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A

TRANSVERSE OPEN STOPING METHOD

Based on the orebody shape and grade, a ronghole, transverse open
stoping method is planned to extract the orebody. Initial stopes
20m wide by 40m high will be mined by brasting vertical faces
drilled from an overcut drift. PiIIars between the stopes are 20m
in width. It is planned to mine a series of three stopes on thefirst subrevel, fi}l them, and mine a second series of stopes onthe subrevel above, creating a totar stope heiqht of BOm in two
rifts. The pirrars are then to be mined by the same method. be-
tween fiII pillars. The question which must be asked is whether
the pirlars, âs presentry sized, will be stabre and, if not, what
must be done to provide a stabLe mining configuration.
As a first-cut anarysis, a numericar moder may be used to analyzethis stoping seguence while examining the stability of the pil:
lars. A stability analysis can be conducted using an elastj_c
model and applyng the calculated stresses to an empirical yield.
criterion such as the Hoek and Brown model (Hoek añC, erown, fgBO).In this case, a numericaL model with a Mohr-Coulomb constitutive
model is used directly to determine the induced pillar stresses
and the yield state of the material at any stage of excavation.
The computer mod.er FLAC, a pc-based. exprict finite differencecode, is used to provide a fast, gross, first-cut anarysis of thestoping scheme. A finite difference grid for the anarysis is
shown in Fig. At The outer boundaries of the grid are placed
approximately three stope diameters from the poition to Ëe mined,and a pressure boundary is applied to maintaiñ the in-situ stresiat th+q position. The data file to set up this run is shown inTabIeAtr. This data set is given to illustrate rather simple d.atatnput methodology possibre with a "user-friendry" cod,e.

The results of the sequential mining steps is illustrated in theserÍes of plots given in Figs. A9-AB, These plots show the dis_placement vectors and x- and y-stress contours superimposed. on aclose-up view of the stope configuration. when tñe seðond. stopeis mined, the intervening pillar yield.s but comes to equilibriüm.
The yield behavior of any element can be traced using a state in-dicator, which allows the user to examine the rocatiõn of thestress state of the element with respect to the yield. surface. Itis therefore possible, with an expriãit cod.e, to trace the evolu-tion of the yield hístory of an element. An isolated. section ofthe grid may be in active plastic flow wihile the overall grld isin gIobal equilibrium.
This analysis indicates the 20m pillars become largely unloaded.,particularly in the x-direction, as would be expected. The pil-
Iars yie1d, coming to equilibríum without backfill. It would be a
simple matter to perform more detailed studies of varying pillar
or stope spacings, rock mass properties, or backfill. This model
used 400 fininte difference zones and 441 gridpoints. on a stan-
dard IBM-PC/AT, each mi.ning step requires about 6 hours to come toequilibrium. For a simulation requiring many mj-nj-ng steps, it mayrequire several days for solution on a PC. Accelerator boards
such as the Microway Number Smasher or the DSI-32 can increase the
speed by a factor of 3 to 4. with this increased speed, the pc
becomes competitive with a multi-user minicomputer environment.
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Table A1

EXAMPLE DATA FILE FOR THE FLAC CODE FOR TRANSVERSE STOPING
PROBLEI"l

rexà¡ple problen o{ trensverse open stoping
gr i 2(r,2(t
rselect nohr-coulorb oodel

rod ¡ohr
r¿ssign r¡terial properties
rE'ie6 psi, siart rith high cohesion
prop s=8.óe9 b=ll,óe9 d=2000 fric=30 coh=1e10

rgive the grid coordinates
gen 0,0 0,200 200,200 200,0
ldefom edges o{ grid to si¡ul¡te infinity
ini x=350 i=21

!¡j ¡:JQ(t i:!Q
ini x=250 i=19

¡¡i ¡1:tQ(t i:!$
ini x:-13(t i3l
i¡i;:-lQQ i:!
ini x=-50 i=3
i¡i ¡=tl i:{
ini y=150 j=21

ini y:100 j:20
ini yi230 j:19
ini y=lQç ¡=19
ini y=-150 j=l
ini y:"tÇQ j:2
ini y:-50 j=3

ini Y=(t ¡:4
rcreate in situ stresses rith pressure boundary cond.

ini sxx=-jtteó syy:-J(tsg
apply press=30e6 i=l j=lr2l
apply press=I0e6 i=1,?l j=21

aPPl v press=30e6 i =21 j=21 
r I

apply pressr3(tg$ i:![,] j:l
+save initiel state
save stopel.sav
{use làrge strain logic
set I arge
rreset cohesion to loxer level
prop coh.7eó
rnine out stope I

¡od null i=ôr7 j.6rg
rtine step to equilibriun
ç | e l0tltl

save stope2. sav

rreset displacenents so re see only

ini xd=0 yd=0

rnine stope 2

rod null i:[(r,ll j=[,!
rtine step to equilibriun
ste 1000

sàve stopeS. seY

ini rd=0 yd=0

rod null i=l{r15 j=6r9

ste 1500

save siope4, sav

ini xd=o yd:(l

¡od null i=ó,7 j=10r13

ste 1500

save stopeS,sav

ini xd=0 yd=0

¡od null i=l0rll j=l0rl3
ste 1500

save stopeó. sav

ini xd=0 yd=0

¡od null i=l4r l5 j=l0rl3
ste I 500

save siopeT. sav

return

change not total
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FL/1C (Version 1- Ol)
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STLO TöR RADTI]AKT'TVT AVFALL

Följande exempel är häimtat fr'ån $FR,'Jãlr mân låtit bvsça en

ånIåi9gníns för förvarÍng ov tåc* och medelaktivt neakt<¡rov*

fat1. Ëxemr¡let beskniver en stående cvlinder (silo) med

höjden cm 7ü m och dimmeter.n ce 3Cl m. Modellsnibtet är

horis<¡ntel lt genom si lc¡n och rådande init ialspänninSsb i I I*
.stånd hær satts tifl 5 resp 1"Cl MPa i x* respekbive v*Ied"
ß*nàikninsen har utf örts me'd f LAC version 1^. CIü. Samt I isa ín*
data är hämtade från $KB's arbetsrapport SfR å5*Ü5, "FfM*

analys av sit<¡ med anslutande bunnlar", l-l $title m fL ße*

råikningen med rLAC är utf örd ev VIAK ABo Falun, som en iJvninS

<¡ch test äv FLAC's kc¡rrelati<¡n med fËH,

lIÕ.d.ç..LL.e.n

Ëfbensom silon utSörs av en cirkel i h<¡risontalplanet kmn

symmebrienna utnybtj6¡sn vilket Çõn att endasb en fjändedel av

geometrin behöver- m<¡delleras. M<¡detlens dimensioner han valts
ti11
9(f x 9CI m! vilket bör varâ betr yggænde, eftersom silons radie
är. ca 15 m" Ën tumregel sägen att ränderna bör lissm minst på

ebb avs¡tånd $om motsvarar tre Sgr stönstæ ðppninSsmåttet "

f öI jande r'andvil]kon har væILs:

vldnster'(ventikal svmmetrilinje) : fni i
hi5ser. r låst
ne,lre Ihorisontell evmmetritinje); fri i
,5r.¡r-e ¡ tåst

y--Ied, låst i x*Ied
i både x* <¡ch y*led

x*Ied, Iåsb i v*led
i b'åde x * r¡ch y* I ed

ßerçmassan har nntagits upptr'ådda elasliskb isc¡tropt och ha

elasticitetsmodr:len f * 2ü GPæ och P<¡issons tnt ù * 0, Ü8"

Dessa numeniska våár'len måste räknas om tiII skjuvmc'dul c¡ch

bulkmodul med f öf jande f r¡r"ml er' :



ßulkmodulen B È.

,3 (t*2 ù )

B2

$kjuvmodulen G = E
2 (r + ))

Bergmassans densÍbet hær satts tilI 3= 2 67t kslm3.

I fisur l" vÍsas en skiss över den använda modellen"

n7

F Í ç 1" " Den använda mode I I en "

Indæta; körni.¡g

Det fini.ta clifferensnätet hær valts tiII 34 x 3¿r

bätane elemenbindelrrins r¡âirrnare si.l"övägsannå (se
element med

f isur' 2 .\ 
"

LEEEI.[I

l/ Tllt 4.8

-¡.õ00!'ol < ¡. 1.0É01.04
{.0ma{0 r r < t.¡¡01.0¿

FLIC (letta l. O)

.Ð lllr . .¡1.. tl

l- i-,J':. i' rrrtl:ä':ir I l''.'rt írl rs¡"ìüij(;'L

e/asr/t'gþ n¡ú//
l/r'urmaJ,.t/. 2 2¿rlO9 ?c
bu/lnd¿t/ - /,?4,¿¿epo
I , 2¿7ô k3/zrJ
f^ n 5,vp*
y'y 

= /o rTPa



B3

Fõl.jande lista (tisur 3) visar de indata som modellen behöver
samt hur körningen utförts, fndnta kan antingen ges inter'*
aktivt eller via en i f örvä{s ior,Cninggjord indataf il.

