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Abstract: Coal is a nonrenewable resource. Hence, it is important to improve the coal recovery ratio
and ensure the stability of coal mines for sustainable development of mining cities. Partial extraction
techniques, such as strip pillar mining or room-and-pillar mining, are efficient methods to extract
coal. Pillar stress is a critical property for pillar design and for the assessment of mine stability after
partial extraction. Current pillar stress calculation methods can sometimes overestimate the pillar
stress and unnecessarily large coal pillars may be left underground, which leads to a waste of coal
resources. In this paper, the size effects of mining activity on the maximum vertical pillar stress
were investigated using numerical simulations. Both strip pillar mining and room-and-pillar mining
were considered as possible mining scenarios at different mining depths. The results show that the
maximum pillar stress of a mine is primarily controlled by four factors: the mine size to mining
depth ratio, the mining width to pillar width ratio, the overburden elastic modulus, and the mining
depth. The maximum pillar stress of a mine gradually increases to an ultimate value as the mine
size increases. Simplified formulas and methodology have been derived for stress calculations under
consideration of mine size effects and, therefore, can reduce the waste of coal resources from the
overestimation of pillar stress.

Keywords: strip pillar mining; room-and-pillar mining; pillar stress; pillar design

1. Introduction

Underground mining activities can result in severe ground subsidence and damage man-made
structures (buildings, railways, or other infrastructure) on the surface [1-5]. Mining subsidence is
an important factor that restricts the sustainable development of mining cities [5]. To reduce mining
subsidence and protect surface and ground structures, partial extraction methods such as strip pillar
mining or room-and-pillar mining are widely adopted [5-7]. Figure 1 shows typical layouts of
room-and-pillar mining and strip pillar mining techniques. In a partial extraction operation, massive
coal pillars will be left underground to support the overburden, where the effectiveness of subsidence
control for the partial extraction will depend on the stability of these pillars. Additionally, the failure
of a coal pillar may result in violent ground movements [8,9]. Therefore, the stability of the coal pillars
in a partial extraction is very important during and after mining activities.

The pillar stress is a critical factor affecting pillar stability, and the pillar stress calculation
is an important aspect of mine design. The stress calculation for room-and-pillar mining is a
three-dimensional problem because both the pillar length and the pillar width are relatively small
(Figure 1a), whereas the stress calculation for strip pillar mining can be simplified to a two-dimensional
problem because the pillar length is usually far longer than the pillar width (Figure 1b). In coal mine
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design and pillar stability evaluation, the pillar stress is usually determined by using TAT (tributary
area theory), PAT (pressure arch theory), or numerical simulations [5,10-16]. TAT assumes that the
overburden load will be evenly distributed among coal pillars, and the overburden load above the
mined room is equally shared by neighboring pillars [5]. On the other hand, PAT assumes that
a pressure arch will form between large barrier pillars and carry most of overburden weight, the
abutment angle is utilized to describe the shape of the pressure arch [5,15]. For narrow mine panels,
TAT overestimates the pillar stresses since pressure arches may carry the weight of the overburden.
In such cases, PAT is usually adopted to calculate pillar stress [5,14-16]. However, the abutment angle
used by PAT is mostly summarized from longwall mining [5,10-20], which is not always accurate for
partial extraction. On the other hand, the shape and height of the pressure arch may change during
excavation [21], indicating that the portions of the overburden load that transfer to the pillars are
affected by the mine size. Therefore, the existing methods fail to provide a reliable stress estimation for
partial extraction. Inaccurate pillar stress calculations usually result in unnecessarily large coal pillars
that are permanently left underground; the coal resource is wasted.

To address this issue, empirically established techniques and methodologies which estimate pillar
stress have been suggested [22]. He et al. [23] observed that the mine subsidence and strata movement
are affected by the mine size D. Additionally, they found that the mine size D to mining depth H ratio
(Figure 1c, D/ H) is an important parameter to determine whether the subsidence can reach its peak
value. This observation suggests that the deformation and stress of strata may be a function of the
mine size D. Roberts et al. [11] reported similar observations that the pillar stress is affected by D/H
and proposed a stress calculation formula for room-and-pillar mines that included mine size effects.

