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ABSTRACT

Rock mass properties and the in situ stress field were used to -
compare different stope-and—pillaf design methods at the Con'tinental.'

Copper, Inc. Control Property, located in the north-central portioh of

‘the Santa Catalina Moun'tains,' Pima County, Arizona. Copper mineral-

ization occurs in a sequence of hydrothermally altered limestones.
Rock mass prdperties were estimated by testing core samples
and by measuring the engineering characteristics of the structural fea-

tures. A model was developed that infers that a step failure path will

" have 20 percent intact rock. Estimated rock mass strength is 620 psi

+ oy tan37°. The in situ stress field was estimated by two indirect

“methods, residual stress field and correlation with geology, which pre-

dict similar orientations for the in situ stress field.
A stope-and-pillar design contains two major elements: roof

stability and pillar stability. The m_aximum roof width was determined

by calculating the bending stress at the center of the uniformly loaded,

fixed-end roof beam and comparing. it with the in situ stress acting in

the same direction. A number of mefhods to calculate the load-carrying
capécity of a pillar were analyéed to determine which method takes into
account the way that a pillar carries the load with respect to its geom-

etry, the rock mass strength, and the in situ stress field.

xii
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CHAPTER 1
INTRODUCTION '

The design of underground openings is becoming more critical
as the grade of mined deposits becomes lower, initial investments in-
ci'ea,sé, ore depth increasesv, additional safety regulations come into

law, and increased ore recovery is required for conservation of minerals.

.The stability of these openings is depéhdent-up_on the strength of the

rock mass and the in situ stress field.

Rock mass c;omprises- the rock subétanc_e_ (solid blocks of rock)
énd the structural features (faults, joints, bedding, etc‘.). In most
c‘as'es‘,’ it is not possible to fest the rock mass because the volume of
material needed would exceed the capacity and capability of any testing
equipment presently available. In addition, the cost in all probability
would exceed the value of information ob’caihed. Therefore, the two
éegment_s of the rock mass, rock sUbSténce and structural features,
generally must be tested independently and the results combined to esti-.
mate the ‘strength of the rock mass itself._ Rock éubstance properties '
measured to evaluate the vstrength'of the rock mass are compréssionb
strength, fensile strength, stiffness (Young's modulus), Poisson's ratio,
internal angle of friction, intact rock cohesion, rock—on—roc_k friction

angle, and rock-on-rock cohesion. The major characteristics of the

‘structural features measured to evaluate the rock mass strength are

_ stmcturé type, orientation, roughness, length, spacing, and filling.

1 .



2
At the present .‘time‘, there is no genéraliy acceptedv method of combining
the roc‘]‘< suybstance probértiesbwithvthev _charéctéristics of the ‘strﬁc_:fcural
feat_uies to calculate the streﬁgth of the rock mass. |
The stress field is defined in terfns of its principal orientations
and their'magnitu‘des . Methods exist that "directly". measuré the in situ

stress in competent, relatively massive rocks. These methods are intri-

~ cate ahd cosvtly to employ and were therefore not used in this study. The

pre4mine stress field can also be evaluated by measuring the residual
(locked-in) stressés and correlating them with structural features.

Because there is no unique value for rock mass strength and in

‘situ stress field, it is important to know their variations and to account

for these variations i_n the design‘of_ undergfound openiﬁgé . The design
method that best fits the condition or includes as many variables as pos-
sible should be chosen. The purpése of this thesis is to evaluate the
rock mass strength and in'.situ stress fieid_and use these values to com-
pare a number of pillar_désign rhethods . Because of the broad nature vof

this study, some aspects have not been covered in great detail. All data

 were collected at the Control Property of Continental Copper, Inc., near

Tucson, Arizona, where a stoping system employing pillérs is being con-

s idéred .



' CHAPTER 2 =
GEOLOGIC SETTING

The Control Property is located in the west-central part of T. 11

S., R. 16 E., in the north-central portion of the Santa Catalina Moun—

_tains (Fig. 1). The Mount Lemmon road connecting Oracle, Arizona,

-with Summerhaven is the main access to the area.

The area is mountainous, with an average elevation of 6,500

‘fee;c and siope angles ranging between 11 and 27 degrees. The highest

point in the area is Marble Peak at 7,670 feet. Rainfall averages 21.
inches per year, which sustains vegetation ranging from scrub oak to

ponderosa pine.

' General Geology

. The following brief discussion of the geologic history of the
Santa Catal_ina Mountains is taken from work by Wallace (1954), Peirce

(1958),, DuBois (1959), Hanson (1966), and Braun (1969). For the dis-

_ cussion‘below,. refer to the geology map of the Santa Catalina Mountains

(Fig. 2) and of Marble Peak (Fig. 3).

 During the Precambrian, sediments were deposited and the

granite was emplaced. Peirce (1958) intexjpréts the granite to have been

fofmed-from the'Pinal‘- Schist. After formation of the granite, a period of
erosion occur_réd followed by a depositional period.‘ The Scanian Con-.
giomerate ' Pioneer Shale , Barnes Conglomerate‘, Dripping Spring quartz-
ite, and Mescal Limestone (all of 'the Apache Group) were conformably

3
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Figure 3. General geology of the Marble Peak area—After
Creasey and Thecdore (1975) '
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deposited during this period. Only_smv_al’i'probably remnants of the Mes-.
cal Limef.std.ne exist in the M_arble Peak areé (Wallace, 1954) . "I“'he |
' Apéche Gfoup w'avs then cut by diabaée sills ‘and_ dikes, also believed ‘fo
be of Precambrian age. - | |

| Un'conformably ove,r_lying the Me scal Limestone is a series of
Paleozoic sediments. The deﬁn}z‘ablev units are the Cambr_ian Bolsa Quartz-
ite aﬁ_d Abrigo Limestone, the Devonian Martin Limestoﬁe , the Mississip-
pian Escébrosa Limestone, and 't'he. Penrisyiv‘anian Horquilla Limestone.
In -t‘he‘ Marble Peék area, these unit_s ére lcappéd_ by 1'(')0—'foot‘—thick
quartzite unit, which is pért of the Nacd_ Group (Horquilla Lime étone) .
It is beiieved that deposition stopped_ ér fhat a period of erosion occurred
betwéén the Cambrian and Devonian. 'Peir;:e (1958) proposes that meta-
morphism occurred during the"Laram_ide FOrogeny. This metamorphism was
caused by both heating at depth and a north—south' compressional force.
The Precambrian granite was mobilizéd_and portions of the overlying_s'edi—
ments were recrystallized. The Leatherwood Quartz.Diorite intruded the
Paleozoic sediments during Laramide time and was closely followed by
intrusion of the Catalina granite. Braun reports fhe agé of the Leather-
wood Quartz Diorite as 26.6 + 0.9 my . which was determined by K-Ar .
'da‘tirig of a biotite crystal. Pegmatite (_iikes were émplaced during or
after the intrusion of the Catalina granite. -

Dating of the faulting ié difficuit. Sometime‘ after the emplace-—

. ment_ of the Catalina granite, a méjor east-west fault system was pro-
duced. The Geesman fault is part of this s?s{em and forms one of the
major structures in the area, with a vertical displacement of 3,000 feet

(Peirce, 1958).



Geoloqy of Study Area

The mmerahzatmn in the Pa1e0201c rocks‘ was posmbly formed ‘
during the Lararmdevmetamorphlsm and 1ntru51on of the igneous mater1a1_ .
Depos1ted in fractures and disseminated in.the rock, the mmerahzed
zones have a tabular shape which generally parallels the beddmg, |
vLocated in the upper 65 feet of the Abrigo, Martin, and Escabrosa units ,
these tabular bodies range in thlckness from 10 to 70 feet and have a
strlke length from 100 to 1, OOO feet w1th a-dip length of 300 to 900 feet. |

This study deals with one of these tabular bodies defined as the
ABC m_ineralized bed. The ABC" zone is located mainly in the upper Abrigo
and crosses into intense alteration zones of the Martin Limestone . The -
main éangue minerals are diopside , .epidote, .an_d garnet with minor
amounts of magnetite and quartz. The IOrigiﬁal upper Abrigo Lirhestone
was a limestone with shaley interbeds . The altered but unmineralized
upper Abrigo has underrgoheo.nly partialreplacement, while in the min- _ '
eralized zone there is httle of the. or1g1na1 llmestone remaining. The
basal 10 feet of unmmerahzed Martln leestone is a mass1ve clear lime-
stone Wthh is also- locally replaced Throughout the remammg portlon
| of thrs paper, these rock units will be referred to as:
ABC mineralized zone = ABC zone
-Unm‘iner’a_lize’d upper Abrigo Limestone = upper Abrigo

Basal 10 feet unmineralized Martin Limestoné = Martin.

Mining History - -
‘Previous mining in the area occurred along the contact between

the Leatherwood Quartz Diorite and Paleozoic.sedbiments . where copper




9

sulfide outcrop was visible. Mining was limited to five specific préper— '

ties: Leatherwood, Hartmén—Homestake , Stratton, Daily, and Geeéman_

(F'ig. 3). Production started in the early 1900's and continued interrﬁit—.
tently thrdﬁgh 1970. Copper was thé main- ore mined, w.ith grades rang-
ing between 2.5 and 3.5 pércﬁénvt.‘, Minof émounts of silver, gold, z_and-
zinc Were also prodﬁced., Braun (196‘9)‘reports that 92,400 tons of 3.25%
‘,Cu was rﬁinéd out of the Geesman cia-ims from 1906 to 1946 and 20,600
tons 6f 2.‘5% Cu was mined from the Dlaily mihe between 1937 to 1940.

The newly defined mineralization in the Paleozoic rocks was discovered

- through geophysics (magnetics), detailed geologic mapping, and exten-

sive diamond drilling.
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CHAPTER 3
STRUCTURE ANALYSIS
" The structure analysis will be discussed in two.séctionsf major
structures and rock fabric. Major structures are those that are continuous
and have a trace length in the same order as that of the mineralized zone.

The rock fabric are those structures that are discontinuous but have a

high frequency of‘occurrence .

Major Structure

. Data Coll'ection

Most data used to evaluate the major structures were obtained
from surface and underground geology maps of Continental Copper, Inc.
(1974a, 1974b). Data were also obtained from Peirce (1958) and Braun

(1969) . The major structure data were plotted and contoured on a lower

hemisphere equal-area Schmidt net.

The major structures analyzed were bedding, faults, dikes, and
folds. To determine if the structural 'system was continuous through the
Paleozoic sedimentary focks, major structures were analyzed by rock

type and by location, that is, surface data versus underground data.

Paulfs

The Geesman fault (Fig. 3) is the major fault in the area and

strikes N. 70°W. and dips 759SW. Cutting nearly through the ABC zone

are a series of faults, striking generally N. 309W. and dipping steeply.

10



.The Schx.nid‘vc contour plots of the faults are shown in Figure 4 by
roék types and lbcati.on. .The' modal orientatioﬁ of the fault sets is given
in Table 1. The surface data from the Horquiila, Eécébrosa . ahd Martin

all show the following fault systems:

General Strike - Ge_ﬁerai Dip Set Name
N.30°wW. 40° NE.  Bedding
N.55°E. 450 NW.  Northeast Flat

N-S 90°  North-South
E-W © 859 SW.  East-West
N.S50OW., | 750 sw. Northeast
N. 40°E. 850 SE. Northeast

The Abfigo surface data only show the Northeast and East-West fault
sets;. however, there were only eight faulfs observed for the Abrigo sur-
~ face data. |

The :most obvious difference between the underground data and

. the surface data is in the presence of an underground system striking
northeast and dipping 359 to 550 NW, This can be explained bevcause'
the set is "flat" and not identifiable . The Escabrosa underground data
do bnot show b‘the :strong North-South or East-West sets that the surface
data shows. This differéncé is probably due to lack of undergrouhd data.
The Martin underground data suggest .the existence of fhe East-West énd
Northwest sets, but the limited ﬁumbér 6f'observ,ations prevent ahy con-
clusions. The varigo underground data.’s_how the North-South and North-

west sets and also indicate a Northe'ast set.
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ESCABROSA ‘ HORQUILLA
SURFACE SURFACE
: i Obs.

Contour Interval=0,2,4,8 8 16 %
(If number of observations
is less than 10,
contour interval =0 & 16%)

ABRIGO | MARTIN o ESCABROSA
UNDERGROUND UNDERGROUND UNDERGROUND
22 Obs. - I3 Obs. | 95 Obs.

Figure 4. Schmidt polar plots of faults



Table 1. | Modal oi‘ientatioris bf significant fault systems

Percentages of points making up sets are given under orlentations. Data are from
geology maps. ,

Continental Copper, Inc.'s (1974a, 1974b)

_ Horquilla Escabrosa Martin Abrigo
Surface Surface ' Underground Surface Underground Surface ﬁnderground '
_ Set Name (111 obs) (123 obs) (95 obs) (29 ohs) (13 obs) " (8 obs) (22 obs)
Bedding ' N30W 45NE N28W 24NE NBE 38SE N30W 35NE
(6.2%) (7.3%) : 9.3%) (10.4%)
Northeast Flat NS52E 53NW NS6E 44NW NG6OE 38NW
. , _ (14.0%) (50.0%) - (56.0%)
‘North-South N-S .~ 85E N-8 90 NI1OE 85S8E » ‘ N-S 74w
(21.6%) (12.2%) (6.9%) - (20.8%)
East-West N82E 80SE N78W  81SW N83W 80SW
o (25.7%) (14.6%) _ o (27.6%) _
" Northwest NS5W 75SW N32W 85SW NS58W 85S5W NS56W 60SW . . . N4OW 66SW
: o (22.6%) (15.4%) . (23.2%) - (10.3%) R L 12.5%
Northeast 'NSOE 85SE N30E B82NW N26E 60SE NS55E 555E N42E BOSE
. (12.4%) (25.2%) {30.2%) (10.3%) {37.5%) )
Other N30W 50NE |
. - (7.0%)

£l
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Bedding | | |
- Theé bedding strikésf generally.nor'th-—south toAN . 159 W, and
dips between 25° to 45C E. F‘igure 5 bshows the Schmidt contour p_lofs of
the bedding data. The contouvxv- plot of the Horcjuilla (Fig. 5) best dis—-»
plays the variation of thé bedding orientafcion. This variability may be
due to folding; however, there is no apparent fold axis shown by the

' bedding. The modal orientations' are listed in Table 2.

Folds

Céntinental Copper, Inc.'s (19743) surface geology map shows
~a major syncline in‘the area with a flat plunge géﬁerally bearing 105 de-
grees. This fold approximately parallels the Geesman fault (Fig. 3).

Drag folds exist in the ére_a.‘ Braun (1969) shows btwo folds
besring generally north and plunging 5 deg_re_es and one fold bearing 231
degrees and plunging 35 degré'es. ‘Peirce (1958) mapped a series Vo_f drag
folds in the Bear Wallow area that bear generally 90 degrees and plunge

15 degrees.

Dikes

Dikes in the area generally follow ’cheb faults. Figure 6 shows
the Schmidt contour plot of the dikes and Table 3 lists the médal orien-
tations. The dikes appear to follow all major faults sets except the Bed-
ding and Northéast sets; however, because o‘f the limited number o_f ob-
'serx)ationé, no definite conclusions can be reached about preferred dike

orientations.
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MARTIN - ESCABROSA | " HORQUILLA
SURFACE S SURFACE SURFACE
25 Obs. 107 Obs. 108 Obs.

Contour Interval=0,2,4,8 816 %
(If number of observations
is less than 10,
contour interval=0816%)

s . s o s
ABRIGO MARTIN | ESCABROSA
UNDERGROUND UNDERGROUND UNDERGROUND
9 Obs. | 4 Obs. 14 Obs.

Figure 5.  Schmidt polar plots of bedding



16

Table 2. Modal orientations of bedding

P.erceﬁtages of points making up sets are given under orientations.
Data are from Continental Copper, Inc.'s (1974a, 1974b) geology maps.

Predominant
.Rock Type Orientation - Other Orientations
Horquilla
Surface N-S 30E NSOE 70SE N72W 54SW N78W 38NE
(108 obs) (43.5%) (3.7%) (5.6%) (5.6%)
Escabrosa |
Surface N-S 10E
(107 obs) (49 .5%)
Undérground N40E 14SE
(14 obs) (66.7%)
Martin ‘
Surface N30W 35NE NBS8OE 70SE
(25 obs) (52.0%) (8.0%)
Underground N 5W 50 NE '
(4 obs) (100.0%)
Abrigo |
Surface N-S 35E E-W 80S
(16 obs) (54.6%)  (36.4%)
Underground . N I10W 45NE
(9 obs) (100.0%)




N
3 w £
s
- ABRIGO : ESCABROSA
UNDERGROUND SURFACE

| Obs. 13 Obs.

Contour Interval=0,2,4,8 & 16 %
(if number of observations
is less than |0, ,
contour interval=0&16%)

S S
HORQUILLA ESCABROSA
SURFACE UNDERGROUND
| Obs.- ' 7 Obs.

Figure 6. Schmidt polar plots of dikes




Table 3. Modal orientations of significant dike systems

Percentages of points making up sets are given under orlentations, Data are from Continental Copper, Inc.'s {19743, 1274b)
geology maps.

Horquilla Escabrosa . Martin k Abrigo
v . Surface - Burface Underground Surface ‘Undergroun’d ~ Surface Underground
Set Name . (14 obs) (13 obs) - (7 obs) (1 obs) (0 obs) (1 obs) "~ (1 obs)
Bedding . ' '
Northeast Flat . N30E S5NW ' N62E S56NW NS6E SS5NW
o (7.7%) " ' . (100%) (100%) -
North-South ~ NIOE 90  N5W- 90 ' ’
(21.4%) (7.7%)
Fast-West NBOW 70SW E-W 75N
s (7.1%) (7.7%)
Northwest N35W 80SW N40W 90 NA4SW 48SW N70W 50SW
. - (50.0%) - 7.7%) (100%) - (100%) _
Northeast . ' ' 'J»

Other

- BI
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Rock Fabric

Data Colle ction

- The rock fabric data was compiled from Continental C‘opper
Inc.'s (1974a, 1974b) surface geology mép a-nd underground geology map
and collected by detail line mapping on the 6400-foot level (Fig. 7). The

‘method of detail line data collection is discussed in Appendix'A.

Joint Set Data

The data éollected frbm the geology rhéps were segregated by
rbck type énd by location (surfécé ‘versus underground) tb evaluate struc-
tural continuity in the Paleczoic units. Thé coﬁtouféd Schmidt plots of.
the jdin_t sets are shownvin Figﬁre _8. Table 4 1ists the modal orientation
for’eac_h Schmidt plot. | | }.

The surface data from the Horquilla,v'Escabrosa, and Martin all
show steeply dipping joint. sets With the following orientafions: horth—
south,', .ea'st-west, northeést ,‘ and northwest. The Abrigo surface data - |
shbow’only the North-South and Northéast.sets . This is brobably due to
the limited number of bbservétiohs. |

The Escabrosa-underground da‘ca revealwthe Northeast and North-
westvse.ts . The North-South set may be present but slightly rdtated to |
fhe ea-s_t".v The East-West set is ab'sent‘._., No conclusions can be made
from fhe uhderground Martin data beéause of the limited number of ob-
serVations . The underground Abrigo data show all of the steeply dipping

fracture sét-s plus a Northeast Flat fracture set dipping 45° NW.



UPPER ABRIGO FM.
Y (INCLUDES ABC ZONE)

MIDDLE
ABRIGO

ROSSCUT NO,2

UPPER ABRIGO
(INCLUDES ABC ZONE)
DETAIL DETAIL LINE A _
" LINE B MARTIN FM,
LOCATION OF

N x~DETAIL LINE C.
ORIENTED BLOCK R

| _ : 40
MARTIN FM.
NORTH —

CROSSCUT NO. 1~

Figure 7. Location of detail lines A, B, and C and oriented block for
residual stress analysis
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S
ABRIGO ESCABROSA
SURFACE SURFACE
6 Obs. 236 Obs.

Contour intervai=0,2,4,8 8 16 %
(if number of observations
is less than IO,
contour interval=0&16%)

s , s

ABRIGO ’ : MARTIN ESCABROSA
UNDERGROUND. : . ~ UNDERGROUND » . UNDERGROUND

58 Obs. o ' e 3 Obs. 216 Obs.

Figure 8. Schmidt polar plots of joints



Table 4. Modal orientations of significant joint sets

Percentages of points making up sets are given under orfentations, Data are from Continental Copper, 1nc.'s (1974a, 1974b)

geology maps. :

Martin

Horquilla Escabrosa Abrigo
: Surface Surface Underground Surface Underground Surface Underground
Set Name (72 obs) {236 obs) {216 obs) (20 obs) (3 obs) (6 obs) "~ {58 obs)
Bedding _
Northeast Flat NSS5E 30NW
(12.1%)
North-South  N-S§  85E. N-S - 90 NISE B85NW N-S 90  NI1S5E 8ONW N-§ 90  NISE 6ONW
- {29.2%) -(33.1%) (6.6%) (26.7%) (33.3%) (33.3%) (18.0%)
East-West = . E-W 90 E-W  8ON. ' E-W 90 ‘ N70E 758E N85W 70SW
- (20.8%) - (11.6%) _ (13.3%) (66.7%) (5.2%)
Northwest N35W BONE N32W 85SW N43W 75SW NAOW B80SW NS55W BOSW N4ASW 75SW
: - (12.5%) (13.1%) (28.3%) (6.7%) (66.7%) (17.2%)
 Northeast .~ NSOE G65NW N28E 806SE NSOE 65NW NSOE SBONW ' ' NS6E 85SE
: : (11.1%) (28.8%) (45.3%) (40.0%) - C(17.2%)
- Other ' '

- z2
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[

Detail Line Data v o
The contoured and point Schmidt plots of the three detail lines

(Fig. 9) reveal a maximum o_f seven joint sets of which five are common

‘to all three lines. These joint sets are defined based on design consider-

ations. Within one design joint set there may be more than one geélogic

joint set; however, to design for each geologic set is not realistic. The

mean vector orientations and the characteristics of each fracture set for

each line are given in Table 5. Although each line has its own fracture-

~ set characteristics, the lines have been combined for the following

reasons: |

1. _Thé rock properties of the ABC zone and Marfcin_ appear to be
from the same population. |

2. All structure data indicate that the upper Abrigo_., Martin, and
Escabrosa formati_ons vhave thé same rﬁajor structure orientations.

3. The difference in fracture-set charactefisticéfor a frécture set
found in each‘ jline is not unrealistic.

4, 1Itis not réalistic; at this point to sugges't a design for eéch rock

unit because of the limited data available.

