacity. Ghasemi 
and Shahriar (2012), suggested a novel coal pillar 
design approach for decreasing the coal burst phe-
nomena. Suorineni and Kaiser (2011) and Suorineni 

et  al. (2014), introduced pioneer approach to the 
topic of why pillars in ore bodies in shear are more 
talented to disastrous failures than would typically be 
anticipated. Liu and Xu (2000), calculated rock mass 
strength for the gob zone of a phosphate mine with 
respect to rock mass classification, analyzed stabil-
ity of pillars in the gob zone utilizing the safety fac-
tor and reliability analysis methods, and demonstrated 
the safety factor of pillars by the mean safety factor. 
Yang (2005), suggested a novel design method for 
pillar spacing, which has been employed efficiently in 
practical goals of engineering. Wang and Li (2010), 
introduced the approach of shear-resistance safety 
factor for mine pillars, taking into account that pillars 
ordinarily failed in shear and proposed that pillars are 
secure and reliable when the shear-resistance safety 
factor is higher than 1.2. Wang et  al. (2012), devel-
oped a numerical relation for pillar width for deeps 
tope mining and proposed the depth and stopping 
span are the decisive parameters which impressed 
the appropriate pillar width. In short, appropriate 
pillar design is the pivotal factor to avoidance coal 
burst and diminution of associated accidents (Gha-
semi 2014; Li 2005; Zhong 2012; Liu 2021). Murali 
Mohan et  al. (2001) was investigated the effect of 
pillar wide on the coal burst in Indian coal mines by 
using FLAC3D. Chen et  al. (1997), studied on the 
influences of rock pillar width on the stability behav-
ior of three and four parallel tunnels during excava-
tion, numerally. They found that in addition to the 
tunnel cross section and geological conditions, the 
rock pillar widths also have a pivotal role on interac-
tion effects. Furthermore, Chen et al. (2009) and Kai-
ser and Tang (1998), presented a double-rock sample 
model for investigating the pillar rockburst process 
and simulation of the progressive failure pattern in a 

Fig. 1   Reducing of the pillar diameter due to its recovery
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pillar. Li (2020), studied the influence of size of pil-
lar on distribution of plastic zone, stress redistribu-
tion, and roof stability of deep mining. It reveals how 
shape of surrounding rock plastic zone was affected 
by size of the pillar. Gao (2018) and Qiu et al. (2019) 
studied the behavior of rock pillars under uniaxial 
compression. They found that pillar dimensions have 
important effect on the failure pattern of rock pillar. 
Some researchers revealed that with the increase of 
coal pillar width, the stress concentration shifted from 
the solid coal laterally to the middle of pillar (Liu 
et  al. 2021, Jin 2018; Zhang et  al. 2018). Sun et  al. 
(2019) and Fan et al. (2019), investigated the rules of 
the stress redistribution in pillars under various dip 
angles and buried depth. When the dip angle of coal 
seam increased, the extent of stress concentration was 
more apparent. In the previous research, the effect 
of the reducing of pillar diameter due to its recovery 
was neglected on the room stability (Fig. 1). Also, the 
effect of variation of the pillar height was ambiguous 
on the crack initiation threshold.

Therefore in this study, the variation of both of the 
pillar wide and pillar height have been investigated on 
the crack evolution and acoustic emission phenomena 
(AE) under axial loading. The experimental test and par-
ticle flow code (PFC) were utilized to simulate pillars 

of varied dimensions and to study the failure mecha-
nisms. The fracture process and damage were assessed 
by AE methods. The simulation outcomes pave the way 
to attain more comprehensive knowledge about pillar 
mechanics and can be employed for more secure design 
and development of underground mine pillars.

