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Computer programs which rely on the assumption of linear, elastic rockmass 
behaviour have been used routinely for many years in the South African mining 
industry to detennine the stresses arising in the vicinity of mining excavations. 

A description is given of the theoretical background and novel solution 
techniques used in the recently developed MINSIM-D boundary element 
program. Features of the program include the ability to analyse multiple inter
acting reef planes at arbitrary orientation to one another, slippage on fault 
planes and the effects of backrlll placement in mined areas. Incremental mining 
sequences can be modelled, and digitizer and front-end routines have been 
written to assist in the capture of mining outlines and general problem 
specifications. 

A brief indication is given of design problems for which MINSIM-D is 
appropriate, as well as some future extensions of the system. 

Introduction 

Applications of boundary element techniques 

to t he analysis of underground stress prob

lems have been pursued vigorously during 

the last two decades with the increasing 

availability of high speed computers. In 

the South African gold mining industry, 

particular impetus was given to the exploi

tation of this approach when it became appa

rent that the rockmass could be approximated 

as an isotropic elastic continuum. (1) The 

analysis of narrow, tabular deposits asso

ciated with many gold and coal mines proved 

to be amenable to an elegant variation of 

the boundary element method referred to by 

Salamon as the 'face element' principle(2) 

and currently known as the 'displacement 

discontinuity' method.(3),(4) 

vations - the so-called displacement discon~ 

tinuity. The displacement discontinuity is 

a vector quantity whose components are con

veniently resolved along two axes in the 

plane of the excavation and a third axis 

normal to the plane of the excavation. The 

components in the plane are termed ' rides', 

and the normal component is termed the 

'closure' . The rides represent the tangen~ 

tial movement of t he roof relative to the 

floor, and the closure represents the rnove~ 

rnent of the roof towards the floor of the 

excavation. 

In this method all stresses in the medium 

are determined by the r elative movement 

between the roof and the floor of the exca-
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All components will, in general, vary over 

the excavation and must be solved to satisfy 

specified stress boundary conditions in the 

excavation. The first solutions of this 

kind were obtained, for complex mining out

lines, by means of specially constructed 

electrolytic and resistance analogue cornpu-
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ters.(5) Subsequently , Deist(6),(7) 

produced a diqital computer program (M INSIH) 

which enabled ainin9 out lines on a single 

reef plane to be described by an array of 

64 x 64 qrid elements . each of which was 

designated as 'mined' or 'solid '. The same 

approach has been used as the basis for a 

number of independently developed 
programs. (4), (8) , (9) , (10) 

Successive ve rsions of MINSIM-D have been 

developed at the Chamber of Mines Research 

Organiza tion. This paper describes some of 

the enhancements which comprise the current 

system , referred to as MINSIM-D. These 

include a novel method of solution itera

tion, improvements to the solution accuracy 

and additional aids for pr epar ing input data 

direct ly from mi ne plans. 

Tabular excavation modelling 

The ana l ysis of thin, sheet- like excavat ions 

nade in t abu l ar deposits can be accomplished 

by dividing the mined area into a r egular 

array of elements. In particular if a 

square element of side 9 is centred at point 

Qf as shown in Figure 1, and if the dis

placement discontinuity components, Sk , 

are constant over the element, the 3tresses, 

Tijl at point P in an isotropic elastic 
medium were shown by Ronqved( 3l and 

Salamon(2) to be given by relations of the 

form 

where point P has coordina tes (x, y, z) 

relative to poi nt Q. E and v are the 
Young's modul us and Poisson's ratio of the 

medium . The components Mijk are t ermed 

'influence coefficients' or 'kernels', and 

summation over the free index k is assumed 

implicitly . 

Similarly, the displacements, ui, at 

point P are given by relations of the form 

4 
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y 

9 
FIGURE ·1. Local axis system, x, y, z erected on a square 

element of side g 

(2) 

where Nik are a second set of kernels. 

