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FORWARD 

The research reported here concerlls two r ')mechani cs case studi es 
of underground hardrock stopes that were mined with large diameter (6 
1/2 -jn.) blastholes. Two mines wert: involved, the Carr Fork Mille of the 
Anaconda Minerals Company and the Homestake Mine of the Homestake Mining 
Comp~ny. Bighole stoping methods offer significant gai~s in safety, 
productivity and recovery over mor~ tr":lditional methods. However, the 
new technology also brings with it new engineering questions including 
those having to do ~ith ground control. This report specifically ad­
dresses the traditional mine design questio~s of stope and piliar size 
as posed in new form by bighole stopes. The approach taken is also 
traditional, but technologicaily c~rrent and based on computer modeling 
of the mining seGuence. 

The work is a four year combi ned effort of personnel fr,lm the 
Anaconda C~npany, the Homestake Mining Company, the Spokan~ Research 
Center of the Bureau of Mines and the Department of Mining Engineering 
at the Univt!rsity of Utah. A large number of indi'iiduals contributed 
directly and indirectly to the research. 

We especi ally thank Dan Rovi g, Bi 11 Thompson, C"ani Sra. Bob :;ranz, 
Irwin Sass, Bob Archibald, Ross Wayment, Khush Hal Singh ,lnd Rico Ramos 
of the Anaconda Minerals Company for their support during the Carr Fork 
Mine test stope projer.t. 

We also are most appreciative of the supp~rt of Al ~1nters, Carl 
Schmuck, Mike Cepak and Pdul Sterk of the Homestake Mining Company 
dur'; ng the study stope work at the Homestake Mi ne. 

The in situ stress measurements and instrumentation efforts of Ted 
Williams, Mike Kin9, Mike Jenkins and Bob McKibbin of the Spokane 
Research Center are yratefully acknowledged. 

A number of students at the University of Utah have contributed to 
the research. In this regard, the efforts or Matt Fowler, Jeff Johnson. 
Kevin Donovan, Fe; Duan and Mark Larson ~re appreciated. The ~roject 
has sypported three M.S. theses. Several technical papers have been 
presented on the work. The University of Utah also contributed finan­
cially to the project via cost sharing. 

The research was done under contract J02l5043 ~etwi~n the Bureau of 
Mines and the University of Utah. The contract was under the techn;c~l 
direction of Ernie Corp and Mel Poad of the Spokanl~ Research Center. 
D. J. Askins and L. Rock administered the contract. Their encouragement 
and cooperation are greatly appreciated. 
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EXECUTIVE SUMMARY 

Th~ research reported here concerns a four year study of the geome­
chanies aspects of two underground hardrock mine stopes. The first 
study was conducted at the Carr Fork Mine near Tooele, Utah. 'The Carr 
Fork Mi ne is owned by Anaconda Mi nera 1 . Company. The second study was 
conducted at the Homestake Mine near Lead, South Dakota. The Homestake 
Mine is ownea by the Homestake Mining Company. Roth studies were coop­
erative efforts with mine personnel, the Spokane Research Center of the 
Bureau of Mi nes and the f'l')d mechani cs group at the Uni versity of Utah. 
Large diameter (6 1/2 inch) blastholes were an integral part of the 
stopin~ method at each mine. 

The introduction of large diameter blastholes to underground hard­
rock mining in combination with spherical charge technology led to the 
development in the mid-1970's of a new stoping method known as vertical 
crater retre~t (VCR). The method proved highly successful in reducing 
co~ts and controlling dilution and is now used in many parts of the 
world. In true VCR stoping the blastholes are loaded with spherical 
charges near the hole bottoms. Blasting brings do~n a horizontal slice 
usually aboJt 12 ft thick. Subsequent blasts result in an upward re-
t reat from ext r'act i on to dri 11 1 eve 1 • 

An important departure f~'om true VCR stoping is vertical bench 
mining (VBM) in which holes are loaded only once and retreat is horizon­
tal. V8M is essentially blasthole stoping. Howev~r, blasthole stoping 
with large diameter holes has considerable advan~ages over conventional 
blasthole stopes, especially in development costs, b~cause of the much 
greater level inter'Jal possible. The relative advantages and disadvan­
tages of VCR and VBM stopes h.ne been discussed recently by Singh, Rao 
and Ramos (1985). 

The new technology has brought with it new questions and the need 
for a more sophisticated level of engineering. There are no personnel 
in a VCR or VBM stope proper. This is a considerahle safety advantage, 
but it also requires careful stope and pillar dim~nsioning for stability 
;nd the engineering and installation of any art~ficial support, for 
exC' ,le, cable bolt systems. well in advance of slash rounds, ring 
rounds and production blasting. The objective of the research reported 
here is the development of a procedure for optimizing stope and pillar 
sizes in order to maximize productivity an1 ~~source recovery without 
sacrifice in safety. 

The approach taken consists of mine measurements of study stope 
response to mining. laboratory tests for rock properties and in situ 
stress measuremeflts, and theoretical calculations of the study stope 
response to mining. A direct comparison between theory and practice is 
then made through regression analysis of ca1culated on measured multi­
anchor borehole extensometer readi ngs (rel ati ve i ncr'emental di spl ace­
ments). A high correlation coefficient validates and calibrates the 
elastic component of the theoretical model. A match between caiculated 
and observed slough zones calibrates the inelastic component of the 
model. All calculations were done using the finite element method as 
implemented in the UTAH-II and ~TAH-III computer programs. The first is 



a two-dimensional program (plane stress. plane strain. axial symmetry) 
and was used for the bulk of the calculations. Both are elastic-plastic 
prog'.'ams that use associ ated flow rul es and a nonl i near Drucker-Prager 
yiel~ criterion for anisotropic geologic media. UTAH-II has been used 
extensively for rock mPchanics analyses. 

The Carr Fork Mine study was done first. The study stope region is 
in tne Steep Highland Boy ore body at a depth of 4200 ft. Dip of the 
ore zone is vertical in the test stope region. EiJht rock types were 
recognized, sampled and tested for rock mechanics properties. In situ 
stress measurements defined a near hydrostatic stress field in the 
vicinity of the study stope. Some 36 holes were drilled for instrumen­
tation purposes. Installation of extensometers, load cells, vibrating 
wire stress gages and so forth began in June and was completed in August 
1982 in advance of the first production blast. Widening of the $lot 
raise began 1n late September; the last production blast was in October 
1982. The test stope produced approximately 30,000 tons of ore and was 
mined by the VBM method in a transverse layout that involved horizontal 
retreat from footwall to hanging wall. Correlations of 0.88 and 0.89 
between calculated and measured displacements were obtained in two 
separate vertical sectio~s through the test stope. Comparison between 
observed and calculated slough or yield zones were also quite satisfac­
tory. The finite element representations of the test stope were thus 
validated. Application of the model to questions of stope size, pillar 
size. extraction ratio and so forth indicate that at 50% eAtraction, 
stope width could be doubled without sacrifice of stahility or safety. 

Installation of instrumentation at the Homestake Mine began October 
and was completed in November 1983. ~hree panels in a study stope 
region between the 6950 and 7100 levels were instrumented. Some 19 
holes were used. Most were collared in a hanging wall cable drift that 
provided a unique opportunity to measure hanging wall motion during 
mining of the steeply dipping central panel. Mining was by ~ true VCR 
technique. Ring blasting began in March 1984, VCR blasting began in 
June. The first crown pillar blast was completed in Octab~r 1984. 
During this time rock properties testing and in situ stress data were 
gathered, study stope geology defined, and an initial finite element 
calculation made against extensometer measurements in the hanging wall 
of a nearby stope that had been mined earlier. 

The optimism that followed from the highly successful Carr Fork 
Mine studj was dashed by the poor correlation obtain~d from the initial 
calculations. Great care to approximate physical reality was exerci!::=.j 
in all subsequent phases of activity concerned with thp study stop~ at 
hand. Additional laboratory rc:k properties tests were conducted at the 
University of Utah in order to ~heck the main data set obtained at the 
South Dakota School of Mines and Technology. Definition of anisotropic 
shear moduli and strengths were of particular importance. Additlonal in 
situ stress measurements were made by the Spo:~ane Researc~ Center. 
Study stope geology through the center of the panel to be mined was 
incorporated into a new finite element m2sh with node points located at 
all extensometer anchors within the section. Blasting records were 
consulted in order to specify the mining sequence to be followed by the 
computer, including an update to allow for two crown pillar blasts. 
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During mining care was taken to read all instrumentation before and 
after each blast and between blasts when time and ventilation permitted. 
The attention to detail proved worthwhile. Finite element calcul~tions 
using UTAH-II resulted in a correlation coefficient of 0.84 between 
calculated and measured extensometer readings in the inrnediate hanging 
wall. Following the same validation and calibration procedure, but 
using oata specific to the Home~take Mine study stope, led to scaling 
fac~or!; of 0.36 and 0.80 for elastic moduli and strengths. All 
independent dimensional elastic (18) and strength (27) properties for 
the rock mass were obtained by multiplication of the corresponding 
labora;;ory values. A re-analysis using scaled elastic moduli and 
strengths produced a correlation of 0.80 and good 19reement between 
calculated yield zone extent and that inf~rred from extensometer anchor 
10ss in the inrnediate hanging wall. Parameter studies of dip influence, 
~tope width ar.d length, pillar length and extraction ind~cate that stope 
lengths between two and four times width (as seen in plan view where 
length is measured along strike) are possible at an extraction of 50%. 
A greater initial extraction may be feasible, but at 75% pillar 
stability 1s lost. These gu1delines are specific to study stope 
conditions. 

The model could be fine tuned in order to improve the correlation. 
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For example, the computer mining sequence could be done in a one to one 
correspondence with each VCR blast ~nstpad of comhining several blasts 
in a single cut. This would require a more refined finite element mesh 
and a greater computational effort. However, the benefits of an even 
higher correlation for appearance1s sake outweighed the costs. No 
attempt was made to fine tune the model. 

The results of the two geomechanics case studies s~mrnarized here 
demonstrate that what is possible in principle is also possible in 
practice. The achievement of high correlations between calculated and 
measured displacements and yield zone extents in two very different 
geologic s~ttings, in situ stress states, mining depths, ore body dips 
and stoping method~ through application of the same basic procedure 
cannot be fortuitous but instead must reflect an approximation to physi­
cal reality that is adequate for engineering purposes. Although the 
numerical details are specific to the study stope regions, the objective 
of establishing a procedure for ~ptimizing stope and pillar sizes in VCR 
type stop~s has been achieved. 

The cooperation between i~justry, government and university person­
nel was excellent throughout the work. Both study stopes had features 
that greatly facilitated installation of borrhole instrumentation at 
critical points in the vicinity of the mined areas. The combination 
contributed enormously to the success of the research. as did the dedi­
cation of the graduate students in the rock mechanics group at the 
University of Utah. Hopefully the education they obtained is just 
compensation for their efforts and will serve them well in future years. 

There is more to be done. Two of the three instrumf~nted panels at 
the Homestake Mine study site should be maintained ~nd monitored through 
stope completion and ba=kfilling. The data suggest a possible short­
and long-term dependency that should be investigated to gain a better 

I 
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understanding of time dependent rock mass behavior. There is also a 
question of two- and three-dimensional effects that influence sc~ling 
factors. An intensive three-dimensional modeling effort is justified on 
a research basis in order to obtain a factual basis for understanding 
such effects and to distinguish them from those associated with the 
issue that pervades so much of rock mechanics, the relationship between 
laboratory rock properties and the properties of rock masses. The fact 
that only two scale factors, one for ela~tlc moduli and one for 
strength, were needed in both cases is itself puzzling w~en one consid­
ers the large number of i ndept..ldent properties that were present. In 
this regard, the inverse or identification prob1em could be a potential­
ly beneficial line of irvestigation for the development of guidelines 
for economical and efficient instrumentation layouts. Beyond such 
research questions is the problem of incorporating research results into 
the design proces~ at operating mines. A simple answer is, of course, 
to place a rock mechanics person on the engineering staff. Although 
such may be a step in the right direction, the question could also be 
beneficially addressed by considering what changes or efficiencies need 
to b@ brought about in the "tools" of the rock mechanics engineer that 
are available at operating mines. What has been done here on a research 
basis should be done in a streamlined manner and on a routine hasis at 
the mine. The more that research is brought to bear on productivity, 
resource recovery ailj safety, the more competitive will be our don:estic 
mining industry. 

1 ~ 
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I NTRODUCTI ON 

A combination of large diameter blastholes and spherical charges 
has led to a new method of underground hardrock mining known as vertical 
crater retreat (VCR). Ground control in VCR and other bighole stopes 
always involves the natural support action of the adjacent rock mass and 
quite frequently the support action of cable bolts. 

This report discusse~ the potential for a rational rock. mechanics 
approach to ground ~ontrol in VCR stopes against a bac~ground of two 
recent case studies. The first study was done at the Carr Fork Min~, 
Utah, with the broad geo~echanics objective of developing a design 
procedure for optiMizing stope and pillar widths. The second study wa:; 
done at the Homestake Mine, South Da~ota, where additional complexities 
of schistosity and cable bolting of the han9ing wall were present. The 
studies are cooperative efforts with Anaconda Minerals Company, 
Homestake Mining Company, the Spokane Research Center of the Bureau of 
Mines, and the Department of Mining Engineering at the University of 
Utah. 

Unstable walls lead to dilution. the bane of underground hardror.k 
mining. There ~re two distinct ways to combat the situati~n: 

(i) increase productivity so that a lower graJe of ore can be handled 
while still mining at a profit, 

(ii) support the stope walls. especially thE: hanging wall, with properly 
sized pillars and cable bolts to minimize dilution. 

The combination of large diameter blastholes and spherical charge 
technology that led to the VCR method follows the first avenue of 
attack. The second avenue of attack is a combination of the traditional 
mining enginpering prohlem of optimizing pillar size for safety and 
resource recoverJ a~d of the mOI'e recent .:md stiil evolving technology 
of cable bolting. Of course, the t~o approaches are closely related ~nd 
are often cOMbined in VC~ an~ oighole stopes. 

Development of the VCR Method 

In 1971 the Internat i onal Ni ckel Company of Canada conducted a 
series of underground tests at the Copper Cliff North Mine using blast­
holes 6 3/4 to 11 inches in diameter (White, 1975). The success of 
these tests led to an examination of drilling technology with a view 
towards further adaptation of surface drill rigs to underground condi­
tions (Barsotti and Kitchner, 19B1; White, 19B4). Improvements followed 
and large diameter blasthole mining became almost routine by 1975. 

In 1973 experimentation with a novel pillar recovery technique 
began at Inco's Levack Mine. The technique involved placement of short 
charges near the bottom of 6 1/2-1nch diameter blastholes that were 
drilled from level to level. Blasting then resulted in the removal of a 
horizontal slice. Holes were subsequently reloaded and an additional 
slice blasted down. The short charges were considered "spherical" 

• 



because their length to diamet~r ratio was less than six.. Results were 
"xcellent with mining rates of 36 tons per Rlan shift com~a"ed with the 
regular average then of 17 t/ITIS using undercut and f111 for pill ar 
recovery (Anderson. 1977). The method became known as "vertical crater 
retreat- or VCR and was patented by C~nadian Industries Ltd. (Lang. 
1 976) • 
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Lang. Roach and Osoko (1977) present the data in Table 1 to illus­
trate the powder factor advantage of spherical over cylindrical charges. 

TABLE 1. - Comparison of spherical and cylindrical charges 

Diameter/Length S~herical .fl:I indric!l 

Explosive C2 C2 
Weight 10 lbs 10 lbs 
Hole Diameter 4 1/2 in. 2 5/8 in. 
Hol e Depth 4 ft 4 ft 
Diameter/Length 1/2.7 1/15. 
Crater Radius 5.7 ft 4.8 ft 
Crater Volume 155 cu ft 38.6 cu ft 

Use of the new technology has spread quite rapidly throughout the 
world. In many mines it is the primary stoping method. During this 
~ime. a number of modifications have ueen illtroduced in response to 
local conditions. In some instances Lhe changes have resulted in en­
tirely different stoping methods. ~;:inificant incr/~ases in productivity 
~~d decreases in dilution have been u~nieved. A number of mines that 
have adopted big hole stoping m~t~od~ and their experi~nces are given in 
Table 2. The overview of VCR deve':opments su","arized in Table 2 points 
to signif~cant 1ncredses in productivity and decreases in dilution with 
VCR stoping but greater efficiency with large diameter blasthole stop-
i ng. 

TABLE 2. - Examples of VCR and big hole stopes 

* 

1. 

2. 

Mine 

Levack. Canada, 
Ni 

." 
Centennial , 
Canada, CU,Zn 

True VCR 

Comments 

Tons per man shift more 
than doubled. 17 to 36 
t/ms, pillar recovery 
operations, 90% recov­
ery, 10~ dilution 

Much less development 
and secondary blasting, 
tried longhole sto~ing 
wi thout success 

References 

Lang, 1976 
Anderson, 1977 

Crocker. 1979 



3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

* True VCR 

* Bi r'chtree • 
Canada. Ni 

Rubiales*. 
Spain. Pb,Zn 

Mufuli ra. 
Zambia, eu 

East Mi ne. 
Canada 

Radiore No. 2* I 

Canada, Cu,Zn 

Whi tehorse I 
Canada, Cu 

Cherokee I 

Tenn., Cu 

Fabian, 
Sweden. Fe 

Comm .. nts 

2 1/2 times more t/ms , 
34' of cost of standard 
cut and f111 I well 
sized. 80' less than 6 
inches. 96% recovery. 
23% dilution 

New mine. first 100% 
VCR. some secondary 
blasting because of 
slabbing 

40~ reduction in devel­
opment, 30% savings in 
cost, quick preparation 
t1me, better ventilation 

400% increase in t/ms to 
28 from 6 t/ms. tried 
VCR and henching, ~ench­
ina more efficient but 
VCR better dilution 
control 

Narrow vein 5-20 ft, 
shallow, devploped from 
surface. 

Tried longhole stoping, 
weak footwall, large 
reduction in po~der 
factor to 0.61 lb/ton 

Reduced secondary blast­
ing, will obtain 50 t/ms 

Caving method abandoned 
after 40% of reserve 
mined, first time use of 
large holes undergroijnd 
in Sweden 

References 

Brooks and Myers, 
1979 

Mining Mag •• 1980 

World Min., 1980 
Mab~;on and 
Russell, 1981 

Singh and Rajala, 
1981 

Goodier. 1982 

Jannssen .Jnd 
Percival,1981 
White. 1981 

Z'immerman and 
Verner, 1981 

Holmberg and 
others, 1982 
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11. 

12. 

13. 

14. 

15. 

Mine 

El Mo,=h1to, 
Honduras, 
Ag,Pb,Zn 

Es.calante, 
Utah. Ag 

16 to 1 
Nevada, Ag,Au 

Carr Fork, 
Utah, Cu 

* Homestake , 
S.Dakota. Au 

* True VCR 

Comments 

Weak hanging wall, 
transverse stapes, 12 m 
wide by 3S m high, 45 m 
across, 50~ extraction 
or. first mining. 

References 

Paddock, 1981 

Blasthole end slice, VCR BUI'ger, 1984 
drop raises, plugged 
holes a problem with 
true VCR 

Drop raise, blasthole 
stope, di1ution of 
concern, 10% goal 

Tried tr~e VCR, experi­
enced difficulties and 
excess;v~ dilution, 
changed to blasthole 
stoping, successful 
full-scale test stope 

Double t/ms compa~ed 
with cut a~d fi1 I. and 
almost 50% lOOi'e than 
blasthole ~topes, dilu­
tion a concern 

E/MJ, 1984 

Crackel, Hei sel 
and Ramos, 1981; 
Pariseau and 
others, 1984; 
S1 ngh, Rao and 
Ramos, 1985 

Mitchell,1980; 
Orr. 1983 
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Further advances are expected. Lang (1982) reports that three 
unaerground mines (tin) in Australia were testing the VCR approach in 
conjunction with blasting resear'ch by the Swedish Detonic Research 
Faunl1at.ion. Additior.al research is also being conducted at the Luossa­
vaara Research Mine ~ear Kiruna, Sweden. Lang also notes that the first 
mine in Central A.'lierica to use VCR is the El Mochito Mine, Honduras, 
where 64% of the production is I~xpected from VCR stoping in 19B3, up 
from the 35% of the 1,500 tpd obtained in 1982. Kossatz (1983) states 
that 50% of the production from Inco's Ontario Division in Sudbury is 
expected to be from "vertical retreat mining (VRM)" in 19B3. up from 
about 33% in 1982. According to Kossatz. liThe adaptation of the crater­
ing tec!'lnique to a mining method, ter,'Tled VRM at Inco. provides the 
efficiency of a bulk mining method while still maintaining the inherent 
ground control, dilution and recovery qualiti~s of the tried and true 
incremental fi 11 methods." 

True VCR stoping at the present time involves dri1ling large diam­
eter blastholes. usually 6 1/2-inch diameter holes, from the tops;ll or 
drill level to the bottom s111 or extract ion level and the pl acement of 
spherical chdrges near the hole bottoms. When blasted, the charges l;nk 



to form overlapping inverse craters that bring down a horizontal section 
of ore. Holes are then reloaded. Successive lifts are taken do~~ as 
~he stope retreats vertically towards the topsill. The topsill or crown 
pillar is usually brought down with the last blast that is larger than 
the regular production blasts, while muck in the stope is generally 
handled as if it were in a conventional shrinkage stope. However, there 
are no miner~ in a VCR stope proper. 

are: 
The main advantages of VCR stoping according to Jorgenson (1981) 

• Improved fragmentation. 

o Increased safety. 

• Reduced overbreak and vibration. 

• Reduced dilution. 

• Less development. 

• Higher productivity. 

Careful planning and executiu~ of drilling and blasting operations is 
essential to the success of the VCR method. The main disadvantage of 
VCR stoping 1s thlt miscalculation tends to involve the entire stope. 

Development of Cable Bolting Systems 

Support requirements must be engineered and installed in advance of 
production blasting. Because there are no miners in the stope proper, 
there is little opportunity for the installation of additional support 
once stoping co~~nces. The same is true of large diameter blasthole 
stopes. In this regard. control cf the hanging wall is of particular 
importance in steeply dipping VCR stopes because of the potential for 
caving and dilution, the bane of underground mining. 

Cab 1 e bolt; ng is the mos t common form ot" ground cant ro 1 in pri ma ry 
VCR stapes. Of course. fill is of great importance in secondary stopes 
and pillar recovery operations. Cable bolting is also of great impor­
tance to other stoping methods. Clifford (1974) reports the first use 
of cable bo1ts as crown pillar support at New Broken Hill Consolidated 
(NBhC). Palmer. Bailey and Fuller (1976) describe the details of the 
evolution of pre-placed bolting at Cobar, N.S.W., and the considerable 
economic advant.ges achieved, but note that little is known of the 
relative effects of altering the spacing of bolts on their reinforcement 
action. How~ver, the practic~l success of the technique was undeniable 
and led to a number of investigations of bolt rock interaction and load 
transfer mechanisms (e.g., Fuller and Cox, 1975, 1977; Jeremic and 
Delaire, 1983; Goris, 1984). 
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Matthews, Tillman and Worotnicki (1983) at NPi1C describe a full­
scale field test of a new load transfer mechanism designed to more 
effi cient ly util i ze thE' support capacity of the steel in crown p~ 11 ar 
support. Jeremic and Delaire (1983) report on a similar concept. 

Cassidy (1979) describes implementation of cable bolting at the Can 
Mine of Cominco Ltd. Bolting practice at the Homestake Mine and the 
variety of purposes it serves includillg reduction of hanging wall dilu­
tion is described by Schmuck (1979). Stheeman (1982) describes in 
detail a practical approach to c;,ble bolt system desigr. base~ on mine 
observations at the Tsumeb Mine, Nam:bia. and states, "The determination 
of the mass of the rock to be supp,:-ted is the IllOst important and al so 
the most dHfi cult parameter to be solved for the des1 gn \)f the cable 
bolt system. II In essence, his apprcach to estimating bolt load (in 
contrast to bolt capacity) is a deadweight load approach. The bolt load 
is simply calculJted as the weight of a potential rock fall from the 
stope back. Estimating the yolUl:1e of the potential fall is the real 
problem. 
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Lappalainen and Pulkkinen (1983) give a detailed account of exten­
sive study of cab1e bolting at Outokumpu Oy Mines, Finland, and point 
out that finite element and boundary element analysis provide guides to 
installation patterns but still do not directly model the influence of 
bolting on ground control. Bharti t Lebl and Cornett (1983) pOint out 
the role of finite element analysis in defining zones of high stress 
concentration and of monitoring for cable bolt support effectiveness 
~hile converting from post pillar cut and fill to blasthole stoping at 
the Strathcona Mine, Canada. Another full-scale field study in'l01ving 
numerical analysis, laboratory testing and mine observations at the King 
Island Mine, Australia, is described by Cullum (1984). 

Fuller (1984) in a keynote address during an international 
symposium on rock bolting summarizes much of the Australian experience 
with cable bolts underground, while Bywater and Fuller (1984) describ~ 
in sc.ne detail open stope cable bolting of hanging walls at Mount Isa 
Mines. Lappalainen and others (1984) in thp- same symposium further 
describe experience with steel strand and Lable bolts in Finland. 
Sellden (1984) reports observations of a cable reinforced footwall in 
the Fabian orebody in Northern Sweden, while Stlllborg (1984) outlines 
cable bolting research at the Swedish Mining Research Foundation. 

Thus it appears that although much is being learned about the 
properties of cable bolting steel, grout properties, bonding at inter­
faces and practical uses of cable bolts, much less ;s known about the 
engineering design of cable bolt systems. Brawner and Haugen (1983) in 
their review state, "Because of our inability to develop an accurate 
structural geological, stress and strain rel ief model, the design of 
pre-reinforcement is still more of an art than a science." The main 
difficulty is in estimating bolt loads. The problem is complex. 
Indeed, state of the art computer codes for stress analYSis are 
deficient with respect to cable bolt action for reasons that are not 
clear. In this regard, Warburton (1977) considers the finite element 
approach to modeling progressive mining through a cable baited region of 
pre-placed support and concludes, II ••• that the rock. is virtually 

\ 



unaffected by the presence of tt'te cable bolts" and that a much more 
sophisticated model is needed. In fact. this is a co","on experience in 
finite element modeling of a great variety of underground support 
systems. The reason for th1s is simple enough: In the elastic range. 
the stiffness of support elements is small relative to the stiffness of 
adjacent rock el ements and thus support makes an 1 nsi gn1fi cant 
contribut10n to the overall stiffness of the system • 

.... -----------~----.--- ------ ---- . -
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ABSTRACT 

This section describes a comprehensive geomechanics case study of a 
full-scale 30,000 ton test stope at the Carr Fork Mine. The mine is 
owned by Anaconda Minerals Company and is located ni~ar Tooele, Utah. 
The ore occurs in the Steep Highland Boy ore body. a skarn deposit with 
chalcopyrite as the chief or~ mineral. Test ~tope depth is 4200 ft. 
Large diameter blast holes were used in a new method known as blast hole 
post-fill (BHPF). The new design proved highly successful in contrast 
with earlier experience with vertical crater retreat (VCR) stopes. The 
main geomechanics objective was the establishment of a design procedUire 
for optimizing stope and pillar dimenSions with respect to productivity 
and recovery. An integrated three-part approach consisting of mine 
measurements, laboratory testing and finite elemf!nt calculations was 
taken. Measurements were made in more than 30 instrumentation boreholes 
up to 100 ft in length and include in situ stress determinations before 
and after stoping, vibrating wire stress gage change measurements during 
mining and multi-anchor borehole extensometer ~~asurements before. 
during and after mining. Several hundred laboriltory tests were con­
ducted in order to determine the elastic and stl~ength properties of the 
ni"e rock types identified for geomechanics purposes. 

Independent correlations of 0.88 and 0.89 oetween calculated and 
measured displacements and between estimated and observed yield zones 
substantiate the finite element design approach using UTAH-II. Yielding 
was limited to a small zone in the fractured footwall quartzite as 
expected. The high correlations substantiate the form of the elastic­
pla~tic material model used and allow fo~ the determination of scale 
factors for extrapol at i ng 1 aboratory rock proper't i es to rock mass 
values. Simulation of the mining s~quence using rock mass properties 
then produces calculated displacements and yielcl zones then can be 
compared di rectly on a one to one basi s wi th thE~ mi ne measurement~ for 
final validation of the procedure. Sut'sequent stope and pillar design 
analyses using the calibrated finite el~ment model indicate that doub­
ling of the original stope width at 50~ extraction is quite possible 
without sacrifice of safety or stability. Other- alternative designs and 
mining sequences including stope on stope layouts can be considered 
quite inexpensively compared with full-scale trials. 
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INTRODUCTION 

The Carr Fork Mine is an u~~~rground copper mine located near 
Tooele, Utah, about 70 km (40 miles) southwest of Salt Lake City as 
shown in Figure 1. Design capacity of the mine is 9,000 tonnes per day 
(10,000 ~tpd). Ore mineralization is the skarn type; chalcopyrite is 
the principal ore mineral. The test stope is located in the Steep 
Highland Boy orebody, one of several on the proper~y, and is well beyond 
the influence of previously mined areas. Vertical shafts, ramps, and 
horizontal crosscuts provide primary access; main haulage is by rail. 
Figure 2 1s a composite longitudir,al section that shows the general 
development of the mine. 

