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ABSTRACT

The goal of this paper is, to examine the validity of tributary area method, which is used as
an empirical mean to estimate pillar dimensions, in room and pillar mines, taking into
consideration a safety factor. A two-dimensional, linear elastic, finite element model (Phase
2D) is created for a simple case of a uniform pattern of room and pillar mine layout, that is
lying flat 1200 m below ground surface. Sensitivity analysis has been done to study the effect
of horizontal-to-vertical stress ratio, K, on the maximum stress that pillar can sustain without
failure. Four cases have been presented in this investigation (K = 0.5, 1, 1.5 and 2). The
results reveal that, the maximum stress on the pillar increases as K increases. Alternatively,
factor of safety deteriorates as mining depth (i.e., increase of K-value) increases. The results
also show that displacements/convergence expand as mining depth goes down.

Keywords: Haulage drift- Stability indicators- Numerical Modelling- Mining Step.

1. Introduction

Room and Pillar is so named, because pillars of coal are left standing to help support
the roof of the mine. It is also called pillar and stall in which ore is extracted across a
horizontal plane creating arrays of pillars and rooms. It is still very common in
underground coal mines, because [1]:

= |tis very flexible (i.e. relatively simple to design),

= Cheap (i.e. does not require a large capital expenditure for equipment like a long wall
mining operation would),

= Highly productive (i.e. Production rates of 600 to 1,000 tons per shift per miner unit),
and

= Easily mechanized.

The ore is extracted in two phases; in the first phase, pillars are left to support the
roof overburden, and rooms are extracted underground. The left pillars are then partially
extracted in the second phase. This technique is usually used for relatively flat-lying ore
deposits. A typical design would have the entry ways (rooms) with a width of 5.75 m (20
ft.) and the pillars with width of 11.5 to 17.25 m (40 to 60 ft.) as shown in figure 1 below.
In some room and pillar mines, on retreat mining, the pillars are removed, allowing the
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roof to collapse. This is called "pulling the pillars". The objective of this design is to
extract the maximum amount of ore that is compatible with safe working conditions [1].

The dimensions of the rooms and pillars depend on many design factors:
= The stability of hanging wall (Roof),
= Strength of the ore in the pillars,
= Thickness of the ore deposits, and
= The mining depth.
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Fig. 1. Section and plan views of room and pillar mining method

If one pillar fails and surrounding pillars are unable to support the area previously
supported by the failed pillar they may in turn fail. This could lead to the collapse of the
whole mine. To prevent this, the mine is divided up into areas or panels. Pillars known as
barrier pillars separate the panels. The barrier pillars are significantly larger than the
"panel" pillars and are sized to allow them to support a significant part of the panel and
prevent progressive collapse of the mine in the event of failure of the panel pillars [2].

2. Problem definition and layout

Figure 2, shows the layout of the modelled case study. Figure 3, represents the model set
up and meshing. The studied problem is divided into four zones; sandstone (roof) and 0.5 m
of siltyshale (immediate roof) (e.g., both are hanging wall), coal seam (e.g., 3 m thickness)
and interbedded siltstone, shale and limestone (e.g., footwall). The geomechanical and
strength properties of rock mass, used in this numerical model, are given in Table 1 below.

Roof (Sandstone)

0.5 m Silty Shale (immediate roof 0.5 m thick)

3m
Pillar Room Pillar Room Pillar Room

6m 9m

Floor (Interbedded siltstone, shale and limestone)

Fig. 2. Schematic representing the studied model
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Sandstone

Siltstone, shale and limestone

Fig. 3. Phase 2D model set up and meshing

Table 1.
Geomechanical rock mass properties used in the model
Property Interbedded siltstone, Coal seam Silty shale Sandstone
shale and limestone (3 m thick) (Immediate roof (Roof)
(Floor) of 0.5m thick)

A MN/m® 0.023 0.013 0.023 0.024
E, MPa 55100 3030 28900 75000
v, Poisson's ratio 0.22 0.40 0.28 0.18
o., MPa 88 21 43 97

3. Horizontal-to-vertical stress ratio, K
The ratio, K, of average horizontal stress o, to the vertical stress o,is normally

expressed as [3]:

K=2t 1)

Oy
In the Canadian Shield, K varies nonlinearly with the depth [4-5]. At shallow depth, K
tends to be larger than it is in deeper mines as shown in Figure 4.
In this investigation, four scenarios have been examined with different K-values (e.g., 0.5, 1,
1.5 and 2). The mine depth is 1200 m below ground surface. Room width is 6 m and pillar
width is 1.5 times the room width. The average overburden unit weight is 0.02075 MN/m®.