2 � Physical testing of rock‑like samples containing 
rooms and pillars

For the purpose of simulating the room and pillar, 
rock-like materials were used in the experiments. The 
materials were blended and a mixture of gypsum to 
water with a weight ratio of 1.2 to 1 gypsum to water 
was provided. Gypsum is the material that employed 
in current research, the identical material utilized in 
(Reyes et al. 1991; Shen et al. 1995; Bobet et al. 1998; 
Takeuchi 1991). For selecting gypsum, there are four 
proofs: first of all, besides being a weak rock, gypsum 
is an ideal rock with which to represent a wide range 
of soft rocks; next, whole of former experience and 
outcomes can be utilized, and the former discoveries 
can be contrasted with the new ones; third, this permit 
for a huge amount of samples to be prepared effort-
lessly; and the final reason, iteration of outcomes.

Fig. 2   a The frame with dimensions of 
150  mm × 150  mm × 100  mm, b and c a unique plastic fiber 
with a dimension of 150 mm × 150 mm × 50 mm was put into 
the frame, d the wooden mold within the plastic fiber, e slurry 

within the box, f the steel molds were taken out from the mold, 
g Room and pillar with different dimension pillar wide “a” and 
roof height “b”
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Gypsum is representative of soft rock pillar such 
as coal rock reported by Qu et al. (2021). The mold 
dimensions were 150 × 150 × 100 mm (Fig. 2a). One 
plastic foam with dimensions of 150 × 150 × 50  mm 
was situated inside the mold (Fig. 2b and c). For pro-
ducing the room, two rectangular wooden molds were 
inserted inside the plastic foam (Fig.  2d). Wooden 
mold lengths were 3 cm, 4.5  cm and 6 cm. wooden 
mold thicknesses were 1  cm, 2  cm and 3  cm. Their 
height was 170 mm. These elements were lubricated 
by oil and then the mixture was poured inside the 
mold (Fig. 2e). The elements were removed after the 
initial hardening of the sample (Fig. 2f). All models 
consisted of two rooms. Figure  2g shows the sche-
matic view of specimens. “a” and “b” are pillar length 
and room height, respectively (a = 3  cm, 4.5  cm 

Table 1   Room and pillar with different dimension

Pillar length (cm)
Room 
height 
(cm)

9 6 3
1

  
(a) (b) (c) 

2

  
(d) (e) (f)

3

  
(g)

  
(h) (i)

Fig. 3   Electro hydraulic universal testing machine
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and 6 cm, b = 1 cm, 2 cm and 3 cm). Nine different 
model with different room dimension were prepared 
(Table  1). The samples were preserved in dry and 
cool circumstances for 28 days. In order to increase 
the reliability of the test and eliminate accidental 
errors, three test blocks with similar were provided 
for every set.

2.1 � Testing the samples

The electro hydraulic universal testing apparatus was 
employed in order to perform uniaxial compression 
tests on samples. Experimental system consists of a 
test bed, control system, and data logger (Fig. 3). The 

rate of loading displacement was set to 0.05 mm per 
minute.

2.2 � Failure behavior in laboratory testing

2.2.1 � Failure pattern

(a)	 Room height was 1 cm.

When pillar wide was 3  cm (Table  2a), two dif-
ferent failure patterns were observed in the model. 
In the first stage, one tensile fracture was initiated 
from room edge and propagated horizontally till 

Table 2   Failure pattern in samples with different pillar wide and roof height

Pillar length (cm)
Room 
height 
(cm)

3 6 9

1

(a) (b) (c) 

2

(d) (e)  (f) 

3

(g) (h) (i) 
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coalescence with other room edge. In the second 
stages, two tensile fractures were developed from 
room edge and propagated vertically till coalescence 
with sample boundary. These patterns were observed 
for two other pillar wide of 6 cm (Table 2b) and 9 cm 
(Table 2c). The failure intensity decreased by increas-
ing the pillar wide.

(b)	 Room height was 2 cm.

