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~differ significantly from 'smal@}_ scale 1aboratory results., In-addition,- it
" is not poss ible to model or even map all the raul‘cs, dykés" and Jolints

i
£

Very often, therefore, it is necessary to select a range for each of the

“above parameters  and  to try to agsess their influence‘ 'on" the final

results. In addmtlon, analyseb are often carrled out o ccmpara the rela-
tive sﬁabllltv of a humber of different geometmes or-to assess the effect
of Aifferent pr_um.tlve stress conditions on a par{ilcmar ueomeuy rather
than +o predict categorically the stabi lity of a given excavatlon. Confi-

dence in the method is obtained once predi-tions have been Obsewed in the

£ield.

 The ahove uncertainties are imposed by th° particular Droblem at  hand.

These have to be considered together wi _‘,th the numerical uncertainties

imposed by the particular numerical tnchmqua' being used. Wrien boundary

element or finite element analyses are carried out, one of the. .L:Lrst ques—
tions concerns the size of the grid or mesh. One rule of ,thmib which has
proved particularly useful is described in some detail below.

It :I.$ not advisable - to attemot calculating stresses m.thn1 one element
width of each element, where the width is defined as the square rnot of

the element area. This restriction arises primarily from the; assnmptlon‘
- that Alsplacements and tractions are constant over any one element. As a

‘result a displacement jump or discontinuity arises at each element

boundary resulting in localised stresses which are infinite. ‘e trac-

tions, however; usually vary much more slowly than displaéexnentis except of

course at edges or corners, where the true tractions  are VdiscontinUOus‘.

‘If it is necessary to calculate stresses within one element wu.dth, then

these should be calculateu over the ele—ment centrold rather than abcve the
element boundaries (D;Lermg, 1980b) .

This simple. rule leads to nunerous other rules of thumb whlch assmt the
user in drawing up a boundary element mesh. ]

(i) The aspect ratio of these areas of adjacent elements n.n the same
plane should not exceed 4 or 5 to 1. -
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(ii) Wnen a tabular excavation is being modelled, elements on opposite
surfaces of the excawation ghould ke separated by at least one ele-

“ment -width.

- (iii) Elewents on op?csite‘ sides of solid material should be separated by

at least three element widths. This enables a reasonable stress
distribution to be obtained within the intervening solid material.

(iv) The angles between elements at corners or edges shquid exceed sixty

degrees, if possible.

(v) At least two and preferably threes elemenus shculd be vsed to span ‘

the side or edge of an exc:avatmn.

The follong factors contrlbuted towards draw:mg up and explalmng the

above mles

(@) The use of numerical integration of limited acaurac:y can be expected
to break down if elements are too close to one ancther.

(b) Considerable experlence has Ieen gained from the use of the two-
-dimensional programme MINAP (Crouch, 1976) and three-dimensional dis~ '

placement diqcontinuity fom;law‘:i@ns for tabular = excavations
{starfield and Crouch, 1973). Tl
(¢)  The use of the programmes to model mroblems for which analytlc or ot-

' Vher solutlon were avallable,

In addition, it was found that a badly specified boundary element mesh
usually produced a set of equations which was diverdgent or converged very

slowly.

The above rules were used in drawing up the meshes for the practical

examples which are described below. Tt should be borne in mind at all

times that the computer programmes described here are merely tools which

provide the engineer with stress and displacement information about a real

problem.  Interpretation of the results to predict failure or -select
pillar sizes etc must still rely on engineering judgement and experience.

e
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9.1 Prdgramre BEM
o .

9.1.1 Underground excavations clo‘s'e' to surface - R

A nickel mine in Southern Africa is at present mining two

major ore bodies in close proximity. The larger and smaller

R are here termed orebodies A and B respectiVely. Collapse of
| the 18 m thick crown pillar above the workings in orebody A

i \ . prompted a  stress analysis of the situation to éetermine 7

whether further failures could be expected. The complexity of L ‘

the situation required a three-dimensional analysis. Ewven so,

the geonetry was c;onsiderably sinplified as shown in Fig 9.1

S i e, S a3 e e i o e e

e L

for the analysis. The situation was modelled as a homogeneous , B o
elastic problem using 300 boundary elements and stresses and
dlsplac:ements were determined at. numerous points in and around o P
the crown pillars of the two excavations. i 7 s

From the displacements it was apparent that: overall surface
uplift occurred as a result of mining hut that - the immediate
hangingwall of excavatlon A subsided under its own weidght. An
extensive zone of horizontal and vertical tension was revealed
by the calculated stresses and this can be attributed to the
" surface deformation pattern. A representative example of the
tensile zone is shcwn in Fig 9.2 as a NE-5W. seétion through

the centre of the excavation. Because rock is weak in tension -
and because of extensive weathermg of the near surface rodk,
it was possible to delineate a potential zone of failure
T o B ‘ around excavation A. In this zone, failure would typically
result from the conbination of  tensile failure cloée 7to
' "~ surface and shear failure extending down to the excavation.

Calculated shear stresses in this region exceeded measured
values of cohesion. The modelled and observed failure zones -
are shown in Fig 9.3. The actual failure zone extended
approx:mtely 40 m to the north of the modelled failure zone,

this difference heing due to the presence of a weak geological
contact (between the talc carbonate host rock and neighbouring
greestone). Calculations show that it is also possible that
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futher collapse of the crown pillar will take place south of
the 'prgsent zone.  This corresponds with future mmlng at
depth which will be further to the south as shown by the plan

ouline of the lower portion of excavation A in Fig 2.3.

It is important to emphasize that this analysis was - carried
out using a bare minimum of boundary elements and after making
several simplifying assmtptidrls about the excavation geometry.
Thus failure of excavation A was able to be modelled by a
simple elastic b’oundary' element analysis while excavation B,
which has a smaller span, was shown to he stable due to the
absence of any extensive tehsile zone.

9.1.2 Interaction of underground and open pit excavations

Fig 9.4 shows a schematic representation of the geometry for
" this problem. A number of items were of interest, the most
important being:

(i) the stabiiity ‘of the crown pillar between the under—
ground and cpen pit excavations,

(ii) the stability of the hangiﬁgwal; above - the larger

underground excavation,

(1ii) the optimim size and shape for the pillar between the
' stope and larger underground excavation (Fig 9.4), and

(iv) +the stresses below the stope, since this is where ore-

passes and service excavations are located.

Use was made of one plane of symetry to reduce the total
nunber of elements, but more than 350 elements were reguired
7 for the problem. Unlike the previous example, stresses and
displacements were required at a number of widely separated
points; so that a fairly uniform and fine mesh was required,
As the primitive stresses were not known with any certainty,
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i f ; “erowm pillar will take place south of the present zone. Tais
[ : corresponds with future mining at depth which will be further
e ] . . A s
v to the south as showm by the plan ouline of the lower portion
of excavation A in Fig 9.3. '
S :
i Tt is important to emphasize that this analysis was carried:
| e out using a bhare minimum of boundary elements and after making
‘ saveral simplifying assumnptions about the excavation geometry.
J - Thus failure of excavation A was able to be modelled by a -
i simple elastic boundary element analysis while excavation B,
which has a smaller span, was shown to be stable due to the
i ; absence of any extensive tensile zone. ’
é“ 7 L 9+1.2 Interaction of underground and open pit excavations -
{ : S Fig 9.4 shows a schematic representation of the geometry for
b : L ~ , : this problem. A nuwber of items were of interest, the most
o p - . . i -
@ . important being:
L (i) +the stability of the crown pillar between the under-
; ground and open pilt excavations, ]
i T (i1) the stability of the hangingwall above the larger -~ = e
‘ ' underground excavation, - i i
P (1ii) the optimum size and shape for the pillar between the
stope and larger underground excavation (Fig 9.4), and
(iv) the stresses below the stope, since this is where ore-
passes and service excavations are located. ‘
~
Use was wade of one plane of symmetry to reduce the total
number of elements, but more than 350 elements were required
- for the problerﬁ‘. Unlike the previous example; stresses and
displacements were required at a number of widely separated
) points, so that a fairly uniform and fine mesh was required.
As the primitive stresses were not known with any certainty,
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it was necessary to do a number of different runs to check the

- il A 'e;ffe,ctsvo,ﬁ different primitive stress states.