Ratio: Horizontal Stress/Vertical Stress
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Fig. 4. Variation of K-values with depths [5-6]
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4. Results and discussion

The results will be presented in the next section in terms of maximum pillar stress,
displacements/convergence and factor of safety.

4.1. Stresses in pillar

The average stresses in pillars that are of similar size and are located in a regular pattern
can be estimated using the tributary area approach, which assumes that the weight of
overburden is equally distributed among the pillars. This provides an upper limit of the pillar
stress and does not consider the presence of barrier pillars or solid abutments that can reduce
the average pillar stress. The conditions where the tributary area method is not valid, such as
irregular pillars, limited extent of mining or variable depth of cover, numerical models can be
used to estimate the average pillar stress [7]. The stress on the pillar can be calculated, as
shown in Figure 5, using an empirical formula as per Equation (2) [8-9]:

Actual pillar stress Tributary area pillar stress

| [h
Wo
Fig. 5. Stresses in the pillar by Tributary area method

yxH (Wp+W,)? _ yxH

Op = Wp? 1-R (2)

Wp?2
B Wp+wp)? (3)

R=1
Where:
op = Maximum stress that pillar can sustain without failure,
R = Extraction ratio,
Wp= Pillar width,
W, = Room width,
H= Mining depth, and
v = Average unit weight of overburden.

Therefore, at 1200 m depth below ground surface,l/l/pz 9m, W= 6mand y = 0.02075
MN/m?, the stress acts on the pillar is:
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_ yxH (Wp+W,)? _ 0.02075x1200 (9+6)?
P — WPZ 92

= 69.17 MPa.

The same value can be obtained through extraction ratio:
Wp? )
Wp +W)2 — (9+6)?

__yXH _ 0.02075x1200
T 1-R 1-0.64

R=1 = 0.64 = 64%

op = 69.17MPa

Table 2 summarizes the calculated and predicted (e.g., from numerical modelling) pillar
stress. The simulation result depicts the maximum pillar stress at various K-values is
shown in Figure 6 below.
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Average calculated pillar stress, MPa

Maximum stress in pillar, MPa
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Fig. 6. Maximum pillar stress at various K-values

Table 2.
Summary of the calculated and predicted pillar stress at various K-values

K, value Maximum pillar stress, MPa
Predicted Calculated
0.5 45 69.17
1.0 54 69.17
1.5 68 69.17
2.0 95 69.17

As shown in Figure 6, the empirical method gives consistent value of pillar stress.
Alternatively, pillar stress is constant regardless K-value. On the other hand, pillar stress
rises as K-value increases.
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4.2. Displacements/convergence

Displacement/convergence is generally site specific; they depend on the rock mass
stiffness properties, purpose of the underground opening and the design and code
requirements. In the following, three displacement-based are introduced below:

4.2.1. Wall convergence ratio (WCR):
WOCR is defined as the ratio of the total magnitude of the wall closure to the span of the
initial drift as shown in Equation (4) [3]:

WwW,—-W
WCR = ——#/

x 100 % = 2max 5 100 (4)
p Wp

Where:

Wp is the original width of the pillar and W,,: is the span of the pillar after
deformation.

4.2.2. Roof sag ratio (RSR)
RSR is defined as the ratio of the roof sag (AS) to the span of the pillar as given in
Equation (5) [3]:

RSR = = x 100% (5)
Wp
Where:

W, is the original span of the pillar and AS: is the roof sag.

