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SYNOPSrs 

For some yean the CoUierics Research Laboratory of tho Chamber of Mines oC SouLh Arrica has been engaged in 
the developmen t and application of computer programs to aid in the solulioo (If rock mechanics problems. 11 is the 
purpose of this paper 10 introduce some of the programs having general applicability. 

A system capable of predicting stresses md displacelllcnta induced by large-scale tabular excavations is discussed . 

A finite clement program especially designed for handling layered continuum problems and which is be.in& 
used extensively. has been supplemented by :ln automatic mesh generation facility that roduces problem 
preparation times considerably. 

Some typical applications of these progranlS are described. 

An entirely new approach, potentially capable of performing linear three-dimensional continuum analysis at 
practical cost is introduced. 

INTRODUCTION 

For some years the Collieries Research Laboratory of the 
Chamber of Mines of South Mrica has been engaged in the 
development and application of computer programs to aid 
in the solution of rock mechanics problems throughout the 
South African mining industry. It is the purpose of this paper 
to introduce some of these programs. While some aspects 
of the underlying theory and system characteristics are 
described, specific references are quoted for a more detailed 
and rigorous discussion. 

All programs have been based on lioear elastic theory. 
There is a considerable body oC experimental data (e.g. 
Orllepp et aI, 1964) justifying this background in the South 
African eovironment. However, it has long been felt that 
these results could have been anticipated and are valid, 
certainly in hard rock mining, on the basis of the foHowing 
argument: 

Excluding the fractured zones in the vicinity of excavations, 
one is generally dealing with a continuous medium. Mining 
operations normally subject this contiouum to progressive 
displacement changes that are infinitesimal in relation to the 
size of the configuration, almost in the mathemalical sense 
of the ternt. Hence, thinking in terms of Taylor expansions., 
such systems must be describable by means of linear stress
sfrain relalionshi)M and thus linear elastic theory. Here, the 
emphasis is on lillear, since tbe reversibility in behaviour 
implied by elasticity is not often relevant in regard 10 changes 
induced by mining. 

A system of programs for the analysis of stresses and 
displaccmcots .around tabular excavations is discussed first. 
Thi5 is particularly suited to the South African gold mining 
industry. A two-dimensional finite element system designed 
especially for stratified continuum applications is described 
next. [0 view of its wide usage, this h.u been supplemented 
by an automatic mesh generation facility. Some typical 
applications of these program.<; are discussed, one in some 
detail. 

Thirdly, an entirely new approach, potentially able to 
handle general three-dimensional linear continuum analysis, 
is introduced. An experimental program employing this 
method and capable of analyzing hard rock open pit 
configurations, is discussed. In conclusion, some thoughts on 
future developments are presented. 
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A SYSTEM FOR THE ANALYSIS OF THE 
BLASTIC RESPONSE OF STRATA 
SURROUNDING TABULAR EXCAVATIONS 

The system of programs to be described in this section has 
been op«ational for more than threo years. It is known as 
the Mln/IIK Simulator, MINSIM for short, to rock mechanics 
engineers in the South African gold mining industry. It has 
found considerable application in one-off investigations of 
the type discussed below and is used routinely in periodically 
analyzing the effects of advancing races. 

Background 

The development of MINSIM was stimulated by a sequence 
of results iOing back to Salamon (1964). Recognizing tabular 
excavations as an important subset of underground mining 
confiaurations, it was realised that tbe former offer con
siderable sirnplifications in analysis when compared with the 
general three-dimensional problem in linear elasticity. In 
principle, the solution of the tabular mining problem requires 
the specification of boundary conditions on two planes, i.e. 
the surface and the seam being mined. Solutions must vanish 
at infillity, of course. Further simplincations are possible in 
the South African gold mining environment. 

