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Abstract: This study of the strength and deformation of coal samples was triggered by the need to
define the stress—strain characteristics of pillars during room and pillar mining in the shaft protective
pillar at the CSM Mine. It was probably the world’s deepest deployment of this mining method in
a coal mine. In order to solve the bearing capacity of pillars, the dependence of coal strength on
the slenderness ratio is used. For this reason, coal samples with different slenderness ratios were
investigated. After considering the purpose of this research, slenderness ratios (width/height) of 1
to 7.7 were chosen. At the same time, the modulus of deformation as a function of the slenderness
ratio was determined, and the vertical deformation of the pillars and the safety factor were calculated.
Attention is also paid to the influence of sampling on the results of measured coal strengths.

Keywords: seam sampling; coal strength; slenderness ratio; pillar deformation; room and pillar;
safety factor

1. Introduction

When dealing with the strength characteristics of coal samples, it is necessary to
examine whether the strength of the coal at the point of removal from the seam has already
been exceeded. This is often the case in deep mine sampling and is also true in our case.

The purpose of measuring the strength of coal samples as a function of the slenderness
ratio was to investigate the bearing capacity of coal seam pillars during room and pillar
mining. However, there was one major complication: this was a bottom pillar mining
operation with a requirement for minimum subsidence of the overburden. It was necessary
to prevent disturbing the mineshaft and many structures near the mineshaft on the surface.
Therefore, a pillar width of 25 m was chosen, with a chamber width of 6 m and a mining
thickness of 3 m. The pillars, therefore, had a slenderness ratio (width w/height h) of 8.3.
For this reason, we measured uniaxial compressive strength at slenderness ratios w/h of 1
and higher. The uniaxial compressive strength increases with an increasing slenderness
ratio. From the measured values, regression equations are established to calculate the
uniaxial compressive strength (UCS) as a function of the slenderness ratio. In the laboratory
determination of UCS, the slenderness ratio is the most significant influencing parameter.
However, there are other influencing factors. If we want to infer the strength of pillars in a
mountain massif from laboratory tests, we must consider the influence of volume [1]. As
there are more discontinuity surfaces in a larger volume of the seam, a larger volume of
the seam has a lower strength. Large volume in situ compression tests are recommended
to address this issue. This effect on coal was investigated by Bieniawski [1]. According to
the research, when the width of the test specimen was changed from 19 mm to 1524 mm,
the uniaxial compressive strength changed from 33.7 MPa to 4.4 MPa. In all cases, the
test specimens were cubic in shape. Given the greater incidence of discontinuities in the
coal seams, this trend is understandable for cubic test specimens. UCS is also affected by
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loading rate. In our research, we followed the recommendations of ISRM [2], while the
loading speed was chosen in the interval of 0.5-1 MPa.s 1.

Another influencing factor on which the laboratory-determined UCS depends is the
amount of friction on the loading surfaces of the test specimen. Higher friction results in a
higher UCS value [3,4]. Some authors [3] have even developed formulas for the strength of
coal pillars taking into account the effect of interface friction and slenderness ratio. Other
studies [4,5] point to the fact that the interface friction and slenderness ratio of pillars may
be related to coal mine bumps.

2. Materials and Methods
2.1. Sampling

In order to determine the strength of coal, it is best to take samples from drill cores
in areas not affected by mining activities. However, from a practical point of view, in the
vast majority of cases, it is an unrealistic requirement. In most cases, we have to be content
with sampling from mine workings. In this case, however, we have to investigate what
stress-transformation process the sample has already undergone as a result of the formation
of the mine workings at a given depth below the surface. If the sample has already been
subjected to stresses in excess of its strength, there is a weakening effect on the sample
depending on the difference between the strength of the deposit and the stress acting on it.
However, this is not the only difference. The creation of the mine workings will result in
a release of pressure in its surroundings. This has the effect of lifting the bedrock in the
strain-free area. In a fragile coal seam, this further erodes its structure.

