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ABSTRACT

Problems arising with established methods of solution for 

the stress and displacement fields surrounding mining excavation arr> 

reviewed, and the feasibility of a novel digital computer solution to 

the electrostatic analogy of the tabular mining situation is 

investigated.

This technique has proved reliable in terms of convergence, 

and accurate. However, applying the basic method to a full-scale 

practical problem becomes too time-consuming even on today’s computers. 

Various remedies have been investigated and employed and, at the 

expense of a small loss in accuracy, have reduced computing times to 

acceptable limits. These investigations have resulted in the 

development of the MIN3IM I system which has proved itself as a 

valuable tool to the South African gold mining industry.

The simplifications herent in MINSIM I restrict its 

application to relatively deep mines in which surface effects are 

negligibly and reef inclinations of less than 25°. As a result the 

situation on the Zambian copper-belt cannot be studied with any degree 

of accuracy. The electric analogues described in the literature suffer 

from the same limitation. There is, therefore, scope for a system 

similar to MINSIM I which can cater for arbitrarily steep and deep 

tabular excavations.

Analysis shows that such a system requires from three to 

five times as much computational effort as MINSIM I, Additional 

time-saving techniques have been developed to cope with the situation.

MINSIM II - the latent version of the system - incorporates 

all these results. Many user oriented features have been added in 

order to facilitate the solution of practical problems.
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CHAPTER 1■— \

INTRODUCTION

1 .1 Background and >**3*nry

In a mining based count.! y such as South Africa, one would 

expect there to ba a great dn.«"! n r research into Mining Rock Mechanics, 

a subject dealing with the study of the stresses and displacements 

induced in rock by mining. However, this has only been the case in 

recent years.

In the early days, mint", were merely mined. During the first

decade of this century, when had reached a few hundred f3et

in depth, it was thought that h.h 'h tremors were associated with the
(1 )mining. In 1906, the Ophirtrm .irth Tremors Committee recommendpd

that pillars be replaced b„ w<i ...»cku, In 1915, the Witwatersrand

Earth Tremors Committee was appointed. This committee -found that 

rockbursts due to crushing of p ! ' 1 us were the major cause of tremors.

There was also settling of overlying strata. They also recommended 

artificial support. Dangerous emfurground collapses were becoming 

a problem even at such relative!-/ .'.allow depths as 2 000 ft. In 

1924, the Witwatersrand Rockbui ' ' wr,/nittee was appointed. It 

recommended many specific technii;intn to reduce the hazard such as 

leaving large protective pill.n:. around vertical shafts.

All these suggestions w m  e largely intuitive guesses or 

Judgements made by mining englrun■ • • ii experienced in the "art of mining" 

and inevitably many mistakes worn made. The excavation plan was drawn 

up almost entirely on the basis np nasiest ani: maximum production with 

the minimum of precautions. Even !.o this day, many problems 

associated with rockbursts stfli require solution,

However, it is eatabl 1 that rockburste originate in 

highly stressed areas releasing I'm potential and strain energy of the

rock, On the assumption that ... fu dealing with a large elastic

body, and if the excavated con'', m> Iona are simple in shape, for example, 

a long slit or a flat circular an <t. analysis of the regions of high 

stress can be achieved in clotiuil form and, with a little experience, 

can be identified by Inspection. r'ut, the excavation 1 b usually



complex, there being as a rule, many interconnected irregular ohapes 

and "feelers” progressing into the intact regions.

The relevant description of gold-mining conditions is as

follows :

(a) The gold-beari ng ruufa are usually tabulari

(b) The mine opening, ui.ed for the extraction of the

reef are also Vn'mlar, i.e. their dimensions in 

the plane of * '.m ruaf are orders of magnitude greater 

than that m  -i ndltujlar to it,

(c) In practice, thy ml rie lay-outs usually consist of

Bev/eral axcawd Inna of complex shape in or" plane,

Conditions (a) and (! ' simplify the g-iorietry of the pi lem 

end condition (c) indicates tha' ,i practical method of solution ...ust 

allow analysis of irregular ml i■ ‘i. j-i nmetries.

It la desirable then * • i.• ‘ some form of analytic solution 

should be sought or model be non: true'ted and used to solve these stre3s 

problems, It is the aim of , «11 ,3ertatlon to show that such 

problems are computable to a r.v ' Factory degree of accuracy.