Tt proved worthwhile to write a emall programme which gener—
i ated a lite or plane of points or benchmarks at which stresses
were to be calculated. TFor example, three planes of bench-
marks were  inserted -into the pillar betwsen the stope and
underground excavation and three in the stope footwall. ‘

Typlcally, from two to four hundred points were selected as
benchmarks and again it proved worthwhile to write a small
programme to analyse the points. This programme high-lighted
areas of Vhigh tension, or higﬁ ghear on specified planes. It T 1
also described the position of each point, ie five metres in
the footwall of the stope or fifteen metres in the hangingwall
- ; etc. Tt is felt that this type of "'péét processing” facility

~should form an integral part of the analywsis cycle. ; _ S

gg SN N - Thue a fairly simple analysis was able to provide- adequate
information to the design engineer enabling him to answer the

above questions with increased confidence.

9.1.3 Circular pile in sandstone

Although this is not a mining problem, it is included here
since it demonstrates the interaction between subregions with
different elastic properties as well as the effects of slip
across the vertical :i;hte):face betwaen pile and sandstone. 186
elements were used together with 2 planes of symmetry. The
pile diameter was 1,8 m and the vertical pile load equivalent
to 5,28 MPa (Fig 9.5). Table 9.1  gives a comarison of
vertical stresses and displacements at various points and it

i g dacimiian
R

S e A

is seen that the load ghedding characteristics of the pile
5 Co demend significantly upon the cholce of cchesion and angle of
friction. The pile and sandstone moduli were:

“
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Ey = 26 000 MPa
vi = 0,22
E; = 20 000 MPa
7 vy = 0,25
‘respectively. '
TARLE 9,1: LOAD SHEDDING OF CIRCULAR PILE AND SETTLEMENTS FOR
VARIOUS COHESIONS AND ANGLES OF FRICTION
Ttem Ran 1| Run 2| Run 3
| Oohesion (Mpa) 9999 | 0,48| 0,45
Angle of friction 30° 1 0 15° 0°
SR Settlement (mm) ; |1 0,95{ 1,07| 1,10
- Vertical stress below centre (1) 1,40| 2,40} 2,60
f | Resisting stress at surface (2)} 3,00 0,90 0,45
Pressure at base edge of pile(3)] 1,40 3,80 4,0 |
Vertical stress at radial '
distance of 1,5 m 0,25 m below .
= | , In particular, Table 9.1 shows how the load is transferred
e , directly below the pile as cohesinn and angle of friction of -
the pile/sandstone interface ace reduced. The load distribu-
tion at the end of the pil= is also shown in Fig 9.5. It
~ should also be noted that no other boundary element fommla-.
" tion has been found in the literature capable of modelling
this particular situation. ' SRR
9.2 Programme MBEM |
9.2.1 Tabular underground excavation c¢lose +to an open - pit
- excavation. ‘ '
Ls -
- A copper mine in Central Africa is currently mining two
tabular ore bodies, the upper by open pit and the lower by
: . underground block caving. As the two excavations approach
' one another, the stability of the open pit slopes is gradually

being reduced. The problem was well suited to an analysis

Sk
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using the mixed boundary elerrerit programme. Some 220 houndary

elements were used to model the open pit and surrounding

" ground surface, while the underground excavation was initially

modelled with a 12x12 and subsequently with a 20x24 grid of
displacement discontinuity elements. A schematic represen-
tation of the situation is shown in Fig 9.6.

This example differs from the previous examples in that dis—
placements, not stresses, were of interest.  Although the

surrounding rockmass is grossly non-homogenous, this simpli-

fied homogeneous  elastic analysis was carried cut with the
aim of correlating surface elastic deformations with dbserved

cave cracks. - Since the houndary element method gives dig~

placenents more relisbly than stresses, it was felt that the
rather coarse mesh of 220 elements was adequate.

A major a&vamtagé of the displacement dis,contim:aityy element
formailation is that it is easy to alter the underground mine

layout without having to re-draw the entire mesh. Contours of

surface displacements for various underground mine  layouts
were used to assess relative influences of open pit and under-
ground mining in each case. Details of the grid used to model

‘the underground mining are shown in Fig 9.7.  Different
shading patterns show the extent of mining for various alter—

natives. A typical contour map of vertical dispi‘acements for
the "present" mining layout is shown in Fig 9.8. '

Tabular excavation close to a vertical fault

The presence of major faults in the oold mines of Southern
Africa gives rise to numerous rock mechanics problems. In
particular, large amounts of energy may ke released as the
mining approaches a fault. As the enerqgy released sometimes
manifests itself in the form of rockbursts and often results

in adverse mining conditions, the manner in which the fault is

approached is of considerable importance. Two~dimensional
modelling of this type of situation has been well described by

Crouch (1976). Usually, however, the mining and fault meke up

a fui,ly three-dimensional problem.

S
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' PIT_AND TABULAR UNDERGROUND |
| E XCAVATIONS

e RS . . . . ) L
e e B i N - i
WT -




I EERENN TER
30 Qi85 GNnouoHaaNn 40

STIYL3a

*

L6 9l

R

36

o8y

ot

021

3JOoNvisia

oz 0

P 2 ¥
et K st e R S S RN i LRI P S TGS GRS P

e et g o it 5%

did - NMOog

(W) JONVLSIQ

.

S S L L et e b ok | cemate



-~

b R e bl S

37 0L dn NOILYNLIS SNINIW LN3S3dd —

(NOILO3MIQ Z) LNIW3JVdSIa TvOILu3A 20 SUNOLNOD : 8%6 913

/ .

00001+ 2

~Woo0 127 % P

s

o 3NMLNO Lid l./

i
i
}
3
.
i
: i
!
.v i

e i i

R T

L T

EEAe
s
E%Q
o
.
2
5
‘. =

e et = e N
e S e e R o e e B e

e R B

e

i i b
S AT e S et e

[T S, SRV



e

TR T St S 4 Sk bl PR A b s S i L et e 55

[

TABLE 9,23

81

A simple test problem was devised to test the MBEM programme . |

A six Jy six array of dlsplacemnt discontinuity elements was

placed perpendicular to a ten ty ten array of double or inter- .

face boundary elements (Fig 2.9).

Two mining steps were carried cut and in the second step, the

amount and extent. of slip ¢ccurring along the fault was mach
greater than for the first step. Material properties and
loading for the analysis were: ' R

Young's Modulus = 60 000 MPa

Poisson's Ratio = 0,2
Fault Cohesion = 0

~ Fault Angle of Friction = 10 degrees
Vertical Primitive Stress = 60 MPa
Horizontal Primitive Stress = 30 MPa

" Table 9.2 shows variation of closure vs distance from the

fault along a section nornai, to the fa@Li:_Lt through the centre
of the excavation. The three~dimensional programme RIDE was

used to otain check values for the case in which no fault was’

present.. (ie no fault slip- allc«ved). Maximum fault shear

displacements are also shown in each case.