Here, the areas of interest are usually deep enough for 
surface effects to be negligible. The problem can now be 
described in tenns of two adjoining elastic half--spaces 
describing the 'roof' and 'floor' strata of the excavations. 
Tllese spaces are joincd rigidly across tbe unmined areas. The 
relativo llormal and tangential displacements of roof with 
respect to floor strata in the mined regions may be employed 
as boundary conditions to form a problem having a unique 
solution. These displacements are referred to, in mining 
terminology, as closure and ride, respectively_ The configura. 
tion is symmetric. Oneneedconsider only oneofthehalf-spaoes 
bounded by the reef plane. Employing the principle of 
superpositioD and the elastic solutio n of a punch ofinfinitcsima.\ 
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cross-section prcssiug into the otherwise rigidly-confined 
bounding plane of a half-space, as kernel, all stresses and 
displacements at any point in the medium can be expressed 
in terms of a set of kernel integrals taken over the reef plane, 
provided the closure and ride distributions are known. 

In particular, this is true for the stresses induced by milling 
on the reef jtself. T hese stresses must be taken as equal and 
opposite to the virgin stress field induced by the weight of 
the overlying strata before mining took place, in order to 
ensU1~ a resultant solution that is stress-free on the roof and 
floor of the excavation. Thus equating the known reversed 
virgin stress field to the relevant kernel integrals, one can 
formulate the problem in terms of a set oC integral equations 
involving the unknown relative displacements on the reef. 
Having solved for the closure and ride. these values can then 
be used to find stresses and displacemcnts anywhere in the 
medium. 

Reformulation in terms ofthree potentials further simplifies 
the problem. In fact, if the Poisson's ratio of the medium is 
small and the reef is inclined only moderately, the three 
potentials tend to be proportional to each other. These 
results led to the development of an electrolytic analogue by 
Salamon el ul (1964). This was later superseded by a 
more reliable resistance analogue developed by Cook et al 
(1965). Output from botb. analogues are essentially the closure 
and r ide distributions mentioned earlier. To get off-reef 
results, they are transferred to a digital machine for com
putation of the relevant kernel integrals. 

On the analogues the reef plane has customarily been 
represented by 60 x 60 discrete squa.rcs that are considered 
either fully mined or unmined, necessitat ing the transfer of 
3 600 potentials for every solution. This is a cumbersome 
procedure, particularly if a number of milling changes are to 
be investigated. It was largely this inconvenience that 
stimulated the development of MINSIM which produces a 
completely digital solution of the problem. Such further 
features as scaling and the facility of storing a solution on 
disc for immediate retrieval have now rendered the analogue 
obsolete. Some of the characteristics of MlNSIM including 
the system lay-out and method o f solution, are discussed in 
the following sub-sections. Further details have been given by 
PJewman et af (1969). 

General characteristics 

The system was viewed initially very much as a digi tal 
'model' of an analoJUe. In order to simulate as much as 
pQS'Sible the grapbic capabilities of the analogue, MINSIM 
is designed to operate in conversational mode. The user has 
ful! control over the machine during his investigations. To 
facilitate interpretation of results, graphic displays of the 
mining outline and e.'I tcnt of total closure, that is, contact 
between roof and floor strata within an excavation, have been 
included. 

To facilitate starting up a new configuration or introduciog 
major mining changes, a mine plan may bo prepared 'olT-line' 
on cards and then requested from the terminal. This is 
referred to as mixed mode operation. 

Alternatively, if no on-line communication with themachino 
is desired, the whole problem including operation and output 
controls may be entered from cards and run in batch mode. 

A storage feature bas been incorporated to enable the user 
to store any configuration Cor future retrieval. 

The scaling feature allows one to model detailed smal!
~cale mining activities while still takiug into account the 
effects of the complete environment. 

At present, tbe system can cope with moderately-inclined 
deep tabular excavations. TIle approach can be extended 

directly, however, to the treatment of steeply-inclined reefs 
at shallow depths, 

System organisation 

The general organisation of the system is shown in Fig. t. 
The execllliw: phase forms the primacy interface with the 

user and hands control to the various funct ional phases on 
request. After completion of anyone of the latter, control is 
returned to the executive. While the user can choose any 
functional seqllence, the executive will prevent any invalid 
requests. For example, when starting up the system, all 
except a Create or Retrieve request are invalid. 

