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ABSTRACT

Salamon and Munro’s back analysis of collapsed and intact pillar geometries
resulted in a pillar design formula that has been used exclusively in South
Africa for the past 22 years. During this period the exploitation of coal
seams has increased considerably.

This thesis presents investigations into Salamon and Munro’s pillar strength
formula which were conducted with the aim of examining the formula’s
application to current mining practice as well as identifying modifications
that will lead to increased productivity and extraction.

It is shown that the application of Salamon and Munro’s pillar strength
formula results in stable pillar geometries within the empirical range used to
develop the formula. However, at depths shallower than 40 m it was found

des
designin g

igning to a safety factor alone was not sufficient; a recommended

maximum areal percentage extraction should be adhered too for long term
stability.

The assumption of an average seam strength in Salamon and Munro’s
strength formula was investigated, firstly by the same statistical method used
by Salamon and Munro and secondly, by a classification system designed to
rate pillar performance. Although a qualitative difference in individual seam
strength is detected by both methods, the results show considerable overlap

reasonable.

The effect of blast damage on pillars, as a resuit of the conventional drilling
and blasting mining method, is quantified. As a continuous miner formed
pillar does not have a blast damage zone, the pillar width can be reduced

Field evidence suggests that Salamon and Munro’s formula underestimates
pillar strength for pillars with high width to height ratios. To examine the
influence of geometry on strength, an extensive laboratory testing
programme was undertaken. The results showed a significant strength
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increase after a certain width to height ratio. An extension
Munro’s formula by Salamon (1982), termed the "squat’ pillar formula, fits
the strength increase of the high width to height laboratory specimens well.

O amon a

formula validate the formula as a realistic extension of Salamon and Munro’s
strength formula for pillars with large width to height ratios.



As a result of this investigation, the South African coal mining industry is
designing stable pillar geometries that account for depths shallower than 40
m, the effect of mining method on pillar strength and the influence of
geometry on the strength of high width to height pillars. This has resulted in
increased productivity and extraction of reserves without jeopardizing the

safety of the underground workings
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CHAPTER 1

-+ —iNTRODUCTION

Some 80 operating collieries currently produce approximately 180 million

tons of coal annually in South Africa. Some 120 million tonsis produced—
from underground operations with about 75 per cent of this figure from

bord and pillar workings. Even in deeper collieries, where production is

mainly by total extraction methods, bord and pillar mining is practised in

those areas subject to surface restrictions ( up to 30 per cent in some

cases ). Therefore the optimum design of pillars is critical for the safe,

maximizing a finite resource.

In bord and pillar mining, production panels must be designed to satisfy

two contradicting requirements, that of being as small as possible to
maximize extraction and productivity as well as being large enough to
provide permanent long term support. Where pillar extraction is practised,
the pillars must be of sufficient strength to enable extraction without being
oversized which would result in reduced productivity of primary operations

In the deeper collieries, main developments are typically driven with five
roadways for ventilation purposes. These roadways form pillars and,
although these pillars may be extracted at the end of the life of the mine,
large pillar sizes result in low productivity from development panels.

Significant research has been conducted in South Africa towards the
development of a suitable pillar design method. A major advance in rock
mechanics occurred with the statistical analysis of intact and collapsed coal

pillar strength formula based on full size pillars. This formula has been
used exclusively in the design of coal piilars in South African collieries for

the past 22 years.

During this period, the coal mining industry has expanded considerably.
Numerous coiiieries now mine seams outside the empiricai range of the
design formula, and thus the extension of the design formula to these
collieries requires examination.

Chapter 1 1.1



For example, as ouning operations reach grenter depths, the widlh to height
ratin tends to increase, and it has been suggesied that at kigher fanos (his
increase was more rapad.

