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DETRODIGION

Throughout the Jong bistory of mining Kb Perra. the mining
egineer's main contern has hoon support, From the esvliest times,
‘the Leaving of umined vortions of rock, or »pillars, es sumort,
has constituted an integral part of most unlerground mining operations.
It therefors sesns paredoxicel that,slthough rillers have been
usied 8o extensively, there exista today o adeguate generalised
caletiletion ¥o determine the amount of Joad & pillar can support,

Recently there heve béen many atienpts to establish & piller
sbrength formiie but in the main these tend either to apply only
to & specific materiel voder epecific conlitions,or to depend on
% many paremctens and veriailes that they prove isspliccile din
practice,

In the vast najority of pillar spplicetions, the iz Mas
been detemined by past experiense and then trial and error fov
the speeific avplication, This results in & genercl "rule-ofWthumy®,
which holds until there nrw an excessive yuzber of failures, '

% in ¥he eiu of this dissertation to produte a gnwnli‘sed
pillar strength formala for wile pillard. i.e. those whose Yateral
Qjpmensitns are the grestests It should be mesed that ¥t da juek
tha strengbh of the infividuel sclit pillar that is imvestimebed.
T% is therefore asmmed that the surrounding st;'et& ie competimt,
such that it will mot fedl prisr to piller Failure ror dees it
induce undue high stress Goncetkretions in the pillar due to
sxternal phenomens, mwor dogs the pillar partisily feil before

ultimate Pafltre,




CHAPTER 1

FAITURE OF MATERIAL

1.3, THE GENERAL THEORY OF ELASTICTEY

In the tield of rock mechonics wost colewlstions are based
on the assumpbion that reck behaves elastically. Iovarisbly

the queation arisss as to whethcr this assumpbion is valid.

Apart from the fact that there exists no otuer theary which
ik s complete and computeble, it has been found by meny suthors
thet tho streas/strain curve for vack is linear. Moreover, o
according to doatestl), vhare the rook is viscosclestic

and’ elast iq, it can be to behave H

to a modification of the elastic théoiy, having the same
pbressmequilibrivm equations and boundary conditions and

only in the ility

Hence, a3 the most appliceble and “the most complete thetry
available, elasticity is a good first approximabion to describe

rock bebaviours

o insight dato bhe theory of clastipity can be fowd in
hout Goxtbooks Aoalfng with urdamental strongth of mterials,
Two, resarded s thy classiesl textbooks i this field, are
\eitton by Tinoshenio ead Goodter(?) asd Musthelishvals 3,

Tn this dissertgtion the theory of elasticity is lsed °
exbensivaly $o exprebe nd relate stress et strain condifions.
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1.2, THE AIGMIC PATLURE STRERGT
o congifering the failure strength of meterials microscopically,

‘the lower Limik ¢% considerstion is the strength due to the
tbhesioi of atumis partieles, trowen’™ yiven the stramgty of

materisl as i-

R
Vo2 yE
L3 -

whera y = epevific surface eneray
£ Youns's modulus SRR

& = gpeca bétwéen neighbouring etomic perkicles

However, bhe strength of a substsmbial mass of materisl is fourd Bt

)
‘o be much lower than the stomjc strength. 'Thia gave rise to the
Griffith Orack Theory. *

1.3 The Grirfith Crask Theory .
Grigeital®) ssqumet thot the 2ifferems between te stoais '
temaile strength and the messive tonsile strength waa due to

;
nigh stress comentrebions around aml) eracks inherent in messive ok

maberial, © . ' i

These high stress comsentrations dause the cracks to prepagste,
finally resulting in tHe failure of the meteriol slomg the

argbks and their propegetions.

& crack ¢ 1y by an ellipse o lavge
eccentricity, Griffith celoulated e maximm stress st the end
of he cragk, orjentated at right engles to tle spplied tension,

from the maustion: 9% % 2,

o

nere oy = epplied tefisile stress
fc = lengbh of c¥ak
= waling of u\xrvu.tu:e. st he end off the erack

2«

—
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To relats the propugsbion of cracks to the constents of
the nabterdal Griffibh considered the energy brlence during ereck
propagation. The types of energy vhich have to.be considerved are:
{e). A loss in potential emergy due to displacaments - P.E, °
{b}e & gein in strein energy arouni the crack - EE.
{c)e A gain in surfmce éneryy due So formation of new creck areas - S.E, '
(d)s A goin in ineyic enevgy due bo crock propegebion « KH,
(e). A gain it potential energy due to plastic deformatian - BL,E,
The snexgy balance is therefore expressed by the eguation,

P.E B EE FBE ¥ KE % PLE
Tor the stehle erack propagetion the surface enevgy gained

in rupturing the molecular bonds along the creck path muat be

equall to the nobt roluction in the strain energy of the system,
deee S.E. ¥ ELE

In $hree-dinensions s flst oblete sllipacid was studicd by
s0ck(®) o derived the exprossion i
0 % —m—— h
yhere E ¢ Young's Modulus ® 201v) :
v = Poisson's Retio
2e = orack length
In compression e original Gz theory dces nob

make allowances for the cliswre of very flat cracks before they i s
reach s high onough stxess to propagste, The frictional forcas
iich came imbo hoing vhea the faces of the orenk cene ima

comtect exert & marked inflnence on bhe creck beheviour

PIH MODIFLE) GRISFITE CIACK TITIORY R

Yo study the effect of friction on clesed crack surfaces
MoeLimbock 5o WelshlT) adepted the Griffith theory by mekisg

L i S T TR



‘the amcumption tlat the inftial cveck in an vnsbressed body is
wniformly dlosed oyer ity winle lengbh, i.e, the strass required

to eloae the erack is zoro

For negatdve ¢tress i.¢. vensilo stress the originel
Griffith Theory hodds, and for yositive strees i.e, compressive
shress the MoAified Griffibh Theoxy holis. 'fTha transition poimt

of the two Lheories veours st zero stress as imdicated in Fig, 1.

1.5, ZOEMORR RATHRRE YWVELODR
4 2-dimensional stress systen in an elastic body (see Pig. 2s)

can be illustrabed graphicsily by a Mohr civele (sce Fig 2b). °

As the stross difference increasen $he radius oF the wirele
increases, For & fixed minimum sbress o maximum vedivs 3s vesched
at failure, . I the semi-cireles st failure for Aifferswt
minimun stresc velues are plotted they are found to have m oowpisu
envelope onlled the Muix foilure envélope which is also sbéwn in

¥ig. 2 (). Eunbos of ecbive and pussive Pailwre can alsv ba

Thie Griffith and Mohr theories were derived for clestie meterials.
For Flestic aaberials uecful thoories have beow proposed by

Treska and vor Hises,

[ TGy R TITORY OF PLASPIOTTY

Undor cerbain sbress comditions rack is kmova to beheve
plastically, The complexity of plasvic behaviows, thy ohsoge of
phuse from elesticity to plesticity and tio wide varitkion in

Yyerdious meberials combriute to the renson why the whetfy of

firessiaity "

devived fram the Mohr disgres as discussed in more dabeil in spebion 2,3, 7

o




RATIO OF SHEAR STRESS TO UNIAXIAL COMPRESSIVE
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MODIFIED  GRIFFITH

THEORY :
o5 .
Tl
i
& i
" !
M2 g ;
5
& )
w
|3
[
TRANSITION
o1
ORIGINAL GRIFFITH
ot THEORY
i
;
o o1 oz 03 o4 o5

OF [NORMAL. STRESS TO UNIAXIAL COMPRESSIVE
STRENGTH Jo-

MOHR ENVELOPE FOR ORIGINAL AND
MODIFIED GRIFFITH'S BRITTLE FRACTURE
CRITERIA IN TERMS OF THE UNIAXIAL
COMPRESSIVE STRENGTH T FOR .« = 10,
(AFTER HOEK @)
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FiGURE 2g.  TWO-DIMENSIONAL STRESS SYSTEM
ON AN ELASTIC BODY.

MOHR FAILURE ENVELOPE

SHEAR STRESS 7T

z
NORMAL S5TRESS

FIGURE 2b.  MOHR DIAGRAM SHOWING THE RELATIONSHIP
BETWEEN THE STRESSES ON A TWO-DIMENSIONAL
ELASTIC BODY AT FAILURE, AND THE COMMON
FAILURE ENVELOPE FOR FAILURE AT VARIOUS

STRESSES.




Plazticity e nob developed imto & rigorous discipline. In spite
of thin same abteubs heve hoen made to hring plesticity on & per
with elastiofty, Accomting to HoRfman ard Sacks') o theorics
hnve boen propounded 4o explain the failure of materisl in
plagticity viz, that of Tresdn - Sb, Venart and that of von Mises -

Hemekys ' Both thecries use yiold susleecs %0 deseribe fallure,

Thoy aifer in thet Preske - Bt, Vemt rroponcs thot tha
yield surfece is hexagonal and vor Miscs - Nencky thet it is

eliiphicel (see Fim, 3)s °

The diserepancy 48 tvo condibiensim
it Vonant

(2)s the i ing-gb: § of Trorke -
agaunes six different oxprossions in various regions of the oyo,
plane, depending or the reletive negnitudes and signs of vy ol da.
This gives an hencxegon failure surfece en shown in Figs 3u

(), the strel f-ai 4 ition of von Mises -

Heweky e en cllipsa vith the major end minor axcs bisecbing vie oy~
ord o, axen ood passing throush the vertices of vhe hetagon of

e ez e st .

Phe twe conditions predich the seme yicld sbresghh for equal
*
biaxinl stromecs given by o = oz% = g, vepresemted by Band ¥
snd for vadaxial stxese, 4, O, D, F in Pig. 8,

The sesimen doviehion of the tve theorics ocouws foi gurs
shear, gy # ~ Oge '

‘the valuer are theny

. + B

Maximum~shearing-stense q = =y B o=
4 O

Brrain-anerpy-of-distortion o B w0y B o~ .I"E_
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Briefly the failuve erjberin cun be samoirised as: |
(a)s the generel theory of slasticity is sbill the most exbensive.
ext the most eaeily sppiicable theory 0 dete,
{5), the abomic strengbh, thovgh valid for micrescopic oxder i o
of analyses faily fo the macromcapic sbevs,’ i
(e)s the moqiried Grifeith Theoy con in general be epplied to H
caleulabe the strenghh of rock, however, its epplicstion is
limited s relishle velues for surface frec energy eve mot
availeble.
{&). the Treska-von Mimes theories will be useful in later
2eternimtions of strength when more is known about the
plasticity of rock, bub for the parposc of this dissertsbion

‘the essumption is mede thet rack behgves clastically.