-_. 
Fjg. J. OrgalliMliWn of MINS1M. 

The so-called tank generator is called up following a Create 
request. It builds the skeleton data structures that will contain 
the mine information, in machine memory. These data areas 
in a way constitute tbe digital eqtlivaJent of the electrolytic 
tank analogue and ace rererred to as the lank. 

The configuration generator enters the initial mine con
figuration, which it reads from cards or accepts from the 
terminal, into the tank. 

The configuration update phase enables the user to change 
the existing mining layout. 

1be solution phase fOlms the core of the system. It produces 
tbe closure distributions in the mined areas, This phase may 
run in Creale, Update or Scale mode depending upon which 
of these functions was performed last. The executive pbase 
ensures the correct mode setting on entry. The method of 
solution will be discussed in some detail later. 

The scaling phase allows the user to pick a square window 
on the reef plane within the present tank and scale it up to 
full (ank size. In doing so be loses direct access to the 
environment. flowever, tbe effect of this environment on the 
closure distribution inside the scaled-up window is retained. 
Successive scaling operations are possible. 

Normally, a scale-up would first be followed by an update 
request to refine the mining outline and then by a solution 
run to adjust the closure disu·ibution. Functional details of 
the scaling phase arc given below. 

Thecraphic display phase gives a map of (he present mining 
configuration including an indication of the zone of tota1 
closure. A typical example of its output is shown in Fig. 4. 

The on-reef Olllput phase enables the user to request Crom 
the terminal, closure and stress values at selected points on 
the reef pIano. Alternatively, he can have the complete reef 
plane output on the printer. 



The ojf-r~ef fnf~grator performs the kernel integrations 
referred to earlier. 11 computes stresses and displacernents at 
any point in the medium. 

F inally, the sLQre/retriel'(! phase handles the permanent 
storage of a tank on magneti.c disc. A configuration may be 
recalled for further procwing by furnishing the Dame uDder 
wh ich it was stored 10 the system. 

Me/hod of solution 

When atlempting a digital solution 10 the problem, the 
natural starting point seemed to be the formulation in terms 
of the single potential referred to earlier. This potential arises 
as the solution of Laplace's equation in an infinite half-space, 
the bounding plane of which is geometrically equivalent to 
the reef plane. The boWldary conditions take the following 
form : 
(a) The potential in the unmined area is zero. 
(b) In the mined aroas tha normal derivative of the potential

the field - 011 tbe reef plane is proportional to the normal 
virgin stresses caused by the weight of the overlying strata. 

(c) In mined areas where roof and floor arc in contact, i.e. 
total closure has occurred, the potential is constant and 
proportional to the initial width of extraction. This 
condition involves a complication in that the extent of the 
zones of totol closure is aot known a priori. 

Although the problem is basically three-dimensional, the 
solution is determined largely by conditioDli on the bounding 
plane. By uti lizing tl.Ie principle of supetposition and the 
classic Green's functioll for a half-space, a two-dimensional 
formulation i.n terms of an iategral equation is obtained. T his 
reductioa in dimcnsionalily becomes absolutely essential if 
one wants to achieve realistic ru.nning times when solving 
pmctical mining problems. F inite element methods that by 
definition have to describe the medium as a wbok, cannot be 
used in this application. 

Initial e.xperiments employing a 60 x 60 quantisation of 
the reef-plane produced discouragingly inaccurate results. 

There exists a second basic solution for a half-space, some
times referred to as the Nellmauu function, which allows one 
to specify the l101'mal fiold on an infinitesimal region of the 
bounding plane with no effect on the field anywhere else on 
that plane. This solutIon also vanishes at infinity. Since the 
basic formulation is dependcnt only on the principle of 
superposition, a mixed integral formulation is feasible. 
Employing the Neuotann and Oroon functions to represent 
mined and imact areas, respectively, seemed to consti tute the 
optimum combination in view of the required boundary 
conditions. The accuracy of this scheme WII8 foun d to be very 
satisfactory and matched that of the 'exact' analogues. 