TeECY, i
machines hag increased o the extent that 3 per cenr of all ¢oil from bord
amd pillar workings 15 mined using a continudus miner, As the design
formuly of Salamon and Munre (1967) was based on pillars formed by
drilling and blasting mothodas, tha affent of Rlast damage wn o pitlar s
inferently included in their Tapmula, The effect af the condinueys mining
methad o pillar sirength needs o be quantified, as, becanse of the Absence
of hlast damape, the strengih should ke greater, Such 8 pillar could he
mined o smaller dimensions than @ pillar foemed by drilling and Blanting
and maintain the sqtivalent scremgth. This would lead 10 increased
extraction withaur decreasing the stakility of the workings,

. PiMags designed to (he same nominal safety factor in Jifferent sedms have

been ohserved 1o perform diffecently. As (he pillar sirength formula of
Salamcn and Munro 3ssumes oag streagth for all coal scams, the strengeh of

iclinieleal woame pegUes i gatii,

in |hn. lhesus the Iuernture peru:nmg [fu] .;:ual sirength is reviewed and the

- .rn..r.—n

'1-.1d|:|mut o ranat o regwrd-nq pillar ¢ollapses, This additiun:l
g game sranstical mechod wsed hy

Salamun and Muanes (1967) with the aim of evalnating individual seam
strengths. A classifieation system 15 presented to quanfify pillar
nerfarmatce so that individugl seam sicengths can be identified.

T ——

Although First suggested by Watne
into guantifying the effects of blastiog op pillar strengti.

-
X,
=]
=
-
Py

ln Chanter & the allecr of Reometry om sicength s examingd, An extensive

IanmlDrr‘ [esting programeme ol the influense of widih o height M40 an
results are used 10 pxaming the seitability of

P NLrTs 51rengm forrmula. termed the “squatc”
aomca YRR
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The resulls of manitoring and numerical modelling of <¢cal pillars destgned
e the sguat pillar Farmula are contained in Chapter ¥. Benafils of applying
the squaft pillar Farmala, in rerms of extzaction and productiviry, are

diseussad.

The phjgctive of this thesis is d0 apply rovk mechanics principles 1o the
impraoved design of pillars by an pxaminacion ofF the Facears that afTece
their sirgngth, namely s2am sorength, mining meched and pillar geromegry.

The South African cral mining indusiry has applied the resolts of (his
thesjs, resulting in improved productivity and increased percentige
cxtraction withour decreasing the safety of the Linderﬂ.rﬂund workings.
Natabily, as a result af the work presented m (his thests, the Soulh African
Goverrupenl Mining Engineer has foomecly approved the saensicar of
Satamon and Munse's strength formula by the sguat pitlar formula.
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CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

Coal pillar design is of primary importance for the safe, economic
extraction of a valuable national resource. Initially, pillar dimensions and
road widths were based on experience obtained through trial and error.
However, the errors committed have had disastrous consequences 1n terms
of loss of life, equipment and coal reserves. Thus, research efforts

worldwide have concentrated on the development of an effective design

This more rational approach to the determination of coal pillar strength
began early this century with the testing of coal specimens in the
laboratory. General trends were quickly established, such as a decrease in
the specimen strength with increasing height and size and an increase in

Wit - Af o

strength with increasing width. However, the wide scatter of results made
the extrapolation of strength results to full size pillars extremely difficult.

To overcome the limitations of laboratory tests, the testing of large in situ

sampies was then initiated. These experiments had the advantage of tests

being conducted in the underground environment and yielded valuable
train behaviour of coal pillars. However,"

information regarding the stress-s
these tests were time consuming, expensive and did not overcome the

tHTOT 3o

2.2 SALAMON AND MUNRO’S DESIGN PROCEDU

The extensive collapse of bord and pillar workings at Coalbrook Colliery in
January 1960 resulted in the loss of 437 lives. This tragic disaster was
detailed by Bryan et. al. (1964) together with the relevant geology, possible
failure mechanisms and current knowledge of the strength of coal pillars. It
was apparent that, despite the investigations conducted worldwide over
many years into coal pillar strength, no confirmed method of calculating

pillar strength existed. This resulted in an intensive investigation in South

Africa into the strength of coal piliars and |
ot

of coal pillars by the statistical analysis O
s by Salamon and Munro (1967). These authors used a
tor where this factor was defined as:

A tha

[ Te) ot
u w LIIC JLU

€
98 intact and 27 collapsed pnlar

nauv

A4
ay o

""3
-
™

geometrie
probabilistic notion ©
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strength

Sa fet aclor .
fetyf load (2.1)

The values for strength and load must be regarded as predictions which are

subject to error. Hence the critical safety factor (S.) calculated from the

r
than unity. The exact value of S, is not known in practice and the stability
of a structure is ensured by employing a safety factor with an acceptably
high probability of ensuring a stable geometry, that is S>Sc.