'GRID
I 34,34

'E!,ASTISK I{ÀlERTT¡¡'ODELL
!od.l clå5

.tlÀf ERf ÀLPARAI{ETRAR
prop shaÀ!-g.26.9 bulk'7.9¡149 dcnlr2670

v'r4

Tr4IBRENING ÀV SILON
..t lârE6
ini xd.o yd.O
ñodel null i.f,10 J.l,2nodcll null t'f,9 j,3,5
rodèI null l.LB i-6
ûodêl null í-1,7 5-7
¡ode11 null i.I,6 j.S
rodêl null i.ì,5 j-9
úodol.I null 1.1,2 J.t0
TKORNTNG AV TTDSSTEGSSERÍE 5OO,
rt6p 5OO
sðvc ailo2.srv
stop 1500

.TORJ{A NAÎEî
tnl x.90 í.35
inl x.8O Í.34
lni x.7o 1.33
int r-65 ir¡2
lni r-60 i.31
lni r-55 1¡30
ini x-51 i.29
lni r.47 i.28
inl x.43 i'?7
lni ¡.40 i.26
ini x.37 i.25

ini
1ni
ini
ini
i. ni
lni
ini
ini
lnl y.13
ini y.ll
lûi y-10
ini Y'8.
Íni yr7.
1ni Y.5.lni Y.4.inl Y.2.
lni y.l.48
lnÍ FO.0O

J.rBj'rz
j- 16j'r s

J.14
J'r¡
7'L2
J-r rj'roj's
j'e
)-7j'e
j's
j'¿
j'¡
j-z
J'r

y.25.2
y'23.5
.!.22.3
1|.20.8
y.r 9. 3
Fl7.9
y.16.3

.FORI'ÍA TUNNELPERIFER¡N
inl x.t.4a yr14.73 i'2 Jrll
ini r.2.97 yr14.5 t.3 J.I1
lni x.4.45 y¡I4.12 1.4 j.t0
ini r,5.94 y.13.56 i.5 J.lO
inl x.7.42 F12.8I i-6 Jtr0
ini x.8.91 f 11.82 i.7 J'9
lni f.r0.4 y't0.53 i'g Jr8
lni x.lt.9 y.8.8 i¡9 J.7
in1 ¡.12.81 y.7.42 t.lo j-6
lni r.r3.56 yrs.94 i.to J.5
ini :r14.1.2 yr4.45 t.10 j.4
inl ¡.14.5 y!2.97 1rr1 J.3
ini x'14.73 lEr.48 i.rl j.2
lnt x.3.75 y-l4.35 i.3 J¡I0
ini x.g.15 F12.4 i.6 Jrg

.8

.4

.9

.4
9t
42
94
45
97

2000, 3000, 5OOO

1nt
inf
lnt
ini
ini
ini
l¡i
inl
lnl
ini
ini
ini
inl
lni
lnl
ini
1ni
inl
ini
ini
lnl
lni
ini
{ni

r-35 í.24

1.22
t.2 I
1.20
i.l9
lrlg

x-31.3
x-29.7
x-28.2
x-26.7
x-25.2

rtlp 1000
sôvê silo4.sav
tt.p 2000
rrga silo5.sÀv
r ôturIx.23.9 1.17

x'22.3 1.15
r.20.8 l:15
x'I9.3 i¡I4
¡-I7.8 i¡13
x-l6.3 i.12
x'14,8 1-ll
x.13.4 t.lO
x.Il.9 i-9
r-10.4 ir6
¡-9.91 i.7
x-7.42 L-6
x.5.94 i.5
x.4.45 i-4
x.2.9? i.3
r.1.48 1r2
x.O.00 Í.I Ini r-9.6 Fl!.3 t.? J.8

ini x.!.1.3 yr9.6 i.g jr7
ini ¡.12.4 ]Eâ.15 í¡9 J.6
ini ¡.14.35 y.3.75 irl0 Jr3

DET LIÎE UÎANFOR PERÍFERIN
Fi4.5 i¡6 j¡tl
1E7.42 i.Il j.6
)Ê13.0 I.7 J.l0
lrs.91 1.10 J.7

rR.ÀNDI'TLLKOR OCH INÎTIA¡,SPÀNNINGÀR
!1x x i=l j.l,35
fi¡ y 1.1,35 J.r
ftixyi-35J'I,35
ftxxYt¡1,35j¡35
Lni !¡x--5â6 syy.-10è5

TT.OSNtNG ÀV INtl¡À!SPANNTNGSfILLSîADEÍ
rolva
.rva rtlol.[t

Flç 3. Kör'ningsl ista.

l=önst löses initialsr¡ännins.stiltståndet och sparäs med fðrdel
på en separat fiL Detta utförs med lcommandona "solve"
rÊsÞektive "sarve" (se lieta figur 3), Därefter stegas beräk*
ningen fram i tidsstes med k<¡mmmndot "step", För abt kontrol*-
lera när beräkningen bðrjar närma sis iämvikt kan män t ex

väIja en nod (Iämr¡ligen en i vÍ.Iken män kæn f örvänta $is
r-elðtivt stora deformationer) och se hur förskjubningen i en

riktning fõrändnas med ãvseende på ånbal tidsstes (sc figur
c'^1.

tni r90 J-35
Lai Yr80 J.34ini y.70 j.33
i.ni Y.65 j-32
Lni y.60 jr3r
tni y.55 J¡30
Lni y.51 Jr29ini y¡47 J-28fnt y-43 J.27lri y!4o j:2ó
ini Y-37 jt25
ini y'35 j'24
1ni Y¡33 j-23
1ôi y.31,3 jr22
iûi Yr29.7 j-2r
tni Yr28.2 jr20
ini Y-26.7 j'r9

rFtxA ftl¿
lnl x.7.42
lni r.14.5
iûi x-8.91
inl ¡.13,0
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f ig &" Förskjutnins i v*led i n<¡den i !, tt

lYan ken se att än'Jr'ingen i f örskjutningen de sistä 20ÚA

tÍdsstesen blev mycket liten, därför hade kõrningen kunnat

stoppas redan efter ca õOûü tidsstes, utan att resultatet
hade förändrabs nämnvärt,

utdoþ-n

J

Nedan visæs exempel

efter 5tüCI tidssteç
i¡lottar för området

p& I ista f ön f ör'sk jutninsarna
{fisur 5)" T fisur ó*1^ü visas
rrãrmmst siI<¡väsgen"

i y*led

exemÊ:et på

J
35
:4
3l

ll
30
29
2A
21
26
2S
24
23

2t
20

0.

-0.

-0.
-0,
-0.
-0.
-0.
-0.
-0.

2t4-O. 214-0. 213-0. 2It-0.209-O
249-0. 248-0 - 2 47 -O. 245-Õ, 242-ô
288-O.287-0. 285-0. 283-O - 21e-O
33I-0. 331-0. 32A-0. 325-0. 320-0
368-0. 368-0. 365-0,360-0.354-O
4IO-0.409-0. 406-0. 400-0. 392-O
44I -0. 440-0. 436-0. 429-0. 420-0
475-0.473-0. 468-0. 46r-0. 450-O

3 r4-O
347 -O
383-O
409-O
438-O

. t6?-0.164-0. 160-o

.203-0. r99-0. r94-O

.234-O.229-O.223-O

.269-O.262-0.255-O
- to7-o. 294-o - 249-o
.334-0.324-0.3t6-O
.372-0.359-0,346-O
.397-0.382-0.366-0
.423-0.406-0. 388-O

157-O
LA9-O

247-O
219-O
304-O
331-O
349-O
364-0

t53-0.149
184-0. I79
2rr-o-204
2X9-O.23A
269-0. 2 58
292-O.279
Jt7-0.30t
333-O.3r 5
3 50-0.330

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

y d1.Þr. (lurttply vrru.¡ b.Ior by l0' -2)

I I 2 3 4 5 6 7 I 9 L0 tt 12 ¡13

-0.506-0.504.-0.499-0.490-0.478-0.463 -O.446-0.427 -O.406-0 - 385-0.364-0.342
-0.538-0.536-0.530-0.520-0.506-0.489-0.4?O-O.44a-0.425-0.400-0.3?7-0.353
-0,57!-0.568-0.56 r-0.550-0.534-0,515 -O.492-0.468-0 - 442-0.4r 5-0. 390-0.363
-0.606-0.604-0 - 595-0.582-0. 564-0. 542-0. 51 7-0.4a9-O.460-0,430-0.402-O.372
-0,645-0.642-0.632-o .61 7-0.596-0.5 t t-0. 542-0.5Ì 1-o.479-0.444-0.4r3-0.391
-0.685-0.681-0,670-0.652-0.62a-0.59t-0.566-0.53t-0.495-0.45a-0.423-0.388
-0. ?31-0. 726-O. 713-0.692-0.565-0,63 I-0.594-0. S54-O.513-0.471-0.433-0. 395
-o,182-O.717-a-16t-0.737-0.704-0.666-0.623-0.577-0,530-0.4a4-0.442-0.400
-0.838-0.83 2-0.81 4-O.785-0.141-O.102-0.6 52-0.600-0. 547-0.496-0.430-0.403
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För att få en ur¡pfabtning om hun väl FLAC stãmmer med den

analytiska Iðsningen av r¡roblemet har de radiella och tangen*
tieIIa spänníngarnã benåáknots ubefter symmetritinjernm från
eiJ.oväggen och utåt. Härvid har Ki.rsch's ekvmtioner för en

církulär ðpr¡ning i ett oändlisb medium utnvttjats. Den

sekundära tmnsential* respektive radÍalspänningen i en punkt
ges av:

ob x Õx + cryt/*rtz^L:{ Ttr2
) cas 2êtrX 6Y / *.kr(
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EXEMPEL PA FINITA ELEI,IENTI,IETODEN I BERGI4EKANIK

Problemställning :

Två tunnlar skall drivas nära
talspänningarna är 5 gànger

c1

varandra i ett område där horison-
större än vertikalspänningarna.

spänningar omkring och meLlanS t u de r a o m f ö r de I n i ng a r na
tunnLarna.

AV

Lösning 3

Med GP4 som är en generelL Pre- och PostProcessor för Finita
Elementanalyser tillverkas indata tiII FEM programmet. GP4

använder den s.k. CAD-approachen, viLk.et innebär att endast
ytterkonturer och begränsningslinjer behöver modelleras. På så
sätt reduceras geometriska indata ti11 ett minimum, samtidiqt som

fortfarande fult flexibilitet för avancerade geometrier finns.
Ett antal regioner definieras grafiskt med hiäIp av linjer som i
sin tur defiñieras från punkter. I dessa regioner kan elementnät
genereras. Modellens ränder skatl ligga ti IIräckligt 1ångt från
Iunnlarna för att deras inverkan inte ska påverka resultatet.

GP42-2-JUN-87

I NTERAKT I ON MELLAN 2 TUNNLAR

PREPROCESSOR GEOMETR Ï

Vlew
. ooo
. ooo
1.oCIo

BJORSÎA DrITA AB

Fiq. 1. Geometri för att, generera Finita El-ement nätet.
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För att få ett korrekt resuLtat
ningar bör initialtiltståndet där
MPa och de horisontella är 20 MPa
använts:

i både deformationer oeh spän-
de vertikala spänningarna är 5

o F .. - .uppnãs. Följande förfarande har

1. Lås fast vänsterkanten på modellen for horisonteLla rörelser
samt nedre kanten för vertikata rörelser.
2. Läqg på
högerkanten

last motsvarande 20 MPa i horisontell Ied
och 5 MPa i vertikal led Iängs överkanten.

initialspänning i samtliga
och 5 MPa i vertikal led.

element på 20 MPa i

yttre
på de

längs

t. Ansätt en
horisontal led

Såväl laster som randvillkor genereras med referens tiII de
Iinjerna sorn GP4 modellen är uppbygqd av. Storleken
uträknade nod-lasterna beror på storleken på elementen.