6,




SHARTIR 2

EAZLURE OF ROCK SYSTRMS CONPATNING, PTULARS
In order %o apply mathematieal theory of elasbicity vo
" prachiesd mining cordivicrs Salazon®) considers four “ypes of
idealised nodels vizin

(2)¢ Homogeneous isctropic model,

(O i model,
{e}. Frictionless leminated model,

{a). Muttimambrane model.

To elininsbe tolious jeal coleulabions it will be

ssgumed in this dissartation that the nining copdition can be
sinmulated by the hamogencous isctropic model,

2.3, EOOGTITOUS 0710
To apply this medel it is abowued that the mechenical
properties of all portions of the rock mass is the same, snd thoir

is

of the 4k of lowding i.e. the

model disregards the possible effoet of the bedded neture of the !

rotk. "It provides a useful spproximation in the case of deep-acated !

hard rock, where bhe hedding is not promounced and ro preferenbicd

airection vith regerd to ite propovbics exists.

The basis of cxloulstion i on the mirvor disge concept wish

only two p %o dotine the ical des of the

maberisl viz. Young's Modulus § and Poisson's Ratio v o The

mivrer image concept sabisfies the condition of shomr strems-frec

ground surfase by superimpoping the solubion for b elenst ot

Jinfinive




infiniye depth 6t ite mimror inage, 'The enrfece is Trecd. of
novpel streds hy the oddition of ancther stress Smmcbion, '

202, POISHON'S RATYO Wrpwm
Tlio stiress on a piller inereaees with progressive mining
due $o the veight of tho overlying straba, oud $he imeroase
oauses a defomnation of the piller, “2s ¥~ piller dofcrme
verbicelly, it expands laborally uabil b foils by solitbing
vertically ond mliping of the outer leyers.. THis ‘cortimes unbil
the size of the pillar is so emall that it can no longer boar

the weight of the overlylng etrata end it fails v Jlently.

The leteral cxpansicn occurs &c & rosult of the Foismon's
Retio EPfcet whieh is unrestricted eb mideheight of the pillav
and restricted on the hangingwell and the footvell comtachs with
‘the pillar, This censea bulging at the mid-height ard Zeeds Yo

versicad cracking (se¢ Fimh).

2.3 M2J, TEEIET.
If the pillay ie slenlor onough, ‘en ¢bligue shesr plane
. bonda to develdp. {scc Fig, Sa), This is cxplained hy Tersaghi
ana 5ook ) in tho theory of aobive nnd pussive oheet ylones sk

it can be boelysed by the Mohr Buptiuve Theory.

Briefly, the angle & of the shenr plane (otie Pige 5o) 0 tha

yorizowbel plene ds 45 « $ihere ¢ in the mnple of interm fristisn;

¢ Geponds on the difforente hobween ¥he applied vertical streds oy

and the rvestricking horizomigl stress ¢, {sea Figa B h

8
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HANGINGWALL

Paoudt
((“( PILLAR )n))
A

FOOTWALL

FIGURE 4. CROSS SECTION OF A PILLAR SHOWING
THE POISSOM'S RATIO EFFECT PRODUCING
BULGING AT MID-HEIGHT AND VERTICAL
CRACKING WHEN SUBJECTED TO VERTICAL
STRESS = 7.




FIGURE _5b.

FOOTWALL
FIGURE 5S¢ FIGURE 54,

THE MOHR EFFECT SHOWING THE DEVELOPMENT OF SHEAR
PLANES AND THEIR EFFECT ON A WIDE PILLAR.

|

FIGURE e,
COMBINATION OF POISSON'S RATIO EFFECT AND MOHR EFFECT.
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Acoording t6 $he Mot theory e mumber of shear planes ave
iniuced, 211 Bmving the seme sagle to the horizortal. Scme will
heve She apposite sign (see Pig. 50),

This cetmes the Mnist® offect comonly ceen in cozl pillars,
dus to the loose rock Falling swey {mee Pip, 5i).

In prachice vhat s observed is firstly & bulging effect oni
¥hen the rook st aileelght falls away, leaving, not & clesn shesr
plain, bm‘. o jagsed swisee, This could be explained by &
canbization of Poisson's Bebic Bffect and the Holr Bffect (see i
Pig, 5e). i

However, it could be due %o the meture of the medavial.
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SHAPTIR 3

SIRESE  DISTRTRUTION

In deternining the strengtu of usterial the most comvonly
usel method s bo-sbudy. its riaevion to an eoplied stross. °Hetosy
e kowledge of Ghe exact msbure of tho spplick stress is
imperatives 'Two Tactors of this mbure wre Duportam vige

‘thte emount of stress snd its distrivution, *

TRIDIGIRY AREL THEORY

To megbure Buo botal amount of stress under mining conditions
the tribubery scca theory provides & fairly acourate ard’ easily
wonipuistive exbifnbes ' This bheory atabes thet the piller
aupports the embire weight of wook ebave the piller and ebove the
exeuvabion tributary (or edjecent) to 3t. This cen be expressed

By the epmtion

4 . S
1-3

where up ® aversge pillar stresz
S0 # vorbivel field sbress
R # exbraction rebio
Hence this method giver the maximes everame stress that ten

cegur ia the pilars

STRISS PIFAINIION I TR POEAR

TP there is & nomuniferm stress distribuvion in tho pillax,
%hen bhe maximva diress is wob thel given bWy tho Yrinbery oXon
thoory, but & grester value, '4s the roek il fafl firet uh tio
mress of groatest vilue, it s imortu.m %o know th? configurstion

of the stress distribubion.

e e
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imoshertn®) gives tne Losd dissrivbion on & shraisls

Banindery. {6ée Tz, 6a) as v nml’ -
woa —x":

where 7= totel load
e = degih of bouwdery
¥ = distepce from pechue
A dinler configiravion % given by Seizacs wid Oravesz L)
for the stress distribution over & pillor {sce Fig. Gh), They

wadutein ¥iab this azpiies wobh to the homogeneons isvbvopic model
and the transversely isobropic model, ths m’];; difererne voing
‘the choice of the aporopriatw physical constents in the fimal
rogulta.

Au epprowimation that is used in this approsch is, thab at
.1y poirt over the piller, the verbicsl stress is proporbionsl o
o the piilar convergence thare, From this i is calowlated
thet the Btress convergence &t the cernors of the pillar is 37,58

higher then the mean stress over dhe whole piliar.

ot gives tha move Likely sbross Aistyibution ag heviog
the usyimm stross st & disteuse imbo bhe piiler {ses Fig, o).
In pracviee the parbial fractarics Troa Masting or releass of
confinatent of bhs surdace rock, zrodudcs o zons comnanly 2 fadk
%06 feeh thick thet con sustoln 1ibtle sbross. ‘The posk siress
comomtration is tims movel to the odge of the unfractured .

porbion of the pillez,
ks s »
b
3,3, ' SPRESS DYSTRIZUITON ARQUID IIF SHLAR ke
ostos(H) miskeips Ghak the wvess distrimbion Wit tus

Feobvall and the hangingwall of the saic medtli of deformebion

lis .

IO e i
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FIGURE 6a  STRTSS DISTRIBUTION OVER A STRAIGHT
BOUNDARY PRODUCIWG CONSTANT DEFLECTION
(AFTER TIMOSHENKO %),
¥
PILLAR
FIGURE 65  STRESS DISTRIBUTION OVER A PILLAR
CAFTER SALAMON AND ORAVECZ®¥),
FRACTURED
ZONES
SOLID
ZONE
FIGURE B¢,  STRESS DISTRIBUTION OVER A PILLAR

CROSS SECTION (AFTER COATES™),
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.
ds the same in the Paubwail on comtect with the pillur as the
pillar, This is %o be expected if one accepbs bhe contimity of

stress, B0 corsidering tha jdeal elastie situstion the stress
will be hat of the piller {see Fig, Te).

4% = distance inte the footwell the stress distribution is
spreed over o larger aves enl Shus the stress concembration is
diminished (see Pig Tb), until et o certain distance ahove or
below the piller it the prind

ive stresa

B8, A1) refavences to the foobwall opply equally to the hangingwell,

Ternaghi and Peck(*2) give the Floor reackion ko prossure
on & plate as the development of shear planes {sre Fig.T¢), "This

phonomenon is well kvown in Soil Mechanies.

5 was feom this soncept that Wiggli2) deduced the shres

lines sround an open excavation {see Fig. T&).

PEQTOETALTUEG SIanns ADALYSIS

Trom photoslastic oixess studies on pillar configurations
zogiet3) arrivod ab the following conclunionsie
{e), the maximm stress in the pillar ocowrs ab ihe inbersestion
of the thros orthegonal planss Viz. the coruer of the two
aidevalls and the footwall (shown previeunsly by Eelsmon and
ovavaeat ™)), i meximm is nob affocted by the slenternces

of the pillar, but by the ion in

{b), the rate of changs of the maxiwm strass with the precemage
extraction inlarge, abeying spproxiastely Linser lev.
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FIGURE 7b.

FIGURES 7a_AND 7b.  STRESSES IN WALLS ADJACENT
TO PILLARS (AFTER COATES @)

1L.0AD

PASSIVE
SHEAR

ACTIVE
SHEAR

RADIAL
SHEAR

FIGURE 7.  FLOOR REACTION TO PRESSURE ON A
PLATE (AFTER TERZAGHI AND PECKY®)
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FIGURE _7d. DIAGRAMMATIC SKETCH SHOWING SHEAR
ZONES AROUND A STOPING EXCAVATION
(AFTER  WIGGILES™)




{e)s o tonsile stuess is praduged ih-the Tobtnlliof the. cmavation
af tho order of thetpringbive mbracs.

{4), for purcentage exbrachion leas than $9% the rete 0f change
of bhe mexmum stross ot midwheight is relstively sndll, ~For

greaber Yhen 53% extraction the rete is highs

fle also shours thet seross the pillar the gtress disbribution
roamins uniforn ab e distance inbo the pillar grester than helf
4he heignt (see Fig. F).
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FIGURE 8.

DISTRIBUTION OF THE PRINCIPAL STRESS i
TRAJECTORIES AROUND A WIDE PILLAR
(AFTER LOGIE )




CHAPTTR .

