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50 . Rock Classification

TABLE 2-10

References to Some‘Engineering
Classification Systems for Rock

Object For general purpose For a special purpose
Rock Coates (1964) ‘ Bergh-Christensen and Selmer-
Material Olsen (1970)
Coates and Parsons (1966) ~ resistance to blasting
Deere and Miller (1966) Selmer-Olsen and Blindheim
and Deere et al (1967) (1970)
- drillability
Underwood (1967)
- shales °
Rock John (1962) Terzaghi (1946) - tunnels
Mass
Onodera (1970) Lauffer (1958) - tunnels
Iida et al (1970) Bieniawski (1974) - tunnels
- Muller and Hoffman (1970) Barton et al (1975) - tunnels
Franklin et al (1971)* Kruse et al (1969)

- tunnel liner design

Ege (1968)
- tunnels in granitic rocks

Obert and Duvall (1967)
- mining

Goodman and Duncan (1971)
- rock slopes

Caterpiller Tractor Co. (1966)
rippability

* Best applied to rippability classification.

2-10). The rock strength is to be determined either by unconfined
compressive strength tests or by the point load index, previously
discussed, This apppoach can be useful for organizing case experi-
ences,

A number of workers have considered the specific problem of rock

mass c¢lassification for tunnel excavation and supports. Barton,
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Lien and Lunde (1975), for example, adjusted six parameters by means

ot detailed study of 200 underground case histories, in proposing
a single numerical tunneling index -- Q.
0 - ML h =)
J J SRF
n a

RUi refers to the percent modified core recovery (Deere, et al.,

P67y, calculated from drilling logs by deleting from the “recovered”

catupory all pieces of core less than four inches long*. A minimum

&

L

AP euragiedl £y - &

Barton, Iaen and Lunde state that Norwegian Geotechnical Institute©
ireologists have found they can estimate RQD values in jointed, hard,
clay-freoe rocks from freld « timates of the number of joints per
cubic meter (J ). RQD = 115 - 3.3 J,  (RQD < 100)
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Rock Classification

RQD of 10 is used in evaluating Q. The other terms in Equation 5
c¢valuate the number of joint sets and the roughness, alteration,

water and stress conditions according to Table 2-11.

TABLE 2-11

]
Values of the Parameters

in Barton, Lien, and Lunde's Classification

A, Number of sets of discontinuities Jn
massive 0.5
one set 2.0
two sets 4.0
three sets 9.0
four or more sets 15.0
crushed rock 20.0

B. Roughness of discontinuities Jr*

non-continuous joints 4
rough, wavy 3
smooth, wavy 2
rough, planar . 1.
smooth, planar 1
slick, planar 0
"filled" discontinuities 1

r

CUOULOOO

* add 1.0 if mean joint spacing exceeds 3 meters

)
t

C. Filling und wall rock alteration Ja

a) essentially unfilled

bealed 0.75
staining only; no alteration 1.0

silty or sandy coatings 3.0

cluy coatings 4.0

b) filled

sund or crushed rock filling 4.0

stiff clay filling <5 mm thick 6.0

soft clay filling <5 mn thick 8.0

° swelling clay filling <5 mm thick 12.0
‘ stiff clay filling >5 mm thick 10.0
sott clay filling >5mm thick 15.0
swelling clay filling >5 mm thick 20.0
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- Table 2 11 {(centinued)

D. Water conditions Jw
dry 1.0
medium water inflow 0.66
large inflow with unfilled joints 0.5
large inflow with filled joints
which wash out 0.33
high transient inflow 0.2 - 0.1
high continuovus inflow 0.1 - 0.05
E. Stress reduction class SRE*®
iouse rock with clay-filled
. discontinuities 10.0
loose rock with open discontinu-
ities 5.0

rock at shallow depth (<50m)
with clay-filled
discontinuities 2.5
rock with tight, unfilled dis-
continuities urder medium
stress 1.0

* Barton et al aiso define SRF values corresponding to
depgrees of bursting, squeezing, and swelling rock conditioas.

TABLE 2-12
Atier Barton, Lien, and Lunde (1975}

Q. Rock mass quality for tunneling
<0.01 exceptionally poor
0.01 - 0.1 extremely poor
0.1 - 1.0 very poor
1.0 -~ 4.0 poor
4.0 -~ 10.0 fair
10.1 - 40.0 © good
40.0 - 100.0 very good
100.0 -~ 400.0 extremely good

>400.0 exceptionally good
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Barton's analysis of case histories yielded a relationship for
the maximum safe span (D) for an unsupported underground opening as

a function of Q:

D = 2.1 (Q)9 387 (6)

where D is in meters, and Q is in the range 0.001 < Q < 1,000.
Other functions of Q are given to select supports for different types
of openings.

For example, consider the rock masses in Figures 2-9c¢ and 2-9e
with respect ‘to tunneling at 40 meters depth. In the former case,
assume the RQD is found to equal 30% and in the latter 75%. Assuming
there‘will be no water inflow, we might estimate Q for each case as

follows. For the rock of figure 2-9c¢:

30 1.0 . 1.0 _
Q = F - 35 50 0.83 (7

-

According to Table 2-12, this classifies as very poor rock; the

maximum unsupported span according to (6) is about two meters. For

the rock of figure 2-9e:

_ 758 . 1.5 _ 1, _ - ‘
Q 15 1.0 5 (8)

l
o
|

et
o)

This qualifies as fair rock; the maximum unsupported span is about
four meters.

