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" ABBTRACT

_The deszgn ‘of bord and plller workmng in South _
‘african collierles is based on the plllar strength
iformula developed by Salamon and Munro in 1967 and
'ewhlch hag been ueed wzdely smnce then for designing
'plllars.f Thle fcrmula is baeed on- the statlstlcal
analysis of 27 cellapsed and 98 1ntact coal plllar
'cases from colllerlee 1ocated in the Transvaal and

-ethe Free State

' -The maiﬂ Objectlve of this study is to. establish thef”'

difference in the strength of the coal materlal in -
'dlfferent eeams by means of laboratory testing -_Inf
f'_thle mannexr, some 753 coal samplee £rom 10'

‘:collleries from 4 geams were teeted

The smze and wldth to helght ratio effects on’
etrength were analyeed The 51ze effect ehowed that7
 the difference between the aeama Wee obvious, wmth a
dlfference oF 59,4 per cent between the strongest

end weakesn coal.

The statlatlcal re- analyeis showed that the strength
.of the six blocks from the No 2 Seam, Witbank
:-COalfield owcurred in a felrly tight strength range;_
angd that 1ab¢ratory coal strengths from ind1V1dua1
feeams or mines could dev1ate te & &1gnlflcant : '
elthcugh relatlvely amall extent frpm the overall

averege.p

i1
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| CHAPTER 1.
INTRODUCTION

'1;1Lﬁé£ihih§ ﬁhe'ﬁroblemeelh

the strength of coal has been investigated since the

"fbeginhing'of this century, with some research having .

' -been conducted 1nto the factors 1nf1uencing the

strength of coal,'such.as size and width to helght "”"

:e'ratlo.effects,.u

'It;is.well*knewn_thet coal is ndtiejﬁblidTmeteriai“'
'and contaias'discqﬁtinuities such as dracks,_cleats o
and bedding'planes. since these’ dlscontlnultles L

.have an effect on the strength of coal it is

dlfflcult to extrapelate 1aboratory strength data tce :f

determine the in 31tu strength of underground coal
pillars. Discontlnuitles,-crecks and cleats affect
the strength of coal, dependihg an'hoﬁ 1aﬁy'aﬁd whaﬁ
types Uf dlscontlnultles are present {Bleniawskl,
18a8). The effect of these discontinnities
'increaSes with 1ncreasing speclmen size until a.
crltlcal size is reached {Bieniawski. (1968J; Lamu_
(1871)1. | | |

This dlssertation therefore does not prGV1de a coal
- pillar strength formula, but rather a ba*lc-
. understand1qg of factorsjlnfluenang coal strength
aspeetge.uwhe.resul#s obteined'p:evide aqditienel'“.



:71nformation for the understandlng of coal behaV1our
".ln laboratory condltlons and facllrtate comparlsons _
”between the strength characterlstlcs of dlfferent: _:

:coal seams.7

J~In South Afrlca, the plllar deslgn formura developed:
by Salamou and Munzo has ‘been successfully nsed '
. since 1967. Salamon's furmula is based on ‘a _'
statlstlcal analys;s of collapsed anq lntact plllar.
',cases,ﬁmainly from the No 2 Seam and assumes one '

strength value for a]r ‘seams 1n South ﬁfrlca._ But,'

:'5Zas known, the strength of the coal layers varies

consrderanly both from seam to saam and laterally
:dnd vertz.cal.'l‘y w:LT‘h:Ln ‘the same seam ' Thls _ _
:”fdissertation aims to establlsh effects of 5128 and
sshape on strength under laboratery Condltlons, and
jthe strength varlanee of ‘aoal testsd in the -.f'”
',_1abonatory. - o

”_The Blze and strengtb relationship has been
nvestlgated sinne the research on- coal pillar
'strength has started the general trend establlsh

.such as decrease 1n strength with 1ncreasing smze.-

In adiition to the size 'effe'ct,' coa-lnfstr'ength.is_
also found te depend on specimen geometry. Mahy .
formulae have been proposed in the past,-with two
types of pillar strength express;ons predﬁmlnatlngi.

:qp;6104+3E9.“ .ﬂ-:'-' ;"ii;1>

and.



where g, is the plllar Strength’.5l:i3“theuﬁtreﬁgth
of a cublcal pillar at the crltlcal SPeclmen Slze,_k_:

is a ronstant characterlstics of a piilar rock WhllE“

'Ja and B ar ;constants. =

jThe detalled results of linaar and non llnear,":
o size—strength and. w1dtb to- he¢ght ratlo strength are'
- Summarized in Chapters 4 and 5. '



CHAPTER 2
LITERATURE SURVEY
2.1 Introduction -

_éqai pillar design is of primary importance for the _
'_safe,feéonomic:extiaéﬁion-of alvaluabie national o
‘resource. Initially pillar ¢ neions and road
ﬂwid;hs Werg_based-on éxperiéﬁ&Efobtained Ehrough_

txial-énd.error. _Thiszappfoach;Vhﬁving_sdﬁe',:-_
' inherént'erFors,;dan have disastraﬁszqonseqﬁences'in.'
' termE;Of_lcésiof.lifer equipmént and cdai:réSErves._
‘Reseazch éfforts worldwide have therefofej _
coﬁcentrated on the dé?elOPmeﬁt of an'effeutiveﬁ

it

design procedure that can be used by collieries.

Since thé'tufn7df'thé century, a nuﬁﬁe:'of _
investigatdrs have studied the effgdt ofj£he“samp1é
size and shape on'the_compressiVe strength of ¢oal
specimens.in_the'labcratbryg Genéral trends were
quickly established, such as a decrease in the
_specimeﬁ_strength with'iﬁcreasing héight and-Siza,
and an increase in strength with inecreasging width.
From these studieé a-number of predictive équati@né'
have emerged,-scme of which have_beén suggested as
.applicable.fof cbdl.pillar desigﬁ and to determine

the strength of different coal Seams;g



Initially laboretory teeting cf small ccal eamplee -

'Ewaa carried cu;. Thze method is relatlvely s;mple ) _-'

 and cheap.

 Fc11owing'theSe'etudiee, teste were conducted on _
large coal specimens undergrcund. ‘although theee'ic; |
situ tesps can_cvercome some of tpe_ehcrtccmingéjcfc'

laboratory tests, sﬁch_asfinfleence_cf:mcisEure,. .”
tfaespcftation'etc;} these expefimenteeafe time—:
-COnsuming, costly and ere llmlted with - respect to

the elze cf plllar that can be tested.

'The th*fd methad 15 the etatlstmcal analy91s of

‘:_plllare which have remained stable. and thcee p;llaref

. which- have cellapeed‘ This mekhod: 1ncludes the_;;__”
_ effect of tlme cn the strength of the plllar,
although up to now, . thie effect has Hot been -

explmcxtly determlned.

z,ze_ The Estimation of strength from failed and stable
cages .

An area of over 2,5 square kilcmetreé of bord and
pillar workings collapsed suddenly in January 1960'
at Coalbrook Colliery in South Africa. This _

'e dlsaster resulted in the 1cas of 437 lzves (Br?an et
al, 1964), but served to h1ghllght the crltlcal need .
to develop a safe and ratlcnal methcd for the deeign

- of plllar workings

A etatietlcal etudy was inltiated 1n 1963 by Salamcn

'end Munro from wnlch a formula, whlch deflnee the



:approxlmate strength of coal plllars in South

':~1Afr1gan colllerles, was derlved _.:ﬁt? T,

_Thls study was based on the BtaLiStlcal analysis of
27 collapaed and 98 1ntact cases fram colllerles'f

'located in the Transvaal and the Orange Free State

‘*The analysls of. the plllar design procedure wWas

based on the concept of a aafety factor ,SF deflned”

as-"

SF = stremgth/load - . {2.1) .

(';The values subatltuted for strength and load must be

 .regarded as approximations whlch are subjeat to
'”Lerror, The load was calculated u31ng the trlbutary
area theory.; The calculated value of SF, in

- general, does not xepresent the true safety factor‘

'Hence the. crltlcal safety factor (8, )x calculated'
from the predlcted stirenath and the load at fallure,_

ig 91ther smaller ox greater than unlty

| The strength was deflned as the strength of coal
pillars, not the_s;reng;h of the’ coal,_and the 1oad
as the average stressg acting on Bhezpillarl_nThe
:strengﬁh'of a pillar wés'ccnéidered.to he depehdentﬁ
on the material of-which it is cohposed ita:volume:
- and 1ts shape. The shape effect was defined by the
-constraxnt 1mposed on the plllar through friction cr
cohegion provided by the roof and floo:_contacts.-';ﬁ
The volume and shape of square pillars were -

completely defined by their width -and height,



":The geueral formula for atrength was dEflnEd by

:3_“Sa1amon and Munro as

B A S CIE T

i Wher3 k, o and B ave. approprlately chosen constants,f:_
-w is. the Plllar W1dth in meters and h 1s the pillar 15 
 fhe1ght in- meters f SalamDn and Munro determlned the.
 ;va1ues for k,.a and B o be 7176 kPa,:-O 66 and
'1”0 46 respectlvely.' o SR

-JIt was noted that 'k is. deflned as. the strength of a
unlt cube of coal, and the mumerlcal Value of k.

*ahculd_be taken ag’ ‘the~ strepgth_pf_a,qne.foot=cuba_

”af coal. It is llkely,'hdwnﬁér,'that the-value cf k.

‘dces not represenL the actual strength af such a '  :
"specimen aad one. value of k was used in tha analyaxs
 to represent the Btrength of all seams mined in the

.varlous colllerles.:e

.'Salamcn and Munro g data are summarlzed 1n o

'Table 2.1.

‘Salamon and Munro have re-written the strength
féfmulé;invterms’of volume te examine the size and
shape'effects; Substitutiﬁglvf=fhwz,.aﬁd pillar
widthgtb height fatic, R:= w{h} iﬁ.EQuati6n 2;2

gives.
2= - e

where a=-0,0667 and b=0,5933.



: Table 2 1 The Range of Parameters in the Daﬂa for both
: the Stable and the Ccllapeed Casee (After Saeamon '

and Muniro, 1367).

Greup T Sﬁebie- Qeli&peed
|Number of cases in thg qroup ;[ :  '98' : T
Depth ( H ),_ ezbézzo . 21=192 
= .Helght (h), m T 1,2-5- 3 'leifatﬁfﬁ
[pillar width {w), m 2,721 | 3,4-16
';Extractzon ratio per cent | | 9343? ) 91545':e.f 7
Width Lo helght ratio (w/h ) f!&,&—irz 3.6-0.9  e:

Ot

The value of “a“ suggeete that the effect of s;ze'

'dlmlnlehes above a crltlcal volume.

R

L

Salemen emphasxsed that the pzllar strEngth formula

wasg essential]y emplrlcal,

hence it should not be

“used much beyond the range of data Wthh were ueed

to derive 1t

Iin 1987, Sheerey et al attempted to develop a new

*strength formula using the aame etatietical method,

The etrength formula thev prepoeed was based on the

'w1dth to height ratios of 23 failed anﬂ 20 gtable

plllar caseg in Indla'a cqalflelds

The data from thle etudy are summarized in

‘Table 2.2

The load on theee pillars was obtalned ueing a

computer program

In this 1nveetigatlon,_

the first

- equation was found as indlcated below, which was -

assumed to be 11ueer and proportlonal to the. d»pth




. . GP=UJ’-¢+ amTCH[%_ ) _ (:2.4} . .

whéfé;:a-*s the trlaxlal parameter that was obtalned o

from tr;axial tests, m is the virgin stress ratio
‘?

_that q;s estlmated from in ai u atress mEasurementa,~

¥ 15 #he un1t rock density, ‘and H is the depth of

GOVEI‘ .

_Tableuzgz__f.Data:frcm7sheoréyfét'ai.

Group  _ S 'Coilapsed —Stable

'.:'Number of cases in ths gr up 23 | 20
iDepth {m) o | 30-450 | 30ias0
Height w 'ff-'__ .;__,_.f-i,a§a,4 1 s, oue}o:;-
. [piller wiath (m) ] se2s1 | s,4-40
: RqadwayzW1dth (m) - ” ;'  -3;15*6’; ';;7 3,9= E.;f

'Because of the somewhat complicated nature of this
equatibn, an alternative and simpler équationIWés .
_detefmined; based on'alénde; pillér'caées. Thig

formula which fits the first 143coilaPEEd-cases is:

027c Lﬂ&} | (2.5)
where .
w = pillar width
h = pillar height
dcé:unconflned compr6581Ve strength of 2 5 cm cuhes
" of coal

r = pillar'strength



g

" The fermula ig not recemmended however for use in
:';seams where the width - to helght ratlos are greater
R than 4 and for deptha greater than about '

200 m. |

Aécbrdiﬁg'td the'new stfeﬁgth formula a new.sefety

-Sfactor formula which was defined wlth depth of cover”- 

'_and Wldth to height ratlc of pillars was also
' deve1oped by Sheorey et al '

—036 H
0276 oM 160[?:_ )
| ;:m&zﬂﬂﬁlhﬁgﬁ.= -

§= (z.6)

~Whére”3.is roadway width”aﬁd L=ﬁ+3;:

Théy dondluded’theﬁ'the ﬁeﬁfpiliar sﬁfeﬁgth.equatiqn
”waUldefit’the available-case'sﬁudies.of.faiIEd aﬁd )

zﬁtable ﬁine pillars, and could possibly be used. for
all practical values of w;dth tc helght ratlo )

In 19§1iMedden examined the Sduth'Affiean°piliar'
collapses with the same criteria ﬂsed'by Salamoﬂ ahd
‘Munro (1967) ko Select those casee that represent
plllar fallure ag & result of the strength of the
coal pillar belng exceeded by tbe load 1mposed upon
it. A total of 31 plllar collapses were recorded
: since_the 1ntroductlon of the plllae d351gn fprmula
in South Africa. Of the 31 cases, 17 satisfied the
eriterieL 'Theae.cpliapsee'were ena1Ysed; together

with7Salamon and Munro’s 27 ebliapsee; te-shbw

_whether there were any new trends in the collapee of __”

'berd and pillar worklngs



11

‘Table 2.3 shows the éﬁmmary of data usea in thiy
-ana1y31s, Whlch 1nd1cates that there was lattle f
varlatlon between the later and tke ea:ller

.collapses.

The wew strength formula from these statlsticau.'

analysea was descrlbed as -

| 063 S
._p.—-52.4 h078 -. SRR .[-2...'?.)