The combined Schmidt contour and point plots are shown in
Figure 9. The fracture cha;acte:istics' of each joint set fox_' the co_mbined_ ,
lines are gi_vevn‘ in Table 6. Because the mean values for the fracture-set
characteristics (length, spacing, 'roug'hness, and dip) do not illustrate

the distribution of these characferistics , curves Were fitted to the data .

- The dip values best fit a normal diétribution} while the length, spacing,

and roughness fit a negative exp_onential. The normal distribution is



N : PERCENT PLOTS . N

DETAIL LINE A DETAIL LINEB ) _ " DETAIL LINE C o COMBINED DETAIL LINES
ABRIGO (ABC ZONE) ABRIGO (ABC ZONE) MARTIN AgaB&cC
{100 obs. 98 obs. 58 obs. 256 obs.
' POINT PLOTS

Contour Interval = 0,2,4 & 8%

Figure 9. Schmidt polar plots of detail lines
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Table 5. Fracture set charactéristivcs for detail lines A, B, é;rid C

Mean Vector © Rough-~

Filling (%)@

Length (feet)

Spacing (feet)

- Observa- ness .
Set Name tions (%) Strike Dip  (mean) N CL Q C M E Fe G Mean Mode Max. Mean Mode Min.
Detatl Line A ‘ '
Bedding 21 NI3E 47SE 2.8 57 19 10 14 5 10 0.0 57 10.0 130 0.9 0.4 0.l
 Northeast Flat 21 mssl 3SNW 6.5 60 25 20 25 20 5 O O 4.2 2.0 150 .6 ﬂg <.1
East-West 24 NB6E BISE 2.6 25 4 8 8 17 63 0 0 1.9 1.0 50 .6 .1 <.
Northwest - 6 N4AW S6SW 2.6 80 ©0 ©0 O 0 20 0 0 2.2 1.0 6.0 2.4 .2 .l
Northeast 9 N3OE BINW 1.9 33 0 0 5 11 0 0 0 1.1 1.0 2.5 2.7 2 .2
Detat! Line B N o ‘ . S °? |
* Northeast’ a NS3E B4SE 4.8 60 5 3 28 5 8 3 0 3.0 1.0 12.0 1.0 0.5 0.1
Northwest 26 N36W 795w 4.8 sz 4 12 36 4 20 0 12 42 1.0 11.0 .5 .z .1
Northeast Flat 9 N6 18NW 5.3 78 0 0 o 011 011 37 10,0 1.0 .7 .1
 Bedding 6 NIE G0SE 4.3 67 0 0 0 17 17 17 17 4.8 10,0 43 .2 .2
East-West 5 N73W 82SW 1.4 80 0 ©0 20 0 0 0 0 2.8 S50 7 2
Northeast 45 3 N25E 43NW 10.7. 67 © O 0 33 0 ©0 33 5.7 1.0 150 4.0 .2
Detatl Line C | o
Bedding 38 NSE 37SE 7,6 50 18 0 3 5 0 0 0 3.8 1.0 12 0.7 0.2 0.1
| - | s -
Northeast 45 26 NISE 46NW 7.7 60 13 0 40 0 0 0 O 2,8 .5 15 L1 1
East-West 12 N67W 785W 4.1 71 0 0 29 0 0 0 0 21 2.0 4.5 1.5 g
Northeast 9  NS6E 6INW 6.2 40 60 60 40 0 40 0 O 2.4 .5 7.0 .5 .1 1

"a. N =none; CL= chlorlté; Q = quartz; C = calclte; M = minerallized; E = epidote; Fe = {ron oxide; .G = garnets.,

ST



Table 6. Fracture set characteristics for combined detail lines

Observa- ness

Set Name tions. (%) .St‘rlke' Dip f(mean) N CL Q C M E Fe© G Mean Mode Max. Mean Mode Min,

‘Mean Vector Rough~- -~ . Filling (%) ® Length (feet) - Spacing {feet) ’

Bedding 14 NIIE 46SE 4.5 55 16 4. 24 6 6 2 2 4.7 1.0 13.0 1.2

e ( : 4.0

Northeast Flat 17 N2SE 33NW 6.0 68 20 17 22 15 5 0 5 3.6 1.0 -15.0 .9

Northeast 26 NSOE 83SE 4.3 64 7 2 29 3 2 0 0 2.9 1.0 15.0 1.0

Northwest 21 N3BW 67SW 4.0 54 2 7 35 4 10 0 0 2.9 1.0 11.0 1.3
2 0 2.2 1.0 12.0 1.3

East-West 18 N87W _855W 2.8 36 9 4 11 13 43

0.4

.1

.1
.2

o1
.1

0.1

a. N= noné: CL = chlorite; Q = quartz; C = calcite; M = mineralized; E == ebldote: Fe = iron oxide; G = garr‘\'ets .

9¢



" ing form:

- 27
defined by the mean and standard deviation ,v and the exponential is of the
formY = Ae"BX. The curnulative exponential curves are forcéd through '

IOO% at the X value equal to zero resultmg in an equatlon of the follow—

Y=_100e”BX; | o )
The distributions of the set charaoteristics for each traoture set are given
in‘Pigure‘s 10 through 14..’ B’eceuse Teble 6 contains an sbundance. of in-
formation ‘only the main conclusions are discuSsed below.

The Bedding and Northeast Flat fracture sets have potentially

the lowest shear strength present Both sets have minimal amount of

filling and they are the most continuous, thereby having the lowest shear

strength. The East-West set has the highest shear strength bec_ause
over 50 percent of the fractures are filled with epidote and it is the most
discontinuous set. The Northeast and Northwest fracture sets have shear

strengths between those of the above two joint sets. These two sets are

- less than 50 percent fil»l'ed, with the Northeast having the closest spac~

ing of all sets.

Structural Continuity .

It is apparent from this analysis that there are six. ma)or joint
sets in the Paleozmc section on Marble Peak. Certain sets are missing '

for each condition, i.e., rock types, location; however, this may be

“ attributed to lack of data or local variations. One example of this is the
‘missing North-South set in the detail line data that exists in the surface

‘ data. One case that cannot be explained without further work is the

Northeast Flat set. This set obviously exists in the underground data
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but is lacking in the surface data ».b Recent work by_Fritts (1974a) has

shown a thrust fault systém exists just above the minera'lizatio_n; Be-

cause the Northeast Flat set was observedv in the ABC zone, it will be

_included as part of the structural system. |



CHAPTER 4
ROCK SUBSTANCE PROPERTIES

Rock substance and fracture‘ strength propér‘ties were obiainecﬁ
from uniakial ‘co'mpression," triaxial cbmpreséidn, Brazilian disc te‘ns‘ion,
and.direct‘shear tests. Labbratory proc‘evdures for these mefhods have
been discussed by Hawkes and Me.l.lo'r (19‘-70, 1971), Handros (1959),
Donath (1966), and Coulson (1970). The rock substance properties that
 were measured or caiculated in thé teéting program included compression
strength, tensile sti'ength, stiffnesS-_(Young'S modulus); Poisson's ratio,
internal angle of fricfiori,‘ intact rock cohesion, rock-on-rock .friction‘
'éngle, and rdck—on—rock cohesion. Appendix »Bv_ outlines the procedure
for calculating the rock substance values and explains the labofatory

methods used for this sfudy.

Sample Collection

NX core specimens of the ABC zone, up'per Abrigo, and Martin
were collected from seven drill holes in the area of the ABC zone. Be-
’c‘al..lse ‘mbost of the drill_ éore from the mineralized zone was split for as-

- saying, block slarnples were collected from two crosscuts on the 6’400—
foot level. These block samples were cored in iaboratory.

Table C-1 {(Appendix C) liéts the specimen number, diamond .
driil hole number, depth‘ below collar, rock type, and height—fo-—diamete‘r,

ratio for the uniaxial compression tests. Tables C-2 and C-3 {(Appendix

34
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v C) list the same information for the Brazilian disc tension, triaxial com-

pression, and direct shear tests.

Uniaxial Compressibn Strerigth
A l.ist of specimens teeted,- the angle between bedding a‘n.d the
- vertical axis of the core, failure mode, failure. control, and ultimate
uniaxiai compression s’trength for the .three rack units is given in Table
7. Fazlure ‘mode was d1v1ded into three categones violent (V), indicat- -
ing the specimen exploded;. moderate (M) mean the specimen broke into
many pieces; and passive (P), meaning the s-pecimen broke into two or
three pieces. Pallure control is classified as (1) structural control (SC),
with fallure occurring on an ex1st1ng plane and (2) no structural control
(NSC). |

Plots of the vertical stress ‘versu's longitudinal strain and lateral
versus long'i‘tudinal strain Were recorded during. the eonipression test.

- Prom these graphs, the ultimate strength, stiffness (Yoimg‘s modulus)
with its stressb range, and Poissan's ratio With- its stress range caril be
calculated (Table c-4 ,_Appendix C). The mean standard deviation and

' 95% confidence interval for the uniaxial test are.given in Table 8. Rock
| stiffness and Poisson's ratio were selected at 50% of failure.

.In calculatiﬁg the mean ultimate strengths, specimen D-6 was
excluded from the Martin unit because of its anomalous value (greater
than 2 times the standard deviation). Specimen D-6 could be included in
the mean calculation, if strengths of the core- that was already broken in
the core box could be included. Its e-xc‘lusion results in a more realistic

estimate of the mean. Due to testing error, rock stiffness was not



Table 7. ~Bedding angle , failure mode, failure co'ntrol," and ultimate

strength for uniaxial compression test:

‘Speéimen . Angle of Bedding ) Failure Failure Ultimate Uniaxial
No. to Core Mode @ Controlb Strength (psi)
'ABC Zone
A-1. none present Y NsC - 28,000
B-2 T 420 -V sSC 20,500
B-3 15 -V sC 33,500
B-4 55 \'"2N sC - 17,300
B-5 35 Y SC 33,100
B~-6 25 A - 8C 20,400
Unmineralized Upper Abriqé Unit » _
c-1 70 | M ' sC 15,000
C-2 65 M .SC 16,100
C-3 25 M SC 24,500
C-4 55 M~ sC 15,000
C-5 60 M sC 13,000
C-6 50 M sC 14,500
Unmineralized Martin Unit
D-1 . 65 M sC 10,500
D-2 60 M NSsC - . 13,500
D-3 60 Vv sC 26,600
.D-4 60 M. SC 16,700
D-5 30 .M SC . 20,500
D-6 55 v NSC

39,000

a. V =violent; M = moderate; P = passive.

b, SC'= structural control; NSC = no structural control.v



Table 8. Mean, standard deviation, and 95% confidence interval for ultimate strength stszness and
P01sson s ratio

X = mean; SD = standard deviation; CI = confidence interval,

e R —_——

Ultimate Strength (psi) Stiffness (psi) =~ - Poisson's Ratio

Rock Unit X SD 95s% c1 = X SO 95%CI - X SD  95%CI

" ABC Zone 25,500 7,000 +7,400 14,0x106 3.0x106 +3.2x106 0.27 0.17 +0.18

Upper - | - - o |
Abrigo 16,400 4,100 +4,300 10.6 2.9 £3.6 26 .12+ .31
 Martin 17,600 6,300 +7,800 11.0 6.2 +6.4 28 .13+ L7

LE .



| calculatéd for specimen C—Zﬁan‘_d Poiséon's ratio wé.s hot caiculét-ed for
specimens C-1, C~2, and C-6. | |

| The ABC miner.alized zone is the Strongest and stiffest .unit
tested. :’I‘he Martin is sligh_tly_stfonger t'han the upper Abrigo. This dif—
ference ‘occurs beéau‘se the Martin.is a massive _limeé‘to_né while the |

- upper Abrigo is a limestone containing shaley interbeds.

Tehsil-e Strength

| Tensile failure dufing a Brazilian disk tension vtesvt is caused by
‘an applied compressive stress that induces a.’tensile stress. This mode .
of tensile failure is probably»the s.ame as thé' mode of underground ten-
sile failureé_. Work by Hardy and }ayarama.r_x (1970) indicates that the
"trué_“ tensile stréngth is 0.6 to 0793 of the Bfazil_ian tensile strength.
Vouille"(1‘964) found the "true" tensile strenéth tobe 0.5 of the Brazil-
ian tensile stren_gth.‘_ However, because the disk tension test simulates
the most probable mode of ‘tehsile failure, the- Braziliaﬁ disk tensile
strength- will be used as the rock—substancé tensile strength. |

Tables 9 and 10 give the results for the Brazilian tests for the

three units. Génerally, tensile strength is 0.10 to‘ 0.20 of the uvniaxial
compressive strength, and tensilé strengths of the ABC zone, the upper
Abr_igo’and the Martin fall within thvis range . No relationship betwéen

tensile strengths and failure control is shown. .

Statistical Analysis of Population Similarity
To determine if the rock types are similar, a statistical analysis
was made. The two statistical tests used to evaluate sample simila_rity

were the Student's t test, which compares population means, and thé
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Table 9. Angle of loading to bedding,' angle of 'Ioading to major' frac- - _
o tures, failure control, and tensile strength for Brazilian disk . -

tension test ’ ' : - - ’ : : o

Specimen Angle, Loading Angle, Loading to Failure = Disk Tension .
No. to Bedding Major Fractures Control@ Strength, psi

ABC Zone o
M-1 90° NSC 2,640
M-2 -0 sC : 710
M-3 _ 0 NSC ' 480 :
M-4 0° 0 NSsC 2,200
M-5 90 0 sC 1,720
M-6- 90 SC - 1,150
M-7 0 0 NSC - 2,060
M-8 - 0 sSC : 780
M-~9 90 0 " NSC 1,440
M-10 0 sC ' - 760

Unmineralized Upp ér Abrigo

0 sc 410

N-1 v

N-2 90 | 0 sC 1,060
N-3 45 1 sc 550
N-4 0 ' . sSC 1,810
N-5 90 90" NSC 1,360
N-6 0 - 90 sC - 1,110
N-7 30 0 - sC 660
N-8 90 NSC 2,280
N=9 o . 8C 2,460
N-10 0 . SC 2,030

Unmineralized Martin

0-1 0 o NSC 1,040
0-2 90 ’ NSC 1,430
0-3 | 90 - sc 1,900
0-4 o sC 2,290
0-5 -0 NSC 2,140
0-6

90 NSC 2,090

a. SC = structural control; NSC = no structural control.
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-Table 10 Mean, standard dev1at1on and 95% conﬁdence mterval for

" Brazilian disk tension strength

Rock Unit n X s 95% Confidence Interval
ABC Zone 10 1,390 psi 740 . +530 psi

Upper Abrigo 10 1,370 740 + 530

Martin 6 1,820 . 480 + 510

F test, which cotnpares the shape of the sample distrtbution curves, Ina
strict statistical »analysivs two rock u.nit'sv can be considered from the same
population if all t and F tests are passed. Table 11 'shovws‘ the results of
thetandFtests.' .. |

W1th1n the 95% confldence level, 1t can be inferred that the
ABC zone and upper Abrlgo and the upper Abrlgo and Martin are from the

same populatlon of rock properties. 'The ABC zone and Martin could also

be inferred to be from the same population except their tensile strengths

do not pass the t test. 'Cochran et al. (1954 p. 19) states "the step
from sampled populatlon to target population is based on subject-matter

knowledge and skill, general information and intuition but not on statis-

~tical methodology." Therefore, based on engineering judgment and sub-

ject matter knowledge, the ‘combined physical properties of all three
units will be used in the design analysis. The reasons for combining
these units are: o

1. Only one test failed and it was by a small margln

2.1' The s_epa_ratlon of the ABC zone and the upper Abrigo _in the

. design is not reasonable at this time.



Table 11, Statistic'avl analysis to evaluate population similafities of rock units

The first number is the calculated t or F value; the secdnd number is table t or F value, -

" Property

ABC Zone + Upper Abrigo

ABC Zone + Martin

Upper Abrigo + Martin

Poissori's Ratio

Tehsiie
Strength -

(1.90-2.26)

Pass

- (0.09-2.36)

Pass

(1.68-2.10)'

(1.07-7.39)

Pass -

(2.01-39.3)

Pass

(0.89-4.03)

(1.05-2.26)

Pass,

(0.11-2.26)

Fail

(3.04-2.14)

(0.23-7.39)

Pass

- (1.71-7.39)

Pass" 
(2.13-4,48)

- (0.13-2.31)

Pass

(0.22-2,45)

Pass

(1.32-2.14)

t test F test. t test T test ttest = F test
Compressive _ . :
Strength Pass Pass ~ Pass Pass Pass ~ Pass
: (0.06-2.23) (1.00-7.15) (1.95-2,36) (1.25-9.36) (0.39-2.36) (2.32-9.36)
Stiffness Pass Pass Pass  Pass Pass Pass

(0.22-9,60) -

Pass

(0.85-39.2)

pass
(2.38-4,48)

187
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The rock properties for the combined ABC zone , upper‘Abrigo ,'v and Martin -

rock uhits are listed in Table 12.

Table 12.. Mean and standard deviation o_f combined rock properties

, Compressivé | . Poisson's Tensile
Strength Stiffness Ratio ~ Strength
Mean 19,920  10.84 x 106 psi 0.27 1,480 psi
Standard Deviation 6,970  4.57 0.12 690

Intact Rock Shear Strength -

- Table 13 lists the specimen nurﬁbers,v aﬁgle betWeen bedding
and vebrtical axis 6f core, failuré control, 'confining stress, and failure
stf_e'ss,. Ohly specimens in 'th‘e ABC zoné and upper Abrigo were tested
triaxially. Speci'mené weré not tested beyond a confirﬁng_ stress of 2,000
" psi b»ecé_uSe of limitations in the te stihg equibment. | |

" Assuming a Mohr—Coulomb failure envelope, the accepted
method of calculating the internal aﬁgle of friction and the cohesion is
to construct a Mohr circle for each test and to connect the common tan-
Igents of these éircies . Because the rock is éuch a variable material, the
Mohr circles are aiffiéult to connect (Pig‘. 15). An alternate me.thod of
éal‘culating the i_nter’hal friction angle is plotting the failure stress
against confining stress and ‘calculating the ‘bes',t fit straight line for the
points (Fig. 16). The internal angle of friction () and cohesion (c) are

then found by using the slope of the line m in the folloWing formulas
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- Table 13. Angie of bedding to vertical axis of coré failure control,
confining stress, and: fallure stress for tr1ax1a1 compression

test
Specimen  Bedding  Failure . Confining - ~ Failure
No. °~  Angle - Control . Stress - ' Stress

. ABC Zone | <
A-2 NSC 500 psi  29,100.psi
T-3 400 ~'sc 500 30,600
T~2 40 o sC vl 000 - 21,000
T-4 40 _ NSC 1,000 34,000
B-7 25 ~ NSC : 1,000 37,600
T~1 40 L 8C 1,500 38,600
B-2 42 sC : 1,500 - 31,000
T-5 25 o sCc 2,000 . 40,600

Upper Abrigo | » . _

- ¢c-7 55 sc | 2,000 13,000
C-8 65 SsC ' 1,000 31,000
c-9 35 sC 2,000 - 15,800

- C-1

0 35 ~sc . 500 21,500
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| (Obert and Duvall, 1967):

g = tan~! -;"-J':__.l- ' | ()
Se = uniaxial compression | _ o .'(3)

2V

Tﬁe-mean and 95% confidence intefval for the> internal angie ‘of »
friction and .cohesién of the ABC zone and uppe_r'Abrng ié given in Table
14_.' Two results have been reported for the upper Abrigo because s’amxﬁles
C-7 and C;-9 ' which failed along major structurés , probably had little to
no cohesion . If this assumption is c;orrecti the friction angle for these

-cohesionless samples is within the range of the friction angle of the re-

' "maining ﬁpper Abrigo samples.

‘In the previous section it was concluded that the three rock

. units could be considered as oné for this initial design. Combining all

samples except C~7 and C-9, the internal angle of friction is 55.6° and

the mean cohesion is 3,090 psi (Fig. 17, Table 14). S

Rock-on-Rock Shear Strength

The results of a direct shear test from a rock-on-rock cut frac-
ture represents the shear strength of an unfilled planar fracture. This
'shear strength is used to calculate the rock-on-rock friction ang.le and
rock;-on—rock cohesion. Two specimens fro_rﬁ the ABC zone were tested.
.Thé normal stress versus shear stréss éurves for the spec-imens are shown
in Figure 18. These curves indicate that the éhear strength is not linear
above 225 psi. The .power curve.proposéd by Jaeger (1971) may be a bet~

ter representation of the shear strength curve (Fig. 18); however, the
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Table 14. Internal friction angle and intact rock cohesion"

e
———

Internal Friction Angle

arevra

—

Intact Rock Cohesion

95% Confidence Limit

95% Confidence Limit

Rock Unit o n Mean Upper Lower Mean ' Upper'v " Lower

 ABCZone 13 47.5°  57.7° 7.7° 4,960 psi 11,100 psi 3,690 psi
Upper Abrigo 18 7 60.11  67.1 50,9 2,170 5,130 1,390
‘Upper Abrigo 2b 2 49,1 ~- . - 0 - --
' Mat‘tinc 5 - el - - - -
- Combined ABC

Zone, Upper _

Abrigo 1, and ' ' Ce o :

Martin 25 55.6 60.8 - 45.9 3,090 4,040

}’a. ‘Samples C-8 and C-10, »
b. Samples C-7 and C-9, which failed along major structures.

c. Martin tested at zero confining stress only.

- B¥
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design analysis is not presently equipped to handle this relationship .

The mean and 95% confidence interval of the rock-on-rock friction ahgle

' and cohesion are given in Table 15 for each specimen. Combinirig the

two specimens, the average fnc_k-Qon—rock friction angle is 28 degre_es

énd the average rock-on-—rock cohesion is 4.0 'p'si (Table 15).



Table 15. Rock-—bn-rock friction angle and cohesion for ABC zone

Rock-on-Rock Friction Angle ~ Rock-on-Rock Cohesion
o n ' 95% Confidence Limit "~ 95% Confidence Limit
Specimen (normal ' ' . ' _
No. loads) Mean Upper Lower - Mean Upper Lower
1 4 27.7°  30.8° - 24,4°  2.7psi 12.3psi  -7.0 psi
2 4 28.3 30.3 . 26.2 5.2 11.4 -1.1
Combined = 28.0 29,8  26.1 4.0 9.5 Co-1.6

IS



CHAPTER 5
ROCK MASS PROPERTIES

Having tested the rock substance and calculated the character—

istics of the structural features it is necessary to integrate the two and

describe the rock mass properties . *The exact method of integrating the

rock substance strength with the fracture strengths is not well defined.