For our research, coal samples were taken from coal seam No. 30, which is located in
the bottom pillar of the CSM Mine at a depth of approximately 800 m. The samples taken
were in the form of whole pieces of coal (minimum size of 0.3 x 0.3 x 0.2 m). A total of 11
such coal blocks were taken.

The geostatic stress at the sampling site is about 20 MPa, but due to the fact that several
tens of seams have been mined around the bottom pillar in the past, the bottom pillar is even
more stressed. The excavation of the mine workings causes a further substantial increase
in the stresses in the vicinity of the seam. Measurements of the uniaxial compressive
strength of the seam samples show that the strength at a ratio of w/h =1 is about 10 MPa.
This analysis shows that it is impossible to take coal samples from mine workings under
conditions where the compressive strength has not yet been overcome. Coal samples
disturbed by their multiple uniaxial compressive strength are always taken, which is
reflected in the disturbance of the integrity of the seam in the vicinity of the mine workings.
The previous disturbance of the samples taken causes the measured strength characteristics
to be lower than those of undisturbed parts of the seam further away from the mine
workings. The extent of this disturbance has not yet been determined. To determine it, we
would need to have two types of samples in terms of the method of sampling. One set of
samples would have to be taken from drill cores in areas not affected by mining activity
and the other from the mine workings.

2.2. Existing Methods of Solving the Strength versus Slenderness Ratio

The problem of the effect of the slenderness ratio on the bearing capacity of pillars has
been the subject of many papers. All the works express the mathematical dependence of
strength on the slenderness ratio. These dependencies are divided into two groups:

e Linear, e.g., [6-9], also in [3], this type of dependence is preferred;
e  Exponential, e.g., [10-19].

It can be seen from the above references that the exponential expression of this depen-
dence prevails.

Although a large number of researchers have dealt with the issue of the influence of the
slenderness ratio on the bearing capacity of coal pillars, most of the available information is
associated with mining in South Africa [10,12,14,15,17], Australia [10], America [11,16,19],
or India [13], where mining with the room and pillar method is common. In Europe, the
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longwall mining method has historically been the most common for coal, and, therefore,
not much research has been carried out for European conditions.

When calculating the slenderness ratio, it is important to take into account the shape
of the pillars, when we can distinguish square, rectangular, and diamond shapes of pillars
in coal mining. For this reason, some authors [10] introduce the concept of effective pillar
width into the calculation of the slenderness ratio.

Many papers deal with mathematical modelling of the effect of the slenderness ratio
on compressive strength [20-22]. The publication [20] is based on the tensile failure of the
peripheral parts of the pillars and the shear failure of the inner parts. When examining
crystalline rock in the w/h ratio range of 0.5-3.5, the mathematical modelling suggests that
the increase in bearing capacity with increasing w/h is roughly linear.

Other methods of evaluating the effect of the slenderness ratio on the load capacity
of pillars are based on statistical methods. A significant contribution to the solution of
the bearing capacity of pillars is the monitoring of the parameters of pillars that have
experienced a stability failure compared to pillars that have resisted the load acting on
them [23,24].

2.3. Objectives of the Contribution

The pillars evaluated in room and pillar mining at the CSM Mine have a specific char-
acteristic, unlike other applications of this mining method, in that very strict requirements
for limited deformation conditions must be met to avoid disturbing the stability of the
mineshaft and surface structures near the mineshaft. Therefore, one of the objectives of this
work is to assess the safety factor of the concerned pillars. Another objective is to prepare
the basis for the evaluation of the deformation of the pillars, on which the shape of the
subsidence basin of the surface mainly depends.

2.4. Measurement Methodology

From the collected samples, cuboid test specimens with a square pressure surface of
70 x 70 mm were made by cutting.

Due to the principle of this research, the ISRM [2] recommendation for uniaxial
compressive strength measurements regarding the slenderness ratio could not be followed.
The test specimens had different slenderness ratios ¢ (width w to height /).

w
b= 1)

This slenderness ratio ranged from 1 to 7.7. A smaller slenderness ratio (>7.7) was
not implemented due to the disintegration of coal thin slices (<9 mm) during sample
preparation (cutting).