The kernel components Mi jk (P,Q) and 

Nik(P,Q) are functions of the di mension

less coordinates X = x/q, Y = y/g, Z = z/g 

between po i nt~ P and Q and of the Poisson ' s 

ra tio, v. They can be expressed in terms of 

t he Newtonian potentia l function , If and its 

der ivatives , given by Equat ion(3).( 3) 

+g /2 +g/2 _1/2 
I • I I [{x - E)2t( y-~)2tz2] d~dr] 

-9f2 -9f2 

• l:e 1 e2 [8 109 (A+R) t A log (B+R) 
el, e2 

- z arctan (AB f,R) ] 

where A = x e, 9f2 

B = Y " 9f2 

R • I[ A2 • B' + " ] 

e, = - 1, +1 ; " "" - 1 , +1 . 

I t should be noted that on ly ni ne of the 

stress kernel components, Mijk, and five 

of the displacement kernel components, 

Nikl are independent functions. 

Solution technique 

(3 ) 

Actual mining problems are solved by super

imposing a grid of ~quare elements over the 
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mined areas. In practice, planar qroups of 

64 x 64 elements (termed 'windows') are 

found to provide a sufficiently detailed 

resolution for most excavation out-

lines. (6),{7) Each element in 8uch a 

window is assigned a status of 'mined' or 

'solid'. The total stress, Tij' induced 

at a mined element, P, is computed by 

sumaing Equation (1) over the compl ete set 

of defined elements, Q. Clearly, if the 

boundary stresses are stipulated at each 

mined element, this set ot equations can be 

solved for the appropriate displacement dis

continuity distribution in each excavation. 

A mining problem generally involves 

several i nteract"inq windows of 64 x 64 

elements. The normal components, Tx, 

Ty ' Tz ' of the total stress tensor 

acting at the centre of a particular 

element, P, can be expressed by a vector 

equation of the form 

T M S P E E x X X X X x 

Ty = C MySy + P + Ey + E y y 

Tz MzS z P E, E , , 

wher~ C : E/(Sn{1-v 2)g ) 

In Equation (4), MXf My, Hz repre-

(4) 

( 5) 

sent the ' self-effect ' stress kernels which 

arise ~hen point P coincides with point Q in 

Equation (1 ) . The x and y axes ar~ in the 

plane of the excavation and the z axis is 

normal to this plane. 

Specifically, it can be shown that 

M v • 
2 

My = 8f2 v (6) 

2 
Mz 
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Sx and Sy represent the 'ride' cQmpo

nents and Sz the 'closure' component of 

the displacement discontinuity vector. 

Px' Py, Pz are the primitive stress 
components acting on the el ement. It is 

convenient to partition the induced stress 

arising at element P into two vec tors : Ex , 

Ey ' Ez represent t he components of 

induced stress at P due to all mined 

elements within the window containing 

element p and Ex, Ey, Ez represent 

the induced stresses at P due to all mined 

elements external to the window containing 

P. 
The lef t hand side of Equation (4) 

represents the total stress vector actinq on 

el ement P. This is required to be zero in 

open excavation zone~ but may be equated to 

the reaction stress arising froll the com

pression of artificial suppor t or backfill 

material. To accoftmodate a non-linea! reac 

tion stress in Equa tion (4), it is conve

nient t o implement a novel i t era tive scheme 

proposed by Ryder .(1 1) The r i ght hand 

side of Equation (4) is considered to be a 

linear function of SX' Sy, Sz with an 

intercept vector, I, whose components Ix, 

Iy ' Iz are defined by 

1 r 1 r 1 

I. P E Ex x • 
I = l y = Py + E + Ey (7) 

Y 

I P E E, , z , 

Iteration is performed by accelerating the 

current estimate of the intercep t vector, I, 

rather than the solut i on variables sx, 

Sy. Sz. The new estimate of the inter-

cept vector is 

Inew ~ Iold + ~ (I _ rold ) ( 8) 

where ~ is the over-relaxation parameter 

, 



ELEMENT STRESS 
AS A FUNCTION OF 
CONVERGENCE,5} 

EQUILIBRIUM 
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FIGURE 2. Intersection of element stress line with.a backflll 
reaction curve at point A or total closure limit at 
point B 

which is lised in t he iterative solution. In 

practice w should be chosen to fall between 

1 and 2; a value of 1,5 yields acceptable 

solutions within approximately 15 i terations 

for a single 64 x 64 window . 

The components of rnew are substituted 

into Equation (4), which is then solved for 

SXI Sy and Sz by equating the r ight 

hand side to the required boundary condi

tion or reaction function. This is illust

rated for the z-component in Figure 2. 