When pillar wide was 3  cm (Table  2d), two dif-
ferent failure patterns were observed in the model. In 
the first stage, one tensile fracture was initiated from 
room edge and propagated horizontally till coales-
cence with other room edge. In the second stages, two 
tensile fractures were developed from room edge and 
propagated vertically till coalescence with sample 
boundary. These patterns were observed for two other 
pillar wide of 6 cm (Table 2e) and 9 cm (Table 2f). 
The failure intensity decreased by increasing the pil-
lar wide.

(c)	 Room height was 3 cm.

When pillar wide was 3  cm (Table  2g), two dif-
ferent failure patterns were observed in the model. In 
the first stage, one tensile fracture was initiated from 
room edge and propagated horizontally till coales-
cence with other room edge. In the second stages, two 
tensile fractures were developed from room edge and 
propagated vertically till coalescence with sample 
boundary. These patterns were observed for two other 

pillar wide of 6 cm (Table 2h) and 9 cm (Table 2i). 
The failure intensity decreased by increasing the pil-
lar wide.

By comparison between failure patterns of speci-
mens with different room height, it could be con-
cluded that the failure intensity increased by increas-
ing the rooms height.

2.2.2 � The influence of pillar length and room height 
and notch angle on the compressive strength

Figures 4a show the effect of pillar wide on the com-
pressive strength of model for various room heights 
i.e. 1  cm, 2  cm and 3  cm. totally, the compressive 
strength was increased by increasing the pillar wide. 
Figures  4b show the effect of room height on the 
compressive strength of model for various pillar wide 
i.e. 3  cm, 6  cm and 9  cm. totally, the compressive 
strength was declined by enhancing the room height.

3 � Numerical model

3.1 � Particle flow code

Potyondy (2012), proposed a flat joint (FJ) model 
based on the particle’s polygonal grain structure. The 
contact of FJ is depicted as locally flat conceptual 
surfaces centered at the area of contact and attached 
stiffly to a piece of particle. Each piece has a face, 
which is its notional surface and it is in interaction 
with the contacting piece face. Thus, all faced grains 

Fig. 4   Effect of roof thickness on the compressive strength for different models
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are shown as a circular or spherical core with skirted 
faces. The shape of faces is disk or line (in 2D). The 
particle assembly bonded by FJ contacts is named 
FJM (flat-jointed material). The boundary between 
faced grains is discretized inside elements which can 
be bonded or unbonded. Then FJ was installed at a 
contact of grain–grain and force and torque at each 
element are set to zero and were updated according to 
the force–displacement law of bond and faces relative 
motion. The shear and normal force was updated in 
incremental and direct mode, respectively. As long as 
the strength does not exceed its limit, the behavior of 
the bonded element remains linear elastic (Potyondy 
2015, 2017).

3.2 � Preparation and calibration of PFC2D model for 
rock‑like material

For current research, providing the test model 
was based on the standard process of producing a 
PFC2D assembly, Potyondy and Cundall (2004), 
entirely described this process. The process includes 

producing particles, particle compression, installa-
tion of isotropic stress (initialization of stress), par-
ticle floatation (floater), removing and installation of 
bonds. Because of the small sizes of samples, effect 
of gravity and the influence of gravity-induced stress 
gradient on the macroscopic behavior are negligible. 
Uniaxial compressive strength and Brazilian test were 
used to calibrate Particle’s characteristics and flat 
joint model. Based on micro-characteristics presented 
in Table 3 and methods of standard calibration (Sar-
farazi et al. 2021), an assembly of calibrated PFC par-
ticles was generated. The experimental uniaxial com-
pression test and numerical simulation are shown in 
Fig. 5a and b, respectively. In addition, experimental 
Brazilian test and numerical simulation are depicted 
in Fig. 5c and d, respectively. The outcomes showed 
fine matching between numerical simulation and 
experimental test. Furthermore, as listed in Table  4 
the characteristics of specimen samples -obtained 
from the numerical models such as elastic modulus, 
Poisson’s ratio, UCS values- are approximately iden-
tical to the experimental amounts.