Examples of test specimens with different slenderness ratios are shown in Figures 1 and 2.

The uniaxial compressive strength of the test specimens was measured on the MTS 816
Rock Test System. Loading was carried out at a constant strain rate so that the rate of loading
to ultimate strength was in the range of 0.5-1 MPa.s~!. This setup of the test equipment
allows the recording of the deformation diagram even beyond the ultimate strength.

The dimensions and weight of each test specimen were recorded prior to the pressure
test. For some of the test specimens, the weight of the whole test specimen residue was
determined after the pressure test.

The applied force and longitudinal deformation were recorded in the time axis during
the compression test using a computer connected to the test equipment.

The compression test was carried out at lower slenderness ratios until the applied
force beyond the strength limit did not change much. At the higher slenderness ratios,
when the applied force beyond the ultimate strength started to increase again, we allowed
the applied force to increase up to the maximum force capacity of the test equipment.

The transformation modulus E, was determined from its linear part based on the
plotted deformation diagram.
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Figure 2. Test specimen with slenderness ratio w/h 3.57.

3. Results

Compression tests were carried out on 46 test specimens with different slenderness
ratios. From these measurements, both compressive strengths and deformation moduli
were evaluated.

3.1. Compressive Strength

The results of compressive strength measurements o versus slenderness ratio t are
shown graphically in Figure 3.

The measured values were interspersed with regression relationships. The best fitting
regression dependence is linear—it shows the highest value of the index of determination
R? = 0.92. This dependence of the compressive strength .. on the slenderness ratio t has
the following form:

oc =12.293t — 0.8585 ()

The power dependence is almost the same, with a slightly lower index R? = 0.90
oe = 11.446t101 (3)
The least satisfactory is the exponential dependence with the lowest index R? = 0.84

0 = 9.65210-3445 (4)
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Figure 3. Graph of measured compressive strength values.

3.2. Deformation Modulus

The deformation modulus was also determined for all the test specimens on which the
compressive strength was determined. The results of the determined refractive moduli Ep
as a function of the slenderness ratio t are shown graphically in Figure 4. From Figure 4 it
is clear that with decreasing slenderness ratio the value of the modulus Ep decreases. How-
ever, a relatively large dispersion of the measured values is evident. This is probably related
to the nature of the coal samples, which are naturally permeated by an inhomogeneous
system of small cracks and fissures (see Figure 1), which influence the measured values.
Since these are destructive tests, a different coal sample is used for each measurement,
which has a different degree of natural breakdown and thus can show different values
(large dispersion of measured values).

The determined values of the deformation modulus were interspersed in the graph
with three types of regression dependencies. The linear regression dependence with the
index of determination R? = 0.673 has the form

E, = 544t + 1337 (5)

The power regression relationship shows a very similar determination index to the
linear regression, namely R? = 0.678. Its equation has the form

E, = 164417 (6)

The exponential dependence expresses the least appropriate waveform because its
index of determination is the lowest, R? = 0.597. The equation for an exponential regression
curve is

E, = 1516¢" 188 )

The determination index of the mentioned regressions is relatively low; however, it is
influenced by the high dispersion of the measured values of the module Ep, especially for
low values of the slenderness ratio.
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Figure 4. Graph of calculated values of the deformation modulus.

3.3. Flow of Deformation Diagrams

The entire test specimen was gradually disturbed for test specimens with a slenderness
ratio of approximately two or less, especially after reaching the ultimate strength. Due to
the control of the compression test with a constant deformation rate, there was no sudden
disturbance of the test specimen. However, a complete deformation diagram was obtained
even beyond the strength limit. A typical example of such a deformation diagram is shown
in Figure 5.

70
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Figure 5. Typical example of a deformation diagram at a lower slenderness ratio (t = 1).