FLAT REEF INTERSECTING A VERTICAL FAULT

Programme! Step | Fault Slip | Fault Shear Closure {my)

(mn) (TS5 m 45 m |75 m| 105 n 135 0 165 I
RIDE 1- NO 0 63 90 1 103 | 103 o1 64
MBEM L NO 0 6l 88 - 102 | 102 89 &3
“MBEM 1 YES 30 8l 961 1051 104 20 63
MBEM 2 YES 53 125 ] 127} 130) 125 ) 1104 83
MINAP - NO 0 120 1 163 181 181 ] 163 120
MINAP - YES 125 268 | 258 | 245§ 224 192 136

o st~ AL RI B b ot oA TR T T T T e g A ——

Although this is a very sinple analysis in which a bare
minimum of fault interface elements and displacement discon=-
tinuity elements were used, it demonstrates the marked differ—
ence ketween equivalent two and three—dimensional analyses.
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. - It also shows  that  thousands, eather than hundrsds, of
- elaments, are requirsl oo wodsl this kyne of problen realisti-
| cally in practice. The simpla tyoe of analyses is neverthe-
, less ugeful  for stwiying rspreseababkive problens and  for
k aodelling general effects,
W 9.3 Programne MINAPH
9.3.1 Mining of a coal seam belov a dolerite sill
' Many South African coal mines have coal seams which ars over—
lain by fairly thick dolerits sills. The stresses in these
sills and their =ffect on stresses in and around the ecal
seams ara of considerable intersst. Fig 9.10 shoss an example
gelected to test the MINAPH prograane for this type of proo-
lem. 'Ifhe stresses and displacsaents  for the 12 reference
points in Fig 9.10 are given in Table 9.3, These valusg are
comparad with an equivalent homoxjensous run.
. TARLE 9.3: COMPARISON OF STRESSES AND DISPLACEMENTS FOR
NON=-HOMOGENECUS AND HOMOGENEQUS ANALYSES
Reference | Non-homogeneous, model]  Homogeneous model
points Wy | 0x | Oy Wy Gk | Oy
{m) (MPa)| (MPa) (m) (MPa)| (MPa)
2 -G, 044 2,51 1,4 -0,040 1 0,81 0,1
4 “‘O’. O‘g‘; “"2,’-1‘ Ql O ”O' OM ""l’ 0 "O,.l
5 - - | 0,0 ol - 00
6 0,011 |~1,4| 0,3 0,013 | ~0,2| 0,2
7 -0,035 | 0,5 1L,3| ~0,032] 0,4] 1,6
8 -0,034 |-5,9| 2,8] =-0,030| 0,0] 2,9
9 ~-3,034 | =5,0{ 6,4 -(0,028{ ~0,4 | 4,6
10 - =0,029 0,3110,7¢ =0,023{ 0,8] 9,4
A12 =0,006 1 =0,51 0,2 -0,003 | 0,7 8,6
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# 7 | ; M , M though-the dilsplacements ars sinilar in each case, the homo-
‘ RS S TR P geneous mxiel fails to rleksct t xy high horizontal tsension
P . - in the Tsill while over—estimating tha extent oF induced "Eeh-r—' B
' sion above the axcavation. As rock (egpecially Jointed rodk)
o R c ig weak in tension, it ds. important to know where zones of
SO - ‘ bansion coour since this desonstrates if and whers failure is
- o ' 7 I likely to initiate. The nonshomogenous linear analysis cannot
¥ _ T o model the complate Failure path, bub is at least an improve-
| ; ment over the sxuivalent “inear homogenous analysis.
9.3.2 Tabular excavation with different footwall and hangingwall
e properties '
~ This prablen was sele;::téd to see how different hangingwall
and Ffootwall smaterials might; afifect the behaviour of a fault
\ " in close proximity to a tabular excavation (Fig 9.11). Con- ) 1
; ‘stant Field stresses of 30 MPa and 60 MPa were applied in the
} ‘ - C horizontal and vertical directions respectively. Elastic
i ' varameters for the hangingwall and footwall were as follows. 2 :
B | | Hangingwall: By = 50 000 MPa
L LR ‘ Y1 =0,35
' Footwall: By = 80 000 MPa ‘
- - V5 =0,20 s
s
%{ , 3 ~The -analyses showed that the normal stresses and herice the co
j* , } shear strengths along the fault were the same, within a few ‘
%fc el ' ' percent, in both the hangingwall and footwall rocks. The - SR
g i B shear displacements were about 1,5 times grsater in the hang- '
:i ingwall than in the footwall. Consequently, to a first degree =
s of approximation, some 60% of the energy dissipated along the
fault would be in the hangingwall. '
!
} ;
s: '
ik &
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CHAPTER 10 GENERAL DISCUSSION AND CONCLUSIONS

o o - - : _

= £ is ALFFLoUlE to evaluats the utility of the fornmilations described in
this dissertation when the range of boundary, displacement f?iiscontirmity
and finits elexent foraalabions already in ewistence 1s 5o large.  hsn ;
considering three—dimznsional elastostatic formulations dirsctly applic— - ‘,’ _ .
able to mining engineering problens, then the Finizs elenent satheod |
hecones very inefficient in nost «cases as large nunbers of slements are

i ustually requirad.

The displacement Aiscontinuity method has Found wide application for the
mevelling of tabular excavations i homogeneous ground and in kwo dimen—
sions has been extendad (Crouch,. @8} o enable rzalistic wodelling of
mining in homogensous faulted grou A. The extension of the dispi:acement
Aiscontinuity  methed  drscribed There which  enables mining  in
non-homogeneous ground t 1 3 modelled is therefore a logical and useful

axtengion.

In three dimensions, the main applications of the displacement «f‘iis‘c‘:on,-'-‘
tinui'ty method in South Africa have been the wodelling of tabular excava—
tions. In the codl wining industry, multiple coal seams at relatively
shallow depths are often encountered. The "multi-reef" MINSIM or SHAMIP - - s
programmes developed by the Chamber of Mines of South Africa are well : SR | |
,sui'ted to this type «f problen in most cases and it is ,only when out~ | : _
cropping coal ssams or very irregular ground surfaces are encountered, o E N |
that the mixed boundary element method of this dissertation would prove ‘ '
usaful. - The mul‘tiiayemei stratigraphies in many instances are not wall
suited to any type of three-dimsnsivanl analysis since a very large nuuber ‘
~of finite or boundary elements is nommally required. Such problems ara - ‘ AT i

especially 1f use can e made of minerous planes of symmetry or repeti-
tion. '

A wide variety of displacement discontinuity formulations exist for
modelling the tahular excavations encountered in the gold aud platinum
mines of South Africa ineluding the SHAMIP, MINSIM and “Multi Reef MINS T
programmes of the Chamber of Mines and the FREEP, DRE‘EF and MREERF -pro~

agrammes of - Crouch. Mase - programmes. o not allow  for  different
progr :
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~ hangingwall and footwall material or for the presence of faults or dykes.

The formilations of this dissertation provide means of rmodelling these
situations. Practical problems of this type would require a large number
of elements, probably in excess of fwo thousand. A computer larger ‘than
the Data General Nova 3 on vhich these programmes were developed would be
requirad. - This should not detract From :“t:he‘ utility of the 'px"c')gramres‘,‘
however, ~as the Data General Nova 3 is a very small mini—vco@uter {74

modern rstandards,

Perhaps the best applic:aticris for the programmes of this dissertation
drise from the interaction of cpen pit and underground excavations or for
underground caverns such as are encountered in underground hydro electric
power stations and massive underground mining cperations for: exanple. The
three-dimensicnal boundary element programmes of the Charder of Mines and.
of Lachat and Watson are also well suii:'ed' to this *Q:ype of proklem.  These
formilations are not designed to Tun ¢n small mini-conputers and as such
are not as readily available to the rock mechanics practitioner and: other

users.