Barton's classification scheme has considerable potential for
engineering for underground works as well as for generalization of
experiences in other areas of engineering. A somewhat similar
clussificaiion,‘developed by Bieniawski (1974) is presented in Table
2-13. Of course, no classification system can assign a hame as
generally informative as a careful description of the geological
environment, the rock material, the weathering profile, and the
system of discontinuities. Table 2-14 summarizes those factors

appropriate in a geotechnical description of a rock mass. Table 2-15
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is a standardizsd data sheet developed by the South African Central
Scientific ancd Industrial Research Organization (CSIRQ) and is useful

for providing input for Bieniawski's classification.

TABLE 2-12

Geosnechanics Classification of Jointed Rock Masses .
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TABLE 2-14

Some Factors to be Considered in
a Geotechnical Description of a Rock Mass

A. Rock material

Petrologic description -- rock name, texture, fabric, principal
and accessory minerals; nature of cement; alteration effects.
Presence of alterable minerals such as gypsum, pyrrhotite,
etc. should especially be noted.

Classification as "rock! 'weathered rock'" or '"soil-like rock"
according to results of simple tests (see Table 2-1).

Weatherability according to slake-durability or other test.

-Mechanical properties according to an index test -- e.g.
Schmidt hammer, point load test, or scratch hardness.

Degree of weathering according to laboratory index tests or
mineralogic criteria.

State of fissuring, determined from polished sections or thin

. secltions or by results of wave velocity measurements,
tension tests, volumetric compression, or radial permeabil-
ity tests. "

- Micro .structures in the hand specimen -- bedding, foliation,
etc.

B. % ering Profiles

\
bescription and classification of all the intermediate
" weathering products and their spatial arrangement together
with results of laboratory tests indicative of their
mecnanical properties, .
Description of joint properties in the different stages of
weathering.

C. Discontinuities

Preferred orientations and spacings of each set, structural
name, (e.g. bedding, joint) for each set; roughness
angles versus wave length and description of wall rock
as wavy, rough, smooth, or slickensided; note roughness
anisotropy. o '

Wall rock scratch hardness expressed by a standard termin-
ology, or strength as measured by Schmidt hammer.
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flock Classification

TYable 2-14 {continued)
[

Filling material:
compactness; composition;
classification as:

swelling,

thickness; completeness of filling;

% clay and soil properties;
erodible, soluble, or

or stable.

lrterlocking and tightness of fit:

cavernous {(or loosened}.

Other features:

of water; wlll rock alter

TABLE 2-15

lnput Data Form:
Beomechanics Classification of Jointed Roclk Massas
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REQUIRSD INTACT ROCKX AND ROCK MASS PROPERTIES

WITH APPROPRIATZI INVESTIGATION

CHENIQUES

Inzortant Intact Rock and
Rock Mass Properties
eculired

Lithology, Stratigraghy

Approoriate Direct
Investigation
Techniques

Core reccvery and inspection.
Borehole camera or television.

Appropriate Geophysical
Investigation
Techniques

Numerous, including spontaneous or)
natural potential, resistivity, )
caliper log, sonic velccity, )
Nuclear probe, 1.e. natural gamma,
neutron-neutron, neutron-gamma,
aqamma-gamm

comments

(A) Good data obtainable

(B) Some uncertaint:es but ro
major adverse jimclications

- Open borehole.

- Open or cased korehole
- Core inspection wmore reliable. (A)

e, 3oint and bedding
lana frecguency (RQD)

‘Core recovery and inspection.

Borehole camera or television.

Resistivity, caliper log, some
velocity, seisviewer.

Direct methods and seisviewer =cst
useful. Selsviewer can ke used in
nud~-£111ed hole. (A)

Fissure, joint and beddirg
glane crientat:ions

Borehole camera or television.
Oriented core (Corex).

Caliper log.

Fissure, jo0int and bedding Core recovery and inspection. None applicable. Good assumption can ke mace :in
nlane rouchness and und:lation comcetent roc4. . {B)
Fissure, joint and bedding Mineralogical an@ getrographic Natural gamma (clay or shale Caution should ke used in des;én
plane filli=ec and condition examiration ({indirect) content of adjacent rock)- if hiagh clavy ccrsent 1dentif:zd. {2
Tissure widtns Borehole camera or television. Caliper log Fine fissures - core, int2grel
Core recovery and inspection. Seisviewer. sampling, seisviewer, caliper.
Wide faissures - all methcds
exceot ccre. ()

Locaticn and extent of weax

ZCNeS

Core recovery and inspection.
3oranhole camera cr television.

Numerous, as lithology and
stratigraphv, olus seisviewer.

Mineral content of weak zones

Mineralogical and petrographic
examination of ccre.
Borchole camera or televisicn.

r21 garmra (clay or shale

lay be some difficulty in recover-
ing V. weak waterizl due to

effects of <ri1lli~g wesh- ()

Mass Permeability

Packer €ests, drill stem tests,
borehole camera or telewasion
{haghly permeable zones),

As for fissure widths and
frequencies.