The residual error at each element is com

puted from the inner product, 

R = 1[(1 - laId) . (I - raId)] (9 ) 

The maximum r es i dual, Rmax ' ar i sing dur 

ing a complete pass of all mined elements in 

a given window is noted and compared to the 

desired stress tolerance for iterative con

vergence. This is usually chosen to be of 

the order of 1/2 per cent of the maximum 

primitive stress. 

Experience with this method of iteration 

has indicated that it is robust and performs 

with similar efficiency to schemes i nvolving 

direct over-relaxat i on of the solution 

6 

variables. It is particularly convenient 

for controlling iteration when total closure 

(roof and floor contact) occurs. 

Treatment of total closure 

Extensive excavation of tabular gold 

deposits often results in total closure of 

parts of the mined out areas. The total 

normal stress Tz then corresponds to 

point B in Figure 2. 

The shear stresses Tx and Ty and the 

ride components Sx and Sy are indeter

minate unless the unrealistic assumption is 

made that there is no frictional resistance 

to sliding once hangingwall and footwall 

contact is established. However, it is 

possible to obtain a convenient and smooth 

estimate of the ride distribution if a 

plausible assumption can be made about the 

ratios of the ride components to the normal 

closure at the onset of total closure. 

These ratios are estimated by rewriting 

Equation (4) in the form 

is the induced stress due to mining within 

the current window. This is represented by 

suitable ' macro' kernel components a, b, c 

which reflect the overall displacement dis

continuity pattern within the window. If 

there-, were no closure restrictions the 
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total rides and convergences Sx' Sy' Sz 

i n Equation (10) would be given by 

a 5. P E • • 
b 5y + P + E • 0 ( 11) 

y y 

c 5, P E z z 

The assumption is then made that the actual 

rides and convergence are proportional to 

Sx' Sy and Sz ' i. e. 

S. 5. 

5 • 1 5 ( 12 ) 
y Y 

5, 5 z 

At total cl osure , the convergence, Sz, 

is equa l to the known s tope width and t he 

t otal normal s tress , Tz , can be determi ned 

from Equation (4). Using the third member 

of Equations (10), (11) and ( 12), the pro

portionality constant, 1 , can be shown to be 

• (13) 

From t he fi rs t and second Qembers of Equa

tions ( 4), ( 10 ), ( 11) and (12), 

provis ional ride COMponents Sx 

given by 

and S are 
y 

[:: ~:l · -1 f:: : ::J [::1 ( 14) 

The ride components Sx' Sy are emp l oyed in 

Equation (4) to find the total shear 

stresses Tx, Ty acting on t he element. If 

the resultant shear stress , T, exceeds the 

specified frictional resistance, Q f s liding 
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is allowed to occur unti l the resultant out 

of balance shear stress is zero. Specifi

cally, the resultant shear stress is 

, • [[Tx 2 + T 2] ( 15) 
Y 

If t he f rictional res istance to s liding is 

• and T ) •• then the rides are adjusted to 

the fina l va l ues 

( 16) 

Figure ] i llustrates the appl i ca t ion of 

the tota l closure a190rithm to t he case of a 

rectangul ar, 6 400 m x 1 000 m excavation 

wi th a linited stope width of metre 

located at a dept h of 3 000 m. The major 

axis of t he excavation i s horizontal and the 

ui nor axis dips at ]0 deg rees . The vertical 

primiti ve stress is assuued to be direc tly 

proporti onal to the depth (0,027 MPa / m) and 

the horizonta l primitive s t ress equal to 

half the vertical stress. A Young's modulU3 

of 70 000 MFa and a Poisson's ratio of 0 , 2 

were used . The ride values along t he 

cent ra l dip section are plotted in Figure 3 

~ -'Ooo~ 

..,. _------.:F.:RICTION ANG LE .0· 
~ (FREE SLIDING) 

FRICTION ANGLE = 10° 

FRICTION ANGt.E .. JOg 
(CtAMPING) 

O~-'--2TO-O--r--4~O-O--r--.~--.---&Or--'--'000~ 
DISTANCE DOWN DIP, m 

FIGURE 3. Ride values along the dip section of a parallel 
sided excavation in which total closure has 
occurred 
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for assumed contact friction angles of 0°, 