Original VCR Stope 

The ~riginal method of mining implemented in the upper levels of 
the Steep Highland Boy orebody was vertical crater retreat. Figu/'e 3 
shows the original VCR stope layout. As mining proceeded, difficulties 
with caving ground, high dilution, poor fragmentation, and low produc­
tivity developed. The method eventuajly proved less than successful 
despite its early promise. From the rock mechanics view, contributing 
factors include unanticipated blasting effects. dr111hole deviation, 
proximity to old workings and a relatively large amount of exposed 
ground. Production ceased in October 1981, while development work 
continued and alternative mining methods were considered. These includ­
ed sublevel ~aving. mechanized cut and fill, and blasthole stoping. 
Blasthole stoping with post fill (BHPF) was selected for full-sca~e 
field testing. 

BHPF Stope 

Development for t.he blasthole post-fill stopes begins by driving an 
extraction drift parallel to the ore zone as shown in Figure 4. Panel 
drifts are then driven from the extraction drift across the orebody. 
The panel drifts are subsequently widened to form an undercut. The back 
of the undercut is arched. Similar development occurs over the top of 
the stope. The ~vercut provides access for production drilling. After 
development of the undercut. a slot raise is driven to the overcut and 
enlarged the full width of the stope. A down-the-hole machine is used 
to drill 16.5 cm (6.5 in.) diameter bldstholes. Production blasting 
begins with the first row of holes blasted tv the slot. 

The new stope design greatly reduces the amount of exposed ground. 
Not only are stope dimensions less, but the initial extraction ratio is 
also reduced. The mining sequence associated with the new layout re­
quires secondary stopes adjacent to previously mined and filled stapes. 
Progress is upwards from lower to higher levels in the mine. The method 
is flexible and allows adaptation of stope and pillar dimensions to the 
assay hanging wall and other local geologic conditions. 
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Geology 

The Steep Highland Boy ore zone, one of several on the property, is 
localized in the Highland Boy limestone of the Bingham Syncline. The 
mineralized portion of the Steep Highland Boy is a garnetized limestone 
(garnetite) approximately 30 m (100 ft) thick on average. The ore zone 
1s gradational and trends west-northwest lnd generally dips 75° to 80° 
to the north. Occasionally it is vertical to slightly ov~rturned. 
Hornfels, hornfelsy quartzites, and quartzites overlie the Highland Boy 
limestone. A persistent but weakly garnetized bed also appears in the 
hanging wall formations. The footwall consists of a highly fractured 
quartzite. 

The Steep Highland Boy is slightly overturned in the vicinity of 
the test stope where a quartz latite porphy,'y dike 1 to 2 m (3 to 6 ft) 
wide is present in the hanging wall. Small quartz monzonite dikes are 
present in the footwall. Figure 5 shows the test stope geology. In 
this regard, the Steep Highland Boy is generally quite competent but can 
be soft where clay alteration is present or where highly mineralized or 
faulted. In addition to garnet. varying amounts of diopside. quartz, 
calrite, magnetite. pyrite, and pyrrhotite are present in the Steep 
Highland Boy. Chalcopyrite is the principal ore mineral. Minor faults 
and shear zones also occur in the foot and hanging walls of the test 
stope as shown in Figure 5. 

Objective and Approach 

The general objective of the test stope stl:dy is to optimize mine 
productivity and resource recovery. A number of specific goals are 
associated with the general study. These include determination of the 
feasibllHy of remote controlled ~coop-tram operation, blastir.g practice 
definition, ground control optimizatio~ and so forth. The rock mechan­
ics study relates to the general test stope goal~ in the area of ground 
control. 

The specHic objective of the rock mecha";cs investiC::l..i.tion is tc 
establish a design procedure for calculating' advance of actual min­
ing. stope and pillar dimensions that are favorablE to productivity and 
resource recovery and that have an acceptable margin of safety. In this 
regard, there is a trade-off between opening stability and mining pro­
ductivity. Relatively small, widely spaced openings favor stability; 
while large, closely spaced openings favor productivity and recovery. 
The optimum size and spacing of openings is a compromise. 

The approach to the rock mechanics study consists of three major 
activities: 

(i) mine measurements t 

(ii) laboratory tests. and 
(i i i) ana lyses. 

Mine measurements serve two purposes. They provide a portion of the 
input data needed for design analysis and calculations. But most 
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Plan Section Geology 

Figure 5. - Test stope geology, (a) Plan. 
North at top of page. Numbers 
correspond to rock type in Table 7. 
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importantly, they provide the experimental data essential to the valida­
ticn of the design procedure itself. Laboratory testing is needed for 
calibration of instrumentation used in the mine and for the determina­
tion of rock properties needed in design analyses and calculations. 
Calculations, in turn, provide a quantitative link between theory and 
practice, that is, between de~ign hypotheses and mine measurements. 
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FIELD INSTRUMENTATION AND MINE MEASUREMENTS 

The objectives of the field instrumentation and mine measurements 
program were to determ"ine the test stope response to mlnlng. Eight 
types of monitoring 1~strumentation were used in the study. Table 3 
lists the instrumentation types and their purpose. 

Some 36 holes were drilled for monitoring purposes. The majority 
of holes are for 3-anchor extensometers and are 5.1 cm (2 in.) diameter 
holes. All instrumentation holes are percussion machine drill holes, 
while in situ stress and modulus measurement holes are diamond drill 
holes. The use of percussion drill holes for monitoring instrumentation 
is a considerable economy because most such holes can be drilled with a 
machine such as a fan drill that is already mobilized and working in the 
area. Approximately 610 m (2,000 ft) of hole was drilled for instrumen­
tation and measurement purposes. 

TASlE 3. - Field instrumentation type and purpose 

Purpose 

1. Borp.hole extensometer 
(rod type--EXT) 

2. Sonic probe (SPB) 

3. Vibrating wire 
stress-meter (VSM) 

4. Borehole deformation gage 
(BOG) 

5. Rock bo It load ce 11 
(RBC) 

6. Instrumented rock bolt (IRB) 

7. Slough meter (SLM) 

8. Closure points (CLP) 

Measure relative displacement: 
H-l ,4,9, 1 3,16.18,22,24,25,28,30- 35. 

Measure relative displacement: 
H-6. 

Measure stress change: 
H- 2 t 5,7 • 1 0, 1 2 .1 7 .20 .21 , C ,D. F • 

M~asure stress change: 
I-I-B,O. 

Measure rock bolt load: 
H-19.29. 

Measure rock bolt load: 
H-23,A. 

Measure extent of overbreak: 
H-3,8. 

Measure opening closure. 
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Instrumentation Layout 

Figures 6, 7, and 8 show the instrumentation layout in plan and 
vertical sections. The test stope is in Panel 21, as shown in Figure 
4. The instrumentation plan is best understood by hole groups: (i) 
ribs, (ii) backs and brows, (111) foot and hanging walls. 

Ribs 

Panel 19 and 23 development cro~scuts on the 1000 Level provided 
access for instrumentation Holes 1-10, 33, 0, and E. Holes 1 and 4 are 
3-point rod extensometer holes collared in Panel 19 at the third points 
along the stope as shown in Figure 6 (plan view). These extensometers 
are fitted with potentiometric heads for electrical readout. A,chors in 
Holes 1 and 4 farthe~t downhole are positioned near the west rib at mid­
height of the future test s~ope as shown in Figure 7. The other two 
anchors in Holes 1 and 4 are positioned approximately one-half and 
three-fourths the distance to hole bottom. 

Holes 6 and 9 drilled from Panel 23 a~cess the east side of the 
test stope and are similar to Holes 1 and 4. However, Hole 6 contains a 
IIsonic probe ll extensometer which is also read by electrical means but 
with special equipment. 

Hole 33 in Panel 23 is a single point extensometer that extends 
away from the test stope for the purpos~ .'f assessing the extent of the 
zone of influence of the fully mined test stope. 

Holes 2 and ~ 1n Panel 19 and Hole~ 7 and 10 in Panel 23 contain 
arrays of vibra,ing wire stress gages. There are three gages in each 
hole. These holes are collared near Holes 1,4,6, and 9 but bottom at a 
lower elevation near the future stope walls as shown in Figure 7. The 
three-gage arrays in principle allow determination of changes in the 
secondary principal stresses and in the Cartesian components of stress 
in planes normal to the drill holes. 

39 

Holes. 3 and 8 shown in Figures 6 and 7 are slough meter holes 
located m"j dway Detween foot and hangi ng walls. The slough meters are 
intended to indicate the extent of any overbreak or slabbing of the 
stope walis. They are read electrically. In this regard, mining of the 
test stope proceeds towards the hanging wall access drift from the 
footwall. 

Holes 0 and E in Panel 19 crosscut on the 1000 Level are short, 
horizontal holes that contained vibrating wire stress meters and a 
borehole deformation gage, respectively. Their purpose was to obtain 
data for a comparison of stress changes indicated by the two devices. 

Holes Band C in the Panel 20 stub drift on the 1000 Level consti­
tuted a similar comparison test. 

The remainder of the instrumentation holes, Holes A, 11-32, 34, and 
Fare bE'st seen in Figure 8. Mining orog,'esses from left to right in 
Figure 8. 
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Sac k sand Brows 

Holes 18 through 24 contain inst~umentation for monitoring dis­
placements. rock stress changes and rock bolt loading in the back of the 
overcut. Two types of rock bolt load measurements were made. One type 
(Hole 19) is a Bureau of Mines rock bolt load cel~ fitted to the bolt 
head and read with a conventional strain indicator calibrated in units 
of force. The other type (Hole 23) is an "instrumented rock bolt" read 
witn vibrating wire equipment. 

Hole F monitors rock stress change in the shoulder of the overcut. 
The overcut is higher than the top drift in order to provide head room. 

Holes 25. 28-31. and A shown in Figure 8 measure similar quantities 
in the back alld brow of the undercut on the 970 Level. Stabil i ty of the 
brows over the extraction crosscuts is. of course. important to the safe 
and re"liable flow of muck frOlil the stope. Hole A contains an instru­
mented rock bolt. 

Protection from blast damage was provided for instrumentation in 
the back of the over~ut. Life of the undercut instrumentation was 
necessaril J ; limited to the time between installation and the production 
blast that encompassed any particular instrumentation hole. 

Foot and Hanging Walls 

Holes 16. 17, 32, and 34 shown in Figure B are hanging wall instru­
mentation holes collared from the test stope panel crosscut (Panr1 21) 
on the 1000 Level. Hole 34 is an extensometer hole intended to assist 
in the determination of the extent of the zone of influence of the fully 
mined test stope. Strong protection for these instrument heads was 
required because of traffic in the hanging wall access drift. 

Holes 12. 13. and 35 are footwall holes as seen in Figure 8. The 
fractured quartzite of the footwall is much less competent than the 
hanging wall garnetite, so that it was especially important to mOr1itor 
the footwall. In this regard, the extension of the Panel 21 overcut 
drift into the footwall was necessary for collaring footwall Holes 12 
and 13 and for bolting the footwall. Since access to footwall Holes 12 
and 13 would be lost after widening the slot raise to full stope width. 
remote electrical readout was used via the instrument cable hole between 
Panels 21 and 23 as shown in Figure 6. 

Data Logging 
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With few exceptions, all instrumentation was monitored remotely by 
data logging equipment in the instrlJmentation monitoring station located 
in the Panel 24 stub drift shown in Figure 6. Extensometers, borehole 
deformation gages, slough meters and a rock bolt load cell were moni­
tored as DC analog devices. The vibrating wire stress meters were 
monitored with a separate data logger. The sonic probe and instrumented 
rock bolts were read with a third unit. 
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Readings were subsequently entered into computer files that provid­
ed rapid retrieval and inspection in the form of readings versus time 
plots on computer terminal screens. Hardcopy plots and detailed instru­
mentation histories are also readily obtained. 

Chronology 

The installation of the test stope instrumentation that began in 
late June 1982 was essentially complete by mid-August. From one to five 
holes per day could be instrumented depending on hole length and type of 
instrumentation. This includes cleaning holes and grouting when re­
quired. Grouted rebar anchor extensometer holes were installed with 
r~lative ease and speed. The vibrating wire stress meters required the 
greatest effort because of the close hole tolerances of the gages that 
make them liable to lodging in the hole. Occasionally a vibrating wire 
stress gage array could not be installed at the planned downhole orien­
tation of 0-45-90°. This circumstance and the need to proceed with the 
installation plan in order to avoid the critical path of the test stope 
project necessitated the development of a new data reduction scheme that 
allows for arbitrary downhole orientation of gages (Pariseau. 1984). 

Measured Test Stope Response 

Widening of the slot raise to full stop~ width began September 25. 
1982; the last production blast was October 14. The test stope was 
subsequently filled with waste rock. Monitoring continued well into 
1984. Pre-stope baseline data were thus obtained well in advance of 
production blasting. Some development rounds were pulled in the inter­
im. but these appeared to have no noticeable effect on the test stope 
instrumentation. Data logging provided ample data acquisition during 
the 20 days of actual mining. The continuation of data acquisition 
since backfilling of the test stope has generated a unique set of data 
relevant to the long term as well as short term and instantaneous re­
sponse of the test stope and similar field scale rock masses. 

Generally, the relative displacements indicated by the extensome­
ters are the most reliable data. Displacement measurements are con­
sidered simple to interpret, but this is not always the case. especially 
when holes are long and the motion ~istory is co~plicated by the mining 
sequence. Vibrating stress gage installations were less reliable. The 
gages themselves are durable, but the roughness of percussion drill 
holes and blasting effects combined to produce a hlg~ loss rate. The 
rock bolt strai n gage load cell s worked well. whil e the "i nstrumented 
rock bolts" produced questionable readings. The slough meters did not 
respond at an. 

The short-term results from installation time to two weeks after 
the last blast are summarized according to instrumentation group: (i) 
ribs, (ii) backs and brows, (iii) foot and hanging walls. 
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Ribs 

The maximum displacement indicated by the extensometers immediately 
r.fter the last blast is of the order of 2.5 cm (1.0 in.). Two weeks 
&fter the last blast the readings more than doubled. Higher readings 
were obtained on occasion, but these are attributed to anchors lost 
during overbreak. The highest reading on any of the remote anchors (No. 
3 anchors, approximately 8 m or 26 ft from stope rib1ine) inmediate1y 
afte,' the last blast is 8.4 em (3.3 in.). Figure 9 shows the extensome­
ter tlistories of Holes 1, 4, 6, and 9. A high correlation between 
blasting events dnd sudden increases in readings is quite evident in 
Figure 9. Also i1ldicated in Figure 9 is a continued increase in read­
ings between blasts but at a decreasing rate with time. 

The maximum tensile stress change indicated by any of the ribl1ne 
vibrating wire stress meters is 3.8 MPa (550 psi); the maximum compres­
~ive stress change is nearly the same. Figure 10 shows a portion of the 
histor'i es of the three-!Jage a rrays of vi brat i ng wi re st ress meters 1 n 
rib11ne Holes 2, 10, and D. The correlition between sudden change in 
readings and blasting is quite evident here. too. 

Backs and Brows 

The back of the 1000 Level overcut proved to be quite stable. 
Instrumentation readings are in accord with this observation. Only 0.05 
em (0.02 in.) of displacement was observed prior to the first blast at a 
pOint 2 m (6.6 ft) into the back on the center of the overcut (Hole 
22). Before the last blast, 0.18 cm (0.07 in.) of relative displacement 
was observed. Two weeks after the last blast, the displacement was 0.25 
cm (0.10 in.). In this regard, blasting had consider!bly less of an 
effect on readings in the back than in the ribs as the hole histories in 
Fi gure 11 show. 

Stress changes in the back as indicated by the vibrating wire 
stress gage array in Hole 20 are also shown in Figure 11. The blank 
regi on ; n Fi gure U was caused by a cut wi re that was subsequent"ly 
repai -ed, 

The rock bolt load cell in the back of the o~prcut showed a tension 
of 22.2 kN (5,000 1bs) prior to the first blast. This increased to 27.4 
kN (6,150 'bs) before the last blast. Several weeks after the last 
blast the rock bolt tension reached 45.8 kN (10,300 lbs). Subsequent 
increases have been quite small. 

The bro~1 of the 970 Level undercut stood w~ 11. Extensometer Hol es 
25, 28, 30, and 31 showed little displacement prior to the first blast 
and approximately 1.3 em (0.5 in.) prior to the blast that brought them 
down. F1g1Jrp. 12 illustrates the respc.nse of Holes 28, 29, and 30. (The 
Hole 30 he.!d was lost dur:ng the cutout fot the operator of tile remote 
controlled scoop-tram.) 

The rock bol.; load cell in tne bro", regi3tered 4.4 kN (1,000 lbs) 
prior to the first blast and 30.7 kN (6~900 1bs) before the blast that 
brought it down. The instrumented rock bolt showed a 2.8 kN (640 lb) 
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compression before the first blast and a 18.7 kN (4,200 Ib) tension 
after the last blast. 

Foot and Hanging Walls 

The footwall extensometers, Holes 13 and 35, showed a very ~mal1 
displacement prior to the first blast. Both were affected by overbreak 
of the footwall. Hole 13 showed 0.25 Cin (0.1 in.) prior to the third 
blast. The deepest anchor nearest the stope was lost after the third 
blast. The uppermost anchor eventua11y showed over 8.4 em (3.3 in.) of 
movement before being lost. Hole 35 is collared in the 970 footwall 
haulage drift. This extensometer ir,dicated 0.91 cm (0.36 in.) of rela­
tive displacement two weeks after tne last blast. 

The footwall stress gage array (Hole 12) indicated a change of 2.6 
MPa (370 psi) before being lost. 

The hanging wall was stabie; extensometer Hole 16 indicated a 
relative displacement of 1.1 ~:m (0.42 in.) two weeks after the last 
blast. Hole 34 collared in the 970 extraction drift indicated a dis­
placement of 0.7 em (0.27 ir..) two weeks after the last blast. Hole 34 
extends away from the test stope and indicated a slight relative dis­
placement of 0.2 cm (0.08 in.) between collar and a point 15 m (49 ft) 
into the hanging wall. Although the movement is slight, it is clearly 
associated with mining of the test stope. 

Prior to the first blast. the vibrating wire stress gage array in 
Hole 17 indicated a stress change of 1.9 MPa (270 psi). Two weeks after 
the final blast the change was 5.0 MPa (730 psi) as shown in Figure 13. 

Summary 

The extensometer readings show the test stope response best. These 
are summarized in Table 4. Qualitatively, the response is what one 
would expect. The largest displacements occur in the areas of greatest 
exposure. In this study, these are the test stope ribs. Movement is of 
the order of 2.5 em (1.0 in.) at the ribline, and as expected, decreases 
with distance away from the stope walls. At 27 m (89 ft) away from the 
east rib and 37 m (128 ft) into the hanging wall, distances of roughly 
one stope height (33 m or 108 ft), displacements before the final blast 
although detectable were small, less than 0.23 cm (0.09 in.). 
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TABLE 4. - Sunmarl ~f sto~e wall dis~lacements 

Area Movement Remarks ---
1 • East and west 2.5 em stable 

ribs (1.0 in.) 

2. Overeut back 0.25 em very stable 
(0.1 in. ) 

3. Undercut brow 1.3 cm stable until 
(0.5 in.) blasted 

4. Footwall 1.3 em some overbreak 
(0.5 in.) 

5. Hangi ng wall 1.0 cm stable 
(0.4 in.) 

The overcut back stood very well; displacements were approximately 
0.25 em (0.1 in.). The brows of the undercJt were stable until over­
taken by advance of the stope; displacements were 1.3 c~ (0.5 in.) just 
prior to removal. 

The hanging wall was also quite stable. Approximately 1.0 em (0.4 
in.) of displacement was measured from the 1000 Level, while less than 
0.8 em (0.3 in.) was measured from the 970 Level. Footwall extensometer 
readings were less easily interpreted because of the footwall overbreak 
that developed in the course of mining. However, prior to loss, 1.3 em 
(0.5 in.) of displacement was measured from the 1000 Level and 0.9 em 
(0.36 in.) from the 970 haulage Level. 

Data from the vibrating wire stress gages are erratic; no consist­
ent trend or correlation could be discerned. In this regard, the data 
suggest that in many instances stress relaxation at the gage site is 
responsible for much of the indicated stress change rather than mini~g 
activity. This seems especially evident when most of Lhe stress change 
indicated occurs before the first production blast. 
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Ih SITU STRESS MEASUREMENTS AND ROCK PROPERTIES 

In situ stress mea:;urements 1 n advance of :ni n1,1g and rock proper­
ties tests provide input data essential to design analysis. In princi­
pal. stress changes obtained during the monitoring ~hase of the test 
stope project when added to the tlrestope stresses give the post··stope 
stress state. The post-stope stress state can also be measured in 
situ. A comparison between the two sets of measurements provides a 
check on the procedures, equipment, and data reduction formulas. Rock 
properties are usually determined in the laboratory where both loads and 
displacements are known. Ho~ever. the elastic modulus (Young's modulus) 
is also determined on site in the biaxial chamber in conjunction with 
the in situ stress mea~urements. Borehole jacking tp~~s also provide Gn 
site measurements for determining the elastic modulus. Borehole tests 
for shear strength were not done. In this regard. borehole tests have 
the adva~ta;e of involving a volume of rock somewhat larger than conven­
tional laboratory size samples. Their disadvantage lies primarily in 
data reduction schemes that may be poor approximations to actual bore­
t,ole conditions. A variety of tests in situ, on site, and in the labora­
tory would seem desirable. although some difficulties in ,orrelation 
should perhaps be expected. 

In Situ Stress Measurements 

Stress measurements were made before and after mining the test 
stope using the U. S. Bureau of Mines borehole deformation gage, the 
doorstopper gage, and combinations of the two types of devices. The 
three-dimensior~l state of stress in situ was determined on the 1300 
Level, the 1~~~ Level. and the 1000 Level. (Level number refers to 
elevation above sea level in meters; the 1000 Level is the lower of the 
three levels.) Table 5 shows the results of the in situ stress measure­
ments on the 1000 Level. 

TABLE 5. - .Summary of in situ stress measurements 

Location Magnitude 
(psi)* 

Beifring Dip* 
(degrees) 

1000 Level (USBM-Doorstopper) 

Major 3531 
Inter. 3052 
Mi nor- 2904 

Vertical 3134 
N-S 3201 
E-W 3152 

*1 psi = 6.9 kPa 
+ = down, - = up 
Inter. = intermediate 

N56°W +50 
N48°E - 2 
S48°E +52 
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Measurements show that the state of stress varies noticeably over 
distances of 100 m (300 ft). This is not surprising in view of the geo­
logic variability and the sensitivity of in situ stress measurements to 
the local value of Youngls modulus at each gage setting down hole. 

Another set of 1000 Level doorstopper rasults (not shown in Table 
5) proved unreliable. A new, faster setting epoxy was being tested at 
the time. Subsequent data analysis including the mean normal strain 
ratio test applicable to the four-gage doorstoprers that were u~ed 
indicate a general lack of adequate bonding of g3ge to rock. 

On the 13[1D Lf'vel, the vertica' (V) stress is significantly greater 
than either the North-South (N) or cast-West (E) normal stresses which 
are close to ttoe principal stress'~s. (The orebody trend is roughly 
east-west and near vertical in t'le vicinity of the test stope.) The 
shear stresses relative to 1he ~, N, E dir~ctions are small. The N-S 
stress tends to increase wit". depth. while the vertical stress tends to 
decrease. The E-W stress remains almost COOlstant. The decrease of the 
vertical stress with depth is somewhat unexpected but not too surprising 
in this region of high topographic relief and orebody geology. 

Howev'!r, the ITlean normal stress (fi rst invariant) does increase 
with depth from the 1300 to the 1000 Level, while the second invariant 
of deviatoric stress, a mean shear stress, decreases. The in situ 
stress state thus tends towar~s a true hydrostatic state of stress with 
depth. In view of the topography, natural variability, ar.d limited 
number of measurements, this inference should not be extrapolated very 
far beyond the region of mcasurempnts. 

Post-stope stress measurement 1n the east and west ribs of the test 
stope overcut (1000 Level) are sh,wn in Figur2 14. Also shown in Figure 
14 is the extent of overbreak that occurred in the footwall. Figure 15 
shows in vertical section the maximum compression measureJ in the ribs 
of the test stope after mining and backfilling. Again, there is consid­
erable variability in the stress measurements. However, there is also a 
trend in that stress concentration is greatest at the edge of the pro­
jected overbreak zone below the ribs rather than at the measurement hole 
collars. The periphery of tile overcut is also subject to blast damage 
during development. Both tend to move the concentration of stress into 
the rib. Beyond th~ zone of peak stress concentration, the maximum 
stress appears to de~rease with distance into the rib as expected. 

In Situ Modulus Measurements 

In situ modulus measur~ments were attempted in the west rib of the 
test stope using the Goodman Jack (Hardrock model). A short 4 m (13 ft) 
NX size hole was drilled for this purpose. Hole location is near and 
parallel to Hole 2 (west rib) shown in F1gures 14 and 15. The test 
procedure involved advancing the jack in 0.3 m (1 ft) increments down 
the hole. At each station a test was attempted but aborted if the jack 
plat~ns exceeded the recommended skew tolerance. A successful test 
involved three cycles of loading to 55.2 MPa (8,000 psi) and unloading. 
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Generally, the loading unloading cycles were quite reproducible and lin­
ear at loads above 13.8 MPa (2,000 psi) as shown in Figure 16. 

The results of the in situ modulus measurements are summarized in 
Table 6. These results were obtained from the raw data according to the 
latest data reduction formula described by Heuze and Amadei (1984). The 
regression statistics in Table 6 show that the data are rather linear. 
They also show var1 abil i ty; the standard devi at ion is 36 percent of the 
mean (coefficient of variation). Although relatively few tests were 
made from the statistical viewpoint. more tests in a longer hole could 
well increase the scatter in the data. Indeed, laboratory test data 
range over an order of magnitude. 

TABLE 6. - In situ Young's modulus 

(Goodman Jack Test--Heavily Mineralized Ore ) 

Hole Depth Jack E (l06 psi) * 
~ftl Direction 

7 horizontal 2.04 
8 horizontal 0.79 
9 horizontal 1 .11 

10 vertical 1.25 
11 hori zontal 1.46 
12 hori zontal 0.87 

- 1.25 mean x = 

std. dev. s = 0.46 

coeff. var. six = 36~ 

E = (0.86)(0.93)(3.0)(1.46)(t.Qh/ t.D) 

0.86 = 3D effect 
0.93 = hydraulic efficiency 
3.0 = borehole diameter 
1.46 = contact angle and Poisson's rat i 0 effect 
*(t.Q~/t.D) = slope of pressure displacement curve 
1 p ; = 6.9 kPa. 

Reference: Heuze and Amadei, 1984. 

Laboratory Rock Propertips Tests 
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Rock properties of greatest importance are the strength properties 
and elastic moduli. Unconfined compressive strength (Co), tensile 
strength (To), cohesion (c). angle of internal friction (cjl) , and 



In Situ Young's MOdulus and Goodman Borehole Jack Loa"lng Cycl.. (about 2,000 psI). 
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specific weight (y) for nine rock types are summarized in Table 7. The 
strength properties in Table 7 are mean values but represent more than 
200 tests on samples from the Steep Highland Boy and other ore zones at 
the Carr Fork Mine. They thus represent a broad measure of mine rock. 

TABLE 7. - Rock strength ~ro~erties 

Rock Tl~e l{~cf} Co~ ~s i} To(~si} c~esn Jt~ 

1 • Garnetite 200 11 ,800 890 3,000 48 
and 1m. 

2. Faults 200 7,000 25 
in gn 

3. Gn/qtz-fw 200 3.600 270 3,000 30 

4. Qtz. and 171 8,000 720 3,000 35 
H-qtz. 

s. Hornfels 169 9,200 800 4,000 50 

6. QMP/ 162 7,000 580 25 
intrusive 

7. QLP Dike/ 162 4,000 200 20 
1 ntrus i ve 

8. Faults in 171 4.000 25 
quartzite , 

9. Gn/hornfels 200 13,500 360 4,000 40 
contact 

1m:: limestone, gn = garnetite, qtz. = quartzite, H-qtz. = hard quartz­
ite, QMP = quartz monzonite porphyry. QLP = quartz lat1te porphyry. 

y = specific weight. Co = unconfined compressive strength, To = uncon­
fined tensile strength, c = cohesion, ~ = angle of internal friction. 

pef • pounds ~er cubic foot 
1 pcf = 157 N/m 
psi ~.pounds per square inch 
1 ps i = 6.9 k P a 

, 

A high degree of variability is present in the test data, part1cu-
1arly in the heavily mineral i zed ore zone. Tabl e 8 presents test sta­
tistics for heavily minera11zed ore and shows an order of magnitude 
range of values for Young's modulus as well as strengths. Some of the 
scatter !s no doubt caused by experimental error in the sense that there 
is variability in sample preparation, test procedure, and ~o forth. 