EREVIOUS PILLAR FORUULAE

As that section of the nining industry which has Yor some
‘time predozinsbely used the pilise as sn inmbegral part of its mining
mebhod, the coal mines were the first to- become imerssted in the.
Qternination experinertally of ¥he strength of pillars. 43 far

‘back as 1938 : were in the Pi Goal
(§10)

Beda by Greenwald, Eowartl and Hartmamn''' to imvestigete
parsmebers thet night affect the strength, They cheeved Yhot size
nad & distintt effect on the strengbh, From the results of
saven tests corried out on in situ square cosd piliars, they
postulsted the form of the equabion bhat velates the size o the
sbrength os being a pover function i,e. the strength of & pillar
is 4 Punction of its width and ibs heigiht to certain powers,
vie, am ok w®nl®
whate o = AbYensth of pillar

w=  widbh of piller

h= heght of piller

kb= constamts

Unbil very rocently, this vas bhe sceepted fum of the piller
strongth formdac, later reseerchers merely differsd with respect

o the constests,

Howerar, due to the eipivicel mbure of analneting, the constents

vary , due to the parti rature of the coal

i &, The also

meciZically tested by i

difrered in their opproach to the &etermination of the consbarts.
iy
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ppecinens and extrapolated the results from the Tomula he obfained
o deseribe tiv strengbh of wine pillarse Tn 3967, Salamom ani
1ure6 38) aparoschea the problen of pilldr strength by’ tebhod
different from thet of simulabing e pitler Zailing in the laboratory,
They took & lerge mmber of plliers in.s wumber of mines snd, o
the basis of classing those which had eivesdy falled ne being Yoo
fuall ant $hose which still siood and carried loed as being on

‘he large size, they fousd the optimm values for the consbaihe
stabistically uaing bhe pover function formula ae bhe basie foru,
Also in 1967 BieniavsxiT) comtucted o series of bests on in sith
emall cosl pillers by artificaally imducing e losd on the pillars
by means of hydreulic jacks, thus sbwmlebing piller feilure under
safe conditions. Again he used the pover fumbion formila as

the basic tenplete and geve o new evaluation of the constanbe.

e the various postulates can be summarised by the Ionmn@

table of the constents. N b
Greenvald et 2 0,50 ~0.83
Sheart 0,50 100
Salaimon and Xenro 0,46 0,86
Bieniaweki 0.6 ~0.h6

Ihe sonstant k depends on the mabure of the cosl « 1 as it can
be seen fram the form of tha power function formile, it is the
yalue of the strength of a wnit ewle of ecal.
1In o lever paper in 1067, ptentaveii 18 fivet aevisted fran

e pover fanckion Lordula Wy prePOTiRG Linesr zclskionship
of+tho fora P
whers @ = sbremgth of pillary R = widsh bo height ratio

as= b0, b=, 20
A evsdughion of Yo mexies end Linitations of these .

-

fopalos 4s piven in srebion Sl -




SHAIER 5

DERIVATION OF WIDE PILLAR FORMULAE

B, SURIGTR 0P PULMR AymIAL

The strength of piller mekerisl, usually wock, depends on
intrinsic paremebers and varistie externel factors, wany of which
have a6t yeb been idemtified, let alone anslysed.

In atbenpting sn analysis of factors determining vhe strongih
of pillar material one must first consider ibe geners” mebure,
The rock may have a structure renging from separste particles
‘honded weally togebher to & fused plass-like strueture, depending
on its geological origin and history » vhether ignecus,
sedimentery, or metamorphic; of what elements it is composed; in
what array the elements.are bonded together and et what stuge
of metamorphosis. Sendstone is sn exsuple of erystels of rock
Tonded togebher by & cement weeker than the individuel crystels,
Wheress pure quartziSe hns been fused so thet the importance of

individual grains is greatly diminished, &

The behaviour of rock under sixess may rasge from purely
elsstic to plastic or viscous and is of importsace in the comparisonm

of aifferent rock types; and even in a simglc specimen the

deforwation phage msy change i upder varying

The mode of failuve of vock may renge. from & gradwsd flow to
& violent rupture with or witheut crscking and crumbling. ~After
Paiiure the rock fragoents may be recompacted to &ttain & capacity

+0 onte more withstand stress.
6.
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The strengbh of & Yook mtss is effested by the degren T

5 chemieny 3 ie er fumre,

Antetnal stpess sons’ & 3 [

524 (L
cxmnpio, Wis2 % rous taet the strengty of sandstone Gecreases

warkedly with ex inerense in the percentege sxturction; viaual

chanical slterabion ocours ot parmerbize fyties eqesed in undergvousd

workings; planes of weakness suck 25 fanits,fissures and slips rrs

eanmon in i the hgh stress

X3 i left by longwell mining on
‘the Witwabersrand gold mines mey cause vidwen: failures; and the
rheological deformetion under & constazt load too low $o induce
imediste failurs hus been obyerved to lead to failure in salb and

potash nines,

IHE PALURE STREIGEN OF A UNIP PIIIAR

In mining it has Dbeen observe” that the strenzth of & pillar
o influenced by itz dimensions, more cepecicdly 80, its lewt
dimension, If the least dimevsion is its width, it is a "slender
pillar® and ite stvengbh amalysis would be eldn to that of "eolumn
+theory" wsed in struchurcd enginearing.

It the least dimension is its height it is & Miide piliax',
In apalysing e ide pillar the contept of & unit piller is used to
serve a8 the foundation upon vhich the failure strengbh $heory i
built, & pnib piller is & oubic pillay of sitelength equal o the
height of & wide pillar. Hemce sll wide pitlars conbain ab leust
one unit pillar, ly incressing the unit pilier in ibs leberal
dimenzions ib berones & wide piller.

The failure strength of o wnit piller, o, is Yaken to be
‘the meximm losd per unit aves vHich the piller can support

befare failing.

.
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his failure strenghh should wot be confused with the

undexial eompressivé-styength, o, which is debemnined by an

Et Ay N

on ¢ rock specimen of
specific size Viz. o cylinder of rock of dfemcter 145" and i Tepgbh
3.25%  Iowever, the unit stvemrth cen be considered to be &

Dametion of the unjmxisl compressfvs trengik,
dvee oy = 7 (a,)

To dete this i ip bas mot been i though a first

lmoximmiozl: ean be made empirically by conducting e series of
‘tests on epecinens of verying size end then extrapolating. Tt is
Benerelly accepted that es the size increases =o the strength
decreases, However, it is bhought that above a certain size, o
matter of inches when dealing with metels and fect with coal

(Bieniavski®®) ), the strenchh of o ctbe beoonss consvart.
, (22}

Recont results (Grobbelanr ) indicate that it ie posnible to esbimate

the strepgth of a unit pillar by using bhe strength of muall

apd of erack

SIRENGEPH WINPTRYTCATION FACTOR - o

In mature vhare one desls vith finibe bodies, one rardy
comes inbo combach with pure uniexisl stress conlitions, Due to

4he imtrinsic nature of msberiels, buing constricted of molewules

+hat are connected to one enother by some or cther fieans, one finde,

stTess

aven in the maliest elements, » t:
In this three-limensiomal strest somdition any one of threa
prineipel stresses is influensel by the othes two, Any change in
‘the magnitude of iy one principal stress woduces a chonge in the

nsgpitudes of the other two,

18,




AT 6wt plilor i3 onsidered to be an intagral unlt vieh

the giggiggl worestes o, o, 5 o Heting o Ste ewfaces

(see iz 9a), the change 4 9y B0y 33 & fasstion of the

SEYGOREY in'd, 6 ug, Au—tud 0%, 24 ay if there in w0

Refarmnion dn the direstion of v,.
iwes Aoy = £ac,, bay)

X the sitwabion is simplified %o thab of two principsl
Ebreaces, %% maximm and the minimum, LA and say ¢y inthe-thse
©f & Wit Dillar under vertical load we geb the relationship

dop = #{ag,)

Over small this Sonskip can be

. ¥ a streight line vhich has the slope kl carrespoading to the
slope vf the curve at that poimt
o, = Ko, (ses Appendix 1)
he effect of this on the unit pillar is thet an increase
in the Jatexsl stress, increases the failure strength. By
definition, the failure of & unit piller, U5 cecurs in the
unisxigl stress condition f.e. the lateral mbress is zero.

*  Gherifore, if we aprly s stress 8og we get an imcresse in i, of By

ie. weno, =0 o =0,
vhen o, = 80, S ‘“’1
= wu * k!Aa‘g i
(see fig, 9b amd Ye).
Bolis RN TATERAL STRESS INCREASE PACTOR - X F
Materials, when pubjected to a vertical liul, show o tendemy g

o deformy in genersl, by combracting versically and expanding

Serally, The amoumt of deformation and the atic betueen $he
volumetric dsformation verbisally to thet of torizomtally depends on

the nature of the meberidl. 19,




FIGURE 8.

FIGURE 95

FIGURE e,
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THE PRINCIPAL STRESSES ACTING ON A

UNIT CUBE

7

THE TWO-DIMENSIONAL STRESSES FOR A
SOLITARY UNIT PILLAR AT FAILURE.

G Gt AR
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G40
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THE EFFECT ON THE VERTICAL FAILURE

STRESS (77} BY APPLYING A HORIZONTAL
STRESS (3« 405) QN A TWO-DIMENSIONAL

UNIT PILLAR.
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For any elastie maferinl theag charasterisbics ave generally !

5. eongbembs. The valnes of these gropertiss for & gived meteril can A

. clv/l & &4 the maberia) changes stebe, from viscous throngh plastic k

e clngbin for Snsterce, bt in general, Shey can be trestod a
Qisferert constonts for each state of materiel,

IP the materiel i restrained leberally ihen subjected to s
verical siress, o leterel sbross s induoed, which ia & Pumstion

of the vertical stress
o = £ln)

Agaln, the relationship becomes that of e straight Line for
inerements of stress change, giving
L A

vhera k, ia the lateral stress increase factor,
k, varies according %o tl specific meberisl, the stress comdition
and the state of the materisl, In general, 0 ¥k, &3

X 3 Sk § o
Ror elastic material 0k, e
For elastic materiel under plans strain LA
Far elastic material under plane stress kz *w
where v is Poisson's Rebio

{See Appendix 11}

Tn short the effect of k, on the unit pidlar ta thb, if i
in restrained, it exerte o Isteral stress which le proportions) to
the vertical stress {see Fig.10).