Finally, a brief summary of the gocd points and shortcomings of the formi~

lations of this dissertation is given.  In addition, scope for future

development is high~lighted.

The main advantages of the formilaticns of this dissertation ray be summa-

rised as follows:

{1) The combination of boundary and displacement discontinuity elements
in a single programme is demonstrated to ke both possible and prac-
tical. .

(2) The lunmping scheme described here forms an essential part of the
formulations for the following nain reasons: '
(1) Reduction of disk storage and execution time.
(ii) Reduction of core storage requirenents.
(1i1) MNumerous checks for user input errors.
(3) The facility for allowing ron linear behaviour on interface bounda-

ries should prove extrewely useful in the future. This has
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' } e S SRRETER- already been demnstrat:ed by the Mm-—dmxensn.oﬁal mrogranme MINAP of
'} Croaen 976), S
é f“‘:r‘{ . -
i (4) The use of an iterative solution teckiique as Ooposecﬂ to a direct
Lt ~technigue has the follewing main a.dvantagew
| R S - (i) Reduction in execution time by at least an order of magnitude
; 7 — .~ “For most problems. ' ,
i : N : - (i) It enables the lumping rechanism to ke implemented.
[ ' ' ' (iii) It enables non-linear behaviour of displacement discontinuity
B | s , ~ or interface boundary elements to be modelled fairly effi-
i A . ©clently. : '
5 AR , |
R R - (5) The formulations are designed for and execute on a small mini-
R N R c‘:onputer making them both more accessible and cheaper to. run for -
g@ ' T - | those users who have in house nm-»cortputers and prevaously had to
%‘»{ . L .
“ rely on a computer beureux for this type of analys:L,:..
! (6) Both the boundary and displacament discontinuity elements are the
: ‘ constant displacement/traction type so that their accuracies are very
I similar. This, the simplest element type, has the following advan-
i tages:
& o : (1) It is well suited to the developmnt of formilations ouch as R |
’3 ' ~ have been described here.
§§ o T © {ii) Failure of Toundary interface elements poses no special
i L 7 . problens. ' 7 ’ V
ﬁ , , (1ii) In mining problems, negligible errors are introduced by the
L e o h assumption of constant tractions over each element, since the
Do : ‘ primitive or virgin stress field which gives rise to the trac-
f“ ’ ; ] ; tions on each element usually varies slowly with depth.
j The main disadvantages of the BEM and MBEM programmes are as follows: ‘
1 e (l) The use of constant disple ement/tractlon elerents often necessitates
5 the use of a large nurber of elements. Most of the hasic ideas
i R |
i
H
|
!
i-
i
H
!
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described in the dissertation, however, should be applicable to more
sophisticated element types, ' '

Some problem geometries, especially those involving more than one
subregion, produce sets of equations which cannot readily be solved
using the method of Successive over relaxation.

The present MBEM formulation caters only for one regular array of
displacement ciiécoﬁtihuity elements, so that mining up to a fault
could be modelled, but not mining through a fault.

Very considerable scope for further development of and improvérnents to the

BEM

(1)

(2)

(3)

(5)

and MBEM. formulations exists at present.

A linear or higher order variation of displacements and tractions
over each element is desirable. ‘ ' A '

The numerical integration and lumping schemes, although efficient at

present, can still be improved and optimised, especially for very
large problems. s :

It is suspected that alternative iterative techniques might perfomm
better than the Successive over relaxation method being used “at
Pfesen',t;-, - Two methods  lock ,fairlyfpromising, the First being the
conjugate gradient meﬁaod' (Redid, 1970)' and the second, a partial
elimination scheme (Tuff, 1981). | '

For large problems, it is not only generation of the boundary element
mesh that is time consuming but also interpretation of the out‘put
data.  Current development is aimed at improving the "pre-" and
"post-processing" facilities available to the BEM and MBEM pro-
grammes. - An. interface with computer graphics would be particularly
useful.

Problems involving the earth's surface are fréquen'tly encounterad. A

semi. infirdte formulation based on Mindlin's solution for a point
load in a half space seems hoth feasible and desirable.

™
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7 ;(6) VThe present MBEM programna has dmmnstrated the utUlty of a conbined

boundary . and dlsplacement dlscontlnulty ~elenment. Plograrrm; EI e

conputer package allcwmg for conplete mixing of displacement discon~
tinuity and roundary elements with a nunber of subregions seems to be
a logical extension to the current 'state of the art" programmes

available to the rock mechanics practitioner.

The koundary element method of stress analysis has already been -used
widely in various rock mechanics aspects of mine design. The formalations

described above were written specially for execution on a small mini~

computer., This renders them more accessible to the small croup user.

Limited storage requirements necesitate Jjudicious use of elements —and

- careful choice of simplifying assumptions about excavation geomtry and

material properties. However, since the type of problem described here is
ﬁsually 80 Vooxrplex as to defy very accurate wodelling even using very
large conputers, a more rewarding apprOa&a is to sinplify the probiem with
the aim of evaluating genefa,l effects and calculating stresses and dig-
placements which can reasonably be related to the actual problem. and used
for the purposes of comparison. |

The formulations of this dissertation have already bheen tested and used

- successfully on a nunber of practical mining problems and as such it is

felt that they -constitute useful additions to the tool tox of 'the rock
mechanics mg:meer.
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B  APPENDIX 1: EQUIVALENCE OF DISPLACEMENT GISCONTINUITY AND BOUNDARY

ELEMFN'I‘ STRESS AND DISPLAC'E‘MENT FUNCTIONS. .
o The stresses and displacements induced at interior points by the displace~
7 - ment discontinuity elements are given (Starfield and Crouch, 1973) in
- terms of three harmonic Ffunctions $1, B2, and #3. It is shown here
: that these functions are equivalent to the Kelvin solution used for the

_ boundary elements. (This equivalence made combining the two element types
much easier fram a programuing point of view since only Kelvin type solu—-
; ) tions were used. The solution in terns of @1, $a, and 953 is not as
easily programmed as the Kelvin type bolutmon)
The displacment conponent (in the a -direction of the co-ordinate system
%{L chosen for the displacement discontinuity elements) is (Starfield and -
?i Crouch, 1973). ' e R Tt f
Fos o Py o |
i B - o ; — » o Al
P Us(p l(’ ) ?Sa,a “1“(!“?—\’)(‘#:,; * ¢=.,1) — 2 d, 2 |
(?;;c ‘ -
E where: @ = @ 4
S - #i o= Cy/r ,
i : a di B
. cy =
i ‘ 8T (l ~ V)
2
% ' a = BArea of displacement discontinuity element b
i ,_ = 42 (h is the element half width)
| ,3= 01,13
e ' - r = Distance from ele nent to interior point p
; dy = Displacement discontinuity component in the i direction
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é e ‘ R , ~ The equation for uz(p) is found (for a single element) from (3) as

Ug(p) =oA T}\} (,p)m‘) L(J(;v\) A Uy (f)w) i:) (m) Tl | (Afl) o

‘ In order to compare (B4) and (A3) the dispiac:ements uy in (A4) were

BT replaced by d4 in accordance with the definition of a displacement dis-

, continuity (11}, The second term in (Ad) is not present in a displacement

féf” | discontinuity element since the ty components have opposite signs on the B R i
|| two displacement discontinuity surfaces and cancel one another. Also in '
il ~comparing (24) and (A3) the integration implicit in the T temm is evalu-

i * ated using a one point integral formula so that (A4) may be rewritten as:
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New the c:’noiéé of co~ordinate systen is sudh that

P ng = (nl,nz,n;g) = {0, 0, 1)

