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LOADING CHARACTERISTICS OF PILLARS IN MULTIPLE-SEAM
MINING OPERATIONS

By G. J. Chekan! and R. J. Matetic!

ABSTRACT

The Bureau of Mines, in an effort to improve resource conservation, mine
planning and development, is currently investigating the loading behav-—
ior of pillars in multiple-seam developments. The simultaneous mining
of twe or more coalbeds may cause instability between room—and-pillar
operations resulting in an interaction known as pillar load transfer.
Although pillars may be adequately designed for single-seam mining, the
development of a second seam may complicate loading conditions in both
operations. If pillars are not adequately designed to contend with this
load transfer, fallure of the mine structure may result.

To improve multiple-seam development and pillar design, the Bureau
studied the loading characteristics of pillars in three separate
multiple~seam operations. In all three cases, instrumented pillars re-
corded increasing pressure after development of the second seam. In-
creases in the average pillar pressure ranged from 7 to 110 pct over
predicted overburden loads. An analysis of pillar loading before and
after second-seam mining indicates that the ratio of overburden to in-
nerburden thickness 1is a critical factor influencing 1load transfer.
Based on this relationship, safety factors for case study pillars are
calculated and alternative design considerations are discussed.

1Mining engineer, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, PA.



INTRODUCTION

The transfer of load between pilllars
in multiple—seam operations has been doc-

umented in various fleld studles. The
parameters that control the interaction
can be classified into two categories:

(1) fixed parameters, which are dependent
upon the geologic environment and include
overburden, innerburden thickness and
physical characteristics, seam height,
coal strength, and in situ stress fields;
and (2) design parameters, which are de-
pendent upon engineering design and in-
clude pillar size, entry span, seam se-
quencing, mining method, and mining
height. Comparative studies which relate
these two sets of parameters have pro-
vided insight into delineating principal
factors that control the magnitude and
distance of load transfer. Researchers
have developed emplrical relationships
that investigated the fixed parameters,
independent of design. These relation-—
ships 1Indicate that depth, innerburden
thickness, layering, and physical charac-
teristics all have an effect on the mag-
nitude of load transfer. One relation-
ship suggests that interactive distance
between room—and—pillar operations may be
limited to 110 ft regardless of depth (l-
g).z Photoelastic and numerical models,
which have been developed to study engi-
neering design, indicate that pillar size
1s a critical factor influencing Iinter-
active distance. Interactive distance 1s
controlled by the least width of the pil-
lar, and rectangular pillars will gener-
ally transfer less load a shorter dis-
tance as compared to a square pillar
of equal load-carrying capacity (2-3).

2Underlined numbers in parentheses re=-
fer to items in the list of references
preceding the appendix.

Other factors, such as seam helght, coal
characteristics, 1n slitu stresses, seam
sequencing, and mining method, all con-
tribute to the transfer mechanism to some
degree, but their importance varies de-
pending on site specifics.

Although these studles provide consid-
erable understanding to the problem, few
investigations 1nvolve the actual under-
ground Instrumentation and monitoring of
pillars during multiple—seam development.
To further study 1load transfer between
pillars in multiple—seam operations, the
Bureau of Mines «collected various geo-
mechanical Iinformation at three separate
mine sites. Fixed and design parameters
varled, but a comparison of the sites
shows the following:

1. All three sites were simultaneous
room—and-pillar operations (upper and
lower mines). Pillar superpositioning
was practiced at two sites; the other

used random pillar arrangements.

2. Pillars
capacities.
by 60 ft,
the third.

had similar load-carrying
At two sites pillars were 45
and they were 55 by 55 ft at

3. Percent extraction was similar at
all six mines, ranging from 0.45 to 0.48.

4, Innerburden was less than 110 ft at
all three sites.

conducted these studles to
better understanding of load
between pillars in simultane-
ous mining operations. Eventually, this
knowledge will lead to lmprovements 1n
the planning and development of multiple
seams.