10' and 30· between hangingwall and the 

footwall. At 0°, free sliding occurs with a 

maximum ride of 0,540 rn, whereas at 30° 

clamping occurs yielding a uniform ride of 

0,248 m at points of contact. In this case 
the ratio of ride to normal convergence 

corresponds to the ratio of the primitive 

shear and normal stresses in the plane of 

the excavation, as suggested by 

Salamon. (12) 

Partially mined elements 

It has been shown by Ryder(13) that the 

use of constant displacement discontinuity 

elements leads to an over-estimation of the 

solution values. For two dimensional slits 

the numerical values can be made to agree 

with theoretical solutions if the excava

tion size is reduced by 1/4 of a grid unit 

at each edge. In addition to the 1/4 grid 

adjustment, excavation boundaries will gene

rally not correspond to integral element 

boundaries. 

Partially mined elements can be treated by 

adjusting the self-effect kernels which are 

applied at these elements. For a two dimen

sional slit in which generalized plane 

strain exists in the x-coordinate direction, 

it can be shown by integrating the Newtonian 

potential, I, given by Equation (3) in the x 

direction, that the appropriate self-effect 

stress components are given by 

" 0 0 2v 

[:~l xx 

" 0 0 
YY 

" 0 0 

" " = B C 0 1 0 (17) 
Y' 

" " 
1-v 0 0 

l '\yJ lO 0 0 

where C is given by Equation (5). 

8 

The corresponding three dimensional self-

effect matrix is 

" 0 0 v + '11 Sx xx 

" 0 0 v + '/2 S 
yy Y 

" " 
0 0 1 S , 

" 0 ~ 0 
Y' = 812 C 2 ( 18) 

" 
~ 0 0 

" 2 

" 0 0 0 
xy 

The adjustment which must be added to each 

self-effect kernel in Equation (17) can be 

demonstrated to be given by the proportional 

matrix, 

0 0 2v 
0 0 1 

A " C 0 0 1 (19) 

0 1 0 
1-v 0 0 
0 0 0 

where the proportionality constant, cr, is 

given by(13) 

cr = 2rr (1-m)/m (20) 

and m is the fraction of the element which 

is mined. For a fully mined element m = 1 

and a = O. As the fraction mined tends to 

zero (i.e. the element becomes solid), 

a ~ ~, which implies that the element 

becomes infinitely stiff. By applying the 

three dimensional kernels of Equations (1) 

and (18) to the two dimensional plane 

strain geometry implied by Equation (17), 

it can be shown that the self-effect adjust

ments applied to Equation (18) are also 

given by Equation (19). 

Assuming ·that the mining boundary in a 

given element is in fact at an angle 9 rela

tive to the x-direction and that local plane 
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strain conditions exist parallel to the 

boundary, the self-effect adjustments of 

Equation (19) are appropriate for an axis 

system x', y' in which x' is parallel to the 

boundary. The general adjustment is then 

obtained by rotating these stress compo

nents to the required x, y system. The 

rotated matrix is given by 

0 0 p2 + 2vq2 
0 0 q' + 2vp2 
0 0 1 

A = • C -vpq 1-vp2 0 - (21 ) 
1-vq2 -vpq 0 

0 0 -(1-2v)pq 

where p = sin 0, q = cos o. 

Influence lnmping and kernel table storage 

Direct computation of the induced stress 

components arising at a particular element 

of a 64 X 64 window, due to all mined 

elements within the window, requires up to 

4 095 cross influences to be computed. A 

single iteration pass of all elements in 

the window therefore involves the potential 

computation of 16 million influence varie

ties. This computational effort can be 

reduced by grouping the window elements into 

2 x 2, 4 x 4 and 8 x 8 units, termed 'lumps' 

by Deist.(7) Influences are computed 

between lumps of the same size with the 

proviso that a specified minimum number of 

lump units, referred to as the number of 

lUmp shells, L, separates any receiving and 

sending lump. This scheme reduces the 

number of cross influences per iteration by 
the factors shown in Table 1. 