Packer and dr:ill stem tests bast
direct methcds. OQther methodls
should irdicate gresence o8 very

permeakle zones.- (3)




Fecuilrel I-wact 2otk and ROCK
VLT AZprconriate Investlcation

-

Le Gecphysical

a
Investigation
Techhlcoes

N
})

R QOSE dzt
(3 =~z

perosaty ©nd bulk densaity Ccre recovery and testing. Spontaneous or nateral nctential.
Neutron-ncutron, neutron-camna,
camma-camna and seiswic veleocitys (AY
weter lavels (zressures) pPLezometers. Spontancous patential, rsslstmvxty,
. NeLLron-uamnad, gamra-~-gamma. {A)
In-ci2c state of curess Hydrauwlic fracturing. None applicable. Other rethods availakle but ncc
' for use at creat depth. Hyire-
fract of limited use :f ga>crv. (B)
Urcor¥ined cocozressive and Ccre recovery and testing. None apnliceble. tardard lab tests, no problems
ternsile s=rength ¢of intact . ‘G'e=een- {5}
rse
¥ingralcosical eccrzosition vineralogical and petrographic- Sore available,kut reduendant if
©s rxoccr examination cf core. core is re c*vcred (>
Grourdwater chemistry Mechanical baler with opening libroted fluid res:stivity, Baler may need some mwinor
and closing hatch at depth- Neutron chlorade logging. development. {~)
- Measure 1on concentration
and salinity.
zdulus of elasticity of Core. - Sonic velocity. Medulus cetermirat:ions not of
intact rock or xock mass major sion:ficance, but vseful. B}
ROCX terzergture None Temnerature probe., (z
Ssuxce and moverent of ground- None. lowmeter (cculd be considered as
water in hole direct techn:iqgue, but perfcrmed by
geophvsical exoloration companv) (z)
forehole directisnal survey Dipmeter, See comments . Hole direction can be surveved

Multi-shot photographic direc-

during drilling and/oxr with

tio=al in¢linomcter. geovhvsical loaging. [A)
Overall geologic structure and stratigraphic vVarious geophysical technigues at
correlatiors besween €rill holes. cround surface. Litaslogrgal and :
stratigraphic correlaticns betwaen -4
° bozeholes. (3
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Table 7. Estimated costs for borehole viewing equipment and services 11975}
Instrument  Maximum Direction” Transmission Maximum . Approximate Cost ($) Remarks
range 1n of view of image draneter of borehole
ft (m) instrument  size purchase lease
Borescope 10 at right 2 telescop- 1.25 in. - 360 -
(3) angles to  1ng tubes (3.2 cm)
borescope
Borescupe 25 at right series of 1.31 in - 430 -
(8) angles to  coupled {3.3 cm} '
borescope  extension \
*ube<
Periscope 110 at right coupled 2.20 in. 2.5 in. 27000 250/ wk
(33) angles tc  extension (5.6 ¢m) (6.4 cm)
- periscope tubes
Camera 1000 parallel record 2.75 1in. 3.0 in. 30000 - cost includes camera
{300) to probe image on (7.0 em) (7.6 ¢m) + 1000 ft {300 m)
axls film cable and winch
Televiston 1000 parallel power and 3.0 in. 4.0 in. © - 300/day cost includes probe
(300) to probe trans- (7.6 cm) (10.2 ¢cm) with 1000 ft of ceble,
axis mission monitoring unit, truck
cable 2 technician and all facil-
ities except mobilization
and interpretation
Television 1000 at right power and 2.48 in. 3.0 1n. 4€000 - cost ncludes a1l
{300) angles trans- (6.3 cm) (7.6 cm) equipnient with 1000 ft
to probe mission (300 m) of cable, monitor-
axls cable fng unit etc

Note: f{osts given are those for new umits: used equipment s considerably cheaper.
Delivery time for periscope, camera or television is approximately 5 months.
Range is limited by the amount of cable with unit and by the water pressure

on the probe:

It includes compass orientation and depth on the

the probes given here are unly rated Lo withstand 750 psi (5MPa).

116. The borehole

television camera (7) uses a

16 mm film. Analysis involves projecting the closed-circuit television system and consists of a
doughnut-like picture onto a 360° groundglass probe containing the television camsra, a lowering
screen, using a conical mirror., A special device, drum of coaxial cable, control cohsole,
transparent overlay sheet s used to make the and monitoring unit as shown in Fig 10, Dirty

necessary structural interpretations (6).

water is a drawback and must be removed,

Minimum



T/RLE 1

PHELIMINARY SUMMARY OF COMMON CORING TECHNIQUES
Tl HEAVILY JOINTED AND POORLY CONSOLIDATED ROCK

Methed

Triple Tube Wire-

line System

Depnison
Sanmpler

Craelius
Sampler

illydra-Flex
Core Barrel

Core Darrel
Flow Control
Valve

Cryo-Coring

Suppliexr

Longyear

Acker & Others

Atlas Copco
Craelius

Diamond 0il Well

Driliing Co.
(Texas)

Acker

- Various

Description

Wire-line core barrel with
split tube liner for re-
tention of sample.

Variations: Drill with mud
in poor ground; use with
basket-type "Full Closure®
lifter; plastic liner for
inner tube; chrome plated
inner tube.

Basically a thin walled core
barrel capable of retrieving
large diameter (in relation t
hole dia.) cores.

Similar to above, with split
tube liner option.

Thick walled core barrel
(4-1/2" O.D./NX Core) incor-
porating nvlon reinforced
rubber liner which envelopes
core to prevent disturbance.

bDevice Ffitted to core barrel
toc decrease fluid flow in soft
zcenes, thus preventing washing
of sample.

Pre-freezing poor ground prior
to drilling. !