Figure 2.1 shows that the collapsed cases cluster around a safety factor of
1,0 , where the chances of failure and stability are equal, whereas the
intact cases are distributed over a wide range. Salamon (1967) thought it
reasonable to suppose that the majority of mining engineers arrived at an

............... | 24 SA A"

optimum safety factor lay in the range where 50 per cent of the stable
cases are most densely concentrated. This occurs between safety factors of

1,3 to 1,9 with the mean being 1,6. It is this value that was recommended

for the design of production pillars in South African bord and pillar

workings.

Load is calculated using the modified cover load or Tributary Area Theory,
whereby each individual pillar is assumed to carry the weight of the

............ adiataly ahave it Thic accumntion annlies where the
UvCl UUIUCII llllll Uuualvny AUUVCUO Ji. 23130 Qoo wiiip/iiVUis Qppails Wiiva v v
are of uniform size and the panel width is larger than the depth to the
seam. These conditions are fulfilled by the majority of bord and pillar

panels in South African collieries.

Strength is taken to mean the strength of a coal pillar as opposed to the

Ano ng Qn :fl ¢~ Anemand S T

strength of the coai. The strength of a pillar was said to depend on the

material strength as well as the plllar s volume and shape. The shape effect
was said to be a result of constraint imposed on the pillar through friction

inn hv the roof and f‘lﬂﬂ!’i
oy the roofl 4na 1100
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T

The generai tormula for sirength was given a3

a,=kh"nt? (¥, 27

Estimuties af the unknown constants k, o and [ which would concentrate
the distribution of critical salfety factors about 3 = 1 were obtained using
the masximum likeliood funstion. The symbal K does not cepresent the
actual strength of a specimen but that of a pillar of cubic dimensions, and
one ayverape valye was ealoulaied in the analysis Ww.represent the sirength of

all s2ams.

2 result gave HY
the inlact and collapsed cdses using these values., The scarter ol resulls was

said by Salamon we be due fo three mijor causes,

fi)  patural ¢avses -that 33, variations in conl strength,
geam structure and the guality of
the ronf and flacr,

(i the apprusimate natuce of wthe streogth formula) and

[iniy Tyuwmad Erroc,

To examing 1he Tsize and shape® effecis, ihe strongin formuld was

re—written in erms of volume, ¥ = bow? and pillar width to height ratio,

K = w/h, a5

o, =KL RS (2.4

ad b o= & 5033

H ]
Hie Wy -

=
b J

phART

The value of “2* suggests thay the effect of size diminishes akove 3 critical

v larhge.
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g 3 ¢considerable advance in the determiparion of the
strength of coal pillars 25 it is based on full size pillars and uvercomes tho
problems of extrapoluting cesults from small laboratoey or mediem size

in sity tests. However, there are a numbar of limitatians in its application

todav and these requite inmvestigaton, In parcticular, Salamon [L967)
cmphasized that the pillar strength formula was esseatially empirical and
should not be carended beyond the range of data wsed to derive it
currently, thig i3 not the case in several collieries where both the depth of

mining and the pillar widih to height ratio excesd the amparical range.

Salamon and Oravecs (19746) consideced the strength formula to be
conservative when the widih te height exceeds five or sia dad than a pillar
with a width to height of [0 would be virtually indestructible.

Fuctheemore, the assumplion io the farmula of one average strength For all

=
P . =z = s bla s bkabtimm her ©
{,."laal qeams wils rﬂf[:gn]'{ﬂl_‘l ikl A pPuUazIEie nii Iltl.ltll.l L ry uhi

Wagner and Madden {1384} also noted Ihat cogl pillars mmined @ differem
seams hehaved diffecently despite being designed 1o 1he same safely Faclor.

Some seame show oo deterioration alfter mining while others display
cunsidetphle signs af load,