GP4 ?2-JUN-87

I NTERAKÏ I ON MELLAN 2 TUNNL'\R

ata

LASTER OCH RANDV I LLKOR

L
l¡
t¡
l¡
t-
¡!
¡-
l¡

¡-
It
t-
t¡
t-
ta

Vlcr
.000
. ooo
l. ooo

eJoisl^ o^lÀ A8

Fig. 2. Laster och .randvillkor



C3

Fig. 3. Element nät

För sj ä1va analysen har PCFEMP använts. GP4 Ìämnar ifrån sig
fulI"Iandiga daúa för noder, element, laster och randvillkor.
Dessa komp-tetteras med materialdata och styrparametrar till
PCFEMP.

MATE
1

50000.

Material och elementdata

3 0. 21 1 0. 1. 0

END
MAC R

RNST MML. INÏ
TANG
FORM
SOLV
REDB ON

DISP
STRE
NSTR
END
STOP

Sty rkommandon
Läs in initialspänningarna
Beräkna elementstyvheter
Assemblera
Lös ekvationssystemet
51å på resultatdatabasen
Beräkna nod-deformationer
Beräkna element-spänningar
Beräkna nod-spänningar

GP42?-JUN-87

INTERAKTION MELLAN 2 TUNNLAR

ELEMENT INDELNTNG

I \
7l
/l

ll I

+
\\

I
I

Vlcw
. ooo
. r¡oo
1. OOO

BJORSÎ¡I DAl^ ,\B

Fig. 4. Indat,a till PCFEMP
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Utvärdering av resultatet sker grafiskt. Både PCFEMP och GP4 kan
användas med liknande resultat, GP4 med tyngdpunkt på färggrafik.
Nedan har PCFEMP använts för att visa huvudspänningsriktningar
och de omlagrade horisontal- och vertikalspänningarna.

Fiq. 5. Huvud-sPänningar
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EXEI,IPLE OF BOUNDARY ELEI,IENTS IN ROCK I,IECHANICS

Problem :

A tabular ore body has previously been open pit mined. Under-
ground workings have started at severaL l.evel-s along the orebody.
Calculate the interaction between the open pit and the under-
ground workings.

Solution 3

The BE50L system has been used.
only the boundaries need to be
pit and the orebody. Indata may
based program or as an indata fi

In the Boundary ELement Method,
modeIled, in this ease the open
be given interactively in a menu
Ie.

25m

¡
I

ti
10m

I

!

i

l-{
100 m

Fig. 2. Example problem lor BESOL / P 4002: inleract¡on belween underground worRings
and an open p¡t.
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v 500 m

Window 3

..... .. ._i..-.,. . -.. --.-.....

i window 2

I

'_|

Fig, 3. Boundary element model ol the problem depicted in Figure 2. The program
BESOL/ P4002 aulomal¡cally includes the earlh's surlace (region code 002) and allows
displacement disconlinuity and liclilious slress e/ements to be used in lhe same
problem (program ser¡es EESoL/ P4000). The underground workings (excavations in a
tabular orebody) are modeled by displacement discontinuity eleme1ls, while lhe open
pit (wh¡ch is an example ol a massive excavat¡on ol irregular shape) ¡s modeted by
liclilious slress e/emenls. The \hree "windows" indicated in Figure 3 are used to del¡ne
grids ot f¡eld po¡nls lor post-processing.

Fig. 4. The input data lor the proÞlem in Figure 3 is glven in Figure 4. This lile can be
prepared.using any convenient edilor lhal produces "clean" ASC// lexl.

EXAMPLE PROBLEM FOR BESOL/P¡IOO2;

753r lq

0.??E\01000000

5.0 -0.0/¡0 0.0 -0.027 0.0 0.020

5.0 20.0 30.0

INTERACTION BETWEEN U/C AND SURFACS hIORKINCS

conLrol parameÈers,
elaglic consgants,
initial slnesg state and
failure pnopercies.

r0 6

6l
¿õ
ól
26
ót
66

-20
r00
r?0
r90
240
250
3oo

0
0
0

0

0
0
0

-q50 .0
-4¿t0,0
-120 .0
-q I 0.0
-3óo.o
-3¡t0.0
-260 .0

r00.0
170.0
r 90.0
2q0 ,0
250 .0
300.0
330 .0

-440.0
-/¡20 .0
-t¡10.0
-3ó0.0
-3¡.t0.0
-260.0
-200.0

lE3
0.0
tE3
0.0
ls3
0.0
¡{82

283
0.0
283
0.0 d lsplacement, d iscont lnui ty
2E3
0.0
882

elemenls

r8
8

ó
Lt

1q

r00
250
330
¡t00
tr 30

0
0
0
0
0

0

50
,0 250.0 -r 50.0
,0 330.0 -200,0
.0 1100.0 -190.0
.0 i.r30.0 -150.0
.0 500.0 0.0

0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0

-200 flc!llious stress elemenls
90
50

0.0 0.0
500.0 0.0

0.0 -200,0

500.0 2

500.0 2
200.0 2

localions of windoes
of field polnts.
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D3

Fig.S.Principalslressesanddirecl¡onslorlieldpoinlsinwindowl (seeFigure3lorthe
localion ol lhis window). Po¡nß inside lhe p¡t arc aulomat¡cally excluded by the
program, as are lield points lhat l¡e within a small distance lram a boundary. The
parameler KODE mentioned in the legend lor th¡s plol relers b parl¡cular Rinds ol
boundary cond¡l¡ons lor the displacemenl d¡scontinu¡ty elenlents;KODE = 1 and KODE
= 6 represenl, respecl¡vely, m¡ned and unm¡ned parts of the tabular orebody.

Fig. 6. conlours 9l lhe ¡nduced stra¡n ¡n the vertical direclion (eyy) tor window 2 (see
Figure 3 lor \he location ol this window). This inlormalion would be required to des¡gn
lhe shall used to serve lhe underground workings. The slrains and def ormalions ol lhe
shall musl Þe kept within allowable limits to avo¡d damage lhat can interlere with its
operat¡on. (The strain values ploiled here have been mulliplied by 1000.)
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Fig. 7. Principal stresses and directions lorpolnls in window 3 (see Figure 3 lor the
localion ol this window).

BESOL/P4OOE CONTOUR PLOT OF FI
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Fig. 8. contours ol the "lailure index" (Fl) lor window 3 (see Figure 3lor the location ol
lhis window). The lailure index represenls the rat¡o ol rock slrenglâ las eslimaled hom a
simple lailure criterion) lo slress (as computed by BES9L/ P4002). A lailure index ol 1

theoretically ind¡cates laìlure.
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BLASTHOLE EN STOPTNG BY VERTICAL RETREAT

In this simulation, a banded orebody with a weak footwall was
examined for mining by vertical retreat. Of interest here i-s
the stability of the crown piIlar and stope back as the stope
retreats. The PC distinct eLement code MUDEC is used to model
widely-spaced joint sets and dipping orebody.

The model for this example is shown in Fig. 1. A steeply dip-
ping orebody (average dip of 80') j"s modeled between the 990m
level and the l-l-90m level of the mine. A low-angle discontinu-
ous joint set is also oriented at l-0o dip and average spacing of
30m. The average thickness of the orebody is l-4m. the upper
stope, above the 1090m Ievel, is mined first; then, mining of
the lower level is completed, leaving a 10m crown pil1ar.

l¡!ì¿.4 aaa
Ora tta. lñl

¡Cl0r ld.l

- l0tor l.r.¡

- lll0¡ l¡r¡l

¡¡tor'llv.l

Fig. I Initial Problem Geometry for Blasthole Open
Stoping Problem
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BLASTHOLE OPEN STOPING BY VERTICAL RETREAT

Four rock types are defined for the model-: the hanging wall
quartzite, the footwall guartzite, the banded ore, and the
weaker schistose ore. Based on the average laboratory test val-
ues, the following properties for these rock types were assumed:

Youngrs Modulus (MPa)

Poisson's Ratio

Unconf ined Compressive
Strength (MPa)

Joint
Joint
Joint
Joint

Hanging
Wa11

62

0.29

186

Normal Stiffness
Shear Stiffness
Friction Angl-e
Cohesion

Schistose
Ore

40

0.33

96

Banded
Ore

56

0.28

168

Footwall

61

0.28

198

The following joint properties were estÍmated:

5000
5000
21"
0

MPa/m
MPa/m

The pre-minÍng state of stress was
with 33 MPa at the l_190m level.

estimated to be hydrostatic

After model consolidation, the mining progressed in five stages.First, the upper level brocks were removed for a stope heigh[ of45m. The }ower stope was then mined in four stages ór l7m, 15m,
15m and 18m, leaving the lOm crown pil-lar. The finar stressconcentration is depicted in Fig. 2. At this stage, most of thestress is transferred to the abutments. The streis buildup inthe crown piJ-rar is shown in Fig. 3. Note that, ât the fiñaIstage of the mining seguence, the crovrn pilrar faiLs and thestresses drop to a residual- value. Although backfilling was notsimurated in this example, the model can simuLate backfilr em-placement after excavation and stress histories in the backfillcan be monitored similar to that shown in Fig. 3 for the crownpillar.
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BLASTHOLE OPEN STOPTNG BY VERTICAL RETREAT

Fig. 2 Plot of Principar Stresses at End of Mining Sequence

ü¡({ t¡.f..

{ l¡ ll¡ llr l5¡ l¡.