In practice, it is found that the solution 

accuracy is acceptable if three shells are 

used. Apart from reducing the computational 

effort, it should also be noted that the 

same dimensionless stress kernels Mijk can 

be used at all lump levels provided the 

factor g in EqUation (1) is made to corre-
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TABLE 1 

Iteration cross influences required for 
various lumping arrangements 

Number of 
Minimum lump Maximum lump influences 
separation, L separation, 2L per itera-

tion 

1 2 0,18 x 10' 
2 4 0,50 x 10' 
3 6 0,99 x 1QS 

No lumping - 16 x 10' 

spond to the lump size. Furthermore, the 

influence range is limited by the lump shell 

parameter L as shown in Table 1. For exam

ple, if three-shell lumping is used, then 

kernel influences separated by more than six 

lump units from the receiving lump are never 

required. 

The implications of this are that all 

influences can be stored in a fixed size 

kernel table, avoiding repetitive kernel 

computation or storage of kernels on compa

ratively slow mass storage. It can further 

be shown that kernel symmetries necessitate 

that only the positive x, Y, Z octant be 

stored. 

The kernel storage table size is therefore 

given by 

v = [2(L + 1)]2 KH (22) 

where K is the number of kernel types (nine 

for stress kernels, Mijk, and five for 

displacement kernels, Nik) and H is the 

number of 'layers', parallel to the X, Y 

plane, in the Z direction. For example, 

the MINSIM-D soluti9n program employs three

shell lumping, L = 3, and H = 31 layers in 

the kernel table, requiring a memory allo

cation of 82 x 9 x 31 = 17 856 positions 

which can be accommodated readily in the 

main memory of most mini or micro computers. 

The stored kernel arrangement is a partic

ular feature of MINSIM-D and contributes to 
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the efficient determination of influences 

between arbitrarily oriented mined windows. 

.Multiple reef solutions and scaling 

Mining is often carried out on several reef 

horizons, and individual reef planes are 

invariably disturbed by faults and dykes. 

In addition, the determination of the amount 

of slip which can occur on a plane of weak

ness is of great importance when assessing 

potential rockburst hazards. 

A specific design objective of MINSIM-D 

has been to allow the analysis of multiple 

reef mining problems. Each problem is con

sidered to comprise a set of ~ windows which 

are oriented to cover the mining areas of 

interest. Slip on fault planes can be 

solved by locating fully mined windows with 

zero stope width over the areas of potential 

movement and by specifying appropriate 

sliding friction parameters. 

The solution strategy is to solve each of 

the n windows in turn . Prior to the solu

tion of the current window, the external 

stress influences ErE , E due to the x y , 
most recently estimated movements on all 

other windows are computed at each element 

of the window, using the stored kernel 

table and lumping techniques. The current 

window solution is then iterated to a speci-' 

fied tolerance and stored on disk. The 

maximum residual error occurring during ite

ration of each window is saved and compared 

to a specified tole rance aft er the solutions 

on all n windows have been updated. The 

entire cycle is then repeated until conver

gence is achieved. 

In practice, the number of cycles is found 

to be dependent on the proximity of mined 

areas in different windows. Thus loosely 

coupled windows are usually solved in fewer 

then 5 cycles whereas extensive and closely 

overlapped reef planes may require up to 200 

cycles. The piecew~se constant nature of 

10 

the displacement discontinuity elements also 

limits parallel overlapped areas of mining 

to be separated by a minimum distance of one 

element. 

This solution method may be adapted to 

allow 'scaling' of the solution values in 

areas of special interest. The problem 

solution is accomplished in two stages. In 

the first stage each window is solved with a 

'coarse' element grid size of 9 (see 

Figure 1). All solutions are saved on mass 

storage. In the second stage 'fine' 

windows, with element grid sizes of g/4, are 

located within the coarse windows. Stress 

influences from all mined elements external 

to the fine windows are computed and used as 

boundary conditions for the solution of the 

set of fine windows. This technique pro

vides a fourfold increase in scale resolu

tion in the areas of interest , which coupled 

with the increases in resolution provided by 

partially mined elements, furnishes suffi

cient accuracy for the solution of almost 

all mining problems of interest in practice. 

Shallow depth problems 

In order to maintain the convenience of the 

stored kernel table, shallow depth problems 

are solved by approximating the free sur

face as a single 64 x 64 mined window 

rather than by introducing special kernel 

functions. The element grid size of the 

surface window is chosen to ensure that the 

window spans a surface area which is suffi

ciently extensive to cover all significant 

induced movement. 