‘One approach is to classify the rock accord_ing to its strength and struc-

tural properties.. Another‘approach is to model the rock mass and deter-
mine the amount of intact rock and the amount of fractured rock. The

main problem with the classification approach is that most design

' analyses require specific strength properties. Classﬁlcation does how-

ever provide a means of qualitatively de scribmg the rock mass. The

vmodel method does provide a specific rock mass str_ength(s) but no

single model includes all variables.

Classification of Rock Mass.

Many methods of classification are available . For this study
Deere's (1968) (Tab_le 16) and Coates' (1970) (Table 17) classifications

are used. Using Deere's classification the rock mass at Marble Peak

" -is described as follows:

ABC Zone: A high to very high strength, a medium to high
modulus ratio (Fig. 19), and a close joint spacmg

Upper Abrig‘o': A medium-to high strength, a high modulus ratio
(Fig. 19), and a close joint spacing.

52



Table 16. Engiheering classification of rocks, after Deere (1968)

‘I. Strength Classification

‘Uniaxial Compressive

Description: ': o o Strength (psi)
very high strength S | - 32,000 |
high strength: -~ 16,000—32,000
medium strength ‘ : .. 8,000—16,000
low strength ’ , - 4,000~8,000

very low strength - S =< 4,000

II. Modulus Ratio (E/ayy) Classification

- Description Modulus Ratio

high modulus ratio . ’ - 500
average modulus ratio - : : - 200500

low modulus ratio : 7 5 200

III. Joint Spacing Classification v

Description ~ Joint Spacing
= very close ' =<' 2in.
close : - 2in.—1ft
- moderately close - 1ft =31t
-wide _ , 3 it —10 ft

very wide : . X - >10 ft

" IV. Rock Quality Designation (RQD)

Description o - ROD (%)
very poor - 0—25
poor ’ 25—50
fair 50—75
good . : 75—90

excellent ‘ T 90-100




Table 17. Engine.ering classification of rocvké ,": after Coates. (1970)

- 54

I. Rock Stre}ngth Classification

Description
very strong
strong
weak

- very weak

II. Rock Deformation Claésiﬁcation

Description

elastic

yie Iding

III. Continuity of Formation
Description

‘massive
layered

Iv. Fracture Spacing

- Description

blocky
" broken
very broken

" Uniaxial Compressive
Strength (psi)

- >==25,000
10,000—25,000
5,000—10,000
= 5,000 -

% Strain'

- =<<25% total strain
irrevocable

;>25% total strain

irrevocable

Laver Spacing

=6 ft
=6 ft

' »Blolck Size
"1. ft —6 ft
3in.—1 ft

. =<3 in.
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_ | o ~~ Martin: A medium to very high strength, a medium to high-

modulus ratio (Fig. 19), and a close joint spacing;

In addition,'Deere proposed a rock qﬁaiify designation (RQD) ,

which is a modifiéd core recovéry. The ROQD is célculafced' by summing -

" the core lengths greater than twice the diameter (4 in. for the Control
'''' ' le'op.erty) and dividing by the total lehgth of cdre inspected. A list of

diamond drill holes, rock 1.typ»:es,'footage interval below the collar, and

RQD is reported in Table 18. Based on a iéveighted averégé; the results

are:

Rock Type % RQD

Martin o v70 '

Upper Abrigo ' 70

Using Coates’ c'la_ssificatiori i:he rock mé-ss at Marble ?eak’
wbuld be described as fbllows: | | |
ABC Zone: A étrong to 'very .s.t:rohg, elastic, layered, and
broken to very broken rock.
Upper Abrigo: A strong,. elastic, Iayerévcli‘, and broken to very |
- broken rock. | -
Martin: - A strong to very strong, elastic, layéred, and

broken to very broken rock.

Although both c'lavssifications express the rock mass qualitative-
ly, neither can presently be used in a design calculation. As additional . '
information is obtained about pillar stability and roof support, it will be

"possible to develop a design claSéification for the mine.

baas?



Table. 18. Rock-,.quality designation for six.d.ril-ll holes in ABC zone‘

—
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Diamond Drill

Rock Formation  Footage Interval |

Hole No. "RQD %
6 Martin_ 756—776 79
Upper Abrigo 776—790 - 88
37  Martin . 286—300 . 60
' v Upper Abrigo . 372—379 31
45 ' Upper Abrigo 674—689 82
_ Upper Abrigo 700—705 93
69 Martin | 514—523 50
Upper Abrigo 523539 . .81
Upper Abrigo 617—623 - .81
70 Upper Abrigo 502—509 40
’ Upper Abrigo 547553 100
| Upper Abrigo 553—568 - 46
72 Martin 237—240 100
Upper Abrigo 245—258 59 ¢
- Upper Abrigo 336—341- 60

Estimate of Rock Mass Strength

Failure Modes

The rock mass strength ié not only'dependent on the rock sub-
stance ana fracture stréngth bvuvt_ also thé ofi_entation, length, and spacing
of fractures. Studies by Donéth (1961) and John (1969) indicate that a
continuous structure oriented ap’proximately'SO degrees from the directioh :
of loading causes the greatest weékening' of the rock mass ,. while struc% |
fures ndrmal br parallel .to lbading have_little effect on rock strength
(Pié. 20). Assuming the load on thé pillar to be normal to the dip-. of

bedding; all but the Bedding fracture set héve'an'orientation‘ that will
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recluce the p'illar rock strength If the fracture lengths do not cut com—
pletely through the pillar, the rock mass strength W1ll also be determmedv.
by the percentage of intact rock along the plane. The structure ana lysis -
resulted in distributions of fracture lengths (Fzgs. 10 through 14) ‘The -
probablllty of a fracture s length belng greater than 10 feet and greater

than 20 feet for the predominant Jomt sets is:

Probability - Probability

Set - Length=10 ft = Length>20 ft
‘Bedding | _' 10.2% o 2.8%
Northeast Flat | 9.4 .9
East-West _ S 1.6 o .0
Northeast : C | 4.5 v. | .2
Northwest = 4.8 .2

‘This analysls indica'tes that the .chance of failure on a continuous joint
is low for pillar widths greater than Zvaeet. .Paults have higher proba- |
b111t1es for lengths greater than 20 than do Jomts but faults occur less
trequen:.ly than joints. Although a s1ngle Jomt may 51gn1f1cant1y reduce
the_rock mass strength for pillar widths less than 20 feet, a combination -
of joints can provide a more continuous .ta’ilure path. The two most prob-
able geometries formed from a co_mbination of joints are the wedge and
the step path

Table 19 lists the bearmg plunge and dihedral angle for the
p0551b1e wedges formed by the mtersectmn of the predormnant fracture
sets. The size of these wedges depend on the distribution of fracture

" lengths. Since the probab111ty of fracture lengths greater than 20 feet is
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Table 19. Bearihg, plunge, and dihedral angle of potential wedges

. Joint Sets S Bearihg. ; ' _Prlunge. Dihedral Angle
Bedding & East-West 900 - - 350 900
Beddihg & Northeast. sz | 29 116
Beddmg & Northwest - .v“‘_142 : - 23 ' 69
Bedding & Northeast Flat 35 22 106

- North-South & Northeast | 180. o 83 g _ 130. '
North-South & Northwest 180 83 40
North-South & Northeast Flat 0 44 64
East-West &'.Northeést Flat i 270 ' - 34 v 51
Northeast & East-West .i o990 82 140
Northwest & East-West 270 83 130
Northwest &Northeast‘Flat - 314 50 | - 89

‘less than 1 percent, the wedge will have no more effect on the rock
~strength than the single fracture . Four of the joint sets have steep dips

‘resulting in steep plunges. These wedges will slide out if the friction

angle is the only fesistance . Because the lengths are discontinuous,
"small" to "medium" size wedges can be e.xpected to slide out and re-
duce the rock mass strength of the pillar.

The combmatton of JOlntS that is likely to result in the lowest
percentage of mtact rock is the step path (Flg 21). The step path is

defined by a steep (45° to 900) joint set and a flat (200 to 600) joint set .

‘_t_hat have approximately the same strike . The angle of the step pa-th
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(beta angle) and the extent of a contmucus step path depend on the d1s—
trlbutlon of fracture d1p, length and spacing. This combmatmn of joints )
w111 re sult with the lowest percentage. of intact rock and will therefore be

dlscussed in more detall

v Ste_p Path Model
| A step path computer model was - developed by Call and Nlcholas_ '
(l974‘)_for slope design. The model determines the path of lowest shear
strength bﬁ/ randomly sampling the distributlons of fracture lengths, |
spacings ’, .and dips. When the fracture length is short relative to frac-
ture spaCi_rrg, rock bridges formb(Fig.’l'Zl). For the open—plt_ sldpe analy-
sis, it is presumed that a .rock. bridge under shear stress will probably
not fail but that a bridge under tensile stress will fail because the ten—v v _' _
sile strength of the rock substance is loWer than the shear streng:;'.th}. fi _
Moreduer, ‘if the pillar core i'i's under a triexial stress field (Wilson,
1972) t_he..tensile‘and shear rqck bridges may have sim_ilar strength‘s-.
Therefore, th‘e chance of failure is equalbf'o.r both types of rock bridges.
Because the design analyses _are-based on shear failure , it will be as-
sume.tvhat both rock bridges will fail in ‘s’hear.
- The assumptions upon whieh. the minimum resistance step path
computer prdgram is based are:
l. | At lea'st two fracture.lsets exist that characterize a step geom-
etry. The sets have similar strlkevs‘ with»one set having a flatter
dip (209 to éOO) with the steeper set dipping 450 to 900.
2. fracture ‘set characteristics—dip, length, _and spacing——can

each be described by mathematical distributions.
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.3. The overlap vof fractures is represented by a‘ uniform‘distribu'— |
 tion. | Lo |
4. The two-dimensional arral?sis reprevse‘nt.s the three—dimenstonel
picture., | |
. 5. Under a tensile stress .a’ preexisting fr‘acture will propvagat'e.up'
~ to the f1rst fracture it mtersects but not beyond
.'6.‘ The flattest path will be followed"that is, the step path will
- follow up a flat Jomt to the steep Jomt farthest out (Flg 21).
bThe path w111 then travel out the step Jomt unt11 it meets an-

other flat joint moves up that joint (Fig. 21)

 The input data required to gerlerate the rnodel .are:.
1. Distribution of fracture length',v spacingf, and dip for each joint |
‘set;' | | |
2. Height of pit face or pillar.
3.  Number of iterations. o

- 4, A series of random numbers.

' Output comprises the beta angle and the sum total of rock
brldges that would have to fail by shear stresses . With these data plus

the height of the pillar the percentage of 1ntact rock is estlmated

Results of Step Path Analysis .

- The Marble Peak area has two p0531b1e step paths: (1) the
Northeast and Northeast Plat fracture sets and (2) the North-South and
Beddmg fracture sets., Because the North-South set was missing in the

detail lines mapped, length and spacing dlstrlbutlons do not exist for
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this set. Therefore, the stvep. péth médel.w‘as;‘ru.n on only the Nofthe_ast -
and Northeast Flat joint systems.. To'detefmine_ % intact réck fér a.'given
pillarheight,‘_the 'modei was run'at pill‘ér_. heights rang‘ingvfrom S'_to. 50
feet. Because there is no unique éte‘p péth_,- 100 iteratiohs were. _ma'de"
for eéch pillar height. Th’is re'sulted in thé 'dis‘tribution;ofbeta angles
and % intact rock s_thvn in Figure 22; | Figﬁre 23 éhows the median and

20% and 80% cumulative frequency limits for beta'anglesv an‘d' % intact .

" rock.

The distribution of beta angles ranges between lognormal and

normal (Fig. 22c). The median beta angles range between 50.6 and 54.7

dégrees and appear to‘ increase with pillar height up to a pillar height of
15 feet where they become relatively coﬁsian’c (Pig; 23b).

The % intact rock distribu.tionv ranges betweeri lognormal and |
negative exponén’cial of the cumu.lative frequency (Fig. 22b) . The median
values range between 13.3 and 23.3 peréént showing a generai increaseﬁ'
in % intact rock with inc':reaséd pillar height up to 20 feet and then be-
coming relatively constant (Fig. 23a) . The éverége‘ of the median % in-

tact rock is 20 percent with a standard deviation of 4 percent.

‘Strength Calculation

Given the results in the above section, an estimate can be

made of the rock mass strength. The value of the rock mass friction 1

angle can be e'stimated' by proportioning the intact rock friction angle -
and the friction angle of fracture. The following equation demonstrates

how this is done:

RxMg = (%IRx/IOO)(IRxﬁ)_;I- (%Frx/100)(F4) = 37° (4
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if: = RxMd = rock mass friction angle

%IRX = percent intact rock = 20%

M

IRx4 intact rock friction angle (interna-lv anglbevof friction)
' =155,60 - | |
%FRxb = pérce_nt of fraé_tured fock‘= 80%_
Fg = friction anglé ‘of fracture = 320.
The friction a.ngle of the frécture corhpfises the rdck—on—rock friction
anglé (28°) and the .r’ough‘nes._s angle (4°) méésured in the Stmc;tural
mapping. ’ BN
| - The rock mass cohesion is calculated by a_‘ similar equation:
RxMC = (%IRx/100)(IRxC) + (%FRx/100) (RRxC) = 620 psi (5)
Aif.: . RxMC = rock fnass c.ohebsion |
%IRx = peréent intact rock = 20%
IRXC = intact rock cohesion = 3 ,090 psi
RFRx - = percent fractured rock == 80%
RRxC = fock—oh—'rock _céheéién =4 psi.
These results are only estimates and 'avre based fcn median values for the
Mérble Peak area. Theréfore the désign.should account for varié_b’ility

of the rock mass strength.



CHAPTER 6
ESTIMATION OF IN SITU STRESS FIELD

The bre—mine stress, or in situ s’cress,- is oomposed'of stresvses o
due to grav1ty and tectomc forces . V01ght (1967) proposed that the in
situ stress can be classed accordmg to the following segments:

: 1.7..Grav1tatlona1 |
~a. Current
'2. - Tectonic.
a.b Current

‘b. Residual.
The current gravitational stress is the stress due to ‘the weight of the
overburden. Coates ahd Grant (1966) reoorfed measurements showing
that the verﬁcal stress is greater than thet pi"edicted by the overburden.
This suggests that a residual gravitatiohal stress segment should be
added to the grav1tatlona1 portion of V01ght S classn’lcatlon

If the grav1tatlonal stress is cons1dered the only dr1v1ng force,
_ assuming a zero lateral stram, the horlzontal s_tress O g predicted by
elasticity is: | |

OH = g7 C0ovb ' (6

where v = Poisson's ratio

| Oovb = density x overburden thickness.,
Because Poisson's retio generally ranges }oetween 0.15 and 0.25, the
hor_izontal_ stress should range_betw_een 1 /3vto' 1/2 the vertical stress.
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‘Heim (1878) proposed that the in'situ stress f’ield become'sthdrostatic '

due to creep, that is, Ooyp = OH = densnty X height of oberburden. It

is argued that as sed1ments are dep051ted the stress field is hydrostat1c

and therefore should remain that way. Also since an intrusion 1s pre- .

'dommantly liquid as it is formed hydrostatlc stresses are developed

:Cor;tradlctory to the hydrostanc _concept, measurements have
sho{rvn'the horizorltal stress is generelly greater than tyh’ev.ert_ical stress
(Fig. 24) The differenoe ‘bet'ween the'vpredicte_d horizontal stress by the
above methods and those measured oan ‘b'e' explained by tec’tonic stresses .
Current tectonic stresses sre difficult to measure. Seismic activity is an
ind.ication‘that a currenr tectonic s.tress'.exists , but it is not necessary
(VOigv'ht, 1967). Struc’rure orientation'-vvis also thought to relate the current.
tectonic stresses but B’ielenstein and Eis;oacher" (1969) showed this was
not_el_ways the case. The vresidual tectonic.stres_sves ere,defiﬁed by
Voight (1967, p. 332) as "self—equilibrating stress components that re-
main i.n a structure if external -forces and r_ﬁo'ments are removed." The
existence ofvresidual stresses is best exemplified by the exfoliation of

the Half Dome in Yosemite Park, California.

Methoeds for MeasuringLStress

In order to design a mine it is necessaiy to know or else to be
able to reasohably estimate the in situ stress field, that is, the loading .
condition anticipated. The best available technique for measuring the in

situ stress is one of the overcoring stress relief methods. This tech-

' ni_queinvolves‘b drilling three holes at least two times the drift width and

‘then overcoring these holes, that is, releasirig the stress while
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Oh: 95 Oh1 = %2 T Sop. . o
OE: ‘6;, =0} = [v/ -vi] o, = [vw (1—v)] o,
s : 1/2("’311*%21 maasured by Hast in Scandmav:.a

- 8000

ec: 1/2 (c‘hl+ c‘hz) measured by Coates and Grant in Canada

®H: 1/2 (o;)l'i- . ) measured by hosklns in Australla

- XH: q-vmeasured by ‘Hoskins in Australz.a _

& M: o-hl measured by Moye in Australia

XM: o, measured by Moye in Australia

_‘B'. 1/2 (o’hl+ c'hz) measured by Barron in South Africa, a—l 38,b=0

XB: o, measured by Barron- in South Africa using a=1.38,b=0
. BR: 1/2 (%1+ %2) measured by Barxron in South Africa, a=1.1,b=-0.75
X BR: = measured by Barron in South Africa using a=l.l,b=-0.15

®P: 1/2 (o-hl+ c‘hz) measured by Pallister in South Africa,a=l.1l,b=-0.75

XP: o measured by Pallister in South Africa using a=1.1, b=~0.75

Fzgure 24. Summary of in situ )stress measurements made

v1rgm rock—after ]aeger and Cook (1969

in
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monitoring the strain. The overcoring stres's relief method requires_ 50-

ph15t1cated equipment and is expenswe .

A similar method is to overcore an 1solated block of rock and

vmeasure th‘e residual strams that are translated into re51dua1 stresses.
- The concept of residual stresses is not new but its acceptance is not

universal. To determlne the in 51tu stress flelds Voight (1967) proposed A

that these resrdual stresses can be added to the stresses predicted by

gravity. However, if there is a current tectonic stress present it will

not be included. The re'sidual str'ess' method does have the advantage

' of low cost and is relat1vely easy to perform. ‘

Because the geologlc structure is the result of all the stress
fields that have acted on the rock, it is reasonable to assume that the
stress field could be estlmated from the geologlc structure . I F. Abel
(oral cvommun.,‘ 1974b) has developed a flow chart to estimate the orienta- »
tion and‘ magnitude of the stress field given the rock type and basic
structuraludata. .H'e developed this f_lcw chart by’combining the theories
of fracture 'propagation and the results of in 'situ stress measurements |
and their correlation with the geology (rock tjrpe and structural feature s‘)' .
As Abel admits, this method is only an estimate , but. for lack of any

other data, "It's the best we got. "

Residual Stress Relief Analysis

Assumptions

The stress relief technique ‘entails overcoring a strain gage and
measuring the change in strain. The strain measurements made after cor-

ing are the results of instantaneous strain recovery and time-dependent
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o Strain recovery. Howévér}. all the strain is not r‘_e'covered-as Isng as the
core ‘is intact. | | | |

| 'Be_‘cause the Iﬁégnitudé and orisntatibh of stresses are calculafed

from the strain measuremevnts , critical 'as'su_mptions mﬁst be rﬁade . These

'_'as‘sumption are (Gentry, 1972, P. 22): | .

. - -+ - 1. Probably all rocks exh1b11: non—-elastlc (tlme ~dependent)
’ ' stram. :

2. The total measured elastic and non-elastic strains are
proportional to the total strain which existed in the rock
prior to stress relief as long as the rock can be con- |
sidered rheologlcally 1sotroplc.

3. The values of the Modulus of ElaStICltY and Poisson's
ratio determined by laboratory methods are identical to
‘the in situ values. :

4, Strain and stress ellipses calculated from the measured
‘released’ strains are oriented and of proportional mag-
nitudes to the stress field which existed in the rock
prior to stress-relief overcoring. This also assumes the
rock is rheologically isotropic. :

: Sampi"e Collection and Testing Procedure

An oriented block of approximately 0.7 £t3 volume was collected
from the ABC zone on the 6400-foot elevation (Fig. 7). Three planes on
the rock were monitored with 45~-degree strain rosettes. The orientation

of the planes monitored were:

Strike Dip  Set
N.20E. 420SE  Bedding
N. 280 W. 620 SW  Northwest

N.622W.  85°SW . East-West (Northwest) .
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The testing procedure ubse'd wes similar toi bt’ha‘t used by _Ge’ntry |
(1972). A detailed explanatipn’ of this procedﬁfe is gi\)’eri in Appendix D_,_.'.'
but a brief explanation here is neces sary. for a befter understanding of.»
the resultvs‘. Forty-five—degree- etraiﬁ gage bro'.settes were gl_ued to the v
rock on each of the th:.ee p.lanes . | The s‘trainbéeges were read until fhe :
strain valpes stabilized and wefe then e.*‘ver»cored but not broken free from
the'rock. The gege end core on the bedding' pléne broke free from the |
block because of a fracture Agam strain’ measurements were made until
the strains stabzhzed Fmally, all cores were broken free from the
}block and strain measurements were made unt11 stablhzatlon occurred
| Whﬂe breaklng the core from the block the northwe st plane was de-

stroyed

Test . Results

Pigure 25 ({in peck_et) shows the etrain versus time ,gra_ph_f_or‘
'eachvof the planee monitored. The N. 20E. end N. 2‘8°_W. gages sta-
bilized within 800 hoﬁrs; however, the N. 62_9 W plane took 1100 hours.
The period of time that was used te- calculate the average sirain values
befere coring, after cofing, and after 'c_:ere release. are ’shown in Pigure.
25. The average strains corrected for temperatufe for these periods are
listed in Table 20.

>Given the strains in three'di‘rections ', Young's modulus, and’
.'vPvQ‘isson‘s ratie, thestress mégnitude and'o_rientation can be calculated
for the plane in which the strains were measured. ‘Because these sfresses
‘ are calculated from streins on a. sing_le plane . they_are eelled the secen-—“"

dary principal stresses. The stan'dard equations used to celculate the
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Table 20, Summary of residual stress relief analysis

Secondary Principal Stress
- Orfentation (degrees) .