The Bureau
develop a
transfer



COMPARISON OF MINE SITES

FIXED AND DESIGN PARAMETERS

instrument was developed for measuring

mining~induced pressure changes in coal
Tables 1 and 2 compare the fixed and measure strata (fig. 1). It consists of
design parameters for the three sites. a copper flatjack or bladder positioned
Methods for calculating ¢), the in situ between two aluminum platens. The in-
strength of coal, are given in the  strument 1is 1nstalled in a 2-in-diam
appendix. borehole in the pillar, and the flatjack
is inflated with hydraulic oil to a pre-
INSTRUMENTATION OF PILLARS determined setting pressure. BPF's can
be oriented in the borehole to measure
Pillar pressures at all three sites pressure changes in any direction. At
were monitored wusing a simple and 1in- all three sites, the BPF's were orilented
expensive instrument known as the bore- to measure vertical increases in pillar
hole platened flatjack (BPF) (4). The pressure.
TABLE 1. - Comparison of fixed parameters
Fixed parameter Case 1 Case 2 Case 3
LOCATION
COUNtYevoesocsavssvesnscssssese | Indianaseessseees| Salinecseesessesses | Raleigh.
Stat@ssvesssesescsesereneneass | Pennsylvaniaee.oo| I11inoisesveecesess | West Virginia.
COAL CHARACTERISTICS
Upper coalbedecssceasecsesees | Upper Freeport...| Herrin No. 6....... | Peerless.
ThicknesSSesseeoeoessseedNee | 4200ueunnnencscee| 7200uonnnnescescans| 124
Strength, psi:l
Cubical specimen (0c)esss| NDevesessswnvosoe| NDiveosvosansaoasas| 1,870,
In situ coal (01)eesesess | NDeseesssoaoossoesl NDeveseosssonssoneo| 440.
Lower coalbed.eeeeccesesssese| Lower Freeport...| Springfield No. 5..| No. 2 Gas.
ThicknesSeeeeecessoseesifNes | Dbevecscersvenens| 9200uusscrvenansees | 48,
Strength, psi:1
Cubical specimen (Oc)eees| 2,360000eesvvnsee| 2,690000ceeenssasas ND.
In situ coal (1) eceeeeee| 5560cecnvesnvsess| 634 ceeesnsesassass ND,.
OVERBURDEN
Depth to upper coalbed...ftee] 345, cnrevennee] 445, 0aesnavecnnnes| 960,
Compositionescesesssscsseenes | Interbedded shale! Interbedded shale.. | Sandstone and
and sandstone. interbedded
INNERBURDEN shales.
ThicknesSesosseveseosoesaftos | 650uvennvssnvnses | 105i0eeaannnsnnnans 40,

Compositionesssssensccannsans

Interbedded
shales.

Interbedded shale..

Sandstone and
shale.

ND Not determined.

Igee appendix.
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FIGURE 1.--Schematic of borehole platened flatjack.

Setting pressure for the BPF is deter-
mined by using a commonly used method to
calculate the pressure 1n the pillar due
to the weight of the overburden. The BPF
is then set in the borehole to match this
value, which 1s usually rounded to the
nearest 100 psi. BPF setting pressure
usually drops 200 to 300 psi in the first
few days after installation as the in-
strument reaches equilibrium with the
host strata. Calibration tests conducted
on the BPF's suggest that the relation~—
ship between actual strata pressure and
BPF pressure can be represented by the
curve in figure 2. These tests indicate
that flatjack sensitivity or K-factor is
directly related to the setting pressure

of the instrument. Therefore, increases
in pillar pressure can be approximated by
using the tributary area method in con-
junction with the equilibrium pressure
of the BPF, the K~factor, and the peak
pressure recorded from the BPF after sec—
ond mining. The equations for determin-
ing this value are as follows:

- 1
TAM = 1.1 (d)(m) ’ (1)
where TAM = tributary area method, psi,
1.1 = constant, psi/ft of

overburden,




TABLE 2. - Comparison of design parameters

Design parameter

Case 1

Case 2

Case 3

Mining method:
Upper minEseesevececencscns
Lower min€easseecococssnanse
Mining height, in:

Room-and-pillar..

oc-dOoccc-olccooo

Room—and-pillar..

eeedOeercnenncane

Room—and-pillar.
Do.