In compressive strength tests with a higher slenderness ratio, the resistance of the
test specimen partially decreased after reaching the ultimate strength but then increased
again. The test specimens were loaded in this way up to the maximum range of the test
equipment. A typical example of such a deformation diagram is shown in Figure 6.
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Figure 6. Typical example of a deformation diagram at a low slenderness ratio (t = 6.6).

4. Discussion

The effect of the slenderness ratio on the bearing capacity of pillars has been studied
by many researchers. Some have reached conclusions analogous to those drawn from
our measurements. For example, in [25], it is stated that at a w/h ratio >5, the friction
between the pillar and the surrounding rocks causes the pillars to become unbreakable.
The dependence of the bearing capacity of the pillar on the slenderness ratio is discussed
in [17,26]. In order to determine the bearing capacity of pillars, the works mentioned above
establish the following relationship:

o5 = k h®w? (8)

where k is the strength determined in situ on a cubic block with 1 m edges, h is the pillar
height, w is the pillar width, and a and b are experimental constants.

The following parameters were determined for the South African coal: 05 = 7.2 MPa,
a=—0.66, and b = 0.46. For the pillars at the CSM Mine with & = 3 m and w = 25 m, the
Equation (8) gs= 15.3 MPa applies. Since at that mine the geostatic stress is about 20 MPa
and the pillars showed no instability, this seam must be much stronger than the South
African coal.

Based on Equation (8), we have calculated that the load capacities of the pillars for our
observed range of slenderness ratio t are 1 to 8.33. The results are shown in the graph in
Figure 7.

Relationship (8) is a power function; therefore, the power regression fully fits the
calculated values. The bearing capacity of the pillars as a function of the slenderness ratio
according to this calculation has the following form:

0y = 6.4509 04 9)

According to this calculation, the bearing capacity of the pillars at a slenderness ratio
of 8.33 is 2.65-times higher than at a slenderness ratio of 1. Our measurements have shown
that the ratio of the strength of coal samples at a slenderness ratio of 8.33 and a slenderness
ratio of 1is 8.7 and 8.0, according to the relationship (2) and (3), respectively. This implies
that it is appropriate to use relationship (8) or (9) for slenderness ratios closer to 1. Pillars
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with very high slenderness ratios are rare. For Indian coal conditions, the bearing capacity
of pillars has been determined from extensive measurements [27] using the relationship

05 = 0.270.h 086505 (10)

where ¢ is the uniaxial compressive strength determined on a 25 mm edge cubic specimen.

18
16

14
12 |

10 +

G ¢ (MPa)

0 a 2 3 4 5 6 7 8 9

Slendernessratio t

Figure 7. Dependence of pillar bearing capacity on slenderness ratio for South African coal according
to the Relationship (8).

If our measurements on 70 mm edge cubic specimens yielded a compressive strength
of 11.4 MPa, and we would assume that we would measure a strength of 20 MPa on 25 mm
edge specimens, then for the dimensions of the pillars at the CSM Mine o = 10.5 MPa,
it is an even smaller increase than seen in the previous South African coal pillars for
evaluation (9).

From relationship (10), the load capacity ratio of the pillars at a slenderness ratio of
8.33 and a slenderness ratio of 1 is 1.94. This is an even smaller increase than that seen in
the previous evaluation of South African coal pillars.

Another study on the effect of the Indian coal slenderness ratio on the resulting bearing
capacity [28] found that the ratio of bearing capacity of pillars at the slenderness ratio of 9.1
and the slenderness ratio of 1 is 3.55.

There are many relationships that can be used for calculating the load capacity of
pillars depending on their slenderness. The publication [29] evaluates 12 formulas for this
calculation. Only three formulas, according to [19,30,31], show a steeper increase in bearing
capacity with an increasing w/h ratio.

The larger scatter of measured values at the same slenderness ratio in the results
in Figure 3 is due to the presence of more or fewer discontinuities, which were often
macroscopically noticeable on the test specimens. These discontinuities may be original,
created by geological processes during the formation of the seam. However, they may
also be due to the overpressure mentioned above in the sides of the mine from which the
samples were taken.