Plane Average Strain Readings

Secondary Principal :
Monitored {temperature corrected) Stresses (psi) _ Max . Min -
Stabilization : " . -

Strike Dip Period €y - €2 €3 Max - Min Max Shear Bearing Plunge Bearing Plunge

N ZE 4283‘ Before cdr_ing -81.36 29.33 -210.90 -401 -4483 2040 N BW 9 NBZEF 42

After coring -~ 13.83 135.80 -117.20 1303 -3031 2167 N 8w 9 NBZB ‘ 42

‘After core . o : ' : . o

released -43,20 102,07 ~179.,04 584 -4298 241 "N 6W 7 NB4W - 42

N28W 62SW Before corlng -50,53 -69,59 -100.10 -981 -1530 278 N67W 50 S24W 56
After coring - -56.53 -5,45  37.85 360 -673 - 517  S16W 51 N76W 54

N62W 855W Before coring  59.21 -5.20 -418.90 224 -6234 3229 S 2w 84 NB8W 79
 Mtercoring 300,33  -2.81 -256.05 3417 -2677 - 3047  S86W 81 S 4E . 84

© Mfter core . ‘ . , B IR o o

release 285,71 -100,02 -400.4_4 2813  -4730 3771 - ss7w 80.. . § 3E 84
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stresses frem the straih-s are takerr fro‘rrrI-Ieteriyi: (1954.)' and iare lisred ir1
Tabble 21 The maximum, mmlmum and max1mum shear secondary prm—-'
c1pa1 resndual stresses are 11sted in Table 20 for each plane monitored
and for each period of strain stab111;at1on; ‘By definition, a positive
value "means:_compress_ion and‘_a"negat_ive value mearrs tension; |
Because mining will generally foiiow the plarre_ of bedding, the
 orientation arxd magnitude of the sﬂtress.’in‘this plane is critical to the.b ’
des.ig‘n. The maximum residuai stress in the bedding 'plane is apbroxi— -
- mately parallel to the strike of bedding, ‘and the 'minimurn s'rress is ap-
proximally down the dip of beddin_g (Ta_ble 2‘0.) . This orientation does‘ not
change' fhfoughout the three stages of moniteririg. The maximum resz'idUal'
stress has a magmtude of 580 p51 and the minimum stress has a magm-.-
tude of - 4300 psi. Usmg V01ght s (1967) concept, the current grav1ta—
tional and tectonic stresses should be added to the residual stress to
obtain the -_t:omplete irr situ stress field. It is lbeyond ’rhe scope of this
study to det‘ermine t‘he“current tectonic ‘stres.se__s , and they are therefore
assumed to be zero. Based on a depth‘ o_f 620 feet and a Poisson's ratio
of 0.26, the vertical and hori?ontal stresses due to gravity are 680 psi
and 25_0. psi, respectively. -Thi‘sv stre'svs _eilipsoid , due to gravity, results
in a stress vector in the dip direction of 310 psi. Adding the gravity
stress to 'the residual stress results in a stress parallel to the strike of
bedding of 830 p51 and the stress in the downdlp direction of - 3990 psi.
This d1p dlrectlon tensile stress indicates the potentlal of rock burst;
however, the. stress magnitudes are questlonable. Gentry, (1972, p. X) |
made this conclusion aboutvthe re_si_dual stress magnitude after running

seven specimens: "Indications are that more confidence can be placed -



Table 21. Standard equations for prinvcipal stress and strain calculations .
~ for a three~gage 45-degree rosette--After Hetenyi (1954)

76

€ = strain measurement of a gage

w o g o
1

or

(e1 - B2 + (e - N2)L/2

tan 2d = (2e5 - €] -€3)/(e1-e3) or (e3 - A)/(e1 - A)

€max

€min

A'

B'
Omax

Omin

Tmax

Young's médulﬁs
_Poissbn's ratio

1/2(eq 4-63) |
1‘/2(2,(51 - )2 + 2(ep - €3)2)1/2

= A+B

=A-B

i

]

AE/(1 - )
BE/(1 + V)
A' + B
PSS

B’




in resldua’l stress‘»orientaticns tharl in magnitude.” Therefore, befcre any
conclusiori about rocl< burst ie lnade . 'addlti_'oual ‘residual stress relief
testmg is requlred |

The three-dlmensmnal res1dua1 stresses are calculated usmg a |
computer program written by the U.S. Geolog1ca1 Survey 'The program
' calculatesthe three pr1nc1pa1 residual stres ses utlhzmg the change in
- strains of all planes momtored Young s modulus and Poisson's ratlo
The program requlr_es the three planes momtored to be orthogonal. Be-
cause the three planes. monitofed for th.is vstudy were not orthogonal, |
] they were rotated on paper to fulflll this orthogonal requ:rement

The results of the three——d1mensmnal stress analysis are glven
in Table 22. As was found by Gentry (1972), fthe orientation of the stress
field does not change radically through the teeting program but thevvr‘nagni—

tudes do. Adding the siresses due to grav:lty- the in situ stress field is

Stress Bearing . Plunge . Magnitude

Maximum S.670W. 159 1590 psi
Intermediate §. 240E. 1 - . 300
Minimum  N.69°E. 76 -4750

The validity of these results ie ques{icnable for the following
reasons: |
1. The planee in which strain measurements were made were not
orthogonal.’ ‘ |
2. F’The gage on the N. 28°W. plane was destroyed before th.e core

- release strain measurements could be made.



-Table 22, Results of threey-dimensional residual stress analysis

- Maximum Stress Intermediate Stress

Minimum Stress

. Test - _
- . Period Bearing Plunge - Magnitude - Bearing Plunge Magnitude

Bearing Plunge Magnitude -

" Before

_ After _ v '
Coring S§,600W, 12 1508 N.30°W. 4 977

" ‘Release

from . S _ - ' L
Block §.67°W. 15 1335 - S.24%E. 1 49

Coring S.55°wW, 9° 128 psi  S.36°W. 8%  -2797 psi.

N.14°E, 799 -6213 psi

N.86°E. 79  -3372

'N.69°E. 76 . -5435

! 8¢



79

3 . The rock is not isotropic but 'cohtaihs alt‘ematving béds of diop—”
o side, ebidote, and gar'netsr., ' | |
If this test were ruh' agai'n, tx)vé 'ch'anges g&oﬁld be made. First‘, i_:he'block_
wouid be collected from the Maftin near" the Abrigo c‘vont'act'b'ecausé the
Martm is more isotfopic thaﬁ th‘e_z'upper Abrigo. Second, the block would
Qe cut with ohe plane pafallel to bedding and fhe othe‘r two orthoéonél to

the bedding plane .‘ R

4 Estimate of'St_ress Field Based on Geology
~ Anderson (1951) has discussed the stress field necessary to
create a fault based on the Coulomb and Mohr‘ theories. Anderson as-
sumes one of_the prihcipal stresses is vertical at "moderate” depths be-
xc':é:akuse‘ the earth's sﬁrface is free to move. Therefore, four stress fields

are possible.

Relative Stress Field Resulténthaults
Oy = GHI = G‘Hz | none .
| 6‘\; »5—" o‘Hl and GHé ’normal
O‘Hl =6y 2 O-HZ c strik;—slip or r.éverse »
oy, *oH, =20y thrﬁs‘.t.

‘where 6y = overburden' stre'ss and CH; ‘and OHjy = horizontal stresses.
These faults are the results of a build-up of stresses; however, after the
faulting has occurred the build-up of stresses has been dissipated and the

stress orientations have been shifted. Because the faults occur due to the
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.streés‘ field, it appears iogipal that the._'new stress field can be _réléted g
" to the resultant faults. Abel (1974a) has p'ro'x‘ac.asbed a guide to estimate the
» in situ stre.s_s field based on the following parameters: L

.1.v Roé:_k type (igﬁeous; metamérph_ic, or sedimentary).

2. Structural history (mos‘t recent of major»fra'uvlvt-and_ fault tybe) .
3. Orientation of structures (faults, joints, foliation, bedding);
» 4 | ]biht spécing. | | | |
5. - Bed thickness.

6. '»‘Elastic _prop_erties (Young's modulus and Poiésoﬁ‘s ratio) .

Ihe guide used to éstimate the in situ stress f_ield is given in Appendix
E Abel developed this fiow chart. by c‘:orreléting‘the' above parameteré
with the results of in situ stress measurements. This method pr'Qv_i»des a
quick, cheap estimate of the in situ'.stresgs. ‘However, Abel admits that
this is just an estimate of the in éitu stress and that it has a high prob-

ability of being incorrect.

‘ Input Parameters |
| The use of the stress fildw chart réquireS knowlédcje of the geol-
ogy in the area and in some cases the. elastic properties of the rock. The
following paragraphs will briefly discuss the parameters used in the.
analysis at Marble Peak (Table 23). |
_ 'i‘hé rock typés in _thé_ ABC zone is ;i hydrotﬁermally éltered
shaly limestone. There has been ‘a.ppréxivmately complete replacemeht of
the limestone in the z_n_ineraiized zone ‘(Prit't:s , 1974Db), implying a metamor-
phic classification. However, not all ségmé'nts of the Paleozoic section‘

in the Marble Peak area have been metamdrp_hosed and some still
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Table 23. Input parameters required for Abel s method of est1mat1ng in »

- situ stress. field - -

Strike , Dip, and Median Spacing of Joint Sets

‘ Ioint Set ' §’gr_1_15§_ | - Dip v Median Spacing (ft)v,
Bedding | NUE  46sE o079
Northeast Flat N25E 35NW .85
Northeast NSOE  83SE | .69
Northwest N3BW  67SW .99
East-West ~ N87W  85S5W .96

North-South  NI1SE  60NW unknown

Bed Thickness -

~ Rock Unit - Bed Thickness (ft)

Horquilla ‘ 600 -
Escabrésa - 580 |
Martin | 250
Upper Abrigo (oniy) 75
Entire Abrigo | o 450

Elastic Properties of Engineering Rock Units

Rock Unit Younq‘s Modulus (psi) Poisson's Ratio

- Martin 11.0x 106 | 0.28
ABC Zone | 4.0 .27

Upper Abrigo 10.6 ' .26
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mamtam their sedlmentary characterlsncs. It is therefore probable that

the rock type should be classed as metamorphlc although the analys is

will also include a sedlmentary rock type.
The structural h1story in the Marble Peak area is extremely com-

plicated ‘The .major structure in the area is the Geesman fault wh1ch

-str1kes east-west and dlps 700 S. Determmmg the most recent structure

is a complex problem that requlres a separate and detailed discussion.

v Since the joint systems parallel the fault systems , the orien-

 tations obtained from the combined detail lines (Table 23) will be used.

One structure that was not observed in the detail line was the North-

‘ South_ set. For its orientation the results from Continental Copper's

undergroun_d geology map will be used.b- The joint spacing will be the

median spacing determined from the detail line mapping. Bed thicknesses
are from Fritts (1974b). Elastic properties are those determined from labor-

atory testing of specimens from core sarnples.'

Structural History.of Marble Peak

The structural history of the Marble- Peak area has been reported
by Peirce: (1958) andvDuBo'is (1959), ainong others. All inVestlgators
agree that the end of the tectonic history culhlinated in a period of fault-
ihg. _The Geesman fault is known to cut all roc.k types and it is therefore
considered to be younger than all deposition a'nd emplacement.

| One 'rnethod of determining the ‘relatlve age. of fault systems is
to define which faults displace other 'faults . The followihg observations
were made from Contmental Copper s surface geology map The East~

West fault set is generally dxsplaced by the Northwest and North South



83

fault sets. This indicétes: that the East-West set is the oldest of rheSe_

three fault systems. The _Northea'st fault set is geherally not displaced

by ano_ther fault sys'tem; instead, it butts up against vcther faults but-
does not die‘prl_ace them. One East—West fa‘ult,l'set is displaced by a
North-South set as elsewhere, buf ’rhe Eaét-}Wesft system also dispiaces '
a' Norrh_west end Northeast fauit s.e'i:. : Th‘ié_vspecial case indicates that
there was later nicvement.elong bree%_isting- faulte . This analiysi‘s in-
dicates that no conclusion can be made a's: to the youngest fault sjrstem .
because of recurrent moverrlent-alcng older faﬁlts. .

Some 1ntu1t1on about the sequence of faultmg may be obtained

’from the type of filling in the fracture sets since they parallel the fault

systems. Table 24 lists thev joint systems ‘and percentage of .fllhng for
the ABC zone and the Martin in the area of the three detail lines. Assum-
ing the bedding joints existed from the beginnirrg.of hydrothermal activity,
they should contain. all the 'types of filllin:g”. This does occur. The Norfh— .
east Flatl.set appears to have thev same filling types and percentages as
the Bedding set, indicating similar age. 'The East-West joint set is pre- -
domir_lavnt‘ly filled with epidote '. ‘Whether frhe Northeast Flat or Ea'et—West
Vset" is th'e. oldest is difficult to determ:ine.. One may argue that the epi-
dote came fi.rst end filled' the bfr'actureé tl'rereby preventingv the fractures
from,béihg filled with the other filling rypes,, or it may be argued that the
epidote was the last filling and that the East-West set'was formed main-
I'y'»a‘ftervthe chlorite, quartz, and’ mineraliéation. The Northwest set con-
tains little filling except for epidote, indiceting that it cccurred after the

East-West set. The Northeast joint set contains little filling at all,
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| Table 24, Summary of fi__liing types and pefcent fi'llirig of Ijoiht sets

Joint Set ' None Chlorite Quartz Calcite Mineralized = Epidote  Iron Oxide Garnet

Bedding 55%  10% 4% % 6% 6% 8% 2%

Northeast Flat = 68 15 17 22 15 5 o s
East-West 36 9 4 4 13 3 2 0
Northwest 54 2 7 35 4 0 0 6
‘Northeast 64 7 ,‘_2: 29 3 20 0

~ North-South o - un'known‘
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indicating that it was the last to form. The '»North-SOuth set was not ob-

served; therefore, no relationship could bedetermined'ba sed on its -

filling.

The presence of slickensides on feulted_ dikes filled with the |

most recent intrusive material (diabasic diorite) led Fritts (1974b) to
‘conclude that the Northwest fault system is probably the yoﬁnge st. Howé'

ever, the East-West and North-South fault bsystem_'s also show similar

signS" indicating similar age (Fritts‘, 1974b) “Another interpretation re-
lated to the dikes is the absence of dlkes parallel to the Northeast fault
system. The absence of dlkes parallel to thls fault system could 1nd1—

cate that it was formed after the other fault systems had been fllled with

-dike matemal

It is therefore d1ff1cult to determme the most recent fault sys-
tem from this evidence, but based on the available information it is be -
lieved fhat eithef the Northwest or Nertheast fault system is the young-
est. | | ‘ | ‘ |

In additionvto 'therelative ages of the fault systems, the type
of faulting (normal, reverse, of strike-slip) is re_quired. The East-West
andI North-South systems are predemihently no.r'mel faults, although some
strike;slip movement probably‘ocQUrred (Fritts, 'v1_974b). The Northeast
and Northwest fault s;ystems are ell bredorﬁinantly strike~slip faults
(Fritts, 1974b), and he believes that the Northeast Flat system is a
thrust fault system. Because the ,fype of faulting is not cl'ear—c_ut, the

two probable fault types will be analyzed. Table 25 lists the fault sys-

tems with their most probable and alternate fault type. _
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~ Table 25. Probable fault type for each fault system

Fault Type
Faullt System | : ~ Probable . o Alternative
an.st—West ' ~~ Normal - Strikev-slil
Northeést Flat | o Thruét ~ Normal
Northeast | - -~ Strike-slip =~ Normal
NoﬁhwéSt S | " St_rike-_—slvip. Normal
North-South | | ~ Normal Strik‘e—slip

Estimate of ih Situ Stress

- After fhe input parameter$ fequi.red for Abel's '(19‘743) estima-
tion of the in .situ stress field haile been défined, .the analysis Can be
made. Table 26 lists the pbstulated stréss fields based on a‘metamér—
phic rock {ype and Téble 27 is based on a éed'imentary rock type.

o In my opini_bri the case of a m’etamorphié _rock with a s’trike—s_lip
Northeast fault system is probably 'thé most correct. In addition; a
northeast fault exists at‘-the loca’cioh where the block for the residual
stre#s ’é.naiyéis was collected; The'se-c':on(:iitidns éredict that t’he prin-
'Cip.al stress bears N. 50°E., plunges 0 degreés, and has a magnitude
léss ihan or equal to three times the ove_rburden, load; the intermediaté
: stfesé_bears N. 40°W. . plungesf?'degre'esv, ‘and has a.magnitude less
than twice the overburden load; and the"n'lirii_mbum stress bears S. 400E. ,
plungés 83 degrees, and ha's a magnituc.:lev 1éss_ than or equal to 1.5 times
the dverburden load .'(Table 26, Figﬁre 26). However, if the Northwest

fault system is ybunger than the Northeast, the orientations are similar



‘Table 26, 'Pos’sibl.é stress fields based on a metamorphic fo_ck type

e
—

Stress Field

e e e e e e

Stress -

Minimum Stress -

Oovb _

‘Major Stress Intermediate
- Fault System Bearirig Plunge Magnitude Bearing’_‘Plunge_Magnitude Bearing Plunge" Magnitude
"}East—West v _ . L
Normal N 870W =20oyp S 3°W 850 =1,560yp N 3°F 5° = oovb
Strike-slip = 36ovb N 30E 50 =2 Gguvb S 3°W 859 =1,564yb
‘Northeast Flat . :
 Normal =~ NB50CE =260y N40OW 33 =1.50,,, S40°FE 57 = O.up
- Reverse - =30oyp . S40°E 57 =2 Ogyp N40OW 33 =1.564yp.
Northwest , _ » _ o S o
Normal N 380w = 20 oub S520W " 66 =1.50,y, NGS2°E 24 =
 Strike-slip =36 oub N520E 24 =2 o4yp  S520W 66 =1.50
North-South | L BT A '
‘Normal =~ N-8 = 2Covb 90 =1.504yp E-W 0 = Ooub
~ Strike-slip =365y  E-W 0 =2 ogyp 90 =1.504p
Northeast S | }_ |
~ Normal N 500E =26oyb =~ S40°E" 83 =1,50,yp N40OW 7 = Govb
Strike-slip = 36 oub N40O°W 7 =2 o4y S40°E 83 =1.5

Covbh .
ovb -
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. East-West

Table 27, Possible stress fields based on a sedimentary rock type

|

Stress. Field

Major Stress : Intermediate Stress Minimum Stress

Fault System Bearing Plunge Magnitude ‘Bearing Plunge Magnitude Béaring Plunge Magnitude

~ Normal S740E 420 =  Ggoyp N780W 480 =04  N16OE 50 =0
Strike “Slip . = 1.5 O—OVb : o . ’ = Govb ) = GOVb
Northeast Flat» ‘ | . | ' | S o
Normal ~ NI19E 3 = o, N7220W 33 =04,  S65°FE 57  =04yp
Reverse . =1.505yp I - =0gyb L =0y

‘North-South s e B R | B
‘Normal South 15 = ° Goyp North 85 =ogyp E-W - 0 =0oup
- Strike-slip o = 1.504yp T = Ogoyb ' : = Oovb
Northwest : . ' ) | . o . o

~ Normal S§220E 31 =  Goyp N79°W 47 =0,y  NS520E - 24 = Goub
Strike-slip ' =1.504yb ' ' =0 oyb - = Oovb

- Northeast | | | |

" Normal - N 540E 32 = Covh S37°W 57 = Covb N40owW 7 = Oovb

Strike-slip = . = Oovb
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except that the ‘maximum and intermediate stresses are reversed (Table

26, Figure 26).

In Situ Stress Fleld fer P1llar Analys1s ’

‘I‘wo methods, re51dual stress rellef and Abel! s ‘estimate based
‘on geology, have been used to evaluate the in situ stress fleld If both'
methods are valid, their results "should be _comparable . A comparlson of
stress.orientations predicted by the Iresidtilal rt_le’ched and-_by Abel's method' :
is ehown inl?igure 26. The maximum stress 'orientation'ob'tained b'from the

two methods are amazmgly similar. Based on these two separate analy—

. ses the. in 51tu stress field to be con51dered is:

Stress | Bearing Plunge . _Magnitxide

Maximum N. 500E. 0o 3.0 oovb
‘Intermediate N. 400 W. 0° 1.5 04vp
Minimum | 900 1.0 6 5vpb

Given the proposed stress field, the 'magnitude of stresses
parallel to the strike of bedding, .downdip of bedding, and normal to
bedding can be calculated. Based on an average bedding dip of 30 de-

grees, the magnitude of the stresses in the above orientation are:

Orientation ‘ - Magnitude
Parallel to strike of bedding . 1.72 Sovb
Downdip of bedding v - '1.33 6ovub
Normal to bedding S - 1.24 Sovb

These stress magnitudes are not unequivocal but are the best estimates
at this time. It is certainly better to use them than to assume the stress

field predicted by gravity loading only.
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MAX = MAXIMUM STRESS = ® RESIDUAL STRESS ANALYSIS
INT = INTERMEDIATE STRESS X ABEL'S METHOD BASED ON
MIN = MINIMUM STRESS .  NORTHEAST SET WITH STRIKE-

SLIP MOVEMENT

A ABEL'S METHOD BASED ON
NORTHWEST SET WITH STRIKE-
SLIP MOVEMENT

O STRESS FIELD USED FOR
STOPE & PILLAR ANALYSIS

Figure 26. Stereo net plot of stress field =



" CHAPTER 7
STOPE AND PILLAR ANALYSIS

'_The preceding six chepters have discnssed 'valnes for the'rock
mass strength and a definition of the in situ stfess field These values
can now be used to compare a number of plllar design methods . Before
the pillar design comparison can be made however the orientation of
the pillars, the dimensions of the room, and the method of calculating

the load on the pillar must be discussed.

‘Pillar Orientation

Pillar should be oriented to permit easy mining while ,m'inimiz—.
ing failute along the weakest structures. Pillar o'riéntation will depend
on the ‘strength of the ,structuvres and theirv orientation relative to the .
maximum loading stress. Ba’sed on the re_s}ults of the pre-mine stress
field enaIYSis for the Control Propefty, tne_ maximum loading is normal
to the dip of bedding. | | |

_ P111ar orientations beling cons1dered at the Control Property are:
(1) a vertical wall _(Figure -27a) or a wall normal to the dip of bedding
(Figure 27b.) is possible for the wall pat'allel to the strike of bedding and |
(_2) l_ong axis of piller’ in strike direction of bedding or iong axis in dip
direction of bedding. In terms of opérat_ionel‘_considerations, the pre-
ferred pillar orientation is a long axis in dip direction of bedding and
vertical walls parallel to strike of bedding Based on the weakest joint
sets and the estimated pre—mme stress field pillars with long dip

91_ '



WEST

EXPLANATION
BEDDING PLANE
‘ FRACTURE
| emeee NORTHEAST FLAT
_ _ FRACTURE
— = — NORTHEAST FRACTURE

WALLS NORMA
TO BEDDING

CROSS SECTION LOOKING NORTH
ALONG STRIKE OF BEDDING

SN

EAST

AL
VERTICAL
WALLS

L

NORTH

SOUTH = — ;
AN

C. CROSS SECTION LOOKING
UP DIP OF BEDDING

orientation

92

Figure 27. Re%ationship between critical vstructure's and pillar



, (F1gure 27).