A5 therefore reduces to

’ ’--GL("‘Z‘\’,) ot , 3 L i P , £ |
u3<f>-=m[ {8y + il T ) 8y s “"“’3‘] e

_=ali=2v}

. 3 A
= el ST CANI BN ¢ s T
=y 7_1.(,_,»)['{:" d‘;) (‘}\) '5:"}-‘21) S43

(a6)

S N]
o This is the same as (A3)

.~ The equivalence of the displacements uj and Uy and stresses may be
derived in similar fashion to that above.
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, : . COMPMURL L7 TRDEX ¢4, U, DEELLD, JOY, XCEL (5, 00), T3 ¢ £ 0S50, BREATAM
wﬂ Lo E o TELT 00, KODGIRY , LIND GO NUREL , GO, P THIK :
c f : : o , : S 18 i ettt e i P
v, - g i N - o o il sl s g b et e o i tpaerod

=t e

St

e e

e P A e T RISy ke ot o e A S e ] ST




- P - e ek minm s e o 1 e lhaanian g 1 s o it Mt 4 bl L L, PO

1 ‘,m:?v»%mn ntinsa gt | e e 5k
! ) P
r ;
‘ 32:_ 1 \?_a\ TRLEXTE 40 JE0 5 DUELIRCE S, Knm_:xwﬁ‘ SO0 TROS, ) URCE, Lﬂ: ‘ y
. r . o m.::nwy:.‘.f_m: 1ELTRTAGY, TDGZA{_QV FMZ:TAL...C » z:x L OO, PHIR, THHIR . i ) R
v o | : e
: £ n,mz‘«;‘.“ :J; RN IMATN -CONTROL FROGRAM) L ) : ,.@
( c _ ; : , )
G LRl QUBTAIME( Y BENM 1 &)

, CHLL ERONDCE TRTUE, TOR, TING) : ‘ ,
b Ll INTTY ;
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, TP OTER N $YWRIIDCIRITEY YBEMING ER®, TER
, . IFLTSS0UL2), NE. 130A0LL U0l
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R RIRESRCID S TELTR G0 BODR ), LINDRCAE, RUMIZLRE, COMR PHIR THIKR
[ ; ;
[ BEMY C(THPUT SLEOTIONY '
: c | |
e ¢ ‘
I._LTTKIN
S «. e CALL TeieW :
Yo CALL LGLEON e e i L L i i i s
o \
&l : ,, ,

s b S M b S

el e T e cmeis mromises, (e . e B oy s -




S ol s W e

CRAKAMETER J0=13, JU=87, JY=700 ; :
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CALL LESET U0 D00, DEEL (1 NY, 14 XC: onL 1, N3

Hl=ARERTNY
REQ=UIS T2 (X, XX
RAYIO=RELI8R
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& WOR=ARL $ OS] , :
CALL 1TUUCXEL, XKL, UCKs WCR, DLC) , : , | .
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IDR=NLLIRIISYM NBY
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MINTEE

HINTR=0

WNIMLE=10

:,Z.qu: GETRS waon. T 2o

: . MINT
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51 FORMATOLR, 192X, @08, Sy 2%, 98110 ; H ‘ . . -
¥ B850, BONAT (/40 : ;
ST COMTINUE
CALL UM TRUES 3UF, TETAR, 1)
PR WRITE CHRLTE 550 , : _ , : ‘
, crc, E,cz..; B TRITE, TONG TING) : , , ,
. ‘ At i il
& , . L Do i
; w B A S R RS3ROSR M S5 R R M S H 0 SR8 TR 30 S A SOAEH R H M 0 SRS MOS80 3 M R M3 33 363 1R U 0 B SR i '
, sl S PR , ‘ _ ,
H O | - : . h R ! . !
o G770 BEMEIN ——— AVERAGE NOUAL DISPLACEMENTS FROM ELT VALUES (ORTIONAL) - R , o , ; ‘ ;,
L ‘ ; ST N e ‘ : | W

R T e

i

g,



v

-
1

-

OGN oy

S Rl S 0 ke

_up:mzramv Lc 136 dl=8%, JY=700

DN X8I AL x;é 6]
uT:FT A TR L LD ULIRE A TG GULY

TR, 8 NUL T (D ov~x5<3.< ML ZHYHL LEYR: NEYMOS)H PIRIMO TG 30 FRIMICS 3
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bl I=q, 2

LRSCL, a = 4, N # L6, [ UG

EINIE R =S N T
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SYM=XEYMEINO ,
,:4 Y ME TG
SYM=L5YMETHU '

R £l L

L G H zn_,.a&

CREBL ~z LUMFS AND ELEMENTS

z_MdrAuzhdm‘ﬁ 301

L0 1910 NL=1, 1LUKP,

IR TEEWCEY EQUNTL, ANDL NL, ER CONLZE&I#6) Y URTTE Apru_r~pxou
COIECISRMCY), m: NILIWRITES IRITE, 185)

185 FORMAT(Y 1)
COH=Z IR0
FH1=TERD
q:~:=4nxa

~&
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TYPE N “=LUMF z:; , , , , .
FEHDT p:urzzv z:z?r.r:cr.7ﬁa_.zcu

JFREERDL :
T {0, B, uuvzemruw . : ;

NS R E T A :

HUFEL = TARS CRLMEL )

IFAREINL Y =R

IV OROOL, G, &) KAl ﬁwmr»:v COHL PRI THIR
FHI=TAN (F TN 75 80, 0)

IFIONL, LT § — 1) IR0 =~

IFAFO0L. 61 & 8he, MDD, 80 xamqumqov KDOE 7. INTERFACE. ERROR
IF {MODL G S OR, HOUS 6T, 3957090 2
IF{NUMELS BT NUIMELITYRE MERRIIR 1% LUMP

IFCLUMES HE, NLYTYFE "FUSSTELE LAMP ERROKRY . NL, LUMP .
LML NL Y s

HTEM=RDIMEL S

CALL NULLY CINDEX, NI IMEL, 43

CALL NULLICLING & unMl, 1)

CALL z:rﬁuhru:vm‘z:mzr.»u

CALL BULLA W, UR T TR NTEM)

CALL zcrraﬁxmwr~xnwrrbcmmr.mmmrm.zquu

“N=0 o

P11 ONEST, NUREL

IFCHE, BTONIL 6O TG 1%

READCTREAD NG MUM, (NINICOI =1, pLI)

IFCHMINGORUMY LT, NTL) Ni=~N( '

HIRGOHUM IS TALSAMIND NI Y :
IFAMUN, BTV 40610 14

KEL=Ml-1

L0 17 H=1,KEE

Pl=tivl

IF G BT M MELYSTOR 13
TELTONI =m0

NNz 1 ,
INDEX (L, zv;zwzm, 9

B R L |

IF LR LT L P=l
INBEX L2, HI=NINDTHP)
TN G M) = TROUNGND

17 COMTIMUIE,

Go 10 nu,

14 NEGW= (MUR /) -1

15

AT
i ha

Hmcsnhtaﬂu\ - :
NENEL ) '
TF N BT NI HEL Y STOP 13

TELT (N =N

MHEMNRL

HISTROWHL

TNGEX 41 N) =NINDIND) :

CINLDEX U2 NY=NINII{NI1-+4)

INDEAEE [ =NTHIAINL65)
IHDE XL 8, NY=NTHIH NI 41 )
CONTINUE
G 70 1y

17 N=pNey

1E (N, 6T, NDIMELISTOP 13
READCIREAI NN {INLEY (s NY S J=1, 4)
TELTOO=NN

B S S g Wi :
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“ | “
P 11 CONTIRUE :
L ¢ =N ; ) :
b L NE. S1G0 TO 14 : :