The increase in compressive strength at the lower slenderness ratio is caused by the
fact that the inside of the test specimen cannot be transversely reshaped due to friction at the
contact surfaces. Moreover, a volumetric state of tension inside the test specimen increases
the resulting compressive strength. The extent of the test specimen in the volumetric state
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of tension at higher slenderness ratios is determined in various ways. For example, [3]
determines this range by the appearance of the compressive surface of the test specimen
after the compression test. We loaded the test specimens with a slenderness ratio of 6-8
after the ultimate strength was reached so that the final force was about 2-3-times higher
than the force when the ultimate strength was reached. The part of the test specimen
that was in the bulk state of tension was further compacted by the high loading, and
the original height of the test specimen was reduced by up to 38% at the maximum
applied force of almost 1000 kN. After the test, the compacted residue of the test specimen
remained intact and could be handled manually. This strengthened portion of the specimen
represents approximately the region where the volumetric stresses occur. An example of
this strengthened residue is shown in Figure 8.

Figure 8. Example of strengthened core of test specimen residue with slenderness ratio 6.25.

These compact low slenderness ratio remnants of the test specimen were weighed
after the test. Their G, weight to G, pre-test weight ratio ranged from 0.45 to 0.61, with an
average of 0.55. These values were found for a w/h ratio ranging from 6.25 to 7.69. The
graphical dependence of the G, /G, ratio on the slenderness ratio is shown in Figure 9.

0.7

06 P

0 T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Slendernessratio t

Figure 9. Ratio of the hardened part of the sample to the original sample as a function of t.
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The linear regression relationship with the index of determination R? = 0.89 has the form
Gy /Go =0.0994t — 0.106 (11)

For the pillars used with a w/h ratio of 8.33, this equation yields G, /G, = 0.72.

For this representation of the volumetric state of stress in a 25 m wide and 3 m high
pillar, the loosening of the pillars would occur to a depth of 1.9 m. In the case under
consideration, this value for the loosening of the pillars could not be verified because, for
safety reasons, the sides of the chambers were reinforced with roof bolts.

As the slenderness ratio of the pillars decreases, the impact of more discontinuities in
a larger volume on the resulting bearing capacity of the pillars changes. Even though the
entire column is interspersed with a large number of discontinuities, the majority of the
column volume is in a bulk state of tension, and the discontinuities contained within it do
not contribute as much to the reduction in the column capacity. It can be seen clearly in the
strengthened low-slenderness-ratio residue of the test specimen after compression testing.
The original discontinuities in this part of the test specimen have been compressed via the
volumetric compression, giving the test specimen a higher strength.

The laboratory-determined compressive strength is influenced by the amount of
friction on the compression surfaces. Many papers [3-5,32-37] have addressed this issue.
These works clearly show that lower friction between the test specimen and the loading
mechanism also lowers compressive strength. In the laboratory tests, we used very smooth
steel jaws, which showed a coefficient of friction of 0.45 with the coal samples. The pillars
in mining conditions have sandstone in the overburden and siltstone in the bedrock. Thus,
the coefficient of friction between the pillar and the surrounding rocks will definitely be
higher than in the laboratory tests. For this reason, the laboratory compressive strength
results could not be influenced upwards.

The published results of the effect of friction on the pushing surfaces of the test
specimens only considered the same friction on both pushing surfaces. In reality, these
frictions between the pillar and the overburden/bedrock are often different. It would be
interesting to see how the different friction on the compression surfaces of the test specimen
affects the measured compressive strength.