"le.ngths ahd walls normal to dip of bedding will be the most stable B

Vertical pillar walls in strike direction of beddmg w1ll have
stress concentrations resulting in a shear stress approx1mately parallel
to the Northeast Flat set (Figure 27a) This pillar will also be destressed :
on the updip and downdip sides resultmg in failure along the Northeast
set. Walls parallel to strlke and hormal to dip of bedding do not develop
the stress ooncentrations as in the .vertical pil.lar walls. Minor shearing -
along the 'Northeast and Natheast Flat set can be expected for pillar |
walls normal to bedding (Figure 271:))‘. .’Ilherefore, the wall parallel to

the strike and normal to the dip of‘ bedding is probably more stabl‘e than

the vertical wall. The wall normal to the dip of bedding is difficult to

" mine; however, the verti'oal"wall will probably fail, resulting in a stable

pillar with walls normal to‘bedding.

_. :B,a'sed‘on the structure sets, the pillar with the long axis in the
dip direction of bedd_ing is more stable than-the_.p‘illar with the long axis |
in the strike direction of bedding. The lo_ng axis in the strike direction
will ekpose’ a large -area in _which shearing of the Northeast Flat set can
occt.t_r.(If‘igure 27b), while the weakest stru‘ctu.res are not critically»o_'ri—v
ented for the wall bearing in the dip direotion of bedding (Figure 27c¢). |

'The pillar orientation to be analyzed will have the long axis in

the dip direction of bedding and the walls;parallel to the strike of bed-

~ ding will be normal to its dip.
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Room Dimens ions

-The room dlmensmns to be determlned are the hexght, w1dth

v .and length Room helght 1s determmed predommantly by ore thxckness .

In some cases there may be a 11m1t due to equlpment At Marble Peak

the mineralized zones range between 10 and 70 feet in true thickness. ,

For the purpose of comparlson, a 30 ~foot-high room will be analyzed
The length and W1dth of the room depend on the stab111ty of the

roof. If the room is much longer than its _w1dth, the stability is deter-

~mined by the width. The roof above a mine opening can be divided into

three zones that show different Ieffects_ due to the load. The three zones

and the roof response are:
1. Surface: ground may subside

2. Intermediate: pressure arch forms .

3. Immediate roof: ground will deflect in a beam or plate action

| or, if transverse fracturmg, may have voussmr arch action

(w. H Evans, 1941)

As the room is mined the load above the room is transferred to .the pillars.
This load transfer forms the pressure arch Rock under the pressure arch
is therefore destressed except for its own we1ght. If the area is bedded
or has a structure parallel to the roof, these beds will separate and re-
spond like beams or plates. Because of the increased load on the piilars
they 'v_virll strain, which will then result in a minor deformation of the sur-
face (subsidence). The intermediate and immediate roofs have the greatest“
control on the actual room s'i.ze . whereas the surface zone depends on

closed proximity to the surface with respect to the size of the orebody -
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and the pillar's stiffﬁeissQ The ABC zohe ‘bbs 'thickr_xess in relavti'c_in to depth -

is small, so the surface zone will not be discussed.

‘ Intermediate Roof

The pressure arch is formed as the room is mined and the ver-

tical load is transferred to the abutments (exterior pillars) (Figure 28). -

The rock under the pressure arch is destressed, i._e. . has overburden
stresses removed, except for its own we'_ighf . The ability of the rock to
transfer the load normal to the le'ngth ef rooms depends on the magnitudef‘
of the stress normal to the arch (usually related to depth), the shear and |
compressive strength of .frecvtures , and the strength of the abutments,

Field measurements from European coal mines have indicated a relation-

- ship between depth and arch dlstance (Flgure 29) The raw data collected

‘by Alder Potts, and Walker (1951) show that the arch dlstance predlcted

by the curve in Flgure 29 1s conservatlve. Therefore this relatmnshlp
can be ap_phed to this study because _the rock mass strength at Marble
Peak is more competent than most coal be&s . The height of these pres-
silre arches are a third to a half of the :length.of the pressure arch. Fie 1d>

studies have demonstrated that when the predicted maximum pressure

‘arch width is less than half the width of the mining zone, the pillars in

the central part of the mining zone will héve to carry the entire load of

rock to the surface.

Immediate Roof

Where the back is defined by a bedding plane or a joint set
parallel to the roof, the beds will separate from the back. This area is

called the immediate roef . The imrnediate roof can be modeled after a
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ALDER,POTTS & WALKER (1951)

| THE NORTH OF ENGLAND SAFETY IN MINES
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-1 - REPORT (1948 — 49}
hy ° -~ DATA POINTS FROM THE NORTH OF-'
- ' _ENGLAND SAFETY IN MINES

RESEARCH COMMITTEE (1948 - 49)
//

-  ARCH (FT) = 0.151 DEPTH (FT) + 60

~—ARCH (FT) =
0.154 DEPTH(FT)

N ¢  +70

- L

1 ArcH (FT) =

| 0.407 DERPTH (FT) o

- - 106 :

- ° °
o

| R ] ] I
0 - 100 200 3C0 400
PRESSURE ARCH WIDTH AFEET)

Figure 29. Maximum expected pressure arch distance versus
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Mines Research Commitee (1948 49)
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u_niformly loaded fix-end beam, k'I"h'e_beam' anal?sis is a_n. .ela'sti‘c'analysisf-_
and therefore the folloWing aésUmptions are': required' ' |

| ‘1. Rock is homogeneous, 1sotrop1c and elastlc
2. Beamis =tra1ght with a umform cross- sec‘uonal area. '
3. Loads and reactions are perpendicular to the axis of the beam
and are in the same plane. | |
4, Beam span is at least tw1ce the beam thlckness .
It is possmle to relax these assumptmns somewhat w1thout destroylng
the confidence in the answer (Alder and Sun,, 1968).

Failure of the beam wiﬁ occur 1n tension at the center and in
shear at the ‘ends . The beatn is likely to fail in tension first becauee the
" rock is seaker in tension than in shear. Analyzmg the beam equation
_‘ (Plgure 30) for the axial bendlng stress at the center of the beam results
in the following equation:

axial bending stress =T 12/4h (7

i

where Y = density of rock

L beam length

h beam thickness

il

The bearn thickness is determined by the, bedding or-joint spacing. The
axial bending stress should not exceed the rock substance tensile
strength Obert, Duvall and Merr111 (1060) recommend that the ax1a1
bending stress _should not exceed 1/4 to 1/8 the tensile strength; i.e.,
the safety factor of the beam should range .between 4 and 8.

| Another approach ‘proposed by Abel (197410) is to assume the rock
mass tensile strength equals zero.and the in situ stress counteracts the

bending stress in the beam (Figure 30). Because the rock is fractured
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Surface

ACS

Explanation

b = unit _widfh . w = léad/running unit = rhb

h = beam thiékné_ss : o I“= moment of inertia = bh3/12

L == beam length _ o= __céntroid = h/2 |

= density‘, T . Mc = fnonient at center = WLZ/24
D= _depth of 6verburden ABS = axial benaing stress = CMC/I
Sp = horizc‘)ntal stress 2 _13_.7th2_ .12 _ y1?

vertical stress v 2 24 bh3 4h
a ,

ACS = »+D-Sg

If net stress = 0, axial confining stress = ‘axial bending stress, or

and

L = 2(D-h-Sg)1/2

~Figure 30. Uniformly loaded fixed-end beam.an'alysis used to
estimate room width '
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it is realistic to assume 'that the' rock mass t'ensile strength is zero The

concept that the in sxtu stress actmg in the plane of the beam w111 hold

the blocks together appears logxcal and fea51b1e. Therefore, the net

~ stress at the center of the beam is: |

Net stress = Axial confining stress - Axial bendmg stress (8)

-Solvmg for a net stress of Zero, the length of the beam equals (Flgure

30): o .
L=2 O-hspl/2. e

Stablhty Ana1y51s of the Roof

The ma;;or concern of the miner is the stab1hty of the 1mmed1ate
roof. Once the maximum stable room w1dth has been oetermmed then the
1ntermed1ate roof can be analyzed in terms of the pressure arch

The 1mmed1ateroof in the ABC zone can be analyz‘ed by using.

the beam analysis because the roof will parallel the bedding. The thick-

ness of the roof is equal to the thickness of the bedding or bedding joints.

_Based on the distr’ibution of beddi_ng joint spacing (Pigure 10) , the median
value is 0.79 feet. To design .o'n_t‘his'»spac.ihg would require’thaf 50{ '_per_
cent of the roof thickness would be less thaﬁ i0.79 .feet'and the roof
would therefore have a high probability of failure. Myﬂopinion is that
by using a 75 percent probablllty that the spacmg is greater would be
more reahstlc This results in a spacmg of 0. 12 feet which is below
the modal spacmg value (0. 4 feet). -

Using the basic beam equation‘ and varying tbe ‘vroom width, a

curve is developed (Figure 31). Obert et al. (1960) recommend that the

'-tensile strength should be between four and eight times the bending -
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stress’.' Based on the _’xﬁean tensile strenéth of 1265 psi, a Orizefoot'
_beddihg bjoint spacing ., and a tehsile_'.strength eight tirhes the be‘nding,
stress | th.e predicted room width is 8. 2 feet..(Pigure‘ 31). : Usiﬁg the
same cond1t1ons but thh a med1an spacmg of 0.79 feet the predlcted
room width is 21 1 feet. | | | |
~ Using Abel s approach that the rock mass tensﬂe strength is B
zero and the beam is held together by the in situ stress in the plane of
the beam, a curve of room width versus;depth can be developed. Based
on the stress field estirnation' the horiz_’onta’I stress in the plane of the
5 bearn is equal to 1.72 6 gyp. Figure 32 shows the room depth versus
room “width for a beam 0 12 feet thick end. 0.79 feet thick. BecauSe the
horizontal stress is questlonable (Chapter 6), Flgure 32 also shows depth
versus room w1dth assuming that the horlzontal stress in the plane of the
beam equals the overburden stress. The dec;rease in the in situ,stress
results‘in a significant reduction in room Width for a given depth.
| | The present Workings 1n the study area are nominally 18 feet
wtde for a depth ranging h_etween Zero end 620‘ feet. This _width has re-
quired little to no bolting, which indicates a stable condition. Obert et
‘al.':s (1960) method, based on a 0.1'2~foot beam thickness, underestt—
mates the room ‘wid'th. (Figure 3’1) , while for a be.am thickness of 0.79
feet, their method predicts that an 18—footfwide room would be stable.
» Abel's (197 4b) analysis, using a 0. 12-foot beam thickness and a horiéon—
tal stress equal to 1 .72 Covb: predicts that an 18-foot room width would -
be stable at a depth of 400 feet (Figure 32) . Using the same Ibee_m_ thick— “
ness but.changing the horizontei stress to equal theoverburden stress

predicts that the 18-foot room width should not be stable abo_ve av_depth
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of 700 feet, ,Howeve.r,‘v we,know that' ‘the roof is stabié above ‘7‘(50 feét;' ‘
-ther_eforé, the beém. ié either-bthi’cker tﬁah_es_timated or the stress'i:i the
" plane of the beam is greéter thaﬁ the ovéfbﬁrden load. Obert et 'al.-m'_s' -
- (1960) va'j..)proach_is based én a Wid'e.set of.expérierice é'nd_'is‘therefére |
onlywa general solutién. Their reéommeﬁdation o‘fva safetﬁr féétof of fo'ﬁrvi
't.o eigh‘t is to account for'variatidhs in r‘oc.:k_.stréngth. Beéau_se their ap-
pl”oa‘chﬂis a géheral solution, its ’u;sévéould result in an overdesign or an -
~underdesign of ‘the roof ‘stabiliity.A ’_ |

Abel-"s ap'p'roacﬁh of aSéuming zero rock mass'tvensile strength
énd assﬁming thvat the éxial-confininé stress counterédts the 'axial bend-
'ing stress appears logicél. To assume »thvat the.rock mass t.ensi'l_e.:
-s‘tre-ng'th. is zero is reasonable because the roc_:k:is fracturéd and the frac-
tures are generally unfilled._ The difficu-lty with fhis method is in deter-
ming the axialvconfining_ stress. Because this method best approxima_t_eé
‘how the immediate roof reacts . it will be used to determine the room |
- _widt‘hs Using Figure 32 for a 0.12~thick beam a1_"1d an axial cbnfin;ng
stress of 1.72 Govb counterécting the tensile axiallbenlding sfréss',_the

'following room widths have been chosen:

Depth (feet) o - Room Width (feet)
| 0-500 18
500-700 20

700-900 . 24

Once the width of the stable immediate roof is known, or esti-
mated, the intermediate roof can be analyzed. The intermediate roof can

be considered on two scales. On the Smalll scale the load mustv'be
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~ transferred between the pillars (Figure 28), and on the larger scale the
'load must be transferred across the entire mined zone (Figure 28). Based
bon the pre'ssure arch data in coal, the 'rnaxi-m_um aroh lengths' for 250, )

: 500, and 700 feet are. estimated to lie between 0 to 98 feet,. 98 to 136

feet, and 169 to 179 feet, respectively. It is obvious from this analysis _
that the load W111 be able to arch between the plllars e Therefore those

room w1dths calculated for the 1mmed1ate roof w1ll probably be the limit-

' ing dlmens 1ons

In terms of the large—scale pres sure arch, the load must be
transferred the strike length s.tnce it is generally the minimum plan d1—
mension. Usmg an average strike length of 300 feet the maxnnum pres-
snre’ arch is exceeded until a depth of approximately 1500 feet is reached

(Figure 29). Below the depth of 1500 feet the pillars only have to carry

‘the load under the pressure arch. However, ‘above 1500 feet the central

pillars'will have to be capable of carrying more load. By calculating the
load on the pillar using the tributaryearea~load method, the pillars are
eXpected to carry the full overburden load. Thi_s alleviates the problem '
of exceeding the pressure arch because the pillar is designed to-carry

the maximum load.

Measure of Pillar Stability

Safety Factor

The stability of the pillar depends on the load-carrying capacity

of the pillar and the load applied to it. Until recently the most common ‘

'descrlptlon of the pillar stablhty is the safety factor. 'I'he safety factor

is defined as follows:
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Ioad-carrying capacity of pillar
Load on pillar

Safety Factor ‘=

From this equation, if the safety factor is less than one - the stresses on

the pillar will be greater than the plllar strength and failure should occur.'-

' If the method of calculatmg the prllar 5 load-—carrymg capac1ty was ab—

solute and if the stress f1e1d were known a safety factor of one would
be suff1c1ent for pillar stablhty. However as was dlscussed in the pre- -
vious ohapters, the rock mass strengthvand the in situ stress f1eld are |
not deterministic yahres but vhave some d.istribution or are not'well de-

fined. To account for the uncertamty in these input values the past ap-

'. proach has been to require a safety factor greater than one,

'I'he safety factor requlred is. hlghly dependent on personal
opinion and past experience. A number of people knowledgeable in pillar
design have expressed their opinions as to what safety factor 1s suffi—
cient Salamon (1967) found that by calculatmg the safety factor based
on his plllar design, 50 percent of the stable ‘pillars had a safety factor
against tributar‘y-area loads bet}ween.1.3 and 1.75, with 1.5 as the
median (Figure 33). Holland and‘ Gaddy'(l‘957')b, who employ an |
experience-based pillar devs‘ign_ method similar to Salamon's; recommend
a minimum. safety factor of 1‘.'8 for v“average " conditions; for oritical
areas.they ‘snggested a safety factor .ofA 2.0 or even 2.2 may be required.
Recently, l{olland (1973) has suggested ivf‘str_ong support is "near by" or
if a retreat mining system 1s used‘.where_the effects on the surface are

not important, a safety factor between 1.3 and 1.4 is sufficient. If sur-

face considerations are required, where the effects on the surface are

‘ 'critica'l, a safety factor of 1.6 is now su,ggested’by,HolIand (1973).

N
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- Ashwin (1972) implies that a safety factor of 1.5 is .required. Obert et

al. (1960) recommend a safety factor of 2.0 to 4.0 for competent rock.

It is obvious that there is no agreement as to what is the correct safety =

factor, which addsvv an additional problem to pillar design.

Probab 111ty of Fa 11ure

More recently, the approach of. probab111ty has been apphed to

. pillar design. Coates and Gyenge _(1973) have proposed a method to cal-

culate 'the. probabilitﬁr of failure. Given a elistr‘ibution of stre's-ses on the
pillar and a.distribution of pillar strengths, .the overlap area of these two
curves represents those cases where pillar 'failure will occur (Figure 34).
The overlap area can be related to the total area under the pillar strength
dlstrlbutlon, which is then the probablllty of fallure . 'I'he dlfflculty of
thls method is in d‘efmlng the pillar strength and pillar. stress distribu-
tions. Given the p'ro]o::{bilit_yr of failure , it can be related to the cost of
failure; thereby an optimum risk can be calculated. |

The probability of 'failure approach vis more appealing than the

safety factor method. The probablhty of farlure accounts for the natural

variations in rock strength and applied stress, whereas the safety factor

method is a deterministic solution. For the purpose of comparing differ—

“ent pillar design methods the safety factor approach will be used.

Calculation of Loadon Pillar

The tributary-area load method _will be used to calculate the
load on the pillar. By definition the tr.ibutary?-area load means that each :

pillar carries the entire overburden load half way to the next support

: _(Pigure, 35). The tributary-area load is calculated from the equation:
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DISTRIBUTION OF LOAD
- ON PILLAR (Lp)

// = ~ DISTRIBUTION OF PILLAR
- : : STRENGTHS (Sp)

X

PROBABILITY
OF FAILURE .
EQUALS SHADED
AREA

Figure 34. Method of calculating probability of failure—After
Coates and Gyenge (1973) o _ ‘
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SURFACE - i

HATCHED AREA IS CROSS SECTION OF
TRIBUTARY - AREA  LOAD ON PILLAR 2

 HATCHED AREA IS PLAN SECTION OF -
‘TRIBUTARY - AREA  LOAD ON PILLAR 2

- Figure 35. Tributary—area load
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TAL = RmW + PW)(CcW + PL) 6 - an
where: TAL = tributary—area’loéd (1b) | | |
RMW = room width (ft) |
: CcW = crosscut width (ft).
PW = piller width (ft) -
PL = pill_ér 1en¢th (£t) |
6 = insitu stress (psf)' ribrmai to roof.

This method predicts the maximum load that can be applied to the pillar.

~ For this analysis, the apiplied load vV\.Till be assumed normal to

bedding because the mineralization .pa‘ralle'ls-vthe bedding. The dip of
‘the bedding ranges between zero and 60 degrees, with a median of ap-

proximately 30 degrees . The_magnitude of the estimated in situ stress

normal to bedding under the average conditions at the Control property

o is1.24 6ovb-

Comp_arison of Mefhods for Calculating
the Load-carrving Capacity of a Pillar

There presentiy exist numerous methods for calculating the
load-éarrying capacity of a p‘illavrv. Most work to date has been done in
termé of coal mining. For the purpose of thi's study the following methods
will be diécussed’and coinpared: (1). Obert;' Du\}all, and Merrill, (2)

Skinner, (3) Bieniaws_ki, (4) Salamon and Munro, and (5) Wilson. These

" methods are based on different concepts or entirely different approaches

to similar concepts.
-~ To permit comparison between the results obtained by the dif-
ferent methods, the values listed in Table 28 will be used for each

method. ‘Because the size effect is an import_aht p'érameter, two pillar
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‘Table 28. Bas'ic_ input parameters for pillaf‘ d_esign comparison .

Parameter 7 value
Depth S sof
Dip vof beds _ S . ; S 300
In situ stress normal to bedding : 1,24 6 ovb PSE - :
Room width - ' | o 20 ft |

Crosscut width : | o 20 ft
Square pillar ’

Pillar width R B j_ 37 ft

- Pillar length | - S 37 ft

 Pillar height | | 30t
Tributary-area load ' : 166,700 tons
'Ré‘rcbvery : . ' _ “ : 57.5%

' Rectangular Pillar

Pillar width o S 251t

Pillar length 60t
Pillar height | 30t
- Tributary-area load | . 184,100 tons

Recovery o g 58,3%'




geometries will be exammed a square p111ar (37 X 37 feet) and a rec—’
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| tangular pillar (2 5- x 60 feet) Approx1mate1y the same tonnage of ore

will be mined from these two p111ar deszgns .

The Obert Duvall and Merr111 Method

Obert, Duvall, and Merr111 (1960) beheved that the strength of

the pillar is equal to the un1ax1a1 compress1ve strength- of a core samp_le :

w'ith the same width-to-height ratio as the pillar. To use this method

the following arssumptions or conditions must be fulfilled:

.1'

The rock is_‘competent;- i.e., "rock which, because of its

physical‘and 'geolog“ioal characteristics is.oapable of sustain-
ing'openings without any struc'tlire‘l support e'XCept pillars and
wells left during mining '(stu.lrls ' light props _and roof bolts are
not considered as struvctural support) " (Obert et_ al., 1960, |

p. 5).

" The pillar ca_rri‘es the stress eqﬁaliy throughout. This is based _

on elastic studies which shows that as the ratio between the

- room width and the pillar width increases the average stress

approaches the maximum stress and becomes more uniform.

The pillar can be considered stable if the safety factor is at

least between two and four.

‘Because all of the core testing is not done at the seme width~

o-helght ratio as the pillar testmg, Obert et al have developed the fol-

lowmg equatlon to correct for this d1fference in ratios:

Cg = 01(0.778 + (0.222d/h)) | (12)
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- v(rrhe,re:a Cg = compressive strength of'specimen if d/h',.¥_1- ' |
o Cy= compressi_ve strength of 'specimenj ifA d/h = 1.
d= diamete;" of specimen_ : ‘
h= hezght of specimen. : | | '
) Recommended limits for d/h for this equat1on are 0.25 = d/h = 4 Be-»

cause the samples are usually tested at some other ratio than 1 1,

7Qr ormué%m
Y < _ Lzen
/ Cc_— f. L 7q3+ ‘27:?.(‘/)>

" equation (1) can be solved as follows

o= c. 0.778 + (0.222 (p/bp) A g0t az 7
P ©70.778 + (0.222 dc/h ) comcted ,;.,/f ks
. ! Sﬁ.&tl';&\

i

where: Cp compressive: strength of specimen with a width-height

| ratio of 'the pillar |

Ce = compressive strength of specimen With a width-height
ratio of the core fested B |

dp = diameter of pillar

hp = height of pillar

de = diameter of core specimen

he = height of core specimen.