The surface window is incorporated in the 

overall solution cycle described previous

ly. The external induced stresses arising 

on the surface plane, due to all other exca

vations, are computed as for any other 

window. The displacement discontinuity 

solution which corresponds to these stresses 

is, however, found directly by applying a 
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set of inverse kernels which can be inferred 

from the classical BOllssinesq solution for a 

l oaded half- space. 

This me thod of treating shal low depth pro

ble~s works satisfactorily a lthouqh the sur

face displacements are not as smooth as 

t hose obtained by using appropriate half

s pace kernel s . A li~itdtion on mined 

windows is that they may not be l ocated at a 

depth which is shallower than the grid size 

of a surface element. 

DIGITIZER 
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System structure 
the MINSIM- D system consists of the five 

programs shown in Figure 4. The DIGITIZER 

capture program is used to crea te a digital 

representa t ion of a mine plan outline . The 

FRONT-END pro.qralll uses the out line to pro

duce the inputs required by t he SOLUTION and 

BENCHMARK prog rams, which are the core 

progra~s of t he system. The SOLUTION 

proq rall. illplements the solution techniques 

descr ibed, to solve the system of equations 
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for rides and converqences. The BENCHMARK 

prog ram produces printed or plotted results 

on user defined planes ca l l ed ' sheets '. 

The POST-PROCESSING program graphs the 

results obtained from the BENCHMARK 

program . 

Problem preparation 

The input requ ired by the SOLUTION progra~ 

coaprises el asti c cons tants, the virgin 

st res s fie ld descr iption and the excavation 

geometry . The geometry is described by 

planar square areas ca lled windows . Each 

wi ndow consists of a grid of 64 r ows and 64 

HO ST 

COMPUTER 

DIGITIZER 

INTERFACE 

~ -I-i"W4'5;,'D; \ 
Terminal with graphic 

display devicE' . 

.. ········ ·········· · .... ··1 

-

columns of square elements. Each element 

i s assiqned a fract ion-mi ned value , denoted 

by a ~ingle character code, A mined out 

element can be fil led by backfill material 

or by yiel dinq seam material. Windows can 

be' used to mode l tabu l ar reef excavations 

or fault planes . 

Earlier versions of MINSIM required the 

user to enter a code for each qrid element 

of each wi ndow . This was an arduous and 

er ror - prone tasK, The present system allows 

the user to capture and store mine plan out

lines and at a later stage, to superimpose 

wi ndows on these outlines. Generation of 

RUNS DIGITIZER 

CAPTURE 

PROGRAM 

1 1 
GRAPHIC 

ROUTINE 

LIBRARY 

\ Mass storoge 

file of digitized 

device 

mine 

pion outline 

, 
--" 

~ Digitizer menu area 

...... .......... ~ .... : 
\... 

"Active" digitizing area 

FIGURE 5. Hardware/software organization of Ihe DlGITlZeR program 
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the fraction-mined codes is carried out 

automatically. 

The DIGITIZER capture program 

The hardware needed to run this program is 

shown in Figure 5. The host computer run

ning the capture program can be a personal 

computer. The program is interactive, the 

graphic display being used to confirm that 

the digital representation is correct. 

The data structure used to represent the 

mine plans is a linked list of line segments 

or 'chains'. A chain comprises a header 

entry which contains pointers to a linked 

list of coordinate pairs and to a table of 

exit branch pointers. The coordinate pairs 

are the digitized points representing the 

outline, and the exit branch pointers link 

the chain to other chains. The exit branch 

pointers contain date information, so that a 

link only becomes active at a certain 

'mining step'. This structure allows a date 

to be associated with each excavation boun

dary that is digitized. 

The chain header also identifies the reef 

plane containing the chain and the chain 

'type'. The chain type indicates whether 

the line segment is a boundary between mined 

and unmined zones or between mined and back

filled zones. 

The FRONT-END program 

The FRONT-END program can run on a mini or 

a personal computer. The U3er interactive

ly supplies the elastic constant data, back

fill material descriptions, virgin stress 

state and position and orientation of 

windows. In addition the user can supply 

data for the benchmark program. A graphic 

feature of the program allows the user to 

display the locations of defined windows 

and benchmark 'sheets' superimposed on the 

mine plan outline. 