However! the experimental component Jf vniance WOlj)(I se~"I small rela­
tive to the natural or geologic component in view of the metaml>rphic. 
nature of the region. 

TABLE 8. - Rock p'ro~erties ::;tat1stics--ore 

l. Young's ModullJs E (l 06 ~s i) : 

a"era~e E '" 4.81 
std. dl'v. s ~ 2.59 
range 0.9 - 11 .6 
cof. var. sIx == 54" 

s/rn = 0.35 
tests n = 54 

2. lInc~:'\fined Compressive Strengtn Co (psi): 

average Co = 9,363 
std. dey. s .. 4t 477 
range 1,090 - 17,780 P'; i 
cof. var. sIx = 42" 

s/lii = 895 
tests n = 25 

3. '~nconf i ned Tensil e Strength To (psi): 

average To = 855 psi 
std. dev. s = 386 psi 
range 107 psi - 1 ,916 psi 
coL var. sIx = 55~ 

s/ln = 55 

4. Specific weight (y) : 

average = 204 pcf 
(scatter is small, 50 tests) 

ave~age z samole average, std. dev. = standard 
jeviation. cof. var. = coefficient Jf variation, 
tests = number of tests 

The standard deviation of the sample mean is 
s/ln • 

Tensile strength is determined from Brazil Test 
data. 

60 

i 

\ 



Despite the spread of data. there is a correlation between prop­
erties within a given rock type as shown in Figure 17 for heavily miner­
alized are. In Figure 17. Eo refers to Young's modulus obtained in 
unconfined tests; Ep refers to values determined in tests undet confin­
ing pressures to 34.5 MPa (5.000 psi). Figurp. 18 shows the correlation 
between Young's modulus and unconfined compressive strength for eight 
reck types. 

A secant modulus is plotted in Figure 18. The use of the secant 
mGdulus (Es) rather than a tangent modulus (Et) is an experimental 
convenience. The difference between the two may be attributed to nonlin­
ear elasticity and the use of displacement transducers attached to 
testing machine platens. In the case of a linear elastic material. a 
nearly straight line relationship exists between the secant and tangent 
moduli. Figure 19 shows the relationship between secant and tangent 
moduli. The high (0.92) linear correlation coefficient indicates that 
linear elasticity is a good approximation. 
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Triaxial test results for compressive strength of ore under confin­
ing pressure are presented 1n Figure 20 in the form of Mohr circles and 
their envelopes. Again. considerable variability is present. but there 
i; no doubt that strength increases with confining pressure. Figure 21 
shows typical force displacement plots obtained in the triaxial tests. 
The data in "Figure 21 indicate that under relatively small confini n9 
pressures the inelastic range of deformation is characterized by flow 
with little strain hardening before reaching peak stress. The flow is 
macroscopic, of course. Inspection of the test specimens generally 
reveals some fracturing, although occasionally no visible fractures were 
in evidence upon removal of the specimen from the pressure cells. 

A few tests for strength and modulus were performed on l~ cm (6 
in., core obtained during the in situ stress measurement progrlm. These 
tests are of interest because they involve a volume of rock th6t is an 
order of magnitude greater than the smaller core volume. The results 
are summarized in Table 9. The number of tests is too few for statisti­
cal analyses, but as Figur~ 22 shows, the response to load of these 
larger test specimens 1s similar to the small core response. A reason­
ably linear elastic range is evident; the inelastic response is plastic 
flow. The strain softening indicated in Figure 22 cannot be quanti­
tatively assessed because of the complicated changes in stress and 
structure of the test specimen after large inelastic straining. Indeed, 
the softening is more apparent than real because of the great'l) reduced 
cross-sectional area of the test specimens. 

Biaxial chamber tests on overcore obtained during in situ stress 
measurements are an additional sOUl'ce of Young's roodulus data. Figure 
23 shows pressure versus displacement curves obtained on aluminum and 
ore using a three axis Bureau of Mines borehole deformation gage. In 
theory, the three curves shOuld be identical, but as Figure 23 shows 
this is not always th~ case. The question then is how to interpret such 
test data. A n~tural but mistaken impulse is to average the slopes of 
the three curves, however, The curve showing th~ greatest displacement 
yields the best e~timate of Young's modulus. Curves showing lesser di~­
placement are caused by a lack of contact between a gage pro~g and hole 
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Triaxial Test Oala 'or Ore. 

.. 20 ~ .., 
0 --
V) 
V) 

W 
Q: .... 
V) 

10 
Q: 

< w 
:t: 
V) 

NORMAL STRESS 110 3psi) 

Figure 20. Triaxial test data for ore. 



Triaxial Force-Displacement Curves for Ore at Three Confining Pressure •. 
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Figure 21. - Triaxial force-displacement curves. fot' ore at three 
confining pressures. 
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Uniaxial Slre •• -Slraln Curve for Large Core (6-ln. diameter o"ereor.). 
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Figure 22. - Uniaxial stress-strain curve for large core 
(6-in. diameter overcore). 
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wall. Consequently, they displace less as thE chamber applies pressure 
to the outer surface of the overcore. The biaxial tests results for 
Young's modulus are similur to those obtained in the large core uniaxial 
laboratory tests. 

TABLE 9. - Large core stren9th and modulus 

Sample L/n Co * C E 
(~s i ) (es i ~ p06 ~si) 

4 1.95 3,194 3,184 1 .81 
5 1.50 5,395 5,188 2.53 
4-2 2.39 7,303 7,449 6.27 
4-i 2.25 3,971 4,025 2.18 
1-4 2.10 4,101 4,125 2.1 7 
1-2 1.19 3,393 3,137 1.33 

-mean x = 4,560 4,518 2.72 
std. dev s = 1,550 1,620 1.78 
coeff • variation s/x = 34% 361. 661. 
number of tests n = 6 6 6 

E = Young's modulus 
C = test result 
Co = uni axi al strength of LID = 2 
Co = C (0.88 + 0.24 OIL) 

*1 psi = 6.9 kPa 

Summary 
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The in situ stress measurements indicate that the pre-mlnlng stres~ 
state changes over distances of 100 m (300 ft) and that the stress state 
before mining the test stope was approximately hydro~tacic. Post-stope 
measurements in the east and west ri~r of the stope show a peak stress 
concentration not at the periphery ot the stope but into the ribs past 
the projected overbreak zone over the solid. 

Rock properties tests o~ the nine rock types in the vicinity of the 
test stope reflect the gradational metamorphism and geologic variability 
expected in orebodies of metamorphic origin. Correlation between 
Young's modulus and compressive strength is evident within rock types 
including heavily mineralized are. Stress strain curves show reasonable 
linearity within a well-defined elastic range up to confining pressures 
of 34.5 MPa (5,000 psi), the maximum used in the confining pressure 
tests. Inelastic behavior is characterized by macr'os.:.opic flow with 
little strain hardening or softening. This is especially evid~nt in the 
few large diameter 15 cm (6 in.) overcores tested. A linearly elastic 
perfectly plastic mater~~l model with pressure dependent yielding is 
thus justified. 

1 
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COMPARIsm~s SETWEEii FINITE ELEMENT CALCULATIONS 
AND MINE ~IEASUREMENTS 

Comparis~ns between theoretical ~alculations of the test stope 
response to mining and measurements made during actual mining of the 
test stope provide quantitative links between theory and practice. Th~ 
establishment of rock mass properties is of particular importance to the 
process of esta~lishing a reliable design procedure. O.:e established, 
design refinements and alternative l~youts can be studied numericallJ at 
a very small fraction of the cnst of full-scale mine trials. With the 
aid of the computer, the influp.nc£ of stope widths, pillar widths. 
extrac~ion sequences. post-fill properties and other design variables on 
stability can then be considered. 

The rock mass properties of primary importance are: (ij tl\t:: elas­
tic moduli which playa predominant role ir the deformation aspects of 
the t~st stope response. and (ii) the strength propel'ties "'tlich are 
critical to stability. In this regard. a hi~h correlation coefficient 
and a one-to-one relationship between calculated and actual extensometer 
readings within the elastic range establishes Young's moduli for the 
test stope ~ock types. l~parisons between calcula:ed and o~sp.rved 
overureak zones aid in establishiny strength values. The Utah-II and 
Utah-III finite element programs were used for these tasks and subse­
quent analyses. 

Calculated Test Stope Response 

Three two-dimensional finite element representations of the test 
stope were analyzed: 

(i) a vertical section parallel to the strike, Section A. 

(ii) a vertical section perpendicular to strike, Section B, and 

(iii) a plan view (horizontal section) at stope mid-height. Section C. 

Figure 24 shows the test stope geometry in plan and section. 
Section A allows study of the development cr~sscuts. the east and west 
ribs, the overcut back, and most importantly. the effect of stope and 
pillar widths. Section B allows study of the foot and hanging walls, 
the overcut back and undercut brow. the blasting seqJence, and progres­
sive enlargement of the test stope. The plan view, Section C. is com­
plementdry to the two vertical sections. The mining sequence is also 
seen in this section. Sections A and B thus allow for rather direct 
comparisons between actual and calculated extensometer readings, while 
sect ions Band C show the extent of t,le footwall over-break zones. 

The sequence of test sto~~ aralyses is thus: 
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(1) establish the rock mass Young's modulus F '~or ore using Sectioll A 
displacements and then reduce the laboratory Young's modulus for 
all other rock types in the same ratio of rock mass E to labora­
tory E as for ore. 
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Teat Stope Geometry and Finite Element Mesh Dimensions. 

(a) Section A, Parallel to Strike. 
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Figure 24. - Test stope geometry and finite element mesh dimensions. 

(a) Section A, plrallel to strike. 
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(b) Section B, Perpendicular to Strike, 
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Figure 24. - Test stope geometry and finite element mesh dimensions, 

(t) Section S, perpendicular to strike. 
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(c) Section C. Plan View. 
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Figure 24. - Test stope geometry and finite element mesh dimensions 

(c) Section C, plan view. 
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(ii) verify with Section B instrumentation data the rock mass moduli 
established orevious1y and proceed to the establishment of rock 
mass strengths through overbreak considerations, 

(iii) verify the rock mass reduction factor for strengths found previ­
ously by comparing Section C overbreak zone extent with that 
obtained previously in section 8. 

Finite Element Preliminaries 

Features of importance to the ana)ysis include the finite element 
geometry, geology. rock properties. mesh refinement. in situ stress 
states and material law used. 
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Figure 24 also shows the dimensions of the Section A, 8 and C 
finite element meshes. Mesh dimensions are determined by the require­
ment that the outer boundaries should have a negligible influence on 
results. Moving the outer boundaries farther from the te5t stope should 
not change the results significantly. This is a matter of judgmen~ 
initially but can always be checked later by examining tile stress state 
near the outer boundar; es before and after a computer run. Mesh dimen­
sions approximately five times the greatest stope dimension are usually 
sufficient to insure that outer boundary stresses are within 10 percent 
of their starting values. 

The test stope geology i~corporated into the finite element analy­
ses is shown in Figure 5 in section and plan. The numbers in Figure 5 
correspond to the rock types and properties listed in Table 7. 

Subdivision of the test stope region into finite element meshes is 
shown in Figures 25a. 26~. and 27a (which correspond to Figures 24a, b, 
and c, respectiveiy). MI~sh refinement in the immediate vicinity of the 
test stope is shown in Figures 25b. 26b. and 27b. Mesh refinement is 
important for two reasons: (i) quality of results and (il) economy. A 
relatively high degree of refinement is desirable and indeed necessary 
for reliable results. but the cost of analysis also increases with thp. 
number of elements and nodes userl. A satisfactory compromise is to use 
10 or so approximately square (constant strain) elements along the least 
dimension of the stope seen in the considered mesh. Meshes used in the 
present study satisfy this criterion. Much larger elements in the 
periphery of an opening are unsatisfactory because of their high average 
confining pressure that masks potential yielding and its possible propa­
gation. 

The in situ state of stress used to calculate the test stope re­
sponse involved extrapolating the measured state of stress from the 1300 
Level at a depth of 1042 m (3420 ft) to the test stope region between 
the 970 and 1000 Levels at an average depth of 12BO m (4200 ft). The 
extrapolation was accomplished by equating the vertical normal stress to 
the product of unit weight of rock times depth, approximately 25 kPa per 
meter of depth (1.1 ps1 per ft). The remaining five components of 
stress were first computed as fractions of the vertical stress on the 
1300 Level; these fractions were then used at all other depths. 



75 

Sectl",n A Finite Element Mesh. 

Figure 25. - (a) Section A finite element rnesh. 
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Section A Mesh Refinement NEI&r the Teat Stope. 
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Figure 25. - (b) Mesh refinement near the test stope. 
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Section B Flnlta Element Mesh. 

Figure 26. - (a) Section B finite element mesh. 
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Section B Mesh Refinement Near the T9St Stope. 
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Figure 26. - (b) Mesh refinement near the test stope. 
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Section C Finite Element Mesh. 
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Fig ~re 27. - (a) Section C fini.te element mesh. 
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Section C Mesh Refinement Near the Test Stope. 
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Figure 27. - (b) Mesh refinement near the test stope. 



After extra~olating to depth, the premining stress state was re­
ferred to a vein system of coordinates oriented parallel and perpendicu­
lar to the strike of the ore zone at the test stope. These directions 
coincide with mesh Sections A, S, and C. The resulting stresses served 
as the initial stresses for the subsequ~nt test stope analyses. 

The shear stresses are smal" an order of magnitude less than the 
normal stresses, so that the latter dominate the test stope response. 
The ratios of premining ~orizontal to vertical normal stresses are: 
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(i) East-West to Vertical - 0.B4 
(11) North-South to Vertical - 0.54 

The first ratio is the "Ko" value appropriate to mesh Section A in which 
the stope width is seen. The second value is the "Ko" seen in Section B 
in which thp. foot and hanging walls are seen. In this regard, the stope 
~.'1dth section sees an almost hydrostatic (IIKoll .. 1.) in situ stress 
state, a state that was confirmed by subsequent measurements. 

An elastic perfectly plastic material model based on associated 
flow rules and a nonlinear, pressure dependent Drucker-Prager type of 
yield criterion was used in calculating the test stope response. The 
material thus deforms elastically up to yield point and then f10ws 
without increase or loss of strength. The Utah-II program accepts uncon­
fined strengths as basic input and then calculates derived strength 
parameters necessary to fit the nonlinear (parabolic) fonn of tile yield 
condition to the experimentally determined rock properties input. All 
rock types are considered isotropic; there is no evidence that suggests 
anisotropy is of great importance at the Carr Fork Mine. 

The mining sequence implemented on the computer parallels the major 
stages of extraction underground and consists of: 

(1) development drifts and crosscuts. 
(2) overcut and undercut slash, 
(3-6) production blasting. 

The circled numbers in Figures 26b and 27b correspond to these stages. 
At the completion of each stage of com;'uter min:ng, the stress field is 
updated b~' addil''J the stress changes to the stresses that were initially 
pres~nt at the beginning of the stage. Each stage is done incrementally 
in order to allow for inelastic behavior should such occur. 

Calculated versus Measured Displacements 

Extensometer readings approximate the relative displacement that 
occurs between anchor and collar from installation t'ime to the present. 
Corresponding displacements are, in principal, obtained from the finite 
element output by first subtracting the displacement that occurs during 
the development stage computer run from the displacement that has oc­
curred after the run that completes mining of the test stope. These 
differences are the displacements associated with mining the test stope 
only. Calculated extensometer readings are then computed from these 



.,~ .. 

differences by subtract1ng:he displacement at the finite element mesh 
point corresponding to the anchor location from the mesh point displace­
ment corresponding to the collar position. (The extensometer hole and 
assemblag~ have negligible influences on the test stope response and are 
not explicitly represented in the finite element mesh.) In fact, the 
Utah-II program displacements are those caused by the current excavation 
stage, so that the relative displacement between anchor and collar can 
be calculated directly fr~~ the output displacement components. 

Figure 28 shows the correlation betweel calculated and measured 
displaceme~ts as seen in Section A after the last blast when the test 
stope is fully mined. The correlation coefficient r is 0.882. Thus, 78 
percent of the observed variance is explained by the assumed material 
model in the finite element analysis. This is an excellent result in 
view of the many potential complications present in field studies dC 
underground hardrock vein mines. Moreover, since the correlation coef­
ficient is independent of the scales used in the plot of the regression 
line, a change in Young's modulus has no effect on r. 

However, the stope of the regression line in Figure 28 does dep~nd 
on Young's modulus because the calculated displacements depend linearly 
on the reciprocal of Young's modulus. Figure 29 contains plots of 
displacements at the back. bottom. and rib centers in Section A as a 
f~nction of (lIE) and shows that this is indeed the case. (The inter­
~ept also depends on Young's modulus.) This feature of the analysis 
allows one to estimate the value of Young's modulus for the rock mass. 

The best rock mass value of Young's modulus results in a regression 
line slope of 1.0. An increase in E in Figure 28 reduces the slope. 
Hence, a rock mass Young's modulus for heavily mineralized ore somewhat 
greater than 20.7 GPa (3.0 million psi) is indicated. 

A I'egres!)ion of calculated on measured displacements seen by Sec­
tion R instrumentation is shown in Figure 30a. The coefficient of 
linear correlation is 0.886; the corre1ation is nearly the same as 
obtained for Section A. The finite element material model is again seen 
to capture the major features of thE test stope response. The rock mass 
modulus determined by the requirement for a slope of 1.0 is different. 
In this case. the modulus is 31 GPa (4.6 million psi). However. the 
difference is within the coefficient of variation of laboratory test 
data. 

A ~omposite regre~sion analysis using all extensometer data is 
shown in Fig~re 30b. The result is the same. 

r~lculated versus Observed Overbreak Zones 

Overbreak refers to the difference between the stope dimensions as 
blasted and the expected or d~si9n dimensions. The extent of overbreak 
is observed after the stope is mucked but before filli~g begins. The 
footWall overbreak zone that developed during mining of the test stope 
is seen in Sections Band C. With sufficient reduction of laboratory 
st rengths. yi el di n9 is sure to be induced in the fi n1 te el ement 
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representation of the test stope. The question that arises is whether 
the she and 1 ocati on of the ,'esult i ng yield zones resembl e in any way 
that observed in the foctwall of the test stope. There is an ~nfinite 
variety of strengt., vc-lues that could be assigned to the nine separate 
rock types in Sections Band C. The probability of matching calculated 
and observed overbreak zones in an arbitrary way, that is, at random, 
thus seems quite small, c;o small that the IIfishing ll approach of making a 
large number of runs is impractical. A simple rule that overcomes this 
difficulty and that has proved useful in the past is to reduce all 
strengths by the same fraction. This is the same ru1e applied to 
Young's modulus, although the same fraction neea not be used. 

Figure 31 shows the extent of the footwall overbreak zone in Sec­
tion B achieved at ro:k mas~ stren~ths 75 percent of laboratory values. 
No yielding occurs in the finite element analysis at full strength, 
while a very large footwall Qverbreak occurs at half strength. At 7S 
percent, the rock mass strengths are within the variability of the 
laboratory data. 

, 

Figure 32 shows the extent of the footwall overbreak zone seen in 
plan view, Section C, with the previously obtained rock mass Young's 
moduli and strengths. The extent into the footwall is close to that 
obtained in Section B and confirms the previous result. 

There is a complication i~ estimating the overbreak zone extent 
that involves the extension of the topdrift into the footwall. The 
topdrift extension caus~s an additional stress concentration in the 
footwal1 beyond that of the test stope itself. Unfortunately, the 
geometry is n01 amenable to a two-dimensional view. Utah-III was there­
fore IJsed for a prel ;m; nary assessment of the effect of the topdrift 
extension on footwall stability. 

Figure 33 compares the vertical stress at the footwall with and 
without the topdrift extension. There is clearly a significant increase 
in stress in the footwall as a result of the topdrift extension. The 
1 nferE!nCe 15 that overbreak in the footwall wou1 d be reduced cons; dera­
bly in the absence of the topdrift extension, ·hat is, in production 
stopes. This is an im~ortant practical point. 

Discussion 

It seems unli kely t~"t. the agreement between theor'Y and experiment 
obtained in the complex geotechnical environment of the C~rr Fork Mine 
test stope project is fortuitous. The fact that the test stope was 
successful ~nd stability prevailed no doubt simplified the an31ysis by 
virtue of predominantly elastic behavior. Screening of data was still 
necessary. The procedure wa~ to assume initially that all instrument 
readings were valid regardless of appearances and expectations. Data 
were subsequently ignored only for c~use such as damage to an extenso~~­
ter head by scoop tram travel or loss of an anchor to blasting. The 
high c~rrelations (O.8A-O.89) between calculated and measured displace­
ments and the qualitativ agreement in footwall overbreak lone extent 
obtained in independent views of the test stope therefore support the 
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conclusio'1 that. the finite element representation of the test stope (in­
cluding geometry, geology, mater1a1 behavior, rock properties, and in 
situ stress state) is valid. 

In this regard, numerical values of Young's modulus assigned to the 
var10us rock types present is of less importance than the fact that 
linear, isotropic elasticity proved to be a reasonable approximat10n to 
the test stope response under initial development and load. However. 
the elastic range is limited as the subsequent evolution of the footwall 
overbreak zone shows. Some overbreak was expected, of course. 
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I,1elastic rock mass behavior is less easily quantified than a 
purely elastic response and yet is of considerably greater importance in 
most m1ning applications than the estimation of displacement which is 
control ~ed primarlly by Young's modul us. The assoc iati on of rock falls, 
caving and so forth with rock strength, fracture and flow and hence with 
safety and stability is inescapable. However, quantitative design 
requires quantitative estimates of strengths. While cons1derab1e the~ 
oretical \r:ork has been done on estimating the elastic properties of 
regul arly j01 nted rock masse!';, espec1 ally in the context of surface 
excavations and foundations, very little has been done on rock mass 
strengths in mining environments. Back analysis of full scale test 
stopes remains essential to the task. 

Analysis of field scale test data is not as straightforward as it 
may seem. and there is no guarantee of success even with clOSI2 adherence 
to engineering problem solving procedures. This is not primarily due to 
the usudl constraints of time, budget, and personnel, although these are 
certainly important, but rather because of limitations to eX'lsting know­
ledge and equipment. An example of the first that was encountered 
during the test stope project concerns interpretation of in situ stress 
mea!slJrement data. Most stress measurements depend upon deformat i on 
about a borehole; the in s1tu stresses are calculated from such. Thus 
at the measurement site, the in situ stresses are in one-to-one corre­
spondence w1th 1n situ strains. The question that arises is simply 
this: Which should one use? If only one rock type is present. as in 
Section A. then tht~re is no difference. Subsequent calculations result 
in identical stress. strain, and o:Iisplacement fields. However. if dif­
ferent rock types are present, as inSect ion B. then a not i ceab 1 e di f­
ference in resul~:s may occur. Even under the s1mplifying assumption of 
a un1form field throughout tha region of interest, there appears to be 
no theoret i cal way of dec i di ng from the measurements themc;el ves whether 
to use the in situ stress or in situ strain field. The data reduction 
procedure itself appears inconsistent. although thic; is state af the 
art. 

Roth in situ stress and strain fieldS were examined in the Carr 
Fork Mi ne test stope project; the cons,ervat i ve approach was adopted. 
The in situ strain field approach lead:; to a higher correlation (r :; 
0.981) bet'_1een measured and calculated d'isplacelT\@nts and also to a lower 
rock mass Young's modulus 20.7 GPa (3.0 11i11ion psi) than in the in situ 
stress approach (r = 0.89. E = 31.7 GPa or 4.6 million psi). Calculated 
displacements by the two approaches are themselves highly correlated (~ 
= 0.95). However. the footwa 11 overbreak zone was much 1 ess in the 
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strain based analysis. The stress-based analysis is therefore conserva­
tive with respect to stability and was the one followed. Two other 
reasons were used In deciding in favor of the stress based analysis. One 
is Msocial M; it is "customary". The other is the supposition that the 
geologic processes responsible for the present spatial relationships 
between geologic units were accompanied by some slip and shearing be­
tween units. Thi5 implies nonuniform strain and thus favors a stress­
based approach. 

A closer study of the extensometer readings shows that there is 
significant displacement after a blast. In fact. ths displacements more 
than double three weeks after Lh~ last blast. There was no other mining 
activity in progress. so that ths increase in displacements after blast­
ing is time dependent. Interestingly. the measured displacements still 
correlate ve~y well with calculated displacements using a lower Young's 
modulus. This suggests that a delayed time-dependent elasticity model is 
appropriate for the short term. Displacement data over a year after the 
last blast show a slight amount of long-term cr~ep. As a practical 
matter. the stresses are the same as before. although some time. several 
weeks. is rE~uired before peak values are achi~ved. In this regard. the 
footwall overbreak zone was stabilized by the backfill; no overbreak has 
developed elsewhere. The time question for field scale rock masses is 
nevertheless of some interest. 

Stope and Pillar Width Analyses 

A major benefit of a successful case study is the establishment of 
a reliable design procedure for considering alternative layouts. The 
ability to estimate ground movement and potential overbreak lends confi­
dence to parameter studies of design alternatives intended to improve 
productivity and resource recovery. In this regard. stope height is 
largely determined by drill hole deviation and the need for close con­
trol over blasting in VCR and BHPF stopes. Stope length (across the 
vein) is usually determined by extent of the ore. However. stope width 
measured along strike is subject to engineering control. Widening a 
stope has production advantages but can only be done if stability is 
maintained. Once stope width is specified. stope spacing or equivalent­
ly pillar width must be determined. 

A practical question to be answered in advance of the stope and 
pillar width analyses concerns the influence of crosscuts on the test 
stope. Preparation of finite element meshes can be a time-consuming 
task. so that it would be a consiaerable advantage to be able to omit 
them from parametric studies of the test stope. 

Influence of Crosscuts on the Test Stope 

One suspects that since the crosscuts are relatively far from and 
small compared with the mined stope dimensions that their influence on 
the test stope is also small. The reverse may not be true because the 
zone of influe,ce of ~n opening is proportional to the size of the 
opening. The test stope may influence development openings. 
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The most direct way to answer the question is to actually carry out 
analyses with and without the crosscuts and compare them. However, it 
is not obvious how such a comparison should be made. Criteria for com­
paring stress, strain, and displacement fields raise rather subtle 
questions in mechanics. especially where different geometries are in­
volved as they are here. A pragmatic approach 1s to use tha algebraic 
fact that the difference between two tensors 1s also a tensor just as 
the difference between two vectors (rank one tensors) is also a vector. 
Stress and displacement differences can then be computed from the a~a1y­
ses with and without development openings and plotted for visual as well 
as quantitative comparison. In addition, the distributions of the local 
factor of safety can be subtracted and the resulting difference plotted 
for comparison. Near the development openir~s. differences in stress. 
displacement and safety factors should be r;oticeable. However, if the 
differences in the vicinity of the test stope are small, then omission 
of the crosscuts from the test stope width analyses is justifiable. 

Figures 34, 35. ~nd 36 show the stress. displacement. and safety 
factor fields in the vicinity of the test stope w1t~ the crosscuts 
present. Figures 37. 38. and 39 show the difference fields of stress, 
displacement, and safety factor. The plots are to the same scale, so 
that a direct visual estimation of the influence of the crosscuts on the 
test stope can be made. It is obvious from these data that the cross­
cuts can be omitted from the test stope width studies. 

Stope Width 

A specific question ~oncerning t~st stope width asks at what width 
and where does inelastic behavior first occur a~ the stope is widened 
with other par~meters held constant. 

A second question concerns the growth of inelastic zones with 
increasinq stope width. It may be economically viable to support a 
limited volume of loose and flowing rock, provided there is no threat to 
the whol e stope. 

Parametric studies aid in answering these questions. In this 
regard. stope width is seen in Section A parallel to strike. Section A 
is entirely in are. The in situ stress ;s characterized by a ratio of 
horizontal to vertical stress equal to 0.84. As before. the rock is 
elastic perfectly plastic with a parabolic yield condition. Both rock 
properties and stope width are varied from their original values. 

Figure 41 presents the results of a study of three stope widths for 
three combinations of strength and modulus; the results are 1n the form 
of contours of safety factor and yield zone extent. A safety factor of 
one means that lncally the elastic limit has been reached. High. medi­
um, and low values of strength and modulus are roughly one. one-half. 
ilnd one-fcurth times laboratory values. The reference stope width ;s 
the original 12 m (39 ft) width. Figure 40 shows only a portion of the 
ground in the vicinity of t~e te5t stope. An example of a full mesh 
plot is shown in Figure 41. 
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Figure 34. - Stress field in section A with crosscuts present. 
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Displacement Field in Section A with Crosscuts Present. 
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Safety Factor Distribution In Section A with Cro88Cuts Pre8ent. 
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Figure 36. - Safety ractor distribution. 
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S t rei. F lei d Dlfferenee with a nd wit 1'10 ut C ro I I e ute 

Pre .. "t In t"'e Section A Finite Element Me.",: 

o o 

-0 

Figure 37. - Stress field differ~nce with and without crosscuts presen~ 
in the section A fin'ite element mes'l. (Scales are the 
same as in Fig 34.) 
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D'.pla cement Field Difference with and without 

Croa,-,cuta Preaent In Section A. 
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Figure 38. - Displacement field difference with and without crosscuts 
present in section A. (Scales are the same as in Fig. 35.) 
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Sa r .ty· Factor Dlfferance with a nd without 

Crolscutl Preaent In Section A . 
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(bottom row) strength and modulus values. 
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Figure 41. - Full mesh extent example. ~Ied'um strength and 
modulus case. 
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Study of the data in Figure 40 reveals an unexpected result: 
widening of the test stope has little influence on stability regardless 
of strength and modulus values. For a giv~n set of rock properties, 
increasing the width of the test stope up to four times original width 
actually increases stability. Yielding appears at rock mass properties 
one-half laboratory values, and spans the stope at one-f.::lurth laboratory 
v;!lues. Yield zones in back and brows were not observed in the test 
stope, however. 