Furthermore, it suggested a natural iterative method . 
Suppose oue satisfies the boundary condit i.ons of type (b) 
above by associat ing a Neumann fu nction o f appropriate 
ampli tude with every elemental area in the mined region. 
The supcrposition of these fU DCtiOIlS results in zero normal 
fields. but fin ite potcntials, on the reef-plane in the intact and 
to tally-dosed areas. Hence, in order 10 satisfy the boundary 
conditions of Iypes (a) and (c), a compensating set of Green 
functiom must be imposed 00 the illtact and totally-closcd 
areas so as to adjust their potentia1s back to 7.ero and the 
width of excavation, respectively. While these Green functions 
have no effect on the potentials ill the miDCd areas, they do 
affect the initially imposed fields. Hence it becomes necessary 
to a djust the amplitudes of the initial Neumann functions to 
get back to the correct fie ld boundary conditions. TIlls measure 
in turn necessitates fw·Uler correclions in the intact and 
closed areas, and so on. By introducing a static compensation 
factor into tbis iterative scheme, very good convergence 
properties have been achieved. Typically, MINSIM runs on 
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a 64 x 64-eJement reef-plane. The corresponding 4 100 
equations normally converge to one per cent in approximately 
ten iterations. 

A li ttle reRcclion on the systems matrix win indicate tbat 
it contains two major non-sparse 8ubmatrices, embodying the 
mined on intacl and inlacr on mined elTects. To reduce 
running limes. extensive use has been made of the decay 
properties of the two kernel fUl1ctions. In compntiog the 
mutual effects of remote demen ts, these are firs t Jumped into 
groups of increasing size as tbe distance between them 
increases. By fuUy exploiting this idea and symmetries in the 
kernels, ruooiug times have been reduced to about five per cent 
of what woutd be expected Oil the basis of a straight matrix 
multiplication, with. practically no loss in accuracy. 

A typical lay-out is solved in lUlder two minutes on a 
360/65. 

M ethod of scalillg 

The concept underlyins tho scaling phase is very simple. 
Suppose a solution has been found for some configuration 
and it is intended to implcment relatively small mining cbanges 
in its central portion. Imagine this central portion enclosed 
by a window corresponding to half tbe tank size, say. If the 
intended changes ill the window are small and remote fro m 
its boundaries their eITect on the area surrounding the window 
is insignificant. Hence the Neumann and Grcen fuuctions 
representing the solulioD in tbe environment will remain 
unchanged and in turn their effect on the interior of tbe 
window will remain constant. 

In other words, this effect may be accounted for by means 
of a change in t" e boundary conditions inside the window. 
Once the modified boundary conditions have been cva.luated 
for every clcmentaJ area, the environment may be dropped 
and th.e window scaled up to full taok me. Since each original 
element is expanded into four of the new tank, error build-up 
has been minimized by smoothing the modified boundary 
conditions. The solution must subsequently be ' tightened up' 
to achieve full accuracy on the finer scaIe, 

A FINITE ELEMENT SYS T E M F OR 
THE ANAL YS I S OF LAYER ED MEDIA 

In this section anotiler tool, already well known to civil 
engineers, the method of finite dements, is described. A 
computer system particularly suited to rock mechanics 
applications has been implemented. 

Whereas MINSIM deals only with fiat, narrow excavations, 
in principle the method of finite elements can solve problems 
containing aoy shape of excavation. However, because of the 
limited speed of presently ovailable computers, the solution 
of practical mining configurations by tbis method is restricted 
to cases that can be represented in terms of two-dimensional 
idcalisatiol1 S. If certain symmctfy conditiollli such as circular 
symmetry or period icily in the third dimeuswn are met, I!. 

tw~imcnsional treatment is sti ll feasible. 