Upper minesessesesessnnsnes | 42iiiieenenncnnne | 72000nasennsneaes | 72,
Lower minGeseeorcoscocsoaes | iueurvvesnesaens | 92 0iieennneneere | 48,
Pillar superpositioningeeeess | NOvsevivenorsosos | Y@Soeeeeeeosvsese | Yes,
Seam sequencing:
Upper mineseecssseossassses | 2decescscoscvonas | 2deseceecencesnss | lst.
Lower mine.eeeeseoecsesenes | 18Eeuuussenveocss | 18Eaueeasennaneas | 2d.
Pillar dimension (W % L), ft:
Upper mineseeecesssssasanse | 40 by 60.0.ueeees | 55 by 55.00vuee.. | 45 by 60,
Lower mineeeeecoseesoseseoe | 45 by 6000uuusees | 55 by 55.uveensas | 45 by 60,
Entry width, ft:
Upper min€ecvevesroncvoeovaoel 18eeuusinvvansnee | 200iecinencacesas | 18,
Lower min€.eeeseeesscessens | 200c0encacsccessee 20000 ucansrennees | 18,
Percent extraction (R), pct:
Upper min€esssvecessenceene | 00h70iunnssesnnes | 0edbonunnnnncenas | 0,45,
Lower min€eeeeocessanonones | 0ebBuuiiinnaceaee | 00460 ninnnannaes | 0,45,
d = depth, ft, innerburden averages 65 ft 1in thickness
and consists predominantly of innerbedded
and R = percent extraction; shale. The overburden above the Upper
Freeport Coalbed (upper coalbed) ranges
_ _ 1 from 330 to 430 ft and is approximatel
Pz = TAM + (BPFp — BFFe) <&i>’ (2) 345 ft at the study site. 7
Figure 4 shows the location of six
where Pp = pillar pressure after BPF's 1in three selected plllars of the
second-seam mining, psi, lower mine. BPF's were installed approx-—
imately 65 days before development was
TAM = tributary area method, psi, directly superjacent iIn the upper mine.
BPFp = peak pressure recorded from
BPF after second-seam min- 1,600 I ] ] ] I ,
ing, psi, - KEY b
[,400— e K-factor m
BPFg = equilibrium pressure of BPF - Average K-factor= 7
after installation, psi, = 1,200k~ Final gauge pressure—initial gauge pressure .
% - Final medium pressure—initial medium pressure i
and K = constant factor, dependent & 1,000 -
on BPF setting pressure E - ’ 8
estimated from figure 2. m 800} .
e L i
Case 1 3 so0l- ° -
— W i i
This simultaneous mining operatlon 1s “ 400/~ -
located in Indiana County, PA, and the B 1 | ] .
operator is workin oth the Upper 200 ‘ ' '
nger §ree:or§ Coglb:ds (5). Ap'Ez.)traf:ui.uE oz 04 06 08 1.0 l2 14 1
2 AVERAGE K-FACTOR
graphic column representative of the

study area is shown in figure 3. The

FIGURE 2.--K-factor curve for borehole platened flatjack.



TABLE 3. ~ Increase in pillar load (AP) after second-seam mining for case 1

(Setting pressure, 900 psig; K-factor, 1.12; TAM, 870 psi)

Instal-
BPF lation | BPFg, | BPFp, | Py, | AP,!
depth, psig psig psi | psi

Instal-
BPF lation | BPFg, | BPFp, | Py, | AP,!
depth, psig psig psi | psi

ft ft
Toeesns 22 825 | 925 | 960 | 90 || 5...... 22 800 | 900 | 960 | 90
2ueenn. 10 825 | 900 | 935| 65 || 6...... 10 800 | 850 | 915| 45
T 23 800 | 900 | 960| 90 Av... | Nap NAp | NAp | NAp 65
bhuveuns 10 800 | 825 | 895| 25

NAp Not applicable. “AP = P, - TAM,

NOTE,--K-factor determined from figure 2.
At this site, pillar superpositioning was

not practiced as figure 5, an overlay of
the two mines after development, shows.

0
[‘ P77 LR Surface
50 Red and green claystone
Gray sandstone
100 |- Dark-gray sandy shale
150 Dark-gray shale
....... Dark-gray shale with inter-
200 |- bedded sandstone
“
- Gray sandstone
Eg 250
> Black shale
& fd oo
2] S00 - Dark-gray sandy shale
e Red and green sandy
350 |- 1~ claystone
Dark-gray shale with inter-
bedded sandstone
400 |- Dark~-gray shale
~Upper Freeport Coalbed
B {~Dark-gray fire clay
450 Gray sandy shale
Dark-gray shale with inter-
500 | N bedded sandstone
\\BMCkshaw
Lower Freeport Coalbed
550 L LLight—gruy fire clay

Gray sandy shale

FIGURE 3.--Stratigraphic column for case 1.

Table 3 lists the values of the variables
in equations 1 and 2 for calculating P,.

- L L
—N
@6
T .
5 LEGEND
~ A D [ ® BPF
? ?O IQO
' , {-"—-—-] [__ Scale, ft ‘

FIGURE 4.—Location of BPF's in pillars of lower mine for
case 1.