Table 3   Micro 
characteristics used to 
introduce the intact rock

Particle micro properties Flat-joint micro properties

Model height (mm) 108 Gap ratio 0.5
Model width (mm) 54 Ec (GPa) 0.3
Kn/ks 1.7 Bonded friction 0.83
Density (kg/m3) 2500 Tensile strength 0.1
Minimum particle diameter (mm) 0.54 Tensile strength standard deviation (MPa) 0.01
Maximum particle diameter 1.08 Cohesion (MPa) 0.5
Ec(GPa) 0.3 Cohesion standard deviation (MPa) 0.05
Porosity 0.08 Number of elements 2

Kn/ks 1.7

Fig. 5   a Test of experimental compression, b Test of numerical compression, c Test of experimental Brazilian and d Test of numeri-
cal Brazilian



	 Geomech. Geophys. Geo-energ. Geo-resour.            (2024) 10:5 

1 3

    5   Page 8 of 18

Vol:. (1234567890)

3.3 � Numerical compressive tests

First, PFC2D was calibrated. Then, by composing a 
box model in the PFC2D, researchers simulated uni-
axial tests for pillar, numerally. The dimensions of the 
PFC sample were 150 mm × 150 mm. The box sam-
ple included a number of 13,629 disks and the mini-
mum radius of 0.27 mm.

Two rooms were created by removing the particles 
from the model (Table 5). To investigate the effect of 
pillar width (W) and pillar height (h) on the failure 
mechanism of rock pillar, w/h ratios changed from 
0.5 to 9. Different ratios of pillar wide (W) to pil-
lar height (H) were depicted in Table 5. The room’s 
dimensions were (c*d in Table  5a) 1  cm*3  cm, 
1 cm*4.5 cm, 1 cm*6 cm, 2 cm*3 cm, 2 cm*4.5 cm, 
2  cm*6  cm, 3  cm*3  cm, 3  cm*4.5  cm, 3  cm*6, 
4  cm*3  cm, 4  cm*4.5  cm, 4  cm*6, 5  cm*3  cm, 
5  cm*4.5  cm, 5  cm*6, 6  cm*3  cm, 6  cm*4.5  cm, 
6 cm*6. Horizontal distance between two rooms (pil-
lar wide) change from 3 to 9  cm with increment of 
3 cm. 18 different models containing room and pillar 
were prepared (Table 5).

There are two walls at the bottom and top of the 
model. Top and bottom walls were moved toward the 
each other so axial force was applied on the model. 
The rate of axial load on the model was 0.05 mm per 
minute and the compression force was recorded by 
registering the reaction forces on the top wall.

It is important to note that model configura-
tion and experimental configuration were identical 
for room dimensions of 1  cm*3  cm, 1  cm*4.5  cm, 
1 cm*6 cm, 2 cm*3 cm, 2 cm*4.5 cm, 2 cm*6 cm, 
3 cm*3 cm, 3 cm*4.5 cm and 3 cm*6 cm (Tables 1 
and 5). Whereas there is not any geometrical varia-
tion in third dimension, therefore it is possible to 
simulate the mechanical behavior of rock pillar two 
dimensionally.

3.4 � Failure mechanism of numerical models

3.4.1 � Bond force distribution before the crack 
initiation

(a)	 Constant wide of pillar and different room 
height.

Figure  6 shows the distribution of bond force 
within the modelled samples before the initiation 
of crack under far field stress of 1  MPa (pillar 
wide was constant = 3  cm and room height were 
different). In Fig. 8, the black and red lines illus-
trate the vectors of compression and tensile force 
in the model, respectively. The thick lines and their 
accumulation show the spaces where bigger forces 
are applied on the model. It is indicated that at the 
tensile force was concentrated near the pillar walls 
and compressive force was concentrated middle of 
the pillar. Under far field stress of 1 MPa, the con-
centration of maximum tensile force near the room 
walls with height of 1  cm was 1500  N while it 
was 2250 N in room with height of 6 cm. in other 
word, concentration of maximum tensile force was 
increased by increasing the room height. Therefore 
by increasing the room height, the pillar failure 
was occurred in lower far field stress. The similar 
trend was occurred for other pillar wide.