T he fi nite clement melhod is based on the foUowing concept. 
]magiue the medium cut iato a. large number o f elements. 
The elements are then pin-joiotcd at tbeir corners, referred to 
as nodes, and their displacements are coostrniued so as to 
preserve continuity along adjacent edges. ] t can be shown that 
the response of the structure formed in this manner will be 
identical to that or the original medium, if the element sizes 
tend to zero. In practice, a good approximation to the true 
solution will result jf the elements arc sufficieotly small for 
stress gradients over them to be negligible. 

The computer system referred to as FES below, implemented 
at the Collieries Research Laboratory, has the following 
significant features : 

l 



(i) The program is designed to handle two-dimensional 
configurations. 

(ll) Triangular elements are employed allowing easy model
ling of complex excavation shapes. 

(iii) Configurations containing more than .1 500 nodes can be 
handled efficiently. 

(iv) Programmed machine checks and diagnostics ensure 
that errors in the input data are detected before a solution 
is attempted. 

(v) The system is particularly suited for handling layered 
media. 

(vi) It is completely open-ended as regards boundary con
ditions and material properties that can be handled. 
At present the usual boundary conditions and elastic 
material properties have been programmed. 

Further details are given by Deist et al (1968). 

SOME TYPICAL APPLICATIONS 

A description of a few typical applications that have been 
handled in the past is given below. 

Extraction of a steeply-inclined orebody 

The extraction process of a steeply-inclined tabular orebody 
had to be planned. There was an outcrop on surface. The 
properties ofthe ore and surrounding strata were known from 
core samples. The interaction between a number of proposed 
mining methods and layouts and the.rock mass was unknown. 
A few computer runs based on various configurations helped 
to make the decision. 

A caving problem in longwall mining 

A strong dolerite sill was present in the upper roof strata 
of a shallow colliery, The feasibility of longwall mining was 
being investigated, Caving was initially observed to be limited 
to the strata below the sill. A finite element analysis was run 
to determine the stresses and dispiacements resulting from the 
extraction of a whole panel. It was found that the maximum 
tensile stress at the base of the sill was exceeding the uniaxial 
tensile strength of the dolerite. The sill did eventually 
collapse. 

The FES was subsequently used to predict accurately the 
time of rollapse of further panels, 

Haulage support at great depths 

In a deep gold mine a projected system of twin inclined 
shafts was being studied. Previous experience in similar 
situations using a certain type of concrete lining had given 
unsatisfactory results. A more sophisticated type of support 
capable of resisting greater tensile stresses was looked for. 
The important information required in this connection was 
the change in the stress distribution around the haulage 
produced by overstoping. This problem was solved by the 
combined use of MINSIM and FES, 

Use of MINSIM and PES in combination 

In those problems where the excavation under study is 
exposed to the stress field induced by another much larger 
excavation, such as results from the mining of a seam or reef, 
the effect of the smaller excavation on the larger can be 
neglected. A MINSIM run is first made in order to 
determine the stress and displacement values at the boundaries 
of an area enclosing the configuration under study. Subsequent 
FES runs employ the values supplied by MINSIM as boundary 
specifications for the determination of the stress distribution 
inside this region which is now modelled in full detail. 
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It must be kept in mind that the three-dimensional stress 
and displacement values produced by MINSIM are in general 
incompatible with a two-dimensional stress distribution as 
required by the FES. The procedure is strictly applicable only 
in those situations having little structural variation in one 
direction. In cases where the departure from a plane strain 
situation is considerable the results must be interpreted with 
caution. 

Detailed discussion of design considerations for an underground 
water barrier 

A water barrier is essentially a pillar of ore left intact by 
the mining process and so designed that the highly compressed 
rock becomes waterproof. The criterion for effectiveness is 
that the minimum principal stress in the pillar must exceed 
the hydrostatic head of water behind it. 

Figure 2 represents an idealized section through two 
adjacent mines. The reason for requiring a barrier was that, 
should a sudden uncontrollable influx of water occur in the 
upper levels of the one mine, there would be no danger of 
flooding the workings in the lower mine, In locating the 
barrier, advantage could be taken of the presence of a strong 
15 m-wide dyke which cut the reef producing a throw of 
15 m as shown in Fig. 3. The strata in the vicinity of the reef 
are composed offive different types of rock. They are indicated 
in the illustration. 