Table 2.3. CGmparlson of the two Analyses of COllapsed cOal
o Plllars (After Madden, 1933;

' _GroﬁP 'J._. ' .'-"Stabie ' Collégsadz.;Collépsed.'
o ] [as0a-1965)| (1966-1986) |

- [Famber of cases in the  _-_ E N T A R VA
lgroup. o AR P
[pepth (H), m | 20-220 | 21-182 | 22-205
Height. (h), m : - '_" i,2-5 { 1, 5,5 [ 1,35-5,92
lpillar width ( w ), n - 2,721 |  3,4-16 | 3,50-17
Extrvaction ratio per cent| 98-37  91-45 . BB-44
Width to height rakio 8,8-1,2 | 3.6-0,9 | 3,7-1,3 ‘|

Mﬁdden stated thét, wheﬁ the strength was calculated
" Erom bth-fdrﬁulae; there was little variation

' between Salamon’s and his {Maddéh) étrength_data
.cver_the'émpirical range dévéred by.the formulaé.“;
Thig confirms that thE'étrength formﬁia of Salamon
and Munro can be successfully used for ‘the design of
stable bord and plllar worklngs Furthermore,~when
zthe data on individual seams were used, ‘the

-atatlstlcal analysis showed that although the
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etrength of 1ndividua1 seams differed, the
'diffagence was not Etablstldally Blgnlflcant and
]therefore the average strength could repreeent a1l

'5seame

Madden suggested that, ,.at depths 1ess than 40 m,
_.plllar ‘widths should preferably be greater than SIm,
~ the width to helght ratio should be 1n exeees of 2,
and the percentage extractlon less than 75. per cent.
'In addxtion, a. aafety factor of more than 1 6 ehould
- be malntained ' ' '
"in.1993-Veneder Merwe_attempped:toﬁre-analyae_the
pillar design formula for the Vaal basin, as the
._1§i113r width to heighterapioa_Wére'leeeltheﬁIS;

Van7der-Merwe aﬁalysed'piilar'coilapeee'thet'
cccurred caly in the vaal basin Coalfield and
1dent1f1ed these collapees ag a separate group which.
ware characterlzed by higher safety factors and

shorter lifespang than the other ﬁailurea.

‘This etuﬂy,ehowed 1. i”'thé_restjof"the country
indicates no fail»ea ehofe A safetylfaeter of

approximately 1,6,1endetheﬁ'tﬁe value for the vaal

basin im 2,3. It_fﬂ'eleo;nﬁtgd that scaling is much

more ctommon than roof falls in the vaal basin and in
‘most arees virtua1ly all_theepillere scale, while
roof falls tend to be_reetficted i extent and in
occurrence. It is_observed_that'mofe roof felle _
oecur in the Vaal basin then eleewhere~but even in
that area, only some pillars are affected by roof
.falls, while virtually all plllars are affected by

scallng.



Van. der Merwe then recalculated the aafety factors. -
“with k=.;85 1nstead of 7,2 MPa and concluded that,
_for the Vaal bdsin, k 4,5 should be used ‘and’ the
Btrength of piliars in the Vaal basin ahculd then be
calaulated by use of the expression :

0,46

: (j‘p:d-,s.—g&—.fﬁ-.- ) : (2.8}

In this study the load - mas calculatad by trlbutary

area theory

fTha Salamon and Munro pillar deSan forwula was .

based cn the des;gned mznlng dimensions of workings

"_whlch have been mined by ‘the drill and blaat method.

~ The skin of the coal pillars which are formed-by
dr111 ‘and blast 13 damaged by the blasting
vibrations and the gases wh;ch penetrate exlstlng

Jqlnts

 The depth of blast damage into the side of a plili-ar
has besn gquantified as'béing betWeén 0,25 to 0,3 m,
Madden {1990}- The effect on the’ safety factor of a
pillar forwmed by a continuous miner was estimated on
: _the asgumption that the effective pillar width.
increases By the depth of the fractured zomne over
that of a pillar'mined_by conventional methods..'If
the nominal pilllar widih W, fésults in a safety
factof n then the safety Factor of bord-and- ~pillax _
'-wcrkings developed by means of a contlnuous min&r,-'"
Ner wag calculated from the following expre551on

given by Wagner and Madden (1934)
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o .246
'._n§:_=n[_1+3-%) o S {209

'-' Tﬁﬁs¢ 1f the p411ar wmdth w, was 10 m, the designad"
'.;-safaty factor 1,6, snd the blast damage ‘zone 0,3 m, __
- the . aaﬁety factar of a pmllar formed by a COHtlnﬁOUH :

'f:mxner would be 1, 35,



s

2.3 '}'Lﬁbbrathy'tesEa

Coal is an important eeonomic wineral and thus dbs.

"_-strength has been examined since the early 19008,

HLaboratory tests were first pexﬁbrmed by Daniels and
) Moore (1807) on 45 anthracita coal | spacxmens and 12 -
b;tum;noua goal apecimens with the purpose of
gathering data for the: design of bord and pillar
'workings.' They stated that the crushing strength _
éarISQuaré'iqch of small dubéa was graater than that
'_fo: lérge: qubésf_.With_a_donétant-hase:area'and
increasing height;'thercrushing-ﬁtrengﬁkﬂ became
smailar; Morsover, in these tests ou anthfacite'no:
_ ﬁﬁiformity &aé'fdund with'raSpect to tha'comﬁressiva'
'strengths of the specimens taken ag a whole, or
bgtween speclmens from the same seam. The per CBnt
compregsion of”tﬁe_bituminoua apécimens showed &

greater uniformity.

in 1911, Bunting performed compressive strength
tests on anthracite coal samples of various

dimensions from several mines..

| Using117,3 MPa as the average compreaéive gtrength
for coal cubes with side lengths of 2 to 6 in, he
charactcrisad the laboratory data in terme of the'
equation

o, =1750+750w/h  psi (2.10)
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Buntlng alsc plotted the leads (P}, Whlch were'

calculated uging the welght of the overburden and

" the extract:l.on ratio for six mine p:l.llars with Wh:Lch '-
 he wag familiar and of varying width to. height |
_ratlos.' Thege data are plctted 1n Flgure 2, 1. Fromf-

'.:Ehese two curves it would appear that, by applylng a:
}safety factnr (actually a SGale factar) of 2 5 td.

the eguation, the plllar crushing strength could be'

-éradiéted.' The approprmate equatlon would be

0;1%700+300w/h : S (za11y

_'7 . Lab. data - _
: s0p 4 . B _
. '_ g 1 ©,=1750+250w/h e
OB weed | o
e .
! E 000L
- . -
__é.zmmw,'_ - In situ dqgg,"q~_
. E 1006 4 .- A ..700+300w/h
0 . i o .1_.- foinr 1 et

- WIDTH/HEIGHTRATIO

i

Figﬁre 2.1. Crushing Strength as a Punction of Width to
'Height Ratio for Anthracite Coal (Aftar
‘Bunting, 1911) _

_The strength of South African coal'seams{Was
_'1nit1a11y dlscussed by Steart {1954) . Hé‘teéted

| - Foob Square speclmena of varymng helght from 4
ro 27 inches taken from Durban Navlgatlon Colliery.
in these tests_the-ﬁillaf width was held comstant



o

aﬁd thé"height éhangéd s was found that the seams
7¢in the Ermelo and Breyton diatrlcts were very hard

and. hence a large number of tests would be necesaary :f.’“

ko arrive at the approxlmate strength of the coal
.Small test specimens of coal ware 1nvarlably more
homogeneous-than-the entire section of a large, tall'
'fzuﬁdEﬁéround pillar:_ Steart bherefore formulated the»_.
 fo11ow1ng three rules to predle the strength of i
_p.mlne.slze.plllars_onsthe basis q;_mlnlature coal

 pillars.”

'I.. The strength of plllars of the game. width Vary S
1n inverSE ratlo to their height

:Thié-priﬁdiple; whéﬁ épp1ied tb:the"st;ength oﬁ,-  
piliars of the same Width'bﬁt of difféfent height,
 1mpl1ea that the strengths of such: plllara vary in
;;nverse ratio to height, 8O that doubling the h61ght
of a'pillar; whilst the width rewmaing the same,
reduges its strength by half. -sim;larly the
jreductlon of height by half, doubles the pillaf
:strength ' ' '

2. . The ptrengthe or fesistance to  crushing of
' gquare pillars of the same height varies as the
square root of their widths.

The strength'increa:es with increase in width when-
the haight is unélte:ed;'but-the increase is_nct.in-'
diréct ﬁroportion to width 'Réther; the stréngth

appears to vary as the square root of width, where_

- pillars are square in plan.
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'The”strength of pi11ers of cﬁbieai”ferm-varies~
in 1nverse ratic to the sguare raot of their

”dzmenszons.

'Steart a1ao'noted that, when the . dlmensmone of a

 cube -were increased both rules 1 and 2 were
:involved. If height was increased rule 1 operated,'
1and when the wxdtﬁ wasg: lncreased then rule 2 comes

'1nto effect as’ well

.Other relevant work on coal p:.llar dimens:.ons wag
earrled out by Boreekl ‘and Kidybinski. - Teets.en
concret-e blocks of W:Ld_th_t'.o he:l.ght ratios ranging.
from 1 to72b_were.perfcrmede;- The blocke were
_eompfeeeed“te cemplete cruehing, and it was found
-that, w:l.th valuee of w:.dt:h to he:l.ght: ratio of up te
'about 5, there was & senslble decreese in the foree'

requlred to exeeed the strength of the spe01men. 

In 1875 Towueend et el 1nvest1gated ‘the

ralatlenshlp between the. unconflned compreesive

-.etrength of eubes and ¢ylinders of coel epeclmeney

obtained.from nearly all major deep coal seams  in

~the USA.

Over 200 cubes and cyllndere Wlth loading area
ranging in size from specimens 3. to 16 in? Were
tested and the technigque choeen to analysee the data
.was_tc_normallze cylinder strengths using an average

cube atrength for epecimene of egual area.

It Waa'found-thet_there was a maximum average
 difference in strength of 30 per cent for the

'emailer.epecimens (1,7-inghee’in diameter), and that



this difference diminished with ‘mc’feasiﬁg- ‘specimen.
plze. The fDllOWlng ‘three factora were. preaented ag

poss;ble causes for thls dlfference°'

-;1; The cored speczmeﬁs were dmsturbed more durlng
."preparatlon and theraby weakened _

.: The boundary condltlons and - mater1al propertmes
 may cause the stress dlstribution to vary, not only
w1th shape {w/h) but also with s:ze of speé;men
' 3f'_The cornexrs oi the 1arger cub1ca1 spec;mens fall
'prematurely,'causlng the cubes to lose strangth more

'rapldly than the cylinders

_The results for 1nd1v1dua1 seams group araund an
?faveraga 11ne, as shown in Flgure 2 Lo Thé greatest
variatlc, from thls 11ne OCCurred for specimens W1th
an area of 6, 4 in? but confldence ‘in thls portion of
. the curve was 1ow because of the small numher of '

R R

'5pecimens

_Townsend et al lCOnaluded that the difference in
 cube and cylinder strengths was found to be maximum
 ;30% for all materlals tested, and thua~the line
shown. in . Figure. 2.2 can be used to relate cube and

-cyllnder strengths
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Compos:.te Plot of the Cube C!yl:l.nder Strength

' 'kaeily ét'-al' ('1977'} pﬁesénted' réSu'l'té" of a{ 'stu&y

which 1nc1uded measurement of plllar strength and

deformatlon in 31tu,

compression tests of small speclmens

as well’ as laboratory

155 tests were. conductpd on coal spec.‘lmens,. us:l.ng

_varlous dlametere.

wmdth to helght ratios:

'1, 2, 4, 6, 8 and_lz_lnchea.

0,5, 0,67, 1,0 and 2,0.

(after

A totéi'of:'

_d

Laboratory results were examined_statistibally and -

‘the variation in uncoﬁfined-dompressive strength'

(o,) with épecimEn diameter (D),

for speclmens of

equal width and height,

equation:

o, = 2360_(2) '"_’2_1' :

was ‘best descrlbed by

Apsi)

__{2‘125




slmilarly the varlatlon in specimen strength (G!G@)
with ratio dimensions (B/1) cbserved in the_
1aboratory_data was-best.descrlbed.by.equatlon;'

.:;.:ljjud$ ..'_ o '  S _ . B }
“(L T

'._9|<=;3

'In”1978, Sorenaen and Parlseau preaented the results
of 371 uncnnflned compresslve tests performed by
:Hustrulld et al {1977)on cyllndrlcal spec;mens w1th
diameters of 1, 2, 4, 8 and 12 1nches and width
£o height ratlos of " 0, 5 0 75,'1 0 and 2 0‘ They
}stated that the results showed a. tendency fdr R ';f':
 atrength (defined as the’ peak load divided by the - .
o:r::.ga,nal cross sectlonal area of the cyl:."lder) and
' the modulus to lncrease w:th an 1ncrease in’ diameter;f__
to he;ght ratio, The game trend was obtalned from .
-_computar s;mulations ‘of the laboratory testy and it
was due to end effects, that is, to frlctlonal
'contact between testlng machine platens and test
-specmmens hav1ng different elastic propertles._ It:.
‘was also stated that a labcratory test for strength
is not a scale model of a mine pillar, laboratory_
‘results provide the properties data necessary for
plllar deslgn based on the pr1nc1p1es of mechanlcs

' and as much of the varlabxllty obServed in the
labolatory test data as was desired can be

: :anorporated d:l.:r:ectly into an otherw:.se

'determlnistlc desmgn analysls

In 1979'3 number of sets of déta_taken from the
-litefature were analyaad by Panek, HP defined the

load-bearing capauity of a square,'rectangular, or
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cylihaﬁical.pfiSm of'britﬂlé'materia1:sﬁch'as rack,
coal-br gdonecrete. He also dlscusaed the effects of
-siﬁe, shape and end conditions on strength and it

was'stated that:the closely :elated effects_of_slze_.
‘and shape can be expresged in sevgral:ways. BeCaﬁse 

the fundamental equation is eXpreﬂsed_aé=a.pioduct

| of powers:cf-diménsioniess-rétibsf théihéight'efEQCt_]]

exponent is equal to the sum of the size effect
Jexf.veht-and'the width'effect exponentf which in -
_turn is a constant egual to 1/3, in-accbrdaﬁce with:?
'the qeometrac relatlon . ._ ' . .”
j(plllar area)‘“/(plliar volume)”’ -This“impiiés'
tthat, Wlth plllar h31ght and lateral conflguratlon
_ {b/w) conatant, thg,p;llar compress;ve strength is
.proportlonal to the cube root of pillar width. A
Ffurther finding was that.the size effect appears ﬁot_
to be a congtant, but a charactaristlc that varies
_-With the pillar materlal, ag the gize effeat
gxponent rangeg from 0 to 0,5.  The helght effebt
.can'thus be_characﬁeriaéd as the result of | _
supe:impps;ng_(mﬁltiplicatively} a variabié-size
effect on the constant width effect.

.Thé'squat pillar formula for South African _
colllerles was developed by Madden in 1989,
1aboratory experlment was carried out to determina
the width to helght ratic effect of. eylindrical
sandstone specimens on strength, and to establish
'whether-prdnouhced size effects occur in the range
of specimeng tested. For ﬁhis purpoge #ix sets of
222 specimens with dlameters ranging from 24 to

'_100 min were tested
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: Flela triale and in situ. meaeurements were also

'ﬂ-conducted to observe the performanee of aquat coal

Erplllars ThlS wasg achleved by examinlng the extent

'3“of fracturing on ‘the plllar 31des as well as

'ﬁu'monltorlng pillar dllation and the etress proflle of

' pillare deelgned to the squat pillar formula w1th

"e_the assumptions that the crltlcal wmdth to helght

.'e';ratio (R ) is 5 and that the rate of strength

oelncrease(s) ie 2 5.