1

1•^ The Problem
Beginning in 1&49, Rand M 'nua Limiter, ir . subsequently the 

mining industry as a whole, BponHorud rock, mechanics research. It 

had been shown by Ryder and Of*1- it 1, Leeman ^ J, Ortlepp t> CooK 

among others, that the rocks of " m  Wutwatererand System could be 

considered as an elastic cont.!mmm. Thus, their behaviour under load 

cuuld be adequately determined by calculations based on elastic therry. 

This basis was a good firat appro.mb, What is ignored is the fact 

that In the vicinity of abutnn.n' , the rocks are usually fractured.

This "fractured zone" is cleai 1 , n..t rin elastic phenomenon. Also the 

possible time dependency of cJ! . 1 .mont and stresB distributions is

neglected. These effects her/. 1... observed to be small by comparison

with tho elastic respoi ae.

The fundamental aasiwipt ' h u b ,  implicit in the applications of
(5)

linear elasticity are;

(a) rock behaves accnrdlng to linear stress-strain

relationshl (is i

(b) the strains produced by mining are infinitesimali

Cc.) the rock bodies, wtMiin the requirements of individual
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models, are continuous, which in practice means that 

the dimensions of distances between discontinuitif 

of the material are much smaller than the smallest 

representative linear dimension occurring in the 

problem undt 1 consideration.

In describing the si l.o.iUon, it is convenient to divide the 

rock mass into two parts, sep.o i• . 1  by the reef plane. These parts 

are referred to as the hang1 ri| w..l! (roof) and footwall (floor), 

depending on whether they are oIhjvo or below the reef.

For ease of reference, the regions of naning are collectively 

referred to as A. (see figui> '.!)

A

Figure 1.1 Model nf a Tnhn^n ’ -:i.avatlon

This may consist of rmvoral excavations spread over a finite 

area. Areas in 20ne A might I..: ,ifficiently large to establish contact 

between the hanging - and footw i'I. The zone of contact is referred 

to as B and the remainder of A mi C, The determination of the 

boundary between zones R and i i ■. p<irt of the problem,

The boundary condition. n.uat be specified on four planes 

the surface plane, th«. plnnn <it Inf inite depth and the planes o* the 

hanging - and footwall.
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Thus, this is a boundary value problem and, with the assumption 

of an elastic medium, this effectively resolves itself as the solution 

of La.'lace's equations. The solui Ion can be expressed in terms of the

diacribution of relative displanumuiitB in the mined area A.
(5)In 1963, Salamon allowed that the induced stress and 

displacements at any point in t.hu three-dimensional medium could be 

calculated by an integration nu "mi', if the elastic convergence in the 

stoping excavations were known. because of the limitation that

irrsg'ilar shapes were necessarM , in !ng created,numerical techniques 

of integration had ln bn used. Tho aim of this analysis is the 

calculation of stresses and di M|>'..t..nments anywhere in the medium in the 

circumstances involved.

1.3 Solution of thii P' em

1.3.1 Analot'Ut ,

1.3,1.’ 'he Flectrolytic Tank
(67) 1Salamon ' showt'1 Uui' an electrical analogue can be

constructed which determines tho i! 1 ,1 ribution of displacements on A 

in terms of a potential distribution V, but the analogue cannot be 

used conveniently to measure tin ■!!atribution outside this plane. However, 

as mentioned before, a functlor i . i Ibing the full solution can be 

generated in the form of an ir**• i*.» il over the solution on the boundary,

It is well known th-s* 'm i otential V, associated with steady 

9tate currant flow in a homageiuoim, continuous nedijm satisfies the 

Laplace equation rhe continuous medium enalogue or electrolytic

tank was thus built and is desi i in detail by Salamon, Ryder and

UrtlepD .