4.2.3. Floor heave ratio (FHR)
FHR is defined as the ratio of floor heave (Ah) to the span of the pillar as shown in
Equation (6) [3]:

FHR = 2 % 100% (6)
Wy

Figure 7 depicts the displacement/convergence criteria at various K-values. It can be seen
that, as K increases (e.g., horizontal stress increases) the displacement/convergence increases.
The maximum displacement occurs in the wall due to high horizontal stress (e.g., at K =2).
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Fig.7. Displacement/convergence at various K-values
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4.3. Factor of safety

The stability of a pillar can be evaluated by calculating a factor of safety (FOS), which
is the ratio of the pillar strength to the average stress in the pillar.

The safety factor is estimated as given in Equation (7):

Strength of the pillar _ ocr

FOS = (7

Stress on the pillar - Opg

Where:

FOS: factor of safety,
ocg:Strength of the pillar and
op,: Stress on the pillar.

The method predicts the pillar strength that can be expressed as a power equation
incorporating the UCS of the rock, the pillar width (W5) and the pillar height (h) as
follows, Equation 8, [7]:
ocp = 0.65 X UCS x /222 ®)

10.59
Therefore,

90

30.
St th th ill 13.80

Consequently, FOS = 3engthof the pillar _ gcr _ 1380 _ ) 5

Stress on the pillar Opa 69.17

~ = 13.80 MPa

5

Ocr = 0.65% 21x

Another formula used to estimate the factor of safety is given in Equations 9&10 [10]:
Strength of the pillar o of pillar

FOS = Stress on the pillar = Opultimate (9)
Opyitimate — Oc + (KX 63) (10)
Where:

o.: Uniaxial compressive strength of coal,
K: Horizontal-to-vertical stress ratio and
03 Overburden stress (Vertical stress) =y x H.

If thea,: of the coal is 21 MPa and K= 0.5 50, 0pyjtimate = 21 + 0.5 X 0.02075 X
1200 = 33.45 MPa.

Table 3 gives the calculated and simulated values of ultimate stress that pillar can
sustain without failure and factor of safety at various K-values (based on Equations 9
&10). The ultimate stress (e.g., predicted and calculated) act on the pillar at various K-
values is shown in Figure 8 below. Figure 9 shows the factor of safety at various K-
values. It can be seen from Figure 8 that, the ultimate stresses in the pillar increase as
K-value increases. But, factor of safety reduces as K-value increases as shown in
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Figure 9. The numerical modelling looks more conservative than empirical methods
(e.g., simulated factor of safety is less than calculated).

Table 3.
Calculated and simulated ultimate stress in pillar and factor of safety at various K-values.
K, Ultimate stress in the pillar, MPa FOS
value (FOS = Zeo/ pilar
( Opuitimate = O¢c + K% 03) Pultimate
Calculated Simulated Calculated Simulated
0.5 =21+0.5*1200*0.2075= 33.45 45 0.63 0.47
1 =21+1*1200*0.2075=45.9 54 0.46 0.39
15 =21+1.5*1200*0.2075=58.35 68 0.36 0.31
2 = 21+2*1200*0.2075=70.8 95 0.30 0.22

—e— Ultimate Pillar Strength, Calculated

(o]
(6]
1

—a— Ultimate Pillar Strength, Simulated

g oo ~N 0
o o1 o1 o

w b
o o

Ultimate stress in the pillar, MPa

N
o1

o
a1
[y

1.5 2
K-values

Fig. 8. Predicted and calculated ultimate stresses in the pillar at various K-values
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Fig. 9. Predicted and calculated factor of safety at various K-values
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5. Conclusion

This paper presents parametric study to evaluate the pillar stability adopting factor of

safety.

Room and pillar mining method has a lot of merits; such as: cheap, highly

productive, easily mechanized, and relatively simple to design. Stress in a pillar is evenly
distributed and equal to the original vertical geostatic stress divided by the pillar
area/original area ratio. Pillar failure occurs when stress acts on pillar exceeds its
compressive strength. Tributary method assumes the statement of average pillar stress; i.e.
each pillar that left during excavation supports all the overlying strata that are “tributary”
to their location. The results reveal that, factor of safety decreases with mining depth
increases (K ratio increases). The ultimate stress in pillar increases as mining depth
increases (K ratio). Mining depth, Pillar width, extraction ratio, and factor of safety are
most influencing factors for room and pillar mining method.
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