TABLE 2-13

Geameachanics Classification of Jointed Rock Masses

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS
Point 10ad " U-se of uMmaral 2nm-
Sm:;glh strengIh 1adex 8 MPy 4 -8 MPa 2 -4 MPa 1-2MPa pressive test prelvired
ntact 1ock Uniasial . .
] matenial ; 12-25¢( 3w '3
- compressive 200 MPa 100 - 200 MPa 50 - 100 14Pa 25 - 5G *4Pa s | e | we,
stzength
Rating 15 ) 12 ? e 2 1 0
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DETERMINATION. OF ATTITUDES OF JOINTS SURVEYED
WITH A BORESCOPE IN INCLINED BOREHOLES

by

M. A. Mahtab,! D. D. Bolstad, 2 and R. R. Pulse3

ABSTRACT

This-report describes the proccdures used by the Bureau of Mines for
obtaining attitudes of joints surveyed with a borescope in inclined boreholes.
An algorithm for computing the dips and azimuths of the observed joints is
presented. The algorithm is used to solve an example problem. A computer
- program based on the algorithm is listed. It is hoped that the procedures
described here will be useful in treating large quantities of data obtained
from comprehensive borehole surveys.

INTRODUCTION -

A borescope (also called a borehole periscope or a stratascope} is zan
optical instrument used for visual inspection of boreholes. Important sub-
surface geologic information can be readily obtained by a borescope examina-
tion of small-diameter, short (less than 100 ft) boreholes. During the past
few years, the Bureau of Mines has frequently surveyed boreholes for obtaining
the geometry (that is, spacing, orientation, and aperture) of fractures in
underground mines. A computerized scheme was devised in 1970 for determining
attitudes (dips and azimuths of dip) of the joints surveyed in inclined bore-
holes with a borescope. This scheme has proved useful in reducing the field
data from many comprehensive borehole survevs of joint orientations. The pur-
pose of this report is to state the procedures used by the Bureau 1in determin-
ing attitudes of joints surveyed in inclined boreholes.

The solution for dip and azimuth of dip (or equivalently, the strike) of
joint surfaces surveyed in inclined boreholes with a borescope has not (to the
author's best knowledge) been reported before. The relatively simple problem
of finding attitudes of joints surveyed in horizontal boreholes has been
treated by Cooper (2).° The more interesting problem of inclined boreholes
has been solved by Dakhnov (3) for borehole surveys made with a

!Physical scientist.

fGeolugist.

“Physical research scientist.

*Underlined numbers in parentheses refer to items in the 1ist of refevences at

the end of this reporvt.
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threc-clectrode sonde. A modified. Dakhnov solution would, however, be sult-
able only for a borchole with a diametetr equal to that of the borescopa. In
addition to this limitation, Dakhnov's solution would require a greater com-
putatiovnal effort than would the scheme presented inm this report.

"The next section of this report describes the procedures used for col-
lecting and recording the borescope data. The algorithm used for determining
the attitude c¢f an observed joint is described in a subsequent sectiomn.
Ancther section of the report lists the coﬁputer program for determining atti-
tude ¢f the surveyed joints.

DATA COLLECTION PROCEDURES

The essential optical features of a borescope are shown in figure 1. A
iight source is housed at the bottom end (farthest from the viewer) of the
borescope. A picture window near the bottom end of the borescop=z transmits
the picture of the object to a priswm that refracts the image and tramsmits it

through a sequence
. of lenses to
7-:  another prism near
5 the evepiece. Sev-
“i.. eral exteasion
. tubes (of lengths
2 ft to 6 ft) can
be assembied :o
reach a desired
depth in the hole.
A winch (or a
A tripod) is uov-
S T LN melly vegquivad for
C e e supperting and
' ;f;;“.,i,u R T guiding the bore-
L _”‘:;;//,ef{':t' e scope in upholes
e Ces Tl (or dowmhioles)
N . Co T that are longer
‘ R than abcut 15 fi.
P A S The “lewing direc-
- tiow in the helc
—~-~Boresccpe tubing is deczymined by
) the pir ir the
s /%? first (syeplec2)
Eyepiece ~ . tube, vrick s in
//% alinzwmeat with the
pivs on =11 the
othes {(exte.szion)
tubes,

Viewing _ _>
window ™~

'e,-—--"- i u'
Borehole — =~

W’ - — v7,1n=- . R e
' ' Rosseops
susvraying for
joirt attitudes

FIGURE 1. - Essential feotures of a borescope (plan view). coasists of



Project: Sax Mapve/ = Borescope Svsveyray sFjess’r
Study site: 20/5 L evel, Priff 22
Borehole: Ho/e No. EXZ) L te Jeiyf Sel 3 o

Az;moth of hole = |34°

Page of

Inclination of hofe with tha horizen 2 12° (inclined up)
Oiameler of hole =/, 5/».;’ diagmeter of borescope = /.0 /n.