The tank consists basit n!ly of two electrodes forming the 

upper and lower surfaces of an oloctrolyte (tap*water) in a non* 

conductive tank. The lower cl * i.trodas, which moy be flat or curved, is 

energised by a voltage, V ( ■ U'V. HtOOHz relative to the upper electrode 

which is earthod. I he latter- i l.n l rode consists of a sheet of 

"Perspe*" which h6% been sprays' with a conductive paint over the area 

representing the unminsd portion of the reef leaving the area of mining,

A, non-conductive. A is then ....' ured with a grid or matrix of holes

through which an electrode may t i po'shod in order to measure the 

potential at that grid point, IP n potential in A exceeds a certain

V , corresponding to total cloamo In the mined portion - Zone B,
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f.,-\ estimated portion of the upper electrode .'.s also sprayed with 

conducting paint anc theit a r u  is maintained at a constant voltage, V^, 

From the voltage mef irementa in region C, the corresponding 

convergence can be found. Soniu experimentation is required to attain 

the correct boundary shape between H and C. Finally, a set of surface 

integrals over the rerjf plane it! i Ibution will yield the stresses and 

displacements! at any point in Pi. imi.iium. Exhaustive teal j '.ere 

carried out with this analogue proving its effectiveness.

1.3.1.2 The Electrical Resistance Analogue

The potentials t>t nodal nointa of a resistance network

satisfy the finite-differenci; . ,-<r .ilent of the I aplace equation.

The conoucti^it'' of the elect) n1,'.* Is replaced by that of an orthogonal

net of resl cors. This form of ihalogue is described ful!y by Cook 
(10)and Schumann' . Their firs' u'i.ilngue consisted of a I'esistance network 

occupying a rectangular prism < ; i i h '  .ilent tu 62 >: 42 x 30 cubes. One 

of the larger faces r?presentb tin. i oaf plane. Modus of an area of 

5f> x 30 cubes can bn bhort-cl rnu I'm) or open-circuiteu individuall / 

by means of plugs in holes at t',r. mdes. Open-circuit potentials 

and closed-circuit currents can liu individually measured. A D.C. 

potential of 10V i9 used. In oidur to represent regie i Q of 

closure, corresponding plugs ai > ntnected to a fixed potential.

Poteiitials .2nd currnuU. thus measured are converted via 

suitao’d scale factors to rein', 'vu displacement components of th9 

hanging-and footwall (converge.n.i; . I and the stress components on thi 

plane of the reef,

The rate at which energy 1s released - another quantity found 

to be useful iii the study of roofUirats, is approximately half the 

product of :ho reef plane 'itrerirs before mining a particular 'node' 

and the relative displacement, am o&a the same nout immediately after 

mi nir.g.

1,3,2 DIgitril Cumput.er Solution
*“ (1 1 )

Based on a numerical mn'.hnd proposed by Deist , a computer 

system to handle the problem wa» 'mplnmonted in 19B8. A description 

of this system and its underlying numerical methods forms the bulk of 

this dissertation, Qualitatlvi ly thla system may be introduced as 

followb :



In terms of the solution to Laplace's differential equation, 

the boundary conditions for the South African gold mining sltuat,Dn, 

i.e. tabular excavations, are

la) The potential :in the intact areas is zeroj

(b) The normal derivative of the potential on the reef

plane in the open mined are^s is proportional to 

normal virgin stresses caused by the weight of the 

overlying strati, The derivative of the potential 

is usually referred to as the field.

(c) The potential ovor the closed mined areas is constant

and proportion.i' to the stoping width. This 

condition invulves a complication in that the extent 

of "total cludiM'ii" forms part of the solution.

As will be shown laU;i , employing the classical Green 

functions for a half spare, thu tin ee-dimensional problem is reduced 

to a quasi-two-aimensional one. A Green function has the 

characteristic that, while satisfying Laplace's equation, it allows one 

to specify an arbitrary potential over an infinitesimal region of the 

boundary without having any inf!nance over the potential over the rest 

of the boundary. This function, henceforth referred to as the V- 

function exists for an infinite half-space.

A similar function, the F-function, has the same properties 

with regard to the normal field an the reef plane.

By imposing a mesh of squares on the reef plane such that 

each square represents an infinitesimal area, then a Green function is 

to be associated with pact square :sn that the overall boundary conditions 

are met.

Suppose one satisfies the boundary condition (b), above, 

by associating en E*functior with every square in the mined areas.

This superposition then results In zero fields but finite 

potentials on the reef plane in the intact and totally closed areas.

Out boundary conditions (a) and fc) impose certain definite potentials 

over these areas and so a compensating set of V-functions 's imposed 

on the intact and closed areas to restore those potentials to the 

real boundary conditions.



7

While the V-functiont, a no effect on the potentials in 

the open mined iareas, they do ,ct the initially imposed fields. Thus 

it becomes necessary to adjust the F-functions to restore the cor-ect 

field boundary conditions .... and so on.