The inference that widening of the test stope posed no threat to 
stability was contrary to intuition. 50 that additional evidence was 
sOLJht. It is known that the peak compressive stress at the periphery 
of a rectangular opening increases linearly with width to height ratio 
for widths greater than heisht and Ko values less than one. For width 
less than ~~ight. the peak. stress decreases with an increase in width, 
although Ilot linearly, for values of Ko greater than about 0.3 as Figure 
42 shows. Measured Ko values are greater than 0.5. In either case any 
tens ion pr'esent tends to be independent of wi dth to hei ght rat i o. 
Figure 42 also shows that th~ benefits of widening the opening are 
greatest for the hydrostatic case (Ko = 1.), although peak stress is 
~ess for lower Ko values. (A measured Ko of 0.84 was use6 in the stope 
width analyses.) This evidence supports the conclusion that widening 
the test stope, say, to twice original width could be done safely. Only 
half the number of crosscuts would then be need~d. 
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Pillar Width 

The ques~ion of stope width cannot be completely answered without 
considering a stope spacing or equivalently pillar width. One deter­
mines the other at a set stope width. Stope and pillar width together 
fix the initial extraction ratio and therefore recovery on first mining. 
A rough rule of thumb states that the zone of influence of a single 
opening is proportional to opening size, so that interaction begins at a 
pillar width equal to the stope width, that is, at an initial extraction 
ratio of 50 percent. Another rule of thumb states that pillar stress 
tends to be uniform and uniaxial in pillars higher than they are wide. 
The expectation ;s that in a long row of pillars and stapes on a given 
level, the pillar stress stat" is insensitive (i) to stope width in­
creases to less than the stope height at 50 percent extraction and (ii) 
to pillar width increases to less than stope height at fixed stope 
width. 

However, vein pillars are not isolated columns. Although the rib 
sides are unconfined before back filling, the foot and hanging wall 
sides are always confined when mining full vein width. Since strength 
is confining pressure dependent, the confinement in one direction and 
not in the other rais~s a question as to what strength to use. especial­
ly in the presence of high horizontal stress. Fortunately, the yield 
c'-"~ition used in the analyses allows for varying confinement in differ­
enc directions, so that the question automatically resolves itself in 
the finite element calculations. However, an extraction ratio or tribu­
tary area calculation could be unreliable in such cases. 
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The results of a series of analyses at stope widths Wo of 1. 2. and 
4 times the original width (12 m) and at pillar widths Wp of 1, 2. and 4 
times the stope width for low and high horizontal stress (2/3 and 3/2 of 
vertic~l) are plesented in Table 10. The local safety factors presented 
in Table 10 are at pillar mid-height. 

TABLE i O. - Pi 11 ar width study results 

Wo 1 X (12m) 2X ( 24m) 4X (48m) 

Wp/Wo FS FS FS 

Center Edge Center ~ Center Edge 
R 

L 1.3 1.3 1.3 1.3 1.5 1.4 
1/2 

H 1.4 1.4 1.3 , .4 1.6 1.5 

L 1.5 1.5 1.7 1.6 2.7 1.6 
2 1/3 

H 1.5 1 .0 1.7 1.7 3.9 1.8 

L 1.8 1.8 2.B 1.9 4.0 1.7 
4 1/5 

H LA LA 3.A 1.9 9.0 ?.o 

Wo '" width of opening 
WI') = width of pillar 
R = extraction ratio 
F", = factor of safety 
L = low hori lonta 1 stress (2/3 vert"i cal) 
H = high horizontal stress (3/2 vertical) 
Ho = Hp = height of opening, pillar 

These results show that: 

I . ) \ 1 

( i i ) 

the safety factor in the core or center of the pillar is equal to 
or greater than at the edge or rib of the pillar. 

high horizontal stress tends to increase safety because of greater 
confinement. but the effect is small. about 10 percent, at the 
,"ibline where the safety factor is lowest. 

(iii) at fixed pillar to stope width ratio but Wp/Wo > 1 and therefore 
constant extraction ratio (R > 50%). the ribline safety factor is 
nearly independent of stope width up to a stope width nearly equal 
to stope hei ght, 

(iv) increasing the pillar width from 1 to 4 times stope width in­
creases the ri bl i ne safety factor roughly 20 percent (1.4 to 1.8). 



These results show, for example, that d~ubling the stope width and 
therefore the pillar width while maint~~ning the initial extraction 
ratio at 50 percent is actually some~ltlat ber.eficial to stability. 
Figure 43 shows the double width factor of safety map for the low and 
high horizontal stress cases. The lowest local safety factor ir Figure 
43 is 1.6. Contour interJal is 1. 

An analysis at double stope width (24 m) but at a lesser pillar 
width (Wp/Wo = 1/2) and an extraction ratio of 67 percent (R = 2/3) 
shows an extensive plastic zone across the entire section of the pillar 
and thus global yielding and potential collapse (FS = 1.0). These 
conditions are similar to the original VCR stopes on t~e 1300 Level 
where mining proved difficult. At high horizontal stress, the pillar is 
marginally stable with localized plastic zones (FS = 1.1). 

The BHPF system progresses upwards from level to level as well as 
along a level. A stope on stope analysis was done to show the capabili­
ty of the computer program to follow the mining sequence. Stope geome­
try and mi~ing sequence are shown in Figure 44; properties are given in 
Table 11. A comparison between a sin91e level of stopes and pillars and 
a two level stope on stope case with backfill and co1umnized pillars is 
shown in Figure 45. The backs of the open stopes are virtually the 
same, while the lowest fa~tors of safety anywhere in the pillars are 
also the same (1.3). This is as expected because the pillar is tall at 
the outset with a height to width ratio near 4. Increasing pillar 
height thus does not change the pillar stress '~~te. 

TABLE 11. - Rock proeerties for stolle on stJpe analyses 

Proeerty E v C" To y ,-
Materi a1 (es i ) i=l ~L (es i ) (ecf ) 

Rock 3.0xlO6 0.2 9,000 700 165 

Fi 11 3.0xi04 0.2 90 7 100 

1 psi = 6.9 kPa, 1 pcf = 157 N/m3 
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Double Width Stope Safety Factor Map at 5o", Extraction. 

\tt) Low Horizontal Stresses. (b) High Horizontal Stresses. 

Figure 43. - Double width stope safety factor map dt 50% extrac­
tion. (a) Low horizontal stre~ses. (b) High 
horizontal stresses. 
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CONCLUSION 

The background. objectives. approach, and results of a geomechanics 
case stud." have been presented. The study was a cooperat i v~ effort by 
the Anaconda Minerals Company. the U. S. Bureau of Mines. and the Uni­
versity of Utah. During the course of the study. a full-scale test 
stope was mined to completion and subsequently backfilled with waste 
rock. In this regard. the mining method involved large diameter blast 
holes in a new design known a5 blast hole post-fill (BHPF) stoping. The 
main geomechanics objective was to establish a design procedure for 
optimizing stope and pillar dimensions through a combination of mine 
measurements. laboratory testing and finite element calculations. 

Some 36 drill holes up to 27 m (90 ft) in length were used for 
monitoring the test response to mining. These holes were strategically 
located in the ribs of the test stope, in the back of the overcut and 
the brow of the undercut, and in the foot and hanging walls. Relative 
displacement measurements obtained from multi-anchor rod extensometers 
proved to be the most consistent of the various measurements made. The 
bulk of the data was recorded automatically a~d semi-continuously by 
data loggers. ~canning frequency was adjusted according to the blasting 
schedule and previous instrument activity. As expected, a strong asso­
ciation between production blasts and jumps in instrument readings was 
observed. Generally, displacements were less than 2.5 cm (1.0 in.) 
before the loss of an anchor occurred. Instrument losses were "normal" 
and generally attributable to unit operations. However, some instrument 
loss also occurred with the development of a foot wall overbreak zone. 

Three two-dimensional finite element representations of the test 
stope that incorporated stope geometry and eight rock types identified 
in the skarn type Steep Highland Boy ore zone were used in the calcula­
tion of stress, strain, and displacement fields associated with the 
mining sequence. The premining stress field was determined from stress 
measurements in situ. An elastic-plastic material ~odel was suggestpd 
by the combination of laboratory testing and mine o1servations. Such a 
model is available in the UTAH-II and UTAH-III finite eleml~nt computei' 
progr~ms. Both use nonlinear versions of Drucker-Prager Yleld and 
aSSOCiated flow rules appropriate to geologic media. 

Regression analyses of calculated on measured displacements gave 
correlation coefficients of 0.882 and 0.886 in vertical sections par­
allel and perpendicular to strike, respectively. The correlation coef­
ficient is independent of Young's modulus. However, the slope of the 
regression line is essentially linear in the reCiprocal of Young's 
modulus. This feature of the analysis allows one to determine Young's 
moduli for the rock mass about the test stope and thus to "tune" the 
model for accurate displacement calculations. However, accurate dis­
placement prediction is of less impurtance than rock mass strengths 
which are needed for the assessment of safety and stability. 



Comparison of observed and calculated footwall overbreak zone 
extent provided estimates of rock mass strengths. This comparison was 
complicated by the three-dimensional aspects of the topdrift extension 
into the foot~all. Analysis of the situ~tion with the three-dimensional 
finite element code UTAH-III indicatpd a significant increase in stress 
concentration in the vicinity of the footwall overbreak zone because of 
the topdrift extension. Overbreak zone extent would be less, perhaps 
nonexistent, without the topdrift extension. This is an important 
practical consideration because of the role that dilution plays in the 
business of underground hardrock mining. 
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Application of the finite element procedure to the analysis of 
alternative stope and pillar widths was made in a subsequent series of 
analyses. The results show that increasing th~ width of a single stope 
up to a value equal to the height of th~ stope is in fact slightly 
beneficial. Peak stress concentration in the periphery of the stope 
does not c~ange significantly with an increase in stope width. This 
inferencE based on the finite element results was verified independently 
from other analytic and experimental results. 

Multiple stopes and therefore pillars would be necessary in a 
production setting. In this regard, the combination of 5tup~ and pillar 
width fixes stope spacing and the initial extr~ction ratio. Analyses 
results show that at 50% extraction the minimum safety factor in the 
pillar is 1.3. DO'lbling of the stope width, say, from 12 m to 24 m at 
50~ el(traction could thus be I.lndertaken with some confidence. Analysis 
of 24 In wide (by 33 m high) stopes separated by only 12 m wide pillars 
(67% extraction), however, shows a large plastic zone extending from 
pillar rib through the core indicating potential instability and col­
lapse. Stopes 24 m wide separated by 12 m wide pillars roughly corre­
spond to the original VCR stope layout that was less than successful. 

In conclusion. the excellent agreement observed between measured 
and calculated displacements and footwall overbreak zone extent sub­
stantiated the material model and th~ accuracy of the finite element 
representation of test stope geometry, geology. and mining sequence. 
Parametric studies for the purpose of optimizing stope and pillar sizes 
in alternative stope layouts were !herefor~ justified. The main geo­
mechanics objective of the test stope study was thus achieved. In fact. 
the test stope design proved to be highly successful with further im­
provement possible. 
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ABSTRACT 

This section describes a comprehensive geomechanics case study of a 
full-scale vertical crater retreat (VCR) panel at the Homestake Mine. 
The mi ne is owned by the Homestake Mi ni ng Company and is located in 
Lead. South Dakota. The study region lies between the 6950 and 7100 
levels (feet below surface). Three panels of the study stope region 
were instrumented with multi-anchor borehole extensometers and vibrating 
wire sti2SS gages from a cable bolt drift in the hanging wall and with 
footwall extensometers installed from the footwall haulage drift on the 
extraction level. Nineteen instrumentation boreholes. some over 100 ft 
in length. were used to monitor the study region response before. during 
and after mining. Laboratory tests for elastic moduli and strengths 
were conducted on drill core from mutually perpendicular holes in the 
study region in order to define the mechanical anisotropy of the Poor­
man. Homestake and Ellison formations. The Poorman formation. in par­
ticular, shows a well-developed foliation. In situ stress measurements 
from several sources including racent hollow inclusion overcoring tests 
on the 7400 level were used to define the in situ stress state. The 
c~nter panel produced approximately 65,000 ton of ere and ~llowed direct 
comparisons to be made bp.tween theoretical and measured displacements. 
Displacement.,;· were greatest in the immediate hanging wall where some 
instrumentation loss occurred during mining. Anchor by anchor correla­
tion coefficients obtained from regr~ss10n analyses of calculated on 
measured displacements were ~n ~H~ater than 0.9. Regression analysis 
using all data gave a correl!ti~r coefficient of 0.84 and fixed the rock 
mass elastic moduli. Comp2risons between inferred and calculated yield 
zone extent in the hangi ng -,,\11 fixed the rock maS3 strengths. A total 
of 54 independent rock mass ~roperties were needed to define the aniso­
tropic elastic-plastic material Jl10del (18 for each of the three forma­
tions present). All calculations were done with the UTAH-II finite 
element program. 
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The calibrated finite ~lement model was sub!i~quently used to assess 
the influence of dip, stope size, and pillar siZE on stability. Under 
study stope conditions. an ini~ial extraction of 50% is quite safe. but 
75% is not. At a stope height of 150 ft, widths and strike lengths 
greater than 50 ft can be accommodated, but length to width ratios (plan 
view) greater than four show marginal hanging wall stability. Alterna­
tive layouts, seque~ces under different geologies and in situ stresses 
can be considered using the same procedure without the need for full 
scale tests. However, some compromise is necessary in this regard 
because unlike the transverse section that shows the hanging wall 
response best. plan and longitudinal sections which show pillar size and 
strike dimensions best are three dimensional when the dip is not near 
vertical. Three dimensional analyses were beyond the scope of this 
investigation. 



INTRODUCTION 

The Home5take Mine is a deep underground gold mine located in the 
northern Black Hills near Lead, South Da~ota, as shown in Figure 46. 
Mining begal. at Homes-take in 1878. Development currently extends more 
than 8,000 ft below the surface. A variety of stoping methods have been 
used in the past. Cut and fill (Water1and and Conolly, 1966) a"d verti­
cal crater retreat or VCR stopes (Mitchell, 1980) account for the bulk 
of production at the present. The use of large diameter blast holes and 
VCR methods is expected tl') increase (Orr, 1983). 

~ 

The ore occurs in the steeply dipping and plunging folds of the 
Precambrian Homestake formation (Slaughter, 1968). The Ellison forma­
tion overlies the Homestake; the Poorma" formation usually forms the 
fjotwa11. The E111son and Poorman formations are also Precambrian. 
Three well-defined zones of increasing metamorphism have been i~entified 
in the re~ion: the biotite~ garnet and staurolite zones. Ore depo~its 
occur in the biotite and garnet zones. Phyllites and schists of varying 
composition are the dominant rock types. The folding is comolex. Many 
world class ore bodies occur in a similar setting of ancient, steeply 
dipping metasediments. The questions posed here thus have wide appli­
cability. 

114 

Control of the hanging wall is an historic task in underground 
mining. A stable hanging wall is important not only for safety but also 
for economic reasons. Dilution from a caving hanging wall may reduce 
the grade of ore below the level of profitability. With VCR stoping 
methods, hangi"g wall control must be secured in advance of production 
blasting. No .niners are present in the stof,le proper, so that direct 
observation of the hanging wall and the opportunity to add support 
during the life of the stope is not generally practical. A greater 
engineering design effort is therefore required for successful VCR stope 
layouts. Careful control of production drilling and b1astin~ is also 
eS'ientiai. 

The objectives and apprOach to the study stope project at the 
Homestake Mine were similar to those at the Carr Fork Min@. A tech­
nically sound and practical technique for sizing stapes and p~llars 
associated with VCR mining was sought. Accordingly, a plan for instru­
menting the study region was implemented and measurements of ground 
movelilent in response to mi ni ng were made. These were subsequently 
compared with theoretical calculations based on a finite element comput­
er model of the mining sequence. Input data il' the form of stope geol­
ogy, geometry, in situ stress state and rock properties were obtained in 
advan~e of mining. The mining sequence was then simulated on the com­
puter. A favorable tomparison of calculated with measjred displacements 
justified use of the model for analysis of a1ter~ative stope and pillar 
sizes. The objective is to optimize both for productivity and recovery 
without sacrifice of safety and stability. 
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FIELD INSTRUMENTATON AND MINE MEASUREMENTS 

The objectives of the field instrumentation and mine measurements 
program ' .. .:re to determi ne the study stope response to mi ni ng. Two types 
of i' .strume:"jtdti on were uSEd for monitori ng. rod extensometers and 
vibrating wire stress cha"ge gages. Nineteen instrumentation holes were 
drilied in the foot and hanging wall areas of the study !'itope. All 
hDles were percussion machine drill ho~es. Total footage is approxi­
mately 1.200 ft. 

Instrumentation Layout 

The study stope re3ion involves three panels between the 6950 and 
7100 Levels of the mine (Mine designation is 48-S1SAB. 21L. 7100). 
Panels 2 and 3 were instrumented with four extensometers in the 
immediate hanging wall. one extensometer into the remote hanging wall. 
one footwall extensometer and one stress gage hole in the wall of the 
cable bolt drift. Panel 4 is a smaller panel; two less extensometer 
holes were used in this Panp.l. The instrumentation of the hanging wa'll 
was possible because of a cable bolt drift in the hanging wall. This 
was quite fortutlate for rock mechanics study purposes because ordinarily 
the hanging wall regien. although of great interest, is not readily 
acce~sib1e. Figures 47. 48 and 49 show the instrumentation layout. 

Figure 47 is a vertical section perpendicular to the strike of the 
ore zone taken through the center of the study stope region (which is 
also the center of Panel 3). Holes 6. 7. 8 and 9 are down holes and 
contain three-point. grouted anchor extensometers. Hole attitude was 
specified so as to place the deepest anchor ne6r the hanging wall of the 
future VCR stope at roughly one-third and two-thirds the distance be­
tween levels. The midrlle anchor and anchor nearest the hole collar were 
equally spaced also in order to divide the hole length into three equi­
distant segments. Hole 10 is an uphole and contains a snap ring 
anchored extensometer located in the remote hanging wall. Hole 15 is 
also an uphole and contains a snap ring extensometer for monitoring the 
footwall. Hole 18 is a short eight-foot hole located in the wall of the 
cab1p. bolt drift. Hole 18 contains a three-gage array of vibrating wire 
stress gages intended to monitor the stress change in the pillar between 
top sill Jnd cable bolt drift. All extensometer holes were 3 inches in 
diameter. Stress gage holes were 2 1/4 in. in diameter. This pattern 
was essentially repeated in Panels 2 and 4. although two less extensom­
eters were installed in the latter Panel. Hole 14 is short and contains 
a two-point rather than a three-point extensometer. 

Figure 48 shows the top sill or drill level development on the 6950 
Level and the instrumentation installed from the cable bolt drift on the 
same Level. Seventeen of the 19 instrumentation holes were installed 
here. 

Figure 49 shows the bottom sill or extraction level development and 
location of the two footwall extensometer holes. These extensometers 
wer~ the snap ring anchor type. 
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All data were collected manually. Extensometers were read with a 
dial gage. while the vibrating wire stress gages were read by the meter 
for these gages. (The reading is essentially the period of vibration of 
the wire within the gage.) No data loggers or automatic data 
acquisition system was u~ed. Concentration of 17 of 19 instrumentation 
heads over a distance of approximately 175 ft within the cable bolt 
dri ft made manual readiny practical. 

All instrumentation was installed well in advance of ring blasting 
and VCR production blasting. Once installed, the reading schedule 
~aried according to mining activity. Generally readings were obtained 
immediately before and after blasting and between blusts when time and 
ventilation permitted. 

All readings were entered onto a data sheet with provlslon for 
ap~ropriate notes as to size of the blast and so forth. This allowed 
for an immediate comparison with previous readi~g and provided a check 
on the procedure as well as an indication of any increase in hanging 
wall activ1ty. 
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Data sheet information was subsequently hard copied and then 
entered into computer files at the University of Utah in much the same 
way as Carr Fork Mine data. plots of displacement versus time and 
stres5 change versus time were periodical"ly run from these files. The 
four hanging wall holes (H-6,7,8,9) between stope hanging wall and cable 
bolt drift above Panel 3 prov1ded the bulk of the data. 

Chronology 

Installation of the downhole grouted anchor extensometers began 
Wednesday. October 26, 1983. Six extensometers were installed in three 
days by a mixed crew of Univp.rsity of Utah and Homestake ~Iining Compa,,~' 
personnel. The following week, eight additional ~xtensometers were 
installed. Hole~ 1-14 were no~, complete,d. Installation of the nine 
vibrating wire stress gages that constitute the three thr~e-gage arrays 
in Holes 17, 18 and 19 began November 29. These holes and the two 
footwall extensometer holes were completed December 1, 1983. Ring 
drilling and blasting for Panel 3 began in March 1984. VCR blasting 
began in June a~d was completed in October 1984. The chronology is 
given in Table 12. 

TABLE 12. - Homestake Mine study stope chrono~ogy 

Activity 

Instl'umentat i on 
Ring drilling Panel 3 
VCR blasting begins 
Crown pillar (east) 
Crown pillar (west) 
Began filling 

Month/Year 

Oct. - Nov. 
March 
June 
August 
Oct. 
Jan. 

1983 
1984 
1984 
1984 
1984 
1985 



Study Stope Response 

The measured response of the study stope at the Homestake Mine is 
embodied primarily in the hanging wall extensometer reading~ obtained 
during mining of Panel 3. Footwall extensometers and vibrating wire 
stress gages also contribute to the measured stope resp~nse but to a 
much lesser degree. 

Panel 2 and Panel 4 are unmined at present. Panel 2 is in fact a 
pillar formed by mining Panels 1 and 3 on either side. Panel 4 is an 
end Panel and forms the north rib of mined Panel 3. Panel 2 forms the 
south rib. All instrumentation was installed well in advance of mining, 
so that a baseline for each extensometer anchor and stress gage was 
established prior to ring and VCR blasting in Panel 3. -

. 
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A complete 500-day history of the remote hanging wall extenso~eter 
(n 10) is shown in Figure 50. A positive displacement in Figure 50 
indicates an increase in distance between anchor point and the reference 
plate at the hole collar. The response of the remote hanging wall to 
VCR mining of ~ane1 3 is small until the first crown pillar blast (East) 
when a large increase was obse~ved. After the second crown pillar blast 
(West), the remote hanging showed ~ery little additional movement. The 
maximum relative displacement in t~e remotp. hangina wall over the entire 
period of observation is less than 0.18 in. 

The immediate hanging wall response to mlnlng Panel 3 is shown in 
Figures 51, 52,53,54. These figures are the extensometer histories of 
Holes 6, 7, 8 and 9 from a period just after ring drilling and blasting 
through VCR production blasting and crown pillar removal. The response 
of the immediate hanging wall S;10WS a strong association with blasting. 
Indeed, some anchor loss occurs with mining and slough of the hanging 
wall. As the stope is enlarged from bottom to top, anchor movement 
increases significantly, but wlth continued retreat. subsequent anchor 
movement diminishes as shown, for example, by Anchor 1 in Hole 7, Figure 
52. 

Anchor loss does not JPpear to be &ssociated with a specified 
amount of displacement as seen, for example. in the history of Hole 6, 
Figure 51. A displacement failure criterion is thus not justified. The 
greatest relative displacement in the immediate hanging wall before 
anchor loss is approximately 0.9 in. One anchor has survived beyond 0.9 
in. relative displacement, but a number of anchors were lost at ~uch 
smaller displacements. 

The footwall extensometer for Panel 3 is Hole 15. A three-point 
snap ring extensometer is installed in this hole. Its response appears 
unreliable because of erratic readings, the lack of a consistent pattern 
between anchors and difficulty during installation. 

Hole 18 contains a three-gage array of vibrating w~re stress gages 
installed at 0, 45 and 90 degrees to the horizontal in a short hole 
collared in the cable bolts drift. Figure 55 shows the stress changes 
calculated from Hole 18 data. Tensior, is positive in Figure 55; a 
change of + 1000 psi means, for example, that an original compression of 
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Figure 51. - Hole 6. Panel 3. Immediate hanging wall. 
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- 9,000 psi is now - B,OOD psi as seen in a plane perpendicular to the 
hole axis. Figure 55 indicates a decrease in vertical compression ill 
the cable bolt rib (between stope and cable bolt drift) until removal of 
the cro~ pillars when a sizeable recompression occurs. 

Sunmary 

An instrumentation layout consisting of 19 boreholes cont&~ning 
multi-anchor extensometers and vibrating wire stress gages in the foot­
and hanging walls of a three-panel study stope has led to a data base of 
displacements and stress changes that quantify the study stope response 
to VCR mining. Installation was complet~d in late 19B3 after prelimi­
nary developmp.nt but well in advance of ring drilling and subsequent 
production blasting. which began in March and June, 1984, respectively. 
A reliable baseline was thprefore established for each measurement point 
(extensometer anchor, viblating wire stress gage). Installation went 
smoothly and rapidly without unexpected delays. Concentration of much 
of the layout in the cable bolt drift was quite fortunate in this re­
gard. Cooperation with mine ~ersonnel was excellent. 
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The mined panel (Panel 3) 1s the central panel of a three-panel 
region (48-S1SAB, ~~ ~~1ge, 7100 Level) and is about approximately 60 ft 
wide by 90 ft long (on strike) and 150 ft high. At 12 cu ftlton, Panel 
3 would contain about 65,000 tons of ore. These numbers are rough 
estimates and are only intended to give one a "feel" for the size of the 
study region. By comparison, the measured tonnage mucked from the Carr 
Fork Mine test stope is about 30,000 tons. 

Inspection of the plots of displacement and stress change versus 
time show a step-like response that is highly correlated with blasting 
event and size. Closer examination of the data shows too that proximity 
of the blast (VCR lift) to an anchor point is also important in deter­
mining the step size. There is motion between blasts, and some motion 
after the last blast. However. the instantaneous motion with blasting 
and enlargement of the stope accounts for most of the observed changes 
in instrument readings. Observed relative displacements were generally 
less than 0.9 inches. 

The majority of extensometer anchors in the immediate hanging wall 
of the mi ned panel (Panel 3) were lost ; n the course of mi ni ng. Four 
out of the original 12 survived. All deep anchors (number 3) nearest 
the stope hanging wall and with one exception all intermediate anchors 
(number 2) were lost in the immediate hanging wall during mining. Loss 
of grouted anchors il"l the immediate hanging wall is indicative of slough 
or overbreak. 

The remote hanging wall extensometer for Panel 3 survives. while 
the footwall extensometer is a practical loss. The vibrat1ng wire 
stress gage array in the rib of the cable bolt drift remains readable, 
but some doubt exi sts as to its re1; ability. In this regard, it may be 
that the wedge anchoring of the stress gages and the snap ring anchored 
extensometers are not secure enough to survive in a blasting 
environment. However. the grouted anchor extensometers performed well. 



All instrumentation in Panels 2 and 4 is active. Panel 2 instru­
mentation gives a pillar history formed by mining first Panel 1 on the 
south side and then Panel 3 on the north side. Panel 4 instrumentation 
records a partial pillar history formed by mining Panel 3 on the south 
side. 

The data obtained from the instrumentation in Panel 3 is amenable 
to comparison with finite element analysis of the study stope response 
to mining. In this regard. although some hanging wall slough is 
indicated. the study stope region r~mained stable throughout the period 
of investigation. Both the quality and the quantity of the mine 
measurements are ~dequate for direct comparison with finite element 
calculations of study stope deformation and slough or yield. 
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IN SITU STRESS MEASUREMENTS AND ROCK PROPERTIES 

The prestope or in situ stresSE"; are in fact the lIapplied loads ll 

for analysis of stress about the study stope. These data in addition to 
the rock properties. namely. the elastic moduli and strengths. are 
essential physical information for the evaluation of safety and stabil­
ity. Laboratory values of rock propert1es used in the initial analysis 
of the study stope response are subsequently scaled to represent rock 
mass properties. The in situ stress state is determined from considera­
tion of all measurements. 

In Situ Stress MeaSI'·'ements 
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In situ stress measurements at the Homestake Mine have been re­
ported by Bond (1970) on the 6200 Level and by Hooker (1972) on the 3050 
and 6200 Levels. Results ot in situ stress measurements on the 7400 
Level by the Spokane Research Center of the U. S. Bureau of Mines are in 
rough agreement with values extrapolated from the earlier data as shown 
in Table 13. The ahanges in stresses with depth according to the former 
measurements are close to gravity gradients. while th~ actual horizontal 
stresses are higher than the gravity compun~nts. 