(b)	 Constant height of room and different pillar 
wide.

Figure  7 show distribution of bond force within 
the modelled samples before the initiation of crack 
under far field stress of 1 MPa (room height was con-
stant = 4 cm and pillar wide were different). The black 
and red lines in Fig. 7 introduce the vectors of com-
pression and tensile force in the model, respectively. 
The areas where larger forces are applied on the 
model, represented by thick lines and their accumula-
tion. It is depicted that at the tensile force was con-
centrated near the pillar walls and compressive force 
was concentrated middle of the pillar. Under far field 
stress of 1MPa, the concentration of maximum ten-
sile force near the room walls pillar wide of 3 cm was 
1950  N while it was 1690  N in pillar with wide of 
9 cm. in other word, concentration of maximum ten-
sile force was decreased by increasing the pillar wide. 

Table 4   Comparison of macro-mechanical characteristics 
between model and experiments

Mechanical characteristics Experimental 
results

PFC2D 
Model 
results

Elastic modulus, (GPa) 5 5
Poisson’s ratio 0.18 0.19
UCS, (MPa) 7.4 7.4
Brazilian tensile strength (MPa) 1 1.05
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Table 5   Room and pillar with different dimension
Pillar wide (W) (cm)

Pillar
height  

(H)
(cm)

3 6 9

1

(W/H)=3 
(a)

(W/H)=6 
(b)

(W/H)=9 
(c) 

2

(W/H)=1.5 
(d)

(W/H)=3 
(e)

(W/H)=4.5 
(f)

3

(W/H)=1 
 (g) 

(W/H)=2 
(h)

(W/H)=3 
 (i) 

4

(W/H)=0.75 
(a) 

(W/H)=1.6 
(b)

(W/H)=2.25 
(c) 

5

(W/H)=0.6 
(d)

(W/H)=1.2 
(e)

(W/H)=1.8 
 (f) 

6

(W/H)=0.5 
(g)

(W/H)=1 
(h)

(W/H)=1.5 
(i) 



	 Geomech. Geophys. Geo-energ. Geo-resour.            (2024) 10:5 

1 3

    5   Page 10 of 18

Vol:. (1234567890)

Therefore by increasing the pillar wide, the pillar fail-
ure was occurred in higher far field stress. The similar 

trend was occurred for other pillar wide. The similar 
trend was occurred for other room height.

Fig. 6   Compressive and tensile force distribution of in model with pillar wide of 3 cm and room height of, a 1 cm, b 2 cm, c 3 cm, d 
4 cm, e 5 cm and f 6 cm

Fig. 7   Compressive and tensile forces distribution in the model with room’s height of 4 cm and pillar’s width of a 3 cm, b 4.5 cm, c 
6 cm
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3.4.2 � Effects of pillar wide and room height 
on the Ross diagram of crack growth

Figure  8 represents Ross diagram of crack develop-
ment for pillar wide of 3  cm and different room’s 
height i.e. 1 cm, 2 cm, 3 cm, 4 cm 5 cm and 6 cm. 
In all the configurations, the angles of micro cracks 

changed from 75 to 105 degrees which signifies that 
the variations of room’s height has not any effect on 
the fracture angle.

Figure  9 shows Ross diagram of crack develop-
ment for room’s height of 4  cm and different pillar 
wide i.e. 3 cm, 6 cm, 9 cm. In all the configurations, 
the angles of micro cracks varied from 75 to 105 

Fig. 8   Rose diagram of crack development for pillar wide of 3 cm and rooms height of a 1 cm, b 2 cm, c 3 cm, d 4 cm, e 5 cm and f 
6 cm

Fig. 9   Rose diagram of crack development for room’s height of 4 cm and pillar’s width of a 3 cm, b 6 cm, c 9 cm
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degrees which means that the variations of pillar’s 
width has not influence on the fracture angle.