Sefe MULYAIRQ  wROUSF VIS EERNRS

As previgusly shated & wide piller consis.s of wb least one
wpif piller, Taiing Fhe waly pillsr se b imepral enblty, consider
the effech of @ unit pillar aR jts welghbowring wiit pidtar within ;
& wide pillar, Being aijiceh t@ bne andbher they provide, & k

o bl




FIGURE 10

7« 4q

Gi= 45

— b * 42 AG]

THE EFFECT ON THE HORIZONTAL
STRESS (4) BY APPLYING A VERTICAL
STRESS (7i=aq) ON A HORIZONTALLY
RESTRAINED TWO-DIMENSIONAL UNIT
PILLAR.

g aroe v |




mtua.l rmnim if they do nok move laberally, Wli el
rutru.& Ieibineds & laberal stress when the pillar cosplex in
subjectied to & verzieul loed, Yhus dnereasing the unit piliar's
capatity t0 carry the losd; in erfest, increaning its strength,
Hoving In from the perimster of vhe wide piller to its cemtre, thd
stremsth jucresse bescues ctimlative and resches s maximum in the
centre of the pillar,

To iliugtrate this effect congider thrae unit pillara. 'If
these pillarn sre not in combach, ve should expect each to heve a
strength per unit erea of g, 'Nence, we expect all bhree to fail |
simitancously when the load per unit eres becomes oy, (See Figlig ) -

If the bhree unit pillars are plsced in comkact ina row | -
{sce Pig, 1), the tyo outer pillars would have a resbraining
effect on the centre one in the Gy direction bt vot in the =
direction, Heooe ve expeot o slight increase in the sbrenghh of tie
centre pillar since it bas one less dimension to fail irto, Emreva:;f.
the strength increase is slight (Practically fhund to be about 108
in the cage of eenistone, see Appendix 111) a4 it can still fail iy

the o, direstion,

If the three unit pillars form o crossesection of a strip piller

{see Fig.lic), the cevbre piliar is restyained in the gy~ direction
by the two outier plllars ani in the o - direction by siniler ssts

of pillers sdjecent to it. This restraist on ail sides nakea &
mavked inerease in ibs strength (1508 in the cage of sendsbone see
Appendix 111), This incressé in stremgth iy dus to the developman:
of laberal stvess which ia k; times the unit pillerstrength am -
produces » strengih multiplicstion ator of ¥ times tho lsteral

stress,
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EIGURE 1o THE STRESSES ON THREE INDEPENDENT
UNIT PILLARS AT FAILURE.

G0+ dG

FIGURE {{b.  THE EFFECT ON THE STRESSES ON THE
CENTRE UNIT PILLAR WHEN RESTRAINED
IN THE 7 -DIRECTION BY ADJACENT UNIT

PILLARS,
/
P,
e
’
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FIGURE {fc,  THE EFFECT ON THE STRESSES ON THE UNIT
PILLAR WHEN RESTRAINED EQUALLY IN THE
—AND - DIRECTIONS BY ADJACENT UNIT PILLARS.




Hence, the strength Yor the textre wnit pillar Snoreases by Kk,
giving the strength as

Gt Ml e = g B4k k)
The average strength of the three of the three pillers now becomes

U;{..*'.. *‘v&"‘*u,g,:r_)”*a =0yt el o,
3

Teldug & ov of five pillars the value for the cemre pillar

berottes
O5 T gy * ok ko) o X (8 ko)

= o, vk ¥, )2)
Exgending this to a vide pilll.r of 2 - 1 unit pillers, thus
naking the centre piller the B'P pillar, the strength of the K%

pillar beccuen

L

BB Tnthis enalysis ve essune ¥, k, to be consbant for sase of
ealeulstion and demobstrstion. In nabure this may mot be 89, as ¥y
s k, ore individuelly kmown to vary with stress. However, on
£iret observabions they appesr to vary inversely avd thus, their
product varies far Less than they do, if it does not in fact yemsin

a consbant, .

This solution, hovever, exists only for a wide piller
comtaining on exach odd wmber of unit pillars, Values cen be
caltuleted for these and then imberpolated (see Figid}; or ve

can use a differert approach.

This now approseh uses She Strength velue of the unft piller
a8 the mmrmentﬂ statenm and the rate of ineresse in strength
a bhe R piitar us thet Whieh occure over thy rest of the wide

pililar. : a2,

LS
)

3 R R A A o L (g}ske)‘
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A CWIDE  PILLAR SUBDWIDED INTO I\ ROW
oF UNIT PlLLARS\
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THE NUMBER ‘OF UNET  PILLARS FROM THE
END OF THZ ROW — N

FIGURE {14, THE STRENGTH INCREASE OF A UNIT
PILLAR WITH THE INCREASE IN NUMBER
OF UNIT PILLARS FROM THE END OF A ;
ROW OF UNIT:PILLARS FOR VARIOUS . |
VALUES OF K ke, .
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A% the % 511147 the dlopa of +hé strenesh curve s the
difference hitween thie strergth of the (M1J*" pitler and the
(3-2)*® pillar over She sven of the o pilles.
Ha swope = . . o o TSl

" al A 2 L

b
oy ((53) + (5ly) )

2

n gl

gy (e + ™)
2

where ¢ = lrxlr.2
Teking a piliar of width 2n (thus having symmetry sbout the
cemtre Line at n) and, bearing in wind that the strength of &
vnit piller must be o, i.e. when n= 3 {i.e. the width to height

zatio = 1), Ag wust = o, the increase is given es

Ron o ond
Acxa“l,é(c 2 4
Int egwating
o (e“*c“‘l-c“-c'é)
%
2 c

Dherefors the strength ut & poimt distant n into the piller iy
o Tyt o

sgy (14 P
2log e

}
vhers @ = Ik,

(Bee Figy 12)e

SIRIRPILLAR ANALYBIS
A strip piller iz Jefined ps & pillar which has & ength

far greater than ite wifith, Idedlly the length should be infinites &

S



RATIO OF FAILURE STRENGTH AT A POINT
T

IN THE PILLAR TO THE UNIT PILLAR

STRENGTH —Za

R T

e e -

Lz .

CROSS SECTION OF A WIDE PILLAR,

DISTANCE INTO THE PILLAR IN UNITS OF THE
UNIT PILLAR = m

THE STRENGTH INCREASE OF A PILLAR
TOWARDS ITS. CENTRE.



In detemining the average sbrangbh of a pillar we can use
he equations derived in section 5.5 for either the Finite eletent
approach, i.e; pio s r !
oy =y I (ex,)
T2 |

LY

or the coutimious reve of imcresse upyrosch, L.e.
I PR
R R
2logc

vhere ¢ = Xk,

5.6, Finite Wiezems Appromeh

Teke e strip pillsr of width to height rabic = 3, i.e, the

piller con be subdivided imto 3 unit pillars, The stremgth of the
) : tvo outer unit pillers is o, amd thet of the cestre unit piller
is o, (14k)k)). Tence the average stress of the pillar
3 2xa, +lxoy (343, %,) '
T 3
B 39, *+a, Kk,
3 s

g =gy (egly)
3

3 Simitarly with & sbrip pillar of width Yo height ratie = 5, we
: have the tvo ulbinsbe unit pillers of strergbh o, the two
pennltinabe unit pillars of strength o, (1+k,k,) and the centre
: unit piller of strenghh o, (Wi, {k,)?) giving an average

- E 2
strengbh Big, * Bq,‘i\(iﬂ-klkz) * m“(kklkze (k‘kz) y

=
%ay /' 5

2
5o, + Joluk, + o (k)
h Tulz w2

) 5

2
n oy (g + ‘&;_"_t))




Exbending thig to the general case of a sbrip pillar of width
to height rebio = R, vhere R is an oaa inbeger, the average
strengbh broomes;

=, (ﬂ o BBe2) bk, Bb0GX)2, L Re (B (k)
R Y e

Rl

2 -
= o 2 O Gxy)

From thie expression values of g, can be plotted for
@iscreat values of R (R can ofly be an odd imbeger). "If
isternediete values are required, the discrest results obbuined %
1n be imberpolated by £itbing a curve through these points.
(3ee Fig 13).

48 a close =pproxiusbion and for ease of calewiahion {see
Appendix 13 ), #his method {s ifeal for practical use on the mines
88 it emtails nothing more in understending than 3 lwowiedge of

high school mothemetics.

5.6, 2. Combimuous Rebe of Incresse Avprosch
This method emtails the use of the conbinuous rate ¢ imereass

in sbrength towards the cemtre of the pillar, "To Zipd the average
strengbh, we inbegrave the expression for increase of strenpth end
divide by the orea. Hence the average sbrength of a strip pillar
is obbaincd by dividing the botal strength of one row of unjt
pillars at¥oss bhe width by the ares which in now the ares of one

row of unit pillars,

However, the equation uust sabicty ome bourdery cordition,
e, the unit pillar mist have & strensth of o . This detentines’
fthe




RATIO OF AVERAGE FAILURE STRENGTH TO UNIT,
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The ELATIONSHIP BETWEEN THE AVERAGE
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FOR VARIOUS ke VALUES USING THE. = 5

FIUTE ELEMENT APPQROACH.
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‘the 1imits of imtergration. The lover limit beromes R = §
Snabesd of ¥ = O, 43 bhe piiler strength alstribution is
symaetrical shout it cenbre, the uppXer 1init becomes § 4 To

£ind the total strengbh, the result of bhe helf piller is donbled,

As the derived strength curve is actually the increase in
strength abov: the value far o unit pillar, o, the tobal strength
wilk be reprosented by the mum of the tvo aress & amd B in figs Lda.

Methenstically this total ares is given by
R
AtD = g me Rlefs o o d b
3 ERTTEY

where ¢ = Xk,

Integrating
- g e G hHi e ( - J)« ?(c *)

2 %o e 2 op%c Bluzze

= o, R (c 4o Mﬁ-l)'l'(c ~c)c+l)

210k ¢ ¢ oz’
Dividing by the aves {or width o helght ratio B as the length iz

unity) to £ind the sversge strengbh, o,y the equabion hecomes

R
L b ohen | ey
R = 2R iogc CR logee

Ga’v/Qu
Be lg‘,xz)h(x,nz)")<m) (u:.x,) -t M)
av/%a TR TERE) TEF ToefEE,T

Puis result is valid for any value of B greatar than uni\y
and, being cortiiuoua, gg, ¢an e galeulnted nrd plotbed by

computer for sny given klkz(s“ Pig M end dpoerdix wh




FAILURE STRENGTH

FIGURE {44, FAILURE STRENGTH DISTRIBUTION OVER A
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RATI) OF AVERAGE FAILURE STRENGTM TO UNIT
L

FAILGURE STRENGTH .Ca¥
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WIDTH TO HEICGHT RATIO — R

EJQLBE.IAM THE RELAT(ONSH[P BETWEEN THE AVERAGE
FAILURE STRENGTH AND® THE WIRTH TO
HEIGHT RATIO OF WIDE STRIP PILLARS ¢
USING THE CONTINUOUS RATE OF INGREASE’
APPROACH.. P




536.3, ftie of the Finite Blesert and the & Rm‘:’:é

o€ Ivereade Anproach

Twecmparing the two approsches (sce Appendix V) it is
fourdl that, for a value of k= 1, the tuo sabs of results appear
identical. "This is due to the straight line incresse of strengbh
ween & k)= L and thns, the aporoxination over a finite distence
in the finite clerent method becomes execk i.e. bhe median
coineides ith the meen over any eloment. 'However, vhen Ik,
is not equal to unity, a slight ervor vecurs duc to & differemtiel
dncrense in strength. Wren kk, is gresber than unity, the
curve of the contimous strengbh incresse is conceve up (se¢
Tig 14%) and therefore, the results of the Finite elesent spproach
orein axcess of the vesulbs of the comtimons approach. If Kk,
is less then wnity the comtimious curve is concave dowm anf the )
results #f the finite element approsch ave below the resulte of
the corbimous approsch, The furbher K k, devintes fram unity

end the greater the value of R, the greater the devistion becamss.