LEGEND

instrumented
plllars

[ Upper mine
| Lower mine

0 100 200 G D
S T ——

Scale, ft

FIGURE 5.--Overlay of two mines in study area for case 1.

[
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Case 2
This simultaneous mining operation is
located in Saline County, IL, and the
operator 1is working the Herrin Coalbed

No. 6 and the Springfield Coalbed No. 5.
A stratigraphic column representative of
the study area is shown in figure 6. The
innerburden 1s approximately 105 ft thick
consisting predominantly of shale with a
narrow sandstone unit 7 ft thick. The
overburden above the Herrin Coalbed No. 6

is approximately 445 ft at the study
area. It consists of interbedded shale
and sandstone with some narrow limestone

units, Figure 7 shows the location of
the 18 BPF's 1in nine selected pillars of
the lower mine. BPF' s were dinstalled

TABLE 4. - Increase in pillar load (AP)
after second-seam mining for case 2

(BPF setting pressure, 1,000 psig;
K-factor, 1.24; TAM, 1,120 psi)

Instal-
BPF | lation | BPFg | BPFp, | Py, | AP,!
depth, | psig | psig psi | psi
ft

levws 25 900 | 1,000 1,200 80
2004 10 900 | 1,000 1,200 80
3aees 25 825 875 | 1,160 40
beoas 10 900 950 | 1,160 | 40
Seces 27 925 975 | 1,160| 40
L RN 8 875 9751 1,200 80
Teues 27 900 900 | 1,120 0
8.ican 12 550 600 | 1,160 40
9eves 27 875 900 | 1,140 20
10... 12 900 9751 1,180 60
11l... 20 200 925 1,140} 20
12... 12 925 950 | 1,140 20
13... 20 825 850 | 1,140| 20
l4... 12 825 1,675 1,820 700
15... 24 725 750 1,140 20
16... 11 900 900 | 1,120 0
17... 27 850 850 | 1,120 0
18, .. 11 775 900 | 1,225 105
Av. NAp NAp NAp NAp| 75

NAp Not applicable. lagp = Py, ~ TAM.

NOTE,—-K~-factor determined from figure 2.

approximately 20 days before pillar de-
velopment was directly superjacent in the
upper mine., Pillar superpositioning was
practiced at this site as figure 8, an
overlay of the two mines after develop—
ment, shows. Table 4 1lists the wvalues
of the variables in equations 1 and 2 for
calculating Py.

O._

50r

1

100

150 Coalbed
o Siltstone

Sandstone

Shale
Siltstone

Shale
Coalbed

=== // Claystone
,Sandstone
Siltstone
Shale

200

250

300

DISTANCE, ft

350— S —

400

X Shale
S LA ~Sandstone
R Limestone

= Shale
450 —_ Herrin Coalbed No. 6
e Shale
Coalbed

L —— \Shale
500 Sandstone
Shale
Springfield Coalbed No. 5

Siltstone
Sandstone

I

550

600~

FIGURE 6.--Stratigraphic column for case 2.
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Case 3

This simultaneous mining operation is
located in Raleigh County, WV, and the

operator is working the Peerless and
No. 2 Gas Coalbeds (6). A generalized
stratigraphic column representative of

mine 1is shown 1n figure 9.
The innerburden 1s approximately 40 ft
thick consisting predominantly of sand-
stone with some 1interbedded shale units.
The overburden above the Peerless Coalbed
is approximately 960 ft at the study area

the entire

or
Sandstone

Shale with thin coal
Sandstone

100 |~

Shale with thin coal

200

Sandstone

Shale with thin coal

Sandstone
Shale with thin coal

Sandstone
Coal and shale
Sandstone
Coal and shale

Sandstone

Shale
Sandy shale
Coal

DEPTH, ft

e
%0

4 — (2NN
VS

500 - V=

oq
————1 Shale, sandstone, coal

......
oooooooo

voooiil Massive sandstone

600 [.niise

""" Peerless Coalbed
- Shale

£ Sandstone

. Shale
700 No. 2 Gas Coalbed

FIGURE 9.--Stratigraphic column for case 3.

and consists of sandstone with some in-
terbedded shale wunits. Figure 10 shows
the location of four BPF's in two se-
lected pillars of the upper mine. Pillar
superpositioning was practiced at this
site as figure 1l shows an overlay of the
two mines after development. BPF's were
installed after problems were first no-
ticed, approximately 2 yr after the de-
velopment of both coalbeds. Ground prob-
lems, which included excessive pillar
loading, spalling, and floor heaving,
occurred first 1in the upper mine, but in
several months gradually affected both
operations. Table 5 lists the values of

the wvariables in equations 1 and 2 for
calculating Pjp.
]
\\
|
3
i‘ 2
N
LEGEND 0 20 40
® BPF l
Scale, ft