.ac

- loo

-ll0

-la0

¡l¡¡rr.a ttr

ac

-ac

Fig. 3 Changes in Horizontal Stresses in
Mining Stages (note: compress j.ve

Crown Pillar with
stresses negative)

I
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BLASTHOLE OPEN STOPING BY VERTICAL RETREÀT

INPUT COI\O{ANDS FOR OPEN STOP ÏNG USING VERTICAL RETRE AT EXAMPLE

START
HEAD
EXAMPLE OPEN SÎOPING USING VERÎICAL RETREATwr 0 200 0 200 I* ESTABLISH INITIAL GEOMETRY
BLOCK 0 0 0 200 150 200 150 0
JREG 0 0 0 200 150 200 t_50 0
JSET 80,0 300,0 0,0 14,0 0 0
DEL 0 200 0 200 1210 .
sPLrT 61.864 0 104.L29 200* ASSIGN MATERIAL PROPETIES HERE
CHANGE MAl=2
CHANGE 86 87
CHANGE 75 85.
CHANGE 87 200 0 200 MAT=5 CON=3* PUT TN DISCONTINUOUS CROSS JOINTS
JREG 0 0 0 200 150 200 150 0
JSET-10014014030000
JSET -10 0 14 0 14 0 30 0 49.48,200
SAVE MINDOL]-. SAV

CON=3
0 200
602

OINTS N
00 89 t
55 99 1
0 78 35

MAT=4 CON=3
00 MAT=3 CON=3

EEDED FOR LATER EXCAVATIONS
00
55

'I PUT T

split 1
split I
spÌir 6
split 6
split 6

NJ
4L
41"
34
5528152
8 67 83 67

split 7L 82 86 82* CREAÎE FINITE DIFFERENCE TRIANGLES TN ALL BLOCKSgen 0 200 0 200 auro 100* SPECIFY STRESS FIELD
bound lstr -33e6 0 -33e6 O 0 0 2e4 O 2e4insitu str -33e6 0 -33e6 ygrad 2e4 0 2e4grav 0 -10* JOINT PROPERTIES
Prop mat=1 d=2000 g=26e9 k=44e9prop mat=l jkn=5e9 jks=4e9 jfric=O.5
prop mat=1 kn=5e9 ks=5e9 fric=O.5
change jcon=2 jmat=1* HANGING WALL ROCKprop mat=2 d=2000 g=24e9 k=48e9 coh=93e6* BANDED ORE
prop mat=3 d=2000 9=22e9 k=42e9 coh=g4e6
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BLASTHOLE OPEN STOPING BY VERTICAL RETREÀT

* SCHISTOSE ORE
prop mat=4 d=2000 9=15e9 k=38e9 coh=48e6* FOOT WALL
prop mat=5 d=2000 g=26e9 k=51e9 coh=99e6* CONDITIONS DURING SOLUTION
mscale on 2.836e5 5.642e5
damp auto* BEGIN EXCAVATION SEQUENCE WITH UPPER STOPE
de1 78 98 110 r55
hist n=50 sxx 80 105 type I
hist s]ry 80 L05
cyc 600
pr max
save mindola3.sav* EXCAVATE LOWEST PART OF LOWER STOPE
del 63 8l- 35 52
cyc 400
pr max
save mindola . sav* EXCAVATE NEXT PART OF LOWER STOPE
de1 65 83 52 67
cyc 400
pr max
save mindo1a5. sav* EXCAVATE NEXT PART OF LOWER STOPE
del 67 86 67 82
cyc 400
pr max
save mindola6. sav* EXCAVATE LAST PART OF LOWER STOPE
de1 1L 89 82 100
cyc 1200
pr max
save mindola9. sav
prhisLz
stop
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SUB-SEABED lUNNEL EXCAVATION AND SUPPORT LOADING

This problem examines the excavation of two tunnels mined in a

tqorh-ðoulomb material at a depth of roughly 70 meters beneath
sea level. The problem analyzes the continuum behavior of the
rock mass and. the loads developed in a concrete llner from one
tunnel as the other is mined.. The problem is analyzed with the
pC d.istj-r-rct element code MUDEC. ThÍs example illustrates the
versatility of the ¡4uDEc code in analyzing a continuum problem
by not allowing failure on joints.

PROBLEM GEOMETRY

The. id.ealized geometry of the tunnel system is shown in Fig' l'
The system consists of two tunnels on l2-meter centers at a

depth of roughly 70 meters (centerline) beneath the sea bed.
Thä water level- is approximately 110 meters above the tunnel
cent.erline. The small (service) tunnel is 5.24 meter diameter
with a 37cm-thick sectional concrçte liner. The main tunnel is
g.ZZ meter diameter with a 46cm-thick sectional concrete liner"
The service tunnel is driven and llned prior to excavation and
lining of the main tunnel.

30m water head

.o

C'þ

Fig. I Initial Mesh with Service lunnel Excavated
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SUB-SEABED ÎUNNEL EXCAVATION ÀND SUPPORT LOADING
Paqe ¿

MÀTERIAL PROPERTIES

Chalk

The blue chalk has the following material properties:

instantaneous
deformation modulus = 900 MPa

= 0.35Poisson's ratio
uniaxial compressive
strength

STAGES

of construction activities are:

(1) excavation of service tunnel;
(2) lining of service tunnel;
(3) excavation of main tunnel; and(4) Iining of main tunnel.

8 MPa

cohesion I MPa+

density 2600 kglm'

The chalk exhibits significant creep-compaction when dewatered,
as werl as creep under constant, appried stress. rn an attempt
to simurate this behavior, âD eguivalent elastic reduction in
stj-ffness has been defined. The reduced varue for young's mod.u-
lus is referred to as the'tdeferredrrmodurus which is rjg Mpa-
oE, roughly, 6 times less than the instantaneous value.

Concrete

The elastic modulus for the concrete liner is 24 Gpa.

CONSTRUCTTON

The sequence



SUB-SEABED TUNNEL EXCAVATION AI'¡D SUPPORT LOADING

NUMERICAL MODEL

Two cases were analyzed with MUDEC:

(1) rock modulus = instantaneous =
tunnel mined, deferred modulus
after; and

F3

900 t"lPa until final
of 133 MPa there-

(2) rock modulus Iowest deferred value l- 3 3 lvlPa

The tunnel simulation was run with the steps shown in Fig. 2,
below.

PROBLE¡Í SEI-UP

tlncscep to eçrlllbrlun

t,l¡nêst,ep to equtllbrlr¡o

tLmestep to equillbrlura

tlmostep t.o egullibrlwn

tl¡nestep to equlllbrlum

FINÀI, STÀTE

Ilne maln tunnel

excavate main Èunnel

llne servlce lunnel

excavat,e servlce Èunnel

¡at up boundarlc¡ of nc¡h

. uee automatlc tunnel generator
Èo deflne tunnel locatlons

.t

uao åutomatlc m€8h.gcnerat'or to
"flll ln, elements ln me¡h

deflne ln-¡ltu strcsa gradlent

Àpply gravlty

Fig. 2 FIow Chart for Problem Set-Up and Operation
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SUB-SEABED TUNNEL EXCAVAÎION ÀND SUPPORT LOADING

The mesh used in the calculations is shown in Fig. 1. The lower
and side boundaries are fixed wíth rollers. The weight of the
seawater above the seabed is modeled by applying the equivalent
pressure of 30 meters of water head to the top surface of the
mesh. Since the tunnels are lined with a waterproof segrmented
liner, there is no need to perform a transient groundwater flow
analysis. The pore water pressure was accounted for by setting
the unit weight of the chalk to the submerged unit weight. The
vertical to horizontal stress ratio was assumed to be hydrosta-
tic.
After gravity stresses have been initialized in the body, the
service tunnel is mined and timestepping is run until equilib-
rium is achieved. The resulting elastic displacements are griven
in Fig. 3. Next, 1-6 beam elements are used tci model the con-
crete liner. In the dynamic formulation, each beam is consid-
ered to be a mass which is coupled to the rock via a shear and
normal stiffness (Fig. 4). Each mass has three degrees of free-
dom-two displacement components and one rotation. As the rock
mass deforms, displacements at'e transferred to the mass in ac-
cordance with the interface stiffness. Adjacent beam elements
transfer shear and normal forces across their contacts. The ax-
ial and shear force and the moment at each grid connection are
determined by using the standard stiffness matrix for a beam
element:

iF) tKl {¡ }

The MUDEC
need only

program performs all calculations internally; the user
define the geometry and properties of the support.
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SUB-SEABED TUNNEL EXCAVATION AND SUPPORT LOADING

Fig. 3 Elastic Displacements Due to Excavation
of Service TunneI

xr
xr

t¡

Fig. 4 Beam Element as Lumped Mass Connected to Rock
via Shear and Normal Springs

I

ll

M
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SUB.SEABED TUNNEL EXCAVATION AND SUPPORT LOADTNG

Figure 5 is a plot of the finite difference zones and the beam
element geometry. The second, main, tunnel is next excavated,
which loads the supports in the service tunnel. Finally, the
modulus of the rock mass is reduced simultaneously with the in-
stallation of support in the main tunnel. Timestepping of the
solution then continues until equilibrium. Figures 6 and 7 iI-
Iustrate the displacements and principal stress distributions
resulting from excavation of the main tunnel. Note that the en-
tire service tunnel translates toward the main tunnel.

Fig. 5 CIose-Up View of Tunnels and Support in Service Tunne}

/\

-/,\



!a
.'n!

F7

SUB-SEABED TUNNEL EXCAVATION AND SUPPORT LOADING
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SUB-SEABED TUNNEL EXCAVATION AND SUPPORT LOADING

Figure I is a polar plot of the final axial forces for Case 1.
The greatest axial loads for both liners occur at the horizontal
miCplanes of the tunnels. At these positions, the thrust is
I.0x10tN, or an axial stress of 0.32 MPa in the service tunnel.
The maximum thrust in the large tunnel is lxl0sN, or an axial
stress of 0.22 MPa. The axial and shear forces and moment dis-
tribution for each beam element is given in Table l.

Fig. B Polar PIot of Àxial ,Forces Induced in
Concrete Liner, Case I
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Figure 9 illustrates the final liner axial force distribution
for Case 2. The peak axial support forces occur at t.he tunnel
midline. The maximum service tunnel axi-al load is l.9xt0sN
( 0.41 MPa axial stress ) ; the maximum tunnel axial load is
l.5xl-05N (0.3 MPa axial stress). The final force and moment
distribution for both liners is given in Table 2.