Therefore, the finive elenemt spproach can be ugel if Kl
1ies cloge to univy (ssy 0.5<k k,<l.5) and R in ret woo Jox ¢

{say RQD).

EQUASE PILLAR AMALYSI6
4 squake pillar is defined a¢ & piller vhich has ibs lengtis

equel o ite vidth.

In the geomebry of its shepe, bhe square piller lends itoelf
4eslly to the finite elenent approash for she calowlation of ibs
gtrergth, The ease of division inba mquare elements of uniy

8ite

T




oize and their swmetion, eliminetes the highly complek mathensbic
which jg entailed in ettempbing to provide a strenght
Qigtribubion swiace by wsifg the contimuous rebe of incresse

spproach.

Pertain epproximations in the finite element approach must
be made to colewlate bhe stiength of square pillars, The
approximations induce errors opposite in sign to thosc inherent
in the Pinite elemert method, The deviation frem reality is

therefore less than that in the strip piliar.

The application of the finite slament method Tequives that
the vide pillar mst be aile to e dlvided up exactly fnto unit
pillers vich s singie unib pilier in the centre. Theverove the
width of the wide piller must ba 2l onit pillars with the 0
pildar in the cemtve. The spproxiumtion mefe io that all wnit
Pillars in the ouber row have the same streagbh, viz, thet of
ths unit piller oy, ALL pillars in the penulbinste rov have
‘e sane sbrengbh, vis. slightly grester than the previowa rov,
ct, ta the ¥°% rov, which hagpens %o be the sentre wnit pitlar,
The strengths of all these ukit pillars are Fhen svmmed and tue

Sesult aivided by the eves 4o give Sho uverage strengii

Veriticatdon of his epy ion 35 given in Appendix 1il.

The error in assuming ell unit pillars in a xow to be of ejul
strengh is abvovt 0% 9a;lwred to the 150 increase in sbxength
Debween 14 3. This makesthe pillar 10% stronger than it e
ealouloted t0 be and thus cuts dowskhe varistle evror imfwrved -

in wsing the tinite element approsch.




To ilustreteé bhe method described above pompider a pillar
of width to. Lelakt xabia = 3, i,e. an owber row of tnit pillar
with the seme strefgth Gy» 801 a centre unit pillar with
increased streath o + ¥ykyo,. There are eight unit pillars
in the outer rov und one in the cemtre (see Fig. 15a) giving
‘the aversze strength

o = Bxg o+ Lxlo, + Rlog )
ot T

Ty ko,

Hov consider & wide piller of width %o height rstio = 5. Theve
sixbeen unit pillars of strengbh o, in bhe ouer row, sigit
s aurength g, (13k,) in the second Tow avd the centre unit
piliar of sbrensth o, (14l Iy+(k,)?)s  (ee Big 15b).piving
the sverage stremgth
160, + Bu (k) + o Uik Ogxy)?)
o 25

25, + Jolyk, + u“(‘ ,laz)z
25

1 2
- ",«a“*%i LA i ghy%,) )

Bxbending this to the general coge of & wids piller of width bu
helgbh retio = R (vhere R is an odd imbeger)
2, 2
G &, 5 (% (BB + e (8E))
B .
B2 (k)

¥
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FIGURE [5a. ISOMETRIC VIEW OF A SQUARE WIDE PILLAR
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ASSUMED LIKE STRENGTHS INDICATED BY LIKE
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5.8,

From this expre;aion velues of ¢ av U8R be plotted for
disorehe odd integer values of R and the intermedinte valuen
catt be obtuined by imtevpolation. {Bee-iip-ibed,

If one wishes to avoid interpolation and prefers a continvous

expression; the disereet sumation can be approxiimated Yy the
~— R
function Z L] 2
- 2 .8 et | k), s )
LR ) [‘ms c)]‘ ;(‘li Tog ¢ * TogZo * Tog¥ .;SI

where ¢ = klkz

{Bee Appendix VL for Ghe proot)

This expression can be compuberised, caleulsted and plotted
for o1l values of R greater than unity.

QIRCULAR PILLAR ANALYEIS B
A circular piller ie @efined as a piller which hes circular

rorigontal croge-section, i.e. it is an upright cylinder,

Aa oppoaed to the squers piller, the circular pillaw, by
the very essemne of ita shape, lends itself ideally to the
conbinuous rete of incremse approseh in devermining the everage
strength of the pillar, The division of & cirele imto square
elanents proves problematienl, However, if one wishes to
caloilate the average strengbh of a-pillar simply, the equating
of & square pillar to iba incribed circuler pillar serves s
& good $irst approximabion,

s
Again, o8 with the strip pitlar, the expression for the

conbinuous rate of increasé of strength is used, This expression

is irkegrated o abbain the area below the curve {svea B in Fig 16a),
Jrotated 30,




5.8.

From this. cpression values of \1 v $82 be Tlotted for
Siseretie odd integer values of R anithe imternediste values
¢en be obtained by interpolation. e Pin35e),

If one wishes $0 avoid imberpoletion and prefers & wonbimtous

expression, the d:.screeb sumation can be approxinated by the

- ) |
ar = 7y [ [‘—‘;rlo c}-—{ b *—z—(‘;“i’*wgrg

funct fon
shere ¢ = Ik,
{See Appendix Vi for the proof)

This exptession ca be compuberised, cnleuluted and plobted
for 2ll values of R grester than unity.

CIRCULAR PIIBAR AUALYETS
4 cireular pillar is defined 2s a piller which hag eirculay

torizontad cross-section; i.e. it in an upright cylinder.

As oppused to the square pillar, the circular piller, by
‘the very assence of its shape, lenls itgelf ideally to the
continuons rate of increase epproach in determining the averaye
strengbh of the pillar. The &ivision of a cirele inte square
Qenents proves problematical, ' Hovever, if one vishes 5o
calovlate the average stremgth of & pillar simply, the equating
of & sguave pillar to its inscribed circuler pillsr serves ae
& good Tirst approximabion.

.

Again, a8 with the strip piller, the expression for the
conbinuous yate of increase of strength is nsed, This expre#sion
in i:ltszmted o abtain the area Below the curve (srea B in Flg 26aY,

{rotatied 30




robated abont the cemtresine of the pillar to obtedn the

50144 oF revolubion below She strengbh surface, bhen cdded to
the unity cylinder generated by ares A in fig. 16 a and, Pinally,
ivided by the cross-sertioiial nrea of the yillar to obtain the
average Et;'ength-

In fig. 16b the strength increase curve T{n} is shown with L

&8 the ordimte axis ond v as the abscisss. Now let the cemre~
line of the pidiar, i.e. distent redius (¢} imto the jiller,
besome the new o axis, about which the sbrength curve vill

be revolved, tmus producing the stremth surface ebove & vircular
pillar of redius r. Due to the change of axis, the rw oxis
becotres the x- axis, As the part of the curve that is to be
used, is bo the Left of the x-~ axis, for ease of caloulabion

4 %~ axis opersies in the opposite direchion to thet of the

ne exis.

Hence

or
The boundary cordition thet<is imposed is thab, vhen the

aismeter {or width) to aeig is unity, the strength is that of

a unit pillar [ Hence the lover limit »f integration will be

%= @, and the upper Limit will bhe x = x = i

Hathematically the above is expressed asi-

The change of axis rewults in the change in strongth Punction

£(n) = £{rax}

which gives exd

2log ¢

3.
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$ % o T find the wlune feneiskel by aven B in £i3, 16e

i -}
Volume B 2 £ opet (3-x)ax
L vy rexd ' 3 R
e T N

- ixa Jax
Bigge © !
ez vy oyl wex-l, 30, <) =}
& el R e xS XG XS
loge “loge lefe  loge logic. 2 g o

rorel. 3o} 2
@ Ao g - feve Y feed) w3
loge logc 2 loge mgz e

The volune geperabed by ares A of Pin. 1fe
2
Volwse A = xy

i\ Dividing the sunc of bhe volumes by the cvoms-sectional ares

i gives the average strengbh of the piller,

Say, . YolA+Veld
%y w7
a3 -k 2
= 1+ c:+.:"al . cl—zc C ) xm‘;z W
¥ lege Ea 21lose log e loge

vhere ¢ = )'.11:2
This result is velid for any value of R greaber than
3 unity (i.e v »4) opd, beirg cortimous AV con be celeulsted ond.

3,
Blotbed far B, miver klkl(aee £ig 150), ¥




RATIO OF AVERAGE FAILURT STRENGTH TO UNIT
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CHAPTER 6

LABORATORY IVETCARION

6.1 Of saberiel for Resbs

¥ vere on rediish o

sanistone of the Kirroo fystes fvou Warmbeths, orthern Tranaveal,

to 2ind i%s siaze-sirepsth relabionshir. It is a fine (Less than Tmm)
end even grained aaberial and behaved hamogencously and ixctropiemlly.
S-ray and wiarospople stwiies revealed no nreferentinl direstion

of the crystallogrephic axess

The open nore structure feeilitated the attaining of a 1008
ssdurebion. For testing, t1¥s uniform standard, with respest to

the moisture content, elimimetnd it e 3 varizble pavemeter,

The saxdstone g able to be eusily machined with & diemond
ay and therefore a large mumber of speciuens could he cut in o short
time, Wuc to groir size bhe dimenslonsl tolerance of the aneed
vag relatively small, The fine grain aize of specimens e

comparable to, ssy, conglomerates in zetual mininy pillovs,

TFrom bhe graphical stress/strair relutiimsrip it vas found that

the rock hnd a lineer elastic behaviour.