The program generates window grid codes 

for a particular mining step and produces 
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the formatted input data files used by the 

SOLUTION and BENCHMARK programs. If the 

DIGITIZER and FRONT-END programs are run on 

a person?l computer, these files can easily 

be transferred to a 'mainframe' computer. 

The SOLUTION and BENCHMARK programs are run 

in 'batch' mode, i.e. no user interaction is 

required. If mining step runs are done, the 

sequencing of the runs is left to the user. 

In addition to being able to vary the mine 

outline from one mine step to another, it is 

also possible to change the number of 

windows. This is useful in modelling slip 

on fault planes. 

Output processing 

The SOLUTION program does not produce user 

requested results; this is done by the 

BENCHMARK program. The user can specify 

rectangular planes of interest, called 

'sheets', which can be positioned anywhere 

in the elastic continuum. Specifically, 

sheets can overlay windows so that 'on

reef' results can be computed; alternative

ly sheets can intersect or lie parallel to 

windows for 'off-reef' results. A sheet is 

specified by the position of its Qrigin and 

the orientation of its edges. The sheet 

size is given in terms of the number of 

points in each row and column and the row 

and column spacing. Results are computed 

at all the sheet points. 

The user can select the variables of 

interest for each sheet. These variables 

reflect the state of stress at the sheet 

points. The user selects variables from a 

list of about ninety pre~defined possible 

values which include stress tensor compo

nents, principal stresses, failure criteria 

and strain and displacement components. The 

BENCHMARK program has been designed so that 

extension of the list of pre-defined varia

bles is easily implemented. 'Standard' 

selections of the most commonly required 
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variables, such as principa·f stresses, 

displa~ement components and energy release 

rate, are available. 

Output can be printed in tabular form or 

as ' character plot' representations of 

benchmark contours .. The character plot 

contour range is computed automatically in 

rounded intervals. 

A POST-PROCESSING proqram can be used to 

produce graphic contour and 'carpet' plots 

( these are three dimensional surface plots 

of contours). 

Illustrative case study 

The following example briefly illustrates 

the use of the MINSIM-D system. The study 

Reef J 

A 

Reef 1 

.... ~--
Fault 

B 

determines the excess shear stress on a 

fault plane separating two reef planes. 

The mine plan used is shown in Figure 6. 

This shows two reefs with different strike 

and dip angles, separated by a fault· with a 

throw of about 100 metres. The outline was 

digitized from a single mine plan and 

stored as two reef planes I 'REEF1' and 

'REEF2', in one output tile. 

using the FRONT-END prograg, two windows, 

'RF1' and 'RF2', were located on REEF1 and 

REEF2 respectively. A benchmark sheet was 

positioned over the central portion of the 

fault. The 9raphic display of the plan pro
jection of the window and sheet positions is 

shown in Figure 7. The broken line rectan-

Fault 

+-Je---Hf-?/ Reef 2 
Dip - 35" 

Reef 2 

FIGURE 6. ,CASE sruOY - Plan view and sed.lon of dillpiaooi reef planes adjacent to 11 fllult . 
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gle shows the edge of the sheet (fore

shortened by the projection). The solid 

line rectangles show the windows with iden

tifying markers at their top left corners. 

Different l ine types are used to dis tinguish 

the different ree fs . The window grid ele

ment size is 20 metres on edge. 

The SOLUTION and BENCHMARK programs were 

then run on the data prepared by the FRONT

END, Figure 8 shows a character plot of a 

particular benchmark variable, the 'Excess 

Shear Stress' on t he fault plane. positive 

excess shear stress zones have been high

lighted and indicate the areas on the fault 

plane which have a potential for slip. 

Reef intersections with the sheet are 

shown. 

Applications of MINSIM-D 
MINSIM programs are used traditionally to 

design stoping sequences and layouts which 

redu ce di fficult mining conditions by mini

~izing design criteria such as the 'Energy 

Release Rate' ,( 14) In addition, the 

program is used routinely to evaluate poten

tial low-stress sites for service excava

tions such as pump chambers , refrigeration 

plant chambers and haulages. 