Flg. 9 Polar PIot of Àxial Forces Induced in
Concrete Liner, Case 2
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The total stress in the riner is determined by add.ing theground-induced load with that induced by the hyd.rostãtic waterpressure around the tunner. The ground roading is carcurated byadding the stress induced from axial and bendiñg stresses:

SUB-SEABED TUNNEL EXCAVATION ÀND SUPPORT LOADING

TOTAL LINER STRESS

o ground

where = thrust ( axial force )

= cross-sectional area

= bendj-ng moment

= distance from outer fiber to neutral axis

= second moment of area = (L/LZ) bt¡

Mc

I
T

---rA (1)

T

A

M

I
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Case I antaneous initially' Edeferre6 After Mining Main
I

Einst
Tunne

Service Tunnel: T 1.0x105N

0.37m.lm = 0.37m2

4.33x1-0uN-m

0.185m

( l/12 )bt3 = (I/L2) . L ( 0. 37 ) 3

À

M

I 4 .22xL0- 3mq

txlo5N (4.33x104N-m) . (o.l85m)
ogr nd

0.37m2
+

4,22xL0-3*4

0. 3 MPa + l-.9 MPa MPa

hydrostatic pressure (assume average depth of Ll0m)

swater D. r/l- nydroscaErc

where Phydrostatic = hydrostatic water pressure

r - radius

t - thickness of liner

ou

= 2.2

owater 9.8(KPa/m)

1.068 l'lPa

llOm x (2.62m) /(0.37m)

(2.62n/ 0.37m) = 7.6 MPa

o total oground. * owater 2.2MPa + 7.6 MPa 9.8MPa
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Main Tunnel:

F1?

T - l.2x10sN

A - 0.46m 1 m - 0.46m2

M - 3.6xL0q N-m

c = 0.23m

I - (1/12)¡t: = (L/LZ) 1(0.46)3 = 0.00Bmu

t . 2xl-0 
5

s sround = -T:Aã- *
(3.6xt 04N-m) . (0.23m)

Bxl0-3 m4

= 0.26 MPa + l-.03 Mpa = 1.3 Mpa

hydrostatic pressure

twater = 1.078 MPa

= 9.6 Mpa

(4.1lm/0.46m)

ototal = L.2 + 9.6 = l_0.8 l4pa
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Case 2z Edeferre¿ AIwaYs

Service Tunnel: T = l-.9xL05N

= 9.12xL0uN-mM

I . 9xL0 5N

F 13

(9.12x104N-m (o.l85m)

4.22xLO-3 *4
o ground

0.96 m2
+

0.41 MPa + 4.0 MPa MPa

4.4 MPa + 7.6 MPa = 12 MPa

= 4.4

Main Tunnel:

--L= oground r owater

= l. 5x10 5N

= 4.5xl0qN-m

o total

T

M

oground =
1.5x105N

0.46m2
+

(4.5xto4N-m) . ( 0.23m)

8x10-3 m4

o total

0.32 lvlPa + 1.3 MPa = 1.6 MPa

oground + owater

1.6 MPa + 9.6 MPa

IL.2 MPa
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DlSCUSSION

The thrust distribution varies with angle around the tunnels
since the shearing stiffness between the rock and liner was made
very large to simulate a "Iocked" interface. The thrust distri-
but.ion i-s consistenr- wiih the fact that the entire service tun-
nel is translating toward the main tunnel. The significant dis-
placement differences around the periphery of the service tunnei
Ieads to larger moments than in the case of the main tunnel,
which experiences fairly uniform radial d,isplacements. The com-
pressive stresses resulting from the grround movement are much
smaller than those from the hydrostatic water pressure.
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INPUT COMMANDS FOR TUNNEL SUPPORT LOADING EXAMPLE

tunnel support loading

0 -30 60 -30 60 -90 0 -90

tart

lock

S
)k

*
+

b
wi -1
round

91 -91 1
0.1-
0-1060-70
30 0 30 -90
42 0 42 -90
-10 4.11 L2
-7 0 2.62 B

-10 5.5 L2
-70 5.5 L2

90 -50 0 auto l0
90 -90 -75 auto
90 -75 -50 auto

split
split
split
tun 30
tun 42
tun 30
tun 42
gen 0
gen 0
gen 0

.0
l_0.0
3.0
1.02e5 0 0 0 1.34e4 0 1.34e4bound lstr 1.02e5 0

insitu stress 1.02e5 0 1.02e5 ygrad 1-.34e4 0 1.34e4* rock properties
*prop mat=1 d=L340 9=.33e9 k=.99e9 coh=le6 fric=g,577
prop mat=1 d=l340 9=.05e9 k=.15e9 coh=le6 fric=g.577
change mat=l con=3* elastic joint properties
prop mat=2 jkn=le9 jks=1e9 kn=le6 ks=1e6 jfric=l0.0 fric=l0.0
j tens=le6
prop mat=2 tens=le6
change jmat=2 jcon=2
damp auto
gravity 0 -10
cyc l0
bound -l
bound -L
bound 59
del 40 4 4 -72 -68
save chanl. sav

l" -91
90 -91
6t -91

0 xvel=O.0
-89 yvel=O.0
0 xvel=O.0
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* histories around tunnel I
hist n=20 ydis 42 -61 sxx 42 -67 type 1
hist ydis 42 -13 sxx 42 -73
hist xdis 39 -70 syy 39 -70
hist xdis 45 -70 syy 39 -70* histories around tunnel 2
hist ydis 30 -65.0 sxx 30 -65.0
hist ydis 30 -75.0 sxx 30 -75.0
hist xdis 25.0 -70 syy 25.0 -70
hist xdis 35.0 -70 syy 35.0 -70
reset disp jdisp
cyc 600
save chan2. sav
pr max
struct 42 -70 If.25 3.0 16 5 0.37
prop mat=5 d=2400 9=10e9 k=l3e9 kn=1e8 ks=le7 fric=l0.0
del 28 32 -72 -68
hist type 15
reset disp
cyc 5000
save chan6. sav
pr max
pr ste stc Im
struc 30 -70 22.5 4.3 B 5 0.46
prop mat=l d=l340 9=.05e9 k=.15e9 coh=1e6 fric=.577
his type 15
reset disp
cyc 5000
pr max
pr ste stc Im
save chan7. sav* stop* return
rest chanl. sav* rock properties

I d=l340 g=.05e9 k=. l5e9 coh=le6 fric=O.57?
es around tunnel 1
ydis 42 -67 sxx 42 -61 rype I
42 -73 sxx 42 -73
39 -70 syy 39 -70
45 -70 s]ry 39 -70

prop mat=* histori
hist n=20
hist ydis
hist xdis
hist xdis
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À demonstratlon simulation of a seismic-induced groundfall was

;.;äñãã-*iin'-¡ruõnð-to itlusrrate rhe use of the c'ode for
ã;;it;i;; ro"[¡"i=i potential. rhe model shown in Fiq' I was

develope¿ ¡aseã ãn tñe configurat'ion and dimensions of the 34-1-
SS¿-ãrrät.nt shown on a sectión drawíng for Fraser l'line at
Falconbridge. À two-dimensional, plane strain representation
was chosen normal to ttre axis of the ôvercut. The overcut vJas

mõãefe¿ as being 5m high and lOm wide'

H

t¿

tJl varylng ¡!16.r applled

å

å non-re f lccÈ1ng
boundary

Tr
Ftg. I ¡fiJDEc Model



G2

ït was assumed that tvro continuous joint sets intersect theplane of analysis; one with an orieñtation of 45o and. the otherwit.h an orientation of 9o. Both sets have a joint ipacing of5m. À near verticar joint was arso add.ed. to É¡r" ¡roåx in theroof of the excavation, based on observations.
From the average laboratory test varues provided. forrock, the forrowing material properties brere assumed,rock blocks:

SEISMIC.INDUCEÐ GROUNDFÀLL

density
Youngrs Modulus
Poisson's Ratio

0.003x10. kglrnt
75,000 MPa
0. L8

20,000 I'tPairn
20,000 Mpa/m
300
0

the
for

intact
the

The brocks were assumed to behave erasticalry onry. Mohr_couromb behavior was assumed. for the joints åna tlpicar textbookvalues were chosen for joint propertiás:

joint normal stiffnessjoint, shear stiffness
friction angie
cohesion

The in-situ stress state was estimated to be isotropic at 24 Mparock at a depth of
(assuming vertical load,ing
approximately B00m).

due to overlying

The modeling seguence was performed. in three sLages. First, themoder, without the overcut- excavation, was consoridated. underthe in-situ stresses. Next, the excaüation was introduced and,the moder cycred to an eguiribrium =iutu. The stress d.istribu_tion around rhe overcut át this st.gã-i= irlust..l"ã-in Fig. 2.The brocks immediatery above and beÍow the o,r"rãùi-ñ.r. sripped.and. then stabilized..
rn the third stage, two d.if f erent seismic events with d.if f erentpeak verocities were evaluated.. For alr seismic simürations,viscous boundaries were introducea around the outer perimeter ofthe problem domain to eliminat" ,u.rã-i"ife"tions, thãreby simu_rating an infinite rock mass. seismic ãvents were representedbv a sinusoidal y-direcred itr"r=-"ä"ã àpplied ar rñ; rop of rhe
iî33i;" Tl:.3::l:'o stress wave v,'as =uperi,npo".ã-or'"rr,. exisrins
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ri af aY. 2StresSDistrlbutionÀround'ExcavationatEndof
Excavatlon Stage

Inthefirstsimulation,apeakstressofL.25MPawasapplied.
rr should, be ;;r;e rhar; du;-t; ihe viscous boundary condittons
in effect at the top of tnJ-mãáel, the "effectiverr applied
stress is L-25 MPa/2, or O'eZS MPå' The stress distribution in
the roof of the excavatiorl-áii"t O'02 second's is shown in Fiq'
3.Disp}acementsweremonitoredattwopoints(showninFig.
2). poinr I i;-fo"ul"¿ in the 