_ Maddeﬂ'steted that"the“Squat piilar'ﬁorﬁuie”wés:ob.
-found o flt the laboratory results ‘wall, and’
_although these laboratory resultﬂ eannot be related

'bdireotly to ‘aoal plllars because of the differenoe'
-;n tbezmaterial ecale, and time taken to test the |

eamples;:the genaral trend can be assumed to be

0 similar, o

The sguat formﬁla.ﬁaedbwaa'given'es;;

(z;ié)'

where . o, is the strength of a*squat.pillar

Ry is the oritical Wldth to height ratlo
g. is the rate of strength increase

a . ie -0,0667 o

‘b is 0,5933

: The aseumptlon that the crltlcal w1dth to helght _
'ratzo to. be equal tD 5 was based on, the fact that no
plllar had collapsed with a Wldth to helght ratlo'
.greater than 3, 75



'-The beneflts of the squat plllar formula were stated
' as 1ncreased extractlon of coal and lncreased

 _p:oduct1on,

_:In 1986, Bix cyllndrical coal sp301mens of 54 mm

dlameter W1th width to hezght ratlos from 0, 5 o -

" 13,5 were tested by Das at a constant straln rate df]ﬁ”'

1077 hec“j The regults showed that the post failure
slope beccmes posltlve after reconsolldation -f ‘the
.fallad materlal when the w;dth to helght ratlo _

1exceeds By 75._.'

'OZbay;{l99$) candudtad_tegts on 216 dylin&r1931 
-sa@ﬁlaag'of:diameter 25, Séy-iﬁb and-qu mm;andzwith_
'fWidth*tq héight fﬁtios'bétween 0,4 andz4;b,-fiom'the-_
_No 2 Seam Delwas Colliery and the No 2a Seam Sigma

o Cbllierf,. ﬁe-aiméd_tp determine the effect of size -

- and'width to height'ratio on the strength of  coal
obtalned from- saams w1th different etrength
-characteristicse ' '

Ail;the.ccres werédei11é¢ perpendiculay to the seam
piang45 The tests_were carried out uéing an MTS 815
hydraulic servoécontfoliad-stiff_teéting machine.
The tests were displacement controlied,'and both;-'
load and dsfofmation #Ere fecbrded during'tenting._
'The effect of size and width to height ratio for '
'each of the coal types are summarlzed by the
following relationshlp. '

'Sizé:effedtg N w/h ratlo effect
Delmas  171,2 D%¥* o.,52+o,4a{.w/h)' (2. 15)

sigma  240,5 D o, 6540,35(w/h)  (2.16)



where D is the specimen diamecer.

-OZbay concluded that the strength of the coal from
Sigma Colliery varied aodénsiderably for the specimen
sizes of 25, 54 and 100 wm but was conpgistent for
the 300 tm diameter apécimens; - The results frow the  '
 Delmas coal were relatlveiy ‘consistant for aample

s;zes of 54 mm and hlgher._

An assessment of the influence of . discontlnuitles
has been proposed by Egterhuizen (1995) whereby the
amount and type of discontinuity occurrlng within
the coal plllar can be classified by a simple _
mapping = hnique. ' The 1mportance of the technique 
is that : influence of dlscontlnuities,
partmcularly slips, can drast;cally reduce plllar
.strength This effect is significant at low pillar
width to height ratios of say less than 3, 0 - AsB the
pillar geometry changes anﬁ the pillar width to
‘mining height ratio increases the pillar stwength is
ihcreasingly determined by the_increaaed surfaca.
contacts between the coal and surrounding strata as
well as the triaxial'effeth-ﬁithin the pi1lar. jThé
" matexrial sfrength and effects of discontinuities
become lesr significant as the pillar width to
mining height increases. However, Esterhuizén _
(L99%) found that the strength of a pillér with a
.pillai width to.height iatio of 2,0 gan be reduced
‘by 77 per cant due to joints dipping at 45°, while
the same joints reduce the stréngth of a pillar with
a width to mining height ratio of 6,0 by oniy 17 per
cent . ' - | ' |
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2.4 Ty altu tests

In 1939 the flrst large in Bltu compressmve tests

‘were conducted in the UBA by Greenwald et al. Seven -

pillaxs were formed and tested with the aim of
determiﬁing the'strehgth'and defdrmatioﬂ |
characterlatics of large coal apecimena. Thé testéd
speclmens were all squdre in plan wlth wldths
" between 0,8 and 1,6 m and with width to height
‘ratiosg frdm 0,% to 1 03. _ All, axéept two, had
_sqﬁ&fefb&ﬂes.' The speeimens ware prepared with hand
| 't:ools w:.t:hout: uging Explos:tves. A thick concrete
block was cast on. top of each spaciman and leoading
was achieved by wmeans of one or two large hydxaulic
jacks inserted bé;#één the_donérete and the roof, 
The load increase was.carriea out in stepped . |
increments. Systematic measurements of vertical and
1ateia1 displagementé wére_recqrded gifing Ehe first
in situ stress-strain curves up to the pillar's peak |
strength. The load increase was halted at each
increment untll no further deformation ot the

gpecimen was noted

The authors derived a reiationship between.the
sﬁrenéth and width to height ratio, as given in
Table 2.7. Additional tests were carried out by the
séme authors_ih-1941. This resulted in_thg _ |
derivation of the second formula presented in
 Table 2,7. | | |
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'In 1967, a long term in situ testing program was

. initiated by Bieniawakl Inltially Bleniawski

_ performed 1n situ uniaxlal compresslve strength

';tests on 14 coal SPEClmenS in Na 4 8eam- of

Walvekrans Sactlon, 4 SEZ-84 panel. The sizes of _g

the specmmens were 2, 3 and 4 ‘fr in w;dth with
-_the:.r heights froru 2 l:.o 4 ft:; A total cf 16
,hydraulicwgaqks_were usad ;o 1oad;the samples.

T

,:h.ﬁhrée casésfccrner'failure'of'thé'é§5ciméﬁ had:
 oééufred; resulting in damage ko the jacks,- iﬁi§1
fallure wag d;sregard&d as it was due to the fact .
'.that tha lataral constraint appliad at the sample

-3ack contact was not effective._

-:The relationship between the strength ef the

"yf specimens and thelr hemght or w14th was obtamned and

f-illustrated 1n Flgure 2.3 and Figure 2, 4._

Figure 2.3 shows that the strength increases W1th
' 1ncreas1ng W1dth. Fzgure 2,4 ahows strength
decreaaes w1th increasing height.
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: ;Fiéure 2,4,'.Eelabi§nship between Strehgth'énd Height of
o - Square Coal Specimeys (After Biemiawski)
Fouy smali Bamples,”of vat?ing diameter from 10 to &
inches and height for 9 to 5.4 inches, were also
tested and results inclﬂﬂed in the data. The
relationship between the aata is summarized in
Flgure 2.5, which 1nc1udes data derived fﬁom small
size testé. It can be seen from this flgure that

oy
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the strength'decreaeé; with increasing 5129, but the
curve Flattens out possibly tending to gome
asymptotic value. The curve could be flat once the
size of 6 £t la redched.
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an aﬁtembtjwae nade to derive.a“strength fermulef;
baﬂed on the these reeﬁlts- Applying a lcgarlthmlc
'traneformatlon and using a least square flt of a;
'llnear equatlon te the results from the tegts, the

followlng formula was derived :
o =1100W™ % . (2.17)

‘Wwhere O is the pillar strength, ib/sg.in.
h.ie_the'pilier height, in feet fft).
w ig the piliar:width, in feet (FL)

In July 1958 Bienlawekl conducted in situ teste
h underground on four. 3 ft and two 1,5 ft cube coal
“ gpecimens to- éxamine the testlng methed ueed,ln the_
previous tests. The 28ts were conducted in.the
Wolwekrane Section of Witbank cglllery. It was
. econcluded. that the testlng method used in these and
previous~teets_proved satisfactory for the purpose
'_ef_underground tests. It was. also stated that thee
_experimental-results WEre:deecribed by'en empiricai

'reietionehip,thet had been derived previously.

Ih-lBS?} Bieniawski and Mulligan tested eight squere

eoal specimens measuring 5 ft in width and 2 ft,

3 £t and 4 ft in height. The tests;wereeconducteq

in théeﬂo'4 Seem of ﬁalvekrans Section at Witbank

Colliery. The_resﬁlta”obtained showed that,

Q_there is no strength reduction beyond & specimen

size of about 5 feetL which implies that a 20 feet

. cubie pillar would be of the same_etrength.ae a5

feet,
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e the teSting_tédhniqﬁes'used~fbr-1a£ge scale. in -
- “situ tests of coal specimens was;dbnsidered~tc be .
field-proven, - - ” -
e 'while the moduli of elastlclty decrease W1th
lncrea91ng spec1men size no deflnlte ralatlonship
wag determzned or’ thelr 1im1ting values found, and
0_'there appears to be no distinct effect of size on'”'

Polsson = ratlo.

Bieniawski analysed the'résults of previous
underground teSEé'iﬁ 1967. ZIt-ﬁas concluded that
the sﬁrengﬁh of.piliéréncannot be exgresaed'as a
pbWéf'fﬁnction.of their width_and height as there
éxiéts-a cfiticai piiiar size‘above Whlch the o
strength does not change with an 1ngrease in-pillarl
91ze. This crltical size was défineﬁ as 5 ft and-iﬁ
-_waa stated that there can be no furthpr effect on
the specimen strength for helghts Qf 5 ft and over,
lThe llnear relatlonshln between the strength and '

width to helght ratio wag . glven as
c},'=400+2_00w/h o (2.18)

Bieniawski also ?arfcrmed underground tests on the
coal specimehs, measuriﬁg_from 2 to 6,6_ft'in size,
in the No 4 Seam-of.Vo1WEkrans Section,.Witbank_
'Céiiiery. All_specimen preparation and testing were
done uhderground using the =ame testing nathod'that.
~had been used in previous tests. From these tests .
'Biéniawski"concluded that the r&sulﬁsugf thepe in
Hitu tesﬁs=generally confirmed the strength and"
deformation data prev;ously derived, however it wag

found that the relationship between strength, width
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.:and helght is valld up to thé wmdth to helght ratlos

. of 2 5 only

The comparison of 579 one inch cubic specimens is =

glven In Table 2.4, after Bieniawski (1967),

using a

strength index based of the strength of ¥o 4 8eam,

“Wlthank Coalfield Bleniawskl stated that while

theae results ‘da not represent the in 51tu ‘atrength

of coal they’ can, hQWever, be used For comparat1Ve

purpose. Thiﬁ able shcws that all the results are

'withln 12 5 nev cent o the No 4 Seam v'lues,

the exceptlon of No 1 Seam-Wlthgnk Coalfield.

with

'Table-;.é' - Comparison of Coal Strength Data for Collieries
- Representing all Major Coalfields in South

Afrlca {After Blenlawskl, 1967}
. _ e _ e o | o
N R N Y deviation oted |
C  |coalbrock Nowth | 2. Seam |- 40,8 14,30 | 54 | 103,90
¢ |cmmelia - | Betamecs | w8 | 6% | s |anse |
B Durben Navigation | Section 5 34,5 10,00 52 87,70 |
B [Dmben Mwvigation | Sectien4o | 385 | 167 | 7 | 97,80 |
A (Rendal | ol a1 | 260 | 40 | 112,40
¢ sigm 37,9 | 14,30 39 96,50 |
D |springfisld 40,5 16,9 | 100 {10300
A witherk, wolveloens| Mo 4 Sesm | 39,3 18,10 35 - | 100,00
A |Witkenk, volvekvans| Moz Besm | 42,8 | 27,40 78 | 108,90
A [|witbark, Wolve 56,6 - 1&30 49 '} 143,90
Note {i)* All speclmens were one inch cube Bize

{di) Coalflelds

‘Vereeniging Goalfleld,

arju:p

Witbank - Breyten Coalf;eld Transvaal
' Klip River Coalfield, Natal

Orange Free State

.Balfour Coaifield, TraHSVaal

Supplementary in siwu tests on three 3 £t cube co#l
(1968) at the .

- samples were performed by Bieniawski
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3.same éité  The spedimensfwera'piOVidEd'ﬁith*léﬁérﬁiV

end constralnt in the form of. relnforcing concrete.r_

The reiuforced concrete capped gpecimens yielded

“ much higher strxength values in fact, well over 100%

ﬂ_more_than the previously used specimens with wooden

]:shutterlng.- Biéﬁiéﬁski.aléo ﬁdted'that; while an

" increase in the strength of the specimen with

_ relnfcrced concrete capplng was expected,'no such
'1arge dlfferences were ‘antilcipated and’ it was
'thcught that this dlscrepancy was too Iarge to. be

due to. the 1nfluence of lateral end constralnt anly

?aﬁ,Heérdeﬁ {1971) tested one meter cubie samples at
'.New Léfgd’ﬂoliiery, Wltbank cOalfleld The tegty
‘were zimed at obtaining the complete load- _
defcrmatiOn characteriatlcs of one meter cublc coal'
specimens u51ng the method of uniform deformatlon
1oad;ng;_ Nine hydraulic jacks, each. 1oad1ng an area
of 305 by 305 mm, were used to apply load to the
'speéiméns, however most of the jacks attained thair
 maximum capa01ty before the sample failed. The

" results of these tests ghowed that the strength of a

one meter cublc coal specimen is greater than 8 MPa.

'zThe results of - previous large scale tests

_ (Blenlawski, 1867), carried out in another colllery-'
.and'using the conventional method of uniform stress
leading,. gave the strength of a one meter cubie¢ coal
speclmen as 4, 5 MPa Thls wag conslderably leBB
than the strength of a one meter cubie coal specimen
tesgted in van Heerden’s investlgation. Van Heerden
.'(19?1) suggested that the incféased stréngth'was-as.

a repult of the coal seam being stronger.