The principal stress data presented in Table 13 are in rough agree­
ment with respect to magnitude. However, the recent data from measure­
ments on the 7400 Level differ noticeably from earlier measurements with 
respect to direction. The early measurements show principal directions 
aligned with the vertical. p~rallel to strike and perpendicular to 
strike. The la~t set of measurements (7400 Level) show directions that 
are skewed with respect to the vert:ial or gravity axis and with respect 
to local structure. 

The di fference between the former' and 1 ast set of measureml:'nts is 
mainly in the presence of vertic11 shear stresses in the last se~ of 
data. Table 13 shows that the magnitudes of the normal stresses 
relative to coordinate axes parallel and perpendicular to strike. that 
is, the vein stresses, are comparable. The normal stress parallel to 
strike is conSistently less than the normal stress perpendicular to 
strike on all levels. On the 7400 Level the normal stresses parallel 
and perpendicular to strik~ are 4.200 and 5,500 psi, respectively. The 
vertical stress from the earlier measurements follows a gravity gradient 
between 1.0 and 1.3 psi per foot depth. No vertical shear stress is 
present in these data. However. the last data set (7400 Lfvel) shows 
sizeable vertical shear stresses. These stresses considerably reduce 
th2 ver'~ical normal stress required for equilibrium. Without the 
vertical shear stresses, the vertical normal stress on the 7400 Level 
would be 8,226 psi which corresponds to a gravity gradient of about 1.1 
psi per foot of depth. This is comparable to the gravity gradients 
obtain,~d in the earlier measurements. 
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TABLE 13. - In situ stress measurements 

Pr~ nci ea1 stresses and direction 

Source Stress * Magnitude Bearing Q!£.** 

Bond (1970) Major 8,000 psi vertical 
6200 Level Intermediate 5,200 N5QE 0 

Mi nor 2,900 N40W 0 

Hook.er (1972) Major 3,051 vert i cal 
3050 Level Intermediate 3,687 N43E 0 

Minor 1,845 N47W 0 

6::!OO Level Major 7,720 vertical 
Intermediate 5,349 N30E 0 
Minor 3,624 N60w a 

USBM (1984)** Major 7,985 N83W 53° 
7400 Level Intermedi atf~ 3.411 N08W 71 ° 

Minor 1,927 N61E 43° 

Vein Stresses 

Source Dip Strike Vertical Vp.rtical Vein 
Direction Direction Shear Shear 

Hooker 
(3050 L) N43E 3,687 psi N47W 1,845 psi 3,051 psi o/e 0 

(6200 L) N30E 5.349 N60W 3,624 7,720 0/0 0 

Bond 
(6200 L) N50E 5,200 N40W 2,900 8,000 0/0 0 

lJSBM 
(7400 L) N45E 5,496 N45W 4.220 4.237 1925/2064 938 

* . . . **compresslon posltlve 
down positive 
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The 7400 Level stress measurements involved new equipment and a new 
three-dimensional stress gage, the CSIRO HI ,ct.ll. Data from five HI­
cell gages were screened for reliability. The screen1ng process includ­
ed consideration of temperatures th.lt were recorded during overcoring 
operation. The screened data were subsequently reduced at the Spokane 
Research Center and independent ly wi th a different computer program at 
the University of Utah. Results are identical, so that the data reduc­
tion process appears reliable. The 7400 Level data has the relative 
advantage of being clos~ to the study stope (6950-7100 Levels). How­
ever, the earlier data sets obtained by Bond and Hooker are consistent 
and provide a check of one set on the other. No check is available for 
the 7400 Level data. 

For these reasons, the vertical shear stresses were ignored. The 
vertical normal stress was set according to a conservative gravity 
gradient of 1.25 psi per foot of depth. Thus, the in situ stresses ar~ 
gi ven by 

o = 1.25 h v 

0hl = 2078 + 0.53 h 

0h2 = 121 + 0.55 h 

(vertical) 

(dip direction) 

(strike direction) 

(1) 

where h = depth in feet and st resses are in ps i. The di p and st ri ke 
directions are azimuths, that is, horizontal directions. At a depth of 
7025 ft to the center of the study stope, the stresses are 

°v = 8,781 psi (vert i cal) 

°hl = 5,801 psi (dip direction) (2) 

°h2 = 3.985 psi (strike direction) 

~aboratorl Rock Proeert1es 

Drill core for laboratory rock properties testing were obtained in 
three directions from the Poorman, Homestake and Ellison formations. 
These core were supplied to the Department of Mining Engineering at the 
South Dakota School of Mines and Technology (SDSMT) ~or testing. A 
small sampling of these core were supplied to the Department of Mining 
Engineering at the Liniversity of Utah. The immediate objective of the 
laboratory test program was to determine Young's modulus, Poisson's 
ratio, uniaxial compressive strength and tensile strength in three 
mutually orthogonal directions in each of the three formations. The 
goal was to determine the elastic and strength properties necessary to 
define an orthotropic material model of the three formations present in 
the study stope region. The well developed foliation in the P(.IJrman 
formation and to a lesser degree in the Ellison and Homestake formations 
strongly suggested the need for an ani sotrop;c material model. Compl ex 
folding suggested that an orthotropic rather than the simpler trans­
versely isotropic model would be needed to account for the directional 
character of the formations. Drill hole orip.ntations were parallel to 
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the down dip direction. perpendicular to the foliation and parallel to 
strike. These three mutually orthogonal directions were intended to 
follow the principal material axes and are referred to as the 1-, 2- and 
3-directions 

A compromise in the costs and benefits of laboratory testing was 
made at the outset. The compromise involved a partial rather than a 
complete determination of the orthotropic material model. Sh,\~ar proper­
ties would be estimated rather than measured. In the isotropic case, 
the shear modul us and strength can be est imated from Young's m,')dul us, 
Poisson's ratio, compressive strength a~d tensile strength. I" the 
anisotropic case, the shear properties are independent parameters. This 
is an important point as subsequent results show. However, testing for 
shear properties using conventional laboratory test1ng machines would 
substantially increase costs. Additional laboratory testing and addi­
tional drill holes would be needed. 

However. a rather involved analysis of some laboratory test data 
a 11 owed for the est i mat i on of shear propert i es in the Poorman form,at ion 
which exhibits the greatest development of schistosity. This analysis 
provided yuidance for estimating the shear properties of the Homestake 
and Ellison formations. In this regard, the Poorman formation show5 the 
greatest differences in Young's moduli and Poisson's ratios; the largest 
modulus ratio is about 2. The Homestake formation shows the greatest 
difference in compressive strengths. while the Ellison formation shows 
the greatest tensile strength difference. The largest compressive 
strength ratio is about 2; the largest tensile strength ratio is about 
3. 

SDSMT Data 

Laboratory rock properties tests results obtained at SDSMT (Hladyz 
and Er;ckson, 1984) are summarized in Table 14. Values in Table 14 are 
mean values. The shear properties in Table 14 are estimated from the 
isotropic-like relations: 

and 
Gij = [;/2(1 + v

ij
) (3) 

R; = lei Ti/3 (4) 

using the mean values in Table 14. These relations are not unique. but 
do reduce to the isotropic case with vanishing anisot~opy. The shear 
strengths given by Eqn. 4 follow from the yield condition adopted in 
subsequent analyses (Pariseau, 1972), 

133 



* Property 

\112 

\123 

\1 31 

G12 

G23 

G31 

C1 

C2 

C3 

Tl 

T2 

T3 

Rl 

R2 

TABLE 14 - Original SDSMT anisotropic rock properties 

Homestake 
Formation 

12.7xl06 

6.0x106 

9 .Oxl 06 

0.18 

0.18 

0.19 

5.4xl06 

2.6xl06 

3.9xl06 

17,100 

11 ,550 

14,260 

1,378 

1 ,139 

1 ,293 

2,803 

2,094 

Poorman 
Formation 

13.5xl06 

7.2x106 

13.7x106 

0.15 

0.29 

0.22 

5.9xl06 

2.8xl06 

5.6xl06 

10,810 

B,802 

11 ,400 

1 ,731 

994 

2,036 

2.497 

1.70R 

Ell i son 
Formation 

12 .ixl 06 

9.lxl06 

11 .Oxl 06 

0.16 

0.17 

0.15 

5.5xl06 

3.9xl06 

4.Bxl06 

12,560 

11 ,340 

12,040 

1,971 

588 

1,699 

2,873 

1 .491 

R3 2,479 2,782 2.611 

*The 1- and 3-directions are parallel to the schistosity; the 2-direc­
tion is perpendicular to the schistosity. All units are psi (except 
for Poisson's ratios. 
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Examination of the SDSMT test data showed large coefficients of 
variations (standard deviation expressed as a fraction of the mean). In 
some cases, the scatter sugg~sted bimodal distributions. Removal of 
outliers in the strength data greatly reduced the scatter and resulted 
in a modified set of SOSMT rock strength properties. Shear strength 
properties were again computed from the isotropic relations (Eq. 
3a,b). The modified SOSMT laboratories' properties are summarized in 
Table 15. The modification pror.ess is shown in detail in Tables 16, 17, 
18 for the Homestake, Poorman and Ellison formations, respectively. The 
modification process of discarding outliers or extreme values was 
continu~d until the coefficient of variation decreased to approximately 
30%. In most cases, discarding obviously strange data resulted in an 
even lower coefficient of variation. An example is seen in Table 17 
where discarding two v~ry low values of compressive strength in the 1-
direction reduced the coefficient of variation from 58% to 28%. The 
mean changed from 10,800 to 13,700 psi. The new strength means are 
viewed as more representative of the sample pnpulation. Elastic moduli 
were not modified at this stage because of the few samples (thr~e) used 
for each Young's modulus determination. 

TABLE 15. - Modified SDSMT rock strength properties 

• Homestake Poo~man Ell i son 
Pro~ert~ Formation Formation Formation 

C, 20 ,146 13,674 11 ,342 

C2 11,547 10,000 11 ,414 

C3 13,267 12,265 8,155 

T, 1,378 1 ,73~ 2,378 

T2 1 ,139 820 588 

T3 1 ,293 2,423 1,880 

R, 3,042 2,808 2,998 

R2 2,093 1 ,653 1,496 

R3 2,391 3,147 2.260 

*The 1- and 3~d;rections are parallel to the schisosity; 
the 2-direction is perpendicular to the schistosity. All 
uni ts are psi. 
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TABLE 16. - Homestake stren~th modification erocess 

Strength No. Di r. Value Original Modified --- X- X Sx C.v.% Sx C.V.t 

2,418* 
9,662 
9,977 

115,174 
8 3 17,224* 14,257 6,908 48 13.267 3.462 26.1 

22.913 
13.297* 
22.388 

7,285* 
22,362* 
8,674 

20.034 
Co 8 20,367 17,102 7,394 43 20,146 5,647 28 

23.446 
9,324 

25,329 

7,830 
11 ,448 
12,2,~2 

8,374 
9 2 11 ,681 11 ,547 3,311 29 11 ,547 3,311 29 

17,882 
8,485 

10,843 
15,170 

1,593 
1,398 

5 3 1 ,414 1,293 250 19 1,293 250 19 
949 

1 .385 

1 ,282 
765 

To 1 , ::J79 
6 1 ,056 1 .378 479 32 1 .378 479 32 

1,943 
1 ,343 

1,050 
911 

b 2 761 1 ,139 340 30 1 ,139 340 30 
1,398 
1 ,576 

* di scarded outlier C.V.% coefficient of variation = = 
X- = mean Co = uniaxial compressive strength 

s)\ = standard devi at i or; To uniaxial tensile strength 
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TABLE 17. - Poorman stren~th modification erocess 

Strength No. 01 r. Value Or1 gi l1a 1 Modified -- X- X Sx C.V.% Sx C.V.% 

14 ,680 
8,238* 
5,336 

11 ,301 
8 3 11.714 11 ,402 3,850 34 12.265 3.214 26.2 

9,476 
12.632 
17 ,815 

* 1 ,386* 
3,022 

15,699 
12,741 

Co 8 8,442 10,807 6,242 58 13,674 3,848 28.1 
13,602 
19,830 
11 ,732 

11 ,033 
9.933 
7,791* 

421 
8 2 10,733 8,802 3,684 42 10,000 1 ,565 15.7 

7,929 
10,748 
11 ,833 

1 ,631 * 
485 

5 3 2,416 2,036 1 ,109 54 2,423 798 32.9 
3,517 
2,129 

2,091 
2,224 

To 5 1,656 1 ,731 478 28 1 ,731 478 28 
1 ,681 
1,000 

677 
519 

1 ,877* 
6 2 1 ,105 994 478 48 820 226 27.6 

903 
896 

* discarded out 1 i e r C.V.% coefficient of variation = ::: 

X = mean Co = uni ax; al compressiv~ strength 
~x = standard deviation To = uniaxial tensile strength 
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TABLE 18. - Ell i son strength modification Erocess 

Strength No. Di r. Value Original Modifi ed --- X X sx C.V.'; sx C.V." 

5.854 
8,390 
8.910. 

26,263 
8 3 6.034. 12.042 7 .543 63 8 .155 2.058 25 

21.146 
8.307 

11.433 

10.587 
9.407 

16.264 
10.447 

Co A 14.175 11 .342 2,640 23 11 .342 2.640 23 
10.861 
10.984 
8.014 

10 .017 
l4.235 
9,912 

12.759 
8 2 10,879 12,556 3,537 28 11 .414 1 .561 13.7 

10.829 
11,269. 
20,545 

1 ,909 
2.249 

5 3 2,259. 1.699 621 37 1,880 543 28.9 
973 

1 ,103 

1 ,842 
2.070. 

1 ,971 To 5 344 1.090 55 2,378 694 29.2 
2.204 
3,394 

51 i 
478 

5 2 611 588 187 32 588 187 32 
434 
901 

'* discarded outl i er C.V.,; coefficient of variation = = 
X = mean Co = uniaxial c~mpressive strength 

sx = standard deviation To = uniaxial tensile strength 
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UU Data 

Nine laboratory test specimens were prepared for testing in the 
University of Utah rock mechanics laboratory. Five of the samples were 
from the Homestake formation; two were from the Elli son format i on, and 
two were from the Poorman formation. All samples had a height to diam­
eter ratio close to two. Four three-strain gage rosettes (0-45-90) were 
attached to each specimen. Testing was done unconfined and under con­
fining pressures of 1,000, 3,000 and 5,000 psi. An axial load axial 
displacement curve was recorded during each test. Both axial displace­
ment and confining pressure were under servo-control during a test. 
Details concerning sample preparation. data acquisit'ion and reduction 
are contained in a report by Duan (1985). 

The objectives of the UU laboratory tests were: 

(i) to provide a spot check on SDSMT data, 
(11) to evaluate shear moduli by testing core inclined to 

the foliation, 
(iii) to evaluate shear str~ngth. and 
(iv) to obtain first-hand knowledge concerning the mode of 

failure of the laboratory test specimens. 

The most important of these objectives concerned the shear properties, 
especially shear strength, that up to this stage were being estimated on 
the b3Sis of isotropic relations which, in fact, are not unique. 
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The elastic properties tests results showed a linear stress-strain 
response in all cases for loading to approximately one-half the uniaxial 
compressive strength. Hysteresis under repeated loading was generally 
small in the Homestake formation samples as shown in Figure 56, but 
somewhat more not i ceab 1 e in the Ell i son format i on sampl es as shown in 
Figure 57. The two Poorman formation samples are at an angle to the 
fo'liation and were reserved for shear modulus analYSis. The results of 
the elastic moduli tests are summarized in Table 19. 

Table 19. - UU elastic moduli test results 

Samele/ 
Formadon 

Younf ~ modul us 
{O Esn Poisson's ratio 

El E2 E3 v12 v21 v23 v32 v31 v13 

1 hf 11.19 0.12 0.11 
3 hf 9.89 0.25 0.18 
5 hf "12.24 0.14 0.12 
6 ef 9.55 0.08 0.14 
7 hf 12.8 0.15 0.15 
8 ef 9.02 0.19 0.21 
9 hf 12.76 0.21 0.27 

hf Homestake formation 
ef = Ellison formati01 
pmf= Poorman format i 011 
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Although the number of tests are very few, the data i~ Table 19 provide 
some check on the SDSMT experimental results. In the case of the Home­
stake formation, for example in the l-dire6tion, the UU and SDSMT values 
for Young's modulus are 12.5 and 12.7 x 10 pSi, respectively. In the 
case of the Ellison formation, for example in the 2 girection, the UU 
and SDSMT Young's modulus values are 9.29 and 9.1xlO psi, respectively. 

The six Poisson's ratios in Table 19 are not independent because of 
symmetry and the consequent reciprocity relations: 

Vi . IE. = v .. IE . 
• 1 1 J 1 J 

(i,j = 1,2,3, i~j) (5) 

These relations provide a check on the data. However, as a practical 
matter it is difficult to distinguish the 1- and 3-directions in the 
plane of schistosity. Hence. the check can be expected to be rough at 
best. In the case of the Homestake formation data, there is enough 
information for a reciprocity ~~1~tions test. Table 20 shows the re­
sults. 

TABLE 20. - Orthotropic recierocitt relations check 

Poisson's ratio 

( v2l ) ( v32 ) ( v13 ) 

Experi- Recipro- Experi- Recipro- Experi- Recipro-
ment citt ment cit~ ment cit~ 

0.12 0.12 0.21 0.18 0.14 0.26 

The first two Poisson's ratios are close, but the third in the plane of 
schistosity is uncertain, as expected. 

The determination of the shear moduli is possible by testing core 
with axes inclined to the foliation. The two samples prepared from the 
Poorman formation were inclined 12 and 15 degrees to the foliation. 
Unfortunately, the first failed prematurely. Application of the 
orthotropic elastic model to the test configuration shows that E'f = a 
and 

liE' = {1/E,)cos4a + {1/G'2 - 2v12/El)sin2acos2a + (l/E 2)Si n4 a (6) 

where a is the angle between the foliation and load axis measured in 
the plane formed by the 1- and 2-directions. 

Equation 6 can be solved for G12 since all other numbers are known from 
the test results. Figure 58 is thp experimental curve for the Poorman 
formation sample inclined 15 ~~~. to the foliation. The final 
experimental result is 

(il2 = 3.8~ x 106 psi (Poorman formation). 

In order to estimate the remaining shear moduli G23 and G31 for the 
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Figure 58. - PJorman formation laboratory stress strain curves. 



Poorman formation and G,2 • G?3 and G31 for the Homestake and Ellison 
formation. the experimental '~alue of G'2 obtained for the Peorman was 
compared with values yiven by 

Gij = Ei /2(1 + v~.) 
!J 

Gi j = E/2(1 + v .. ) (i.j=l .2.3) Jl 

144 

G; j = Ei /4 (1 + vi j) + E/4(1 + vi j ) ( i ;t j ) (la-e) 

l/Gij = 2/~ + 2Vij/Ei 

1 IG; j = 1 lEi + lIE. + 2vi /E i J 

The Gij calculated for all formations with exptrimenta1 Ej and vi' 
1n Eqs. ~a-e range between a low of 3.214 x 10 psi to a high of J 
5.918xlO psi. In this regard. the Poorman formation shows the greatest 
calculated range of Gij ; the ranges for the Homestake and Ellison are 
less and nearly the same. respectively. The cg'cu'ated value Of

6
G'2 nearest to the experimental value of 3.84 x 10 psi is 4.05 x 10 psi 

and is given by the last cf Eqs. 7a-e. Equation 7e was thus used to 
estimate all other shear moduli. 

According to Eqn. 6, Young's modulus E' for core inclined to the 
foliation is a function of G'2 as well as E1• E2• v and a. Hence. 
a polar plot of E' with h12 as a parameter shows gra~~icallY the varia­
tion and the fit obtained with all the experimental data including the 
one measurement of G,2 • Such a plot is shown in Figure 59. The solid 
curves in Figure 59 represent the result: obtained using G]2 from Eqs. 
7a-e in Eqn. 6. The dotted curve is the experimental result (Eqn. 6 
only). It shows a good approximation to the result obtained using the 
empirical relationship Eqn. 7e ar.d further confirms a satisfactory 
estimation procedure for the remaining shear moduli. 

Estimation of the shear strengths follows a procedure that is 
similar to the procedure used to estimate the shear moduli from tests on 
core inclined to the foliation. Of course, the procedure for strengths 
is based on the yield condition (Pariseau, 1972) rather than Hooke's law 
for anisotropic (orthotropic) elastic solids. The yield condition used 
is 

(8) 

where x. y, z are the principal directions of anisotropy. Eqn. 8 is 
nonlinear in stress. The strength properties F, G. H. L. M. N. U. V, W 
are related to the uniaxial compressive, tensile and shear strengths 
relative to the axes of anisotropy ~CI' T

" 
Ri , C2, T2, R2, C3, T3, 

R3). The uniaxial strengths r: i , Ti (1=1.2,3) are known for each forma­
tfon from tests on core parallel and perpendicular to the fo11ation. 
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Tne yield condition for core under uniaxial load 0 at an angle to 
the foliation becomes a complicated function 

f(~,a.n,F.G.H.N.U,V.W) = 1 (9) 

that leads to an expression for unconfined strengths at an angle to the 
foliation that involves R3 but not R] and R2, for example. A plot of 
such a function with ~ as a variable and R3 as a parameter is shown in 
Figure 60. The experimental point determinea from a test on a core 
inclined to the foliation 15 degrees indicates a value of about 900 psi 
for R3• 

Various isotropic strength relations are available. that is, ex­
pressions for R· in terms of C1 and Ti , that reduce to the isotropic 
case in the inslance of vanish1ng anisotropy. For example. R2 may be 
given by a. b, c, d and combinations as given in Eqns. 10: 

a- {Cl Tl /3, b = IC3T3!3. c = IC1T3!3. d = IC3T1!3 (10) 

1/2 (a+b). 1/2 (c+d). 1f2 (a+c)' 1/2 (a+d). 1/2 (b+d). 1/2(b+c) 

The dotted lines in Figure 60 correspond to the highest and lowest R 
values obtained from Eqs. 10. Figure 50 suggests that the lowest result 
should be used to estim;lte the shear strengths (R i ) when not determi ned 
directly by experiment. 

A similar result is obtained testing under confining pressure at an 
angle to the foliation. This is shown in Figure 61. Again, the lowest 
R value from Eqs. 10 is nearest the experimental point. 

Another set of empirical criteria for estimating shear strengths is 
the shape of the compressive strength versus inclination curve. Intui­
tively one expects the plot to be bowl ~haped. Very high values of 
shear strength lead to a dome shape, while very low values lead to a 
wave shape. Restri~ting the curve to a bowl shape sets a high and low 
limit to shear strength. In this regard, only bowl shapes have been 
reported in the technical literature. 

Summary 

The results of the in situ stress measurements show that the stress 
state in the vicinity of the study stope is 

o 
v 

:: 1. 25 h 

= 2078 + u.53 h 

0h2 = 121 + 0.55 h 

(vert 1 ca 1 ) 

(dip direct"ion) 

(strike direction) 

where the stresses are in psi and the depth h 1s 1n feet. 

I 

I 
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The results of merging and modifying the SDSMT and the UU labora­
tory rock properties data for greatest physical realism are presented in 
Table 21. 

TABLE 21. - Laboratory anisotropic rock properties 

f'ropa.rty 

\112 

\123 

\1 31 

G12 

G23 

G31 

C1 

C2 

C3 

Tl 

T2 

T3 

Rl 

R2 

R3 

* 
Homestake 
Forntion 

12.8xl06 

9.3xl06 

9.0xl06 

0.14 

0.18 

0.19 

4.8xl06 

3.9)(106 

4.3)(106 

20,150 

11 .550 

13,270 

1,380 

1 .140 

1,920 

2.050 

2,470 

2,100 

Poorman 
Formation 

13.5)(106 

7.2;<106 

13.7xl06 

0.23 

0.15 

0.22 

3.8xl06 

3.9)(106 

5.6xiC6 

13,630 

10,000 

12,270 

2,990 

820 

1 ,910 

1 ,500 

2.800 

1.280 

Elli son 
Forma\. i on 

13.0xl0U 

9.2)(106 

11.0xl06 

0.20 

0.17 

0.15 

4.6xl06 

4.2xl06 

5 .lxl 06 

11 ,340 

11 ,410 

B,150 

2,350 

590 

1,650 

1 ,150 

2,120 

1.250 

*,- and 3-direction are parallel to the schistosity; the 2-direction is 
perpendicular to the schistosity. All units are psi (except for Pois­
sonls ratios 
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COMPARISONS BETWEEN FINITE ELEMENT CALCULATIONS 
AND MINE MEASUREMENTS 

Comparisons between theoretical calculations of the study res~onse 
to m1 ni ng and the reSDonse determi ned by mi ne measuremel"'ts provi de a 
test of the validity of the working hypothesis underlying the theoreti­
cal model. The fundamental model used in this study assumes that an 
element Of the Poorman, Hom~stake or Ellison formation is elastic 
(orthotropicj under an initia" application of load. but with continued 
loading eventually fracture~ and flows ~n a way that depends on the 
confining pressure of the "~djacent rock. In addition to the material 
law that describes such oehavior in equation form, the model also 
requires satisfaction If the equations of equilibrium and relationships 
between strain and dl~~lacement. This combination of phjsical and 
materials laws constitutes the governing system of equations. The 
finite element approach is used to solve the governing system 
numerically on the computer but subject to site specific information 
including study stope geology, geometry. in situ stresses, rock 
propert i es and mi ni ng sequence. A favorable comparison between the 
calculated and measured study stope response justifies the use of the 
model and the method for considering alternate stope and pillar sizes. 
This, of course, is much cheaper than full-scale mine trials of 
alternative designs. 

Calculated Study Stope Response 

A two-dimensional finite element representation of thp. study stope 
was developed for vertical sEction through the center of Panel 3. Input 
for the analyses consists of: 

(i) 
(i i) 
( iii) 
(iv) 
(v) 

stope geometry, 
st ope geo 1 09Y, 
in situ strpss state, 
rock propert i es , 
mining sequence. 
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The geology and geometry of the region are shown in Fiyure 62. The 
outer boundaries of the region in Figure 62 are sufficiently far from 
the study stope to have negligible influence on results. However, they 
are not so far as to be wa~teful of computer resources. The premining 
stress state was determi ned from in situ stress measurements (Eqs. 2). 
Laboratory rock properties (Table 21 ~ were used initially, but subse­
quently scaled for the final analyses. The mining sequence corresponds 
to development and ring excavation and VCR blasting including crown 
pillar removal. Some lifts in the computer sequence include several VCR 
lifts. A practical advantage in combining )ifts is a reduction in cost 
of a simulation and a speedup in turn-around time. The main 
objective of the finite element analysis at this juncture is to 
obtain init;al e~timates of displacements and yield zone extent. 
Ccmparison with measurements then allows for scaling of laboratory rock 
properties to field scale or rock mass conditions, provided the inltial 
results are highly correlated. If initially, the correlation between 
calculated and measured displacemp.nts is low, then the input data and 
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Figure 62. - Homestake Mine study stope region, gemoetry and 
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quite possibly the model itself are suspect. However. if scaling is 
justified by an initially high correlation. then there is a reasonable 
expectation that subsequent analyses using scaled rock properties will 
produce realistic results. 

Calculated versus Measured Displacements 
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Extensometer readings approximate the rel ative di spl acement that 
occurs between anchor poi nt and coll ar pl ate from the time of install a­
tion to the present. Corresponding calculated displacements are ob­
tained from finite element analyses that simulate the mining sequence. 
If the finite element model were perfect, the input data exact and the 
measured displacements flawless. then all the pOints of a plot of cal­
culated versus measured displacements (relative displacements or exten­
someter read; ngs) woul d fallon a st rai ght 1; 'Ie pass; ng through the 
orIgin with a slope of one. The finite element model is an approxima­
tion. of CO~Jrse. and measurements are imperfect in the real world. In 
the writer's opinion, the current state of the art is such that a rea­
sonable e~pectation is the achievement of a satisfactory correlation in 
the elastic range and an adequate degree of agreement between observed 
and estimated yield zones beyond the purely elastic range of deforma­
tion. The meaning of satisfactory and adequate within the present con­
text is not preci se, but perhaps at least half the vari ance between 
calculated and measured displacements within the elastic range should be 
accounted for by the model. This means that the correlation coefficient 
should be greater than 0.71 in the elastic range. 

Figure 53 is a plot of cal cu 1 ated versus measu red extensometer 
readings in the clastic range from data obtained from four instrumenta­
tion holes (H-5.1,8.9) located in the immediate hanging wall. A regres­
sion line is also shown in Figure 63. The correlation coefficient is 
0.84. A strong linear relationship bE'tween calculated and measured 
displacements is indicated. Scaling of the laboratory elastic moduli at 
this point is therefore a potentially successful approach to fixing the 
rock mass moduli. The scale factor is simply the slope of the regres~ 
sion line (0.31). Multiplication of all laboratory Young's moduli and 
shear moduli values by 0.31 gives the corrf:!sponding rock mass moduli 
values. Poisson's ratios are unsealed because of their dimensionless 
character. There are 18 scaled moduli in the finite element model (27 
indepf'ndent elastic !Jroperties altogether). Scaling. of course. does 
not change the correlation coefficient. only the slope of the regression 
1; ne. 