'eft 
cornär of the excavation;

point 2 is roãitea at the right corner of the roof btock' Dis-
placement .rurr..-,i time pfot-=-iiig.-¿l for these points essenti-
ãf:-y show an elastic resPonse'
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Fig. 3 Stress Distribution in Roof of
0.02 Seconds Iapplied stress =

q4

Excavation Àfter
l.25xcos ( 2n 100t ) l

Fig. 4 Y-Displacement Histories
Boundary Iapplied stress

for lln¿o Points on Excavation
= l.25xcos ( 2n 100t) l
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ItisinterestingtocomPareestimated'applied.velocit'ieswith
carcurated, veiãäitiã= at- th; t;;;¡ tne mäae:-' rhe rorrowins

equarlon ".r, 
Ëã-,-,=ãã ro .=iim"tä the apPlied velocity:

SEISI,I.iC-INDUCED GROUNDFÀLL

K + (4/3)G
where Cp

v

G5

o

z(pcp)

p

Usingthiseguation,theapplied'maximumvelocitywould,beabout
0.04 m/sec. Ftsure s rno*!"å';Ë"'il*iäiäitv-"r rãss than o'06 m/

sec. Differences berween,ã.Iiñátãa veroãilies and measured'

verociries resurr f rom ..r=iiã-ih;-intacr.-;;¿i mod'urus rather than

rhe equivale"Ë-åãrãi*årior,"å"åüi";";ñiäir-Ëãli"= 
inro accounr the

joint deformation'

r¡/ t/rr lôL
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Fiq. 5 Plot of Y-VelocitY. at ToP of
Stress = t.25xcos ( 2t 100t)

t'!:del for ÀPPlied
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In the second example, a stress wave with peak stress of L2.5
MPa ("ef fective" stress = 6.25 t'lPa) was applied. The stress
distribution in the roof of the excavation after 0.02 seconds is
shown in Fig. 6. This figure shows that the roof block is un-
stressed, indicating that the block has loosened. Displacement
versus time plots (Fig. 7) also indicate that the block has
Ioosened and is :alling. As a matter of interest,, the problem
geometry and stress distribution at three later times is pre-
sented in Figs. 8-10.

The predicted velocity ( from the equation above ) at the top ofthe problem is 0.4 m/sec. The actual recorded velocity is shor+nin Fig. 11. Àgain, differences between predicted and, measured.velocities result from using intacL rock modulus rather thanrock mass deformation modulus.
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- The design of the model should be driven by the questions that the
model is supposed to answer rather than the details of the system
that is being modeled. This helps to simplify and control the
model.

- It might even be appropriate to build a few very simple models
rather than one complex model; the simple models would either
relate to different aspects of the problem, or else address the
same questions from different perspectives.

- Instead of trying to validate a model, one should aim to gain
confidence in it and to modify it as one uses it. One's approach
to the model should be like that of a detective rather than a
mathematician.

- The purpose of modeling data-limited problems is to gain
understanding and to explore potential trade-offs and alternatives,
rather than to make absolute predictions.

- One progresses, slowly and painfully, from region 4 of Holling's
diagram towards region 3 by a kind of 'bootstrap' operation. First
one builds a simple model and exercises it in a conjectural way.
That process almost always suggests new ways of obtaining data, or
new ways of interpreting available data. New data, in turn, suggest
improvements to the model or ideas for new models. Implementing
those improvements leads to new data requirements or insights, and
so on.

How do these ideas apply to rock mechanics? We believe they can
be converted into a preliminary set of guidelines to modeling.

CUIDELINES TO NÍODELING IN ROCK NÍECHANICS

l. Be sure, before you start, that you are quite clear about why you
are building a model and what questions you are trying to ans'wer.

2. Use a model at the earliest possible stage in a project to generate
both data and understanding. Do not delay while waiting for field
data. You need a conceptual model [3] in piace as soon as

possible. A good conceptual model can lead to savings in time and
money on f ield tests that are better designed.

3. Look at the mechanics of the problem. Try to identify important
mechanisms, modes of deformation and likely modes of failure.

4. Think of experiments one wouid like to perlorm on the model and try
to visualize, qualitatively, what the answers might be. In
particular, if -vou have two or more conflicting ideas about what is

going on in the field, propose simple numerical experiments to
eliminate one or more of them (i.e. use models to falsify
hypotheses),

5. Design or borrow the simplest model that will allow the important
mechanisms to occur, and could serve as a laboratory for the
experiments you have in mind.

6. Implement the model, choose your simplest experiment, and run it.
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If the model ties in with your expectations, proceed to more
complex experiments; if not, identify the weaknesses in your
thinking (or the weaknesses in the model) and remedy them before
continuing. Take a similar approach to the other expåriments:
explore possibilities and be critical!

7. If your only available model has weaknesses that you cannot remedy
(e.g. you only have a two-dimensional model for a situation that is
clearly three-dimensional), make a series of simulations that will
bracket the true case. In many instances the bounds will be
sufficiently close so rhat useful insight will be obtained for the
case that could not be simulated.

8. once you have learned all you can from the simple model or models,
you may want to run more complex models to explore those neglecred
aspects of the geology that are most likely to af f ect the behaviã rof the simple model. you may aiso want to do one or two design
runs using more complex models, but these will often be more
cosmeric than illuminating; it is often better, for design, to
develop simple equations based on the mechanisms revealed by the
models. These equations are then used for design rather than
numerical models.

Note that steps 4 through ó are crucial. They may be implemented
in a number of differenr ways. For example, yóu might want to test a
series of simple alternative models rather than just one model. In
running the model (or models) there are bound ìo be parameters whose
values you will have to guess at. Be sure to run the model for ranges
of plausible values. where the model output is relatively insensitiie
to parameter values, you are safe; where it is sensitive, the form of
sensitiviry should suggest limits to the parameter values or field
experiments that must be performed.

visualizing and anticipating solutions before running a model is
an important discipline. Hardy cross [4] has this to say about
structures: "The ability of a designer of continuous structures is
measured chiefly by his ability ro visualize the deformation of the
structure under load. If he cannot form a rough picture of these
deformations when he begins the analysis he will probably analyze the
structure in some very awkward and difficult way; if he cannot picture
these deformations after he has made the analysis, he doesn't know
what he is talking about."

It should also be noted that implicit in the above guidelines is a
rule that rock mechanics models should never be run only once; it is
in the sensitivity of the results to changes in parameters and
assumptions thar the model is most informing.

The above guidelines are not presented as a panacea for rock
mechanics modeling; they are presented as an approach that exemplifies
an underlying philosophy. People commonly say "you only get out of a
computer what you put into it" or "the results are only as good as the
data". At one level these comments are of course true, but at another
they are misleading. Modeling in a cautious and considered way leads
to new knowledge or, at the least, fresh understanding. Even the



BILAGA 2:3

DATA LIMITED PROBLEMS

t-

Undorrlrndlng

Fig. l. Holling's [] classification of modeling problems.

Fig. I introduces a classification, due to Holling Ill, that
modelers in ecology have found to be useful. Holling introduces two
axes, one that is a measure of the quality and/or quantity of available
data, while the other measures the understanding of the problem to be
solved. He then divides the quadrant between the axes into four
regions. In region I there are good data but little understanding; this
is where statistics is the appropriate modeling tool. In region 3 one
has both the data and the understanding; this is u,here models can be
built, validated and used with convicrion. Regions 2 a¡d 4 relate to
problems that are data-limited in the sense that the relevant data are
unavailable or cannot easily be obtained.

We would argue that problems in rock mechanics usually fall in the
data-limited category; one seldom knows enough about a rock mass to
model it unambiguously. Many of the problems in other branches of
engineering mechanics, however, belong in region 3. Some of the old
arguments against modeling in rock mechanics were, in essence, based on
the recognition that the rationale for modeling in region 3 did not
necessarily apply to the more amorphous data-limited problems of regions
2 and 4.

The modern trend is to hope to collect sufficient data to move rock
mechanics into region 3, and so use models in a conventional way. Our
hypothesis is that neither the old arguments nor modern goals are
useful. The old argument is easily disposed of: if modeling in the
convent.ional way is inappropriate to rock mechanics, that only creates
the need for more thoughtful, unconventional modeling. The modern trend
is more pernicious; it leads, as we pointed out in the Introduction, to
more and more complex models and more expensive site evaluations without
a concommitant improvement in either understanding or design. There are
two salient arguments against it: the first is that it is futile ever to

1 3
¡
¡o

4 2
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expect to have sufficient data to model rock masses in the conventionalway, and the second is that as one includes more and more detail, oneloses intellectual contror of the model and so it ¡".o,n., Iess insteadof more effective.

lVhat is useful is ro ask how modering tools developed for the wer-posed problems in region- 3 can be applied to .o.t ¡¡r.iuni., problems inregions 2 and 4. we need to accept ihat rock mechanics does not fit them.re conventionar mould^and develop a philosophy of modeling that firsrock mechanics instead of trying to iit,à.t','.år,ãni.r-ro trr. p-r"uuirine-philosophy.

IVTODELING GUIDELINES

starfierd and Breloch [2], in the conrext of ecological modeling,list some of the characteristic differences between jrobrems in region 3and those in regions 2 and 4 of Holling's,diagram:

' The fundamentar probrem is the question of resorution; in region 3one knows what level of detail is necessary to solve a problem andwhen simplifying assumprions are appropriate, whercai in regions 2and 4 one is nervous of over-simprifying tt¡e 
'prouiem. 

As a result,modelers tend to concentrare on detail ãnd build cornplex, unwietãy
models.

- Pro_b-lems in regions 2 and 4 are of¡en ill-posed, leading todifficulties in interpreting rhe resurrs and the nueeing questionof whether or not the coriect problem has been åã¿.1.¿.

- validation of models in region 3 is a weil understood process; inregions 2 and 4 it may be impossible to validate u rãd.I, butinstead of recognizing rhat impossibiri,v .nJã.r.I;;ing' pralmatic
approaches that address it, moderers pay rip-service to the processof validation.

- Models in region_3, once validated, can be used, armost routinely,for prediction. Models in regions 2 and 4 can never be usedroutinely; they have to be uied far more cautiously and
thoughtfull y.

Anybody who has built a rock mechanics moder wilr recognise thatthese points are as pertinent to rock mechanics as they are to
ecology.

starfield and Bre-loch arso suggest ways of rhinking about modelsthat address the differences between the well-posed pioblems of region3 and the data-limited problems of regions Z ai¿ +'
- A model is a simplification of reality rather than an imitation ofreality. It is an intellectual tool that has to be designed or

chosen for a specific task.
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Tow¡rds a MethodoloqV for Rock Mechanics lvfodeling
A.M. STARFIELD
P.A. CUNDALL.