3.4.3 � Failure pattern

Table  6 represents the failure pattern of numerical 
model. Black and red lines illustrate the tensile and 
shear crack, respectively.

(a)	 Rooms height was 1 cm.

When pillar wide was 3 cm (Table 6a), two dif-
ferent failure patterns were observed in the model. 
In the first stage, two tensile fractures were devel-
oped from room edge and propagated parallel to 
loading axis till coalescence with model boundary. 
In the second stage, mixed tensile-shear cracks were 
developed through the rock pillar. These patterns 
were observed for two other pillar wide of 6  cm 
(Table 6b) and 9  cm (Table 6c). The failure inten-
sity decreased by increasing the pillar wide.

(b)	 Rooms height was 2 cm.

When pillar wide was 3 cm (Table 6d), four tensile 
cracks were developed from roof of the rooms and 
two tensile fractures were developed from room edge. 
Also, mixed tensile-shear cracks were developed 
through the rock pillar. These patterns were observed 
for two other pillar wide of 6 cm (Table 6e) and 9 cm 
(Table 6f).

(c)	 Rooms height was 3 cm.

When pillar wide was 3 cm (Table 6g), four tensile 
cracks were developed from roof of the rooms and 
two tensile fractures were developed from room edge. 
Also, mixed tensile-shear cracks were developed 
through the rock pillar. These patterns were observed 
for two other pillar wide of 6 cm (Table 6h) and 9 cm 
(Table 6i).

d) Rooms height were 4 cm, 5 cm and 6 cm.
When pillar wide was 3  cm (Table  6j, m, p), 

four tensile cracks were developed from roof of the 
rooms and two tensile fractures were developed from 
room edge. Also, mixed tensile-shear cracks were 
developed through the rock pillar. These patterns 
were observed for two other pillars width of 6  cm 
(Table 6k, n, q) and 9 cm (Table 6l, o, r). The shear 

bands were developed in the model by increasing the 
pillar wide.

By comparison between failure patterns in Table 6, 
it could be concluded that in constant pillar wide, the 
shear cracks increased in the model by increasing the 
room’s height. Also, in constant room’s height, the 
shear bands developed in the model by increasing the 
pillar wide.

By comparison between Tables  2 and 6a–i, one 
can observe that the failure pattern is the same for the 
laboratory experiments and numerical modeling. The 
more propagating of tensile cracks in numerical mod-
els were due to continuing the model loading after 
post peak failure stress while the experimental test 
was stopped in peck failure stress.

3.4.4 � Stress–strain curve across with the total crack 
number and acoustic emission characteristics 
for different models

(a)	 Room height was 1 cm.

Figure  10a, c, e show the stress–strain curve 
across with the total crack number for pillar wide of 
3 cm, 6 cm and 9 cm, respectively (room height of 
1 cm). Figure 10b, d, f shows the stress–strain curve 
across with AE hits for pillar wide of 3  cm, 6  cm 
and 9 cm, respectively. The reason why we analyze 
the acoustic emission characteristics (AE hits) of 
rock pillar in the process of compression is that the 
engineering rock burst problem is often monitored 
according to the AE signal in practical engineering. 
In the PFC model, when the stress between particles 
is greater than the flat joint model contact strength, 
the fracture occurs, that is, an AE hit occurs (Zhang 
et  al. 2018). Therefore, the acoustic emission phe-
nomenon can be simulated by writing fish language 
to monitor the fracture of the model.