FIGURE 10.--Location of BPF’s in pillars of upper mine for
case 3.
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TABLE 5. - Increase in plllar load (AP) after
second—seam mining for case 3

(TAM, 1,920 psi)

Installation | Setting BPFg, | BPFp, P,, | AP,1
BPF depth, ft pressure, K-factor? psig psig psi psi
sig

leceoes 25 ﬁ,lOO 1.30 1,100 | 8,100 | 7,300 | 5,380
2isanns 12 1,225 1.36 900 950 | 1,960 40
K P 22 1,200 1.34 1,200 5,100 | 4,830 | 2,910
beossnn 10 1,275 1.38 1,200 1,250 | 1,960 40
Av... NAp NAp NAp NAp NAp NAp | 2,095

NAp Not applicable.

Iap = Py, ~ TAM. ZDetermined from figure 2.

PILLAR LOAD TRANSFER CHARACTERISTICS

Hypotheses concerning pillar loading
(7) have divided the pillar into two dis-
tinct zones; the core and the yield zone.
The core 1s the zone in the pillar center

that behaves elastically

by the yield =zone which

(-
()

and is confined
surrounds it.

LEGEND

Inlsitrumen’red
] Upper mine
[ ] Lower mine

I?O 2?0

pillars

Scale, ft

FIGURE 11.-Overlay of two mines in study area for case 3.

Figure 12 shows three Dbasic loading
characteristics for pillars. Figure 124
shows a peak-trough-loaded pillar where
the highest pressure occurs towards the
pillar yield zone. Photoelastic models
(2) have shown that pillars loaded in
this manner are a stable design and are
unlikely to transfer 1load to underlying
or overlylng operations. Several pillars
in case 2 displayed this type of loading
behavior after development of the second
seam, and underground observation showed
the study area to be relatively stable.
A uniform loading (fig. 12B) rarely oc-
curs in actual undergrouad conditions,
although it is used frequently in theo-
retical design. A pillar that loads 1in
this manner 1s more 1likely to transfer
load, but 1is also considered a stable
design. Pillars in case ! displayed This
type of loading behavior. A pillar that
displays a peak loading (fig. 12(), where
the highest pressure occurs towards the
pillar core, 1is considered an unstable
design and highly 1likely to traunsfer
load. In englneering practice, the upper
limit of average stress 1in the pillar
core is estimated at four times the over-
burden load (7). The pillars in case 3
displayed this loading characteristic.
Visual observation of the study area
showed the mine structure to be very
unstable as floor heaving and pillar
spalling were the major ground problems.
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Additionally, a pillar may display a
peak—-trough loading, but gradually decay
to a peak loading. This is caused by a
time-dependent failure of the yield zone
as the load 1is gradually transferred to
the pillar core. This process is a func~
tion of the pressure, pillar dimen-
sions, and the strength of the coal and

surrounding strata. This time—dependent
failure correlates well with documented
pillar load transfer case studies that
show that ground problems do not develop
immediately, but usually severgl months
or years after both workings have been

developed (1-2, 5-6).

PILLAR SAFETY FACTORS

Additional loads imposed on pillars re-
sulting from the development of a second
seam can cause instability in one or both
operations. This is particularly true if
pillars are not properly designed with
adequate safety factors to contend with
this load transfer. There are many meth-
ods available for calculating pillar

A

Peak - trough loading

Uniform loading

Peak loading

FIGURE 12.-Loading characteristics of pillars.

strength and resulting safety factors.
Research has shown (8) that pillar
strength is characterized by two effects,
the shape and size. The more commonly
used pillar design formulas take these
two factors into consideration. These
design formulas account for the differ-
ences in the strength reduction between
small-size specimens tested in the labo-
ratory and full-size coal pillars mined
in situ. From available pillar design
methods the following four formulas are
most applicable to roomand-pillar coal
mines,

l. Obert-Duvall:

where op = the pillar strength, psi,

01 = in situ coal strength, psi
(see appendix),
w = least width of pillar, in,
and h = height of pillar, in.

2. Holland-Bureau:

op = o1 (w/h)1/2 (4)
where o, = the pillar strength, psi,
0] = 1n situ coal strength, psi
(see appendix),
w = least width of pillar, in,
and h = helght of pillar, in..