In 1974 a set. of rectangular and square ooal plllar

'__samples, ranging from 0,6 to 2 m in sade, 1eng;h and

' wldth_to_helght ratlos from o, 6 to 2,2, were"tested'

by'Wagner.- A total of 33 coal samples were teeted  '

in sltu us1ng a uniform deformatlon technique In

thlﬂ loading system eaoh of up Lo 25 hydraullo jaoke

were connected to a separate pump wlth oonetant

.dellvery - A Wlde spread of strength values we e

'..'obtalned.f It was stated that the’ strength of’ the

teet pillara weére found £0 be 50 per cent hlgher
e_than that predloted by Salamon s formula. o

' The Btress profiles ‘at varlous stages of p;llar
.:compressmon as determlned by Wagner are plotted
_'using the unlform deformation technlque Figure 2 6,
'_The 1mportant flndxng of . thls work was the .
reallzatlon that the oentral portlcn of the plllar
was cepable &t wlthetandzng extremely high etresses
even - when the pillax had ‘been compreSSed beyond ltB

- maximum reslstance, which is tradltzonally regarded -

}as the etrength of. the plllar

e
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& ”e?" F I - N
PIL‘.AF! COMPHESSI’ON (mm)

' Figure 2 S._ Stress Profllee et Varloue Stages of Plllar - 
: : Compreéslon {w/h=1) : . o

A 1arge ecele in eitu teet of a 1aminated coal cube
Lwas conducted by Cyrul {1936) - The studlee were
conducted on a 1,8 m coal cube 1so1ated from the 504
.: eeam in. the Gottwald Mine 1n Poland by ue;ng the
uniform - deformation 1oading method, Cyrul
presented a method of straln meeauremente Whldh
'providee exten51ve data from one test. This etudy
demonstrated the complex behaviour of laminated and
heterogeneous_samplesuunder uniform uniaxial
ioeding,. It includes local etreiniflﬁotuatione,'
regioﬁal and global bending, as well.ee'regioﬁal'end

global torsion.
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2.6 ° Conelusion

Tha strength of pillaxa haz been discussed by a
number of autho:s; Dlrferent methods werxe used to
determine pillar strength, including back analysis,
laboratory testing énd-in situ'téstSQ on laboratory'
szze small samples and in aitu s;za Jlarge coal

samples.;

Salamon and Munro s plllar deaign fnrmula ﬂav “ann.
used successfully since 1967 However, pi '
collapses BLill ocour. 1t has ﬁo be wememl.
Saiamdh.used only 27 of 50 collapsed and Mad¢.
©{1991) found 31 collapsed cases between 1967 anw.
LSBB but excluded 14 cases on the same grounds  @m
Therefore of the 81 collapsed tages up to 1988 only
44 to 54 per cent wexe included in tha_analyses._
While snme of these cases were excluded due to
unréliable data there is a ﬁaed to re-examine tals

information.

The laboratory investigations-into.the strengths of
individual South African coal seams showed that,
whi1é=quantitati§e differences occur, the
determination of individual seam strength is
influenced by mény factors including specimen
trangportation, preparatipn, moisture content,
position in the seam and siza1of sample. However,
dn the largerx specimens"theré~ﬁés less écattar'in
the test results obtaiﬁed. '
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"The Enowladge'abtained frmﬁ tésting 6£ coal has

' resuited in increased understanding of the behaviour | ,
of coal pillars, partlcularly as far as thelr _ .
stress-strain behaviour is concerned. HQWEVer; as
inTlabaiatary invescigations, a wide scattar uF '
:esulté_was-pbtained{ In addltion,_ln situ _

- experimenta'wefé'1imi+ed-by the capacity of the
?:loaﬁlng aystemn applled to the pillar and proved to

be tlme Qo*lsumlng, Elabqrata and EXPEIISJ.VB. o ) ff

fﬂThe rESults from. the llterature are summarlzed in
ﬁf:Tablea 2.5- 2 7. o

ffTable 2. 5 Formuiae Derived from tha Baek Analysla

AU'fHons B FORMUpA* - “REMARKS
) _ T I R
| salamon & Munro |- -'“717 % | South Africa
(19€7) L |
T & .
Bheory eh 2l e S 0275 : India
e ERE e ,086 B
R R S
Madden (1990) - . “p’=i24}ﬁﬁr - South Africa
T T e .
ven der Merwe - | Gp}=£5753; .- Seuth Africa. -
| Vaal bagin |
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TREWARKS |

_-.BienmaWSki (19671

...-.uouhw o

lBupting lellf
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6, =700+300w/ Hpel

- |skelly et al.
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 lozbay (1994)

© | tmaps

1 24051)‘“”

-'_Delmas

Sigma
065+035wfk

0521—048w{h

S|



Table 2 ? Summary of Strength Formulae Prqposed from Larga |
L Scale In 8itu. Tests in COmpre951on _ :

~ROTHORS 1 7_F0RMULA T REWARKS
{H.D Greenwald ' B : T
- m.C. Howarth S R .
[P HATERARR ) o =700 Wik psi | PREESPUTSh |

(1937~ ~4935"
usa -

. EH.P Greenwald
- |lg.C. Howarth

|T. Hartmann

1~ | sicceburgn |
| |, =200 Y psi|
' 1939'1941' B e IR SR
-Z T Baeniawgkl ] T T ' T
168966 1 o w7016, 055 | Withank

 |soutn agrica
Z.T Rlenjawskl

southnafrlca1_” AR 1 s
W.L. van. Hearden._ o o L S
1973 1 c£;=10+QQWIh | New targo |

 ;South Africa

ros7-1068 -!:pfcd=0§4+036WIh _ . WitbaﬁK {_1 ' 
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CHAPTER 3.
 DESCRIPTION OF TESTS
' 3.1. Introduction.

T In Soﬁth”hfrica,’the~pi11ar &esign.formﬁla-developed
; by Salamon and Munro has been . suGCessfully used
since 1967. This formula i based on the
Natatistical analysis of aollapsed and 1ntaat plllar_
'c:a.ses, mainly in 1\_1'0 2 Seam located in the Orange
Free State and Transvaal regions. This formul-
assumes one strength value for all doal geams in

- 'Sduth Afr_i{éaa However, as has been ‘shown iﬁ the
1iterature'aurvéy, the strength of the coal changes

' from seam to seam and 'm:.ne t‘-‘D mine.

This and the following chapters present the
description and the réaults of an extensive
laboratory study to detérmine_the effect of the size
and the width to height ratio and to show the
difference in strength between the different coal

geams .

3.2. Material tested

Many authors have studied the strength of coal
samples to obtain a relationship between strength
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 §and the spec;men’s wmdth to helght ratio However,i
‘as coal i both anisatrcp;c and suscePtible to
-weatharmng it ie diffieult to prepare’ suitable
:sdmples for testing. Thus all togethex 753 _
_laboratory based atrength tests frum ten blocks"
taken from_four_seams in ten_qollleries and nine
cbalfiéidé:Wefe éonduqted in order to invéstigaﬁe"m
'the'effécﬁ.of siig and width.to'height ratio. |
'3 sﬁﬁmafy7a£ ;he-éamplésfgeStad'ié prdvided in
rable 3.1, HqWeVér_it éh6uid be noted that mo 200
and Sbﬁsmm 5ampleS were tested £rom ﬁhe Z.3.c..b1cck 
- éﬁd'th§t.oﬁly & ceftaiﬁ numbar. of*specimeﬁsﬁand T
| 'width to he;ght ratios ware obtalned from the blocks
Bank and Goedehoop, due to the blocks of coal'
_recaived £rom - these callleries being too small and
.heav;ly 301nted '

Table 3. 1 The blocks tested

Colllezy T Seam' T Number cﬁ Specmmens_
TZEC T Main  :._ '- 63
;Goedehﬁopﬂ . NO 2 61
Bank = | No 2 . a0
Delmas = | WMo 2 104
Arnot - | No 2 104
Greensgide | No 2 -85
| khutaia | WNo 2 | 74
Kriel 14 _ 68
Secunda 4¢ Lower | - 68
Blinkpan | No 2 o 66




' 3.3;:samp11ng pracgdure'and_tést_matriy

Specimens of 25,

'were drilled from the 1arge bxocks obtalned from

seven. dlfferent cclllerles

60, .

100,

200 and 300 mm diameter*'

_'were-drllled perpendicular to the_seam plane.-

 The teat matrix used in thlB study ig ahown in
o Table 3. 2.. '

- Tablé 3.2.The test matrix uséd_far*t@é-e#periments.

[

All the cores obtained

—g

41

19% |

T WE e, 4] 1 3 5T ] 7
:';fés N A N R A A |
“e0 |0 l3av |31t a0 | 320 | s0r | 29 | 28" | 20"
S ao0 [ 3% {23° {23 |26 |27 | 20 | 22" | 23" | 19"
200 | Tare | 1a* [ 22" [1em | 0" 20" |
300 _;4‘.'1§*_ 16” f a7t |13t | 9* |
Bm niaﬁater'(mmj, W7 wi&th/naignt;f*;- Numbez of .
| o ' ._'Spécimgn
Size effect tests were conducted on specimens
measuring 25x%25, 60x60, 100x100, 200x200 &nd
30bx30ﬁ'mm. The width to height ratios of the
specimens wera 1, 2, 3, 4,_5; and 6 fLor the 25, 200
and 300 mm diameter specimens, and 1, 2, 3, 4,_5,_6,

7, and 8 for the 60 and 100 mm diametex specimens.




3.4.'8am§1e'preparationé

The 25, 60 and 100'mm'diémetEr'saméles wére'dut to
-length us;ng a 1aLhe in whlch the cores were placed
in a sleeve driven opposite to the direction of '
blade ratatmon After being cut_to_the-approximatew
_length, the 25, 60 aﬁd 100 ﬁﬁ diametér samplaé were
'placed in a special grlnder machine -and the ands
graund using a surface grinder, The 200 and 300 mwm
d;amater samples were cut using a large rook cutt;ng
"-saw and a large gsurface gr:.nder machine wag used to
fgrlnd.tha gampleg tq;aize. The sample drilling,
cutEinQ'and préparatidnfwere done dry using a vacuur
system for dust collection. After griading, the

- damples were removed and checked wit& a daal gaugé
for parallel;sm to within 0,002 mm. '

All the blocks obtained.from the different
¢ollieries were protected from weathering by being
painted with a bituminous paint and covered with _
plaétin sheeting. The moisture content of the block
‘wag not determined at the colliery,.dua'to ingress
of wmoisture during transpértation, Therefore the
moisture content of the two test specimens from each
w/h ratio of each size was determined aﬁter_the _.
block had been d?iiled and the Hpéc}men teste&.' In
addition to this, the block was stored on surface
__for a week prior to drilling. To identify whether
the block moisture content changed during 3tﬁ‘ﬁjg
-praparation and testing, emall samples were obtalned
from the appropriate area uﬁde:ground,. The
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difference betwsen thE'averagg moisture of the"
tested and in-situ samples was found to be 18%.
The moisture test results are summarisged in

Appendix-z.
: 3.5.ﬁastihg_?xacédu:es

Samﬁles_of“25,_50_and_ipo mm diameter were tested in
a 1,2 MN'Seidher Eeﬂting machine; while the larger
200 and 300 mm:diametéf'sﬁmples were testéd in the

25 M-ﬁ.__l:estimj machine ar. the CSIR, Di_yiéion of
.Mining_Tedhnplogy! Tha'teﬁtiﬁg'méchines'wefe not

| inhérently gtiff nor werg.they aervo—qontrblled.,__;

Hawever by using a special testing procedure, it was

'possible to obtain more accurate results.

The small slze specimeps.were tested by using a -
.“Spherical_head, and machine displaéement_was_avoide&
by placing the LVDT's on the spherical seat. The
standard end pledes wure used td:test the small size |

epecimens .

Special end pleces were de igned and made for the
200 and 300 mm specimens. | B

A special data acquisition program “MATS2” was usged
to monitor &ll the tests,.with:bcth load and
deformation being recorded during the testing.

In 1984 Madden presented the strength and load-

déformpiion_charactéristiﬁs'of aylindrical
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aandstcne specimens with dlameters ranglng from 24 : ﬁf .
ko 100 qm and widgh: to. height ratlos ranglng from;; =
'::to 8. This 1nvestigatlon showed that thare was &

'marked 1nf1u&nce of the wldth Lo, height oﬁ a-'“" -
 Lspec1men on strength beyond a certaln crltical W1dth
to. height ratla, Above the crltlcal w1dth to- height f
ratlo there waa a very rapld increase ln strength
'_wmth zncreasing spec1me1 width to hezght ratio.
ifThls critncal Wldth tio helght ratio 1s described as'

f-s fcr sandstnne speclmens.

' In thla stu&y the tests were carr;ed out.- w;th the
fw;dth to helght ratios varylng iy Lo O The width

" to height ratlas blgger than & affect the results

.:fdramatically in. terms of strength as stated by :
Madden, 1984. The;eforeult was assumed that the =~
width to heightﬁxaéiéé biggét_th&ﬁ 6 fall into the
range_dﬁiapplicAtion'bf the-équat pillar formula,
”Liﬁearrzegressiqﬁ’analysis wéré'ﬁherefore'peffbxmed:
"oﬂ1y 0n-sam§iei having a width'tb-héight-ratia'iésa'
'than's © Thus’ the w/h ratlos blgger than 6 Were used
in the statistical analyais. ' ' '
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Lxm'gﬁagms‘im m;rs:s |
..;.i- éi;q ?ffgﬁt én.étreﬁgth;

A Bummary of the results from the size effect tests o
_'13 graphlcally illustrated in Flgures 4 1-4. 10,
where unconfined Btrenqth is plotted agalnst
specimen size for the width to height ratics used
for’ the testg. ' '

. The curves presented in Flgures 4, 1 4.10 ware'
obtaxned after applying power ragression analyeis to
- the data from~the_test reaults. in all cases, power.
regression analysis gave the best correlations.
Other régressioﬁ analyses,'namaly lineax,
logarithmic and ékponen;iai resulted in reli tively _
..paor_dorreiatibnsa'-The geherél'tréﬁd i= found to be
that the atréngth-increasea with decreasing specimen
‘diameter and increasing w/h zatio. The results show

a large scatter of strength valuee as expected.

The relationships bstween the size and the strength

of the specimens. tested are shown in Table 4.1,

In Table 4.1, the equations shown against each.width .
to height ratio represent the best £it of the power
regfession Line appiied-through the each width to
height ratios for each sample diameter.
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Figure 4.8. Bank Colliery Size Effect Test Results
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Sample

d:l.ameter }
3 COLLIERY' '

w/h

'STRENGiH;§’T”
| COEFF.

(MPa)

:COR{LE  ’
{R*} |

 ARNOT
No 2 Seam

| -15&,19-1:)-‘*?_

oo
668D

: 34%,_zb‘}?“ |

25D

'33;2.3[)”_*“. | 1

0,58
0,71

nJ53 

.-EQ(BQ'
0,49

_.0?%9::._'.-

BLINKPAN . |

_No 2 Beam

 3sigpee

| gz7pDes

” 1,59“‘“
304, oD

| 4sope-

ot e

: ...:.0'._73_. -

0,85

0,81

- 0,88 "

‘0,82

- DELMAS

1 Wo 2 ‘Seam

 peppE

o
147,605

1MeDMe

 1204B%9

16180 |

. bré§f
0,57
0,45

 0;62

PO ¢
0,43

 KHUTALA

_:Nb 2 Seam

145,90
143, Do
176305
287,713_@’
236,'115*’-’-“‘ :

035D

0,73

0,90
0,81

a,23

. 0,68

KRIEL

‘No 4 Sean

am e W N e @R W8N Ea I N N R o LT S Bplon o & w e e |

L 161D

2790
1414D%
2010

ERRT-'+ ) an
25010

"Q,88

0,83
0,66
'3§(j2 '

| 0,85
0,88
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COLLIERY | - w[h.'-_' sTRENGTH'__' COR.
R (Mpa) | COEFF.
. 1 mi,ssbw_ - R ; t!, 87 N
o | 2 o= | 0,86
' OVERALL 3 1;8,37]3‘“;‘“ 1 0,84
| -4 - ..200143])'-_."““ _ 0,89
5 - aop | ) 0,77
6 . myep | 0,75

The critical eize strength for'roek'maeses_ie veryl
.importent iﬁ design.[Eieniaweki:(IBGa}; Hﬁetrﬁlid e
 (1976)]1. The critical size is defined as that'
:”epeciQen'Eize_at-whicﬁ-a'contiﬁued inereeee”ie
Epedimenjsize.eausee'no Eignifiéaﬁt dEérease in
'eEEEﬂﬁﬁh;e For South Afrlcan coal Bieniawski7(1958)
stated that 1,5 m cubic speclmene constitute the
cr;tical elze._Hustrulld {(19786) p01nted out that a
criticei size of 0,9 m Would be generally appllcable
'to coal for practlcal engineering purposes, To o
enable the comparleon of the strengths of different
- coal seams, the results were extrapolated ‘for a w/h
ratio of 1, to a sample diameter of 500 wm. This
'aﬁ61y8ie_y;elded a value of 12,14 MPa for a
lebofatory.sized specimen. Note that the'etreﬁgth
values.of.7,17 MPa giveneby Salamon is the.k_vaiue
as given in his pillar strength formﬁia which |
includesﬁetructﬁral effects as well as time |

dependent: strength deécay.