In this paper, the effects of mine size variation on coal pillar stress are investigated for both
strip pillar mining and room-and-pillar mining using numerical software UDEC (Universal Distinct
Element Code) and 3DEC (3 Dimension Distinct Element Code). Simulation of mines includes different
pillar sizes and different mine depths. The mine size refers to the mined area of the coal seam with
coal pillars and mined rooms (Figure 1c). Simple formulas to calculate the maximum pillar stress for
different mine sizes are derived and proposed for mine design. Based on the proposed formulas, the
recovery ratio may be improved if the mine size is not too large, and the waste of coal resource can
be reduced.
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Figure 1. Typical layout of partial extraction sites [5]: (a) Planar view of the working face of a
room-and-pillar mine; (b) Planar view of the working face of a strip pillar mine; (c) Two-dimensional
scheme of a partial extraction site (front view of a partial extraction mine).
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2. Mine Modeling and Simulation

The discrete element modeling program, UDEC, is used in the current study. The scheme of the
model is shown in Figure 1c. The ground surface and the coal seam are modeled as horizontal strata,
where the thicknesses of the coal seam and the mine floor are modeled as 7 m and 20 m, respectively.
The mining depth H is varied from 100 m to 800 m; thus, the models included both shallow and deep
mines. The pillar width wp, is assumed to range from 7 m to 134 m. The mining width w, of strip pillar
mining is usually 0.1 H-0.25 H to control the ground subsidence, thus, the pillars with very large sizes
are proposed mainly for the theoretical analysis of strip pillar mining at deep depths. The ratio of
mining width to pillar width r,, is varied from 0.75 to 2. The geometric parameters of the models are
listed in Table 1. Two boundary pillars with width of 200 m are reserved at both ends of the model.
Other element sizes include 1 m for pillars, 2 m for the floor, 2 m for the roof (thickness is 20 m), and
4 m for other parts.

Table 1. The geometric parameters of models: H is mining depth, w;, is pillar width, w is mining
width, D is mine size, and ry, is the ratio of mining width to pillar width. All lengths are in meters.

H wp We D Tm H wp We D m H wp We D Tm
14 10 1066 071 17 20 1093 118 300 75 1575 1
12 10 516 083 14 20 1006 143 54 40 2108 0.74
10 1510 1 10 20 1190 2 40 1560 1
9 10 656 111 7 20 1073 286 20 40 2080 2
5 10 670 2 23 1587 45 1575
, 12 1620 200 25 1525 50 1550
00 13 1573 29 1537 1 400 57 1539 1
15 1575 1 34 1530 67 1541
17 1547 41 1517 80 1520
20 1500 67 50 1454 075 50 100 2050 2
34 25 1146 0.74 50 1550 1 100 1500 1
25 1525 1 25 50 1475 2 134 100 2206 0.75
13 25 1127 192 15 30 1650 2 50 1550
7 1127 20 30 1680 15 56 1512
8 1288 25 30 1735 12 63 1575
9 1449 30 1530 1 200 72 1512
10 15101 35 30 1785 086 84 1596 1
200 1 1507 40 30 1780 075 100 1500
13 1521 34 1530 125 1625
15 1515 38 1558 600 60 3060
27 20 1195 0.74 43 1505 700 70 3570
24 20 1076 0.83 50 1550 800 80 4080
20 1500 1 60 1500

In the model, all non-coal strata are assumed to consist of one type of rock. The properties of
non-coal strata are chosen to mimic sandstone except in Section 3.3. In Section 3.3, the elastic modulus
and Poisson’s ratio are changed while the other properties of non-coal strata refer to sandstone to
study the effect of different rock properties on pillar stress. Rock and coal properties are taken from the
Yulin mine area in China and are listed in Table 2 [24]. The Mohr-Coulomb failure criterion is assumed
for the models. Since the joint stiffness only affects the joint deformation, a large stiffness (5 x 10° Pa)
is assigned to the interface between non-coal strata and the coal seam, so that the maximum stresses in
pillars can be calculated. The strength parameters of the interfaces are matched to the coal strength.
The model base is fixed in the vertical direction and the lateral boundary of the model is fixed in
the horizontal direction. Static equilibrium analysis is conducted with consideration of gravitational
loads on the system. Every pillar contained one vertical observation line located at the pillar center.
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The model is mined one tunnel at a time and from the left-hand side until the mine reached the design
size (Table 1). For each time the tunnel number (or mine size D) increases, the maximum vertical pillar
stress of the whole mine is recorded.