Observer: R. rte
Recorder: R. Pulat

Date: May /j 1770
N , ‘ . length
Joint Dlstgnce from a collar to eyepiece, ft | ¢ tubing Remarks
No. Right Top Left removed, ft
Initiaf ﬁ'7)‘/‘ of tvhing = /5.05 &
! 0.80 0.9 0.75 Open joint (§ wide 3" deep)
c . /741 .37 [1.39 Partially o/un.,‘g(” W;/e,pyr/fe
filling
2/ 6.00 5,96 5.99 £.00 |Open joint, § wide, one 6+
extenson temoved
22 0.22 0.20 0.23% Open on [eft,§ wide
37 | 5.6 5.77 5.77 6.00 |Open b wide,Corcite fillsy one
. G FF exfension removad
I8 0./6 0./7 0.17 Open,is wide
44 2.60 2.52 .59 Deep& ope, Y wide, lost
obscrvalion inhis hofa

FIGURE 2. - Example data sheet for recording borescope observations of joints.



measuring the axial distances from the collar of the borehole to three points
on the observed joint plane. Two of these points, the 'right'' and the 'left"
points, are Jocated at the intersections of the midheight borescope diameter
with the borechole perimeter. The third point is located at the crown of the
borchole. Unless the joint plane is normal to the axis of the borehole, the
torescope has to be moved back (or forth) between the right and the top and
betwecn the top and the left points. An example data sheet for recording
borescope observations is shown in figure 2. Note that the distances from the
borehole collar to the eyepiece are recorded in the data sheet. The actual
distances from the collar to the three points on the joint plane -are simply
obtained by subtracting the recorded distances from the known total length of
the borescope tubing. Note also that the observations are begun at the joint
farthest from the collar of the hole; successive lengths of the borescope
tubing are removed as the bottom end of the borescope is brought closer to the
collar.

DETERMINATION OF ATTITUDE OF A JOINT

The attitude of a joiunt plame is defined by two angles; namely, the dip ¢
{downward inclination of the jecint with the horizon) and the azimuth of dip 8
{clockwise horizontal angle from north) to the directed dip line. The choice
of azimuth of dip, instead of "strike' {angle with north of a horizental line
on the joint plane), was made for convenience in using the existing computer
techniques (4) for analyzing joint orientations.

The Algorithm

As mentionmed in the previous section, a borescope measures the axial dis-
tances from the collar of the borehole to three points (1 = right, 2 = top,
and 3 = lefr): Figure 3 shows the location of these points in a local
(X', Y', 2') system and the global (X, Y, Z) system. Notice that the ¥' Z°
plane is given by rotating the Y Z plane around the X (or X') axis by angle v;
that is, the axis of the hole (Y') is inclined up at angleoy. The two coordi-
nate systems are related as follows: '

!

X ! 0 0 X'
Y = 0 cosy = siny Yt . (1)
z 0 sinwy cos y Zj

Note that for a hole inclined down from the horizom, a negative sign should be
used in front of y in equation 1. i

-For convenience in computation, the origin of the X' Y' Z' system can be
shifted by a distance Y', along Y' such that
1)

X ) 0 0

- A

Y = 0 <cosy - siny Y¥ . (2)
Z 0 siny cos Y Z*

where Y" = Y' - Y/.



Figure 4 shows a cross section of the borehole in the X' Z' plane and
gives the X' and Z' coordinates of the points 1, 2, and 3. Now, using equa-
tion 2, the X, Y, and Z coordinates of the three points are

X, =a, X =0, X5 = -a;
Y, =0, Y3 =Y cosy - h siny, Y5 = Y;' cosy; ,
and Z, =0, Zz =Yy siny + h cosy, Z; = Y} siny.

NOTE. X,Y,Z are global coordinates, and X'Y',Z' are local
co.or‘dinofes. Yo = Yo~ Y); Y3 =Y5-Y|; y=angle betweenYZ and
Y Z planes
FIGURE 3. - Coordinates of three points on a joint surveyed with
a borescope.

N

Z
A\
T H = Borehole radius
\ h b = Borescope radius
/,\ | h = Zy-2Z)=2H-b
3 R \5{ a

= X'| =(bh).2

fe— 0

FIGURE 4. - Section of borehole normal to borehole axis.



The well-known principles of the graphic solution (fig. 5) to the '"three-point
problem’ can now be used to.solve for the attitude of a joint plane. The
solution is carried ovut in three steps: (1) The angle between Y-axis and a

X
A. Solution for B. Solution for dip, ¢
| 2 3
x 10059] 0 |-0.059 ,

0 [0.089}) 0.130

. 0 0.104} 0.028
C. Global coordinates {f1) of 0D, Sign convention for dip azimuth
three points on the joint piane 8= Azimuth of Yt ¥ *30(deg)

FIGURE 5. - Graphical solution for attitude of a joint plane {adapted from Billings (1), p. 560),



horizontal line in the plane of the joint is obtained, (2) the dip of the
joint is computed, and (3) the azimuth of dip is computed from the results of

the previous two steps.

) To obtain the angle (with the Y-axis) of a horizontal line in tha joint
plane 123, the position of point 4 (lying in the borizontal plane containing
point 3) is first defined (fig. 5A). Since point 4 lies c¢cn a line theough
points 1 and 2 and at the elevation of 3, -

X, = (1 -m X,
aud ' Y4_;=mY2,

Z

3
where m = 57— .
Zy

Let ¥(0° <¥<90°) be the angle between the level line 34 and Y, then

lYa - Y4! IYa - ngl
cos ¥ = ——— m e 3)
d; 4 djq ’ (
1/2 1/

(Y, - m¥y)® + a® (m-2)%] s

where dyy = [(Y, - ¥)2% + (X, - X4)%]

[

and where IY3 - Y,| is the absolute difference between Y, and Y,.