It is shown that with the augment of stress–strain 
curve until the peak, the AE hits of numerical speci-
mens presents three stages. In the first stage, stress 
less than point A, AE hits is almost zero; this step 
is in the elastic stage, and there isn’t any crack in 
the sample. In the second stage, the stress is about 
between point A and point B. In this stage, AE 
hits is in a slowly increasing stage, which is due to 
the micro cracks in the model continuous expan-
sion. In the third stage, after the B point, the AE 
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Table 6   Failure pattern in models with different room’s height and pillar wide

Pillar length (cm)
Room 3 6 9

1
height
(cm)

(b)(a) (c)
2

(d) (e)  (f) 
3

 (g) (h) (i)
4

(j) (k) (l)
5

(m) (n) (o)
6

(p) (q) (r)
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hits increase rapidly, because the rock almost enters 
its bearing limit and the crack propagation speed 
is very fast. Generally, the maximum value of AE 
is near the peak value. When the roof height is 

the same, different pillar wide led to a significant 
change in the maximum AE hits. These trends were 
occurred in other roof height (for example roof 
height of 6 cm in Fig. 11).

Fig. 10   Stress and AE performance in the test simulation for 
three pillar wide, a stress–strain curve and cumulative crack 
number for pillar wide of 3  cm, b AE hits quantities across 
the strain curve for pillar wide of 3  cm, c stress–strain curve 
and cumulative crack number for pillar wide of 6  cm, d AE 

hits quantities across the strain curve for pillar wide of 6 cm, 
e stress–strain curve and cumulative crack number for pillar 
wide of 9 cm, f AE hits quantities across the strain curve for 
pillar wide of 9 cm; roof height was 1 cm
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3.4.5 � Effect of pillar wide and rooms height 
on the final strength of models

Figure 12 shows the influence of pillar width on the 
model strength. Mentioned figure was introduced for 
different room’s height of 1  cm, 2  cm, 3  cm, 4  cm, 
5 cm and 6 cm. In constant room’s height, the model 
strength increased by increasing the pillar wide. This 
is due to high tensile force concentration in pillar with 

lower wideness (Fig.  7). Figure  12b show the effect 
of room’s height on the model strength. This figure 
was presented for different pillar wide of 3 cm, 6 cm, 
and 9 cm. In constant pillar wide, the model strength 
decreased by increasing the room’s height. This is 
due to high tensile force concentration in room with 
higher height (Fig. 6). By comparing Figs. 4 and 12, 
it’s clear that the numerical model strength was simi-
lar to experimental one.

Fig. 11   Stress and AE performance in the test simulation for 
three pillar wide, a stress–strain curve and cumulative crack 
number for pillar wide of 3  cm, b AE hits quantities across 
the strain curve for pillar wide of 3  cm, c stress–strain curve 
and cumulative crack number for pillar wide of 6  cm, d AE 

hits quantities across the strain curve for pillar wide of 6 cm, 
e stress–strain curve and cumulative crack number for pillar 
wide of 9 cm, f AE hits quantities across the strain curve for 
pillar wide of 9 cm; roof height was 6 cm
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4 � Discussion

The pillar failure having various width-to-height 
ratios was studied by both of the experimental test 
and numerical simulation. In fixed pillar height, pillar 
width was altered from 3 to 9 cm with increment of 
3 cm. Conceptual PFC2D models of pillar have been 
modeled with the loading being exerted via deter-
mined displacements as if they were exposed to uni-
axial loading condition. The pure tensile cracks were 
initiated at the end of elastic stages while the shear 
cracks were developed through the rock pillar when 
residual strength is reached. As a result of merging 
of the cracks induced throughout the process of frac-
turing, the mixed mode shear-tensile cracks show the 
real generation of major fractures in the field. The 
growth of destroyed pillar hourglasses is highlighted 
by the plot of the broken zones within the rock pil-
lar (Table 6). It is obvious that pillars with low w/h 
ratio treat in a brittle manner than pillars with high 
w/h ratio, where the procedure of degradation is 
related with pillar strain-softening (Figs. 10 and 11). 
For slender pillars, a considerable decline of load-
carrying sufficiency associated with the nucleation 
of shear fractures into the pillar core is seen. On the 
other hand, a remarkable growth of capacity is dem-
onstrated where failure is caused by little fractures.