If dc = 1.86 in., hg = 3.72 in., and C¢ = 19,920 psi, the com-
presswe strength of the square plllar is 23,570 p31. The load-carrying
capacity is then: |

_(area of pillar) x y(compressive'strength of pillar) E - (14)

= (37 ft x 37 ft) (23,570 psi x 144/2000)
= 2,323,248 tons |
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and the safety factor (SF) for the ti'ibutary-farea-loaded s(;uarepillar'is_:;
SF = 2,323,248/166,700 = 13.9.
A similar analysis can be made for the'rectangula'r pillar. The
minimum p‘illar length will be used for 'the pillér diemeter to correct the

compresswe strength of the rectangular plllar. The reason for th1s

ch01ce is that testmg has 1ndlcated that the compresswe strength for a

_ .constant height depends on the minimum sample width and not its length

'(Devnkhaus-, 1962). The pillar strength based on the mean uniaxial com-

preésive strength is 21,580 psi and' the 1oadecarrying capacity'for a
p111ar 25 x 60 feet is 2,330,640 tons. The safety factor is then 12.7.

| The safety factors for the se two plllar dlmensmns far exceed’
the requ_ired safety -factor suggested by Obert et al. (1960). ‘Although

this method is very easy to apply, one of the major problems is the as-

- sumption that the compressive strength of the pillar equals the comp‘resF

sive strength of a core sample with the seme Width—to-height fatio.
HoWeVer, the__core samples represent‘the rock substance strength while -
the pillaf is n1ade up of the rock mass. O’oeft et al. a.ssume' that the
pillaf can carry the load 'uniformly' across the pillar; however, this is
unhkely because the edge of the p111ar has sustamed blast damage that

weakens the rock mass strength

The Skinner Method

- Working on‘anhydrites » Skinner (1956) developed a method to
calculate pillar strength based on the weakest link theory. This theory

is based on the i‘dea_ that the strength of a chain is no greater than the .

~.strength of the weakest link. Skinner pos_tulates that a pillar is inade up
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of .N nﬁmber of unit blocks and that if'e’a'chv__of_ thesevun‘its Was testéd,lb o
their str‘engthvs would fit a‘ ‘distribtitior‘ll, The :,IWeak‘vest .bllo,ckv éf ’ché disfri—" '
' but_ioh would represent the streﬁgth _of the ‘pvillarb. Skinner showed that
his test reéults’ of anhydrite_ w.erér'be.s.t représehte_‘sd by 'eithéxj a ndrmal lor _
a .W.eibull distribution. The Weibull dis‘t\rbiﬂbut"iori requires test results of
samples of various volumes and it Will therefore not be used for this .
analysis. The equation forj the hormé 1‘ distvr'ibutiori of pillar strength (S)>
o : : . . _ _

s“= % - 5(21aM)1/2 + 1/2 (LolnN + In472InN)" V2 (15)
whereﬁ =‘ mean strengthv of uxﬁt. blocks

standard deviation of unit bl_ocks

=z s
I

number of unit blocks that make up the pillar.

Skinner's testing shows thai as the sample volume increases
the sampie strength decreases (Table 29). This résuit helps to justify
thét the larger samples have lower stréncjtﬁs because their number of
flaws is 'gfeater than that of a sméller svamp‘le.- |

" Table 29. Effect of size on co.mpresvsive strength for anhydrite--After
Skinner (1956) '

- Uniaxial Compressive Strength (psi)

Sample Side Length (in.) - Mean Standard Deviation
| . 32,510 4,600
2 | 25,360 2,580
' 24,270 . 2,050

10 v | 16,800 | 2,680
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Before Skinner's method can be used the core strengths have
. to be corrected to the same w1dth to-helght ratio as the prllar Thrs
»correctzon was, made using Obert et al.’'s (1960), equation V(equatlon_ B
Table 30 lists the correctioris for t_he two‘pillar dimensions.: The normal
__distribution equation (equation 1.5) will hav.e to be _used because only |
samples of s.imilar size were 'tested..v The.m,ean and standard deviatiort
.of.the unit block for the square pillar are 42‘4.,800 psiand 9, 600 psi,
.'respectively. The number of unit blocks (N) that make up the pillar is

calculated as follows:

N = Rillar Di.mensions = 87 x 37 x 30 x 123)in.3 | (16)
Unit Core Block - (1.86 x 1.86 x 1.51) in.” .

il

13,585 x 103

Usihg these parameters in the normal distribution eguation
(equation 15),the calculated square plllar strength is -30,200 psi. Be—- |
cause the pillar strength cannot be negatlve the" strength of the square
plllar‘ls zero. This method can also be approached graphically by plot-
~ ting the sample strength versus the cumulative probability of failure .
The divisor for calculating the cumulati\re probability is the total number
of samples plus ohe (l\l + 1). Thls 1s used because for a small sample
size there are probably spec1mens stronger and weaker than the ones
tested.

Table 30 lists the cumulative probabilities with the associated |
strengths ‘, Figure 36 shows _the core. strehgth ver-sus cumulative proba-
bility of failure plot for the square pillar . It ls obvious that the data 't’_it :
a two—segment line. The cumulative probab_ility of the weakest unit

block failing for a 37 x 37‘x 30-foot plillar‘is 1/N, which equals
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Ta'blev 30. Corrected compresswe strengths and assoc;ated cum.xlative

probab111t1es
3 , : Square Pillar -~ Rectangular Pillar -
Core Uniaxial (37 x 37 x 30 feet) (25 x 60 x 30 feet)
Compression y A » S
Strength (psi) Corrected Cumulative - Corrected Cumulative

Strength (psi) Probability - Strength (psi) Probability

_ 33,500 39,630 0.94 36,290 0.94
| 33,100 39,160 .89 35,860 .89
28,000 33,130 .83 30,330 .83
26,600 31,470 .78 28,810 .78
24,500 28,590 72 26,540 .72
20,500 24,250 .67 22,210 . .67
20,500 24,250 .61 22,210 .61
20,400 24,140 .56 22,100 .56
17,300 20,470 .50 18,740 .50
16,700 19,760 .44 18,090 o
16,100 19,050 .39 17,440 .39
15,000 17,750 ';33',' 16,250 j.3é
15,000 17,750 28 16,250 .28
14,500 17,160 .22 15,710 .22
13,500 C1s,970 .17 14,620 .17
13,000 15,380 .11 14,080 .11

10,500 12,420 .06 11,370 .06
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7.36 x' 10"8, Figure 36 sh0ws that the pillar Stren_gth is still zero,
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hence ‘the safety factor equals zero. .
This approach can be: apphed to the rectangular p1llar Using a -

pillar W1dth of 25 feet the corrected compressive strengths and cumula—

" tive probabllltres are llsted in Table 30. The mean corrected compressive

strength is 22, 700 p51 w1th a standard deviation of 8,800 ps1. The num-

ber of unit blocks in the p1llar is:

N = (25 x 60 x 30 x 123) in.3
(1.86 x 4. 46X2 23)11‘1.

= 4, 203 x 103

ThlS results in a pillar strength of - 25 900 p31, which means that the

‘predicted strength for the rectangular plllar is zero. Plottmg the data

on the cumulative probablllty paper shows that the strength is still zero
(Fig. 37)
The obvious dlsadvantage of thls method is the result of a

negatlve pillar strength wh1ch Skmner admits. The concept of the weak-~

“est l1nl< does have some validity; however, the locat1on of this weakest

link should also be considered. If the weakest link is located in the
center of the pillar it is confined avnd should therefore have a higher

strength than represented by a un1ax1a1 test Also one unit block may

fall in a plllar but the other units may be able to carry the additional

load because they are stronger. Skinn-er found that the normal and

- Weibull distributions produced the same result; however, he ‘was test—_

ing an anhydrite, which may be a special case., If a rock strength test- -

ing program c_ould have been'carried out .thattested different volumes,
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the' We1bu11 dlstrlbutlon could have been used Wthh may have produced

'results other than those obtained by using a normal distribution.

' ‘ The Bieniawski Method.

‘Bieniawski (1968) also based his method on the »idee that the
strength decreases as the volume increases. »This fact was observed in
Skinner's test results (Table ‘29)'. Bien_iawski proposed fu'rth‘er that there

ie a fun_damental stre_ngth’within the rock mass and that the increase in

volum_e beyond this point does not change the rock mass strength. He

produced a strength versus s'amplev_size curve (Fig. 38) from data from
testing cubical coal samples'rangiﬁg frdm 0.75to 60 inches on & side.
He divided thls curve into three segments- segment a, constant strength;
segment b, reduced strength- and segment ¢, cons'cant strength The

equatlons for plllar strength.for each of th_e curve segments that fit

- Bieniawski's data are:

1. Curve segment a, S = 24,620 psi . _ | - Q7
| 2. Curve segmentb, S = 1,100(W0°16/h0-55) psi, where (18)
W= plllar width (ft) and h = plllar helght (ft) |

3. Curve segment c, §=400+ (ZOOW/h) ’ (19)

~ The equation for curve segment c is the fundamental strength equation. ‘

From the strength_versusvvolume curve (Fig. 38), Bieniav‘wski
concluded that the fundamental strength was reaeh_ed at 5 feet.Both the

square and rectanguléf pillars being analyzed are greater than 5x 5 x 5 '

- feet, hence Bieniawski's fundamental strength curve can be applied. The

The strength of the square plllar is

S = 400 + (200 X 37/30) 647 psi.
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' This results in a load—carrymg capac1ty of 63 774 tons or a safety factor

of 0.4. Usmg a pillar W1dth of 25 feet for the rectangular plllar, the :
pillar strength is 567 p51, the load—carrymg_ capac1ty is 61,236 tons,
and the safety factor is 0.3. L | : | |

The obv1ous dlsadvantage of usmg B1en1awsk1 s fundamental

strength equation at Marble Peak is that it is based on coal which does
'not have the same strength parameters as the rock at Marble Peak. The
fundamental strength of the ABC zone rock mlght be obtamed by using
the curves generated from Skmner s method Assume that the fundamen-—
tal rock strength is reached at5x 5x4 feet for the square pillar and |
5x 5 x 6 feet for the rectangular piilar;,v The cumulative'probability of
the ‘weakest speCimen for the square piilar is 302 x 1075, From l"_igure
36, the. pillar strength is 1800 ps1, i.e., the load-carrying capacity is’
1'177 420 tons and the safety factor is 1. 1; For the rectangular pillar the
cumulatlve probablhty of the weakest spe01men is 7.4 x 10~ 5, Wthh
from Figure 37 results in a fundamental strength of 2,200 psi. This
fundamental strength equals a load—ca,rrylng capacity of 237, 600 tons
or a safety factor of 1.3 for the'rectangular pillar.

| _Bieniawski's (1968) conce_pt that‘some fundamental strength is
" reached as the volume of the specirnen increases seems 1ogica1; The
factor yet to be determined is the size at which the fundarnental strength
is reached. Pundamental strength has to- be a function of rock substance-
strength, the length, spac_:ing K and orientatio.nb of the joints,‘an‘d the
shear strength of the joints. Be‘cause_'Bieniawski"s test anaiysis was
- ‘based on coall, the funda-mental strength for the ABC zone 1s probably _

~ different. He states that his average_Spacing was 0.22 feet, which is ]
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simijlar' to the results obtained ‘at Marbie :Peak:_however, the rock sub'— _' L
stance strength is greater at Marblle' _Peak; I’.FEVans (1970) made 'bthe :point )
that BieniaWSki's fundatnent'al strength was reached at the eize of the '.
lafgest sample tested and that we do no‘t know what happens 'bes.rond a
side llength of 5 feet His point that.a.S—foot side'length rnay not be t}te, _'
51ze at Wthh the fundamental strength is reached 1s well taken. How-
ever, in studylng BlenlaWSkl s curve, ‘the change in plllar strength is
minimal for an increase in pillar size’above 3’x 3 X 3 feet -This concept

of a fundamental strength, i.e.., the number of flaWa per volume is con- -

, stant, was observed in the step path ana1y51s which showed that the

median percentage of intact rock did not vary significantly above a pillar

"h'eight. of 15 feet (Fig. 26). If 5 x 5 x 5 feet 1s the size of a pillar at

which all rock types reach their fundamental strength, this s'trength"can '

be-calculated using Skinner's method' of the Weakest link.

The Salamon and Munro Method

Salamon and Munro (1967) measured 125 room- and-—plllar coal

mines in South Africa with varying depths, pillar heights, pillar widths,

and extraction ratios. The pillars measured were both stable and c»ol- |

lapsed. They assumed the distribution of safety factors for these pillars
fit a lognormal distribution with a median of one. Using a power function

to describe the pillar strength and assum‘in‘gk a tributary-area load, they

- estimated the unknown factors of the strengt_h equation with a "likelihood

function."

- The general strength‘ ‘equ_ation used by Salamon and Munro (1267)
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‘a9 Pillar Strength (§) =KhAWB - (0) .

'Where:. K = strength of 1 ft3 rock (psi)

‘h= pi_llar height (ft)
-'W = pillar width (ft)
A and B are constants
Assummg the trlbutary area load to be the 1oad on the. plllar, the

safety factor (SF) is calculated as follows

SF = x 144 (2

- where - 7 = rock density (lb/ft3)

H = thickness of oVerburden (1)

lo = room width (ft). |
In the above equation, the unknownsare K, A, and B.

Salamon and Munro proposedthat distribution of pillar safety
factors is lognormal with the median at one because the safety factor 15'
limited by zero on one side, unlimited on the other, and most designs

require a minimum safety factor of one for:stability. With this assump-

- tion they obtamed the safety factor. dlstrlbutlon with a medxan of one

usmg a “llkellhood function" and maxumzmg K, A and B based on the
125 observations. The results of Salamon and Munro's (1967, Table II)

analysis are:

K= 1,322
"A=-0.6609
B= 0.4596

Their results are based on square pillars.
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Using Salamon and Munro s (1967) equation the strength (S) of i

,‘ J”ia square pillar as defined in Table 28 canbe calculated as follows* ‘

8= 1 322 (30-0 6609)(370 4590) 732 psi

) The"l-oaid-—carrying' capacity for the square pillar.is 72 '152 t'o'ns '."which
equates to a safety factor of 0 4. Por a rectangular p111ar the strength
. _is 012 p51 (66 096 tons 1oad—carry1ng capac1ty), whxch results in a safety
factor of 0.4. | o

Because Salamon- and Munro s strength equatlon is based on
’ coal its use at the Control property 1s probably not vahd I—Iowever, 1f |

we can assume that the A and B values of the strength equation do not

change from one rock type to another but that the unit cube strength does, ,

the' equation can he changed_ to account for__ rock strength in the‘ABC zone.:
The strength of the one foot unit cube can'bje estimated from Skinner's

_‘ method The curnulative pr'Obaloility tor' the WealceSt snecimen in 'va. unit '

k cube 15°3.72 x 10~ 3 which results in a value for Kof 7, 500 psi (F1g.

39), and Salamon.and Munro s equatlon for the ABC zone now becomeS'
S = 7,500 h-O'-5509w0'459,

which’gives a sQuare pillarstrength of 4 156 psi (409 649 tons.load—
carrymg capacity), resultmg in a safety factor of 2.47. The rectangular .
pillar strength is 3,471 psi, whxch equals a load-carrymg capac1ty of

- 374 895 tons. The safety- factor for the rectangular pillar is 2 04.

| Salamon and Munro s method of calculatmg the constants and

: unit cube strength are very attracnve for those areas where ex1st1ng p11—

' iars are present The assumption that the . dtstribution of safety factors o
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has its median at one is probably mcorrect ‘As discussed in the sect1on " "_ '
b»on the measure of pillar stabihty, the recommended safety factors are at R
- least 1 4 therefore perhaps th1s should be the medlan of the distnbu-_ -'-‘.-'
i .tion. Assumtng the exponents remain constant for any rock type the S

e unit cube strength can be estlmated from Skmner s method

- The Wllson Method

Wilson (1972) contends the ptllar is d1V1ded 1nto two zones, an

' 'inner core “and a surroundmg yleld zone The mner core carnes most of frf.»‘: s B
the load and is subgect to a tr1ax1al stress cond1t1on whxle the yleld zone . -
: »carnes 11ttle load but confmes the mner core (Flg. 40) The yxeld zone : -

" is charactenzed by bemg hlghly fractured at the edge of the p1llar. |

These blocks do not all fall out because of frtctlon on the ends and in-

o terlockmg of the blocks. thson shows how W1th frlctlon only as the e
.'honzontal stress 1ncreases mward to the plllar core ThlS is analogous o

’ to the passwe pressure of a retammg wall The magmtude of the con- " "

: fmmg stress does not 1ncrease all the ‘way to the center of the plllar,v |

= but it 1ncreases unt11 the magmtude of 1n. 51tu stress is reached The '

dxstance into the pillar Where the max1mum p111ar stress is reached ie.,

_the d1stance into the edge of the confmed core is calculated as shown in |

Table 31. Wllson contends that the rock mass coheszon (Sc) is one ps1 }V B
for coal. | ‘ |

E By calculattng the area under the stress distribution, knowing .

- the pillar width, length, and he1ght "and the max1mum stable vert1ca1
 stress (SMV) the load—carrymg capamty can be. calculated Wzlson

: (1972) assumes the stress d1stribut1on can be sxmulated by a simple |
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. Table 31 Wilson s equatmns for calculatmg load—~carrymg capacity of
pillars-—After Wilson (1972) '

L_Q_é_g;éafruing capacity' for wide pillars:_ P > 2¥YMm
Square pillars | _' e . o |
S ICC = 7.2 x 10~ ZsMV(P?- —-ZPYM+1 33YM2) tons
i Rectangular plllars o o R S i o
ICC = 7.2x. 10~ ZSMV(PL PYM LYM +1. 33YM2) tons
Long pillars S o |
LCC =7.2x IO"ZSMV P - YM) tons per foot of run

I.oad—carrymg capa city for Narrow p111ars : P < ZYM

Square pillars

LCC =7.2x10 _ SMV % tons

' Rectang_ularv pillars

1CC = 7.2 x 10728y 2'52' (-Izz-%) tons -

: ]'..ong plllars

ICC =7. 2 X IO'ZSMV 4;_’ -tons per foot of run

where: LCC ='Ioad-carrying capacity 6f pillar (short tons)
' SMV max1mum stable vertical plllar stress (p51)

= (6.94 x 10‘3’}1) tanB + S¢

.

distance into pillar (ft) at locatic_m of maximum stable
- pillar stress and edge.of confined core . .
b : - -~ i o
M __ jp SMV
tanB)/2@tanB - 1) Sc

YM
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' /Table:31. Wilson!s equations—-Continued

tan B passxverpressure coefﬁclent = (1 + smd)/ (1 --smd)
P plllar W1dth (ft) | B
I. pillar length (ft)
M p111ar (seam) helght (ft)
-  1~9{§— rock mass. :fnctmn angle '
H 'thzckness of overburden (ft)

g den51ty (Ib/ ft3)

Sc = confmmg stress actmg at edge of pJ.Ilar (p51) rock mass

cchesmn

SR (honzontal stress)/ (vertzcal stress)




' "-;truncated pyram:td (Prg. 40) Wllson states that whose w:dth 1s less than" PR

- ZYM will have o inner core. It is doubtful that thls p111ar can be con- S

) «sxdered long—term stable, however. the 1oad—canymg capacny can be -

-.calculated Table 31 glves the equata.ons for calculatmg 'the Ioad- : -"' S
' carrymg capacity of plllars of dlfferent shapes for the cases where the
z;;pillar wrdth is less than and greater than ZYM.
‘The mput parameters used for ﬁns analysm are: SR

- 1. Plllar geometry from Table 28. . - . - |

2 , Estlmate of rock mass: fncnon anorle (55) = 37 degrees (Chapter 5)
3. Rock mass cohesion (S¢) = 620 psi- (Chapter S). R '
4. ‘I—Ior1zontal stress ratio (SR) =1.72.

The load-carrymg capac1ty for the square pxllar 15 calculated as follows‘ | |

ast = (6. 4)(1 72) (155)(500)_1_&.1.11_.3_7_ x 10-3 + szo i

n37
—4 604.62 psi
- 30 ., 4604.62 _
Y= ' — - In SEIERL o 992&
M 1+sin-37)1/2(1+sin37 ) 820
1-sin37/. : o

1-sin37 i

- I.CC = (7.2 x 10-2)(4604 62)(372 -2x 37 x 9 92
| +1.33x09. 922) 253,970 tons.
The safety factor of the square p111ar determmed by usmg Wllson s
method is 1.5. | | . ) |
A similar analysm for the rectangular plllar would glve. N
| . SMV = 4604.62 psi
Yy = 9.92 P |
| 1CC = 261,218 tons S



.and the safety factor for the rectangular pillar would be

the Marble Peak will be br1ef1y d1scussed

Crsa

SF=1. 4

Wllson s method accounts for the way in WhICh the p111ar carries.

~.the load for most plllar geometnes and the rock mass strength for the

- .partlcular rock type. The dlfflculty of thls method 1s in evaluatmg the TR

mput parameters . The rock substance propertzes can be measured and

v the rock fabnc propertles can be measured but combmmg the two to

; obtam the rock mass strength is extremely d1ff1cu1t and perplexmg.

Summa}:y -

P1ve basm methods for calculatmg the Ioad—carrymg capa01ty

- of plllars were analyzed In addxtmn two methods that combme two of

‘the bas1c plllar methods were analyzed Although each of the basic

methods are based on dlfferent approaches ' 1t is possible that the re-

' sults can st111 be the same.’ ‘I'able 32 shows that the followmg methods

y1eld approx1mate1v the same results._
1. | The Blenlawskl and the Salamon and Munro.
2. ::The Wllson, the Bieniawski in comb1nat1on w:th the Skmner, :
‘ ‘and pos_s1bly the Salamon and Munro in combmatlon with the v

: -Skinner. .

'A Because all the methods do not result with the same load-carrying
=capacity, those ‘methods that are most appiicable to the study area must

‘be.chosen. The basis of each plllar method and its vahdlty in terms of

The Obert Duvall and Merrill method assumes that. given .

’«comgeten t rock, the p111ar strength is equal to the strength of a core




>, 1.35._._.