6.2 :lebhod of Testir: Rock Swecimens

6.2, L.Prepayetion of Snecinans

The sandstone for swecimens ws supriied in slebs of various
thisknesses, viz. 3", 3¢, 1%, 2%, W' In the serdes of tems

conducted on squero blocks with varying width o heitht ratioss the
33,
Yrocks were exb with 1a% *
Jaianetets ey

R - g d TS




6.2.2

diadneter Lismont Doart aiamena #aWe The specimen Faces which
wera o be in contach with the pressurs Plattens, were ground

°n & lapping dise with sbrosive powder of the type “A 150 silicon
cerbide and alunious oxide",

After preperstion bhe blacks vere soaked in vater to sttain
o 100% seturatiion. Tho acaking times to saturstion axd the daying
times for the different. specimen vizes ere giver in Appendix V11, °
To be well on the oafe side, all specimens were soaked for
at deast 1 Gay. The 2" blocks were soaked for 3 days.

Befere tentingihe Mlocks were memsured to 001" snd henbed

for parslielity of top and bothom surfece.

The Testing to ‘the Specimen Failure Strength

Tests were conducted in a 200 ton Amsler Compression Machine,

Type 200 DB 76, The pressure plubes vere monnted on epherical. Reats

t0 ensure vertical looding, Two hardened steel plattons vers
used between the mechine nressure plates end specimen to Avold
demage to the pressvre plaves, A sarond seb of maller sphevical
geatn vere used for tests on muall specimens, The crosshesd was
Iovered on ta the Epecimen, an initial losd of 5,000 lbs vas
applied, and theresfter the losd vas incrcased b & wheady rabe

of about 1000 p.s.i. per secoml,

Tvo disl gayges vere fitted dingonally across bhe pressure
pletes, to check on even loading and to messure shrein to «000L".
The specimens weve tested to Aesbruction, Strain reedinys ot
Qefinite loud valies, corresponding bo the losd at the fives
. Jaudible

3hs




audible orack ant the failed 1oad veve taken and the mode of
foilure vas mobed. For sone specimens & conbimions greph of
losd versus strein was recorded,

6.3, IWLUEKR OF

VARIOUS FAGTG. § O TUE TATLURE SURTHOPR
20 s
o™ and W1i1a'? aeserive the influence of the folloviig
factors on the failure stvength of britble solids:

6.3.2.The Ig dropy of the meteriel
If the strain and $he uniaxinl compressive sbrengbh of
specinens ere invarient with respect to ito betding planes, thea
it is

1y 3

For the no

prefarred failire or mirain direction wag found, '

6,3.2,0pifLith eracks

The inberent cracks in the rock are expected to be closed

even at o losd. If they ave open it would be sxpected that the

stress/strain curve should be non~lineer for low sivess values. As
‘the curves for sendsbone ere linesr it implies that only the

wodified Griffitks theory of failure has to be considered,

6.3.3.Vanoux pressure
Ghe internsl vapour pressure on the crack swfsces within &

rock under stress creates a pressure systen which lowers or imcrenses
the strength of the msterial, To eliminate vepour pressure effects

‘the specinens vere tested st 1007 saturation.

6.3,k Tenpezature
Pemperature affects the rock strength of reck at very low
temperstures in the same sense 86 it effects steel to canse low

and st high Seuperabures when the constituents

tempersture hrittleness,
35




 PEEROSGh thelx melting points. ¥he series of besta were conturbes

ub roam ‘temperature, thuy elininating the effects of temperatire,

6,345 Bate of Loading
The strengsh of rock properties is time dependemt. ‘The
strengbh may vary ae mich as 208 for loads applied in milisecomds
or over years, This loading rets for the presemt series of ‘testy
was constait amy therefore the effects of the loaking rate ave
not considered,

6,3.6, [The Effect of Inberfaces

The effect of using a model made up of slices instesd of a

solia wes i ed by ining the failure

strength of Epecimens made up vith irberfaces haviie
1. Yo £illing

2, Plester of Pario filling i
3. Araldite glue Fillims

Ib waz found that the sliced epecimens were very much weskep

+than the solid ones with or without £illing. (Ses Appesdix VAIL).

i
i

Therefore, tosba vere made on sodid specimens onlys The J
effect of bhe interfaces batween sprolmens and pressure plettens
was investizsted by conpering results obtained by using metel i
! plattens and sandstone plattens. The limited mumber of tests imdicated
o signiticent difference, (Hee Appentix 20 ;

Therefare, testing wes conducted with metel plettens only
which vesisted vear end farilitabed & stomdardised besbing :

procedure.




PESUITS

OISMYALTION OF TR MODY OF PATLURE

The grephical record of the stress / strain relesfonshin ¥

of size sbovm in Pig X7(n) is linesr i
fras the no-stress contition to the foilure condition. The cyerimens
with & largo width to height ratio tend o scale around the
perdmeter mrdor to failure, leeving z solid core in the cemtre

a8 shown in Pig 17 (b). In plon view, aiegonsl erncks foru from 1
the corners towords the centre umbil they reach the solid core. !
These crachs could be coused by bhe outward movement of rock K ‘

eipanding leberally, ~Arvound the core, which bends to-be eirewler

in chape, & series of concemtric cireular eracks or failure planes
exiatg, These Pailure planes could be the result of the strensbh

inereape towards the cemtre with first the sidewalls sceling off s
and then a succession of sealing, umil be vemaining portion of

the pillar, the core, can 5 longer carry the increased load,

Tosulting in oudden failure.

o Blocks of low vidsh to beight ratio bend to shov failure

slanes, tynicsl of netive sheor, faruing a cons or a pection

thercot, (see Fig 17 ()}, These oprenr to be conslstent with the
conventionsl mode of coal pillar failure in yrractice, An inberesting 3
‘;‘ aspect of this cone type fallure ia Ykt on close cxsningbion, it

ip mt 2 shrelgt line fracture bub a series of continuous stens

(see Tig 17(3)). Thin could he wplained elther a) by the tact

that the grains bhemselves do not shear, ‘bet hat sheaxing takes L
vlace atong vheir ounderies, of b) theb is i e geries of i

Grjefith Cracks propagetinks
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‘- STRAIN — FIGURE [T, PLAN VIEW OF A
‘ FIGURE ITa. STRESS-STRAIN SANDSTONE MODEL OF LARGE
. DIAGRAM OF .  GAYWIDTH TO HEIGHT RATIO
[ SANDSTONE SHOWING DIAGONAL CRACKS,
| CONCENTRIC CRACKS AND
; ” SOLID CORE PRIOR TO
: |7 ULTIMATE FAILURE.
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FIGURE |7 SIDE ELEVATION OF A SANDSTONE MODEL
OF LOW WIDTH TO HEIGHT RATIO SHOWING
THE DEVELOPMENT OF FAILURE PLANES.
STEP FRACTURES
; FIGURE |74,  SIDE ELEVATION OF A SANDSTONE MODEL
: AFTER FAILURE SHOWING THE FAILURE
PLANE TO CONSIST OF A SERIES OF STEP
i FRACTURES.




To2e PECIIITION OF, ATUIE
| Violerb fellure facilitstes the detemminshion of bhe precise
polft of failure, "It provides a good definition of failure in
‘thet & large emowut of ebvain is experienced before the system iz
able to earry load onse moré. This point of failuve is elearly
shown on the stress/strain disgren as thst point -t whish a 4

large increase in strain with regard to stress is injtiated,

] When feiluve is non-violemt emi cocurs by &sberiorstion apd
disimbegration of the specimen, the poimt of feilure is less caay
4o estoblish. Under Yhese conditions, the poimt of Yailure can

he defined &5 that poimt et which the meximm load can be carried.

Therefore, the general definition of failwre is thet failure k
ocowrs ab the styess represented by the point on the stvess/sirain

eurve wheve the slope clanges from posibive to negative.




DISCUSSION OF RESULYS

8.1 LADORATORY 80510

A series of tests vere conducked in the laboratory on
sandstone square pillar models of constent height end varying
width, to give a range of widkh bo height ratios (R) far
L8 <R ¢ 6.Ts sodels outside this range conld not be tested due
to the Linits of the vesting machine. Tests on maller rodels
could mob be sufficiently combrolled for accurscy of results due
‘to possible off-certre loading and suall oad readings, Lerger
sodels were veyord the best mechine's capacity, To chauge the
test mechine to inercase the range would mean thst the testing
mebhod is changed thug providing & whole nev set of paremebers
for which provieion wust be mede, Due to the Aifficulty in
recognising these parameters, doubb is cest on the validity in

extending the results in this manner.

The ulbimate stxengbhs for the different width o height retios
vere caleulabed, A greph of this reletionship was drawn apd &

comput er~calotilated polynomicl best Dit supevinposed (nee Iig 18a).

Fram vork by Wid"9) on similer sandstone, values were

4 obtained of ® and k, of 8.5 end .15 respectively, giving X 5

* value of 1.5. A -fanily of curves for X X, equal to 1,35 1.5
and 1.7 is compares to the resutts {see Fig. 18v). It can be seen

: that this provides & very good $i.

3%

e




30 BEST POLYNOMIAL: FIT
(0~ 03652 R*-.0.0762R » 15:20)
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FIGURE [8a. RESULTS OF CUmMPRESSIVE TESTS ON
: SANDSTONE SQUARE PILLAR MODELS 0
HEIGHT 1" SHOWING THE POLYNOMIAL
b CURVE OF BEST FIT.
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Miob is more tmpbrtamt thous, io Atmb ha tred of ke
Eheorebicadly derived curve, i.e. conesve un, correspondy e
theb of the résults, This scqelerabing fncresse in stressth with
constantly increasing widbh to height retic is peculisr to this
theory end is a festure for vhich no other theory bas provided.
The logical extension of this churacteristic is thet ot a not so
very great width o height ratio, & large amounb of load cen be

carried - in'prachice approaching infinity.

The observation during vesting of the teniemcy for the
meterial to fail fram the perimeber of the pillar tomids the centre
ut substantiel increases of losd, verify the concept of the strengkh
incressing Lowards the centye. This is also observéd in mining

practise in the scaling effert of pillars,

COPARISON

1; TREVIOUS TRECRITY

The theories stebed in sucbion % of tuis aissertation can be
slagsed into b0 categoriesi= )
{a}s the power furotion forrulae.
{8}, ‘tae ddnesr releSioratide

By hkeeping thé height sonstent, s§ e done 19 the laboxayory
tests, he pover Tunchion Sheovies propeasd by Greewsid s (),
uesrt 19, sutamon ant Herwo(6) ana Diontavert®T) un ve retuee

from PRI
o o
o = kA
= xR

e xR




Tt can be seen thot when ® = 1, R® = 1 and therefore &

corresponds 40 the sbrensth value of the unit pillar.{q }.
03

i.e. the eguabion becames - g = oy R -

The correeponding veluss of & for the theoriss can be
stmmarised es follovas

Greenvald eb ol olfso
Steart 0.50
Salemon end Mumo 0.46
Bienievski 0.16

The limibed rovge of observations necessitates s small weatber
in results to obtain precise formulee. Alternatively, meny
eoeervations have to be made, In fect only one fermulabor
tested many specimens over a sufficiemt range of sizes, {falomon
and ilunro), The extrepolstion of the other formilae comtains a

gerious risk of misleoding defuctions.