Examples of MINSIM-D applications which have 

been documented include a study of combined 

stabilizing pillars and backfill layouts, 

which was carried out to develop general 

guidelines for the design of reqional 

support systems at great depths.(15) 

Another application has been the appraisal 

FIGURE 7. CASB STUDY - FRONT-END program display of coarse windows and a benchmark sheet 
superimposed on mining outlines 
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FlGURS 8. CASE STUDY - Character plot of positive excess shear stress zones on the fault plane 

of some novel methods f or the protection of 

vert ica l shaft syste~5 . One such method is 

to extract the ar ea in the vicinity of the 

shaf t - reef intersection at the beginninq of 

the sha f t life. (16) This has the adVan

tage of providing stress relief for the 

sha f t ser vice excavat ions at great depth but 

implies that late ral and vertical disloca

tions are created in the shaft at the reef 

intersection. The s ize of these disloca

t ions can be controlled by appropriate 

instal lation of backfill material. The time 

dependence of the dis location magnitudes can 

be found by modellinq the extraction 

sequence during the shaft life . 

A further pr oblem of considerable import

ance i s to locate benchmark sheets on planes 

16 

of weakness to evaluate measures of slip 

propensi ty such as Excess Shear Stress 

(ESS).(17) MOVement on these planes can 

be estimated by placing a fully mined 

window, havinq zero stope width and suitable 

friction angle, on t he fault plane and 

solving for the equi librium rides. These 

can in turn be used to estimate the moment 

and magnitudes of possible seismic events 

generated on the fault plane.(18) 

Future developments 

MINSIM-O has proved to be a robust tool for 

t he solution of many tabular mine design 

problems, but there are inevitably a number 

of limitations to the present system. In 

particular, difficulties have been experi -
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enced in transporting the SOLUTION and 

BENCHMARK programs to micro computers, 

although versions of the DIGITIZER and 

FRONT-END p,rograms have been successfully 

adapted for micro computers. 

A significant challenge, however, lies in 

developing multiple reef solution techniques 
which are considerably faster than those in 

use at present. This is required to circum

vent the inherent limitations of smaller 

computers as well as to provide a more rapid 

interaction with the design engineer using 

the system. Particular attention is being 

given to improving the performance of lump

ing methods and to investigating alternative 

iteration strategies. 

Additional investigations are currently 

being made into methods for modelling exten

sively faulted or undulating deposits with 

higher order elements, more realistic repre

sentation of the effects of non-linear rock 

behaviour near the stope face and modelling 

of bed separation effects close to mined 

areas. Further topics include the simula

tion of joint dilatancy as slip proceeds and 

the development of seam elements which are 

appropriate for representing the flexural 

and lateral interaction of thin-layer 

inhomogeneities such as dykes or sills. 

Conclusions 

MINSIM-D is used extensively for the 

analysis and design of tabular layout 

problems in the South African gold mining 

industry but, to date, has been much less 

widely used for coal mining applications. 

The most important features of the system 

are the ability to model the interactions 

arising from mining on- multiple horizons 

and slip on weak fault planes. MINSIM-D 

also provides capabilities for modelling 

'soft' seam materials as well as backfill 

materials having hyperbolic or quadratic 

reaction characteristics. In addition a 

THE MINSIM-D BOUNDARY ELEMENT PROGRAM 

fraction-mined attribute can be assigned to 

individual elements thereby increasing accu

racy and resolution of complicated layouts. 

Sequences of mining steps can be specified 

to analyse incremental changes. 

To assist the analyst in problem prepara

tion, two special-purpose programs have been 

included in the MINSIM-D suite. The DIGITI

ZER program allows mining face positions to 

be transcribed directly from mine plans and 

stored as a digitized outline file. Incre

mental mining steps can be digitized and 

added to this file. The FRONT-END program 

allows the user to locate window outlines 

over areas of interest and generates automa

tically the window grids corresponding to 

the stored mining outlines. Both the DIGI

TIZER and FRONT-END programs can be run on 

mini or personal computers. 

Particular attention has been given to the 

flexible reporting and analysis of solution 

resul ts. Rockmass conditions can be evalua·· 

ted at sets of field points arranged in rec

tangular 'sheets' which are arbitrarily 

located and oriented. This organization 

facilitates the production of synoptic con

tour diagrams in the form of either line 

printer character plots or as graphic 

contours. 
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