" Table 32. Load-—carrymg capacities: and safety factors based on chfferent o

pillar design methods

- Square Pillar- - Rectangular Pillar - = |

‘Method 1CC, tons =~ SF - ICC, tons = SF
Obert, Duvall, and Merrill 2,323,248  13.9 - 2,33C,640 12.7
Skinner 9o 0 00
* Bieniawski R o R
 Equation | 63,774 0.4 61,236 0.3
Skinner curve 177,420 1.1 237,600 1.3
B Salamon and Munro R o
" Equation 72,152 0.4 66,096 0.4
Skinner curve 409,649  2.47 374,895 2.0
“Wilson . 253,970 1.5 261,218 1.4

.specxmen with the same w1dth-—to-—he1ght ratlo. Obert et aI (1960) also
assume that the load is carried umformly across the pﬂlar. They recom-
mend a safety factor of two to four to account for varlatmns inthe rock o

v~strength and the load on the pillar. Th1s method is sultable for rock that. _‘ '

has Ilttle or no structure; however, thxs is not the condruon at Marble T

_ ‘Peak where the rock mass has a 51gn1f1cant amount of structural dxscon—

timntles Therefore, the assumptlon that the rock’ substance strength

- -equals the rock mass strength is. mvahd at ‘Marble Peak To use, a safety‘ '
factor of four to account for thxs dlfference in streng*h may result in an )

overde51gn in some cases and an. underdesign in other cases. K f



Skmner s (1956) approach of the weakest hnk results wrth a
vload-carrymg capacxty less than zero, w}uch 1s unreahstrc. The con- ‘. )

cept that the strength of a cham zs determmed by the weake st hnk and

..~ that: the longer the cham the greater the chance of havmg a weak hnk J.S

3 not unreasonable However every Imk ina- cham depends on the next

»:whereas a portlon of a p111ar may fazl but the remalmng part may be able
to carry the extra load Therefore the Skmner method results with a

B _hlghly conservat1ve answer. . o o e

| B1en1awsk1 (1968) assumed that as the size of a plllar increases

‘ the plllar reaches a fundamental strength' i.e., the number of ﬂaws per -

_‘volume of materlal is constant Th1s concept appears reasonable, but

‘the determmatlon of the volume of materlal at Wthh the fundamental

strength is reached is dlfflcult B1en1awsk1 stated that for coal the fun-»

damental strength was reached at a f1ve~foot cube which was the largest

| _‘ sp_ecnnen tested. 'I.‘h1s._may or may not be ‘the _exact 'S_].ZE at Whlch the_ o

| fundamen_tal srrength' is 'reached for othe -rock types. Tﬁe five.j?foot, cube_» |

is"certainly of the order of rnagvnitudve‘ at whrch the fundam'ental‘ stren‘g'tn

: -is reached ‘Because the fracture spacmg ( 0. 2 ) of the coal Blemaws}q

tested and the fracture spacmg (0 2 ft) of the ABC zone are relanvely

' ‘the same, it can be assumed that the flve-foot cube is the volume at

,-which the fundamental strength is reached for the ABC zone . The

strength of the flve-foot block ‘can be estlmated by using the Skmner .

. method Although 'thlS approach seems reasonable the estzmated size

:~at which the fundamen_tal strength 1s reached rrs »questronabl_e and the

‘Skinner ‘method probably results in a conservative strength.
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Salamon and Munro s (1967) approach of back analyzmg eX1st-—

ing. pzllars and developmg an equatlon that best flts the strength dlstn-' -
but::on of the pﬂlars is good By assummg that the exponents for the |

hexght and width of a plllar are the same for the ABC zone as for coal

an estlmate of the strength of a cublc foot of rock can be made by usmg

| r-Sklnner s method Although the Skmner method underestlmates the

strength of a pﬂlar, it is reasonable to use thls method to estlmate the -

strength of a unit cube because the umt cube 51ze is much closer to the

- spec:men size than it is to the plllar size. 'I‘he Salamon and Munro
_ method is vahd as long as there are exmtmg plllars to work with; how-— S
‘ever, if there are no exzstlng plllars and ‘the rock type is not smular to
'coal thls method 1s not apphcable . The Salamon and Munro method can

o be modlfled by predlctmg the strength of a umt cube by Skmner s method

but whether the exponents remam the same for dlfferent rock. types is not’
known. ; | _ | _ |
Wilson's (1972) approach is- that the plllar carrles most of the

load in 1ts inner core and the outer core carries 11tt1e Ioad but. confmes

- the inner core. His method requlres 1nput of rock mass frlctlon angle
v and cohesmn, which are dlfflcult to measure or calculate The method
vallows for plllars other than square. Whlle all methods account for

~w1dth-he1ght ratio, ‘none accounts for 1ength-w1dth ratlo except to say

‘that it should not exceed 10 1

.From th1s analysrs it is my opimon that the Wllson method is

~the most apphcable for the ABC zone rock The erson method best ac-
.-:counts for the way'm Wthh a p=111ar carries its load, and it uses the

‘parameters that are applicable to the property; A combination of the
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: l’BieniaWskiand Skinner methods or of the. Salamen "and *Munro "an‘fdf Skinner '
-f-_methods results m similar values for the load-carrylng capa01t1es as ob- . |
,.tamed m the Wilson method I—Iowever, these combmatlon have not been

‘ checked w1th actual results .

P111ar-w1dth Nomograph

o . A nomograph, usmg the Wzlson method can be used to deter— :
‘mine the plllar width gzven the followmg (Abel 1974b)
| 1; --:»Depth (thickness: of overburden) L
| 2. Room _w1dth.‘. B
, '3‘.'>__Cros-scut width. - ?
4y Room length. o
5. Room height.
- 6. | Rcck mass ptoperties.‘ - ‘
P1gure 41 is an example. of the nomograph The followmg 1s a gulde for o

its use: '

: 1 Determ'ine heignt of pillat.anddchcose_ coi're sponding nomograph
Bof) o i
2 Determme depth to be. analyzed (600 ft)
-3 -.Determme maximum mbutary—area load (210 000 tons)
4 _v “Specify requlred safety factor (1. 6) . .
5 “Calculate requzred Ioad—carrymg capacity (210 000x1.6=

v'335 000 tons)

- ":6 - Read plllar w1dth for depth and load carrymg capacity (32 5 .Lt) :
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- CHAPTER 8 °
SUMMARY.ANDj‘CONCLUSIONs_}'_ R

Rock Mass Strength and in Sltu Stress F1e1d

Based on statxsttcs and engmeermg Judgment the rock proper- o

-ties for the ABC zone, the upper Abrlgo and the Martm were pooled

The pooled rock propernes descnbed the rock mass. in the ABC zone area : '_ .'_ -

as a hlgh—strength (16,000 to 32, 000 ps1) elastlc layered broken to
-very_broken, hydrothermally altered hmestone. .An estlmate o:t the rock _ S
mass shéar strength was made-u’sing the minitnurn resi'stance step path
analy51s and. the shear strengths from rock-on—-rock dlrect shear tests
and trlaxlal compres sion te sts on mtact rock ‘The' estnnated rock mass
shear strength (T) can be descnbed as o o ‘. o |
SR 630 + G tan370 (p51) @
The in situ stress field was estlmated by usmg two mdzrect
methods- (1) measurmg the res1dual stress and addmg it to the graw—' '
.tatlonal stress and (2) relating the stress fleld to the geology and struc- |
_ ture of the area. For the plllar analys1s the maxxmum stress was
considered to be horlzontal bearing N. SOOE and the minimum stress .

-'to be vertlcal and equal to the overburden__ 1oad.

-;St_pe and Pillar Analysis

‘Pillar orzentation is both an operatxons con51derat10n and a
',stab1hty consideration.’ Based on structure alone a plllar w1th walls
. mormal to the bedding dip with a long axis parallel to the dip direction '
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-will be the most stable. Por operational cons1derat1cns a vertical plllar'z_‘
v wall w111 be the more advantageous.‘ Walls normal to beddmg w111 be
N used in the pillar analys1s because this W111 probably be the fmal stable '

.cond1t1on Stope helght is defmed by the thlckness of the mmera hzed

zone, and stope length w111 be 60 feet for operatmnal reasons._ '._'

~ Roof stab1hty determmes room width Assummg that the roof '

- acts as a umformly loaded f1xed-end beam, the ma:umum rcof w1dth can

~ be determmed by comparmg the stress at the center of the roof beam to

either the in- 51tu stress actmg in the same dlrectlon or the tensne

strength of the rock with an approprlate safety factor. Because the rock

mass tens.tle strength approaches zero 1t 1s beheved that comparlson of

the bendmg stress to the in 51tu stress 1s more rea11st1c The current 18—
foot-wide openmgs are at a depth of 620 feet and are stable. Prom thls
informatlcn, usmg the beam ana1y51s the followmg room Wldths and

depth mtervals are recommended' o

: Degthfgfeet} - Room Width (feet)

0-500 18
500-700 - 20
~.700-900 24

.The' load on the piilar was c‘alc'ulated from the tributary—area :

method Wthh assumes that the entire overburden load on the p111ar is

. carried half way to the next plllar. ThlS probably gwes a conservatlve

E estlmate due to formation of a pressure arch It 1s dxfficult to evaluate

the exact geometry of this pressure arch Usmg the pressure arch con- '

cept, the pillars in the center should be the widest, i.e., have the =



highest safety factor, Whﬂe those pillars nearest the unmmed rock can
.' .have the lowest safety factor. o o | | | |
Of the ﬁve bas1c p111ar de51gn methods compared Wllson s
.-method Wthh uses rock mass shear strength based on the step path
o : appears to be the best method W1lson s method attempts to account for
the dlst'lbutlon of the load on the pxllar and uses the rock mass proper— G
' t1es. With Wilson's method the p:llar w1dth can be determmed from a
k .nomograph for a given room length,_roomv w1dth,-‘ roo_m ‘he1ght, and rock

‘mass properties.

Recommended Future Work

o The approach for estimating th'e\ rock mass strength using the
: mmlmum res istance step path program ‘ne.eds‘ to be “improved. Special
'concentration-is re_quired in defining thev distribution" of fracture.overla‘p',.
o improtiing the step path program to handle more complex. decistons' on the' |
“ steppmg procedure -a finite element analys1s to determine the stress .
concentratmn at a. rock bridge, and fs.eld data to check the method
| More work is needed to determme 1f the in situ stress can be
obtamed either by measurmg ‘the re51dua1 stress and addmg it to the
' -‘grav1tat1ona1 stress or by defmmg the stress fleld from the ge010g1c
structure. | | _ | o
For a pillar- de51gn in rock the mput parameters are never ab-—
-solute and the analysm should therefore be based on a probabilistic .
_ rather than a deterministic approach "I‘he. Ideterministic approach assumes
_:unique input parameters ‘which do not adequately represent the var1ab111ty

of the rock mass strength' therefore a calculated safety factor greater




"vthan one does not mean that all p111ars are stable but only those w1th

1-4"3 5

--:tthe given parameters. The probablhstlc approach can be accomphshed
o »by addmg a Monte Carlo overlay to the analys1s and determmmg a dls-

. trlbutlon of safety factors. The probab1hty of fallure is then the per- L

centage of 1teratlons w1th safety factors less than one. The mine:

management can then better evaluate the rlsk of fallure versus capxtal

'gain.



~ APPENDIX A .

. METHOD OF STRUCTURAL DATA
| COLLE_CT_ION' AND ANALYSIS

At this tlme there are two popular methods of collectmg struc-

tural data deta11 hne and Jomt set mapplng The Jomt set mappmg dls— v‘
cussed by Call (1972) 1nvolves measurmg mean or1entatlon and fracture R
J-characterlstlcs for each fracture »set in a’ 10-— to 15—foot zone. The deta11
" line techmque proposed by Call (1972) entalls stretchmg a tape along

v the wall and- measurmg all fractures 6 1nches or Ionger that mtersect the L

tape. Because of the. tape s orlentatlon two }omt sets could be mlssed- |
the set strlkmg nearly parallel to the tape and the set d1pp1ng 1ess than

25 degrees . Therefore to mtmrnlze the b1as all fractures in a zone one

: foot above and below the tape were measured w1th footage marked at the
.prOJected mtersect:.on. Savely (1072) has shown that little change in the
, rock fabnc occurs after measurmg 60 Jomts in a complex porphyry de-
| , pos:t To ensure a suff1ent amount of data Savely used 100 measure-
v;:ments as the cutoff pomt. Because the fracture pattern at Marble Peak
is no ‘more complex that that of the Sierrlta open pit exammed by Savely,
: 100 fracture observatlons should be. ample 'I'he deta11 line method was

us.ed in this study for the' folvlowmg two reasons:

1. Not enough spot samples forthe'joint'set mapping couldl be =

| taken due to limited exposure of the ore zone . ‘
Ioint spacmg from Joint set mapping is a judgment number, |
whereas spacmg from a deta11 line is based on measured footage.
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: The data ‘re_COI'dédd’ 'for eaCh]Oint Were: R L L Rt S
| '1. ,;Dietance along .the tape w}.xerethe. j‘olivn't or ita,nroj’ection_ "inter—' P
" "f:s‘ect'the‘tape.»'v:' o S
" 2. Rocktype. R R
3.. | Structure type, i. €., beddmg plane fracture, single fracture; N :
| fault, contact. . |
4.’( Fracture orxentatlon‘ care was. taken to correct for magnetlte
| affectmg the readmgs. o I '_ |
- Mm:.mum dip; the ﬂattest d1p of the ]omt
o 6.; ’Plananty, a quahtatlve ratmg techmque that categorlzes the
e »waviness of the Jomt on a scale of 3 feet or greater (Flg A—I)
7. Contmulty, a qualltatwe measure of 1ntact rock (Flg A-l)
_b 8. .Roughness, a quahtatlve measure szmﬂar to planarlty, except
the roughness is on the scale of one mch (F1g A—l)
9. I.ength° the maxmmm traceable dlstance that the fracture can
| be observed‘ limited by the W1dth of the drzft
. 10." Fracture thzckness. B |
11:. Fracture filling; the different .fillingzs‘ were noted,' if-anﬁf._
12, Presence of v}ater. - e - -

.1;3.. Ex1stence of shcken51des .

"14. ‘ Bookkeepmg, the page and column were noted for referencmgr
In addmon to the above data the line number. date data collector, the
bearing and dip of the face and general locat1on of sample area were

' :noted -on the data sheet. | ' : | _ .
- f}'he poles.to fracture planesﬂ .wer"e plotted on a Schmidt equal

»-farea,_;lower hemiSpher-e azimuthal projection net for analysis (Billing_s '
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Figure A-1. Geometry of planar étructural Ff'eatures . ’



i:;' ‘» ;.1'9‘;42) ‘VA‘computer prograrn was -used tc ~.p1otl‘the 100 poles and calcuia-te ’- :.;: 5
' .the percentage of poles per one percent area of the pro;ectlon. To evalu— . |
-ate the randomness -of pole concentratrons P01sson s exponent1a1 bmo-'.‘ ‘

-:;mlal 11m1t were used (Pmcus 1951 Spencer, 1959) Fracture sets were '

defmed as srgmflcant 1f the percentage of poles was greater than 2 8

- percent ThlS meant the fracture sets equal to above that percentage had .
- at least an 80 percent probablhtY that they were not a random occurrence RO

As dtscussed earher the possﬂalhty of bras occurs for fracture e

sets that are nearly parallel {+ 100) to the strlke of tape._ 1h1s area has

been called the “bhnd " 20ne by Terzagh1 (1965) . and she has presented

- a method to correct the data. However, th1s b1as correctton is not con-—' , |

'. srdered necessary because care was taken to observe these "bhnd“ frac-

tures. In addition, another check detaﬂ lme w111 be run approx1mate1y
90 degrees to the first lme. | | S | " S | 1

. The average or1entat1cn of each fracture set was determmed by
two methods' (1) the mode (h1ghest concentration of. poles) and (2) the

mean vector Because the mean: vector ana1y51s g1ves equal welght to _

'each fracture even those on the extreme hmlts the modal orlentatlon
- was used to represent each fracture set The mean and mode mmlmum »

'dips ‘were also calculated for each fracture set “The planarrty, cont1nu1ty,

and roughness factors, and fracture :Eﬂhng were calculated asa percent—

-age of the total fractures for the gwen fracture set. "The mean, mode and
“maxzmum lengths' : mean, mode and mmlmum spacmg, and mean and mode -

) thickness were calculated for the defmed fracture sets '




APPENDIX B

| STANDARD PROCEDURES FOR TESTING ROCK CORES
. AND CALCULATING ROCK SUBSTANCE PROPERTIES
1 . Unconfmed Compresswe Strength |
| a. Specnnen preparatmn ‘ ; - |
o Drill core is cut -with'a diamond sawto a ‘l'ength-’-diameter o
" ratio between 2-1 and 3""1 The ends of the samples are ground
- flat. and parallel to the core axes wrth a Rockwe 11 Delta surface

grmder .

| ‘.b. : Testmg | |
The specxmens are loaded at a nommal rate of 400 lb/s
'in a Structural Behavmr Engmeermg Laboratorles Inc. CT 500
' -.equlpped w1th a hemlspherlcal seat on the upper platen and a
Coates-—type Teﬂon sea’c on the lower platen. One-lnch steel -
‘ dlSkS the same dlameter as the core are placed between the ’
core and the platen. | | | |
The maxlmum load' at fai_lure isrecerded bya hydraulic
pressure gag';e.- B | o
" The maxinium'compressive strength :i_rl po'u’rldsper s:quare _
inch is determined by dividing the maximtlfrl load by vthev cross

~'sectional area of the specimen.

2. Deformation Modulus and Poisson's Ratio
_. a. Specimen ﬁreparatien__ BEE
o zSame :as"unconfine_d coﬁpresslen; :
o148
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5 Stram measurements

: I.ateral and longxtudmal strams are measured mth an SR—4

‘ stram gage 90-—degree rosette glued to the m:dpomt of the
» sample ..

' -Load measurement

The load 15 measured by a load cell

vData output

" The Ioad and longltudmai stram are recorded on one XY

'recorder to obtam the stress stram curve from whxch Young s

. modulus is determmed

‘I‘estmg procedure
The specunen is mounted in the teetmg machme in the same.

conf1gurat1on as for the unconfmeci compressmn. The specmen o

- is loaded to about a third the compresswe strength and then un- o

Ioaded to determme the permanent stram‘ Then the specimen is.

’ loaded to faﬂure .

' Computatmn of deformanon modulus

The deformation modulus (E) is computed from the stress- |

_ stram curve as. a tangent modulus where

E = _A.q_ . |
De
'If the stress-strain curve is not linear, the modulus is com-

.puted for segments of the cixrve" and the stress range is specified.

_ Computatxon of Pmsson s rano

Poisson's ratio (p) is computed from the lateral stram——

, longxtudmal strain curve where '
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Ae lateral _
AG longztudmal

).1

If the curve 1s not hnear » 1s computed for segments of the B

curve and the stress range is. SpeCIfled.

3. .»‘Brazilian-(Indirec_t.Tensile) Te st" S

Spec:Lmen preparatlon

Specimen preparatlon con51sts of cuttmg core 1nto pleces

: 1/2 to 1 mch long. The length and d1ameter of each core dlSk
~ are recorded | | R |

. Te stmg procedure

The testmg machme and accessorles descnbed for the uni- -

. axial strength test are used The core - dzsks are mounted in the

~ testing machme wr:h the dlameter ends agalnst ‘the platens.

| length.

The load is apphed at a nommal rate of 1,000 pounds per

mmute - The max1mum is recorded after the spec1men falls .
Computatlon
The tensile strength is reported for each specunen "calcu-

lated by the formula. :

Tg 2P/1r DL

where P is the applied ioad, D is the diameter, and L is the

" The ‘mean and standard dev1at1on of the tensrle strength are -

: reported for groups of specunens of the same rock type .
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. 4.» Trzaxial Compressmn Strength |
‘ Specimen preparatmn |
| Same as for unconfmed compressmn._ In addltlon | “the core
and platens are sealed w1th shnnk tubmg. _ » | |
b, ‘Testmg
o Sealed core and platens are seated in a Structural Behav1or =
Bngmeermg Laboratorles Inc tr1ax1al compressmn cell and f .
| X fllled thh hydraullc f1u1d A ver!:zcal 1oad of 25 percent the
uniaxial compressmn strength is apphed before the de51red
confnung stress is apphed The vert1cal load is applled at a |
'nommal rate of 400 pounds per. second untll fa1lure .
c. load measurements | E | | :
The conflnlng load is- measured w1th a dial gage. The ver—'
v_ tical load is measured_ by a BLH electromc, load cell
. d. Data output | | | o
| 'l'he failure load fo‘_r a g‘iven'confining stress .is' recorded on
- the XY _recorderr | The failure stress is calculated hy,t.he folloW— )
‘ing .formula: R : o k o
Failure load - Confmmg pressure (3 55 —.

Failure stress = -~ - . __area of spemmen)
: ‘ Area of sample

8. Rock-on-Rock Cut D1rect Shear Strength
: a. Specimen preparation _
. Drill core is cut into two disks thh helghts of 1/4 and 1 "

:lnch The two surfaces are ground to ensure at least 75 percent



f -contact. To prevent high stress concentrations on the edges of
.:tfthe d1$k they are beveled. ‘

".’Te sting

A modlfled 8011test direct shear machme that w111 accom—

»--modate up to az2. 5-—m -dzameter specxmen. A combmatmn 'f '
' worm belt—-varlable speed electrlc motor dr1ve glves a nommal

| 0 05 mch per mmute loadmg rate The normal load 1s prov1ded

- - =through a Ievel arm-—dead load arrangement The test 1s Tun

“through four to flve dlfferent normals for a dlsplacement no.

greater than 25 percent of the speczmen dlame‘c_er.

I‘I.oad measurements

Shear load is measured usmg a load cell The spec1men

-dlsplacement is measured usmg_ a LVDT and a 1_-_-1n. ‘dial gage. -

. 'Data output

~ The shear load versus disprl.acernen't is recorded on the XY

_ recorder for each normal. An area correction is made, then the

shear stress versus the normal stress is plotted to calculate

- the shear strength equation.



' APPENDIX C -

- ADDITIONAL DATA ON PHYSICAL ROCK PROPERTIES =~
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“Table C-1. Uniaxial compression samples

| —— == = =

 Specimen - Drill Hole . _'Depthvbelow . Rock - .Heighf/Di_a‘me'tkér,v] :
- No. : 'No. ~ Collar {ft) =~ Type . Ratio

A1 70 . ss2 . ore 2.1

- B-2 - crosscut - 6400 elev. .‘_::'cf),re .

I U RN Y T )

t

6 789 - - ' UAL
-6 789
45 7050
75 . 671

37 377
69 535 °
72 . 256

!