The angle ¥ is considered positive (negative) when it is measured clockwise
(counterclockwise) from the Y-axis; that is, the angle ¥ assumes the sign of
the ratio (Y3 - Yd__)/(X3 - X4). The graphical solution for ¥ for an srample
problem is shown in figure 5A.

The dip ¢(-90< @ <90) of the joint plane (fig. 5B) is given by the
relation

Z, -2

tan ¢ = s . (4)

dag

where dy, the horizontal distance between pcint 2 and the level line 34, 1s
given by

2A , , .
dzg = E;;- (5)

In equation 5, A is the area of triangle 234, and its value is obtainzble from

K X Y.
2 £,
2a = det| | X, Y| =al-m) (2v, - v,). (6)
! X Y
4 "
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Chapter 3:Graphical presentation of geological data

Introduction

The domindnt role of geological discontinuities in rock slope
behaviour his already been emphasised and few engineers or
geologists would question the need to base stability
calculations upon an adequate set of geological data. But
what is an adeguate set of data? What type of data and how
much detailed information should be ccllected for a stability
analysis?

This question is rather like the question of which came

first - the chicken or the egg? There is little point in
collecting daca for slopes which are not eritical but
critical slopes caa only be defined if sufficient information
is available for their stability to be evaluated. The data
gathering must, therefore, be carried out in two stages as
suggested in Figure 6.

The first stage involves an examination of existing regional
geology maps, air photographs, easily accessible outcrops
and the core recovered during exploration drilling. A
preliminary analysis of this data will indicate slopes which
are likely to prove critical and which require more detailed
analysis.

The second stage involves a much more detailed examination
of the geological features of these critical regions and
may require the drilling of special holes outside the ore
body, excavation of trial pits or adits and the detziled
mapping and testing of discontinuities.

An important aspect of the geological investigations, in
either the first or second stages, is the presentation of
the data in a form which can be understood and interpreted
by others who may be involved in the stability analysis or
who may be brought in to check the results of such an
analysis. This means that everyone concerned must be aware
of precisely what is meant by the geological terms used and
must understand the system of data presentation.

The following dafinitions and graphical! techniques are
of fered for the guidance of the reader who may not already
be familiar with them. There is no implication that these
‘ are the best definitions or techniques available and the
reader who has become familiar with different methods
should certainly continue to use those. What is important
is that the techniques which are used in any study should
be clearly defined in documents relating to that study so
that errors arising out of confusion are avoided.

Definition of geological terms

Rock Material or intact rock, in the context of this
discussion, refers to the consoiidated " and cementead
assemblage of mineral particles which form the intact blocks
between discontinuities in the rock mass. In most hard
igneous and metamorphic rocks, the strength of the intact
rock is one or two orders of magnitude greater than that of
the rock mass and fatlure of this intact material is not
generally involved in the processes of slope failure. In
softer sedimentary rocks, the intact material may be
relatively weak and failure of this material may play an
important part in slope failure.
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Rock mass is the in-gitu rock which has been rendered
discontinuous by systems of structural features such as
joints, faults and bedding planes. Slope failure in a rock
mass is generally assccisted with movement on these
discontinuity surfaces.

Waste rock or broken rock refers to a rock mass which has
been disturbed by some mechanical agency such as blasting,
ripping or crushing so that the interlocking nature of the
in-situ rock has been destroyed. The behaviour of this
waste or broken rock is similar to that of a clean sand or
gravel, the major differences being due to the angularity
of the rock fragmente.

Digeontinuities or weakness planes are those structural
fratures which separate intact rock blocks within a rock
wass, Many enginecrs describe these features collectively
as jotnts but this is an cvar-simplification since the
mechanical properiiec of these features will vary according
to the pracess of hairs fermaticn. Hence, faults, dykes,
bedding planes, cleavage, tension joints znd shear joints
will all exhibiz discinct characteristics and will respond
in different ways to zpplied loads. A large body of
literature dealing with this subject is available and the
interested veader is veferred to this for further infor-
mation3“» 33,36 For the purposes of this discussion, the
term diseontinuity will generally be used to define the
structural weakness plane upon which movement can take
place. The type of discontinuity will be referred to when
the descriptica provides information which zssists the slope
designer in deciding upon the mechanical properties which
will be associated with a particular discontinuity.

Major discontinurties are continuous planar structural
features such as faults which may be so weak, as compared
with any other discontinuity in the rock mass, that they
dominate the behaviour of a particular slope. Many of the
large failures which have occurred in open pit mines have
been asscociated with faults and particular attention should
be paid to tracipg these features.

Discontinuity sees refers to systems of disconrinuities whicl
have approximatzly the same inclination and orientation.

As a result of the processes involved in their formationj““
most discontinuities occur in families which have preferred
directions. In some cases, these sets are clearly defined
and easy to dictinguish while, in other cases, the
structural pattern appears disordered.

Continuiiy, While majoxr structural features such as faults
may run for many tens of feet or even miles, smaller
discontinuities such as joints may be very liwmited in their
extent. Failure in a system where discontinuities terminate
within the rock mass under consideration will involve
failure of the intact rock bridges between these discontin-
uvities. Continuity also has a major influence ipoa the
permeability of a rock mass since this deper.ds upon the
extent to which discontinuities are hydraulically connected.

Continuity or pevsictence iz the most difficult geological
parameter ro define and, at rccy as the author is aware, no
satisfactory system for reliable evaluation of continuity
is available. Jennings and his co-workers in South

Africa 37,38,39 have attempted to mecasure continuity and to



use these measurements to estimate the cohesive strength of
potential failure planes. This author does not belisve that

\ continuity can be quantified in this way and prefers to err
on the side of safety ~ if in doubt , assume that all dis-
continuities are continuous . Cohesive strength is estimated
by other methods which will be described later.