From the ahove ta.ie it can be seen thet for each theary
thera exists a single strength - vidth to height ratio curve,
In the ceses of Greemmld, Bteart and Bieniavski, this is due to
‘the fact that the formudlae vere empirically derived from tests
on & single coal type. In the cese of Sulamon and Mumra it is
dne to the fact thet the formula wes empirically derived from the
statisticel mean of many varied coal types, Mo doubb thet the
value of "s" would change with a chenge of meterixl. Hence,
these farmilae oy have use in determining the strength of meferiel

of the saie type from which they were derivel.

“- From the graphical comparison of the theories (nee Fig.1e)
3% is seen that in all Dus the case of Salanon and Mumro, She
/termilae
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formulae Meve baen derived by tests over o Limived regior

- Phea
extropolated t0 arply to practical mining comdibians. b is Biro

+ observed bhat over suoh & limited vange the results would have to
have pevarkebly suell devistion from the stresghh curve, Runething
which 15 not resdidy foud in mavure, ov else have taken & large
muber of resdings, vhich only one formulator 4id, to produce a

formila so precise; more especially so, when one wishes to extrapoluhe.

In compering the pover fumction formulae with the erived
square pillar formula postulsted in this dissertation (see Fig,19%)
it in seen that, although the curves ore valid over a limited
region of k k,values, they differ grectly on extrepolition. The
mejoxr difference is thet vhile the derived formuls is comcave un,
the pover function formulae are comcave down. The reason for this
is that the power funstion formulo inheremtly assumes the atrengbh

curve to pase throush the origin,

The derived formula mokes no abbempt to state what heppens as
the widbh to height ratio approaches zero, as it im defined orly
for the retio above unity. Tt anly inticetes that It does mot
pass biwough the origin, vhich bests up well with erperimental

worle,

In na;xitian the experinental. Tesulty on gandstone (sas Fig 18}
apow 4 Aistinct tendency Yo cbey an accelereting inerease in strength
Witk @ sonstast incresse in the width to height vatio iis. a strengti

owrde vhich is comceve Up.
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In 4 lete rublication Bientavai 8 proposes & 1inser

relationship botveen the streprbh and the widkh to height ratic

Again compardng % with the derivey formuia {see Fig 190) it
appears to e valid over e limited region, However, he does

vere from Lhe rreviously eccepted pover function formule and from

the assmption thet the streagth curve must pass through the origin, -

On examining bis experimental results more closely though, the stert
of an upvard increase cem be seen which £iis o cameave up curve

far better than = straipht line.

The linitations of these previcus theories can be sumed up

26 followni-

(a). They are empivical ami thetefore canmot be extvapolated
‘beyond the range over vhich they were derived (nes Fiz 1ga).

(b). The power function theories are not dimensionally cotrect,

(o), Greenvald, Steert and Bieniauski's formulse each apnlies
only to & specific materiol unter specific conditions,

(2), Sal=mon’s apd “funro's formulu applies only to coals
tested and due bo the vide variety must of nesessity comtein
a wide scatter,

{e). The pover fruction formulae asswae the piremgth curve to
vass through the origin, which frou experinentsl results does

ot agpear to be the case.
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9% CONCLUSIONS

Phrougnout thia dissertabion tYe enlissis hus bien on

Dundamertal bruthe and -firsg Prineiples, worlking through

3 s N .

pesirie.. In iug bhe spesitic, the

broad view apd encoupassment of the generalisation i simplifieq
vhere possitile, making certain agsumptions to provide & solubios
that ia neither nelbenaticslly camplex nov Palse biwough oversigmt
in over~simplificstion,

The assumpbions are made becmnse, .zt thiswstege, their
exact mabure is mot known mor can they Be afforded to be. ignored
completely, The fact that they ere acknovledged and their
limitetions are at preésent realised, serve to provide Tollowing
vesearchers wibh well-detined problems which should prove t6 be
of grest assistanse,

In ennamerabing the assunptions, it is hoped thmt should

any diserepsncy hebween theory dnd practite oceur, & reduessueat

of bhe azswmpticns will provide the necessaxy chsnge in results,
The major assumpbions arei-

{a), The maverial is homogenecus.

(b). The materiel is elastic.
{e). The values of Iy end k) tan be ncowrstely obbained Yy

praliminary tests on the muberial.
{d). ‘The yibexial will mot change its mroperbies due to it o

Snereased strepath tovards the demtre of the piller Yius
changing the values of kl and kz.
{e). The strength of & unit pillex can be accuravely obteined; R
either by & preliminery test on the unit piliey or by besta
on & emelier specimen and the results confidently extrapolated.
P I i




{£)+ The awerage sbrength of the pillar ie the true strength of the

willer, e the sbresn at which the pillar Pinally feils is the
sdme 28 the averags strength of the pillar,
{g)+ The pillar vemeins intact untid fajlure,

In asseswing these assuwiptions with regard to deep Level

wines - the material is velative’y homogeneous in the mecroseopic

state; previous researchers have found the rock to behive

elastically; the product of k and k, appears to be Aeterminable

and ¥ s 2 Tirst ap imation the strevgbh 3

of & unib pillar can be taken to be that of & sperimen of

tesbatle size; and finally if the the piller is large ensugh and
rock which seales off st the sides is nob removed, thus providing

at least a bolen restraining effect whick rapidly increases,

then the pillar can be said to remain intact.

Therefore in using the proposed formilee £irst order results
can be obtained for pillar strengths, resulting in e realistic
eppuoach in mine design, The piller stremgth resulbs. need then
ouly be modified slightly for the parbiculsr conditions by

applying the relevent factors for Vhich the information is

gleaned from an accurate isal of the indi il
or, perhaps move important st this stage - eperience.

The fact that the hypothesis bears up eirenely well, for

laborstory results is o abeolube criterion for its verity.

What yov remsins is the ultimsbe test of the theory - thab the

proposed pillor strengbh formulae be used in the mines « with success, i

5.
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The Deberuinabiyn of k upier Mestic

The strength midbipdication fector, &y, oan b deternined
For elagtie conditions by use of the Mohr Rupbure Diegrem, ~The
Mohr Rupbure disgesn infiy. la depicts bhe relationship betveen
‘the maximm und minimm priscinel stresses, o, and o, 8t failure,
Thie velationship oan be plotted in geaph form vwith v o8 the
edbissa and o, o5 the.ordinste ag shown in Tim, 1lb. Ab spesific
values bhe realtionship oan be approxineted to o straight Line
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APPEEOIX 11

Ihe instion of Ik, under Elastic 3

“ Under elustic comitions k, can be expressed in berms of
8 the Poisson's Ratio v, The relationsnip is Gerived from the
generaliged squation of elastieity.

y o % ot o)
for the plese strain coniition or the plane stress condibion.
k, 1ies betveen these 2 conditions,

(a). Plane Strain

As the body is restrained leberally Ey = 03 for complete

laberod contineneut The lateral stress i o, = 0, =y o

the verticol strvess , =y iving Yhe generalised egustion of
elastiaity o5

s
0 a ~F ¥ (g +0op)
v PRt
-VGL“ Wv
R
o *
L S T,
e o %o

Therefore k, = ﬁ Zor plane strain,

a (b}, Pluue Shress .

g In the sese of plane ehress oy = O and o oy on vary
bebwoen the 1inibs of paro streld and sers stress In the fomer
) casa ke body is restrained luberally, so T = U5 amd ay'® ay




The géneralised: équition of elmstieity becomes

o o
G =y
mt @ =K

Therefore k, =y for plane stress. If.the y direction is also

wirestrained X, = 0.




APPEDIX 11,

Yalidity of ima 3 it o

in the Sme Hob in the g;ff:mwstgxsn“ Sl D,
Dlu;x:;ns:::ins) Hos_6f Readings Mmm c‘ﬁ;& Ibs)
ixix 5 15,5 1485 - 16,35
Ixlx2 5 33.2 35 - 35
1xix3 5 0.2 W2 - 52,0
lx2x2 5 67.0 66,0 - 68,5
1x2x3 5 03,5 1016 <105

+ i.e. no vestriction | = 15,5

[T = x ] esotetonons oae] ] =36
[TT] =] o Jrvetrieionon € cmat st ]

= 17.0

. v
BE =4 0] rostriction on 2 etjecent witesL] = 16,8

* v &
FEH = 4500 + 2 500restristion on 3 sisesslen 20,2

%+ Maxtimm error in approximeting ia A8 21;;:; ,%3.5..» =278
However, this is the difference betyesn'She corher Elosk apd the
ventre block, o one side of the piller and the lerger the % Fabia
ie the Leso the ervor will be,

Compared to bhe difference bebween mo restriction and restriction -

on ell four sides which is 150%, the error i negligihle.
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APPEMDEX 1Y

fox Surip Piltsr Calowlstion us
Reve of Tnerease Anproach

; DRESION ST (1000) !
7 ,CBI ,CINE LD REZS RIUN,RELD, .- .. N
rorurléns.3y
=3

C=0REY
T V=AI0G{C)

ReRBDG

b Xl (GRMR/2, )00, SYH(CHL, )/ (CHRRV V) !
Y=(0850, 51,/ {Cu%0, 50} (R-1. )/ (2, R}

L SIGHA(T)=X-Y

: ReRRIND

IF{R-RE:D~0,01)2,2,3

I

coTO b
'4 3 PN 100,0,RBIG RIFT m
prmr 101, {Sreals),amn,
00 FoRMr{!/31 o= 6.2 5x,a:m=,:v5.e 111,96.2,1H,56,2)
201 mnmf/nmo.a)
Qa0+
:u*(c-cm).u 01)5,5,6
L PR
o0 70 7
6 0P
HD

Computor Propram for Strip Pillar Plotber

DTIEHSION STGMA(1000 ) ,DATA (5000 )
HEAD(B J.)cnm CIET ,CHID UHBEY UNIRY ,UNEI

d Am. FLWS(DATA(:.),J.&OOO) b
: 1,0,-21.0, ;3)
: cnm. vm 0.0,0.5
i AL 4X18(0.0}0, o:.wmn STRENGTI/UNTY STREIGUR? ,30,10.0,
A 0.0,0,0,2,0,10)

GALL AXTE(0.6,0.0,"R? ,1,20.0,0.0,1,0,1.0,10}

X=1

1 v:AmG(C
cm FLOT{0.0,0.0,3)

HSUNERG .
Fe1,4+{GH0(R/2, )-0380, 5)8{GH1, )/ (YY)
5 k v=]('c“$o 5§1//(u""0 5))8(R-2. }f (2. 9R%Y)
% . BIGUA(T )XY
: SeerTeEIOMA(1)90.5
YRLOTRVA-1,0
(sepm-m 0)201,,201,202
, 201 LI, PLOT (VELOT, GOPUT,2)




oz

& o oW -

Rty

iy .
+ 1o {UB-UREND-0.61.)2,2,3

TTHL
6020 b

C=OHCTHY -
g{c-cmm.u,a:)s,s,s

800 T o
CALL PLOT(12.0,0.0,999)
Brop




ATPTDTE ¥

Betveen the finite element spproach énd the i

Tebe OFf inersese approsmeh in tha i

of the shrenzth

The strength of pillars ves celeulated from 4wo thecreticed
premisesi~ the sumwtion of $he effect of & mumber of individual
eleneits, sod the integration over the aves of the pillar, The
Tirst is celled the Pinite eleent {¥.E.) approsch and the secont
‘¥he continuous rate of ineresse {C.R.I.) approach.