3. Holland-Gaddy:

op = 0oesm DW/3 (5)




13

where 0p = strength of mine pillar, psi, These formulas can be used in conjunc-
tion with the TAM (which assumes the pil-

0. = cubical specimen strength, lar to be gravity loaded only) to deter-

psi, mine the pillar safety factors. Table 6

lists the safety factors before and after

h = height of pillar, in, second—-seam mining for these four formu-

las. This analysis 1is based on data

D = side dimension of cubical obtained from dinstruments that detect
specimen, in, stress changes 1in coal measure strata.

The accuracy of these instruments, such

and w = least width of pillar, in. as the BPF or vibrating-wire stressmeter,
is wuncertain. The unresolved problems

4, Bieniawski-Pennsylvania State are directed at the calibration of the
University: instrument or the relation Dbetween re-

corded stress changes and the stress that

op = o1 (0.64 + 0.36 w/h), (6) is actually experienced in situ. Al—

though the margin of error 1s debatable,
strength of mine pillar, psi, such exercises are necessary to gain in-
sight into the relationship between pil-

[}

where Ip

03 = in situ coal strength, psi lar loading and instrument behavior.

(see appendix), Other studies (9-10) have attempted simi-

lar interpretations, and one positive

w = least width of pillar, in, aspect this research has shown 1s that

these instruments function well as trend

and h = height of pillar, in. indicators, especially when coordinated

with underground observation.

TABLE 6. — Safety factors for pillars

Case 1| Case 2 | Case 3

Estimated load on pillar using tributary
area method (TAM)eessseoscsescosnrsapSia, 870 | 1,120 | 1,920
Average increase in pillar pressure after ,
2d—seam development.seesecoosesesessspsin, 65 75 2,095
Increase over TAM.iueeeevoessnssovscesPCla, 7.5 6.7 109.4
Estimated load on pillar after 2d-seam
Mininge eoreececoscrossnrsonsrsesssneePSiae 935 | 1,195 | 4,015
Overburden-innerburden ratioscsesssssessaa| 5.3:1 4,2:1 24:1
Pillar strength (o), psi:
Obert-Duvallesesencsosssssnassosssnasses| 1,672 | 1,510 | 1,080
Holland—-BureauUsssssoscosessseesssosnerees | 1,738 1,698 1,205
Holland=Gaddyeeesveossssvoncsssarsncnsss| 1,437 1,063 854
Bienfawski-PA State Univeeseocecsaeoesss| 2,357 | 2,043 1,470
Safety factor before 2d-seam development:
Obert-Duvallesesseesssceassascssonssanse 1.92 1.34 0,56
Holland-Burealseeoeeesessvssserosennnness 2,02 1.52 0.63
Holland~Gaddy.sseesseossssossessssnsccses 1.65 0.95 0.44
Bieniawski1~PA State Univeeeesrscscesenas 2.71 1.82 0.77
Safety factor after 2d-seam development:
Obert—Duvalleeciessssssconnssvasocnssses 1.78 1.26 0.26
Holland-BureauUesssevoscscsssessssavassacasss 1.88 1.42 0.30
Holland-Gaddysesscosooovssovcncesccnnnss 1.54 0.89 0.21
Bienlawski-PA State Univieeseeosesnseass 2.52 1.71 0.37
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Pillar strength and safety factors for
this analysis were derived wusing the
ultimate strength approach. This design
method makes two assumptions: (1) pillar
strength is related to the uniform, ulti-
mate strength derived by scaling wuni-
axial strength values laboratory speci-
mens; and (2) an average pillar stress or
load exists across the plllar in situ.
Recommended safety factors for pillars
designed by this approach generally
range between 1.5 and 2.2 (8). The
Bieniawski-Pennsylvania State University
formula gives the highest safety factors
for all three cases. For cases 1l and 2,
safety factors generally remained above
1.

Observations on ground conditions at
these two sites showed that plillars ex-
perienced some slight rib spalling after
second—seam development, but for the most
part remained 1ntact and very stable.
The entries in the study areas also re-—
mained stable. Some slight floor heaving
was evident at site 1 and some poor roof
conditions existed at site 2, but this
could be due to a regional stress field
(11). The overburden-innerburden ratios
at gites 1 and 2 were 5.3:1 and 4.2:1,
respectively. Case 3 experienced the
worst conditions of the three sites.
Safety factors 1Indicate that plllars were

most 1likely wunderdesigned even before
second—seam mining, but problems were not
experienced until 2 yr after both opera-
tions were developed. The overburden-
innerburden ratio at this site is 24:1.