The investigation was intended to establish a pillar width 
satisfying the following criteria: 

(i) The pillar width-height ratio must be acceptably large 
to ensure pillar stability. 

(ii) The zone of failed rock above and below the abutments 
must not bridge the pillar. 

(iii) Theminimum principal stress in the central portion of the 
pillar must be compressive and exceed the hydrostatic 
head behind the pillar. 

It was clear that this type of problem, in which the 
behaviour of the failed rock mass plays an important part, 
could not be solved by presently available methods. If anything 
could be done at all, it was to use MINSIM and/or FES for 
the approximate determination of the zone of fruled rock, i.e, 
a zone indicated by application of a failure initiation 
criterion. In other words, the available programs could be 
employed to shed some light on criterion (u) above. They are 
of little value in the application of criterion (iii) which requires 
knowledge of the redistributed stress field taking into account 
the effect of the failed rock mass, 

Because of the heterogeneous aspects of the strata and 
the perturbing effect of the dyke, the reduced problem could 
not be solved by MINSIM aLone. On the other hand, FES, 
being restricted to two-dimensional situations, could not deal 
with the complex pattern of mining in the reef plane, 
The following procedure was adopted to deal with the 
situation: The general stress levels induced on the barrier area 
by the effect of mining were supplied by MINSIM. This rough 
picture was then refined using FES modelling the detailed rock 
structure on a large scale, 

Fig. 2. Idealized vertical section through two mines indicating proposed 
position of water-barrier. 
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Fig. 3. Detailed vertical cross-section through central por/km 0/ 
proposed wafer-harrier. 

The MINSIM runs were based on an idealized configuration. 
The rock mass was assumed to be homogeneous and isotropic; 
no dyke was present. The barrier was simulated on strike and 
its width varied from run to run. Figure 4 shows a MINSIM 
'window' of the configuration. A finite element network was 
drawn up for a vertical cross-section through the barrier. 
Actually that cross-section with the greatest vertical stress 
component was selected. The MINSIM output supplied the 
displacement values at the rim of the finite element network. 
The components normal to the plane of the network were 
discarded. 

Figure 5 is a section through the barrier depicting the 
indicated extent of rock failure for two different pillar widths. 

It is seen that the larger of the two pillars satisfies 
criterion (ii). 

A MESH GENERATION PROGRAM 
TO FACILITATE FINITE ELEMENT 
ANALYSIS 

The routine application of powerful solution teclmiques is 
frequently hampered by input requirements too subject to 
human error. Considerable effort and machine time are 
wasted before results can be accepted with any confidence. 
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Fig. 4. MINSIM graphic printout 0/ idealized mine layout. 

I 
I 
I 
I 
I 
I 
I 
I 
I 

L 

l 
/ 

, 

f"'w" 
,,,., 

Fig. 5. Indicated extent of failure zone for two different pillar widths. 

Finite element applications in rock mechanics have been 
subject to this problem. The preparation and error correction 
of a typical 1 000 to 1 5OO-node problem takes approximately 
two man-weeks on the earlier described system in spite of its 
relatively convenient form of input and extensive error 
detection facilities. 

In view of its expected wide usage, it was decided to 
implement a mesh generation facility, relieving the user as 
much as possible of this task. The mesh, after all, has nothing 
to do with the basic problem. It is purely an artifice required 
by this particular method of machine solution. 

On examining a considerable number of typical manually
produced meshes, it became clear that the general tendency is 
to divide the problem area into regions containing fairly 
regular triangles. Adjacent regions are usually made com
patible by introducing additional connections into the 
boundary layer of the one containing the larger elements. 

I 

I 



The same procedure has been implemented by Deisl et al 
(1971). The user has to break his problem area into regions 
which are described in lem'lS of their comer points. TIle 
desired triangle size is stated for ench such region. Except for 
possible disturbances in the boundary layers, the program 
will produce a regular array of elements in every region. 