! . REAL IREADYRODL : , . ; o ,

L 'S 19 REALCURRALD 115 T D08, TRAC , V : T

B} Ul 2% NS1H 18 , ‘ o

o CALL LEETCUL, ND ) [B15) : :

i ¢ 27 CALL LEET(T{1. M), TRAD , TN L : -

! Hﬂaur LT HUMEL GO 701y : , ;

| LRODOLY =¥ 001 : ; ,

5 . 18 CONTINUE ; , o

; L L YesboGin, ‘ :

} , WILL=0 , ;

| o TFAMUDZ, EQ. O, OR, HODZ, £, HOULYGO TU 60 , , ’ v
_ ML EMML TEM 1 : : \ , ‘ :

} , IE O TEN BT, NUINLYSETOM w

. ¢ FACLINII=RLTEY , : , , u g
TFALE (HLYEM) =L
1 ANDLL, ED DILLODINLTERS =5

w . LFLEOUL, kO @ LIEOLINLTEMN ) =7 _ . , -
i | LGOI ML TEM ) =MoL «
, 1HILL=1
, s NUMELL = NUMEL : ; : SR " b
| CLR - e , ; : i
o FHI =TT : , , ,
o THIRR=THIK , , , “
B0 CONTINUE ) N
D01 N1, NUMEL 7
Vo | P KOLE=1OUL . , h
: 1EL=NIL
RO =R ONE
R ¢ CALL wrmzocﬂzp zn~za~z»;mz:Wx~p NY3
o , :
¢ GEMERATE SECONG ELEMENT AT uZﬂmmmnnm : S
. | ¢t _ _
j : ‘ ! TECIWILILBEOLNILIGT TO &2
i : TYHE PGENERATL INTERFACE ELEMENT®, N
_ o KODRU) s100E
Co AT (R0 B 7V EONR M =5
IF (ai; LG KO =7
, ¢ NA=E : : . S
: : H*ﬁz@ WE ML NNy V M
NRE=NENET : : ,
¢ W &1 =1, WK : « : ’
, &1 xz,zyzvnwzamxhzzvsm.zu
6% CONTINUE
my. G
e CHECK rozrar< GF ELEMENTS
. ‘ o DO 10 Ja=4, 4
: , . IFLTINEEX (ol MY A6T, NOBE) CALL ERBORCIELL N, J0S, DIFETY
IF CLE T, A0 ANGL INDEX 4.0 NY, LT, 1)CALL ERRORCLEL Ns J, &, DIFT) : : :
r 10 COMTINGE ‘ : , , , .
: i ‘ CALL LUTSF( gw‘z\~zu~»kr~n‘x~z:u
A ' Al=f :
- & : Ri=n ; ,
. C1=C
v . AREA (N SAREAE (N N2/ NS, X0 NI
B Y CIFANA B NILYGO 107
e CALL DGOSR (NL, NZ N5 AL BL CLy X, RID

gwfamauHMhn»w%wynrit

S bt St el
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[a X r¥el sy

o

b i

0N

——

ao

rﬁwﬁﬂlﬂ?«ba.bu )
TELOIPY. €T, Gk, AN (BBS1AY R 67, 0, 22061 ERRORCIEL, 8, 14 8, UFT)
DIPT=AREiE-DL : : :
IFCLIRT, OT. CURY. AN (ARS(BI Y, G100, ZI0ALLY ERROFBLIEL: M, 132, 8, BFT)
TIFT=A ,"w.o.ﬂ.,ﬁu ) - '
E} (RIFTY. OT CURY GRLL TABSIGY ). G G, 2 0ALL BRRORCOIEL, Ny X8, 8, DI
ARaAREARF TNL NT, NG, X, NI
RAT=ARZAREALD
IFLRET. LT (00 23, 0K RAT, GT. 45 1)
1 BRITECIRITEY "IRKEGULAR c:v: ELEWMENTY, zr_z»mbm
AREA (N =ARLAINI AR
CONTINUE
LR MY =1asal uvu,:ﬂrn
:nmr,rwzy (LY P HBLE
DCEL {3, W)= ﬂr;muva:nrﬁ
AHEAR{ID =AREATR)
IFTHBEAINY. LT, AkMIN OR thbﬂzv GT. ARMAXDYCALL FHRRORLIEL, N« N 9, IIFTY
CALL NUENCINDEX T, Ny Xa XUOM, HO)

CALTULATE B © %

ro= TRACTIONS,

o= DISFLAVENMENTS

Box LY 1-B1SE

3 0= .0 Y-S

G o= o X111 5P

o= om0 gy

7 = INTERFALE CLEMENTS

§ = FREE SURFACE (TERU THACTIONS)

16 =3 737 TREBLTIONS Z FON DISPLACEMENTS,

5m~«zlxp03ﬂ.v

IFIFODE, NE; 9. AND KODE, NE. 1)Y60 . TO 41

B g2 1=1,

Lo 21 . 0=21, 8

SlE=-DRPTHEFRIMEL I, Lvl.wuxeub J)

IFLIFREE: EG 32YBI0=0

T{L M3 =81 GRIDEL G0 NI+TIT. M)

CONTINIE

‘mQbema

IF OO, B0 2)CALL NULL UL N, 83

00 & J=1. 3

DR NI=00EL (0 J D

RLEL (b MY =ZC0Mu) o :
XTELR G MY =X00{d) ,
UR (e 3104 NS

v:AA by w.:...u,.r"%uu. m .n_u M3

KODE=RODINY - , ,
CALL TRLOADRODE, 1B ,

180 ﬁﬁxzth\: LUME FFvEW24:ﬂw&:xzﬂnazm:-Aw=<lﬁﬁﬂrc:ﬁw.:nkﬂesmquak:

FUPLERE TAS PREAD T2 7 DIR-X " TR DIR-YY TS BIR~Z Y, &Xy “E-0M
WAHPU:.QCF ERROR CUBL”, 7Y
TFCIEEME)Y, B 1 ANLG 10L. ER NIL)GD TOD 3
VRITECTRITE, 051 3L, M TELT (MY, {XOELAT NY 5 1=, 3 CINDEX (L N), X=1, 4)
FAAREALHD . ANCEL (35 MY, 1=1; 3, (TGGAX), I=1,3). KOLUND, 1EL

»wa mamzxﬂnuh.wt~ 15810, Z:F 10, 2, F10, 2, T4%, 414, 761, F10. 2, 3(F8. 2, 1X)

e b

m .L &~'ﬂwuu~ wam.ﬁv? Htv
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CONTINUE

. Mm " : s
& 1 COMTINGE : _ )
TFO1SSH1), NE O UK. 188002y, NE, 0350 T0 191
TR0, OTONIL) Gl LOBLR{NL, Zad Y , . ; , ,
‘ - 1 (TUTLL. EQL 1) LALL LOGLI(NLIEM, 2, 2 : : o - : ,
b IR O NI GO TH 191 , V ,
, CeALL LDVLEANL . 15 19
2 LIODE=L 00 L)

e 19s =1, UL
TYPE PR EODY, 1 LKGDE ,
& L8 FOR MY =LA | , "~
CALL LODLIT(NL. Z, 1) ,
191 CONT THUE

-~
o
4

READ IN FIELD, PUINT LOCATIONS

¥ 7

=

: : r TECNUMIOR, LE, NIL)GO T0 4 : -
CALL DPEN{S, "BENCH, *, 3, TER)
IFOIER NE 1)TYIE "EENCH GPEN ERROKY, TER
e CALL GEMEEN ; : : o N
4 GOt s
, NLUMP=NIZTEM .
, ¢ 1P HAN=Z AN UMP -2 : . -
: : TYPE "EX1Y INFUT®, TCHAN :
! , RETUHN “ .
' ENI ” h

2R KR I W T S SR R R RS S R R 3006 R o 3 R e L E LSt E RS RS RET LR L LR LR ERL LSS RT L ET SR LR LTSRS LT WSS LE LS L)

FARRMETER  J0=17%, (U=8Y, JVEF00

513

R
e

SUBROUTING 10 INTLGRATE OVER A TRIANGLE FOR FIELD PDINTS B

e

rELBROUY HZmﬂ IRTELRIN IN, O KN, TRAC, UIS, AR kZﬁ s BTRES, L1180 XX, XC, BCO, UNG

ARl % .