Tu the table balow, the ratios of the strengths of wide
strip piliers 4o & wnit pillar for varicas vaines of the widkh

vo heigit retio (R) end of the strength Pactor k5 ure given.

I xp.= 05 mxm =10 ! Nk = 15
NS TRL BB G&L T
1] ne e j 1.00 1.0 100 . 1.00
3l wr oaw lam owm ) um o L
5] L3 2.6 i 1.8 89 2.35 2.09
T 1.4 LT ! 2,29 2.89 3.52 3,05
] 3.53 1.0 ¢ 2,98 .78 5.10 b7

] s 200 | 3ar  3Er | @ Gas

The above data is shown zraphicslly in Pigure M.

The percentage difforence betveed the two spproaches is zerd
for L%, = 1.0 and veries scoording to the falleving table for
Bk, = 0.5 end L5, The pereentages given sre calewlated o3
(FEe e GBI:D

200

C.R s

I
%
i

g AR




ki = 0.5 &:1& 1.5
0.0 MRS R

= B.6% T.R%
-13.5% 1z.4%
<15.9% 15.08%
-16,8% 16,73

Fodwws w

=17.5% 18.4%




ENGTH

RATIO OF PILLAR STRENGTH TO UMIT PILLAR STRENGTH STH;

FE, = FINITE ELEMENT APPROAGH
CRI = CONTINUOUS RATE OF
. INCREASE APPROACH

1 s 1 1

FIGURE IT.

t 3 5 7 9 i

WIDTH TO HEIGHT RATIO~— R’

COMPARISON OF THE FINITE ELEMENT
APPROACH TO THE CONTINUOUS RATE
OF INCREASE APPROACH.




Zhe square pililer formula s & gorbinuous function
In order to obtain values for B other than odd inbegers, the
Qideradt finite eliment function

can be 3 e 3 functi This furiction
can be progremmed to give o value for smy value of R, ¢ being
specitied,

Function 1 can be written as

i‘ @z fe :

? §
.12 o }
2 r'ft) (R-2x) o’ ;

Replacing the summation by an integrel and teking limits from

-1 to ?2‘ » Ve get "
7

Y ¢ el oax

f g s

However, on eveluation, the appreximation differs most widely

&t Rel, ond ss et Rel the funcbion must equel 1, we rewrite it,

making the necessery change in the limit, as
R

b
L+ -]-'-1 I3 (n-zxfnxd.x
X3

H.B. Waen R = 1, f= 0 and therefore the fanction equals wnity,

fe &
l.e.nﬂ 1

o




i

5

wé gati

2,
gﬂ

ol

Wxo¥ax + 1 b cxix}

B

op

2
integrating = 1+ B EeT _|hnxc‘ . et |
1. log'e F logte log ¢ 1

f~z¥+xz+h:um 8

evaluating 14 2
£ log & e lode

iR 5
cf |R-2R*I ,MRM B j

£ og ¢ log’ log'e

B
B S 2
LoE o 5-21—%‘]-5 [-(——-M'l 3 ME1) 8

2 2 -,
o ¢ n log ¢ wge loge

This equation holds for ¢ >o and ¢ #}.. It approximetes funstion
1 for all values of R 23, .
H.B. By defimition c o is mesningless, and i matwre e 2.5

is rere,

For the snecial cage of ¢ = 1 fuuction 1 becomes
BL

2 2
5. (1-2e) 2.
r=0 R

Fuaetion 2 ten be ugptnxim&teg by the integral

(roauf o



siving the egustion

R
—2'2
2= 1w 37 o) ax
o 71
R
12 s wd,
=1*?|ax-2ux+§“
3 3 3 2
PR O O I F VS
flz 2 &Glxl2 2 ¢
3
ST S T
s % #l6 2 2z 6

The general equation A can be programmed for en IRY 350

couputier to give a seb of values for I Yor various ¢ values

o
and R values, It ean slso be programed to plot various e

curves on o width to helght ratio « & graph.
o




Bpegimen Suturation Timen

{for verious thicknesses)

ABPERDTX 1L

Ping (mins)I Hass of Bnecimen {grans)
T ) ™ I
. [} 6akak ATTO 1386 53.b
i3 Sa2.5 389k 15 561
] 625.5 1805 1¥h5  56.0 |
foam 1626.3 1809 WWT 560 i
Tine (nins)|  Mass of Specimen (grams) |
: " I I ]
Lo 1688 e ML
" 5 178.3 148,54 51.3
i ow 18,0 8.6 5.3
tooas 18,0 1485 514 t
Tine (sina),  laes {rms) 3" |
o X
i 925 |
[ 92,6 !
! :
Diyins Times (for I thickness)
" pime (nins) Heos (gymg)J Pine {nins) [rr—
— w3 | [ [ XY
“ 3 e 7 .9
| e .0 8 8.9
- 0.0 9 80,9
[ 8.0 20 b me

TR

TR




APPENNIX 111

XEE EFFECT OF INIERFACES ON THE SAIIURE LOAD

SRR S S RIACD ONf TIE TAIIURE LOAD

Tallire Toad
Hodel Suber o Hean Rarge
bestod
Solid 3 527 UTad = 5940
Yo £illing 2 6.9 15.2 - 18,6
BfP £illing 3 22.8 19.6 - 2k
Areldite filling 2 20.6 197 = &5
Pietbefn Nunbex of Loed
Specinens tested e Tange

Bandstone 5 43,3 38,4 - 5933
Mobal 5 2.k 37,2 = ¥14T
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AvpEmry. )

Btxd) Milar Proplen

Whet size of piller ds reguired to sugport 10,000 fest of rocky

Bock: Gengity = 167 1v/ou.ik,

v = 0.5

Xom 85

Shoping wiath = b £,

Btrensth of 3 4 ft, cube = 10,000 pusii.
Heximum span = 200 £,

Bolution

Strergth curve using finite element snproach
K o= &5

L

LN =l

e @ Ik =

R

For B w1l gy = g o 40,000 peied

¥

Bos 3 oy = w1 = 60,000 pusads

2
B w5 gy o u“u%ﬂ%):gu.ooo Deseds

2
Ros T ey = q“(li-?ﬁ%g-*%)=lh°;050 peads

Btremrhh curve peing i yete of iperease wpnroagh
= %5
= gy 3H
¢ = k1k2= 1,5
/ Fram




ehe

From the equebion:
R

% &
ooy lelzederd) (oove ME
» &R logc

2R log o

for ¢ = 1,5 or from the graph for klkf 1.5 in fig

For . o
B os2 oy
R =3 y
R = U Sy
R =5 L7
R = 6 Uy
R=T Sxv

Lpad eurve for sbrip pillar

Virgia stress - 9,

From disgran in Pigure 111

= LTy % 503000 pas.ie

1,1k o = 46,000 p.8.d.
= L3 g v 56,000 pesiiy
= Lo = 68,000 p.s.i.
= 2090, = 64,000 pesiia
= f.rho, = 102,000 msids

= 3.06 0, =120,000 pua.i.

3
- 167 Ybe/ft  x 10,000 £%
1 ine?/ee’

s

12,600 pas.ie

ercemtoga exfrzction 4 x ¢ =P x 100
200 % W
w008 @ —edBe xo
200 = x
For R =5de v = 20
xou B0 IO G o
200 + 20
Losd o B0 31,600= 228,000 pasii
200-90,9

R =8 load
R =7 toad

= 108,000 p.ri.

= 95,000 pemidy




From the graphs of the strength curve spd the loed curve
shown in figmfes 111 urd 1V it can be seen that the poinfi of
intersedtion is the optimum poimt for design i.e. the tmmllest
pitioy (therchy giving the preabest extraction vatic) that can
suppert the load of the overlying rock, Ny choosing o plllar size
larger than the opbinwx, a-footor of safety is imbroduced,

For Finite Flememt fnprofed (see fiz. L1}
Ogtimun size is R = 5,75 i.e widbh = 23 ft. Designing for
R = T i.e, width = 28 £t, § extraction = 807,

fafety factor = 340,000 p.m, . = LAT
95,000 pisai,

For nebe of Incresse Approach (see ¥ig, IV)

Optimam size is B = 6,2 i.e, width = 25 f5, Designing for
B =7, i.e, vidth = 28 £o,  edraction = 808

00 o8ai. = 128
05,000 pasyi.

safety factor = X

T
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Sause Bidler Problen

Problen

Web- sizs. of pillar is Tequired se- mipport 10,000 Seet of rogkt
Rock density @ 157 Lb/cucts,

v = 0018

Iy = 8,5,

Hooping widsh = b Do,

Strengbh of
& k£t cube, = 4O

4000 pus. iy

Hoximim spat = 200 f%

solubion

Strengsh Liive

I = B.5

3

Dg)

By s phe =

1-v

Bomology = 6
R =3 gy @ oy
R o= § o = gy

R o= T 0% Oy

Ry TG (l*‘ﬁ‘f"“j—*ﬁ'"ﬁ)

R =11 g, T O

R =313 gy = oy

0,85

‘z a LS

)
o 'Ts' " 'é‘s') = 55,000 p's.z,
@ B 25:: t_* m) = 90,000 pns-;n

= 140,000 BakiLY
(l*ia‘*)fm"c“g_*ﬁ”f; 162,000 pefife
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