The outcomes reported in current research indi-
cate that the growth of thoroughgoing shear fractures, 
displaying decrease in loading capacity, happens for 
less width-to-height ratios (less than 1). In contrast, 

for upper w/h ratios (more than 1), shear bands were 
developed in the pillar sidewalls with the progress of 
pillar hourglassing. Secondly, confined growing frac-
turing and lateral spalling happens, possibly consist 
of displacement of huge blocks, though commonly 
without compromising the loading capacity of the 
pillar. These outcomes are consistent with existing 
anticipations made by various modeling procedures. 
(Fang et  al. 2002; Elmo et  al. 2010; Cammarata1 
et al. 2023).

The displacement of the coal pillar can be divided 
into four phases: the primary compression phase, the 
stable rise phase, the mutation phase and the rapid 
rise phase. The fracture process of the coal pillar indi-
cates that both of lower and upper parts of the edge 
begin to deface first, then the deformation is trans-
ferred to the corner of the coal pillar. The inconstancy 
in the coal pillar starts close by the edge and rouses 
inward, gently. Transferring from brittle behaviour to 
strain-softening manner was happened with enhanc-
ing the pillar aspect ratio.

5 � Conclusion

This paper investigates the effects of pillar wide and 
room’s height on the failure mechanism of model 
using experimental test and numerical simulation. For 
this purpose, firstly gypsum specimens with dimen-
sion of 15*15*5 cm containing two neighboring 
rooms and one pillar were prepared. Pillar wide were 

Fig. 12   a Effect of pillar wide on the model strength, b Effect of room’s height on the model strength
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3  cm, 6  cm and 9  cm. In each pillar wide, the roof 
height was 1 cm, 2 cm, 3 cm, 4 cm, 5 cm, and 6 cm. 
The results show that:

•	 The compressive force chain was concentrated in 
the center of pillar while tensile force was concen-
trated in the pillars wall. In constant pillar wide, 
the tensile force concentration at the pillar wall 
increased by increasing the room’s height. In con-
stant room’s height, the tensile force concentration 
was decreased by increasing the pillar wide.

•	 Two different failure patterns were observed in 
the model. In the first stage, two tensile fractures 
were developed from room edge and propagated 
parallel to loading axis till coalescence with model 
boundary. In the second stage, mixed tensile-shear 
cracks were developed through the rock pillar. the 
failure intensity decreased by increasing the pillar 
wide. The failure intensity increased by increasing 
the rooms height.

•	 In constant pillar wide, the shear cracks increased 
in the model by increasing the room’s height. 
Also, in constant room’s height, the shear bands 
developed in the model by increasing the pillar 
wide.

•	 It is shown that with the augment of stress–strain 
curve until the peak, the AE hits of numerical 
specimens presents three stages. In the first stage, 
AE hits is almost zero; this step is in the elastic 
stage, and there isn’t any crack in the sample. In 
the second stage, AE hits is in a slowly increas-
ing stage, which is due to the micro cracks in the 
model continuous expansion. In the third stage, 
the AE hits increase rapidly, because the rock 
almost enters its bearing limit and the crack propa-
gation speed is very fast. Generally, the maximum 
value of AE is near the peak value. When the roof 
height is the same, different pillar wide led to a 
significant change in the maximum AE hits.

•	 In all the configurations, the angles of micro 
cracks varied from 75° to 105° degree. It means 
that the variations of pillar wide and rooms height 
have not any effect on the fracture angle.

•	 In constant room’s height, the compressive 
strength and elastic modulus of the rock pillar are 
increased by increasing the pillar wide. In con-
stant pillar wide, the model strength are decreased 
by increasing the room’s height.

•	 The experimental test and numerical simulation 
show the similar results.
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