( ~_33:Z X35 GV 3 ALUNMP (T XLUMPCS, Qi3 BLUMC (3, r_Cu LKoY .a: L 3?—‘;'\:3 3

1PBCE LY, TLUMI {2y .xCu‘ Cr»ﬁETA » JUid ' ‘
WOTR(E, S0, NMOLT{ 81, X8 <¢<z: oYM IGYM, M%KnUu PRIMOCS o «3; u\ mew (5. 33, !
EMOL{SY, FRUS), B G Vs Cu\C T8 W VG Vb VT VE V9, O U CONE, 193 8]
THRAMS, THANT. THANZ1. TRANSZ, T :n?:.. u?ﬁzmir~ WEHT (115, COORIS, 1 »v.
RO, WTTER, NP, RUTHE Lo NUIME . WU, TETARS IBUE, fwK» NEGL I NOMOR, 801,
O MIL TU, THIRDG HaLF, ZERD, 31, 32,18, F1oALTIS, 2L 8%, DELTA{% 20, OMEGA, :
FTTZ2 QU Y, TREALY TRITE, &) B CoH, REQ, 1GHAN, Hf..&.: 20 RCICHEY, , . ‘
DL, SRMINARMAX UL, HATT, RATL ARRAT, TEWAP, 11 FZ 108 16 1L e, K ) ’

"y
Y

~
ﬁax;fp(ﬁbbﬁl&%

-

‘ COMPION. ZENY  INDEX 4, JE) DOEL O JRY, XCEL $2, J0) . T Q) 2SR JEY S BREATIGS
, i s B, TELT AR WODH 00 LIND OO NUMEL, COM PHI, THLK ; . ;
oty , COMMUN AHES THUEXR 4, i)« DOELR (3, JO), XCELRLS, Y, TS, JHE 0 URTE, S0
g - R r_rhbm.a JOY: TELTROMR)  KODR G0 » LIRUFCCIU) ) RUMELR, CORHFG PHIR THIRR

COMMON. 7C0/77 A0, 301 W
! ; e ; DIMENSTON TRACTD) S IS0, STRES{3, 80, D1SPIE), xxﬁaw xﬁﬁav nooes
, o Do DIMENSION UNCE. Y 0. REOMES) ,
S NINTE=11
a N NINTE=11 ' ‘
wwkw W i=ai
e MINT:=1
‘ s s NEMIRI=1
” TS IFCINTE EQ. 1960 10 20

Z\Q{ o
gt =

A e e S
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444

4w

R,

e
werbug

A G
3
¢

TALL XCENTT INGUIN R, XY N F

CALL SYME X ENEYM YEYM, Z6YM, NMULT L, T8VM) . XC)
=AH *um TN, s B0 Xe Zm; :
RENSDIRTZONXXGY

RATIU=RE0U/ 8K

IFARATIO GEOTRANSIGO TO 20

MINT=S

NIfT =g

NINTE=10 |

IRAAT IO GE TRENZIGD 1D 20

MIpT=7

CHANTL=L .

i

NIHTE=7 :

IF IRAT IO, 6T, YRANZLIGO 7O 20

LRI .

i 444 L=1, 3 ,
UNTLOLRD A OO OLS 3N A UNS L, RS 1HALE

X4, LMY 2 (K4 L TR +X ¢k, OND S ipLE

MIpTRDL ,

Ble=aRs 2,

HUMTR =2

IFCRBTIO LT, TRANSZ)

20 CORTINGE

43

&4

LECHIMT. OT. A3 TYFE MINT. H 18YH
IFAMING LI 737TY9E R8T 10. 1

Lo & NTRY=1, MUMIRI

IFINUMIRL NE. ZYua Y0 33

RO ED 2 eI

IFIMTIL BGL 20aN=0d

kI i

IFUTRI, EQ 1)NsL

CImgTIE :

T & NI =NINTG, NINTE

TFANINIG, B0 11360 10 44

C1=RU0RD T 1. W)

CI=CUBTaICZ, PUMD

CR=LOGRITS, MU

VL ==Y (RN R R

o 24 L=1,3

RECL =06 X AL TR0 Ly JNYECHEY (o, KN
CALL SYMIFX OXSBYRL VSV, 28V, NMULT 1. 18Y8), %0

4

CALL BEMEHMFELT L, CF 03, 3 ON Q01 R 1N P 10 D18 NS

CBLL SYMIX CZERE, 28k ZERD, NMULTCL, 16V, 5150
REB=018TZ 10K, £6) ,

RESORTIRER)

Ro=HERG0
WECE== I R 1A
HER=W1HCONS/R
Waslil F TR

v=-iis !

DRON=ZERG

oo gi=1, 2
REGMAL) = (RO -XK (LI I /R
DR DROR RO (LY 2 0004 )
LR=DEiNe 3,

04 I, G

KET=RCOI0T)
RIVE=RUIAVY

> me—

WRTIECIRITEIVELTY, JELTINGG ' TOD CLOSE »— RATIO =%, RAT1G

R S DE—

N

g i i o it
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4 ‘,,TA lt\&ﬂ,é. L e g ST . b a.
¢
| p o .
’ RIVZ=ROTIMVZ _ . el
& LIC1=00O0T) ’
W RiS=RC1es, , )
: LG Is1, 8
N m} ROA=RrCDM [N ,
A G2 =100 60 ,, ,
LLd=DEL A £, O
! s CRIBJSRE LERC
' i DE=DTJa Vs
: ] KHY 7= 73 G THRUMMDE RRTT) ,
& TRUNG =0 3 DRI (I 0 TVRRRGD RGN ROI- DO RCT ) BIS (I3 !
DTSR CDYSNTHR 1Y s bl I RVEERTVEHRGA ® TRAC ) ~THONC ,
IR LY 1Yo 10 & :
¢ L= LERY ’ £
W7 oE=LeE , 1
RCH =0 R}
. e D= BE) w
DL=UEL 1AL 1)
DLK=LELTATS K
¢ RIFERIBIREDR N o
DUM=LT RO TR )
DTJRK=01J8ROK : f
¢ DH T Q= W0rd DUM-D1 K VSR TJKO # TROD K .
7o BUM=nliN=-HS LS (TR ISTUN-VER I HRNVZ R RCIGES, $RIRISDERE
AU D TN T ¥ -V Ea ST DI #1115 C0 )+ 00 T
i ETRESL AN =S TRES T, Sy 451
& TONTINUE,
RETHIE . 4
i Lty - ”
R Rt C S R E SR PSR RS TZT LR EELELELELLEFEL S FETTE AT SENERETLEDETLLE LTS LEREETE L L ELL 5 xi*ﬂ*“x.k*ﬁ.*,x##ﬁ,t.wk*ﬂkﬁ#*ﬁ##k‘m&w S E ST TEROE TN £ R
{ “ .
i LOARL LR THE ELEMENT PARRMETERS FOR - A Luld , ,
T , N ,
: SULROUYING LUBLIONL, THE, Ko
COMMUN ZENS BUFE (254)
i CORMUN /RE 7 T RTZ5E) !
NULDE=2
! SRCH LTI I
; ¢ 1ER=USNE -
, TE CIRW B 1, BND, KOD, B $)0ALL ROBLEAZ, IGLK, BUF , NBLOK TER)
, TFCIRMEQ 1, ANR 30 B0 23 Call ROSUUE, 180K, BUFR, IO, 1ER)
* r TFCHRY, B0 2, ANLL 0T, B0 1 JCALL VRBLIEZ TRLAG BUF ML, 18R -
, , IFCIRW, AR 20 Bl FOL, B2 0ALL WRBLKGZY TR BUFIG MINLGH, 113
TECIER NE L) TYRE PLODLYE EXBOR Y, TER, 1RW, Ko
8 RETURR
Epll
' ﬂ LSS PR LS FIT LT OEELTEEE RS E 2L S D] *.xen&,.x o R R WA AL AN RN RS R R RN 8 R0 N w;u.x**.uvx FH R R HAH NG N R E R R RR AR BE N W A
: PARAMETER - JU=13, JU=8%, JY=700
m { SUBROUTINE LESETCIAL AL, ARL, TAZ, AZ BR23 -
n il
| ST c JAch - : : . , B
N FEOMMUN X3 Y e ALLIMPCE D XLUMF O3, JU3 , DLUMCES, S LEODRL QU s, LHODCJUS,
; Lo 0 TFACE G TLUME S, JUD UL URP (3, 880, ,
oo 20 NOTROE, 8) s NMULT 0S5 29, XBYM, YEVM Z8YM TSYM NSYMOS), FRIMOCE, 3 FRIML0S, 3), ,
e N nw _UZQC hmw ¥ T».J.mm; 7] mﬁ. ms C,« ;Cws CN& Cws Cbl <Us Cm.l C..\- mw-s Cm\. MMA\ ﬁw:n ﬂﬂ_z&u H:ﬁm H_.Mu
, , PR A TRANS, THANZ, THANZ1, TRANSZ, TRANL, TRANLL, WEHT (112, COORI(Y, 11,