Table 2. Mechanical properties of strata: or is the cohesion, o¢ is the tensile strength, ¢ is the internal
friction angle, E is the elastic modulus, v is the Poisson’s ratio, and p is the density.

Strata or (MPa)  oc (MPa) @ (°) E (GPa) v p (kg/m®)
Sandstone 6.36 11.6 34.6 15.1 0.15 2370

Coal 0.72 2.61 42 22 0.27 1290
Interface 0.72 2.61 42

3. Analysis of Simulation Results

Mine failures did not occur in all of the numerical simulations. The numerical simulation results
indicate that the maximum vertical stress of a single pillar appeared at the pillar bottom, and the
maximum vertical pillar stress of the mine is dominated by the mine size D, the mining width to pillar
width ratio ry,;, and the overburden elastic modulus E,. In this study, the maximum vertical pillar
stress of the mine is expressed by the stress concentration factor K:

S

K= ——, 1
p18H + pagh W

where g is the acceleration due to gravity, p; and p, are the density of non-coal strata and the density
of the coal seam, respectively; H and h are mining depth and pillar height, respectively, and S is the
maximum vertical pillar stress of the mine from the simulation.

3.1. Effects of the Mine Size on the Maximum Vertical Pillar Stress of the Mine

By fixing ;; to unity, the mine size effect on K was investigated. The results (Figure 2) show that
there is an exponential relationship between K and D/ H:

K =Ks+ae 1, )
where Kg is the ultimate stress concentration factor when the pillar stress is stable and reaches its peak
value (Figure 2); e is the natural base, and 4 is a constant dependent on H, r;, and E,.

e e— = — T T T <
0es?®

e K
= == = regression curve

Adjusted R-square: 0.9966

2 3 4
D/H
Figure 2. Example of relationships between the stress concentration factor K and the mine size to
mining depth ratio D/H for the mining width to pillar width ratio r;; = 1: (a) K of models with a
mining height of 100 m and a pillar width from 10 m to 25 m; (b) the regression curve for the case with
mining depth 200 m and pillar width 10 m.

Figure 2 shows examples of K distribution (Figure 2a) and the regression results (Figure 2b) as
a function of D/ H. Initially, K increases when D/ H increases, and gradually, K become stable and
reaches its peak value when D/H >3 to 4. Therefore, the parameter D/H can be an indication to
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determine if the pillar stress in the mine reaches its maximum value; if D/H <3 to 4, the pillar stress
of the mine is not fully developed and K will increase with further increase of D/H. Otherwise, K
reaches its maximum value and will no longer increase with the increase of D/ H.
The parameters in Equation (2) are listed in Table 3, which indicates that a is dependent on mining
depth but is independent of the mining and pillar widths. For each mining depth, the mean value of a
can be used to estimate the maximum pillar stress K (Table 4). It is shown in Figure 3 that the average

coefficient a increases as the mining depth increases.

Table 3. Original parameters of Equation (2) when the mining width to pillar width ratio, ,; = 1. R

indicates adjusted R-square values.

H We a Kg R H We a Kg R H We a Kg R
10 —08111.9 23 0677 1.84 50 —0.665200
12 —0773192 25 0715195 0.99 57 —0676200
13 083319 099 ., 39 0724194 100 67 —0.666185 098
100 15  —0.816 1.89 34 —0709 1.92 80  —0.565 1.74
17 —08211.95 41 —0716192 098 100 —056 1.82
20 0811184 o 50  —0.706 1.91 50 —0627203 99
25 —0.834 192 30 0682197 oo 56 —0.536 1.77
7 —0.729 2.06 34 —069 196 500 63  —0.589 1.86
8  —0599 1.79 38 —0.697196 099 72 —05071.75 098
9 —0.6732.00 300 43 0724182 0.98 84 0531185 099
oo 10 0652198 50 -0687195 O 100 —05111.83 098
11 —0728198 60 —0.648181 097 125 0505195
13 —0.6661.98 75  —07391.80 096 600 60 —0.5041.86
15  —0.664 1.90 wo 10 0594176 o 700 70 0488201 097
20  —0.6741.87 45 —0.662 2.00 800 80 —0372175 095