Rock mechanics models fall into the class of 'data-limited
problems:' one seldom knows enough about a rock mass to
model it unambiguously. Modelers are beginning to realise
that data-limited problems require a very di/ferent
modeling approach from that developed in, /or example,
electrical or aerospace engineering.

It follows that one cannot use models in rock mechanics in
a conyentional way, and that there is a need to adopt a
distinctive and appropriate methodology for rock mechanics
nrcdeling. Some guidelines and heuristics, which may be
considered as the first steps towards developing such a
methodology, are presented. Three case studies are then
used rc illustrate the application, in practice, of these
ideas.

INTRODUCTION

Perspectives on modeling in rock mechanics have changed dramatically
during the past quarter of a century. There was a time when the focus
of attention in rock mechanics was on laboratory and fieid measurement,
and models (mathematical or computational) were generally thought to be
cither irrelevant or inadequate. Modelers spent a large part of their
cfforts trying to persuade skeptics that modeiing was a useful
cngineering exercise.

The focus has shifted from measurement to computation; nowadays
everybody builds models.

It would be comforting to believe that this popularity has been

' Department of Civil and Mineral Engineering,
University of Minnesota, Minneapolis, Minnesota 55455, USA.
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hard won, that moderers in rock mechanics have converted the erstwhileskeptics. while this is partry true, there are probably three moreimportant reasons [or the upsurge in modeling:

- ease of access to versatile and powerf ur computer packages;- a dramaric increase in the abirity to incrude'geotojrcat
detail in the construcrion of a model;

- the manifest success of modeling in other branches of
mechanics.

Each of these reasons carries with it both a positive and negative
conno¡ation and highlights why there is a need to develop an eiplicit
methodology for modeling in rock mechanics.

Ease of access to computer packages provides the rock engineer witha kit of computationai tools. The problem is in knowing how to use rhekit effectively and in having an understanding of both the strengtt,s an¿weaknesses of the tools, Rock mechanics may be passing through*the
phase where the tool is perceived as a solution rather than as a meansto a solution. we need to develop the intuition of the craftsman who
knows the inherent limira¡ions of the materials he works with, and isintrigued but not bedazzred by new and more versatile toors.

The lack of geologic detail was a major stumbling block to early
acceprance of modeling in rock mechanics; models appeared to be suchgross over- simplifications of the geology that lew sioppeO to askwhether they might nevertheless be uselul. The ability ro include moredetail is welcome. but only up to a point. As a carryorrer from the past
we still seem ro have an implicit credo rhar more deiail implies a
better model. It is an addicrive credo: the modeler becomes hooked onbigger and'better'models and these in turn need more data, leading to
more f ield and laboratory measurements. At best these ef fort, ... ãwaste of time and resources; at worst they are counter-productive,
concealing the wood for the trees. After all, we build models because
the recl world is too complex for our understanding; it does not help ifwe build modeis that are arso too complex. The ari of modeling tiei in
determining what aspects of the geology are essential for the model.
The challenge is ro turn that arr into a methodology.

Finally, rhe success of modeling in other engineering fields has
been a spur to modelers in rock mechanics, but we *usì be wary ol
emularion because the differences between rock mechanics and, for
example, aerospace or even structural mechanics, may be more important
than the similarities. Modeling techniques and approaches, as well as
expectations of what modeling can achieve, that are appropriate to the
one may not be appropriate to the other. The challenge to modeiers in
rock mechanics is to recognise these differences and to develop a
distinctive modeling merhodology rhat is both purposeful and effective.

In this paper we will try to identify some of the distinctive
features of rock mechanics modeling and to suggest useful approaches and
pe rs pecti ves.
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* track the damping, x-displacement, and y-displacement over tinre
HIST N=IO DA},IP XDIS=0,7 YDIS=O ,7* dump out the XDIS-value to screen every 10th time5tep during cycle
cYcLE 100* save consolidated state
SAVE ROOFG.SÄV
PF.TNT T'lÀX
* r( * t * * * * * 9r * * * * * r( * rr * * * tt * 

't 
* * * * * * * * * * * t *

* make excavation
DELETE -5,5 -2.5 ,2.5* hold y-velocity to zero to keep block assemblage from rising due
to* unbalanced reactive forces now that we have removed mass
BOUND -26 ,26 -2L, -I9 YVEL 0.0
tsouND -26,26 L9,2L YVEL 0.0
HIST N=50
cYcLE 2000* save excavated state
SAVE ROOFI.SAV
PRTNT MÀX
* **** *** ** *** * ** ******** :t*** *** **** **

Àpply seismic load from top (PEÀK VELOCITY=O.04 m/sec)

set up nonreflecting boundary
BOUND ì4ÄT=l
BOLTND -?6 -23 -2L 2L XVISC
TJOUND 23 26 -2L 2t XVISC
BOUND -26 2b -21 -19 XVISC \I/ISC
BOUND -26 26 19 2"L KVISC :¡/ISC* apply sinusoidal stress wave
FOLTND -26 26 19 2L STRESS O O -L.25
BOUND YHISÎ=COS( i00 " 0, 0. 02 )

PRINT BOIJND
DÀMP 0"1 1.0 t"tÀSS
RESET TIME HIST DISP ROT
i{IST N=1.0 YDIS (-4.48,2.57)
Hrsr yDrs ( 0,2.57 ) YVEL (0,2.57 ) wEL ( 4,2.57 )* more history traces to check exactly what is
boundary* history nurnbers 6-16.
hist YveI ( 0,20 ) YveI ( 25,
hist YveI (-25,-f0) YveI (

hisr sxx ( 25,10 ) sxx (25,-
HIST SYY ( 0,20 )

cYc 800
PR MÀ)(
SA\rE ÀSEISMIC.SÀV

*
rl
*

wEL(-1.48,2.31)
being applied at

L0)
-tq
10 )

YveI
,10 )

5ÃÀ

( 25, -10 )

( -25, -10 )

YveI ( 0, -20 )

sxx ( -25,10 )

r***i*********r*l*it*****************
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I ooof" seismic load from rop (pEÀK VELocITy=g.4 m/sec)
RESTÀRT ROOF1. SÀV* set up nonreflecting bound,ary
BOUND t'lÀT=1
BOUND -26 -23 _21 2L )ffr
BOUND 23 26 -2I 2L KVISC
BOUND -26 26 -21 _19 i:vr
BOLNÐ -26 26 19 2L XVISC* apply sinusoidal stres
tsOUND .26 26 19 2L STRES
BOUND yHIST=COS ( f00.0, O.
PRINT BOIIND
DÀMP 0.1 1.0 MÀSS
RESEî TTME HIST DTSP ROTHIST N=10 YDIS (-4.48,2.57 

)rirsr \fDrs (0,2.5'/) wEL (O;2.57) wEL (4;2.57) yvEL(-4.4 8,2.51)
;.ffiå:rlistorv traces to cúeck ;*;;;îy'*har i; üi;à appried ar* history numbers 6-16.hist YveI (o ,20 ) 

_ 
yy" I (Zs,1g] ïy:r ( 2s, _10 ) yvel ( o, _20 

)l+=. yver (^2?,-ro) yvei-i-25,10)
lì;; :tr [3]låî' sKX (ã;,t10),sxx (_25,_r0) sxx (_2s,10)
cYc 800
PR MÀX
SÀVE BSETSMTC.SÀV
STOP

car

ÞL
w

SO
02)

l/-\/T (. aì

ISC
ave
0 -12"5
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SEI SMI C.INDUCED GROIINDFALL

rNP

STÀRT
HEÀDING
( Roof )

DS RS MIC- NDUC L:

Example of seismic induced roof collapse

F

ROUND O. O1
wrryDow -30,30 _30,30* define original boundary of modeled, regionBLOCK -25 , _20 _25 ,20 25 ,ro 25 ,:to-' '* çrenerate joint pattern'over entire originar regionJREcroN -2s,-25 _25,25 25,àS-ãSl:ãs-'
{sET 45,0 200, o 0,0. 5.0, oJSET -9,0 200,0 o, o 5. O; O

l-rl-t in- joints neeáed for the rater excavatloncRÀcK -5.01, _2.51 5.0L ,_2,5LcRÀcK -5.01 , 2.51 5. Oi; 2.5Lgl¡qS -5,-2.5 _5,2.4'gligK s, -2. s s,2.5gRìc5 2.25 ,2.5 1.93,5.0-'* delete small blocki to improve timestepDELETE -30,30 _30,30 2.0*'
*

;,rÏ;:ïîå5F;i?ii zones and' assisn joint properries (ÙrÀr=1 &

gH.lllrE -30,30 _30,30 Àuro e.oCHÀNGE -30 I 3o -á0, ¡o ¿coNS=2PRop þrtt=t D=0.00300 'K=39060 --'-cI¡1780
pRop rfu\T=l KN=5000 xs=iogo ;x¡r=ãoõõ' JKS=20000PROP MÀT=1 F=0.577 Jr=õ .577ROUND O. I
*
* appry boundary eond,itions. and. initiar cond.itrons to* consolidate móael un¿.i--fietA stressesBoirND LSTRESS=-?1.9, 0. o; _2d. o õ 

-õ-õ-I. o¡ o -.03INSITU STRESS=:24.}',, O,A', , -24.0 yGRÀD=_.03 0 _.03cRÀV 0.0 -10. o*
*
i_ specify cond.itions d.uring solutionDÀ.I'IP AUTO I

*
*
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writer of a modeling program.learns new things when running his
program; a system of interacting parts often behaves in ways that are
surprising to thûse who specified the rules of interaction. Exploring
and cxplaining those interactions is a form of learning; the model
becomes a laboratory for those who built it.

The philosophy that underlies the above guidelines is that models
should be used in rock mechanics with the same caution and curiosity
that exemplifies good laboratory work. In the next section we use
three case studies to illustrate this approach.

THREE CASE STUDIES

l. The mvsterv of the staeeered oath

A large number of micro-seismic events were recorded during
fluid injection 2000m below surface in a geothermal energy project
in Cornwall. Thc locations of events indicated a general trend in
the spread (apparently of the injecting fluid) that was,
surprisingly, not in the direction of the major joint sets, but
rather in the direction of major principal stress t5l, [6].