Gouge or infilling is the material between two faces of a
structural discontinuity such as a fault. This material may
be the debris resulting from the sliding of one surface upon
another or it may be material which has been precipitated
from solution or caused by weathering. Whatever the origin
of the infilling material in a discontinuity, its presence
will have an important influence upon the shear strength of
. that discontinuity. If the thickness of the gouge is such
that the faces of the discontinuity do not come into contact,
the shaar strength will be equal to the shear strength of
the gouge. If the gouge layer is thin so that contact
between asperities on the rock surfaces can occur, it will
modify the shear strength of the discontinuity but will not
True dip control it"P,

- - Roughness. Patton“1>“2 emphasised the importance of surface
roughness on the shear strength of structural dicontinuities
in rock. This roughness occurs on both a small scale,
involving grain boundaries and failure surfaces, and on a
large scale, involving folds and flexures in the discontinuity.
the mechanics of movement on rough surfaces will be discussed
in the chapter dealing with shear strength.

Definition of geometrical terms

Apparent dip

Dip is the maximwn inclination of a structural discontinuity
plane to the horizontal. It is sometimes very difficult,
when examining an exposed portion of an oblljuely inclined
plane, to visualise the true dip as opposed to the apparent
dip which is the inclination of an arbitrary line on the
plane. The apparent dip is always smaller than the true
dip.

Cne of the simplest models which can be used in thinking
about the definition of the dip of a plane is to consider a,
ball rolling down an obliquely inclined plane. The path of’
the ball will always lie along the line of maximum
inclination which corresponds to the true dip of the plane.

Dip direction or dip azimuth is the direction measured clock-
wise from North, of the horizontal trace of the line of dip.
In terms of the ball rolling down the cblique plare, it is
the angle, measured clockwise in degrees on the compass dial,
which the direction of rolling would take from true North.

Strike is the trace of the intersection of an obliquely
inclined plane with a horizontal reference plane and [t is at
right angles to the dip and dip direction of the ohlique
plane. The practical importance of the strike of a plane

is that it is the visible trace of a discontinuity which is
seen on the horizontal surface of a rock mass. The disad-
vantage of using this term in slope analysis is tha: there
are in fact two planes with the same dips and strikes as
shown on the sketch oppesite and, unless a strict

convention is adopted in terms of the direction in which the
strike is mweasured, confusion can ecasily arise.




great circle

plane

reference

For this reason, the term strike when it is used in this
book, will always be defined as:

Strike = {dip direction - 90°)

Preferred terms. 1In order to avoid the confusion which can
arise from using strike, particularly when a number of
engineers and geologists are involved in analysing the same
set of data, many slope designers have turned to using dip
and dip direction as the preferred terms for the presentation
of all structural data. The same system has been adopted

by the author and 2ll the examples presented in this book

are in terms of dip and dip direction.

Graphical techniques for data presentation

One of the most important aspects of rock slope analysis is
the systematic collection and presentation of geological data
in such a way that it can easily be evaluated and
incorporated into stability analyses. Experience has

shown that sphericzl projections provide a convenicnt means
for the presentation of geological! data. The engineer

or geologist, who is not familiar with this technique, is
strongly advised to study the following pages carefully.

A few hours invested in such a study can save many hours of
frustration and confusion later when the reader becomes
involved in studying designs and reading reports in which
these methods have been used.

Many engineers shy away from spherical projection methods
because they are unfamiliar and because they appear complex,
bearing no recognisable relationship to more conventional
engineering drawing methods. For many years the author
regarded these graphical methods in the same light but,
faced with the need to analyse three-dimensional rock slope
problems, an effort was made, with the aid of a patient
geologist colleague, and the mystery asscciated with these
techniques was rapidly dispelled. This effort has since
been repaid many times by the power and flexibility which
these graphical methods provide fer the rock engineer.

Several types of spherical projection can be used and a
comprehensive discussions on these methods have heen given
by Phiilips“?, Turner and Weiss36, Badgley""% and Friedman¥S.
The projection which is used exclusively in this bLook is

the equal area projection, sometimes called the Lambert
projection or the Schmidt net.

Fqual-area projection

The Lambert equal area projection will be familiar to most
readers as the system used by geographers to represent the
spherical shape of the earth on a flat surface. In
adapting this projection to structural geology, the traces
of planes on the surface of a reference sphere are used to
define the dips and dip directions of the planes. Imagine
a reference sphere which is free to move in space but
which is not free to rotate in any direction; hence any
radial line joining 2 point on the surface to the centre
of the sphere will have a fixed direction in space. If
this sphere is now moved so that its centre lies on the
plane under consideration, the great circle which is traced
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lower reference
hiemi sphere

out by the intersectinan of the plane and the sphare will
uniquely define the inclination and orientation of the plane
in space. Since the same information is giver on both upper
and iower parts of the sphere, only ona of these nced be
used 2nd, in engineering applicaticns, the lover refe. .nce
hemisphere is used for the presentation of data.

In addition to the great circle, the inclinatinn and
orientation of the plane can also be defined by the puoie of
the plane. The pole is the point at which the surface of
the sphere is pierced by the radial line which is normal

to the plane.