The remainder of Ue lieratore survey is structured in two patts, Fiestly,
the question of coal strength is investigated witl the aim of reviewing
rethods of obtaining individoal seam strengths. Secondly, the validity of

applying Sula mion and Munro'sstrengthFocmuobito- prlacsas-they become

s(uatber js exwmnined

-k} L0AL STRENGTH

2.3:1 Lahnralocy Tests

‘Fhe steength af rock has Been gxamined lor more than 199 vears, with
coul, being an imporlant econoimis mineral, receiving particular attention,
Early thiz cenfury, <avaral researchers in the USA and UK conducted
lahgrutary Lesis on the etrength of coal specumens. In partwulor, tesis were
conducted by Carpenter (19031} and Daniels and Moore (1207} with the

purpese of designing bard and pillar workings. The rosults were fepored

and discussed hy Bunting (1911} who stated that, under compresaton,
arubkracite Cractpres al variews sngles 1o the direction of applied force. This

angle, it was stated, depends vpoa oh coal, its shedring

Chuepler 2 id



strength and frictional resistance, all of which vary widely with different
coals. Thus, the scatter of results was attributed to variations between coals,

in addition to specimen preparation, discontinuities within the specimen
and the individual material composition of each coal specimen.

3 . . .
Despite the de nreparation and te ng methods and the wide atter o

results, these early laboratory investigations showed that, as the size of the
specimen increases, the strength decreases, and, for the same specimen
width, an increase in height resulted in a decrease in strength.

The strength of South African coal seams was first discussed by Steart in

10EA Tha ctencmaatbh AL n ncmn Lant Anislhhn in misntad as wnewime fonce 18 a0 t™N
170%., 1LUT JUTILELUL Ul da V10 1UUL VUUT 10 {UULITU ad valyiuxg 11v0ill 19 W 1/V

tons, and four test results on nine inch square specimens of varying height
from four to 27 inches taken from Durban Navigation Colliery are given.
Steart states that the seams in the Ermelo and Breyton districts are very

hard but no figures or test results are given to substantiate this statement.
The strength of a square pillar is said to be greater than the strength of
rectangular pillars having the same height and width in one direction. The

influence of sandstone or hard shale layers within a coal pillar was
discussed and said to reinforce the strength of a pillar considerably,
aithough no evidence is given.
Steart also considered differences in hardness of samples or irregularities
between specimens to be the reason for the wide scatter of laboratory
strength results. In addition, he regarded laboratory test results as applying

to the shape and size of specimens and not a direct indication of the
strength of a full size piliar.
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TABLE 2.1 Summary of Lthe Résults of South Alvlcan Laboralory Testy,

Reference i Coilicry Seam || (vumber Cuire isesuils
H of -tests g
A— T T —C—
Steartf 19543 DM 1N [5-170 ton -
lcad curriod
ul failurno
Wiid{1963) Witbank Mo ] 29 I in Figure 2.3
Wiid{19a3) Withank Mo 2 T1 lin Figure 2.3
wiid{1963) Wilbank Mo 4 a3 | in Figure 2.3
CEIR; 1965} Wolvekrans | Mo 2 Uni & 1.6 in
I'rinsial Figure 2.5
Bicniawskil 12676 |Wibkank Ma 2 4 L fi Table 2.2
Lieniawskil 1HEEdY [Wiltbank Mo 2 52 0% w [Fable 2.3
R in
Bicrawski( 13675y [Varied Varied 579 i
K ruger{ 1964) Witkank Mo 4 40 2in  |Figure 2.7
K ruger{ 1964 Witbank Ma 2 200 1in Figure 2.7
hMertenl | 96%) Mew Largo | Mo 4 & i

0l strengths and materinl propeties for Searm Nes 1, 2 and 4 fvom the
Wolvekeans Section of the Witbank Culliery in the Withaok Coaltield were
recorded by Wild (19637, Twenty-pine samples of No. | Seam, 21 samples
of Nu. 2 Seam and 23 samples of Na. 4 Seam were lested with ane inch

cubes being loaded normal to Lhe bediding. The strengfh versus frequency
diagram is shown in Figura 2.3 and, while varying seam strength is

oam e a v ata —annlie dhara e cnnaidarahle searter atd overian of
ImapCied Gy 1€ TEIWHIET, bk 35 LAARIERRatae 4157 i,

strengih values belweoen the three —T :
were also recorded as showa in Figure 2.4,

Resulls of wniaxial and iciaxial 1ests gonducted on the No. 2 Seam at

Waolvekrans Section Withank Collicry were reportcd in 2 CSIR repaort

{1965). This tcsUNg PrOgTATIME Wad canducted underground 1o avercame

the effects on coal specimens resulting Erom fhe different underground and

laboratory temperstuzes and humidity levels; the latier allects the maisture
A hnanp

copieni which, it had be affectedt test results. In addirion,
CORFEnL Wndedi, it Jjald el .
1