 Table 4.2 shows the predicted strength values of the

 data assuming that the crltlcal slze is 1000 mrn,

using the equatlone for - w/h -1,



g1

. Tablé;ggz;':tpredidted_streﬁgtp'veluea.ef.each set of detah

-cbilieryun.  Bedn - Predlcted strength - (ﬂ}ﬁ'
S {(MPa) (D=1000 wmm) Squared
{Arnmot | No 2 12,96 - | 0,58
|Blinkpan’ 4 = No 2 | . 11,00 : 0,73
Ipelmas - |  No 2 15,84 | 0,69
Khutala No, 2 18,6 - | 0,68
Kriel - Ne. 4 | 11,04 . | 0,88
|Greenside | o 2 | 12,04 0,88
|secunda | 4c Lower | . 13,83 - o 0,67 .
Bank = | Ne 2 |- 11,47 | o,72
'Geedehcop e_'Ne:Q - 10,4 0;96
'z ac. | main | - 28,5 0,16 -

As cen'beeseen frem theﬂTableﬁ;'Z'thet- Z,A.C. block
ﬂhows the greatest strength value compare to others,”
this is due Lo effect of sample size tested on e
Z. A C. bleck as explalned garlier. It can also be
seen that the strength of the coal changesg from Seam :
to seam even in same seam and whlle the etrength of  _
Khutala No 2 Seam block 1s-1B &6 MPa, the strength-of f
-Goedehoop block,.from the same geam, is 10, 4 MEBa. o
Theee results 1ndlcate the seam spec1f1e slze effect
on strength The dlfference between the strongeat
{Z.A.C. Maln Seam) and the weakest coal (Goedehoop

' ﬁe 2 Seam) is found to be 53, 4

Figure 4.11 ghows the strength values (w/h=1) as’
obtainedIfrom:the-size_eﬁfecﬁ rasts against speciwmen
size together with predicted etrehgths from Salamon

~ and - Bieniawski.
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ft will be seen Erom the éxperimeﬂtal results
plotted in Flgure 4.11 that the strength values
'obtalned using the Salamon and Bieniawski formulae _
ara lower than the 1aboratory test data.. Thie would
be expected because the 1aboratcry data has a
 greater glze effect due to the_effect of
discontinuities on the strength of laboratory
samples. The Stfbngest coal to be found is the
.Z.A.C.:Méin.Seam coal while the'weakeaﬁ coal is
Goedehocb No 2 Seam. As'mentiOned earlier, the
Z.A.C. block was not large enough to obtain a full
suite of size samples and dnly'the_zs, 50 and 100 mm

‘gsize samples were obtained, Héwéver,:;hdizqo and -

300 wm sample strengths had a significant effect on

the calculation regulting in the_Z.A.c._coél_being

the strongest coal tested.
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4.2 Width to Height Ratio Effect on Strength

As the depth of mining increases the support plllars.,:'

- are deslgned to have larger W1dth to helght ‘ratios,
The. design of these Bupport. plllars requires a'_
kpqgledge uf the_strength of_the_p;llar, which ig:
' Eqnéidéred_to be determined hy.the7stréﬁgth of the _.
'_pili&r material the’ shape or geometry of tha pillar-
. and the volume of the plllar ' .

-.Th;ﬂ chapter baslca;ly summarlzes the Wldth to |
_height ratio effect on the strength of coal

'speclmens.

_The testlng technlque used was that the sample

~ diameter was kept comstant and the helghts Varied
Thls technzque has been used by many 1nvest1gatcrs
in the past but as ls well known the actual: helght
of coal plllars is normally controlled by the seam
thlckness anu tne strength is varied by changlnq the
'width ' ' '

Samples of varying width to height ratio's (i.e,
1:1, 2:1, 3:1, 4:1, 5:1 6:1;-7:1}-3:1J were tested
from each coal block e.cept that from the Z.A.C.
block. ﬁor this_blbck the sample diameters were 25,
60, 100, | | |
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' The width to ‘height (w,}'h)-}:atie tests'er’e

'graphicall} summarized in Flguree 4. 12 4.21, where _

_ unconflned strength values are plotted agalnst W1dth'

- to hEIth ratios for the diameters ured in the'

. teets ‘For each block from each colllery an
'1ncreaee 1n strength with 1ncreas1ng w/h ratio 13

observed for ea'h diameter LIt is also found that

- after a certaln ‘width to hemght ratlo isg achleVed

'the w1dth to helght ratio has a marked influence on .

u_the speclmen‘s strength

'eThe relatlonshlps between the strengths and w1d h to -
;,helght ratloa are given in Table 4.3. The - equations
presente@-agalnst the_correlaLlon coeﬁflcients_Were
*'obteiﬁe&.afeer applfing1a.1inear-regressidn~analysis'
"whieh_gave:better:eorrelation.eoefficients Ehan t£e_
other iegreeeien analyses feruthe ét£ength ﬁereus_f_
Width_ﬁp ﬁéight ratio. These restlts are prespented
in'Appendix i and summarized in-Tﬁble 4.3 an& are

E based on the equatlon c ='A{ﬁfh) + B where A and B.
"_are the slope and the 1ntercept of the regresslon |

iine. '

It is iﬁtereéting to note thaﬁ.the ecatter of the
results is gradually reduced as the 51ze of the
tested gpecimens 1ncrease and the number of

' epec1mens decrease. Also the correlatlon
coefficients for the each individuial diameter give

. better regults than the_o#eralllreeults.“



60

Table 4.3, Shape effect test results

| colliery piameter-

'_{ﬂun)'-..

strength/K

1 cor.coets " |

overali

- | cor.coest

(Rﬂf

_E

' 25

60

 109..

: __50:) .

0,72+0, 28] w/h)

ﬂ,86+b}12{ﬁ/h}
- 0,82+0, 18 (w/h)
0,8040,20 (w/k)

0,700, 30 (w/h)

T
‘0,35

0,64
5,563'

‘9,71 -

   S£rength/K I

| o 7eresantw/m |

0,29

. | BLINKPAN

TS

. B0
© 100
200

300

.b-57*°1§3IWXh} 
| 0,804, 20/(w/n)
1'0;?i+d*2§fW/h;g
0,674+0,33 (w/h)

0,64+0,36 {w/h)

10,7240, 28 (w/n)

25
60
.100 L
:éud

300

' - 6,87+0,33 (w/h) .
0,83+0, 17 (w/h) -

0, 132+o_,'1a_ w/h)

o,75+0,25§w1h)

' 0,70+0,30 (w/h)

10,8840, 16 (w/h).

KHUTALA

Lzs'
0.
‘100
200

300

a,68+0,32 {w/h)
3 0,84+0,16 {w/h)
0,82+0,18 (w/ti} |

0,70+0,30 {w/h)

10,7940, 21 (w/h)

| 0,7340,27 {w/h)

| KRIEIL

25
60
ivo
250

300

0,780 ,22 {w/h)

0,63+0,37 (w/h)
o,734+0,27 (.w/hl -
0, 5140,49 (w/h)

'0;31+0;59(w/h5'

| 0,59+0,4%(w/h) |
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t-scblliery

“Diameter

{mm)

- Btrength/K |

. .___'_.Mrall o

strength/k |

Cox.Coeff |

[s oy T

| GREENSIDE -

25

. &0
LU
"_Qbo 

300

T0,7740, 23 (w/b)
0,50+0, 43 (w/h)

| GEse0 a5 0u/m
- 6',_:'73_-&'0 28 .(ﬁ/h)'-

0?65+0,35(ﬁ)h}'_

| D,74+0,26 (/)

0,30

SECUNDA

:'25:"'
50

100
200

300

0,647, 36 (w/h)

0,7940,21 (w/h)
| o,68+0,22 (/)
9, 73+0,27 {w/h) .

| 0,43+0,57 (w/h)

'0,7240,28 (w/h} |

0,59

= —
a00

300

0,88+0,12 (w/h}

0,7240,28 (ie/h)

0,62+0,38 (w/b)

1 0,7140,28(w/m} |

0,59+0,411w)h}

‘D;Bz+0,1a{w/h)

| GompEHOOR

25
&0
1900

300

0;33+o,1§tw/h3
o,?4+o,2s{w/h}
0,34+0,64 {w/h}
0,64+0,36 (w/b)

'{1,73+0,.2‘7 {w/h}

2.A.C.

25
60

- 100

0, 83+0,17 {w/h)

0, 8640, 14 (w/h)

0,70+0,306 {w/h)

0, 8440, 16 (w/h)

" | ALL: DATA

25
80 .
'ioo
200

300

.0,79+0,21 (w/h)

q,é1+0,19(¢?h1_

0,77+0,23{w/h)}
0,72+0,28 {w/h)

0,64+0,36.(w/h)

0,7§*ﬂ.21(w1h}
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‘The normalized strength values against w/h ratio are
shown in_Figure_é 22, It Wlll be Been from the |
- Pigure 4;22'that, Krlel coal shows the greatest rate

-_df;strength increase-wmth 1ncrea51ng ‘w/h ratio.

__Note that the equatlons obtalned from the linear _
regresalon analyaes were: the same for the Secunda—'
Bllnkpan, Z.h.C. —Delmas ‘and. Goedehoap -Khutala data.
' Therefare these two data sets plotﬁed on. top of the -

each ather

”Figu:e 4,é3 showS”the'normélized strength_valueav
plotted against the width'tq-héight ratiQJ:tbgether
with data from BiEniawski.ahd Salamoﬁ*s analyses
.'assumingla'cdnstahﬁ height"'similarly Figuré”4'25"'
_shows the ncrmallzed atrength values plotted agalnst3
the Width to height ratio together with data frcm -
_Blenlawskl and galamon’s analyses assumlng a |
constant ‘width. '_EOWever in Figure_4524 whlle the
results_of the gtudy shows good égfeément, at w/h=2
and'gréateﬁ; with Salamon}s'formuié,.Beinawski's
formula shows a slower rate of Strength increase
with increasing width to height ratio. Also in
Figure 4.24, it is seen that while Bieniawski’s
formula clogely approximates'the results obtained
from this study, Salamoﬁ'é formula shows a. greater
rate df:strehgth:increase wiLh'increasinQ width to

height ratio.

This difference can be explained by QOnsiﬂering the
effémt'of volume on strength."In'other'wordsl*as
‘the pillar height is kept constant the volume of the
pillar gets bigger tnan'wduld be the case if the
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iiwiﬁth Were”to'be”kéﬁt.éonstant .While-tﬁis v61uﬁe;”_
1ncrease reaults in a b1g dlfference on strength in
ISalamon & and Blenlawski's equatlons, 1t does not '
affect the . results obtalned £rom thls study because
the linear relationshlp between the width and helght :

-does not take the volume effect 1nto account

In generai the results show that holdlng width
fconstant whlle varylng hELth leads to a stronger
effect ot the width to - he1ght ratio than the reverse

_;procedure.

33

LR

0.5 <

‘wit RATIO

Figure 4.22. The Normalized Strength Values for each Data.
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CHAPTER 5.
STATISTICAL ANALYSIS
5.1 Statistical anslysis of the data

| Extensive laboraﬁorf tesﬁing 6f cbalISamples_was
cdﬁducted_during the project. Data-from gome 753
_ tests from 4 seams in 10 collie:iés;-_fhé test
‘sample sizes ranged in diameter from 0,025 - 0,3 m
and in the width to height ratio over the range

0;4 ."" _8-;0.'

Ag seen in the llnear regression analyses, the
correlation coefflclent is found to be relatlvely
poor. Therefore, it was decided to analysis the
‘data statistically. rhe.résults of the statistical

analyses are preéented in this chapter.

Initially the methodology wad aimed at determining
site specific strength.fofmuiaé which incorporated
-the'tesﬁing.of'sémplea'prepared from a'biock of coal
seledted from a seam within a colliery. Site
specific gtrength formulae baséd on laboratory
testing has beén extengively debated in the past.
one of the main problems with this approach is the
danger of dilution of the substantial data base of
experience. The approach was therefore shifted_to:

examinihg the potential of 1abbratory testing to



f'dietmngulsh between seam strengths ‘and to relete the
resulte to the field design procedure.

To achieve this' the 1aboratery test'resulte were
re- analyeed statlstlcally The reFeﬁalysis

| 1n1tlally combined all the-test results aﬁd,.
_relationships between predlctea etrength and:eample_ B
IW1dth and hemght were obtained. 1In this manner a |
coeff1c1ent of strength for each b‘ock wag
determined. The mean strength and varlance for the
.eamples teeted Erom each block were then compared e
and. the rerative variation in strength between each

block was ebtamned‘

The laboratery test reeulte were then analysed by
.flxang the constante for- w;dth and helght to those
obtalned by Salamon frem the etatlstleal enale1s ef: 
collapsed and. 1ntect pillar cases A comparlson was
made between the two methods of evaluating the "

strength of'the_eoal_blecks.

The.ﬁoteﬁtiai bias of the laboratory testing process,
‘and how the reaults car be of preetiealruee ﬁere._:_
examined as were the-relationeﬂip between the |
_1aboratory test results and those obtained by
gsalamon and Munro from their analysms of full sized

plllare.

- To gain addltlonal 1n51ght into the resulte from thee'
laboratory tests was re-analysed by statistical '
wethods. The key polnts arising were as_felloweﬁ—] _

1 - a commen relationship across the blocke to
previde A common form of relationship Wlth Wldth and
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| W1dth to helght ratlo across blocks provades an o
_adequate £it- to the data. w1th a eoeff1c1ent varY~ng
‘according to the’ strength of the coal. Tha form ofu
"the relatianshlp is ' :

strength ='S-x.ﬁidthﬁinfheight“*“{mﬁai' (5Qi}_

'ahdzthe Wldth an i helght of the laboratory samples

are - -in metres.