b
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5 LNODE, MITER, R UEIR MOIMEL, NOIML, NI, 18 4»3 IBUF, LIM NSLIP, NOMOR, NMOT, .
& &7 TINES NIL 300, THIRD, VALFS ZEMR 11, 132 18 PL: ALT(S: 5 83, DELTA 3 UHEGA, 3 L
70 TYCFY, UCDY, THLAL LY TEy £ L G, Ko REQ, 1CHBN, 1580 CE03, XOOME%) .
& :rrnmrzwz.v:zmx‘rcrc.mmqq*mngtxbrzn“‘,axnr~z»\x&~xa\raﬁr»~7¢.%a
e ﬂ ! 5 -
! - SURBRGLT INE TOLUAD XEL AN BLC.
o ,
-~ UTMLNSLON ALUL), ARTELD, AZOLY. ARZ(L) ; T
or 1 113 .
A1113=8R1 ﬁwb
'S PORIIIEARICLD
LECIAL B0 - 1YCALL . SYMPX(ASYM: YEYM, ZSYM NMULT(L, 13YMY, AL
TFCIAL L NIL M OALL. SYMFX{ZERD, ZERTL ZERG NNULTL L 18YH), AL) , .
i COIFRIAZ B DIEELL SYRURIXEYM. VEVM, 7SV NRUL T 18YIDY . a2) .
,Hvﬁuxx,vm NICIOALL SYMPX L ZERD ZERU, ZERCL NHULT (1, 1SV, AZ)
o ;
EEEFE L IEEL SRS EELFEL ST EF2 uu AR KNI T SR WM BRI WM UM AKX RAAA e AR HEHH R EF R H HAT R B K LA T H A : -
i ;
FARAVE TER J8=13, JU=09, J¥=700
SULRLUTIRE LOEGH
FATNN SR 3
COMMURE X 0840053, ALUME G 5 XLUKPLE, JD . mrczraa.acu.rwa:ﬁmcw~rxouaazv.
407 TPAUEYOUY; TLUMP G000 s BLAUMP S U S .
© ZONIIH(E, O NRHULT G35, 217 X0V YEYH., 28YM. 1861, W <zhnuuwruxsﬁa..vuﬂrwzwhw.wwu , -
o rzcunau»rrﬁau.r.¢~<~cw.cm‘cu;cnvca,cswc-cw‘cx.pr CH, CONS, INCLH,
g qxxzw~a:n2ugwmpzquazmzam.axnxr‘4xnzrr.sa:qﬂhmwsmaar:am~Mhy
v S HOUE NITLR, SLUIE, NUTMIL HETL, W, TETAR 130K LM, NEL 1P, HUNOR, JM00,
G OMES ML, TWO THE, HALR. ZER, 30, 13 13 FL ALTO3, 3,205 DELTACH 3), UMEGA
7 TV4F W0, IREAL TRITE &6 I G K RO, TCHAN, 1S8W2Z0, XEomiay,
i 8 BLL, ARMIN. ARMAR, CURV, RATT, RATL, ARRAT, 15HAP. 11, B2, R 18101 52, K7 x
c
CONMON ZREY IRDEXRS, JUS, DCELROR O, JTELRCE JE» TRUS 0 URE, JiD ~
& R AREARGIED, TELTROINY s KODRCIET, LINDRCIUD, FUMELR CONRY PEIR, THIEH . *
(o
C LHECH: LU GESHETRY , _ ’ .
w} [ -
=N ML RS
CALL HULLS (oL, xrcy% TLUNMP, UL, N3 -
s ATOT=ZERT
URITE{IRITE, 10
Lo 3 NL=1, NLGHP J -
be TER=HIL ; *
IF(LEOOIRLY. Bfe NILISO 101 ‘
ALUMPL ML) =ZER{ 2
b CAlt LORAANL, 1,2

o 11 M1, BUMELR ,
11 ALUMPONL Y=ALUNMP CHL 3+ AREAR{ M)
ﬁ, ATUT=ATOT +ALURIF {NLS
OO 12 Nai, NUMELR
TER=NIL
' RAT=AREAR INT ZALTIMPINL)
IFRAT, LT, RATEITYPE. “LRROK 107, N, 8L RAT, . € *, RATE
IBARAT GTBATTI TYFE YERROM 110, B, KL RAT, 30 Y RATT
¢ TE{RAT. LT, RATE) 1ER=10
IFURAT, T, xwavaxuMH
D 2 1=1,3
T COXLUMPLT, zrucxrcxnﬁu M) +xnrrmﬁw“?,azpq
2. DLUMECT, NLY=DLUMG( T, NLY SDCELR LT ND 4RAT
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SG2
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COMHMON7BUY BIF{L152)
SULFROLIAN. TO LOAD 1NFL . COEFFICIENTS ON BOUNDARY BLEMENTS,

DITMENSIUN TEMPLY, 1410, 061y
IECIUUFGT LIMICALL DUMPOCILUS, BUS, ISTAR 1)
VA=

DG LY. NILMGE TR 40
TF{IGE. LF, &3TALL 1RLOADIDIE, 100)
oo o4 1=11, 1%

RTR I Y o TN T

IVALAIVAL 1

IF QOB LT, 2960 10 S01 :
IDUF =141

IR LT I=T T IVAL)

RSN $ R AP

BUITS IR0y =00 TVAL )

GE T 8

TBU=TG0 0D

IREIGH NE 13600 10 902

TEMP CLY=TENP (T 20U VALY #T L.
IBIF=TRF +1

B CIEUN 3=T Y1 VAL

GO T 4

TEMEP L) TERP T I+ FI{IVAL Y #U L)
IRUF=IBUF +1

LA CTEUEY =1l 1VaLs

Lot INpE

FE TR

BO & I=1, 3

00 5 L= 3
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