Table 4. Mean value of the parameters of Equation (2) when the mining width to pillar width ratio,

rm=1.
H a Ks H a KS 1+71,
100 —-0.81 192 500 —0.54 1.86
200 —-0.69 193 600 —-0.50 1.86 ’
300 —0.70 1.90 700 —0.49 2.01
400 —0.63 1.88 800 —-0.37 1.75
03 100 3.00 5.00 7'00
0.4 [ J average a ..
: : e o o o o regression curve 0o’
©-0.5 .00 @
= »°
2-0.6 <’ °
< LR
-0.7 o ..% y =0.0006x - 0.8461
oo’ R2=0.962
-0.8
-0.9 Mining Depth H (m)

Figure 3. The relationship between the mining depth H and the average fit constant a.
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It is found that the maximum pillar stress of the mine can be calculated by the TAT method when
D/H >3 to 4. Therefore, for a two-dimensional plane (Figure 1c), Kg of coal pillars for a mine with
D/H >3 to 4 can be calculated as:

_ p1gH (wp + we)

K
> p18§Hwp

=14ry, 3

and Equation (2) can be expressed as:

o

K=14ry,+ae” 4)

3.2. Effects of ry, on the Maximum Vertical Pillar Stress of the Mine

In order to control ground subsidence, the mining width for partial extraction is usually set
between 0.1 H and 0.25 H [6]. To study the effects of r,;, the mining width is assumed to be in this
range, the mining depth H is varied from 100 m to 400 m, and the 7, is varied from 0.75 to 2. The results
show that the K curves for different r;,, values are similar to the K curves shown in Figure 2. The
parameters for Equation (2) under different r,, are listed in Table 5. Tables 3 and 5 indicate that the
performance of the fit parameter a is primarily dominated by r;,, followed by the effect of mining
depth. Furthermore, from Table 5, it is noticed that Kg is approximately equal to 1 + r,,, indicating that
Equation (4) is valid.

Table 5. Original parameters of Equation (2) for different mining width to pillar width ratios 7.

H Tm We a Kg R H m We a Kg R
2 10 —2062 297 100 10 —0726 178 098

100 9 25 —2135 284 099 5y 083 20 —0502 156

20  —1972 307 098 300 08 30  —0501 1.79
200 50 —2343 3 100 071 10 —0509 169 099
300 2 30 —2078 334 100 25 041 171

40 204 327 200 074 20 0477 1.69
400 100 -182 307 29 200 50 0446 167 094
300 15 30 1179 24 300 074 30 —0368 155
200 143 20 —1161 242 0.74 0 —041 171 09
100 111 10 —094 209 098 200 975 100  —0329 168 095
200 118 20  —0968 216
300 12 30 —0911 221 09

As shown in Figure 3, the parameter a increases by 0.06 when the mining depth increases by
100 m. In Table 5, the mining depth varies from 100 m to 400 m, thus, the maximum variation of a
induced by the change of mining depth is only 0.18. However, a approximately varies from 0.4 to 2 in
Table 5. This means that a is mainly dominated by r;,, and the mining depth effect is negligible. In turn,
the average values of a and Ks for each r;; can be used to represent the r,, effect, as shown in Table 6.

Table 6. The effect of the mining width to pillar width ratio r,,;, on the fit constant 2 and the ultimate
stress concentration factor Kg.