 The coefficient delta (8) varied ag shown’iﬁ Tablec

5.1 for the various colllerles (the overall aVErage"

value belng 15 7 MPa)

Table 5 1 Delta (&) values For The Coal Blocks Wlth
' “Optlmized” o and B '

_ Calligry'_'hﬁ L  '  Seam{ : 3:'5'

fArnob: ’_: ...  T w2 ) 15,3
'éank g 7-' 1 R "'So-z - ff..,is,a
| Blinkpan -'..:_ o '.'f:No 2. ..15,3f
Delmas ] moz 16,7
'{'Goedehoop if. _ 1. No 2:.' I 15;1
Greemside o f"No:2' | a3,
Khﬁta1a  o ol ¥ez | 17,1
Kriel = | N  No & 2,8
'Secun&a - - R 4¢iLower__f .. 13,?“

 zululand Anthracite '~ Main : S 17,6

Overall Average 2 N X P
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2 - The strength of the diffe:ent:biocks exhibits

 ¢onsistent variation. The analysis of wvariance for

between-blocks variability.is'prgSénted-bélow; The-

variance between blocks is a highly significant

effect._-

Table 5.2: Variance between Blocks .

Source "~ Bum of | degress Wean,
. ' squares |  Of rquare
Ereedom '
Between blocks - 3,30 El 0,3667
Residual 34,14 745 | 0,0464 |
TOTAL 37,43 754 0,0502

:’3_;'The strength of the different seams exhibits

_cbnsistént_variatioh;-with No 2 Beam, Witbank
Coalfield beiﬁg stronger than the other blocks

tested. The analysis of variance for between-seams

variability is presented below.

This variance

between seams- is ‘a highly significant effect as

shown iﬁ_TableﬁS.Sy

Table 5.3. Variance between Seams

Source Sum of degrees Mean
squares of 'squaré

) fresdom
Between seams 1,89 3 0,6300
| Residual 35,54 751 10,0473
TOTAL 37,43 754' |l 0,0496
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4_# The aﬁalysis'ef‘fariance for . betWeeﬁ3blocke5

.variahillty for all blecks drewn Erom the No. 2
Wltbank Coalfield ie presented below This ef
is alec hlghly eignifleant -alchough the varlab

ie- lowrr than for all blocke Thle implies tha

Seam; _

fect

illty-' '

t

'blocké drawn frcm w;thln the ‘Mo 2 Seam, Witbank

Coalﬁleld are somewhat more almilar in etrength then'_:f
_blocks drawn at random o '
| Table 5.4. verieﬁce between No 2 Seam Blocks
Source Sum of | degress | Wean
' ' _fequares of _square'
' ' _freedcm"ﬁ
| __Betv déﬁ'blodkjsj 1,41 5 0,4500
'Realdual 25,22 531 | 0,0518
TOTAL 26,63 536 | 0,0497 }

5 - The analysis of variance for between-b]ocks'

variabillty for all blocke drawn from: eeams other

than the No 2 Seam,

overleaf.

W:tbank COalfleld_ls_preeented.
This effect is also highly significant,

and the yariehi1ity between'blocks_is eimilar to-

_thet for all blecke.ineiuding the No 2 Seam.
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Variance between non No 2: Seam Blocks -
Soutce “Sum of | degrees | Mean
sguares ' of sQUATE
freedom '
‘| Between blocké,.. 1;47 _2 0,735
| Residual g,02 - | - 215 0,0420
TOTAL 18,49 - 217 0,0483

_6 ; The 1mprovement Wthh can be. achleved by fittlng
a separate form of model to each block, i.e.
d;fferent exponénts for width and’ w1dth/height

. ratiq,'is::elabively_smallz-'mhe reductlon in the
réaiddai'mean squaré; or . error varlance,'varles from
”0 0528 for the common form of model te 0, 0473 to the _

separdte form of model. The conmon form of model 1s

- probably preferable as it is more robust, simpler -to

apply and there is 1imited.evidénce for spebifying'a-
different form of model for each block ébnsidefing '
:that the commorn model is also based on far more |
observatlons, the_predlctlons which can be made_

using it are subject to a lower error variance,

7 - In ordes to'establiéh.the relative strength of a
riew coal block to $10% at a 95% coufidence level, 23
samples would have to be testei._ To reduce the
uncertéinty range by a factor of 2, the number of

- samples would have to be multiplied by 4. 1In the
current set of tests, the 95% range for coél

strength was generally of the order of 5 or 6%.

 5 - The range for predicting the strength of aim
cube block at the 95% level is £8% for most mines. .
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”Indlvzdual cubes of this dlmen51on would be expected'”

'e to exhibit a varlat101 1n strength of 150%

' However, these regults should be& treated erh

ceupidn.as.they.lnvolve extrapalatlon well-outside
the range'of the data, and’ dlfferent phy51ca1

behavlours may ccme 1nto play.

The sefies'of samples from 10.c6e1 blocks'were”*
tested for strength ag a basis for estebllshlng a
relatlonshlp between geometrlcal properties (W1dth
B} dlameter and length or. height), . coal type and the
strength For each block, a balanced experlment was-
-conducted w1th reapect te the width (dlameter) and
-.Wldth/hElght ratio:uf the eamples4 ‘There varlables
_wefe-therefq?e'used_ae ;he-besie for_defining the_ :

geometry of the sample..

.The relationship”pre#iously fitﬁed to acvcmmodete'
qeometrlcal var;atlona a8 Well as differing coal-
propertles between phe d;fferent h cks was glven 1n_

‘equation (5.1).
'strengtheg 8 x width“*“/height“‘“&ﬂ?al' (5.1)

on the suggestlor of Professor Salamon, it was
decided to £it a model for strength based on flxed
parameters O and ﬁ;-_The values selected for thess
: pateMeters were 0,46 and 0,66 which are the values
_detetmined frem the statistical analysis of ceal
pillar £ailures conducted.bf Salamon end Munro. The
ﬁodel_fitted in this way was as follows. '

Strength = 8'x width ®*¢/height % (MPa) (5.2)
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'8 values for the various collieries are shown in

Table 5.6.

Table 5.6.'5i values For The Coal Blocks'with *Salamon” o

end B
Coliiery_ .  _ Seaﬁi”. B 8 _ B Si
-Arﬁot- ) ' R N No 2 1 15’3.”.- 15.8
Bank | wo2 16,0 | 17.6
 Biinkpan | :_ 0 wez2 | 13,3 | 1s.3
| Delmas 2 |- we 2 16,7 - 17.0
-Goédehogp ' ": o - No 2 - 15;1 A o17.3
__ﬁreensidé_ o _ No_z. o i3,7 | 15.4
_Khutala: E ‘No 2 | 17,1 | 17.8
Kriel B No & | 12,9 | 15.§
Secunda | | 4¢ nover ié,? 14.9
_Zuluiand Anﬁhracite ﬁain_.  17,6. ; 1959

- Im éll.cases,.the.ﬁSalamOn" model predicts a-higheﬁ 
_streﬁgth for . J4rks of pillar size than the
“optimized” .»del. While extraporation outside the
range of expecimental data is considered to bé a.
dangerous practice, the.“optimized” model has the
.merit of providing what'may be regardéd as
consefvative estimates of piilar'strength
 congidering that the Salamon and Munro model was
derived for 1argé volumes of coal (Qreater than 3,0
m, whereas the'present_laboratcry sample range was

only 0,925 - 0,3 m.).



It Ehould also be noted that the predlctlons

'_prpfided by the:“optlmlzed”'model are not entlrely

'd1551m11ar from. Salamon's origlnal formula

‘Balamon’s smaller k value coupled with - different o

and ﬁ give rise to a. 51m11ar tunction over the range'
of meaningful plllar Bizes. Table 5.7 gives a
comparmson betWeen the average “optlmlzed” model-
.strength predictmons and the orlglnal Salamon
formula over a range of widths and width to height
'ratios. At a width of_s,o ut and a wldth to height
ratio of 5, thé.percéntage_difféfence in_ﬁredidted
_strength is 27%, at a. width.of.lﬂ m the differencé.-_
drops to. 16 4% and at a width of 20 m the dlfference
_15 6,8%. '

The reaéons for the_différence in « and B between
the-“optimiZed”'mééel and the'“Salamcn”}modei can
only be_specu1aEed_oh given thE'Etatistical evidence
availabie' However, possibla explanations lie in
some oOr. all of the follow1ng areaa

_i _ clrcular crodgs sectaon blocks fo‘low a
different relationghip than square section
blocks. . | . _ _.

. Preferenﬁial extraction of dbmpetent elements
from within the c¢oal seam lead to _different
fallure modegs of the blocks than in bulk .
compeogition. | h _ .

+ a different form of relationship applies to

o smaller widthse and heightes which cannpt.he

~ scaled up, (e.g. the *scale effect is much
stronger for small specimensg than it is for
pillar sized blocks"). |
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» loading characteristice in experimental tests
differ from field'loading.cdnditions;

. Table 5. 7. Comparison of Optlmlzed Model with. Orlglnal
-Salamon Formula

_ R ' Strength (MPa}
Width'(ﬁf_ width/Height Optimlzed “Salamon -
- h | :-original
T i 35,2 | 1L.4
0,1 2 f45,3 _ 18,0
0,1 5 68,3 | 32,8
2 1 26,5 | 9,9
0,2 2 36,2 15,6
0,2 - 54,6 | ~2a,s'
0,5 1 19,7 | 8.2
0,5 2 26,8 | 13,0
5 40,5 23,8
1, 2 s, 7 | 9,2 L
1, C2 21; 4 11,3
. 5. 32,3 20,8 .
2,0 T 12,5 6,2
2,0 2 17,2 9,9
2,0 5 zs,B _13;1
5,0 1 9,3 | 5,2
5,0 2 12,7 8,2
5,0 5 19,2 [ 15,0
10,0 5 15,3 b 13
20,0 5 12,2 11,4

In congclusion, the “optimized” o and B wodel should
be preferred to predict the failure strength of
1aboratory slzed samples (widths from 0.1 to 0,3 m
and width to helght ratios from 1, g to 8,0).

However, thie does not provide any evidence that the



~ “galamon” & and P are inappropriate for'blpcks_of

realigtic pillay size.

The rélabive differences between the predictions
obtainéd from extrapolated laboratory results using
the optimized ﬁbdel-and éalamon's“fiéld data on mine .
sca}e_piilars repréﬂents encouraging;-thougﬁ ﬁot,
‘conclusive, evidencé that the 1ab6natcry_strength
‘repults could pfOVide a useful inmput to coal pillar
desigﬁ §rbdadﬁrea, in partlcular to distinguish
coals of 1nherEnt1y different strengths..

'_5 2 Represantativa Sampling for Pillar Ptrangth
Detarminatibn '

The sampllng method to obtain the 1ahoratory samr =8
‘was a two stage process, firstly involving.selactlon
of a block of coal, and secondly involvinyg
'e;trdction'of test gamples Lrom éach_bldck. in each
of'théae'stages, there is a poesibility that the
sampling process is not repregentative.

Non-representative sampling may arise in two
 fundamentally different wayes, as follows:

A bias may arise in the selected samples due to a
ce sistent mathod of non—represeﬁtative'sampling}
For example, in the block selection stage of the
process, it may only be possible to extract blocks
sonsisting of particularly strong coal, or the
blockéﬁmay'§1Waya he extracted_from the middle of
the sgam where particular geO1ogical-properties
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apply. It is considered less likely that a bias
would arise in extracting samples from each bhlock as
this process is under close control. 'Howevér, én
example bf such a bias could arise from the.
~extraction of samples of each.width to be teéted
ffom.ﬂifferént coal layers within'tha'blqck;..whis
coﬁid;givé'riae to an incorrect assessment of the
effect of width on strength. However, since several
blocks are involved, it_ié.unlikely that_ﬁhiSTSame_
‘selection bias would be made on all the blocks.

A variance will arise in the selected mamples due to
Sinconsisteﬁt depaftures'frdm thé.aﬁefﬁge étréngth' '
- for the'cbal'93&m; Examples of pure variances would
be inthpgeneitieé_Within.the.qoai block being
:atudiéd'0r”random.fluctuations in the |
'iﬁstrumentﬁtion.used to do tests. This type'qﬁ
error can be reducéd by taking a greater number of
'independeht aamp1ea. However, taking more samples
from a block will not reduce any variance associated
with the blocks not'being'feprésentativa of coal
seam strength Isudh'additional.sémpies would not be

independent as they would be from the same block).

It is frequently difficult to identify bias in

experimental results on a rigorous basis from the

data avallable since there iz not always a benchmark .~

value available against which to identify a bias
Exampies of bendhmauks'which_are avai1ab1e to
identify the potential for biag are maihly the
calibrations of the instruments used to perform the
streng:h tests. This allows a conﬁideﬁt'assertion
that the recorded sample strengths are an unbiaéed
'ref1e¢tiqn of the real sample strength. Since ﬁhere



82

are no.othef-behchmarké with which to test for bias,
“careful attent;on to the de81gn of the experlmental
- work to avoid {pr, 1f unavoldab1e, enable

quantification) of possible bias ias importamt.

A-further impoftant-cdnsidéf&tion-abéut'biés g
"'that, if the magnitude of the blas in the_ 
.exﬁerlmental results is known, ‘the data can be uded
to provide an unblased predlctor by u51ng
approprlate Eactors One such example of this would
be the use of a strength downgrading factor to
_accommodate for the difference in erength hetween
.relatively unjointed sawples with relatively more

heavily jointed or Exactured rock in the coal seam.

Aithbugh.the dﬁrrent work is intended to expand on
‘Salamon’s formula by_making-provision-tofgonsider.
'différent coal“typea, Salamon’s fieid.5£féﬁgth
results give the pQESibility of indirect validétibn
 to determine  the dverail.bias; Such an exercise |
COﬁld be used to provide.a'factof by whieh to
'multiply'predicted field strength to pbtain an
unbiased predictor. 'The'rangé of coal tYﬁes
congidered in the current work is unlikely to be too
diséimilar from the range in Salamon’s data, and so
a comparison of the entire experimehtal-daﬁa:set
with Salamon’s formula for strength could be

appropriate.

The variance between blocks can be estimated quite
precisely as there are 10 degrees of freedom for
this statistic. However, there is sSome concern thatf
‘the variénce statistic may be an underestimate'fo:
- the overall block strength distribution, as the
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bloCksimay.éhére a-cbmmonfattributé, for example
being only higher strength blocks. This is a matter
Cof speculatioﬁ, gince there. 15 na data to either
cénfirm or deny thls . However, since both the. mean
and the variance of the dlstrlbutlon of plllar |
strengthe are Crltlcal 1nputs into the safety factor
.calculatlon, a bias g1v1ng rise to too hlgh an
astlmate of the mean and too low an estlmate of the
variance will give rise-to an-underdeslgna_ Merely  -'
_ﬁo:fecting-fqr_bias will'réduce.the ekﬁent of the
funderdesign,'bub_theuunderEScimé:é dﬁ'variancé'Willi

-_stiil.contribute towards uﬂderdeaign} .

A further note of caution in this area revolves
around the possible dependence of variance jn .-
strength on the dimensions of the gsample (as size is

increased from single'sample'hb.blcck to pillar).

'Theié'is.little statistical iﬁformaticn_available_
_from the data on-whiéh'tp estimafé this eEfect, but
it is qf great-imp6rtancé for the éstabliahment.of-a
 re1iab1e_safety-factor methodology. BRY conéidering'
salamon’s field data on pillar strengthse in _
'coniunction-with the exparimentalﬁdata, it may be’

possible to obtain saome ineighte in this area.