Field studies (1) that relate room—and-
pillar stability to depth and innerburden
thickness, independent of pillar design,
suggest that when innerburden-to-over—
burden ratioc exceeds 8:1, an unstable
condition may result. Site-specific var-
iations of the fixed and design parameter
will dinfluence this ratio, but for the
most part, case study documentation vali-
dates this trend, particularly for inner-
burden less than 110 ft. Under these
conditions, pillars designed with lower
limit safety factors (<1.5) may experi~-
ence instabllity because of stresses pro-
duced after development of the second
seams. Although the analysis in table 6
is derived from a rather limited data set
and the results are not conclusive owing
particularly to a lack of information on
stability at greater and thicker inner-
burdens, this analysils does demonstrate
the effects of increasing overburden-
innerburden ratios on the stability of
multiple room—and-pillar  developments.
When fixed parameters exceed the above
criteria, plllar safety factors should be
kept towards the upper limit of 2.2.

ALTERNATIVE DESIGN CONSIDERATIONS

Determining the proper size of pillars
to withstand additional loads resulting
from multiple-seam mining is a trial and
error procedure, based mainly on experi-
ence. Overdeslign or increasing pillar
size is the most common solution to the
problem, but for workings at depths
greater than 1,000 ft and with high over-
burden—~innerburden ratios, this approach
may not be practical. For example, re-
design pillars 1In case 3 using an upper
limit of pillar stress (o,) of four times
the overburden load (33. Selecting a
conservative pillar formula, such as the
Bienlawski-Pennsylvania State University
formula and back calculating, a 150-ft-
square pillar 4is required. Malntaining
the same entry width of 18 ft, the pillar
safety factor is increased to 3.2, but

percent extraction 1is reduced to 0.20.
This is unacceptable for maintaining a
profitable mining operation,

Unique solutions for maintaining prof-
itable yet stable multiple room—and-
pillar operations at depth may be sought
in the application of yield pillars or
stiff~yield pillar systems. Yield pil-
lars have been successfully demonstrated
for improving gate entry stability in
longwall mining, but are relatively un-
proven in room—and-pillar panel develop-
ments. Yield pillars have been proposed
by various researchers (12-13) and in-
volve the application of pressure arch
theory and techniques.

Arching theory assumes that the mine
opening is the major structural element
in the transfer of load. Load transfer




is the result of the pressure arch that
forms around a mine opening wupon excava-
tion. The arch 1is elliptical and exists
both above and below the mine opening.
As shown in figure 13 (14), 1t consists
of an 1intradosal ground (tension zone)
enveloped by an extradosal ground (com—
pressive zone). The pillars support the
extradosal ground, which is known as the
abutment pressure. The magnitude of the
abutment pressure and the shape and
height of the arch are dependent upon the
depth, the opening width, and the phys-
ical nature of the strata. In conven—
tional room—and-pillar panels, indepen-
dent arches can form from pillar to

Extrodos’al ground
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/
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/

|
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In a yield pillar pan—

are designed to yileld
controlled manner and
larger barrier or abut-
ment pillars forming a secondary arch
(fig. 15). Applying this concept to
multiple—seam operations, and practicing
pillar superpositioning, 1in theory, a
large arch would form and a destressed
zone would be created between the two
panel developments. Load transfer would
then take place between the barrier pil-
lars designed with large safety factors,
rather than the individual panel pillars.
Figure 16 illustrates the theoretical
distribution of stress in a multiple-seam

pillar (fig. 14).
el, the pillars
thelr load in a
transfer 1t to

o
|

S
N\

/

[/ Intradosal \ \
[ [/ around///)
/ Mine \ |
I\ opening } |
\ /

Superincumbent
pressure

intradosal

Abutment
pressure

pressure Datum line

FIGURE 13.--Pressure arch around mine opening,.
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yield pilliar system for workings in close
proximity (<110 ft).