At first sight this result is puzzling; injection pressures
were too low to create new fractures, so the fluid must flow along
existing joints. The rock/fluid system was modeled with program
FRIP [7], although the problem may seem to be a poor candidate for
numerical modeling in view of the data deficiency: there is little
hard evidence on joint persistence, joint properties, and the
initial fluid and mechanical state. However the model is
conceptually simple: the intact rock is represented as a linear,
elastic material. The joints deform linearly in shear, until the
shear stress becomes equal to the shear strength, when Coulomb slip
occurs. Since shear strength is equal to the friction coefficient
muttiplied by the effective normal stress, the ef fect of fluid
pressure is to decrease shear strength and allow slip. Joints are
programmed to dilate at a constant angle when sliding: this
dilatation increases the permeability of the joint in proportion to
the sqrrare of the aperture.

Treating the model as a laboratory, one can make a series of
guesses about joint persistence, joint properties, etc. When these
guesses are made, the model reveals a mechanism that explains how
the gencral direction of propagation can differ from the joint
dircctions. Fig. 2 shows the results lrom a typical run: there
is not one singie fluid pathway, but a complex series of staggered
paths that transport the fluid in a general direction that differs
from the individual joint directions. This "en echelon" effect is

even mgre prongunced when the model contains non-continuous joints.

The explanation for the behavior is as follows. Increased
fluid pressure causes slip on the one joint that intersects the
injection point and is also a member of the set (call it the
"primary set") that has the lower normal stress. At each end of
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Fig. 2. Plan view of dilated joints, from a
simulation by the FRIp program; after pine (19g3).

this slipped section, the in-situ stresses parailel to the joint
are thereby increased on one side and decreased on the other. on
the sides with the decreased stresses, some of the cross-joints are
enabled to slip because their normal stresses are reduced. Fluid is
then able to migrate to the end of the cross-joint (owing to slip-
induced dilation), and the whole process continues, sincì fluid has
now found its way to the next joint in the primary set.

once we understand this basic mechanism, we can exercise the
model with various parameters so as to discover what conditions are
necessary to bring about the observed behavior. In a sense the
computer supplies some of the missing field data, since the model
only exhibits the observed pattern of fluid migration for a rather
restricted set of data on joint geometry, in-situ conditions and
material properties.
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Fie. 3. Initial geometry of a numerical grid, showing 300m of salt

unãr,' l00m of overburden. The program adds sloping layers of
overburden from the left; after Last (1986)'

350.OOO YEARS

I

Fig.4. Numerical grid after simuiated time of 350,000 years: a basin

hai formed in the new overburden, and a salt dome is beginning to form
at the toe of the slope; after Last (1986).
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2. A studv of creeoine sediment

In sediment layers deposited over thousands of years by largerivers, complex structures such as faults and salt oámes are oftenseen but nor ofren understood, partly because or ti,.ii apparenrcomplexity. since there are almost no data oo pråp.r,ies, boundarvconditions or initial conditions, geologists 
"r. unin-rri;1,.; ;;;;"'t

inventing scenarios, but one prime suspect is that the weight ofoverburden causes an underlying layer (of sart, for example) tocreep' and thereby induce distortions into the overburden.

A computer moder is valuabre in two ways. First it provides
some specific exampies that serve to keep oúr imaginations withinrealistic bounds. second, by exercising some or ti,i ,i.prer casescovered, it is able to test the theories ðritically. Last ¡t¡ ur.,a large'strain finite difference model to represent a layer ofviscous salt over which frictional material is progressivery
deposited. Fig. 3 ilrustrates the initiar ,t"t. oi ttrî mãoet, an¿Fie.4 the state at 350,000 years. Even this simple moder producesquite complicated patrerns of distorrion: a subiidence basin hasformed ro the reft, and the beginnings of a salt dome are formingon the right. These types of srructure are certainly observed inthe field' The model has thus provided a picture 'of 

the
distortions that can be induced when salt creeps outwards in
response to an overburden load.

This is nor rhe end of the story. As Last points out, theregion between the basin and the "dome" seems to be moving as arigid body, while the left and right sides are in the active andpassive plastic states. considering horizontal equilibrlu,,,, 
"simple equation can be written that relates many of the importantparamerers in the problem (see Fig. 5).

The numerical moder has suggested a simple mechanism that was
obscured by the apparent complexitl, of the ii.td 0.t.. The
mechanism is then_described by an equation that can readily beapplied to f uture fieid observations. The conceptual model and theequation acr as filters that help us to inrerpr.t in.o,ning evidenceby reducing data overload.

3. The oaradoLeical rock slope

A planned rock slope was to be constructed in sedimentary rock.The bedding planes dip steeply, so thc designer creverry arrangedfor the slope to dip at rhe same angre as ti¡é bedding (see Fig. 6).In rhis way he hoped to avoid failure, since potentiir'fariure
planes do not daylight in the slope. When the slope was
constructed however, the face was found to break up continuously,with sheets of rock sliding f rom the slope. on cloier inspection
some horizontal fracture planes were noticed, but it was not
immediately evident how these could be associated with the
instability since rock does not normally move horizonrally.
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Fig. 5. A simple formula that expresses the simplified
mechanics of the salt/sediment system; af ter Last (1986).

A numerical simulation t¡/as made with the distinct elemerit
program UDEC [8], using various values of friction for the bedding
planes and the fracture planes. It is found that the horizontal
planes are indeed the culprits since they allow the rock blocks to
rotate (see Fig. 7, which shows successive plots from the computer
simulation). By making several runs with different properties, we
define, empirically, the conditions under which the failure can
occur, and can design remedial measures.

Perhaps more importantly, once the computer model has suggested
(or confirmed) the mechanism of failure, we can try to develop a

simple formula based on equilibrium of forces. For example, an
equation can be derived for a single, thin slab that relates
friction angle to slope angle, at limiting equilibrium.

The failure mechanism seems obvious after it has been

identified, but in the field things are not often so clear, as one

can be overwhelmed by extraneous factors.

I
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Fig. 6. Initial geometr
parallel ro the beddin
also present.

I o.f 
" rock slope, in which the slope face isI planes. Note that two horizontai?aults ar.

Fig. 7. Geomerry of rock
calculation was made by
0.15. The horizontal faul

blocks after some time has clapscd. Thcprogram UDEC for a friction to.ii¡cicnt ofts allow block rotations to o"rui.--"'-
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The example illustrates the importancc of selecting a modcl
that is capable, in principlc, of reproducing thc suspected
mechanisms. We might havc tried using, as an alternativc, a
transversely isotropic material to represent the effect of the
bedding planes, but a slope constructed of this material would not
be ablc to fail in a mode that involves rotation.

Notice how each of thc case studies described abovc was motivated
by puzzling field observations. Notice too that in each case there
were very few mechanical or geometrical data; all three fall in thc
category of data-limited problems. tile have deliberately prcscnted the
cases so as to resemble detective stories, precisely because thc
modeler should be playing the role of detective. The modeling
exercises led, in all three cases, to plausible mechanisms that
explained the puzzling observations, and from there to further
investigations and understanding. In at least one case, once the
mechanisms were highlighted by the model, simpler analytic solutions
could be found to 'explain' the modeling results even more succinctly.
All three cases illustrate how the computer can be used as a
'laboratory' and exemplify the 'bootstrap' approach of Starfield and
Bleloch [2].

It is often tempting, once the modeling process is complete and
new undcrstanding has been acquired, to point out that the mechanisms
revealed are 'obvious' and that the modeling was not really necessary.
This is easy to say with hindsight; those who read detective novels
also tend to say: 'I knew who did it all along,' but only after they
have finished the book!

CONCLUDING RENTARKS

Historically, modeling in rock mechanics has been driven by a
perceived need to include more geological realism. That drive has led
to large, clumsy and complex computer models that people build and
run, not because they are an integral part of the design process, but
because it is considered irresponsible not to bolster a design with
plots of stress contours and the like.

We hope that we have convinced at least some of our readers that
detail can smother a model, and that simplification is a crucial part
of rock mechanics modeling. There is a dialectic between geological
detail and engineering understanding.

We also hope that we have shown how a model is an aid to thoughr,
rather than a substitute for thinking.

Rock mechanics is an experimental science if only because its
subject, rock, cannot be described in a meaningful way without
measurement. Rock engineering is the discipline that exploits the
science for design purposes, and so it too must be based on
measurement. Yet, paradoxically, measurement and experiments in rock
masses are costly, difficult to perform or even impossible to carry
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out" It folrows that modering, as 
"n-rr:1r, form.of experimenration,is an essentiar ingredi.nt oiîoìi ìir" ,.i.nce and the designdisciplinc' we suggest that it is both n"".*"rv'i'nä'.onr,ructive tothink of rock mechanics moaetin!-in this way; rhe first rule of amodcling mcthodology is one that-says "plan iúe ãoj"iine exercise inthe same way as you would plan a laborarory ,ip.iiï.rr."

Methodorgy is bound to become a vital area of debate in rockmechanics' In the first place there is an urgent need for it, if onrybecause the abirity to communicate, argue rro, unJ aeren¿ a moder wiilbe put to the test in la1ee. enginering projects such as theunderground storage of high-lever ràaloaãtir. *.rì*- in trre secondplace, the burgeoning fierd of expert systems and knowredgeengineering provides.a.'language'- ior talking uuouil-r.".hing andimplementing methodology.

This paper provides a_ pragmatic phirosophy and some robustheuristics for modeling. ri is ãon..i".d as one of the openingsraremenrs in the upcoming debate. tøettro¿oiåsy i;'ioi'. subject thatlends itserf ro research pro-posars, tr¡lrt.t ¿.gräs ;;;;;" papcrs inengineering journals, but ii is howev-er a part of everything we do.Methodology will deverop if everyboay wiro uuilJs a 'moaer pauses tothink about why they ur. uuitoin! it at ail, why they built one moderrather than another, whether theicould have u"irií riorc usefulmoder, and how their model has ínfLuenced their understanding ordesign' The purpose of this paper ir'to.n.ourage peopre to do this,and to think, talk and write about ii.
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