The 'mesh generator' operates as a front stage to the finite 
element system proper. Problem preparation times have been 
reduced by a factor of at least twenty. Machine costs are 
normally lower, because most sources of human error have 
beeu eliminated. 

Other aUempls at producing mesh generators seem so far 
to have considerably m ore restricted objectives, e.g. Frederick 
et 01 (1970). 

A NEW APPROACH TO T HE SOLUTION 
OF THREE-DIMENSIONAL BLASTIC 
PROBLEMS 

A practical applicable method for the elastic analysis of 
general three-dimensional configurations is not available at 
tbe present time. As a COnseqUCllce, particularly in the Held of 
rock mechanics, a great number of pressing problems remain 
unsolved. 

In principle the finite clement roetbod is extendable to 
three dimcnsions and it has been applied to solve certain 
problems. However, in continuum applications of the rocl: 
mechanics type, running times would take on astronomic 
proportions - if a solution could be obtained at all. Also the 
problem preparation effort, even if aided by a three
dimensional mesh generator, would become enormous. 

The inherent shortcoming of finite difference and element 
methods is that they require a representation of the whole 
medium. Since the problem is, strictly speaking, defined 
completely in tcrms of conditions at the boundaries, these 
approaches OlUst be unnecessarily cumbersomc when applied 
10 linear analysis. 

The development ofMINSIM point! to a new and promising 
approach. Its extension to general thr~irneusional situations 
would have the signifi~nt advantage of a quasi-twOoo 
dimensional treatment. Clearly, its fundamental basis, the 
principle of superposition, carries through without change. 
The practical difficulty lies in making an appropriate choice 
of basic elastic solution distributions to be associated with the 
various surface elements, in order to obtain an integral 
formulation suitable for efficient machine treatment. 

10 thc experimental work carried out so far, an attempt 
has been made to minimize the mutual influence between 
adjacent surface elements. Since these, except in the vicinity of 
cornel's, will tend 10 lie in the same plane, it was natural 10 
evolve a set of haH-space solutions allowing independent 
specification of all types of boundary conditions occurriog in 
practice. Typically. one such basic solution enables one to 
impose unit normal stress on an elemental surface. It 
induces no shear stresses on the same element and leaves all 
other elements in its plane free of normal and shear stresses. 

In the general problem curved boundaries and mixed 
boundary conditions will result in a partially dense s}'3tem 
matrix, tending to offset the potontiAI advantage of the quasi
two-dimensional formulation. However, al l kemel functions 
decay rapidly with distance. enabliog ooc to lump elements 
together for the computalion of rcIl10te influences. This 
mechanism amounts to an application orst. Venant's principle. 
In practice, the scheme results in drastic running time 
reductions as experienced with MINSIM. Also matrix 
preparation times and the time per iteration will tend to be 
proportional to the number of surface elements rather than to 
their square. 
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Another point worlh noting is that aD basic solutions 
employed exhibit singularilies on tbe infinitesimal surface 
elements to which they are applied. i.e. one is dealing with 
singular integral equations. Fortunately, where required, 
suitable limiting values can be derived by approaching the 
bounding plane from inside the medium. The experimental 
program referred to below works directly with these singular 
kernel functions. 

The si..Ilgularities can be avoided by choosing suitable kernel 
ampli tude distributions for each element and then solving 
for the parameters defioing these amplitude distributions. 
This approach would, of course, necessitate prior evaluation 
of 'avC'raged' kernel functions and increased machine lime in 
the matrix formation slage. 00 the otber band, it is possible 
that bigger surface elements arc acceptable for the same 
accuracy. Here, the two poosible extremes, point kernels on 
the onc hand and averaged kernels completely free of 
singularities on the other, have been mentioned. In practice, 
a large number of intermediato alternatives can be thought of. 
One may, for instance, employ the simpler point kernels in 
the solution and their more sophisticated averaged versions 
when evaluating stresses and displaccments at selecled points 
in the mcdlum. The surface amplitudes found in the sollltion 
will first have to be smoothed for this purpose. 