Thus an iterative method Inherent in the use of the above 

function evolves which, if it un, merges, gives a solution that can 

be made as accurate as computing I hue permits.

Complications arise !m * hat the closure boundary has to be 

adjusted during the solution. ' tins leading to possible instability.

The problem is thus no longer Mnnar.

Once convergence is oM.i’ned, the solution is in terms of 

E-functions in the mined areas ;n «• V-functions in the intact areas.

To obtain the desired potentia).> In the mined area, a further 

integration of the superimpose' fnct of all E-functions at every 

point in the mined area, and. In .1 similar manner the V-function 

is made to form the normal fiuh' which corresponds to the normal reef 

plane stresses.

For an n x n grid of squares, chis is equivalent to the

solution of n2 linear equations fIgnoring closure adjustments). For

example, for n * 64, the solution Involves 4 096 equations. It will

be shown that an accurate enough (4 percent accuracy) solution can be

made to converge in approximately ' 0 iterations. This would take

up to 6 hours on an IBM 360/50 arid require 128 megabytes of core

storage usinj, ordinary matrix techniques. However, by making use of

the and character of the V- anil E-functions and other numerical 
r r3

techniques, the system used solves a problem in 15 minutes using only 

350 kilobytes of core.

1.3.3 Choice o*' ♦ he Solution

Consider the relative merits of the three methods of solution 

described above.

One of the most import..m differences netween the analogue 

and digital systems is that thu analogue results sre not complete, giving 

a solution only on the ree-P pl.iuui these must be read and encoded for 

use by a digital computer in onl, < *o find stresses and displacements 

off the reef planej wheress tin digital system has these results 

available and can upply them tn a subroutine for off-reef calculations 

without the intermediate step.



The electrolytic tank, at the time of publication of the 

Salamon, Ryder and Ortlepp paper '°̂  had other draw-backsj

(i) Total closure was difficult to implement, requiring

the painting of area9 dependent on readings and the 

iterative adjustment of the painted boundaries,

Ci 1) Setting up a [mv.lun can be described as difficult.

The tank mur.1 *■«• levelled and floating dirt removed 

and bubbles wlpf.d away from the top electrode.

(ill) The height of tho water in the test-holes was found to 

be fairly cri' b.al.

Civ) Both the frei|ii> m response pattern and the voltage

levels chanpt:'1 by as much as _+ 10% over a period of 

only months, 'i. .ding to non-repeatability of results.

Many of the difficul* li.w could be overcome in principle and an 

extension to the system is a fu):ih!ble measurement of the currents in 

the upper electrode, thus allowing 'he ascertaining of stresses on 

the reef plane, The resist.au. .t analogue has overcome most of these 

difficulties.

The digital system has a number of advantages in addition tn 

that mentioned earlieri

(i) A digital system 1 ti inherently more reliable than an

analogue system in that results are always repeatable, 

(ii) The closure boundary is an estimation built into the 

program wit hem! fhe need for manual adjustments.

(ill) Updating the mining configuration in a small region 

leads to aliiH.hi. immediate results thus allowing 

a remote terminal interactive operation with a 

reasonable thim for computation and a virtually 

instantaneous tuply after calling for the displacements 

and stresses ni uny point in the medium.

(iv) Configurations < ,n be easily stored, as a solution, 

ready for any future inquiry or update.

Cv) There is a facility for adjusting the scale of the

problem. T!ds allows for tne solution of a problem 

which will tala in the details of a wide area.
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Through successive scaling by 2, solutions are 

found without losing the coarse more distant 

effects. 1 ho program handles the problem by 

computing modified boundary values for any specified 

zone of in.orLi.t:, This facility is particularly 

useful in s'miylng the details around a shaft pillar, 

where, on i hi ''I fat scale of interest, the edges of 

the problem >mij«.;.ar unsupported by intact areas.

(vi) Not being tiud dnwn to physical constraints of models, 

the digital computer system can. and has been adapted 

to, solve pn>!r1<ms of steeply inclined reefs and 

reefs dost: 1 . 'lie surface. The analogue models are 

restricted to 'hi "infinite depth" situation.