Based on these concepts on representatlve sampllng,

_1t is possible to addresa certain polnts

There i#-no statistical evidence to suggesh'that the

larger diémétef samples are subject to a |
- gignificantly different logarithmic variance than

.pthef diameté: sampleg. _Taking:this into aceoount,

it is considered most appropriate that a domparison
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between blocks &hould beﬁbeSed on all eampiee, as
thlS providesg the most powerful test for a

difference 1n strength.. Ueing only a eub set of

samples would reduce the slgnlflcance 1eve1 of any

difference whlch may - exlst

The_iabo:afcfy samples actually exhibit a shallower
trend in strength with diameter than the
relationship based on Salamon’s field data. As a
'result of this, at small sample dlameters, the
.:formulae based on Jlaboratory data eetlmate a far _
hlgher_strength than extrapolations from galamorn and
Muﬁrofs_fdrmuia.would indicate...ht meaningful size
piiler'widths, the differencs between the. formulae

ig much Smaller

One pessibleeexplanatioﬁ is that the_weaker_width
-relatienship obtained irem laboratory data
incorpofates & mathéﬁaticel representatioﬁ of
*downgrading® in the lower width exPOﬁent,. 1f
salamon’s exponents are applied te_tﬁe'laboratory'
data, it is necesgary to épply é'signifiCantly -
higher"dowﬁgredingjef_the delta stremgth factor to.
obtain-agreemeﬁt with field observations. However,
with the optlmlzed exponents, the downgrading is
relatively emaller. The observed factor with the
optimized.relationship could possibly be used to
correct'for selection bias in extracting blocka.
There is,.however, no evidence'to prove.this

contention over many other posgible explanations.

Figure 5.1 shows the laboratory and in sity data
'together with field strength versus pillar width for
a congtant width to height ratio of 2,0 on a log



‘scale.  similarly Figure 5'é'éﬁbwsfstiength“éereﬁé"e
ﬁpillaﬁ height, agaln wmth a constant w;dth to heighﬁl
ratio of 2, Q It is 1nteresting Lo note that a |
e_almllar variatlon between the. 1eberatory and the
field was found in an extensive study by Martln
'{1995} on Canadlan granlte, Flgure 5. 3. ':Martln

'stated that *these results demonstrate that there is" 

'[ not an unique aLrength-ecallng law that can be

 appl1ed to both lahoratory and in situ failure.”

The dewn grading from the 1aboratery to: the fleld is -

:contained in-the exponente.for width. and helght._
_Flgurea 5.4 and 5.6 show the. cewparlson between’
e_laboratory and fleld pred;ctlons. The aspect of
down gradlng can be sxgniflcance 1n that each data
'.eet may. be callbrated W1th each other, ellow;ng_,
.compa;etmve.aseessment.of seams v;eelabqratofy"

‘testing..
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Figure 5.1. The Laboratory, In Situ and Field.Strength
SR vérgus Pillar width for a. Censtant Wldth to
Height Ratio.
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' There is etatistical evidencefin the-deta that
blccks from the No 2 Seam have a hlgher qtrength
than blocks from other seams. It 15 also understood
.that there is Bome. fleld ev1dence that other Seams
suffer frow a greater percentage of plllar failures
'than the safety factor calculatlon baeed on a common'
s8trength relationshlp_would_1nd1cate. It eould_
therefore be validly'?roposed rhat the Ne-z'Seam
should be'regarded'as haviﬁg'a higherjstrength than

the other'seama tested. HoweVer,'the nﬁmber-cf

. blocks tested from other seama is- relat1Vely low and .

the dlfference in strength is relatlvely small

'The.étandard'deviation_between b10¢kB within afseam.
is esﬁimated.at.Tfé%5oﬁ.the-meen:(Whén_extragte& .
_using_the seiection scheme'adopted.for theae
experiments),’and the standard devxatlon between
samples from within a bleck is eatlmated at 21, 4% of
the block mean. As dlScUSSEd above, a strategy
involving the testing of § bioeks, anﬁlySing-zs.
samples per block WOuldegive rise to a 953
confidence range“between 92,4% and'lﬂ? 6% of the
mean-fpr the seam.. This may be an approprlate basxs
on'which'to eastimate the distrlbution of pillar
strength which would be expected.

A number of observa“-ions are extrxemely important in

this con’ ext,

Firstly, altheugh-the cﬁrrent'experimental results
_dlsplayed a greater degree of homogenelty within the'
“No 2 Seam than for the total experlmental ‘dataset,’

it is suggested that a study should be initiated to

agsess the geological characteristics of the coal
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and to HEEHWhéther there are diffexences iu the
physiﬁal.attfibutes cf_the poai_which wpuld give_
rige to a.relatively consistént stfangth'ﬁiﬁhin.the.
gedm, with other seams displaying dszerent physlcal
attrlbutes. guch- modelllng exercises based on
'phy51ca1 relationshipa. can be used withlg;eater
”confidéndé than purely empiric51 data; Aﬁother'
seam’s behaviour may be différent because of
_dszerent geologlcal procesdes responsah‘e for its
formation and-subsequent_hlstory etc Develoyment of
- such a model would require the ?ecbrdlng of '
geological attrlbutes of the coal blocks When
conductlng the test programme, and also an
agsessment of the conditlon and’ make up of the coal

_seam as a whole.

-Secondly, with respect to a new coal seam, it is
strongly advised that borehole data alone should not'
be used to proV1de comparlsons w1th the current set
of results. Any b:ases Ln the block s#lactlon
?réCﬁqq would be radically changed W1th the result
that the factor to. apply to strength in order to
chlé'up to piliar size would be unknown. For
example in this work it appears that the selection
'process which was adopted in extracting the blocks

| _hay have resﬁlted_in overatrength block. being used.
Testing of borehole samples would probably therafore
-lead to'1ower {tnbiésed) Strength resulté.
Application of a factor to rediice strength estimates
 would then lead to the true streugth of the coal
'being.ﬁndervalued,_thereby resui;ing in cwerdesign
af pillars} The potential erxror is probably a _
congervative situation,_but_it is recommendéd.that

extreme caution should be adiyted in this area with
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appropriate statistical expertise being used to
‘evaluate the results, '

Thirdly, the more blocke'andesamples thet are
processed, the mqre_ﬁredisel? can the strength of
the coal be deterﬁined; such thateit'ﬁay become
peeeibleeto base the safery factor calculations on a
higher average etrength of the coal. Hewever, ic
wduid be ﬁecéssafy to be dcﬁsezﬁﬁtive in “his
calculation and perhaps to take the confidence 1im1t'
‘as the average strength.  This would achleve the
same predicted probability of pillar failure, but.
based on more ccmprehen51Ve testlng4 ‘The
statistical caleulations underlying this approaeh
~a not trivial and there would be a need to _
eptimize the extent of teetwark which should be

'carried out.

3The-reeu1ts from'hhe teeting of coal blocks eupperts_
the contention that the average aLrength of coal im
within a fairly tlght band, with the possible .
exdeption as indicated by Madden (1885) and van der
Merwe {(19923) where the Vaal Basin Coal was shown to

be eign;ficantly weaker
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CHAPTER 6.
CONCLUSIONS AND PROPOSED FURTHER STUDIES
6.1 Conclusions

In this study, with reépedt to sample_preparation,
it waa_foﬁnd that coal as a material is difficult to
work.with_énd.iS'éusceptible to weathering, and is
also  apistropic. It is diﬁflcult to prepare -
samples. Héwavgr, an extensgive 1ab0ratory testlng
prpgram;.on 10 coal blocks from 10 collieries, was
carried out and valpable'information on the
laboratéry at?ength.of South African.ccals'haa:been;
obtained.. - |

The regulis clearly ghow that specimen strength,
size effect and width to height ratio effect are

geam specific and related to coal structure,

-From:the size effect test results it is indicated
that the.stréngth increasges with deéfeasiﬁg specimen .
- diameter and increasing width to héight ratio. Also
as shown in Figure 4.11 the streagth values obtained
from this study vary from seam to seam. However,
these strength values cannot be used for in situ
pillar design, because of the effects of the
variables on strength, =such ag discontinulty,
weathering an& roof and floor coutadts.gedmetry
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';noture'of the coal. Nevertheless the testé-providod-
- valuable information on the oomparativa strength of
South Afrlcan coal seams and the difference benween‘
the strongest and weakest ooal tested wao found to

be 59,4 per cent.

A iineaf regreéoion anal?sis_oﬁowed that-normaliﬁod
sﬁrength voluBS'égainst the width te height ratib,
bogéthor with data from current design Fformula (e.gf
the Salamion desgign formula) gavo a poor rolationshib
with é coﬁstaot height T In addition the-height?of
in situ coal pillars is controlled by the seam
thlokneSS and the strength is varied by ohanglng the.
plllar w;dth Therefore, the data from this study

- was compared to data from Bieniawski and Balamon

- with various seam helghts at a comstant width. The
' ;resoits'showed*that“ohe_iinéax_rogression'analysis
does not take the volume effect into aceount, for
instance, it giveé'ohe game strength values for an
in situ pi;iar of dimension w;sim,_héz m, w/h=4 and
allaboratory gize sample w=100 oﬁ,-hnzs'om,'w/h=4
Thus laboratory tests oferestimates the strength
.values, mainly because of discontinuity effecte on

the strength of coal.

From linear regoéssion analysis the réiationahipa o
betwaen the strength ond'width to helght ratio are
obtained for'eaohoblock. These relationshipé-are
summarized Table ?}iio ' |
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Table 6.1 Results from the Linear Regression Analysis

Coliiery

Diameterxr

Streﬁgth _

Strength/K

”Rz

The statistical analysis showed Ehat the strengths

of the six blocks from the No 2 Seam, Witbank

. Rz.
{mm} | |

Z.5.C. 50 13gD 0,73 | 0,840,186 (w/h) | 0,70 |
GOEDEHOO 60 2919 pae 0,73 | 0,73+0,27(w/h) | 0,48
xﬂUTALA 100 - _'145’9])4_:@9; 0,68 0,7'3+o,27'(w'fh'5" : -'o,:49-
KRIEL 100 'lﬁilnﬂmn 0,88 0,59+o,4i(w1h1_ 0,60
ELINKPAN' : 100 ZELSD;ﬁg 0,73 0;72fo,aa;w[hi_ _n,4z
GREENSIDE 100 1.'39,51)‘-’5’9 0,88 o,v-a;_+d,zé{w/h_)- 10,30
'BANk__ 100. .211§b4”3 0,73 | 0O, BZ#ﬂIlB{W/h):. 9,234
| SECUNDA 100 '”1ﬁ@t9%”’“ 0,67 | o, 7240, ;a(w}h) 0,59_.'
amvor | 200 | igonws | 0,58 | o,7ss0,3100/m) | 0,29
'DELMAS 1100 '_igignagﬂ 0;69 0, 8440, 16{w/h): 0,33
OVERALL 100 207,55 D! q,a#_ 0,7940,21 (w/) | 0,44

Coalfleld was constrained in a fairly tight strength

range; and that laboratory coal strengtha from
individual seams or mlnea_could.devlate to a
significant although relatively small extent, from

the overall average,

-While the 1ab6ratory :esuita_éannot be directly
applied Eo the_field méaaurement, a meghadoiogy for
the estimation.of relative_étrength betWQen_éoai _

seams has been established. This could be of |
aignificancé_whén-miniﬁg a greenfield region.

It is interesting to note that the form of the -

‘equation derived from laboratory test results was




Stréngth g_SW“.HQ/huJ4s .(MPé}  o (3.1

while the form'found by Bieniawski (1967) after an
- extensive program of 1aboratory tests on South
-Afrlcan-cpal Ffrom the No. 2 Seam, Witbank Caaltield

was

StrEHgtH = 5aﬂ”§/h“5?. - (MPa) N (3,6}

Blenlawskl’s rﬁsults were obtalned 1n a 1aboratory
1nstalled underground ‘within the mlne sectlon Where_
the. samples were obtalned. Thls procedure wag
conducted to overcome the potent1a1 difficulties of
'transpdrtation; the effects of molsture ‘content and

the time between sample collection and testlng.

'The sﬁatistiCal'anaIYSes algo Shawéd'that b6fehcié_
déta'albne should not be used to provide comparisons
‘with the current set of fesulté. ‘Any biases in the
block selection prOcesé woﬁld be radically changed
with the result .that the . factor to- apply to. strength
in order To acale up to plllar size would ba
funknown. and the more blocks and aamples ‘that are
processed,_the metre preciaely can the strength of
the coal be determlned, such that it may become L
po551ble to base the safety factor calaulations on &

zhlgher average-strength of the coal.

The major difficulty with 1a50ratbfy_testing ieg the
extrapolation .. resuits to full size pillars, énd
'hnﬁ'to-acncunt for the variabiiity of strength in
the layers within the coal seam 4nd the effects of

'cleats and discont;nultles. K
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6.2 Recommendations for future work

.Bcrd and plllar worklngs in South Africa EhOWed that
1n general the Salamcn pillar. d351gn is very
sucecessgiul for design of stable worklngs. Hawever,'
local ceaditions such as a very weak fioqr,-
*exdeésive SIipé'of weak bands'within the aeém, ean
affect the overall plllar strength 'Likewise,
varlatlcn in seam strength can result in chauges £o
strength.and,hence 1nfluence ;he design confldence.-
Considering that bet#een 100 ooo'and 200 000 pillars

- are formed annually in South Afrlcan colllerles the

performance of these plllars glVeB the best
_assassment of_the_des1gn.; The slgnlflcance;offa
large empirical data base_iE thaE aéithe number of
observations increase the confidénCe_in the
predicted &alue alao'increases. This is in terms'of
anomalies aé weli'aa in satisfactdfy'pefformande.
The fufther collectioﬁ and evaluation of collapsed
pillar cases could be useful to highlight ény.
anomalies in current design procedures and point to

any significant missing design parametersa.

further laboratory testing could e#pand on-the _
existing data base.’ Stfa:a material properties and 
their relation to index tests could assist in
establishing the type of mining environment and the
potential for foundation failure. ﬂsiﬁg a
classification'aystem and the incorporation'of
structural discontinuities into this classificatlon

system for improved aEgessment of Bimilar
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geotechnical areas could be a major contribution to

- the design ef'eafe pillar systeme in South Africa.

tThe extensive iaboretory testing pregfamme'indicated'
thet there is a variation in strength between seams. .
Panels of pzllars designed eccordlng to S8alamon’s
fprmula-have been standing_in excese of 25 years,
.elthough collapses have aleo.oecurred‘i Theee'
ccllapses sheuld be EKamihed'to=gain'further
knowledge of individual pillar strengths. .For-
-example,-exam;nation of pillars standlng for periods
'greater than eay five years cculd yleld valuable
'data with respect to thelr performance In the case
of imn- sifu pillars the seam contacts and eHV1ronment
:effects are implicitly incorporated 1nto the
analysis, wiich ig not the case with 1aboratory
based testing;, The factors leading to anomalies in
pefforhance.sheuld be deteiled-se that:these-faetors

can be incorporated into the design of workings.

Field trials to 1nveet1gate the plllar and
surrounding etreta behaviour, could assist to obtaln

information on pillar stability in situ.