[ Ll ol

pn!nﬂ
]

dateriaration of The SPECIMENE t roughtramsportationcoald-he-minimized:
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0 nEiE WEADE COnOucie I Aan B L Saabl Al
SI0M §25i5 weré conauci Ui n 3 Tl o

L& Specimens were loaded paralle

Traxial com press

with a diamerar (o leogth ratio of 1:1 andl

narmal 1o the beddipg, The results ace shown in the Mehr diagram in

H%WWMMMW the

same Tor ull three length o diametee catios. The uniaxinl compression Lests
showed 2 30 per cent decrease in sirengih From the specimens 1ested
narmal to the badding to (hose tested parablel ta the bedding. W s quated
that the girength obtained by Wiid (1963 of ope inch cubes foom the No. 2
Senm were abopt (wice as strang as that ohtaimed in this westing programme
fur the cylindrical specimens with a L1,6 wadth 10 iengeh rado,

Further waork was reported by Bieniawski {1967h) oo four one Poat cubes

5 I'nn
- LELIRE ]

Withank Coplficld.

1 cubes in the Wolvekrans Section of the Withank Colliery,

[ LA L

Althoagh not stated in the report, the 1ests are

presumer to alse have been conducied on the Ma. 2 Seam, The results are

sheswn in [aldo

a1 h

-

TARBLE 2.2 Experimental Reselis After Bicalawski (19670}

; 11

"':-pecime:': 5FIL".’."-II'I1!EJT Willh Height A reg Failure |Strangth
. Sie {m) (mi ne Looc] MFPa

‘ {kM}

0,30 m I 0, 3nEx0, kL 0,308 0.004 | 7R304 B, (40
cube 2 01,3050, 308 0,298 | Do | 72,824 | 46,584
3 0,302 X 0305 {1,275 0,002 74,2019 7,350

4 0,308x0,302 0,298 0,697 | 28,543 | 9,384 f
AvErage 7.084
0457 m i ST 0,437 0,203 L LRI L 6448
.cl.ll:l{'.' 1 0,431 0,457 0. 460 0.206 | 13013 | 6285

- =

Bienigwski [ |#6Ed) swmmarized he results of westing specimens 0,75 w 61
‘nehes cube. The results are shown in Table 2.3, apart frem those samples
larger than 18 inches subke which were esred in contact with the seam

flaar; these are discusded under the section onoan st tests. All the results

were obtained in the Withank
'S H 1 > Y 1 =1
effect of specimen size on strengih is ¢learly

EdaF
p=) ==

gure 2.6 w

Colliery. presumably in the Ma. 2 Seam, The

in Fi

T T
HLdw o

stanificunt reduction w streng (R GLCUrs with INCTeasing SPeciman siceE;

standurd deviaticn

g of up 10 27 per cenl ars guoled in seme Ipecimen sizes.
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TABLE 2.3 Resulis of Underground Tesis on Cuble Coal Speclmens
Loaded in Uniaxial Compression Perpendicular o the Bedding Plancs,

PR T L e

Afier Bienigwski {I9084d).

ST - =
Tests Cubic Number | Strength | Deviation T’I
Size fin) Tesicd hiFa M0
o715 10 o 40 5.0 |4
| . 32,80 4.4 | 5
p, B 13,50 7.4 p.
Ulnderground 2.7 5 11,30 &0 27
3 5 28,10 X7 4]
fi 7 1280 3.0 24
13 I T38| 0.8 (i
1B 2 6,217 | |
24 I 5,52 - .
28 L i34 - -
in silu 15 2 4 4G - -
48 2 4,48 UNE 3
0 pl J,d4 0,14 ]
[ ——C = e

lbientowski ¢ 1968d) aleo stated Lhat the stremgih of 1he |3 rectangular
specimens, 3,5 « 2.0 Inches and 2,00 inches high, was abowl 22,5 per cent
highar than that of (wa inch cwhe specimens. A comgrarisan of the strengths

o ¥ o e cube specimens s given-in Fable 2.4, after Hicnigwski
i} Urie )

{1968, using a strengih index based on the strength uf the Mo, 4 Seam,
Withank Coallield. Thiz takle shaws that all ather seam strengths are within

12,5 percentof thar of Mo, 4 Searm, with the exception of the Mo, | S2am
[+45 per cent} of the Witbank Coalfick.
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