A number of alternatives will have to be investigated before 
settJing on an approach best suited for a production system. 

Certain of the basic solutions contain line singularities on 
the outward normal to the Sllrface elements on which they are 
centred. Again a choice has to be made when handling 
multiply-connected regions. On the one hand one can employ 
only kernels with point singuJarities and tolerate strong 
influences between adjacent elements. A denser system 
mat.rix and a larger number of iterations will be the con
sequence. Alternatively, it is possible to cut the medium 
suitably and rejoin by a double layer of elements along the cut. 
A larger nnmber of equations will result . However, (he malrix 
will tcnd to be more sparse. As before. the correct choice can 
be made only on tbe basis of experimentation. 

Incidentally, stratified medis. can be handled in essentially 
the same way. The boundaries between adjacent homogeneous 
blocks will be represented by double layers of surface elements 
each associated with an appropriate basic solution. 

Many rock mechanics applications include boundaries at 
iufi.njty. Solutions must vanish far away from excavations. 
Since the basic kernel functions all have this property. unlike 
finite element methods, tile approach does not require explicit 
modcllill8 of boundaries at infinity. 

An experimental program inteQded for the lre3.tme.nt of 
Open pit configurations has been implemented. Figure 6 
shows 000 of the test cases Ibat bas been run. The pit has 
been elongated purposely in order to approximate to plane 
strain conditions in the central vertical cross-section. The 
configuration was represented by 360 surface elements. A 
comparative two-dimensional finite element analysis modelling 
the central Closs-section and employing approximately tho 
sn.me number of elements shows ~cellent agreement in the 
stresses. The displaccmcnts which in the two-dimensional 
problem have to be locked :lrtincially at an arbitrary point, 
should not be compared. As with MINSIM, test problems 
have so fM required a very small number of itcrations, usually 
under tcn. Again, this js very Cl1couraging compared with Ihe 
convergence rales obtainable on large stiffness malrices of 
the finite element type. 

Finding non-trivial known solutions for test purposes is 
ouc of the difficulties in this work. While the developments 
described above were in progress, it was found, not unexpec
tedly, that other workers in the field have appreciated the 
usefulness of ao integral formulAtion as regards machine 

r 
i 



solution of these problems (Cruse, 1968). However, their work 
is based on well known integral results and as such linked to 
particular kernel functions. The very general approach taken 
in this paper really contains these formulations as special 
cases and as such, it is thought, for the first time offers 
sufficient manoeuvrability for the development of a practical 
system to perfonn general three-dimcnsionallincar analysis. 

Finally, it is clear that a successful production system will 
have to contain sophisticated surface element generation 
facilities, allowing the user to specify his problems in the 
simplest possible terms. 

Most ideas presented in this section are being pursued 
actively at present. 
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Fig. 6. Three-dimensional test configuration of the open pit type. 

CONCLUSIONS AND SOME THOUGHTS 
FOR THE FUTURE 

In summary, it has been the objective ofthis paper to give an 
account of the computer programs of general applicability 
that have been developed by the authors to aid in the 
solution of rock mechanics problems. 

The programs are all based on linear elastic theory as 
motivated in the introduction. On conclusion of the develop
ment of a practical viable system for the analysis of three· 
dimensional configurations along the lines described in the 
previous section, the time has come to try to incorporate the 
inevitably nonlinear effects of failing material in the vicinity 
of excavations into these models. Some earlier attempts 
(e.g. Deist, 1965, 1966) at expressing the behaviour of failing 
material in a form suitable for the machine analysis of 
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practical mining configurations, are presently being followed 
up. Such developments will have to take place in conjunction 
with extensive field experimentation, if they are to be of value. 

A considerable amount of work lies ahead before any 
really useful results can be expected. However, it is felt that 
the 'mere crushing of a piece of rock in the laboratory' stage 
has certainly been passed. 
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