Average Average Average Average 1+7r
Tm H a Kg m
1.99 243 —2.07 3.11 2.99
1.47 250 —-1.17 241 247
1.16 200 —0.95 2.15 2.26
1 240 -0.71 191 2
0.84 200 —0.58 1.71 1.84

0.74 243 -041 1.66 1.74
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Figure 4 shows the relationship between r;; and the average parameters Ks and 4. An increase
in ry, results in an increase in Kg but a decrease in 4. As the variation of a is mainly controlled by 7y,
and the mining depth effect on a can be neglected, Figure 4a shows that a will increase by —1.2723 if
i increases by a value of 1. Theoretically, Kg should be equal to 1 + r,,. However, Figure 4b shows
that when 7, is small, Kg is slightly smaller than 1 + r;,;; and when ry, is large, Kg is slightly larger
than 1 + ry,. This is because the pillar stress is not uniformly distributed [5,10]. The outer parts of a
pillar support more overburden load than the inner part of the pillar [10]. Thus, when 7, is small,
the vertical stress at the pillar center is smaller than the average stress on the pillar. When ry, is large,
the outer parts of the pillar may yield and lose capacity due to the large overburden load, and the
effective pillar size decreases, leading to a situation where the stress at the pillar center is larger than
the average pillar stress. As a result, Kg is not totally equal to the theoretical value of 1 + ry,.

0 07 1 1.3 1.6 1.9
05 Py y =-1.2723x + 0.546 3f @ K, for Equation (4) o2
AL R*=0.9804 Itry, "
-1 F ©0e_ e .
4 e e
sk (a) "2} - (b)
. a &
2 F regression curve Fy
1 . . .
05 T 15 2
25 b rm I'm

Figure 4. The effect of the mining width to pillar width ratio r;;, on the parameters a and Kg. (a) 1y
effect on a; (b) ry, effect on K.

3.3. Effects of Overburden Properties on the Maximum Vertical Pillar Stress of the Mine

To study the effects of overburden properties, the model with a mining depth of 200 m, a mining
width of 20 m, and an r;, of one (from Table 1) is selected. First, the overburden elastic modulus,
E,, is set at 15 GPa, and the Poisson’s ratio, v, is varied from 0.1 to 0.49. Then v is fixed at 0.15,
and E, is varied from 2 GPa to 100 GPa. Simulation results show that K for different overburden
properties are consistent with Equation (2). Table 7 lists the parameters of Equation (2) for different
overburden properties.

Table 7. Parameters of Equation (2) for different overburden properties. Ks/(1 + ry) is the ratio of
simulated ultimate stress concentration factor Kg to the theoretical Kg, representing a reduction effect
of the overburden elastic modulus E, on simulated Kg.

Poisson’s Ratio Effect Elastic Modulus Effect
Eo, =15 GPa v =0.15
v a Ks R E, a Ks Ks/l+r,) R

01  —07352 1909 098 2 03258 1.629 81% 09

02  —07388 4 04092 1742 87% :

03  —0736 6 04822  1.803 90% 0.97

04  —07623 1908 0.9% 8 —05477  1.842 92% 0.98

049  —0.7702 30 —08391 1945 97% 0,99
50  —09389  1.959 98% :
70 —09932  1.964 98% 0.8
90  —1.029  1.966 98% :
100 —1.04 1965 98% 0.97

Figure 5 shows the effect of E, on a and Ks. When E, is small, 2 and Kg are strongly affected by

E, and the overburden elastic modulus cannot be neglected.
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0 20 40 60 80 100 P e o
®  K/(1+rm)
—— regression curve

y=0.98-0.2335exp(-0.1796x)

02 [ ¥y=-0.195In(x) - 0.1577

- L 2 =
s 0.4 o R2=0.9951

0.6 & PR Y
regression curve R =0.99
-0.8F ® s (b)
1 ® ° .
(a) )
-1.24% 0 20 40 60 80 100
E, E,

Figure 5. The effect of the overburden elastic modulus E, on the fit parameters 2 and Kg in Equation (2).
(a) E, effect on a; (b) E, effect on Kg.

According to Figure 5a, a can be represented by E, as:
a=—0195InE, — 0.1577. )

Combining Equations (4) and (5), K can be calculated as:
K =1+ ry+ (0.195In Ey — 0.1577)e " . ©6)

Equation (6) is based on the model with 7;; = 1 and mining depth H of 200 m. As shown in
Figures 3 and 4b, a linearly increases by 0.0006 if H increases by 1 m, and a linearly increases by —1.273
if ry,, increases by 1. Thus, K for different r,, at different mining depth can be estimated by introducing
the mining depth and r/, effects into Equation (6):

K =1+ £y + [0.0006(H — 200) — 1.273(ry — 1) — 0.195In E, — 0.1577)e ", @)