The use of geophysical'ahd-photcgraphic technigues,
togzther with'conventienal instrumentation'eouid
prov1de useful methodologles for future monitoring

prsgrammea

Examination of pillars with heights in excess of
Salamon’s empirical range could be uszeful.

Nﬁmeréﬁs areas where CQﬁEQdereble reeeareh_has been
conducted have not been included in this thesis,

such as research into surface subsidence, roof
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suppoff ash fllling, caV1ng and 31dewe11 support _”
_syetems '

The: effecte of dlfferent geologlcal and structural

.factors as well as the 1nfluence of the Hurrounding

_ strate could be investigated and taken into ‘account.

Coel pillaf réséarch is,.because-df ite comPIEx
3nature, tlme censuming. However, the beneflte fromje
euch work ere Ear reechlng in terms of wcrker eafety
and the better understandlng of the behaviour of

: plllare, whleh in turn would eneble greauer _
extraction of coal frmm current and future eoal
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APPENDIX I

RESULTS FROM MOISTURE TESTS
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Greenslda Colllery M01sture ‘Content. Test: Results on Coal

Samples Obtained Later from the Mine

STANDARD DEV.

_ SAME%E:NQ: T WBAEPED SAMPLE T DRIED SAMPLE | % MOISTURE CONTENT

81 - 494.36 481,22 2.66
52 923.90° 913.13 1.17

83 769.05 - 745.65 ~ 3.04

s4 1036.57 . 1012.04 - 2.37
85 . 261.86 755,18 2.55

' _AVERAGE MOISTURE ' - R -

CONTENT % =~ - 2.36

0.7

Khutala Colllery Moisture Cuntent Test nesults on Coal Samples .
Obtalned Later from the Mine: :

DRIED GAMPLE.

[% MOLSTURE CONTENT |-

STANDARD DEV.

WRAPPED SAMPLE
S1- 597.26 . 591.20 -1.01
82 312.40 1298.34 - 4.50
83 "612.08 - 597.69 2.35
s4 477.09 156.93 4.23
_55. .. 295.13 287.74 2,50
1 §6 : - 168.11 1160.34 4,62
AVERAGE MOISTURE ' o - T ]
CONTENT % 3.20

1.47

'Secunda Colliery. Molsture Content Test Results on Coal Samplea
Obtained Later from the Mine :

“SAMPLE NO:

T WRAPPED SAMPLE |

% MOISTURE CONTENT |

STANDARD DEV.

DRIED SAMPLE
81 692.55 ' 660.13 4,68
82 . 803.00 767.32 4.44
B3 . 504.04 476,15 . 5.53
84 529.88 501.04 5,44
85 732,70 694.86 . 5.16
|AVERAGE MOISTURE — ' _
CONTENT % 5.05
. 0.48
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Arnot Colllery Moisture CGntent Test Results on Coal Samples
Obtained Later from the Mine

'_SAMPLE NO:

ﬁRIED_SAMPLE -

" WRADPED SAMPLE % MOLSTURE CONTENT
s1 . 782.04 689.16 ~11.88
52 459,30 432,19 5.90
83 - 367.19 343.88 6.35
54 ' 620.53 - 583,31 6.00
85 - 478.46 - 455,97 4.70
86 ' 341.28 324,60 4,89 o
AVERAGE MOISTURE - I S
. |CONTENT % 6.62
|STANDARD- DEV 2.66

Krmel COlllery Molsture Content Test Results on Coal Samples
Obtalned Later frcm the Mine :

WQAPPED SAMPLE _

DRIED SAMPLE |

STANDARD DEV.

-SAMPLE NO: § MOISTURE CONTENT

- 81 648.75 . 609.05 6.12
;.82 669.12 - 629.49 5.92

83 1014.61 .. 968.14 4.58

34 324,31 306.91 5.37"

.. 85 337.69. . . 315.63 6.53

| 86 984.70° 930.09 5.55
AVERAGE MOISTURE T ' T
CONTENT % 5.68

Blinkpan Colliery Moigture CQntent Test Results on CQal

Samples Obtained Later from the Mine

“BRIED SAMBLE

SAMPLE NO: WRAFPED SAMPLE [ % MOISTURE CONTENT

sl 572.35 555.87 2.88

82 797.05 "770.57 3.32.

53 258.77 249.05 3.76

84 C277.11 265.25 4.28

55 540.44 525.15 - 2.83
AVERAGE MOTSTURE T .
CONTENT % ' 3.41

STANDARD DEV.

- 0.61.
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' Krlel Cclliery ‘Moisture Content’ Test Results on Codl Samp’Eh

Dbtained after the Test

"DRIED SAMPLE

% MOISTURE

SAVPTE nn: TESTED SAMPLE
N ' - - ~ COMTENT
81 3.47 3.28 " 5.48
§2. '3.74 3.66 hi14
53 2.42 2,31 . 4,55
- 54 - .82 0.78 4.88Y
. 85 1.85 - 1.76 - 4.86.
86 2,17 2.08 4,15
87 | 38.31%2 - 36.45 4,38
.88 29.90. 29.00 3.01
89 - 26.98 25.81 4.34
. S10 17.80 17.04 4.27
811 - T77.07 713.53 . 4.58
512 - 17.99 17.24 . 4,17
813 20.13 . 19.24. 4,42
814 56.31 53.52 4.95
815 .. 138.29 36.35 . s.a7
- 816 - 17.11 16.40 - - 4.15
- 817 . 56.95 54.45 4,39
o818 55.64 54.66 w76
- 519 - 38.82 36.80 5.20
820 - . 33.02 32.20 2.48
s21 . 21.10 C20.47 2.989
822 35.22 .. 33,70 4.32
~ B23 189.18 1181.25 - 4.19
. 524 - 1s1.61 153.79 4.84
825 . 111.38 106.86 4.06
826 - 80.72 - - 77.20 4.36
827 - 128.75 122.24 5.06
§28 80,20 85.88 4.79%
529 - 139,02 132.76 4.50
830 - 71.52 . .. 68.08 4.81
) 531 152.29 144.80 4.92
. |AVERAGE MOISTURE - ' o o
CONTENT % 4,26
STANDARD DEV.. 0.89
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~ Samples Obta:l.ned after the Test

% MOTSTORE

~SAMPLE NOT F“TESTED SAMPLE DRIED SAMPLE

' - : 'CONTENT
sl 3.47 3.28 5.48

52 3.74 3.66 Z.14

83 2,42 2.31 4.55

54 0.82 0.78 . 4.80

85 1.85 1.76 4,86

86 2.17 . - 2,08 4.15

87 38.12 36.45 4,38

S8 29.90 29.00 3.01

89 26.98 25.81 4.34

510 - 17.80 17.04 4.27

511 77.07. 73.53 4.59

$12 17.99 17.24 4.3°%

813 .20.13 19.24 - - 4,42

814 56.31 4,95

815 - 38,29 E 5.07

Sle - 17.11 ¢ 4.15

817 56.95 4.39

518 55,64 ﬂ L.76

819 38.82 36.. 5.20

520 33.02 32.20 2,48

821 - 21,10 20,47 1 2.99

822 35.22 33.70 4.32

823 189.18 181.25 4,19

824 161.61  153.79 4.84

825 111,38 - 106.86 4.06
826 80.72 77.20 4,36

827 128.75 122.24 5.06

528 90,20 85.88 4.79

829 139,02 132,76 4.50
830 - 71,82 68,08 . 4.81

831 152.29 144,80 4,92

[AVERRGE MOTSTURE - )

CONTENT % 4,26

STANDARD DEV. 0.89
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Khutala Colliery Moisture Content Test Reaults on Coal Samples

Ubtained after the Test

SENPLE NOT TESTED. 5““bLE 'DRIED SAMPLE . | % MOLSTURE
: ' : B CONTERT
s1 696.58 678.43 2.61
£2 2,02 1.92 4.95
83 563.89 548.40 2.75 .
54 538.18 522.51 2,91
85 922.22 896,17 2.82
36 1.86 1.78 4.30
87 396.38 307.30 2.29
88 264.55 - 256.01 3,23
89 370.33 364.28 - 1.63
810 24,92 24.37 o 2.21
s11. 336,20 332.28 1.17
s12 13.79 13.52 1.96
813 74,79 73.22 2.10
814 69,32 67.36 2.83
815 12,90 12.45 . 3,49
516 2.88 2.77 3.82
817 8.76 - 3.54° 2,51
518 2,75 2.64 4.00
519 30,07 29,13 3.13
520 1.36 1.33 2,21
§21 129,85 28.94 3.05
g22 21,91 21.28 - 2.88
523 2.84 - 3.76 2.08
g24 2.82 2.80 0.71
s25 12,79 12.51 2.19
526 31,05 30.35 2,25
827 67,60 65,61 2.94°
528 23,17 27.64 2.29
§29 3.28 3.21 2.13
830 23.26 22.64 2.67
831 26.38 26,13 0.98
832 77,031 74.82 2.84
§33 40.74 39.57 2.87
934 47.10 45.64 - 3.10
538 10.70 10.49 1.96
836 15.42 15.06 2.33
837 ~ 18.75 18,26 2.61
AVERAGE MOLSTURE ' T
- |CONTENT & 2.62
[STANDARD DEV. 0.85
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Greanside Colllexry Maisture Content Teat Resulta on Coal.
Samples Obta:med after the Test ' : :

SAMPLE NO: - TESTED SAMPLE [ DRIED SAMPLE | . % MDISTURE
- ' . CONTENT
81 ' 92.67 | -~ 91.01 1 1.79
82 194.92 191,50 1.7%.
83 g 252,32 P 249,02 = 1.21
B4 g © 69.83 68.33 1.73
. 85 - 133.68 - 131.80 1.41. -
86 111,94 1 109.99 1.4
- 87 86.40 . 85.19 1.40
88 |  118.54 . | -~ 116.40 1.81
- 89 _ 0. 41  58.62 2.96
$10 - 98.27 .. 97.10 1.19
si1 1 34.27 . 33.69 : 1.869
512 ' - 63,81 | 62.82 1,58
§13 - 76.81 | = 175.52 . 1.42
514 b 58.87 |  57.93 . 1.60
§15 . 80,98 _ 60.19 . 1.30
816 R 54,30 o 53.00 - | 2:39
s17 ] 25.75 29,22 1.78
§i8 ' 54.02 | - 53.06 1078
519 43.97 42,18 | 1.80
820 . 36,42 35.67 . 2.06
521 : . 22,13 - 21,81 ' 1.45
s22 ' 68,43 - 67,21 1.78
523 39.84 | 39.38 1.23 .
824 10.65 | - 10.51 _ 1.31
825 . . 22.81 - | @ 22.41 1 1.75
826 : . 22,66 . 22,38 : 1.19
827 12.30 12.02 2.28
s28 - 21.94 21.58 ' 1,64
829 © .55 '8.38 S 1.99
530 | 12,04 . 11.86 _ - 1.50
831 L 24,23 23.58 2.68
832 ) 8.60 | 7.90 1 8.14
835 - 2,38 ] 2.35 © 1.26
834 - _ 4,24 a 4.15 2.12
535 .35 - | 1.31 2,96
836 : - 3.50 3.47 - | 0.86 .
837 2.11 ' 2.07 1.90
538 - 1.7 | 1.70 3.95
839 ' 7.50 . o 7.44 0,80
840 - 2.50 1 2.45 _ 2,00
841 : 3,61 B PR 10 1. TR 1.66
s42 1,74 [ 1.70 | 2.30
AVERAGE MOLSTURE S ' T '
CONTENT & - . . ' 1.93
STANDARD DEV. . 3 . 1.14
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3ecunda Colliery Molsture Content Test Results on Coal Samples

Obtained after the Test

~§ MOISTOURE

-x.SAMPLE NO: - TESTED SAMPLE | DRLED SAMPLE

' - N CONTENT

Si 96.84 92,04 4,96

82 89.28 ' 84.97 - 4.83

83 76.77 - 73.33 4.48

54 104.05 99.68 4.20

55 - 89.38 85.50 3.89

56 95,24 90.90 4,56

7 49.96 47.47 4.98

58 62.97 60.93 3.24

89 57.87 §5.82 3.71

510 53.87 . 51.73 3,87

811 47.91 45,90 4.20

s12 105.16 100,23 4.69

813 53.81 51,58 4.14

514 77.44 73.70 - 4.83

815 14.99 14.31 4.54

516 11.85 11.11 .24

§17 29,85 28.36. 4.99

818 . 12.57 12.07 3.98

- 819 . 33.04 31.51 4.63

820 18,98 19.09 ' 4.45
S21 10.33 9,91 4.07

822 17.97 17.19 4.34

823 48,46 46.13 4,81

824 16.41 15.64 4,57

825 14.07 13.37 4,98

526 25.90 24.175 4,44

527 19.50 18.66 4.31

528 32.16 30.67 4.83

829 17.51 16.76 4.28

530 6.73 - 6.52 3,12

831 1.90 1.81 4.74

532 6.78 6.52 3,83

833 3.44 3.29 4.36

534 6.71 6,47 3.58

835 3.32 3.21 3.31
838 2,63 2.52 4.18

AVERAGE MOISTURE
CONTENT % 4.36
STANDARD DEV, 0.59
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2rnot Colliery Moisture Content Test Results on Coal Samples _
Obtained a.ftar the Test - ) '

"DRIED SAMPLE

% MOL1STURE

"SAMPLE RO: . T TESTED SAMPLE
: : ~ CONTENT
81 10.41 10.07 3.27
52 17.24 - 16.52 4,18
.83 29.68 $28.50° 3.98
84 5.28 . 5.13 2.84
85 - 14.23 13.65 . 4.08
56 21.14 20.39 3.55 .
57 43,17 41.40 4,10
88 14.42 13.93 3.40
89 18.24 17.69 1.92
S10 41,38 39.68 4.11
811 " 7.95 7.69 3.27
812 - 14.37 . - 13.81 3.50
$13 13.70 13.15 4,01
814 . 22.81 21.83 4.30
515 23.13 22.16 . 4.19
516 14.42 13.88 3.74
§17 20.84 i7.54 - 15.83
518 2.93 2.86 1 2.39
519 4,25 4.10 3.53
. 820 4,75 4,62 2.74
521 1.04 1.01 '2.88 -
822 1.52 1,50 - 1.32
823 25.01 Co24.11 '3.60
524 $79.16 - 76.03 3,95
825 87.61 ©£4.12 - 3.98
‘826 113,80 . 1n9.21 . 4.03
- g27 85.51 82.26 -3.80
528 39.5%9 38.05 © 3.89
529 75.01 72,27 3.65
530 65.25 62.80 3.75
531 60.21 57.82 3.97
832 67,22 64.60 3.90
833 97.30 - 93.37 4.04
534 22.94 22,06 3.84
835 117.68 113,186 3.84
. 836 131,97 126.73 3.97
. B37 52.97 - 5l1.02 3.68
| S38 132.47 127,11 4.05
AVERAGE MOLSTURE ) o '
CONTENT % _ 3.93
STANDARD DEV. 1 2.09
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 RESULTE FROM WIDTH TO HEIGHT RATIO TESTS
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