Another influencing factor for laboratory-determined compressive strength is the
laboratory conditions. The jaws of the loading mechanism have significantly different
elastic properties than the rock under investigation [38,39]. The degree of this influence
will depend on the situation in the part of the mountain massif under consideration. If we
assess the bearing capacity of a pillar that has rocks with the same mechanical properties as
the pillar above and below it, then this influence may be more pronounced. In the case we
are considering, rocks with a significantly higher deformation modulus and lower Poisson’s
number are above and below the coal pillar. For this reason, this influencing factor will not
be as important, as the loading of the coal sample in the laboratory is partly similar to the
loading of the coal pillar under mine conditions in this respect.

When assessing the bearing capacity of rock pillars, the frequency of discontinuity
surfaces is an important influencing factor [40]. This phenomenon is more evident in slender
pillars, which are more severely affected by the presence of discontinuities than wider
pillars. This study has also shown that as the slender ratio decreases below 0.8, the confining
stresses within a pillar approach zero and brittle fracturing can occur throughout the
unconfined pillar core. The fracturing and spalling failure mechanism is poorly understood,
and it seems prudent to avoid designing pillars with slenderness ratio <0.8 that might
fail in this manner. The parameter evaluating the frequency of discontinuity areas is
directly included in the calculation of the bearing capacity of rock pillars. However, in the
evaluation of coal pillars, the number of discontinuity surfaces is difficult to determine, and
the slender ratio is commonly >0.8; therefore, it is usually not taken into account. In some
cases, however, the effect of the size of the test specimens is considered, which indirectly
takes into account the number of discontinuity surfaces.
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For the determination of the deformation of the pillars, we use the modulus of
transformation—Equation (6). For the slenderness ratio t = 8.33, E;, = 5500 MPa. With a
chamber width of 6 m and a pillar width of 25 m, the area of excavated space per chamber
is 336 m?. This excavated space constitutes 53.8% of the pillar area. The load on the pillar
is increased by this percentage relative to the originally applied stress. The distance of
room and pillar mining is mostly more than 100 m from longwall faces. Therefore, the
additional load from the longwall faces is negligible. We can, therefore, assume an initial
stress corresponding to a depth of 800 m, which is 20 MPa. After the chambers have been
cut, the stress increases to 0, = 30.75 MPa. The stress will, therefore, increase to = 10.75 MPa.
The total vertical deformation of the pillar Ah is given by the equation

A =122 (12)
EP

The entire 3 m pillar is lowered by 6 mm by excavating the surrounding chambers.
The safety factor SF depends on the stress acting on the pillar.

sp=2 (13)
Oc

The load capacity of the pillar according to Equation (2), which expresses the lin-
ear dependence of the strength of the specimen on the slenderness ratio w/h = 8.33, is
101.5 MPa, and according to Equation (3) for the power curve, it is 99.3 MPa. From these
values, SF = 3.2. In reality, this value will be lower because we did not have the opportunity
to investigate the effect of the increase in the volume of the test specimens on the resulting
bearing capacity of the pillars. The high value of the calculated safety factor ensures that

the actual pillars will be very stable.

5. Conclusions

Our measurements and observations of the in situ behaviour of the pillars have shown
that the relationships derived for mining conditions at shallower depths and other locations
cannot be applied to determine the dependence of coal strength on the slenderness ratio.

The strength versus slenderness ratio w/h can be expressed as a linear function or
power function. There is a negligible difference between them.

Our laboratory measurements were burdened by two conflicting issues that we could
not quantify. On the one hand, it is the effect of the volume of the test specimens, with larger
test specimens showing lower strength. On the other hand, it is a fact that the samples
were taken from locations where they were already subjected to stresses higher than their
strength. This effect may, in turn, reduce the measured strength values.

The total calculated vertical deformation of the pillars in the bottom pillar is very low
and cannot endanger the stability of the mineshaft and surface structures.

The calculated safety factor shows that the chosen dimensions of the pillars should
guarantee the long-term stability of the pillars.

Based on experimental operation of room and pillar mining method in conditions
of the CSM mine and the geotechnical monitoring carried out so far [41], it is possible
to state that the laboratory measured data and theoretical assumptions were correct and
correspond to the data measured in the framework of in situ geotechnical monitoring.
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