Table 8 shows the relative errors of K as calculated by Equation (7) when compared with the
simulation results. It is found that when r,, is large (i.e., 7, = 2), Equation (7) may slightly underestimate
the pillar stress. Otherwise, Equation (7) usually overestimates the pillar stress. As stated, this is due
to the fact that the stress on the pillars is not uniformly distributed. The stress at the pillar center
was acquired in the simulations, and there exist some differences between the stress calculated by
Equation (7) and the simulated stress, as previously discussed. Although there exist some differences
between calculated stress and simulated stress, the relative errors are small for most of the cases.
Hence, Equation (7) can be used to quickly estimate the pillar stress for different mine sizes.

Table 8. Relative Error of Equation (7).

Relative Error Overestimated (+) Underestimated (—) Row Sum
[0, 5%] 826 166 992
(5%, 10%] 329 45 374
(10%, 15%] 155 15 170
(15%, 20%] 53 1 54
(20%, 25%] 10 0 10
(25%, +o0) 0 0 0
Column Sum 1373 227 1600

4. Mine Size Effect on 3D Partial Extraction

As UDEC is only a two-dimensional simulation software, Equation (7) is only suitable for strip
pillar mining. For room-and-pillar mines, the coal pillars bear three-dimensional stresses. Therefore,
3DEC is utilized for three-dimensional stress studies. Figure 6 shows a horizontal coal seam in a
three-dimensional model, and the coal seam is mined in the north—-south and east-west directions.
The mining depth H is 200 m, and the mining width w. and pillar width w}, are both 20 m. There are
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20 pillars (820 m x 820 m horizontal mine) in both north and east directions if the coal seams are to be
completely mined. Four 150 m boundary pillars are reserved at the model comers. The element sizes
are 2 m (north) x 2 m (up) x 2 m (east) for the floor and the roof (thickness is 20 m), 3m x 5m x 3 m
for the coal seam, and other non-coal strata components are tetrahedral with an average size of 50 m.
Other conditions such as pillar height, floor thickness, model properties, etc., are the same as in the
two-dimensional simulations in Section 3.1.

£ £
(a) § (b)é
£ 4
=) = [}
z & S
£ £
E E
£ £
— pEEEEEE
a “mmEEEEEEEED
g ~EEmODO0DCDDOED
o EEEEEEORD
b EmEEEEEEOED
1EEECT L
N IINOEEDED
~ NEmODEODEEOND
EEEONOEEDED
A BT
’ 12 45678 910 ..mining until 20 pillars form
Tunnel number Coal Pillar Coal seam Boundary Pillar

Figure 6. The planar view of the coal seam for the three-dimensional model. (a) A north-south size
to mining depth ratio Dy /H >3 to 4 and an east-west size to mining depth ratio Dg/H <3 to 4 are
employed. (b) DN/ H >3 to 4 and Dg/H >3 to 4 are employed.

The coal seam is mined in the north and east directions simultaneously, beginning from the
south-west corner of the model (Figure 6). Assume the mine size in the north direction is Dy;, the mine
size in the east direction is Dg. Two scenarios have been investigated: (1) Dn/H >3 to 4 but Dg/H <3
to 4 (Figure 6a). In this case, DN and Dg increase simultaneously, and the increase in Dy stops if five
pillars form in the east direction, while the increase in Dy stops if 20 pillars form in the north direction.
It was found that Dy /H =4.1 and Dg/H =1.1 when the mining activity stopped. (2) Dn/H >3 to 4
and Dg/H >3 to 4 (Figure 6b). In this case, DN and Dg increase simultaneously until 20 pillars are
formed bi-directionally, and Dy /H and Dg/H >3 were found when mining activity stopped.