Other regression analyses of calculated on measured displacements 
are possible. Slightly different scaling factors are then obtained. 
Instead of taking all measurements together, one could examine the data 
on a hole by hole basis. One can also subdivide the data fur'ther; each 
hole could be examined anchor by anchor or gage by gage (three per 
hole). In this regar'd, the sequential nature of the mining sequence 
allows for a sequence of regressions. one sequence for each anchor. The 
first of such a sequence involves only two points, the origin or reading 
taken at installation time after development headings are cut and the 
reading taken immediately after the first blast (ring rounds). A 
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straight line fit to two points automatically yields a correlation 
coefficient of one. of course. However, as successive blasts are made, 
additional data for the anchor in question are acquired and the regres­
sion analyses become statistically more meaningful. 

The Homestake finite element model excavates the study stope (in­
cluding development headings) in seven cuts, so that there is a maximum 
of seven points per regression line. Thus the four three-point exten­
someters locatt.'d in the immediate hanging wall have the potential for 
producing 84 cl}!"Iputer-generated data points including the origin, but 
not all anchors survived the entire stoping sequence. In fact, some 8 
of 12 remained active after the fifth cut. Table 22 shows the slopes of 
the regression lines obtained in an anchor by anchor analysis of 
calculated versus measured disp1ar.ements for these longer-lived 
anchors. The average slope is 0.36; the standard deviation is 0.12, and 
the coefficient of variation is 33%. 

TABLE 22. - Anchor regression in the elastic range 

Hole Anchor Sloee Correlation Comment 

6 1 0.409 0.996 after 6 cuts 
6 2 0.440 0.990 after 6 cuts 
6 3 0.540 0.963 after 4 cuts 
7 1 0.481 0.969 after 5 cuts 
7 2 0.303 0.91E after 6 cuts 
8 1 0.201 0.984 ufter 6 cuts 
8 2 0.249 0.980 after 5 cuts 
9 1 0.271 0.965 after 5 cuts 

Average slope '" 0.36 
Standard deviation = 0.12 
Coefficient of variation = 33" 
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The anchor by anchor correlations in Table 22 _ .cry high and 
show a strong linear relationship between calculated and measured 
displacements at each measurement site. The slopes of the regression 
tines vary, although within about the same range as the laboratory 
elastic moduli. The average slope of 0.36 was selected for use as a 
scale factor for elastic moduli (Young'; moduli, shear moduli) in 
subsequent study stope analyses. This is somewhat greater than the 0.31 
factor determined in combined regression of all data within the elastic 
range. The 0.36 scale factor is associated wHh very high correlation 
coefficients (all greater than 0.92), while the 0.31 is associated with 
a somewhat lower correlation (0.84). The differences are not of great 
practical significance, however. Multiplication of the average 
1 aboratory val ues of Young's and shear modul i by 0.36 gi ves rock. mass 
moduli values that lead to reasonable estimates of displacement within 
the elastic range as measured in the mine. 
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Calculated versus Observed Yield Zones 

Estimates of rock. mass strengths from laboratory rock properties 
are beyond current theory and of necf'ssity must be done after the fact 
of mine observations. The procedure is siml1ar to the estimation of 
rock. mass moduli, but requires more judgment in determing the extent of 
the yield zone. Anchor loss associated with caving of the hanging wall 
is certainly beyond the elastic limit, but the elastic limit may be ex­
ceeded prior to final loss through progressive fracturing and flow. 
Both fracture ar.d flow lead to displacements considerably larger than 
those associated with a purely ~lastic response. One indication of 
inelasticity and yield is therefore a measured displacement substan­
tially greater than the calculated elastic displacement. Unfortunately, 
the situation is complicated by the fact that some yield zone develcp­
ment occurs in the finite element analysi~ :~~n with laboratory 
strengths. Figure 64 shows the calculated extent of yielding using 
laboratory rock. properties and a single cut mining sequence. Figure 64 
shows that no yield zone encloses any anchor pOint ill the invnediate 
hanging wall. Scaling the elastic moduli does not change this result. 

In fact, all the deep anchors and three out of four of the interme­
diate anchors were lost after the final crown pillar blast. The yield 
zone must therefore be more extensive than that indicated in the labora­
tory rock. properties based analysis. This was expected, but the ques­
tion remains as to what scale factor might be used to obtain adequate 
agreement with the yield zone observed through anchor loss. 

A very simple initial estimate of the strength scale factor was 
made on

2
the basis of a uniaxial strain energy criterion. The criterian 

is (C ) IE = constant where Co = uniaxial compressive strength and E = 
YoungPs modulus. According to this criterion, strengths scale as the 
square root of the ratio of field to laboratory moduli. The scale 
factor for elastic moduli is 0.36; the initial strength scale factor was 
thus 0.6. 

A strength scale factor of 0.6 leads to extenSive yielding as shown 
in Figure 65. The yield zone in Figure 6S is close to the cable bolt 
drift and if manifested as caving would lead to loss of the drift. This 
was not observed, so that 0.6 is too drastic a strength scale factor. 

The yield zone shown in Figure 66 results from an intermediate 
strength scale factor of 0.8. Hanging wall yield occurs in Figure 66 
but does not threaten the cable bQlt drift and holds the potential for 
not encompassing the survi vi ng extensometer anchors in the i mmedi ate 
hanging wall. A strength scale factor of 0.8 was therefore decided upon 
for subsequent analysis. 

The single cut analyses provide a relatively inexpensive first look 
at the effects of scaling. However, the actu~l mining sequence becomes 
important when yield zones develop. Figures 67a-f show the evolution of 
the yield zones during a seven cut computer mining sequence using scaled 
elastic and strength properties. The hanging wall yield zone in Figure 
67f is similar to the single cut result 1n Figure 66. However, the 
footwall yield zone that evolves during sequential mining i~ noticeably 
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Figure 64. - Yield zone extent from scaled elastic modul i 
and full strength laboratory rock properties. 
Gne cut mineout. 
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Figure 65. - Yield zone extent from scaled elastic moduli 
and 0.6 strengths. One cut mineout. 
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Figure 66. - Yield zone extent from scaled elastic 
moduli and 0.8 strengths. One cut 
mineout . 
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different and more extensive than the single cut estimate. The single 
cut estimate shows no yielding in the vicin1t,y of the footwall extensom­
eter (Hole 15). In fact difficulty ",ith the 'footwall extensometer was 
experienced at the outset. The anchors are the snapring type and may 
have slipped because of blasting, but erosion of the footwall during 
draw of the swell could also occur as well as yielding caused by over­
stressing. The latter effect is aggravated by the sharp corner that is 
formed at the footwall and b~ttom of the crown remaining. A high stress 
concentration forms at this corner and is carried upwards with retreat 
towards the topsil1. This effect is absent in the single cut analysis 
which is therefore less realistic than the multiple cut sequence that 
simulates more closely the actual VCR mining sequence. This is an 
excellent example of the practical importance of path dependency encoun­
tered in theoretical treatments of plasticity theory for geologic media. 
The mining sequence is indeed an important consideration where yield 
zones are observed. 

The seven cut mining sequence using scaled elastic and strength 
properties (shown in Figures 67a-f) leads to a different correlation 
than the original estimate. The reason is that while the elastic moduli 
do not strongly influence extent of the yield zones, the reverse is not 
true. The strength properties have a noticeable affect on the displace­
ments because of the extent of yielding. The effect is to decrease the 
correlation within the elastic range to 0.80 from 0.84. a decrease of 
about 5%. 

In this regard. it is of interest to note that even if the elastic 
range is ignored and all data obtained up to anchor loss is used in a 
regressiun of calculated on measured displacements. the correlation 
coefficient is still 0.68. This means that despite the highly simpli­
fied fundamental model of elastic perfectly plastic rO'.k mass inelas­
ticity that was used in the analysis. it has some val",dit.v. although 
there is certainly room for improvement. The specifIcation of the 27 
independent elastic properties and the 27 independert 5trength proper­
ties for the rock mass model is non-unique but certiJinly not fortuitou~. 
In the writerls opinion, the correlation of 0.8 in the ~1astic range is 
satisfactory. The agreement between calculated and observed yield zones 
is adequate. so that the model is reliably calibrat~d with a scale 
factor of 0.36 for elastic moduli and 0.8 for strer,gths. 

Stope and Pillar Size Analyses 
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A finite element model calibrated against mine measurements allows 
one to consider alternative designs and the influence of such parameters 
as formatic1 dip and stope width to height ratio. Productivity favors 
larger stopes and small pillars, while stability may favor small open­
ings and larger pillars. However. large and small are not absolute. 
From a stress analysis view, a square opening 100 x 100 ft is as stable 
as a square opening 10 x 10 ft. What is important is shape of an open­
iny characterized. say. by the ratio of opening length to width. From a 
structural geology viewpoint, size of an opening may be important be­
cause of the greater chance of encountering a fault or similar feature 
as the size of an opening is increased. Consideration of opening sizes 
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Figure 67. - (a) Yield zone from scaled 
properties. Cut 2. 

CUT 3 

Figure 67. - (b) Yield zone from scaled 
properties. Cut 3. 
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CUT 4 

Figure 67. - (c) Yield zone from scaled 
properties. Cut 4. 
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Figure 67. - (d) Yield zone from scaled 
properties. Cut 5. 
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Figure 67. - (e) Yield zone from scaled properties. 
Cut 6. 
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Figure 67. - (f) Yield zone from scaled properties. 
Cut 7 . 
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that are of the same order of magni tude as the study stope used t('l 
calibrate the model hel~s to overcome the geologic question. This is 
the utility of rock mass properties and a calibrated model for parameter 
studies of alternate stope and pillar sizes. 

I nfl uence of Di p 
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The complex folding of the Homestake formation leads to ore bodies 
of varying dip. Other factors being equal, it is of interest to examine 
the i nfl uence of d1 p on the stabil1 ty of a typi cal stope over the range 
of 50 0 to 90 0 (vertical). A typical stope as ~een in vertical section 
perpendicular to strike is 50 ft w"jde; level interval is 150 ft. The 
footwall is Poorman formation, the ore zone is in the Homestake forma­
tion and the hanging wall is Ellison formation. Dips of SO, 60, 75 and 
90 degrees were considered in two series of runs. In the first series 
stope width is equal to the width of the Homestake formation. In the 
second series, 20 ft of Homestake formation are left in the ilTlllediate 
hanging wall. The study stope geology suggested these two series. Rock 
mass properties and in situ stresses are the same as in the final study 
stope analysis. Figure 68 shows four stope geometries considered. The 
finite element mesh for the 60 degree case is shown in Figure 69. 
Fi gures 70 and 71 show the mesh refi nement and geology for the two 
series (60 degree case). 

The results of the second series are sh&~n in Figure 72 in the form 
of contours of local safety factor and yield zone extent. Figure 72 
shows the effect of the relatively strong Homestake formation on the 
hanging wall where much of the yield zone is in the Ellison formation 
above the Homestake formation. The Poorman formation also yields but on 
the footwall side. Both footwall and hanging wall yield zones are 
associated with high stress concentrations at the acute corners of the 
dipping stopes. Generally, the greater the inclination of the stope 
from the vertical, the sharper these corners and the greater is the 
stress concentration. In the yield zone. the elastic limit is exceeded 
and the response becomes elastic-plastic. Figure 72 also shows a stress 
concentration about the footwall haulage drift. The cable bolt drift 
was omitted in these generic analyses. 

The results of the fi rst series of analyses fCir dip effect are 
sim1lar to the results shown in Figure 72 except that the Ellison forma­
tion forms the immediate hanging wall without intervening tlomestake 
format ion.. As the di p decreases from 90 to 50 degrees, stress ccllcen­
tration in the acute ~orners increas~s and the yield zones spread. The 
footwall yield zone may not be a serious practical problem. However, 
the hanging wall yield zone may be the source of an evp.ntual cave. The 
potential for a cave is less when the stronger Homestake formation forms 
the immedidte hanging wall. 

Stope Width to Heig~t Ratio 

A 60 degree di pp; ng stope of varyi ng wi dth but of fi xed hei ght 
(level interval) was analyzer! in order to assess t~e influence of width 
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Figure 68. - Stope geometries used for analysis of dip effect. 
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Figl~re 69. - Finite element mesh for 600 dip. 
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Figure 70. - Mesh refinement for Ellison hanging wall. 

166 



167 

Figure 71. - Mesh refinement for Homestake hanging wall. 



, 
• , , 

1---- --i Scale 
100' 

~YleldZOne 
~.J 

Figure 72. - Yield zone extent and safety factor contours as a 
function of dip for a Homestake formation hanging 
wall. 
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on stability. Four widths were cons1d~red. 25. 50. 75 and 100 ft, as 
shown in Figure 73. Rock mas~ properties and in situ stresses are the 
same as in the final study stope analysis. The results are summarized 
in Figure 74 in the form of yield zone extents in the footwall and 
hanging wall. The inwnediate hanging wall is Homestake formation .. A 
second series with Ellison formati on on the inwnediate hangi ng wa·ll is 
much the same. 80th show an insensitivity of yield zone extent to 
change in the stope width (perpendicular to strike). The yield grows 
slowly with increase in stope width. This is perhaps not too surprising 
because the sharpness of the acute corners does not change with width. 
The peak stress concentration is therefore insensitive to width increase 
over tlie range studied (25 to 100 ft). 

Stope length 

A ~lan view analysis offers the p~tential for assessing the influ­
ence of stope length (measured on strike) on stability. A longitudinal 
view offers the same possibility. Botti views also offer the possibility 
of assessing the influence of pillar length (along strike) on stability. 
Unfortunately, the dip of the formations precludes the use of a two­
dimensional computer program for such analyses. Both problems are truly 
three-dimensional. A ccmpromise that provides ~ome guidance for stope 
and pillar lengths is to assume vertical beds (dip 90°). The results 
should be reasonable for near ~ertical as well as vertical stopes. A 
plan view shows all three for~ations; a longitudinal section would be 
entirely in ore. The plan view was selected for analysis. Rock mass 
properties and in Situ stresses are the same as used in the final study 
stope analysis. In plan view, the applied stresses are horizontal. The 
stress acting perpendicular to the vein is a compression of 5,780 psi; 
the stress acting parallel to the strike direction is a compression of 
4.090 psi. These are the horizontal principal stresses at stope mid­
height; their ratio is 0.71. 

Figure 75 shows the yield zone extent in plan view for stopes SO ft 
wide and of varying strike length: 25. 50, 100. 200 and 400 ft. The 
analysis is symmetric about the stope centerline. so only one-half the 
stope is shown. Figure 75 also shows the mesh refinement used. A 
distinction needs to be made between the case wt;ere stope length is less 
than stope width and the case where stope length is greater than stope 
width. 

For lengths greater than the width. the peak compression stress 
concentration in the corner and the relative displacement across the 
vein on the stope centerl~ne are proportional to the length-to-w1dth 
rat10. This is reflected in the spread of the yield zones at lengths 
greater than the w1dth (50. 100. 200 and 400 ft strike length, 50 ft 
width). At 50 ft and 100 ft. the yield zones are limited in extent. 
However. at 200 ft the yield zone in the hanging wall (Ellison forma­
tion) bridges the opening. At 400 ft. yield zones in the Poorman and 
Ell ison fonnat ion bri dge both the footwall and hangi n9 wa 11 • 

In the one case examined where the strike length is less than the 
stope width (SO ft x 25 ft). a zone of h1gh compression causes yielding 
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~igure 74. - Footwall and hanging wall yield zones as a function 
of width for a Homestake hanging wall and 600 dip. 
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to bridge both footwall and hanging wall. This suggests that transverse 
stopes may be at a disadvantage relative to longitudinal stopes. 

Figure 76 shows the stress concentration about the plan view stopes 
from a purely elastic view. The high stress concentrations at the 
corners are evident; their exact value is difficult to determine but 
this is of less importance than the fact that yielding does occur when 
strengths are incorporated into the analyses. Figure 76 also shows that 
the narrow stope (50 ft x 25 ft) has the highest compressive stresses 
along the footwall and hanging wall. A slight tension occurs in the 
footwall (Poorman formation) at a stope 50 ft x 100 ft. Tension in­
creases at greater stope lengths and appears in the hanging wall (Elli­
son) also. 

Figure 77 shows closure across the vein as a function of the 
length-to-width ratio in the purely elastic case. The linearity of 
-:losure with respect to length-to-width ratio is substantiated by the 
results shown in F1gure 77. 

The spread of the yield zone across the hanging wall from stope end 
to end (bridg1 ng) i ndi cates a potential cave of the hangi ng wall. At 
strike lengths between two and four times the stope width, yielding in 
an Ellison hanging wall is extensive enough to suggest caving. The 
critical length-to-width ratio for an isolated stope is probably closer 
to four than to two. 

Pi llar length 
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Stopes separated by pillars may interact if sufficiently close. In 
this regard. stope spacing, stope length. pillar length and extraction 
perc~ntage as seen in plan view are related and only two can be indepen­
dently specified. A r(hJgh rule of thumb states that the zone of influ­
ence of a single opening 1s proportional to open1ng s1ze. Hence, stope 
interact10n is small when pillar length exceeds stope length. A second 
cons1derat1on is th~ pillar width to length ratio (as seen in plan 
view). Stuhby pillars are usually stronger on average than tall, slen­
der pillars of the same rock type. Confining pres;ure of adjacent rock 
across and along the ve1n is also important to pillar stability. 

In order examine the question of pillar stability, the pl~n view 
mesh was modified to represent a row of stapes and p1"1lars along s\',rike. 
Synmetry of the problem requires consideration of only one-half of an 
adjacent stope. Stope width across the vein w"!s then held constMt at 
50 ft in a series of runs at 50" extraction and 75% extraction as seen 
in plan view. (Extraction here is the ratio of mined area to mined area 
plus plllar area). In each of the series, stope lengths along strike 
were 50, 100 and 200 ft. 

At 50 percent extraction pillar length is equal to stope 1ength. 
The extent of yielding associated with a series of stapes and pillars at 
50% extraction is shown in Figure 78. The results are quite similar to 
those obtained for isolated stapes of the same size. Hence. the rule of 
thIJmb for the extent of the zone of ; nfl uence of a stope is substant 1-
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ated in this case. Yielding of the pillars in the Hom~stClke formation 
was not obsl!rved, nor was failure at the stope ends in the case of +.he 
isolated stope. Howev~r, the safety factor in the skin of the pillar is 
generally less than two, and near the corners it drops close to one. 
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T\i~ results CJf the stope and pillar size an?lysis serie~ at 75% 
extraction are shown in Figure 79. The stope sizes of 50 x 50 ft, 50 x 
100 ft and 50 x 200 ft are the same as in the 50~ ext ract; on and i so­
lated stope series. Pillars between the 50 x 50 ft and 50 x 100 ft 
stopes are 17 ft and 33 ft along strike. Both show extensive yieldil"lg 
indicative of collapse. However, the pillars between the 50 x 200 ft 
stcpes do not show yield zones that encompass the entire pillar crJSS 
section. Yielding is extensive, but the yield zones do not extend 
entirely thiough the core of a pillar. Although the extraction is the 
same at 75~, and therefore the average pillar stress across the vein ;s 
the same for each of the three stope and pillar size combinations, the 
length to width ratio is different (17/50, 33/50, 67/50) in each case. 
The distribution of stress is different, and as a consequence the extent 
of yielding 15 different. Unfllrtunate1y, the larger stope and pillar 
combination (50 x 100 ft stope. 50 x 67 ft pillar) also shows more 
extensive hanging wall and footwall yielding than the smaller stope and 
pillar combinations. 

At fixed stope width (across the vein) and fixec1 extraction per­
cer.tage, increasing the stope length tends to destabilize the hanging 
wall and the footwall. The companion increase in pillar length ha~ the 
oppos~te effect on the pillar; it tends to increase pillar stability. 
Hanging wall and footwall stability are governed largely by stOPE length 
to width ratio; extraction percentage mainly inflllences pillar stabil­
ity. However. pillar length to width ratio also influences pillar 
stabllity. 
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CQNCLUSION 

The background, objectives and apprci.ch to a second geomechanics 
Cfise study have been presented. The study was a cooperative effort by 
the Homestake Mining Company, the U. S. Bureau of Mines and the Univer­
sity of Utah. During the course of the study a full scale stope was 
min~d to completion and backfilled. The ~ining method used large diam­
eter blastholes 1n true vertical crater retreat fashion in contrast to 
the first study at the Carr Fork Mine where the method was large diame­
ter blasthole stoping with post-fill. The main geomechanics objective 
was the same, however, and that was to establish a procedure for opti­
mizing stope and pillar dimensions. The approach was also the same and 
involved a combination of mine measurements, laboratory testing and 
finite element calculations. 
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Some 19 instrumented drill holes, some over 100 ft long, were used , 
to monitor the response of the center panel, one of three in the study 
stope region, as mining progressed from the development phase through 
ring drilling and blasting en the extraction l~vel to removal of the 
crown pillars and backfilling. Although the study stope is relatively 
deep (between the 6950 and 7100 levels) bursting is not a problem. The 
primary concern is slough and caving of the hanging wall. In this 
regard. the presence of a cable bolt drift in the haJlging wall provided 
a unique opportunity for a geomechanics study because of the access it 
provided to the hanging wall region which is ordinarily inaccessible and 
thus difficult tc instrument and monitor. Relative displacement mea­
surements from multi-anchor rod extensometers that were grouted in the 
hole provided the bul~ of the useful data. A few snap ring extensometer 
anchors in the immediate hanying wall were lost in the course of minlng. 
Anchors neuest the hole collars in the cable bolt drift were not lost. 
All the instrumentation in the two panels adjacent to the mined panel is 
intact and operat.ive (May, 1985). With very few exceptions, extensom­
eter readings were less than 0.9 i1cnes. However, there was no correla­
tion between reading and anchor" loss. Some anchors survived large 
displacements; some were lost at 0.3 inches of displacem€nts. Jumps in 
readings generally coincided with blasting. The 13rger crown pillar 
blasts were especially ncticeable. Generally, the mine measurements 
phase of the study went according to plan. All instrumentation was 
1nstalled on schedule well in advance of mining so that base line data 
were obtained for all measurement sites. Instrument survivability was 
excellent and the data obtained sufficient for rock mechanics analyses. 

A vertical section through the center of the steeply dipping mined 
panel was £elected for flnite element analysiS. This section is perpen­
dicular to ~trike and is the section most amenable to a detail~d two 
dimensional analysis. Plan and longitudinal sections would be valid 
only for vertical stapes. The linite element analyses provide a set of 
theoretical model displacements a~sociated wlth a simulated mining 
sequence that can be compared wlth actual or mec1su:ed displacements. 
The model includes the cross section geology and the three major forma­
tions (Poorman, Homestake, Ellison) present. These formations were 
viewed as orthotropic elastic-plastic materials because of the we1l­
developed foliation present, especially in the Poormalt formation. Rock 
properties needed to define the anisotropic elastic and strength moduli 

... 



were tletermined from laboratory tests on core B,nples from a set of 
approximately orthogonal dr'ill holes in the study stope reglon. The 
yield criterion is nonlinear and anisotropic, while the plasticity is 
based on associated flow rules. The in situ stress state was evaluated 
from earl1er in situ stress measurements obtained from doorstopper and 
borehole deformation gage rlata and from recent (1984) hollow incl~s10n 
cell data. The UTAH-II finite element prngram was used for all analy­
ses. 
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Three sets of finite elemEnt analyses were obtained from the Home­
stake Mine study in much the same way as for thE Carr Fork Mine study. 
The first set of calculati~ns provides data for ~etermining whether the 
initial finite eleme~t representation of the study stope is close to 
reality and, if ~o, data for estimating scale factors that allow for the 
extrapolation of laboratory rock properties to rock mass values. Upon 
completion of the first set of calculations, a second detailed ~imula­
tion of the mining sequence using the illitial estimates of the elastic 
and strength oroperties scale factors is undertaken. This provid~s a 
check on the initial evalu~tion and a final calibration of the finite 
eleme~t model. The third S~t of calculations consists of exercising the 
calibrated finite element model by considering alternative stope and 
pillar sizes, in order to demonstrate the potential for design optimiza­
tion. 

A regression analysiS of calculated 01 measured extensometer read­
ings (inr.remental reletive displacements) in the immediate hanging wall 
using laboratory rock properties 9ave a correlation coefficient of 
0.84. The correlation coefficiellt is independent of the actual values 
of elastic moduli, so that the slope of the regressior. line at this high 
correlation becomes the scale factor for tne elastic moduli and allow~ 
specification of the 18 dimensional ~lastic moduli for rock mass behav­
ior. A proport',onal reduction in lahoratory strengths and a reanalysis 
of the study stope section then allows for fixing the strength scale 
factor by a reasonable match between calculated yield zone extent and 
that inferred from extensometer anchor loss. Scale factors of 0.36 and 
0.8 for dimensional elastic and strength properties were determined. A 
~;econd regression analysis of calculated on measurec1 displacements using 
rocK mass properties scaled from laboratory values gave a correlation 
coefficient of 0.80. This was deemed adequate for parameter studie~ of 
~lternat;ve stope layouts. Fine tuning could improve the correlation, 
but as a practical matter the ddditional costs dpeared to outweigh the 
additional benefits since the correlation was already high. 

The validated and calibrated finite element model was used to 
examine the influence of dip ana stope width on stability as seen in 
section and the influence of stooe length and pillar length as seen in 
plan view. As the dip is decreased from the vertital. footwall stabil­
ity is decreased in VCR stopes; hanging wall stability is influenced to 
a lesser degree. Increasing the width of a stope measured across the 
vein has little influence on stability provided the stope length along 
striKe remains greater than width (longitudinal stope) and width is less 
t~1n level interval (stope height). A Homestake formation hanging wall 
i more stable than an Ellison formaticn hanging wal1. Increasing the 
stope strike length in plan view gradual1y decreases foctl-all and hang-
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in9 wall stability of an isolated stope. Caving is definitely indicated 
at a length that i~ eight times width. Stability is marginal at about 
four times width. Transverse stapes in which strike length is less than 
width show yield zones bridging the footwall and '~nginq wall. Pillars 
t~~t are as long as the stopes (in plan view) effectively isol~te the 
stopes (longttu::linal). Thus at 5f)1.. extraction as s~en in plan vie\: 
stope stability i~ governed by the stope length to width ratio (four or 
less). Pillar stability is influenced by the pillar length to width 
ratio also. even though average pillar stress across the vein is con­
stant at constant extraction ratio. A greater pillar length to width 
ratio favors stability. Pillars are stable at 50% extraction. however, 
at 75~ extraction pillars are definitely unstable. These results are 
guidelines only, but are indicative of the alternatives that can be 
considered on the computer at much less cost than full scale mine 
trials. 

In conclusion. the high correlation achieved between calculated and 
measured displacements and yield zones substantiates the underlying rock 
mechanics model and fin;'~ element representation of the study stope 
geology. geometry, minill~ sequence. and in situ stress state. Para­
metric ~tud;es for optimizing stope and pillar sizes using the field 
calibrated and validated f1nit~ element model are therefore jJstified. 
The main geomechanics objective of the study stope project was thus 
achieved. The basic approach thdt was successful at the Carr Fork Mine 
has proved successful at the Homestake Mine. 
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IMPORTANCE OF ANISOTROPY 

Schistosity imparts a directional character to reck, of course, and 
thus ra1ses a question concerning anisotropy. All rocks proba~ly show 
some degree of anisotropy when tested with sufficiently sensitive appa­
ratus (se~ e.g. Thill, and others, 1969). Strengths as well as elas,tic 
properties may vary with direction. However, the question here concerns 
not the presence but the importance of anisotropy to engineering design. 

Anisotropic elastic analysis is a ~pec1alty area, while cO'lsidara­
tion of strength anisotropy is rare 1n~eed. This is somewhat surprising 
in view of the enormous tonnages of rock mined from sedimentary and 
metasedimentary formations throughout the world. In this regard, the 
additional computational cost ofincludir'lg anisotropy in a finite ele­
ment analysis of stress and stability is negligible. In situ stress 
measurement costs are also about the same as in the isotropic case. 
Rock properties testing costs may be more hecause of the additional 
number of samples needed to define anisotrc.pic rock behavior. HowGver, 
if the total number is kept the same, then testing costs will be about 
the same. These costs are miniscule compared with the cost of judging a 
stope design safe when in fact stability is doubtful. The difficulty 
with anisotropy is thus not so much one of input data gathering and 
computational costs, but ~s rather a conceptual one arising from a lack 
of fc,miliarity with the implications of anisotropy for ground control. 