1

NN NN NN

L] L4 ] L [ ] [ ]

!
SN OO W N

!
U WO =

6 773 - Martin
69 521
72 . 239
4 R 4 S I
4 : 71

£

OHNHOQW OHOHNHN O

PO DD B N Nt

. e 4 »

1

buubbd-?oooodd
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e  Table Cv2_. Brazilian d'i'sk:tensiOn'is'ax'npié‘s- R

_v"-Specimén' Drill Hole- Depth-below.*“" “Rock : .’Height/t}iaméter" _'l
- No. No. - Collar {ft)  Type - Ratio-

oM=1 70.. - 852 ' - QOre . 0.50
M-2 - 70 - 852 o S .50
O M-3 70 547 o - .. .50
- M-4 ~crosscut - 6400 elev. . .40
S M-6 : . - .49

M- s

N-1 6 - 789 . - TUAL .33
N-2 - 6 789 - . . .38
N-3. & 789 41
N-4 45 705 - . .48
N-5 45 - 705 - .49
N-6 75 . 871 SR .45
N-7 89 .- 835 . .41
N-8 - 37 379 .34
N-9 37 . 379 a2
N=10 37 379 . .30

-1 S 6 S -773 - . . Martin o .41
-2 69~ 52y, - . S .46
3. ' 72 . 238 .36

4 72 .. 28 _ .45 :
-5 45 . o 71 s .28
6 . .. 45 0711 ' - .36




" mable C-3. Triaxial compression .samies} R

~ Specimen

" No.

e

o

Drill Hole
- No.

_ Depth below.
~ Collar (ft)

s

"Rock

-~ Type -

Height/Diameter -
. “Ratio :

T-1

T2

T3
- T-4
-5

_AQ_

B-7.
Cc-7

. C-8. -

- C-9
C-10

70
.crosscut

70
vcrosscﬁt‘

72
45
72

70

552

- 547
- 6400 elev. -

547

- 256

379

= Ore

6400 elev. L

UAL

s e 0. @ .
i Rl Sl N O

[ 3 . L]
ot

TN N NN
Foud pmd

.

BN N
¢« o o .«
OO
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ratio with its stress range -

-
=

- Speci- Failure : S ' ’ '
men ~ Stress . Stiffness  Stress Range P01sson s Stress Range
~ No. (psi) (E) (psi). . {psi) . - Ratio .~ (ps_l)_ |
ABG Zone = . B B
~ A-1 28,000 40.0x105 2,500- 7,400}‘- 0.20' : 0- 16,000

“11.8 . 15,800-26,500

B-2- 20,500 60.0° . . 0-3,500 .18 - 0-17,000 - .
-~ 31.4  3,500- 7,000 . .27 17,000-20,500

18,8 - 7,000-11,000 . o

14.4  11,000-20,500

~Run 2 33,500 45.0 o 0- 4,000 - .21 0-26,400"

17.5 - 7.500-11,300
- 13.0 11,300-18,000
12.2-~ 18,000-33,500

“Runl °  14.3 . 0- 4,500 .20 0-'7,500

.36 15,500-18,700

B-4 17,500 26.3 0- 6,000 .61 . 0- 9,500 -
o 16.1 6,000- 9,500 . .75 9,500-11,900
12.5  9,500-14,000 .93 - 11,900-13,200 -

10.7 . 14,000—17,300 1.30  13,200-14,600

RunZ 33, 100 ' _ 0-- 4 000 - <33 . 0- 9,000
4,000- 7, 000 .20.-...9,000-16,500
7,000~ 25,000 .30 16,500-26,000 -

© 25,000-33,100 .45 26,000-33,100

el el D)

e & o .

Run 1

L 4

2,500- 3,900 .20 '10,100-16,300 -
3,900- 5,400 ~ .24  16,300-21,400 - '
5,400~ 7,400 o e
. 7,400-12,500 -
. 12,500-21,400

L I

¢

'HHMN&
(OOO)\IE\’G) woumN
OO TN = NN O

]

A ;"Table C-4 Pailure stress' stlffness w1th 11:5 stress range' and P01sson s RS

17.5 7.400-10,000 .22~ 16,000-22.000 .
14.0 ©10,000-15,800 .32 = 22,000-28,000 .

10.7 4,500- 5,800 .22  7,500-11,600 .-
8.3 - 5,800-18,700 .29 - 11,600-15,500 .

0- 2,500 .25 . 0-10,000
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‘Table C—4. Paiiure sﬁ‘éés-—Contiriued* s o
' Speci- Failure B | o -
men Stress. Stiffness. Stress Range :-Poisson's. Stress Range = -

- B-6 20,400 42.9x105 0- 1,500 0.19 ~ ~ 0-16,400

S - 23,0 .~ .1,500- 3,700 - .32

17.9 3,700~ 6,000
14.3 . 6,000~ 8,000

11.8  ° 8,000-15,800 -
13,5 . 15,800-20,400

Unmiriefa-lized Upper Abrigo o o
c-1 15,000 20.0 0~ 3,200
- - 12.5 ° 3,200- 7,400
e © 7.400-15,000
.c-z 16,000 LSRR | o
C-3' 24,500 11 0- 4,500 .11 - 0- 8,500 -

~ 16,400-20,400 - .

- 'C-4. 15,000

C-5

" Run 2 13,000

‘Run 1

4,500~ 7,000

7,000~ 9,200

9,200-24,100

24,100~-24,500.

© 0- 3,900 -
3,900~ 6,800

6,800- 9,300

- 9,300-14,500

0= 700
700~ 7,100

. 7,100-13.000

0- 500
500- 2,100 -

- 2,100~ 7,400
7,400~ 9,000

.24
.40
.60
<93

1.6

©9,000-11,200

. 8,500-12,000
. 12,000-16,100 -
16,100-20,000 .

- 20,000-24,000
©24,000-24,400 -

24,440-24,500

~0-15,000

- 0-'5,500
5,500-10, 000
10,000-13,000

© 13,000-13,000
13,000-13,000
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‘Table G-4. Failure stress--Continued

Speci- Failure o R -
men  Stress Stiffness  Stress Range Poisson's  Stress Range -
No.  (psi) (E) (psi) - . (psi) -~ . Ratio . (psi) '

C-6 14,500 25.0x10° . 0- 2,500
C T 16.0 - 2,500~ 6,600

11.1 . 6,600~ 9,500

8.8 . 9,500-14,500

. Unmineralized Martin -

- D-1 " 10,500 4.8 . 0-4,800 - .22  -.  0-2,700
B : 4,0 . . 4,800~ 7,500 - .44 - 2,700~ 4,000 .~
3.0 . 7,500- 8,900 .50 - 4,000~ 7,100
2.1 - - 8,900- 9,600 - .56 . - 7,100- 8,500
1.0 9,600-10,500 .. .76 : 8,500-:8,900 .
.70 . 8,900-10,500
-D-2 13,500 70.0. . - 0-4,500 - .22 - .. 0-1,200 -
S 28.3 4,500- 6,500 . .
20.5 6,500- 9,500
12.9 - 9,500-13,500 |
-D-3. 26,600 13.3 . 5,000- 7,500 .- .13 - 0-11,000 -
S 10.0 - 7,500~ 8,800  .22.7.11,000-15,600 -
7.1 . 8,800-12,800 = .32  15,600-19,500 .
7.3 . 12,800-19,000 - .46 - 19,500-22,500
5.7 - 19,000-23,000 = .60  22,500-24,600
4.6 - - 23,000-24,900 - .72 - 24,600-25,800
3.6 24,900-26,600 1.00 - 25,800-26,600
- D-4 ..16,700 .17.5 .~ 0-2,800 .18 @ . 0-16,700
- 11.4 - 2,800-12,400 , : R
D-5° 20,500 15.0 - 0- 9,300 - .26 0-17,100
12,0 © 9,300-14,800 .16 ~ 17,100-20,500 -
10.7 - 14,800~-20,500 : AT -
- D-6 39,000 23.3 , 0- 6,000 .11 0-26,800 .
IR 16,0 6,000-11,500 .19 . 26,800-30,500
12.5 11,500-17,000 @ .28 - 30,500-34,700:
10.8 17,000-28,900 .38 . 34,700-37,000 -

9.8 28,900-35,000 .47 - 37,000-39,000
10.0 - 35,000-39,000 - - -




' APPENDIX D

' .SAMPLE COLLECTION AND TEST PROCEDURE =
. FOR RESIDUAL STRESS RELIEF*

1. . The} sarnple is oriented be:fore-removal from'theg drift -wall. e

2. A plane parallel to the beddmg plane and two other planes or- -

- thogonal to the beddmg plane are cut Wrth a dlamond saw On
) each plane a vsurface at’ leastz mches 1n dlameter 1s ground
e .smooth The locations of these ground areas should not be on

or near known fractures wherever p0551b1e.

3. The ground areas where the. stram gages are 1o be attached are

thoroughly cleaned w1th a solvent to remove grrt and 011._
4 The strain gages are attached to the. rock surfaces with epoxy
" cement in the followmg manner?' " B d _
a. _Epoxy is placed on the ground surface where a gage isto .
be fixed.
b. j"The gage is poa'itiOned'andv oriented'in .t}te deﬂsvs.ired manner
: and then covered w1th several pleces of Teflon—type tape .
c A p1ece of soft sponge 1/4 to I/Z—mch thrck is placed
over the Teflon tape. - | o |
v*d, . - ‘Masking tape is- wrapped around the rock to hold down the
sponge, which, in turn apphes equal pressure on the |

sstrain gage The tape holds the strain. gage in place and

*Procedure s modified from Gentry (172).
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| ‘the Teﬂon tape prevents the sponge from snckmg to the
X ;/Jgage The tapes and sponge are removed after epoxy has
f.hardened (approxrmately 24 hours). BLH three—element
_450 rosette stram gages Type FABR—S%) 1255 were used » _
- ‘The: gage/grld Iength of these gages 1s 0 S mches and the .
carn.er tr1m is 11/16 1nches m dlameter. e

One lead. from each of the three elements 1s soldered to a gold

post The remammg leads are all soldered to the fourth post,
: thus formmg a common ground -
'A thm protechve covermg of epoxy is spread over the gage and

“the trim, espemally over the area of the gage Before the epoxy : 3

hardened the four gold posts are placed on the outer edges of

the trim. As the epoxy hardened the 'pos‘ts are flrmly attached.
Each element of every gage'-is Inonitored bﬁr using'ab“switch—andé :
balance unit" connected to a Budd stram mdlcator. ‘I'he data

measured are stram changes (mlcro mches per mch) for each

-element, the time of the readmg,‘.and 1:_he temperature in de- -

o grees Centigrade ‘ Plots are 'made of "chang'e in strain. readings :

versus trme for each gage (Fig. 25 in pocket) After deformatron-'v

due to the saw ‘cuts and surface grmdmg ceases and the relanve ‘

«changes in strain ,readmgs ' the c_onclusmn is that the --stram

-readings have essentially stabil_ized and the gages are'indicat'__’

ing contraction and expansion of the rock due to texnperature .

'changes This can take anywhere from 4 to 12 weeks to occur. . |
~ After the strain readmgs have stabrhzed a plastvc drsk 1 3/8

inches ID by 1/4-,1nch ,thlck wrt_h. .;a-pproxunately a 2_-1nch OD is =



' .‘15‘,2

placed around the strain gage and cemented wrth epoxy. Thxs

‘;vserves as a collar gu1de for overcoring. - ,'

" The strain gage is overcovered w1th a d1amond b1t to a depth of |
] 'approxnnately 2 inches. Rambosek (1964) has shown that rehef v.
‘.of stresses in a core is complete when drlllmg has reached o
" 11/2 core dlameters from the face of the borehole .

‘After overcormg is completed the specn'nen is agam momtored . .

* Monitoring contmues untll the rock spe01men has agaln sta-.”

: bilized The resultant change in straln readmgs before and

10,

j 'after overcormg represents the measurement of res1dual stram

released as the result of overconng. oo

~The overcored segment is broken free from the block Agam the L
'straln gages are momtored untll they stab111ze . The resultant
o change in strain readmgs before and after re lease from the - -

'block represents the total stramreleased w_1thout crushing the: o

rock.



,,.,.APPENDD( '1:

- A GUIDE TO THE ESTKMATION
OF IN SITU STRESSES*

-...onentatmn and magmtude of the in 51tu stresses thhout the benefrt of
: 'stress mea-surements “The followmg 1s presented for estunatmg the ': .
' :onentatmn of the three-d1mensmna1 prmcmal stresses usmg ‘the geo-—
'loglc -environment. Answer the followmg questxons
1 What is the roc;k type" |
Igneous - hlgh honzontal stress probable. (Co to 2. ) |
Metamorphlc — hlgh horlzontal stress probable {Go to 6.)
Sedlmentary — hlgh honzontal stress p0531b1e . (Go to 10 )

.2. Is there nearby faultmg (= 100 ft)

'Ye Gmax is approx1mate ly parallel to fault stnke
(Go to 3.) ' L

No — (Go to 4.)
3. Normal faultmg or reverse and stnke-—shp faultmg" -'

‘Normal — mt is downdlp on the fault

o:mm is normal to the fault plane. (Co to 18. )

‘Reverse — G jpt is normal to the fault plane .
. and : _ _

. - , .Strike- . o . o S o
B o slip — 6., is downdip on the fault plane. (Go to 18.) -

w“

*This procedure is from Abel (1974a).
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~Itis commonly necessary to make a reasonable estlmate of the .
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- 4- Is one joint set pervasive and predolminant‘>
k Yes - o'max lies 1n plane of this major joint set.

Gint lies in plane of this -major jomt set

5'min is normal to plane of thls maJor jomt set
(Goto 5.) . ' ‘

_ No - Pr1nc1pa1 stresses lme up w11:h orthogonal Jomt sets"v

. (Rank Jomt sets based on average spacmg, closer
spacing means h1gher rank ) | | |

Gmax is parallel to the line of inte'rseetlen "between v',f_v .

the two highest rank Jomt sets and normal to R

the lowest rank joint set

Gmin is normal to hlghest rank Jomt set i.e., the s
joint set with the closest average spacmg

 Oint is orthogonal to 5max and Gmm- (Go to 18 )
5. Rank remammg Jomt sets based on average spacmg. :
| | - Opmax is in the plane of the hlghest rank Jomt set
and approximately normal to the lowest rank
orthogonal joint set. |
Oint is orthogonal to O‘max and dmin-'. (Go tev.18‘.) |
, 6.‘, s there a pervasive local foliation onentatxon'? | |
| Yes — Gppax lies in the plane of the folxatmn. (Co to 7. )
Ncs_-—" (Go to 2.) " o
7. bb'Is there a Jomt set present in the plane of the fohatlon"
Yes — 6 min is approxnnately.no_rmal to foliation. (Go to»9'.)‘_.
No— - (Go to 8.) R : -
8. ‘Is one joint set pervaswe and predommant" |

Yes — C’max lies in plane of thlS major joint set.

Oint lies in plane of thls major Joint_set .



o6 in is normal to plane of th1s ma;or Jomt set. »
’ {Go to 9 D v .

No - ‘Prmcxpal stresses line-up w1th orthogonal Jomt

' ',.sets.. {Rank )omt_,.sets based cnvave_rage spagmg.) 5 _‘

Gpin i normal to highest rank joint set, i .e., the
“joint set with closest average spacmg, : e

: O'max isin Lhe plane of the hlghest rank joint set
-and approximately normal to the lowest rank
orthogonal )Oln‘t set : B

O'mt is ‘orthogonal to Gmax and Gmmo (Go to 18 ) L

9.“_ Rank remammg Jomt sets based on average spacmg

Omax is parallel to the hne of intersection between S
' the fohatmn and the predommant Jomt set.

0‘ jnt is orthogonal to O'max and O‘mm, (Go to 18 ) o

10. Is the area under study near a fault" ( = 100 ft)

Yes — o'max lies parallei to the line of 1ntersect10n be'
: tween the plane of the fault and the beddmg. ‘

Gmm is normal to the fault and orthogonal to o'max.

Cint lies in the plane -of the fault and orthogonal
‘to Omax and O‘mm. (Go to 18 ) .

No — (Goto 11.) _‘ E
il’. : 15 the bed- in which the-principal streseee afe to be eetimated'
stlffer than ‘the adjacent beds and less than 10 tlmes as thick,
‘in feet, as the ratio of the modulus of the bed (EB) to the aver- |
-:age modulus of the ad;acent beds (Ep)? v '
| Yes — Omax and Sint 11e in the plane of the beddmg.
Omin is normal to the bedding.. (Go to 12.) o

No — (Go to13.) -



.; 12;..

13.

14.

15.

. 16.

Oy max lies paraIIel to the line of 1ntersect10n be— :
tween the bedding and the hlghest rank cross-
beddmg Jomt set . : :

Cint “is orthogonal to 6 max and O‘mm. (Go to 18_. )’ ‘

s the‘ bed 1n whlch pr1nc1pa1 stresses are to be estnnated‘ less -

: stiff than the average stlffness of the ad;acent beds and le ss
' 'than 10 times as thlck in feet as the ratzo of the average
:fmodulus cf the ad}acent beds (E A) to ‘the moduius of the bed ; |

itself (EB)’?

Yes - O mar{ is normal to plane of beddmg. (Go to 14 )
‘No — (Gotwo15) o
Rank crossbeddmg 3o1nts based on. averaée spaelné .
| e int lies parallel to line of mtersectxcnvbe’éween
-bedding and hlghest rank crossbeddlng joint

“set.

6 min is normal to highest rank crossbeddmg 3o1nt v
set. (Go to 18.) . '

Bed in which principal ‘etres ses are t_o‘he eetinﬁated_.is 'mas'eive_ ‘
(=100 ). S
 Yes - O_max is roughly perpendicular to beddmg (Go to 16. ) '
No — (Goto 11. )
Bedding is flat lymg.
Yes — Rank crossbedding -jeints' based orr a\}era-ge 'spacing. :

6int is horizontal to and lies in plane of highest -
f=rank- crossbedding joint. :

6 min is horizontal to and normal to hlghest rank
crossbeddmg joint. (Go to 18. ) ‘

No — = {(Goto17.)

_ ;‘Rank crossbeddmg joints based on average spacmg. . o }“ o



-17. Are there crossbeddmg joint sets'f’ B

Yes — Rank crossbeddmg ]omt sets based on average -
- - ~spacing ; : o

- Oint’ hes in plane of beddmg and in plane of h1gh- '
-est rank crossbedding 3omt set. : : S

'G'min lies in plane of bedding and normal to hlghest 'A
rank crossbeddmg Jomt set. (Go to 18 )

.No L— G'mt is parallel to strzke of beddmg. - S
6 min i8S perpendlcular to stnke of. beddmg.
| 18.. 'I‘he principal stress onentatmns you. have 3ust estlmated are’
| l_ just that, “estzmates ," subject to change when stress measure— |

ments are made .

- One method of estlmatmg the magmtude of the three—dimensxonal E
prmcxpal stresses is to take the orientation results and answer the follow- '
: mg:_ j

Covb = overburden stress (?I-I)

_19.. : W’hat is the rock tjrpe'? _
- Igneous. (Go to 20. ) |
Metamorphlc. (Co to 22 )
v Sedxmentary. (Go to 24.)
'20; Is there nearby faultmgf’ ( = 100 ft)
Yes — (Go to 21.) | |
"No — -o‘max‘is'- approximately (=)1.5 »-vab:.i |
“Gint 1s abproximately' 1. 0 5ovb

5mm is approximately ($ ) 1. 0 o—ovb-.v s
{Go to 28. ) '
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21,  Normal faﬁltirig'or reverse endl stfike 's.lip‘ faﬁl.t.ihg'; B

| Normal — o_max is approx1mate1y ( S) 2 0 Govb- -
' °-int is approximately 1.0 c ovb 3

" Omin is approx1mately (5) 1.0 dovb.._._.

‘Reverse — Omax 18 approx1mate1y ( >) 2 0 6'ovb- =

and

Strike~ ~ Ojipt is approx1mately K : 1 5 Govb- _

- slip
(Go to 28 )

g :_22. 1s there nearby faultmg'? (= 100 ft)

Yes _ (Go to 23.)

No — Opaxis approx1mate1y (< ) 2.0 U'ovb- S

Cint  is apprommately ( >) 1.0 50vb~ -

Gml is approx:.mately 1.0_ Sovb-
(Go to 28. ) S

: 23. ‘Normal faultmg or reverse and strlke sllp faultmg'v’ '

Normal — & max is approx1mate1y ( >) 2. 0 G ovb.

6'

O min 1S ‘-approx1mate1y (= )' 1.._0_ G @vb-

Reverse — O max is approximately (s_-) 3.0 Goyb-
and e

Strike- Cint is approximately (< ) 2 0 °-ovb
slip .

(G to 28.)

24 . Is there nearby faultmg'-’ ( = 100 ft)

Yes — (Go to 25.)
No. . — (Go to 26.)

o Gmin is approxlmately ( >) 1.0 GOVb .

int 1S approxzmately 1. 5 6ovb- ‘

Gniin is approx1mately (< ) 1.5 5ovb-..
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( A

. 25 Normal faulting or reverse and stnke-—shﬁ faultxng. |
| Normal — Omax is approx1mately (._ ) Govb-"_. S
| 6 mt 1s approxzmately G'ovb-

o-mm is approxzmately ( = ) Govb'

“Reverse — 6max is approxxmately ( >) 1 5 Go‘vb- S

and o
- Strike- 0 int is approx1mate1y (>) 1 0 5ovb- L
~slip B
e} min is approx1mate1y » 1 0 Oovb. .
(Go t0.28.) '

| .:‘26. , Is the th1ckness of bed in Whlch pr1nc1pa1 stresses are to be
_esnmated 1ess than 10 times the ratzo ,m feet of the hlgher } 'b
: modulus bed(s) to the lower modulus bed(s)" | |
Yes — (Go to 27 ) v '
‘No — Gmax is approx1mate1y Y,_:Wb'. =
o mt is apprommately (=)o ovb*

‘ Omin is approximately (< ) ‘Tovbo."".'
(Go to 28.) . o

- 27. Is the stiffness (quulus) of the bve.d in'which pﬁriéi;ﬁai_st_resée.s'
ére’ to be estimated (EB) grea'ter‘tha‘ri thé aj}eraée Stiffne‘sé _
. (modulus) of the ad}acent beds (EA)‘? O |
Yes — Gmax-is approx1mate1y ( >) (EB/EA) o ovb
Oynt 1is approx1mate1y (< ) (EB/EA) Govb' o
~Gpmin is approxnnately R e G'ovb'
No — Gpax is approximately = GOvb .
Cint is. apprommateiy (=) (EB/EA) Govb~‘ g

6 mi is approximately (< ) (Eg/Ep) 60vb
{(Go to 28.) _ v
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The estn‘nanen of the magmtude of Lhe three-d1men51onal prm- o

.cipal in s:11:u stresses is urxhkely to produce a 'tru}.y acc:urate

“picture. However, an error between stress estxmate and mea—'

-surement must be qulte Iarge before geometrlc stress concen-— .
: .,trahon Iocatxons are greaﬂy altered Wxthout estunates of

stress or1entatlon and magmtude 1t 1s 1mp0551b1e to approach

the rock stability emgma, apphed stress versus m-—place

‘ ‘strength .
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