Hypothetical panel layouts using yileld

pillar in single-seam mining have been
| | [ | |
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FIGURE 14.-Independent arches forming from pillar to piliar.
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FIGURE 15.--Pillars yielding to form secondary arch.

proposed by Holland (12) and Britton
(13). Although these designs have been
applied underground with limited extent,
the results are encouraging for main-
taining ground stability as well as a
profitable extraction ratio. Before
multiple=-seam yield pillar systems can be
successfully implemented underground, ex-—
tensive and <careful investigations must
be conducted in both the laboratory and
field. Thils research 1s necessary to im~
prove the understanding of yileld pillar

behavior and related load transfer
mechanisms.
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FIGURE 16.--Conceptualized behavior of yielding pillars
for multiple-seam developments.
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CONCLUSIONS

Controlling interactions between room-—
and-pillar developments din close proxim-—
ity (<110 ft) to one another is essential
for maintalining a profitable and safe
multiple-seam operation. Workings at
depth (>1,000 ft) with high overburden-—
innerburden ratios are particularly sus-—
ceptible to load transfer. Theoretical
deslgns have been proposed to control
stresses at depth, but it can be con-
cluded that no specific guidelines or
design criteria have been widely ac-
cepted. Carefully planned research and
engineering judgment, both theoretical
and empirical, 1s necessary before suc~
cessful yield pillar systems can be im-
plemented. Geotechnical instrumentation
for monitoring workings suspected of in-
teraction, when combined with visual ob-
servation, is a feasible method for eval-~-
uating site—specific stability problems.
Information such as rock strengths, entry
convergence rates, and characteristic
loadings of pillars can be correlated
with the geologic environment and deter-—
minations made concerning the extent
and magnitude of load transfer. Proper
safety factors can then be established,

From the research conducted at these
three sites the following conclusions can
be made:

1. Pillars that display a peak-trough
loading, where the highest pressure oc-
curs towards the pillar core, are most
likely to transfer load. Pillars in case
3 displayed this characteristic loading,

and both the upper and lower workings
were very unstable as the ratio of aver-—
age core pressure to average yield zone

pressure was approxlmately 10:1, Pillars
in cases 1 and 2 displayed loadings char-

acteristic of more stable designs and
there was little interaction between
workings.

2. Research indicates that when over-
burden—innerburden ratio reaches or ex-
ceeds 8:1, a potentially unstable condi-
tion may result, especlally for pillars
with bearing capacities between 2,700 and
3,025 ft? and innerburdens less than 110
ft. Under these conditions, additional
loads produced by second—-seam development
can cause stability problems for pillars
with lower 1limit safety factors (<1.5).
Using the wultimate-strength design ap-
should be

within reason, for maintaining pillar proach, pillar safety factors
stability. kept near the upper limit of 2.2.
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APPENDIX.--DETERMINATION OF IN SITU COAL

CASE 1

from the Lower Free-
prepared with side
dimensions of 2 in. The average uniaxial
compressive strength, o,, of the test
cubes was determined to be 2,360 psi.
Research has shown (8) that the scaling
of coal properties from cubical specimens
to the in situ coal strength value can be
obtained through the following equation:

D 172
cl = ac ( 36'> 4

Cubical specimens
port Coalbed were

(A-1)

where o) = in situ coal strength, psi,
0. = uniaxial compressive strength

of a 2-in cube specimen,

psi,
and D = cube size dimension.
Therefore

2 172
gy = 2,360 ( 33')
= 556 psi.
CASE 2

Test specimens were prepared from 2-in—

diam coal cores with a length-to—width
ratio of 2. The core specimens had an
average uniaxial compressive strength,

Ospecs of 2,200 psi.

Research has shown (g) the correction
factor from the core strength, ogpec, to
the strength of 2-in cubical specimen,
0¢, can be obtained through the following
equation:

GC = OSPBC [Ot??g + 00222 (l/D)] (A—Z)

Tunderlined numbers in parentheses re-
fer to items in the list of references
preceding the appendix.
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STRENGTH (8)1

where o, = uniaxial compressive strength

of 2-in cube specimen, psi,
Ospec = uniaxial compressive strength
of core specimen, psi,
1 = length of core specimen, in,
and D = diameter of core specimen,
in.
Therefore

O¢ 2,200 [0.778 + 0.222 (4/2)]

It

2,690 psi.

Substituting into equation A-l to deter-
mine ¢;, the in situ coal strength

0 2 1/2
2,69 (§g>

634 psi.

]

o1

i

CASE 3

Test specimens were prepared from 2.1-
in-diam coal cores with a length-to-width
ratio of 1,15. The core specimens had
an average uniaxial compressive strength,
Ospecs ©of 1,8l0 psi. Using equation A-2
to determine o¢.:

Oc = Ospec 10.778 + 0.222 (1/D)]

1,810 [0.778 + 0.222 (2.4/2.1)]

It

1,870.

Using equation A~l to determine oj:

D \1/2
o1 = oc ( 3 )

2 N\1/2
1,870 (5’6‘)

440 pSin

L]

It
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