The general lack of experience with anisotropy in geomechanics 
prOJ1ems makes intuition unreliable. A systematic. step-by-step ap­
proach to the question concerning the importance of arli sot ropy to ground 
control thus seemed prudent. Accordingly, a sequence of analyses was 
developed that gradually approach~d conditions at the Homestake Mine in 
the vicinity of the study stope between the 6950 and 7100 Leve·ls. The 
sequence begins with ~echecks of the finite element program, UTA~-II, 
used for the calculations and ends with a comparative isotropic aniso­
tropic analYSis of the study stope area. The latter comparison 
approaches the mine measurements and finite element ca1culatioas fror. 
the isotropic vil!wpoint as though anisotropy W'?3 never consid'~red. Some 
of t~ese results have been reported earlier (Pariseau, Quan ~nd Schmuck 
1984) • 

Program Check 

In order to establish a measure of confidence in subsequent fini';e 
element analysis, computer program results are comparej with sevrra1 
known analyt1c and numerical solutions of relatively simple problems. 
The series begins with several problems run prev10us1y. Ne~t are a 
number of analyses of stress about circular opening~ in isotropic and 
anisotropic elastic media. Stress concentration f~ctors for rectangular 
openings are then calculated in a parametric study within the pur~ly 
e1ast1c domain involving anisotropy, applied loads, and width to height 
ratio. The consequences of strength anisotropy for rectangular openings 
are then examined with1n a framework of plasticity theory. 
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Elastic Isotr~py 

The holl ()\fII cyli n~er under internal or exter'nal pressure offers the 
opportunity to obtain a point-by-point comparison between f;~ite element 
(FE) and analytic or exact results. C~mputat;on of the relative numeri­
cal error indicates the best that can generally be expected for the mesh 
refinement and element size used. Mesh refinement is an important 
constder~tion in every finite element analysis. In addition, a check is 
provided on the user's calculations of input extenal forces equivalent 
to the uniform pressure applied to the cylinder walls. The adequacy of 
the overall size of the mesh r~lative to opening size can also ~e exam­
i ned. 

Figure 80 shows two comp~risons of analytic (exact) with numerical 
(FE) results. The mesh refinement is charact~rized by the use of 18 
roughly square elements over one-fourth of the opening boundary. The 
ratio of boundary element size to opening size (hole radius) is approxi­
mately 0.1. In this problem, the size of the mesh. that is, the wall 
thickness of the cylinder. is t.lken into account by the analytic 
solution. The relative error in circumferential stress and radial 
displacement which usually are of greatest interest is less than 0.1%. 
Agreement between analytic and numerical results is thus excellent. 

A circular opening in a plane of infinite extent subject to an 
initially hydrostatic stress state is similar to the thick-walled cylin­
der under a uniform external pressure. In fact, as the thickness of the 
cylinder increases, the two solutions beco~e identical. This feature 
allow~ on, to assess the adequacy of the mesh size relative to the 
openi size. The mesh used and the results of the dnalysis are shown 
in F;~ure 8la and Blb. The mesh refirement near the opening is the same 
as before, but the outer boundary is ~quare instead of circular. Calcu­
lation of the applied forces is somewhat easier when the boundaries are 
parallel to the coordinate axes. The results in the isotropic case are 
again within 0.1%. As a rule of thumb. the distance between the opening 
wall and the outer mesh boundary should be rou~hly five times the open­
ing radius in order to achieve acceptable results 1n the vicinity of the 
opening. This rule is certainly verified in this problem. 

Elastic-Plastic Isotropy 

A recheck of the isotrc~ic elastic-plastic segments of UTAH-II i~ 
presented in Figure 9t' Figure 82 compares results with those obtained 
earlier by Reye~ (1966) who used a finite element program based o~ the 
same analytic formulation of elastic-plastic behavior but progral1111ed in 
~ rlifferent manner. The agreement between the numericai results shown in 
Figure 82 is quite good. This is not alway~ the case with finite 
element programs as even very elaborate Code comparisons sometimes show 
(Morgan and others, 1981). It is of 1 nterest to note that the z­
direction stress is not always the intermediate principal stress even in 
the elastic domain as Figure 82c shows. This fact complicates the use 
of the Mo~r-Coulomb yield condition, but presents no difficulty for the 
UTAH-II ~rogram which uses Drucker-Prager type :,;eld conditions. 
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Elastic Anisotropy 

The results of an anisotropic analysis for stress concentration at 
the wall of a circular opening are also shown in Figure Blb. Agreement 
in the anisotropic case does not appear as accurate as in the isotropic 
case, although the differences are not large from the rock mechanics 
view (about 101.). This deserves some comment, however. The analytic 
(exact) result is taken from Lekhnitskii (1963) and applies at the 
opening boundary, while the finite element results are extrapolated to 
the opening boundary from stresses at the element centroids that are a 
small distance away from the opening. The stress state changes qU1te 
rapidly near the opening, especially so with the degree of anisotropy 
used in this problem. As a consequence, the extrapolation process 
involves some judgment as illustrated in Figure 83. Better agreement 
between the analytic and finite element results could be obtained by 
simply revising the extrapolation to fit the exact values, but clearly 
there is no point in doing so when one has the exact results. These 
resul\s do indicate that with the mesh refinement used, careful extrapo­
lation produces accurate results. Without extrapolation, the difference 
between boundary stress concentration and stress concentra;1on at the 
centroid of an element adjacent to the boundary grows with element 
size. Even with the relatively small elements used in this example, the 
difference ranges between 2% and 20% depending on the location of the 
boundary point considered. Again, mesh refinement is an important 
consideration. 

Stress concentration about rectangular openings in isotropic media 
has been determi ned experi menta lly by Obert and Duvall (196'1) and ana­
lytically by Heller and others (1958). A square opening in an aniso­
tropic elastic medium is discussed by Lekhnitskii (1968). Under a 
uniaxial compressive load, the peak tensile stress concentration occurs 
at right angles to the load on the centerline of the opening. The peak 
compressive stress concentration occurs near the corner of a recta~gular 
opening and is senstive to the radius of curvature of the corner. A 
sharp corner causes a high stress concentration. This feature compli­
cates comparisons with finit~ element results whether isotropic or 
anisotropic because of the impracticali~y of refining a mesh to the 
degree needed to accurately represent corner geometry. A brief study of 
this question suggests that the element dimenSion at the corner is 
roughly comparable to the radius of l:orner curvature in the analytlc 
problem. With this rough equivalence, the peak stress concentrations 
obtained by the FE method compare favorably with experimental and ana­
lytic results in the isotropic case ~s ~hown in Figure 84. The observed 
difference ~f about 10% i~ Figure 84 is not numerical error but arises 
from the fact that the FE results are taken at the el ement centroi de; 
while the analytic result~ are at the opening boundary. 

A comparison between analytic and FE results in the case of a 
square opening in ani8ot~opic elastic rock is shown in Figure 85. Only 
one quadrant is necessary because of the symmetry of the problem. The 
mesh and boundury conditions are shown in Figure 85a. The degree of 
anisotropy in Figure 85 is characterized by the rdtio of Youngls modulus 
in the horizontal x-direction to the vertical y-direction Young1s 
modulus (El/E2). The anisotropy is that of an orthotropic material 
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requlrlng nine elastic constants, three Your,~'s moduli, three Poisson's 
ratios, and trree shear moduli. However, in order to simplify interpre­
tation of r~sulvs the effects of Poisson's ratios are neglected as 
suggested by Kawamoto (1964). The shear moduli are given by l/G12 = 
l/El + 1/E2, lJG23 = l/E? + 1/E3, 1/(;31 = l/E3 + l/El. The three direc­
tion moduli are not needed, however E3 wa~ assigned the same value as 
El. (Figure lOa shows the uniaxial stress strain curve5.) 

The analyses are plane strain and the loading is uniaxial first in 
the vertical y-direction and thus parallel to ~2 and then irl the hori­
zontal x-directiof, parallel to El. In ~igure 85b, the ratio E1/E2 is 
increased by increasing El at fixed E2. The alternative of decreClsing 
E2 at fixed El has no effect because the stresses depend on the ratio of 
moduli rather than their absolute values. This was verified by direct 
FE calculaticn at ratios of 1/4 to 4 obtained by decreasing E2 at f'ixed 
El. If the hole were circular. then He analytic solution shows that 
the stresse~ at points A and Bare 

°A = 0h (2 + IE 1/E 2) - 0v IE1/E2 
(lla,b) 

°B = -oh IE27El + 0v(2 + '0/1) 
where °h = horizontal appl i ed stress, 

0 = vert i cal applied stress, 
EV = horizotal Young's modulus, 
E~ vert i cal Young's modulus. t. 
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Again, if allowance is made for the difference in stress at the opening 
boundary and at the element centroids near the boundary. then the agree­
ment of the FE results with the analytic solution is acceptable. 

Even under uniaxial loading within the purely elastic range of 
deformations, two additional complications can be considered, changing 
the width relative to the height and changing the orientation of the 
opening relative to the load direction. 

Stress conr.entration about rectangular opening~ as a function of 
the width to height ratio is presented in Figure 86. The applied load 
is uniaxial and compressive. A modulus ratio of two was selected as 
being representativE of rock anisotropy. The results srown in Flgure 86 
show little difference between the isotropic and anisotropic cases 
relative to the compressive s~ress concentration. The tensile stress 
concentration also follows the trend ~oted in the square opening case 
for which an analytical comparison was available. 

Elastic-Plastic Anisotropy 

Intuitively. strength differences between directions parallel and 
perpendicular to a well developed plane of schistosity, especially 
tensile strength differences. would seem important to the analysis of 
hanging wall stability. Indeed, strength considerations arE essential 
to safety and stability analyses. Nine independent strength parameters 
are needed to define orthotropic strength (three compressive, three 
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tensile and three shear strengths). Eighteen material constants, nine 
elastic moduli and nine strengths are thus needed to define the expected 
anisotropy (orthotropy) of an elastic-plastic material. 

With so many material parameters. it is not immediately clear how 
one should evaluate the results of an elastic-plastic calculation. In 
the elastic c.ase, the degref~ of anisotropy is conveniently characterized 
by the ratio El/E2 in plane analyses that neglect Poisson's ratios. The 
resuits are then viewed in terms of stress concentration factors that 
are compared with the isotropic case. The main practical consequence of 
elastic anisotropy is a change in the disp·iacement field relative to the 
isotropic case. However, as long as the displacements are elastic, the 
actual pattern is of no great importance to stope design. 

Strength, of course. limits the range of a ~urely elastic response. 
In this regard. stress concentration factors used in elastic design 
indicate whether the entire periphery of an opening is safe with respect 
to strength, but purely elastic design of stapes may be ineffi:ient. A 
more economical approach may allow for some inelastic or plastic zone 
developlTient provided they are limited in extent either naturally or by 
rock reinforcement and support. In this design approach, the extent of 
the plastic zone becomes an important consideration. A practical way of 
viewing the consequences of strength anisotropy is therefore to compare 
the extent of the plastic zone with the corresponding isotropic case. 

Although it wo~ld be a great convenience to be able to define 
plastic zone development in the cOLirse of mining by purely elastic 
stress field calculations. there is no evidence and no reason to suppose 
that such is the case. A genuine elastic-plastic calculation based on 
an elastic-plastic stress-strain law is required. The UTAH-II finite 
element program has the necessary elastic-plastic analYSis capability. 
The plasticity is based on a yield condition for anisotropic geologic 
media and associated flow rules (Pariseau. 1972). 

In order to gain some insight into the effects of strength aniso­
tropy. a series of elastic-plastic finite element stress analyses were 
done at different width to height ratios under different initial states 
of stress. The elastic anisotropy used previously is retained; the 
ratio of Young's moduli in the horizontal x-direction to the vertical y­
direction is two (El/E2 = 2). The shear modulus G12 is again computed 
from the approximate relationship )btained with neglect of Poisson's 
ratio 1/G12 = l/El + l/E?. This has the advantage of recovering the 
isotropic case when El = E2, otherwise equality of Young's does not 
necessarily imply isotropy. Young's modulus in the thir~ direction 
perpendir.ular to the plane of analysis is equal to the horizontal 
Young's modulus, thus in these analyses E3 = El. Also G23 = G12. In 
effect. the material is elastically transversely isotropic, a less 
complex form of anisotropy than the orthotropic casp.. The uniaxial 
stress strain curves are shown in Figure 87a. 
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The strength anisotropy is based on an elastic limit of 0.1% strain 
and ratios of compressive to tensile strength of 10. These are reason­
able values for rock. The yield envelope. that is. the yield fu~ction. 
is nonline~r (quadratic). As a consequence. the ratio of compressive 
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strengths Cl/C2 is two, and likewise the tensile strength ratio Tl/T2 = 
2. Also, C3 = C1 and T3 :: Tl. A higli correlation between strength and 
modulus is implied by these relationships, a feature often observed in 
rock properties data. The shear strengths Rl, R2 and R3 dre calculated 
from the an isotroplcrelationship R = I(CT/3). Thus, the material is 
also transversely isotropic with respect to strength. The strength 
character of the material becomes iso~rvpic whenever the elastic proper­
ties indicate isotropy, that is, when E1/E2 = 1. Yield envelopes are 
shown in Figure 8lb. 

Figure 88 shows the extent and type of yieid about rectangular 
openings for various width to height ratios and loading conditions in 
the isotropic and anisotropic cases. The width to height ratio effect 
depends on the applied loa,H. Under vertical load, increasi.lg the width 
to height ratio from a width greater than height tends to increase the 
extent of yielding. However, the extent of the yield zo~e under hori­
zontal load varies little with width to height ratio at widt.hs greater 
than height. 

Although the ratio El/E2 = 2 and hence the strength ratios C1/C2 = 
2 and Tl/T? = 2 can be achieved in an infinite variety of ways, two 
natural choice: are: (i) to fix E2 at the isotropic value and increase 
El, (ii) to fix El at the isotropic value and reduce E2. Once a modulus 
is fixed, then so are the strengths at 0.11 strain to the elastic limit. 

The results of these two anisotropic alternatives relative to the 
isotropic case are quite different under the same uniaxial compressive 
10ad applied parallel to E2 (vertical y-direction) as shown in Figures 
8la,b. In the first case (Figure 88a), the isotropic yield zone is 
greater than the anisotropic lone; in the second case (figure 88b), the 
anisotropic yield zone is much greater in extent than the isotropic 
yield zone. 

Under uniaxial compressive load applied parallel to El (horizontal 
x-direction), there is little difference in the extent of the yield 
zones between the isotropic and the two anisotrnpic cases shown in 
Figures 89a,b. 

Under combined (hydrostatic) loading. the yield zone extent is 
small in the isotropic case and in the anisotropic casp obtained by 
increasing El at fixed E2 as shown in Fig~re 90a. ~owever. at fixed El 
with a reduction in E2 to obtain E1/E2 = 2. the yield zone extends over 
the! full height of the opening, but is about the same size at all width 
to height ratios. This suggests that for stress stat~s near hydro­
static, the small dimenSion of the opening could be increased to a width 
to height ratio of one without sacrifice of stability. 

These results 'eem reasonable after consider'able reflection but 
would surely be ditficu1t to anticipate in advance, esp~cial~y the 
development of the ldrge yield zone shown in Figure H8b. I~ thi~ re­
gard, the anisotropy assumed for this brief parameter study. although 
rea~onable for rock, is highly simplified. In particular. the shear 
strengths are computed from the i sotropi~' reI at; onshi ps. The conse­
quences of this assumption are unkno~n. These results thus indicate 
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that the importance of strength anisotropy to the analysis of stability 
depends on a combination of circumstances including the applied loads 
and opening geom~try as well as the rock properties. At this juncture, 
with the ~xception of the guidance contained in Eqns. 11, there appear 
to he no 5imple rules of thumb for deciding the issue in advance. 

Isotropic Study Stope Response 
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The i~portan~e of anisotropy for ground control at the Homestake 
Mlne can be examined comparing purely isotr0pic analyses with the previ­
ous anisotropic results. If one were t~ ?void any consideration of 
anisotropy at the outset, then laboratory test data would be averaged 
without regard to sample drill hole orientation, although the Poorman, 
Homestake and Ellison formations would still be distinguished. Stope 
geometry and geology, in situ stresses and the mining sequence remain 
the same for an isot~upic analysis of the study ~tope response. 

The process of determining the scale factors for the elastic moduli 
and strengths is also the same. First a singl~ cut finite element 
analysis is done using unsealed or la~oratory rock propert'ies. Calcu­
lated displacements are then correl. ed with measured displacements for 
an initial estimate of the scale factor for elastic moduli. Strength is 
sc~led initially in proportion to the square root of the elastic moduli 
scale factor. The yield zone extent using scaled properties is then 
compared with the observed extent in the mine. A final scale factor for 
st~engths is then determined. Next, the study stope is mined out se­
quentially using the original elastic moduli and the final strength 
scale factors in order to check both for accuracy. The cheCk is a 
regression analysis of calculated on measured displacements and a com­
parison Jf yield zone extent. This final check is necessary because of 
the interaction effect of elastic and strength propr:ties on displace­
IIlent. Interactions between scaled eldstic and strength properties can 
also 'examin~d in combinations between isotropic and anisotropic 
elast,~ and strength properties. 

Dlsplacement~ and Elastic Moduli 

The initial comparison between measured and calculated displace­
~ents using isotropic elastic properties producerl correlations on an 
anchor by anchor basis of n.9 or greater in the immediate hanging wall 
(Holes 6, 7, Rand 9) of the study stope Panel 3. The average slnpe of 
the regrpssion lines was n.31. The rock mass Young's moduli were then 
obtained by multiplying the isotropiC laboratory values by 0.31. The 
average rock mass Poisson's ratios, one for each formation, are equal to 
the laboratory isotropic value which is just the average of ~he aniso­
tropic laboratory values. The shear moduli for the isotropic analyses 
are obta;nec! from Young's moduli and Poisson's ratios. 

The isotropic elastic results are close to the anisotropic results. 
This is not too surprising because the anisotropic Young's moduli, for 
example, arc within 33% of the computed isotropic Young's moduli and are 
thus within a range of scatter in laboratory test data defined by the 



coefficient of variation. 

Yield Zones and Strengths 

Some scaling of strengths is necessary as shown by the results in 
Figure 91a. Figure 91a shows almost no yielding when laboratory iso­
tropic rock properties are used. In fact, loss of extensometer anchors 
in the hanging wall shows significant yielding and caving. Scaling 
isotropic strengths by the square root of the elastic scale factor 
results in the yield zone shown in Figure 91b. The extent of the zones 
of yielding are noticeably less than inferred from mine observation, so 
that a lower rock mass strength was indicated. Figure 91c shows the 
yield zones obtained with a 0.40 instead of a 0.56 scale factor. 

The yielding in Figure 91c is more ~xt£~~ive than that inferred in 
the mine, so that an isotropic strength scale factor somewhat greater 
than 4.0 is indicated. 
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A sequential seven cut stoping sequence using scaled elastic and 
strength properties is sho~n in Figure 91d. As in the anisotropic case, 
the results are different from the one cut case in that the footwall 
yields more when sequentidlly mined than when mined in one cut. The 
reason is the same; the acute corner on the footwall side is carried up 
with the retreating sill when sequentially mined. This results in a 
traveling zone of high stress concentration on the fOlltwall. In a 
single cut, the corner is stationary dnd forms a highly stressed zone in 
only one locality, the topsill fC'otwall corner. 

The isotropic approach appears to achip.ve the same objective as the 
anisotropic approach. Both produce comparable elastic moduli scale 
factors and give high correlations between measured and calculated 
displacements. Yield zone extents are roughly the same. The isotropic 
strength scale factor is one-half the anisotropic strength scale factor 
and consequently the isotropic rock mass stre1gths are approximately 
one-half the anisotropic compressive and tensile strengths. However, 
the shear strengths are comparable because the anisotropic shear 
strength is much less than the value given by ~ny isotropic relationship 
between compressive, tensile and shear ~trpngth~. 

The relatively low anisotropic shear strength has a physical ex­
planation in the presence of a well-defined folia~ion, especially in the 
Poorman fcrmation. The field observations enforc( this shear strength, 
so that when approached from the isotropic view the low she~r strength 
required automatically produces low compressive ard tensile strengths. 
The physical presence of foliation also allows for a shear failure r,'''de 
that is distinct from compression failure unlike tile isotropic case. 
Shear failure along fl1liation planes is observi.::G in ::';Ie field as well as 
in the laboratory. A more realistic approach is therefore obtained in 
the anisotropic case that allows for three distinct failure modes and 
the independent specification of tensile, comprp.ssive and shear 
strengths. 
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Figure 91. - Isotropic analyses and yield zones. (a-c) one cut 
sequence, (d) seven cut sequence. 
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Isotropic-Anisotropic or Mixed Response 

Four combinations of plastic and strength properties are possible: 

ta) isotropic elasticity - isotropic strength, 
(b) isotropic elasticity - anisotropic strength, 
(c) anisotrr.pic elasticity - isotropic strength, 
(d) anisotroric elasticity - anisotropic strength. 
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Figure 92 shows the exteGt of yielding for each combination cut when the 
stope is mined in a single cut. Figure 9? shows the dominance of 
strength in determining extent of yielding. Changes in elastic proper­
ties have little effect on yielding but changes in strength have a 
noticeable effect on displacements. Th~ coupling between strengths and 
modul i is therefore mai nly one-way. 

Although the simpler isotropic approach to obtaining scaling fac­
tors that calibrate the finite element model appears at first glance to 
work as well as the more elaborate anisotropic approach, ttle physical 
reality of well-developed foliation indicates that the anisotropic 
apr roach is preferred. Differences in displacement predictions within 
the elastic range of response are small, but differences jue to 
strengths are significant. In this regard, shear strength plays a 
critical role. In order to obtain a rough match between calculated and 
inferred yield zone extent, the same m~gnitude of shear strength was 
needed regardless of approach. In the anisotropic approach, shear 
strength can be specified independently of cumpressive and tensile 
strengths. Greater flexibility and a closer approach to physical real­
ity therefore favor the anisotropic approach to scale factor determina­
tion and finite element model calibration at the Homestake Mine. 
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FINITE ELEMENT MODELING OF CABLE BOLTS 

This se~tion is concerned with the nevelopment of a practical 
finite element approach to the design of cable bolting systems in under­
ar~und hardrock mines. Control of the hanging wall with table bolt 
systems ir vertical crater retreat (VCR) stopes is of particular con­
cern. The finite element method offers a quantitative design approach 
to cable bolting. However, the range of scales from bolt holes a few 
inches in diameter containing cables of even small diameter to stapes 
we 11 over one hund red feet in hel ght poses a model i ng requi relTlent that 
spans four orders of magnitude and makes it impractical to represent 
system details in a direct manner even in a two dimensional ~nalysis. A 
mesh of adequate size would require an inordinate amount of computer 
storage that even if available would be time consuming to prepare and 
enormously experl~ive to run. A practical finite element apl').f'oach, 
indeed any numerical approach, must therefore sacrifice some detail in 
order to be cost effective. How this objective might be achieved in a 
numerically acceptable and physically meaningful way is the question 
exam; ned here. 

In this regard, the stiffness of artificial support is known to be 
small relative to the surrounding rock mass and thus to have little 
effect on the outcome of elastic and elastic-plastic analyses. The 
expectation is that inclusion of support elements in analyses of hanging 
wall stability, for example, will not modify the results obtained with­
out artificial support ~':'dble bolts) to an extent that would reverse or 
significantly change an evaluation of stability. This implies that ur 
to the point of slab formation and caving, hardrock support systems have 
little influence on displacements. This does not mean that cable bolts, 
for example, are ineffective in actual practice; experience points to 
the contrary. What it does mean is that the mechanics of drtificial 
support including cable bolt systems are not properly accounted for in 
current state of the art computer programs. Mechanically speaking. 
cabl~ bolt systems become most effective just when the r'umerical analy­
sis becomes the least effective. 

Despite the expectation that the inclusion or omissio~ of cable 
uolts from the finite element representations of the two test stopes 
studied would r.ot influence th~ results, an attempt was made to incorpo­
rate ~aole bolt effects into the Homestake Mine study stope mesh 
(Donevan, Pariseau and Capak, 1984). Motivation for the attempt was 
found in the research of others concerning the use of slender elements 
for interfaces, joints ard thin clay seams. These early results indi­
cated that it appeared ~ractical to use slender elements for cable bolts 
in large scale finite element meshes contrary to original expectations. 
Small but noticeable differences were observed with the use of slender 
elements as rock and then as bolt material. The differences seeme 1 
physically plausible in that specificati0n of bolt properties for the 
slender elements led to an increase in tension in the now stiffer bolt 
elements and a decrease in stress in adjacent rock elements near the 
hanging wall. The background research and the physically plausible 
initial results thus pointed to the conclusion that slender elements 
represented a viable approach to the study of cable bolt effects on 
hanging wall stability. However, a subsequent discovery opened a line 
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of numerical investigation that casts some doubt on the generality of 
this conclusion. 

Bolt Element Study 

Analysis of a cable bolted region by the finite element method 
requires careful consideration of several numerical features. Without 
special attention, the slenderness of a bolt in comparison to the sup­
ported structure leads to numerical diffic~lties and erroneous results. 
The representation of a bolt in two dimensions also requires special 
attention for the results to be physically and numerically accurate. 

There are two alternatives to modeling bolts in a practical way. 
One is to introduce a special element for bolt representation. The 
other is to use standard elements with bolt-like properties. In either 
approach. much of the detail of bolt geometry, grout annulus, breather 
tube, steel strands and so forth are not explicitly duplicated numeri­
cally, but rather are averaged in some sense to obtain a representation 
of the mechanical behavior of the bolt hole assemblage. Usually, the 
special bolt element representation ~3 a truss element, a one dimension­
al structural member. However, standard elements are two dimensional in 
plane problems and three ~imensional in three dimensional problems. The 
purported advantage of special bolt, joint and interface elements is 
better numerical behavior. However, this is not necessai 1 ly the case as 
experience with standard elements for joint and interface modeling shows 
(Pande and Sharma, 1981, Morgan and others, 1982, Desai and others, 
1984, Fossum, 1985). Desai refers to standard elements as "slender" 
elements when used for jOint and interface modeling because the length 
of such elements is usually much greater than their width. The use of 
standard elements has the obvious advantage of not requiring the 
additio~al programming and added cost of specialized bolt elements. 

A set of computer runs was designed to look at two problems with 
slender elements: (i) the slenderness or aspect ratio, dnd (ii) the two 
dimensional representation of a bolt in a three dimensional supported 
rock mass. 

The computer codes used were Utah-II (Pariseau, 1978) and Utah­
III. Implementation of these codes was on a UNIVAC 1100/60 mainframe 
computer. Utah-II was written for rock mechanics analyses in two dimen­
sions. Elastic, elastic-plastic and elastic-brittle analyses are avail­
able; analyses can be plane strain, plane stress or axially symmetric. 
Quadrilateral elements composed of four constant strain triangles are 
the primary elements, however, constant strain triangles can be used as 
well. A Drucker-Prager yield criterion and associated flow rules arp. 
used for elastic-plastic analysis. The stiffness equations are solved 
using a Gauss-Seidel line iteration with successive over-relaxation. 
Consequently. the band-width problem is not present. This greatly 
facilitates mesh design and preparation. A compact scheme for storing 
the global stiffness matrix is used; only non-zero stiffnesses are 
stored. Utah-III is a three dimensional progrdm analogous to Utah-II. 
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Single Element Aspect Ratio Study 

One rule of thumb for avoiding numerical difficulty is that ele­
ments should havl' an aspect ratio (the length of the element to its 
height) of less t1an 7 for accurate displacements and less than 3 for 
accurate stresses (Cook, 1974). There is some evidence in the litera­
ture, however. that higher aspect ratios can be used. (Pande and 
Sharma, 1979) reported successful use of aspect ratios over 100,000. 
(Fossum, 1985) also reports success with very high aspect ratios for 
four and eight "lode isoparametric quadrilateral elements. Oesai and 
others (1984) used a slender element to represent a soil-structure 
interface that was well behaved to aspect ratios of 100. However, suc~ 
results are problem specific. No theorems have been reported. Differ­
ent circumstances thus require independent evaluation. 
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A series of computer runs was therefore u~dertaken to determine the 
acceptable slenderness of the 4CST quadrilateral elements used in Utah­
II. A five element column, shown in Figure 93, was subjected to a 
uniform uniaxial compression. The height of the center element (number 
3) was varied to produce different aspect ratios. The stress distri­
bution in the slender element and the vertical displacements over the 
height of the column were compared to the exact (analytic) stress and 
displacement distributions to determine at what aspect ratio numerica1 
problems were severe enough to invalidate the results. Slender element 
aspect ratios of 10, 25, 50 and 100 were thus analyzed. The results 
from each of these tests were printed after 50, 75, 100, 150 and 200 
iterations of the equation solver to trace the convergence of the solu­
tion to the known theoretical solution. These analyses were done elas­
tic-plastically. but the compressive strength was intentionally set 
high, so no failure occured and the solution was elastic. Table 23 
shows the material properties used. 