According to Equation (7), mining in the north direction will contribute to a maximum pillar
stress Ky as:

D D
Ky = Kg+ae™ B =1+ r, + [0.0006(H — 200) — 1.273(r, — 1) — 0.195In E, — 0.1577]e ™ #,  (8)

and mining in the east direction will contribute to a maximum pillar stress K, as:

D D
Kg = Kg+ae™ B =1+ 1y, + [0.0006(H — 200) — 1.273(ry, — 1) — 0.195In Eo — 0.1577]e" H.  (9)

The maximum pillar stress of the three-dimensional model Ksp is the superposition of Ky and Kg
from the two directions, and can be estimated as:

Ksp = KnK. (10)

Figure 7 shows the K3p simulated by 3DEC and the K3p calculated by Equation (10). The results
show that the K3p curves are similar to K curves of the two-dimensional simulations; the difference
between simulated K3p and calculated Ksp is very small. The Ksp curve for Figure 6b (Dn/H >3 to 4
but D/ H <3 to 4) is larger than the Ksp curve for Figure 6a (Dn/H >3 to 4 and Dg/H >3 to 4). The
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Ksp value will gradually approach the K3p value calculated by the TAT method with bi-directional
D/H >3.

4.0 ke - 000 2.0 .- 0-0-0 2.0 .- 0—0.0F
3.5F
[=]
-
3.0F
——8—3DEC simulated; Dx/H >3 to 4 and Dg/H <3 to 4
3DEC simulated; Dn/H>3to4 and Dy/H>3 to 4
2 5 L © o ae e Formula calculated; Dy/H > 3 to 4 and D/H<3 to 4
* =4 Formula calculated; Dx/H > 3 to 4 and Dg/H >3 to 4
— o — TAT method
2 0 © L L L L J
0 1 2 3 4 5

Figure 7. Simulation results of three-dimensional numerical simulations.

5. Discussion

The TAT method can only be used when the mine size is large enough, but the critical mine size
for which the TAT method is suitable has not been well addressed prior to the current study. All the
numerical simulations in this paper show that the maximum pillar stress of a mine will gradually
reach a peak value (the pillar stress calculated by the TAT method) when D/H >3 to 4. Thus, D/H
of 3 is suggested as an index to determine whether the TAT method can be used. This is important
especially for mining at deep depths, because the D/ H may be small, and using the TAT method may
overestimate the pillar stress, resulting in unnecessarily large pillars and wasted coal resource.

As no mine failures occurred in these simulations, the K values represent the maximum pillar
stress in a mine. For strip mining, Equation (7) can be used to calculate the pillar stress when D /H <3
to 4; otherwise, both Equation (7) and TAT can be used. For room-and-pillar mines, the TAT method
can be used if DN/H >3 to 4 and Dg/H >3 to 4; otherwise, Equations (8)—(10) should be used. By
doing this, the waste of coal resource that results from an overestimation of pillar stress can be reduced.

Equations (8)—(10) are proposed based on the analysis of two-dimensional UDEC models. The
small difference between 3DEC simulated stress and calculated stress by formula (Figure 7) indicated
that the parameters from two-dimensional simulation can be used to predict the pillar stress in a
three-dimensional model. Therefore, two-dimensional UDEC simulation can also be conducted to
determine the parameters 2 and Kg in Equations (8)—(10) even for complicated mining situations.
This is important because three-dimensional numerical simulations are more time-consuming than
two-dimensional numerical simulations. A numerical model with D/H >3 to 4 is also suggested
when analyzing the mine system in full scale.

6. Conclusions

The widely used TAT method may overestimate the pillar stress since it neglects mine size effects.
Essentially, mine size effects result from pressure arch formation, but the arch shape changes during
mining and is hard to determine; current PAT methods are also not always reliable in pillar stress
calculations. As a result, more precise stress calculation methods are needed.

Numerical studies of partial extraction mining are presented and several simplified pillar stress
formulas are presented for both two-dimensional and three-dimensional pillar stress calculations. It is
observed that the mine size has the same effects on both strip mining and room-and-pillar mining. For
both shallow and deep mines, the maximum vertical pillar stress of a mine is controlled by D/ H, 1y,
Eo,,and H. A D/ H of 3 to 4 has been found to be useful in determining whether the pillar stress can
be calculated by the TAT method. As long as D/ H <3 to 4 in any mining direction, the TAT method
overestimates the pillar stress, and mine size effects should be considered. Thus, the pillar size can
be reduced, and the recovery ratio of partial extraction can be improved. Finally, the parameters



Sustainability 2018, 10, 792 11 of 12

a and Kg for the three-dimensional stress calculation can be achieved through two-dimensional
numerical simulation.
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