In general, the di,;'' system shows greater versatility and 

possibilities of development m. more advanced analytical techniques 

become available. It is expni in', that these new methods would be 

more detailed refinements to tin* ^simplified theory and computing time.
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CHAPTER 2

BASIC THEORY I FADING TO A NUMEU !f At. METHOD

2.1 Elastic Mode]

In the present disru&tilnn, the model will be developed 

assuming horizontal reefs at ir.f'o'te depth. In later chapters, t:ie 

model will be extended to tre.tt 'mc small angles of dip, <25°, (ch. 5) 

and finally, in general, to an, n*j.' 1 e of dip and the finite depth 

problem (ch. 6).

As stated earlier , iil.'i, the assumptions underlying the 

basic solution are that the rm 1 hody as a whole, as opposed to the

fracture zone and localised d '■.. miMnuities, may be treated as an elastic
(5)and isotropic continuum . Mi.i'ltied behaviour is ignored in 

formulating the basic model.

The rnck mass, prim ' o mining, is in equilibrium. The 

stresses maintaining this equ!!''i him are called primitive stresses. 

Underground excavations upse^ Hi's state of balance, resulting in 1nduced 

stresses. Because of linear i.!dt>t icity, the total or resultant, stresses 

mey be formed by the auperpoa!M o n  of the primitive and induced stresses.

Similarly one can refer to ...... . displacements but, since there are no

other types of displacements, *1. turm "induced" may be di'opped,

The problem is one iJ : it lsfying the basic equations of 

elastic theory subject to thu t i . <..l'y conditions prevailing in the 

particular situation.

2.1.1 BounH M-y ' imdltlons

Considering here tho mod o'! where the reef plane is at 

"infirite depth", the implication !s that the effects of the stress- 

free surface can be ignored. As <i result, only a half-space solution 

need be considered as the pinna o< 'he seam or reef ia a plane of 

symmetry,

The boundary condiMuna, nt.ated generally, are as follows »-

(i) The ground surfar.e must be stresa-free.

(ii) At great depth, 'nrtoned stresses and displacements must 

be zero.



(ill) At the seam, nii» -< the lateral dimensions of the

excavations .11 p much larger than the vertical ones 

(i.e. tabu Ini excavations), only conditions of the 

roof and floor I hanging- and footwalls) are considered. 

The assumption in that the stresses normally opposing 

each other in the roof and floor a,° -qual over the 

whole plane ul I he seam. This simplification will 

introduce an p i  tor in the close vicinity of the

SOlid StOpp f.-ipr'D.

In order to aid thf> malli.Miiatical description, it is convenient 

to set up the following co-oi'llnate systems, shown in figure 2 .1 .

Figure 2.1 Co-Ordinate SyBt.H*i".

They are »

(i) A gennral co ui'lln.ite system (X,Y,Z) with the X-Y plane 

in the surface •mil the Z axis pointing vertically 

downward.

(ii) A similar co-oi'Jlnate system (x,y,z) with x and y axes 

in the plane of the reef and the z axis normal to the 

reef pointing downward.
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The convenience of operating with two co-ordinate systems will 

become apparent. Considering the problem as a whole, the surface co­

ordinate system will be U9ed, whereas, when considering the reef plane, 

especially as regards the solution on that plane, the reef co-ordinate 

system is more convenient.

Using the index "r" (roof) and "f" (floor) for strata 

immediately above and below the the above conditions for

horizontal itefs may be descrtUnl mathematically in the following form :■

z ■ o 0zr
T

z s 00 wf - U

z - H 1N
D 0

xz 1

f 

z „

yz

xz. yz.
where H is the depth of the se.Mn (2 ,1 )

In the seam itself, consider initially that the lateral 

dimensions of the excavations aro so small that no contact has been 

established between the 'oof and * ho floor by "total closure", and 

that no artificial support, su. h a‘j waste-packing, is used.

Since the resultant nenn.il and shear stresses are zero 

throughout the floor and the roof of the excavations, the induced 

boundary stresses must assume th<.< v.ilues of the primitive stresses with 

opposite signs.

Denoting the regionn mining by A, and the vertical 

primitive stress component by u , ♦he remaining boundary conditions to 

consider are as follows t-

■
zf

' V
T -
xZf

T
yZf

z(x,y) » wr - wf -
*

0

x<*.y) ■ ur -  u f  -

y(x,y) ■ Vr " v r "
0

inside A

outside A

( 2 . 2 )
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