TARLE 23. - Mater~dl ~ I~o~e rt i es for as~ect ratio studX 

Proeertx Value 

Young's modulus. E 2.4xlO 6 ps i 
Poisson's ratio, v 0.20 6 
Shear modulus, G 1 .Oxl 0 ps i 

Uniaxial compressive strength. Co 10,000 psi 
Uniaxial tensile strength. To 1,000 psi 
Shear strength, R 1,87.6 ps i 

Figure 94 shows the convergence of t~e vdrtical stress component Ox 
tJ the known result. Th2 valu~s of Ox are normalized by dividing by the 
appliec x-direction stress p. At an aspect ratio of 10, convergence is 
rapid. At 25, there is some indic~tion of numerical difficulty, but 
accurate results were achieved with 100 cr ~ore iterations. Elements 
with aspect ratios of 50 and 100 showed severe instability and did not 
give reliable results; the error was greater than 5% at 200 iterations. 
Previ ous experi ence has shown that SOlllt ions shoul d converge reasonably 
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well between 100 ~nd 200 iterations. A greater number of iterations can 
make run time prohibitive and in many cases dces not significantly 
improve tr.e results. 

Nodal displacements shew similar poor behavior for very slender 
elements. Figure 95 shows the vertical displacement profile along the 
left hand edge of the column as a function of the distance from the 
fixed end. The displacements shown are taken after 100 iterations •. de 
elements with aspect ratios o~ 10 and 25 show no effect on the accuracy 
of the displacement solution. The columns containins elements with 
aspect ratios of 50 and 100 show no+iceably erroneous results and cannot 
be considered accurate. 

In a finite element formt'lation, materidl properties may also 
influen(e numerical behavior. The column model of Figure 93 was loaded 
uniaxially as before. The elastic and shear moduli of the slender 
element were scaled, first by a factor of 10, then by a factor of 1/10. 
The vertical component of stress for slender elements of various aspect 
ratios are listed in Table 24. The applied uniaxial stress is -83.3 psi 
(compressi~n is negative). It is clear that the low modulus elements 
caused little difficulty even at aspect ratios of 50 and 100. The high 
modulus element, however, caused poor results for all aspect ratios 
tested. A bolt element may be considerably stiffer than the adjacent 
rock elements and may thus produce instability if an aspect ratio limi· 
tation, say, of 10 ;s not enforced. 

TABLE 24. - Vertical str~5S component for thin elements with 
high and ll..fl -';:-:,,1:.11; re1at1ve to surrounding elements 

AS2ect Rat i 0 Hod'J 1 us Scale Factor Stress (est) 

10 10 -102.7 
20 10 -18.4 
50 10 -47.2 

100 10 -50.6 

10 lila -83.3 
20 1/10 -83.3 
50 1110 -83.3 

100 1/10 -83.3 

The effect of loading of the column was tested by applying a shear 
loading, as shown in Figure 96, to the five element column. It is felt 
that since the applied forces are included in the equilibrium equations, 
some loading arrangements may result in faster convergence than 
others. The shear loading resultpd in a somewhat slower convergence, 
but it did not alter the conclusion that aspect ratios of above 10 are 
generally undesirahle. 

Although the potential for numerical difficulty with slender ele­
ments is demonstrated by these numerical experiments t some fundampntal 
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questions regarding the reason for th~ poor behavior still ex~st. It is 
unclear why an element with an aspect ratio 01 10 should give goor! 
results. but not one with an aspect ratio of 50. For this reason. it 
was decided to st~dy the ill-conditioning question on u more basic level 
and look at stiffness matrix terms for a one elemellt system. Diagonal 
dominance and positive definiteness are sufficient conditions to guaran­
tee convergence of the solution. although they may not be necessary. 
Testing for diagonal dominance in a single element system involves 
printing ~ut the element stiffness matrix and applying certain simple 
norms to the matrix. The test should he done on the global sti ffness 
matrix; however. for a single element model, the global and element 
stiffnesses are identical. For a quadrilateral element, the stiffness 
matrix is R by 8 corresponding to 2 degree5 of freedom per node. 

A matrix [K] is said to bc diagonally dominant if for all i<n. 

n 

IKiil ) j~l IKijl 

j ;l:i 

( 12) 

where n is the dimension of the matrix. Stiffness matrices of elements 
having aspect ratios of 1. 2, 4, 10. 50 and 100 were tested for diagonal 
dominance accoi'ding to Eqn. 12. In no case was this criterion satis­
fied. Again. this does not mean that the system is divergent, only that 
this particular criterion is not satisfied. 

A more liberal criterion for diagonal dominance is that the largest 
term of a particular row must be on the diagonal, thus: 

IK, -I 
lJ < 

TKiiT (for all i , n, i ~ j) ( 1 3) 

All of the slender element stiffness matrices satisfied this condition 
in a strict sense. However. elements having aspect ratios greater than 
10 showed an off-diagonal term nearly equal to the diagonal term. It 
can be s~own, in fact that the ratio approaches unity hy expressing the 
terms of [K] explicitly in terms of the width/height ratio. Figure 97 
shows the relationship between a~pect ratio and the value of 
IKUI/IKiil. The rapid rate at which the functiull approaches one could 
be a c1ue as to the source of numerical ill-conditioning wheli suc.h 
occurs. 

After establishing the rapid approach of the maximum off-diagonal 
term to the diagonal term in the sinqle element system as an indicator 
of potential ill conditioning, it was decided to look into the possibil­
ity of improving the numerical behav-ior of a slender ,~lement by the 
introduction of compensating elements with slendernes~ in the opposite 
direction. A mesh, shown in Figure 98. was constructed and subjected to 
a uniform uniaxial compression. The glohal stiffnesses associated with 
nodes a, h, c and d are now dependent not only on the stiffness of 
slender element A, but also on the stiffnesses of each of the surround­
ing elements. 
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A set of runs w~s developed to test the effect of the adjacent 
elements on the overall numerical stability of the system. This was 
done by fixing HI and W while varying H2• The ratio of HI to W was set 
at 10 an~ W/H2 was varied from 1 to 10. The global st1ffnesses asso­
ciated with nodes a, b, c and d were examined to see if any improvement 
over 'I,,' sl.'ole element system couid be seen. Table 25 gives the maxi­
mum KU/Kji round in the global stiffness matrix terms influenced by the 
slender element A. It appears that there is some benefit from a numeri­
cal st~ndpo;nt to adding elongated elements adjacent to a slender ele­
ffient. This has a drawback, however, in that the mesh refinement in the 
vicinity of the slender elemer.ts would be sacrificed. 

Diagon~ominance and aspect rati~ 
~ompensat~ el elilent. 

1 Ki ·1 

with 

10 1 
2 
5 

10 

Element A = Element 

Element 
J..!.l 
.995 
.995 
.995 
.995 

Max TKi~ I 
~lement Global 
ill St iffness 

.610 .882 

.880 .889 

.980 .826 

.995 .719 

The slender element study indicates that the use of elements with 
aspect ratios greater than 10 may lead to numerical difficulty anq 
should be avoided. This restriction is especially crucial when the 
slender element is considerably stiffer than the surrounding elements, 
as ;s thp. case in bolting. ~ The requirement may be relaxed somewhat if a 
soft layer, such as clay, is being modeled with slender elements. The 
addition of elongated "compensating" p.lements to a slender element is 
somewhat beneficial, but the mesh refinement tradeoff should be conc::id­
ered. 

20 - 3D Equivalence 

Two dimensional (20) finite ell';!menc lnalyses are used much more 
frequently than three dimensional (3D) analyses because of restrictions 
of cost and computer storage requirements. Thus, as a practical matter, 
it is desirable to have a method of representing a bolt in a two dimen­
sional finite element mesh. 

Consider a tunnel with a single row of regularly spaced bolts as 
shown in Figure 99. The planes containing the bolts are planes of sym­
metry, so only the material between two such planes needs to be consid­
ered. The reduction of this three dimensional problem to two dimensions 
involves averaging the bolt effect in 3D over the distance between 
bolts. Once the discrete bolt reactions are replaced by a distributed 
average, all cross sections are similar and amenable to a 20 analysis. 
The longitudinal plane containing the bolts is shown in Figure 100. 
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Under the action of a prescribed displacement, the total reaction force 
is: 

where F ~ Force in the rock 
r~ = rorc~ in the bolt. 

In view of the ~tiffness relations, 

( 14 ) 

(15 ) 

A uniform displacement medns that the equivalent s,/:.t:.em stiffness is 
simply the sum of the individual member stiffnesses, thus: 

In the one dimen~iollal case, 

where EI
, ER and EB are the elastic moduli 

HI. HR and HB are the len~ths of the members 
AI, AR and AB are the cross sectional areas. 

( 16) 

( 17) 

For the sheet shown in Figure lOa, HI ~ HR :: HB• The cross sectional 
areas are: 

A I :: Ld 

AR ::(L-d)(d) 

AS :: 02 

Substi ~lJting these expressions ~nto Eqn. 14 gives 

EI ~ (f)EB + (1 - ~)ER 

(I R) 

( 1 q) 
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Thus, a linear scaling of the elastic moduli will result in a two dimen­
sional element that is equivalent to the three dimensional element 
subjected to a uniform uniaxial displacement. The linear scaling gives 
an equivalent modulus equal to the bolt modulus EB when L~d, that is 
when the bo:ts are skin to skin. When the spacing is large compared to 
the bolt diameter, the effective modulus is ER, the rock modulus. 

It is of interest to know the peak stress level that would be 
developed in a bolt in order to judge whether or not bolt breakage is 
indicatea. The stress in the equivalent two dimensional element is 
given by: 



I 

The true bolt stress is 

as = ES£S (21 ) 

Solving for the true b"'~ stress, the following is found: 

, EB 
a :: a (--r-)f 
B B E 

(22) 

The factor f is the ratio of pe~k to average strain in the bolt and can 
be evaluated numerically. 

A three dimensional analysis of a circular tunne1 with a fan of 
three bolts in the back using Utah-Ill was made to determine f. A 
conceptual view of the three dimensional mesh is shown in Figure 101. 
The actual mesh was constructed by stacking identical pages of elements 
behind one another. The resultant mesh is shown in Figure 102. The 
front and back faces of the mesh are planes of Sjlmmetr'y, so only the 
half-span between two bolts is modeled. A hydrostatic initial stress 
was imposed, except in the bolt elements, which were initially stress 
free, corresponding to bolt holes. A list of the material properties 
used in the 3D analysis is given in Table 26. Steel properties were 
assigned to the bolt e1ements. A companion set of runs was made using a 
two dimensional mesh identical to one slab of elements from the 3D 
mesh. The rock elemen~s were assigned the same material properties as 
in the 3D runs. The elastic properties of the bolt were scaled by the 
procedure described previously. 

TABLE 26. - Material ~roeerties used in 3D anallsis 

Pro~erty Rock Bolts 

Young's modulus, E 2.4xl06 psi 30.0xl06 psi 

Poisson's rat i 0, v 0.20 0.33 

Shear modulus, G 1 .Oxl 06 psi 1l.25xl06psi 

Compressive strength, Co 10. 000 p5i 80,000 psi 

Tensile strength, T 667 psi 80,000 psi '0 

Shear strength, R 1 ,491 psi 46,188 psi 

The ratio of peak strain in the 3D mesh to the indicated strain in 
the 2D model was calculated for holt s~acings of I, 2, 4, 6, 8 and 10 
feet. The results of the calculations are shown in Figure 103. This 
figure shows that as the bolt spacing increases, the ratio of true 
strain to indicated strain increases. With an increase in spacing down 
the tunnel, the peak bol t strai n increases due to the added mass of rock 
loading the bolt. The strain in the bolt should never exceea the strain 
which would be indicated if no bolts were included. Figure 103 shows 
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this to be the case. At a spacing of about 8 feet, the peak bolt strain 
approaches the indicated strain. In thi~ case, the true bolt stress is 
simply the indicated stress times the ratio of the true bolt modulus to 
the scaled modulus. 

Linear scaling of material properties is a simple and convenient 
way of distri~uting the discrete effect ~f a bolt over the dist~nce be­
tween bolt fans in a regularly spaced bolting pattern. Other scaling 
possibilities include prescrihing a uniform force along the tunnel, or 
varying the geometry of the element, so th1t the area terms of the 
stiffness formulation are changed. These techniques are not as conve­
nient as material property scaling which can be done on input with no 
additional programming. 

Single Bolt Study 

The mechanical response of a single bolt passively loaded during 
excavation is not well known. Analyses of single ~olts subjected to 
such loading would help to explain the nature of a passively reinforced 
system and give some idea of what to expect when modeling actual bolting 
systems in VCR stapes. To avoid questions associated with modeling a 
bolt in two dimensions, an axially symmetric analysis was used. This 
seems to be a reasonable approach becau~e of the large bolt spacing in 
comparison with the bolt diameter. The effect of the bolt should die 
out relatively rapidly, so ~hat there is negligible interaction between 
adjacent bolts. 

Finite element runs were thus developed to study the hehavior of a 
bolt-rack-grout system und~r passive loading. The loading of the bolt 
occured as a result of the excavation of a portion of the rock mass 
below the bolt. Because ~f the axial symmetrj, the excavation appears 
as a upill hox u shaped rool~ rather than a tunnel. but the effect of 
passive loading on the bolt, grout and surrounding rock mass can still 
be investigated. Figure 104 shows the dimensions of t~e mesh used in 
this analysis. The actual mesh is shown in Figure 105. The outer 
dimensions of the mesh should be such that an isolated excavation is 
being modelerl, that is, the stress induced by the excavation ;s negligi­
ble ~t the boundaries. Material properties used for the grout, rock and 
steel are listed in Table 27. Perfect bonding hetween steel and grout 
is implied by the use of compatible elements. The analyses are elastic­
plastic. 

One run was made in which the span was unsupported and one in which 
the span was supported by a sing1e bolt in the center of the roof. The 
elements were assigned an initial yravity stress field. For the bolted 
span. a hole for the holt and grout WdS first excavated in a gravity 
stress field. The bolt w~s then placed in the hole and the room exca­
vated. In practice, a portion of the room would be excavated before 
bolt placement, so that actual loads would be somewhat less than the 
computer results. 

A comparison of stresses in the rock with and without the bolt is 
shown in Figure 106. The stress components are plotted against radial 
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distanc€. r, from the mesh centerline. Figures 106 show a very rapid 
approach of the stress components in the bolted mesh to the components 
in the unbolted mesh. Roughly 10 bolt hole diameters from the span 
centerline. there was negligible difference in the stress fields of the 
two meshes. The influence of a 2 in. grouted bolt hole Oli the elastic 
stresses would thus be limited t~ approximately 20 in. from the hole 
center. 

TABLE 27. - Material properties for axisymmeric analyses 

Proeert,l Rock Grout Steel (bolt) 

Voung's6modulus 
E (laps i ) 2.4 5.0 30.0 

Poisson's ratio 
v 0.20 0.20 0.33 

Shear mgdulus 
G (10 psi) 1.0 2.08 11 .25 

Compressive 
strength 
Co (psi) 10,000 3,500 80,000 

Tensile 
strength 
To (psi) 1,000 233 80,000 

Shear st rength 
R (ps i ) 1.826 521 46,188 

In addition to the effect of the b.lt on the surrounding rock mass, 
the tension in the bolt and radial stress at the interfaces are of 
interest. A radial tension at the interface between the bolt and grout 
or the grout and rock could indicate debonding, while a large axial 
tension in the bolt could lead to bolt breakage. Figure 107 shows the 
axial tension in the bolt as a function of height above the opening. 
This figure clearly shows that the peak tension developed in the bolt 
occurs near the opening where the rock displacements are presumably the 
greatest. Figure 108 shows a radial tension at tlie interfaces near the 
hole collar. Debonding may occur near the cellar if the magnitude of 
this tension exceeds the bond strength of the interfaces. 

The single bolt study brings out seve~al important points concern­
ing bolting. First, the effect of a single fully grouted bolt is very 
localized. This indicates that a bolt does not ~dd much stiffness to 
the system in the elastic domain. It is felt that the real utility of a 
fully grouted cable bolt is in the post-failure support of slabs. 
Unfo~tunately, finite element modeling of slab formation and support is 
beyond the state of the art. A seccnd important result is the develop­
ment of the maximum bolt tension close to the opening. If a bolt broke, 
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relatively thin slab~ could be left unsupported. Finally, there is the 
radial tension which is present at the interfaces. This could result in 
debonding near the opening, where support should be maximum. A more in­
depth look at deb0nding is necessary to fully understand the implica­
tions of the radial tension near the opening. 

Slender Element Restudy 

During a check on the width to height ratio of a slender elE~ent 
needed for accurate results. (rule of thumb: use an aspect ratio of 10 
or less) aspect ratios of 1, 10, 100 and 1000 were tried; ratios up to 
and including 100 gave quite dccurate results! This surprising event 
was quite favorable towards the use of slender elements for cable bolt 
representation in large scale meshes and promised considel'able 
economy. However, it also raised a question concerning the variation 
from the initial aspect rat)o investigation. Figure 109a shows the 
simple three element mesh that was used and the results obtained during 
the check run. Figure l09b shows a mesh corresponding to the original 
analyses. The geometry. material properties. boundary conditions and 
all run parameters are identical in the two analyses. The single 
difference betwe~n the two is in the mesh node numbering. Nodes 3 and 4 
are interchanged. The difference 1n results is enormous. The numbering 
in Figure lOga (good) gives about exact analytic results. while use of 
the mesh in Figure 10gb (bad) gives errors greater than 20%. rhe bad 
numbering scheme in Figure 10gb is also the natural numbering s~heme 
within the context of numerical analysis as such. In this regard. the 
bandwidth is the same in both cases. although an iterative equation 
solver is used in the UTAH-II program so the question of bandwidth does 
not arise. Node numbering i~ a matter of choice, of course, and there 
are many different patterns possible. The discovery that results using 
slender elements could be highly sensitive to node numbering was 
surprising. Very little information on the subject was found in the 
literature. It thus appeared to be 3 new phenomenon that called for 
immediate investigation because if node n~mber sensitivity carried into 
large scale meshes, the consequpnces would be devastating, especially if 
such sensitivity remained at aspect ratios less than, say, 10. This was 
thought not to be the case, but evidence was needed to decide the issue 
on an objective basis. Additional small and medium scale meshes 
containing slender element combinations were investigated. 

Small Scale Slender Element Behavior 

In addition to the three element mesh containing a single element, 
a five element column containing a single el~~ent WaS investigated. The 
five element column removes the bounda~ conditions from the nodes 
immediately adjacent to the slender elewent nodes in the center of the 
mesh. The results were the same in the five element column. The five 
element column was used in the original aspect ratio study; these re­
sults were reproduced when the bad node number sequence in Figure 109b 
was used. Accur~te results were achieved when the good numbering ~cheme 
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in Figure 109a was used. these results showed that the boundary condi­
tions were not the source of the difference in results and also 
expl ai ned the di fference between the ori gi na1 resul ts and the check 
results. Both ~ere associated with the node numbering sequence. Sever­
al rules were then formulated for distinguishing good and bad numbering 
schemes. It should be noted that the relative degree of diagonal domi­
nance (ratio of absolute value of off-diagonal to diagonal node stiff­
ness) is the same regardless of the numbering scheme. The distinction 
betw~en the two schemes is therefore one of some subtlety. 

The next step in complExity w~s to examine several small meshes 
including a six element mesh containing two slender elements and a nine 
element, three column mesh containing three slender 21ements in the 
central row. The variety of numbering schemes is Inuch greater, but the 
trend inferred from the three e1 ement mesh study was a1 so present in 
these small meshes. The good numbering schemes gave results to within 
0.1% of the exact solution, while the bad numbering schemes often gave 
errors ranging from 8% to more than 34% at a slender element aspect 
ratio of 100. The distinction between the good and bad numbering 
schemes is not immediately evident CiS the patterns 'in Figure 110 show. 
The one rule that gave consistently gOOd results at t~e 100 to 1 aspect 
ratl~ required numbering the nodes of t~e slender element in sequence. 
The order was immaterial. 

These small scale homogeneous mesh studies have two special fea­
tures in that the slender element is the same material as the surround­
ing elements and is oriented parallel or perpendicular to the load 
axis. In a large mesh, the slender element would have bolt properties 
and would except in unusual cases be inclined to the loading. These 
features were present in the original large scale mesh using slender 
el~ments. so that small scale mesh studies using an inclined slender 
element and using a modulus different from the surrounding medium were 
undertaken. 

The inclination effect is not purely geometric even in a homoge­
neous mesh. A shear load exist.s relative to local axes parallel and 
perpendicular to the long and short d1mensions of the slender element 
shown in the three element mesh in Figure 111. Inclination, that is, 
shear, dppears to have a substantial effect on results. Table 28 shows 
the error as a function of in~lination at a fixed aspect ratio of 100. 
The 45° case at an aspect ratio of 10 is included in Table 28 for com­
parison. 

The results in Table 28 indicate that even with a good node number­
ing scheme, high aspect ratio elements should be avoided if loaded in 
shear. 

An analytic derivation of the 4CST element stiffness confirms the 
effect of inclination and moreover shows that it is the product of shear 
modulus and aspect ratio that is important. This is why very high 
aspect ratios can be used in conjunction with a very low shear modulus 
to represent the shear behavior of lubricated or low friction 
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TABLE 28.- Error and inclination in a unaxial loaded three 
element mesh. 

Inclination Aspect Ratio Max Error 

0° 100 0% 
10° 100 2% 
30° 10l' 26% 
45° 100 20% 
45° 10 0% 

interfaces. The normal load behavior of such slide lines may also be 
acceptable if parallel of perpendicular to the load. 

A contrast in modulus between slender and adjacent elements will 
also induce shear loading. The shear will be greatest when loaded 
parallel to the long axis of the slende~ element and least when loaded 
perpendicular. Table 29 shows the results obtained in the three element 
uniaxially loaded mesh at an aspect ratio of 100. 

TMLE 29. - Modulus contrast studt in a three el elT'ent mesh. 

Modulus Rat. i 0 * Max. Stress Error Max. Di spl Error -( E) (G) 

0.1 0.1 C% 0% 

10.0 10.0 27% 5% 

10.0 1.0 26% 3% 

* (Slender element modulus)/(adjacent element modulus) 

The results in Table 29 point out the need to distinguish between two 
categories of ~lender element use: (i) low modulus slender elements 
typically used for interfaces and (ii) high modulus slender elements 
that may be used to represent reinforcement (rebar, cable bolts. ten­
dons, rods). In this regard, the introduction of a second modulus 
changes the diagonal dominance measure. The low modulus slender element 
improves diagonal dominance and thus aids convergence, while the high 
modulus slender element decreases diagonal dominance and thus impedes 
convergence. 

Medium Scale Slender Element Behavior 

Although the use of high aspect ratio slender elements for bolt 
analysis requires caution, in all case~, the use of elements with an 
aspect ratio of 10 or less appeared to be safe in the sense that accu­
rate results were obtained with a reasonable computational effort. 
Nevertheless, an intermediate step using a medium scale mesh was taken 
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befol'e final evc)luation of the original large scale mesh results. Two 
mediuni meshes were used, one in which the width to height ratio was 
vari ed Dy changi ng el ement. hei ght at a fixed wi dth, the other in whi ch 
the hei~ht was fixed and the width varied. Width is the long dimension 
of a slender eleme~t, height is the short dimension. Figure 112 shows 
the two medium scale meshes used. The geometry of the mesl:es simulates 
a fan of cable bolts such as installed from the cable bolt drift in the 
study stope area of the Homestake Mine. The meshes allowed investiga­
tion of a single bolt in any position and combinations of bolts of 
various aspect ratios. loading conditions and material properties. 

In fact, the analyses were jone using a homogeneous mesh; bolt 
elements were assigned the same properties dS the adjacent rock ele­
ments. The reason for this is that at realistic spacing of bolt fans, 
the 2D-3D scaling of bolt modulus results in a modulus nearly equal to 
the rock modulus. Also, analyses at modulus ratios of 1.25, 1.50 and 
2.00 which correspond to much closer fan spacings showed negligible 
effects on accuracy. unlike the case with a modulus contrast of 10. 

The results obtain2d in the medium scale mesh stuaies using slender 
elements confirms and adds to the inferences drawn from the results of 
the small scale mesh studies. 

(;) Inclination of slender elements to the global axis has a strong. 
adverse effect on accuracy obtained at a given computational 
effort. 

Arrays of parallel rows of slender elements loaded parallel 
and perpendiculdr to the long axes of the slender elements Sh0W 
excellent accuracy (maximum stress error less than 0.5%) with an 
aspect ratio of 2n. 

(ii) Loading conditions also have some effect; biaxial loading (results 
not given in table 30) decreases accuracy somewhat relative to 
uniaxial loading either parallel or perpendicular to the long 
di~ension of the slender ele~ents. 

(iii) The more slender elem~nts presert, the less accurate are the 
results at a fixed computational effort. This is generally the 
case even without slender elements; large meshes usually converge 
more slowly than small scale meshes which contain relatively few 
elements and nodes, a large percentage of which are boundary nodes 
that are skipped in the iteration. 

SUllJ11ary 

In all cases studied, the question wa~ essentially one of accuracy 
obtained at a fixed number of iterations, Convergence although slew and 
sometimes oscillatory was also always tIle case. The question is thus a 
practical one that relates to the rate of convergen~e. In this regard, 
the diagonal dominance criterion is a valid but sensitive nonlinear 
index that is probably influence:d by machine word length. The ('.losl~r 
the ratio of absolute values of off-diagonal to diagonal terms in any 
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row is to one. the slower is the convergence rate. The rate of 

TABLE 30. - Intermediate scale aspect ratio study results. 
un1 ax1 a' load. 

Bolt Pattern Aspect Ratio Max. Stress Error % 
Fi xed [en~tFi F, xed Hei ~ht 

unbolted (basic mesh) 0 

vertical 40: 1 a 

horizontal 40: 1 0 

45° 40: 1 25 

45° 20: 1 5 20 

45° 10: 1 0 

45° 5: 1 0 

3* 40: 1 13 

3 20 :1 2 8 

3 10: 1 9 

5* 40: 1 37 

5 20: 1 8 40 

5 10: 1 30 

9* 40: 1 60 

9 20: 1 40 

9 10: 1 15 

* 3 bolts at 0°, 45°. 90° 
5 bolts at () ° • 22° • 45°, 67° • 90° 
9 bolts at 0° , 11 ° • 22°, 34°. 45°. 56°. 67°. 7go. 90° 

convergence is also slowed by the number of slender elements in a mesh. 
that is. by the number of nodes that lessen diagonal dominance by virtue 
of high ratios of off-diagonal to diagonal terms. Node numbering alter­
nat i yes do not change di agonal dam; nance, but neverthel ess ; nfluence the 
rate of convergence. 

Sequen t ;i!11Umbering of slender element nodes. incleed all element 
nodes is best. The starting number and the order (ascending or descend­
i n g) ; s ; mma t e ria 1 • 
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Slender elements with a relatively low modulus speed convergence; 
high modulus slender elements retard convergence. In this regard, tre 
product of shear modul us and a~ ,lect ratio needs to be consi dered. Very 
high aspect ratios can be used with a very low shear modulus in slender 
elements parallel or perpendicular to the global reference axes. In­
clined elements will require a greater computational effort to achieve a 
given accuracy. 

These inferences are limited to an iterative equatio~ solver. An 
elimination equation solver may give different results. In this regard, 
the positive definiteness of th~ global stiffness matrix was examined 
for several single element meshes at aspect ratios of 10, 20, 50 and 
100. All showed at least one very small but negative eigenvalue. A 
single element system would therefore not be positive definite. How­
ever, a positive definite system may still result when slender elements 
aie mixed with elements of ordinary aspect ratios. The efficacy of ~n 
elimination equation solver as an alternative to a slowly converging 
itera:ive equation solver is an interesting possibility for cable bo~t 
design studies but its investigation is beyond the scope of the project. 

The net result is that slender elements, those of aspect ratio 
greater than 10 should be used with great caution. An aspect ratio of 5 
or less is preferable. A 2 1:2 in. diameter cable hole would thus need 
to be represented by a slender element 2 1/2 in. high and no longer than 
25 in. A large scale two dimensional mesh such as the one used to 
represent the Homestake Mine stud} stope would require several thou~and 
elements and would contain a large number of nodes with very low diago­
nal dominance. The very low conv~rgence rate and the possibility of a 
false convergence limited by word length would make the mesh impractical 
to run, or if run, would very likely give results of uncert3in 
reliability. 

The L'se of a slender e1ement to model bolt hole geometry ;s not 
recommended. Since some lOSS of geometric detail occurs from modeling 
the bolt grout assemblage in a cable tolt hole in the beginning and the 
constitutive bphavior is modified accordingly. the inclusion of the 
effects of a cable bolt grout a<;semblaqe within a modified rock element 
of ordinary il.spect ratio represents a "easonahle, consistent and effec­
til.? alter:1ative. In fact, since the modulus of cable tolt yrol't :"ssem­
blages in a fan of bolts is reduced in ~ny event to account for fan 
spacing. the modulus for elements traver~ed by a cable bolt hole (and 
thus representing a rock-grout-cable bolt assemblage) will differ very 
little from the modulus for rock elements as such. 

The qua,ltitative results obtained in the study of slender element 
~sage for cable bolt design substantiates (i) the oiriginal expec\ation 
that artificial support cannot noticeably influence ground motion until 
slab formation and detachment from the parent rock mass occurs, (i 1 : 
although the extent of yielding can be anticipated in an ela~tic-~'astic 
analysis, the mechanics of artificial support in the post-rupture range 
is beyond current modeling capabilities. 
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