In order to communicate the information given by the great
circle and the position of the pole on the surface of the
lower reference hemisphere, a two dimensional representation
is obtained by pzojeccing this information onto the
horizontal or equatorial reference plane. The method of
sprojection is illustraced in Figure 12a and 12b illustrates
the polar and ecuacorial projections of_a sphere.

Polar and equatorial equal-area nets are presented in Figure
13 for use by the reader. Good undistorted copies or photo-
graphs of these nets will be useful in following the examples
given in this chapter and later in the book.

The most practical method of using the stereonet for
plotting structural information is to mount it on a base-
board of } inch thick plywood as shown in Figure 14, A
sheet of clear plastic film of the type used for drawing on
for overhead projection, mounted over the net and fixed with
sellotape around its edges, will keep the stereonet in place
and will also protect the net markings from damage in use.
The structural data is plotted on a piece of tracing paper
or film which is fixed in position over the stereonet by
means of a carefully centred pin as shown. The tracing
paper must be free to rotate about this pin and it is
essential that it is located accurately at the centre of the
net otherwise significant errcrs will be introduced into

the subsequent analysis.

Before scarting any analysis, the North point must be marked*
on the tracing so that a reference position is available.

Ry Figurae 1l4:

b Geolczical dwta is plotted and analyscc
on a piece of tracing paper which is

- located over the centre of the stereonezt
&' - by means of a centre pin as shown. The

i . net is mounted on a base-board of plywcod
or similar material,
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Figure 12a :
projection.

an equal-area

. The radial distence r of
the projected point P" on
the stereonet is given by @

_—1st projection of point F

given by swinging P im an
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Figure 13a : Equatorial equal-area gtereonet marked in 2° intervals.
This net is most useful for the construction of great
circles during the analysis of structural data.
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the analysis of structural data.



130
i e
L { T T
LY .
4o® Lo° F‘
e 2. ["‘_‘.
r i r
AN T
iy ol il il B !
-
le
N
great
circle
11
. IR
|
_TF
D ‘ﬂ t-
K A

Construction of a qgreat circie and a pule representating a
plane.

Consider a plane dipping at 40° in a dip direction of 130°.
The great circle ‘and the pole representing this plane arc
constructed as follows:

Step I: With the tracing paper located over the stereonef
by means of the centre pin, trace the circumference of the
net and mark the north point. Measure off the dip
direction of 1300 clockwise from north and mark this
position oa the circumference of the net.

Step 2: Rotate the tracing abecut the centre pin until the
dip direction mark lies on the W-E axis of the net, i.e.
the tracing is rotated through 40°. Measurc off 409 from
the outer gircle of the net and trace the great circle
which corresponds to a plane dipping at this angle.

The position of the pole, which has a dip of (900-40°), is
found by measuring off 40° from the centre of the net as
shown or, alternatively, 50° from the outside of the net.
The pole lies on the projection of the dip direction line
which, at this stage in the construction, is coincident with
the W-E axis of the net.

Step 3: The tracing is now rotated back to its original
position so that the north mark on the tracing coincides
with the north mark on the net. The final appearance of the
great circle and the pole representing a plane dipping at
40° in a dip direction of 130° is as illustrated.

Determination of the line of intersection of two planes

Two planas, having dips of 40° and 30° and dip directions
of 130% and 250° respectively, intersect. It is required
to find the dip and dip direction of the line of incersection.

Step I: One of these planes has already been descrihed
above and the great circle defining the second plane is
obtained by marking off the 2500 dip direction on the
circumfercnce of the net, rotating the tracing until this
mark lies on the VW-E axis and tracing the preat circle
corresponding to a dip of 309,
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Step 2: Tne tracing is now rotated until the intersection
of the two great circles lies along the W-E axis of the
stereonet znd the dip of the line of intersection is
measured as 19°. :

Step 3: T=e tracing is now rotated until the north mark
coincides wwith the north point on the sterecnet and the

dip direccion of the line of intersection is found to be
1960, ’

To determine the angle between two specified lines.

Two lines In space, e.g. lines of intersection or normals
to planes, are specified by dips of 54° and 40° and dip
directions of 240° and 1400 respectively. It is required
to find tt= angle between these lines.'’

Step I: T7ae points A and B which define these lines are
marked on zhe stereonet as described under the procedure
for locatiag the pole. - y

Step 2: The tracing is now rotated until these two points
lie on the samb great circle on the sterecnet and the

angle bet: ¢en the lines is determined by counting the small
circle di-isions between A and B, along the great circle,
This anglas is found to be 64°,

The great ctircle on which A and B lie defines the plane
which conzzins these two lines and the dip and dip direction
of this p_ane are found to be 60° and 200° respectively.



N Alternative method for finding the line of intersection of
two planes.

Two plames, dipping at 40° and 300 in dip directions of
130° 4nd 2500 respectively are defined by their poles 4 and
B as shown. The line of intersection of these two planes

is defined as follows:

-
S
S T Sy

T z Step I: Rotate the tracing until both poles lie on the same
great circle. This. great circle defines the plane which

- I contains the two normals to the planes.

. T o
Step 2: Find the pole of this plane by measuring off the
dip on the W-E axis of the steronet. This pole P defines
the normal to the plane containing A and B and, since this
normal is common to both planes, it is, in fact, the line
! 11 of intersection of the two planes.

1 .
\ T Hence, the pole of a plane which passes through the poles of
two other planes defines the line of intersection of those
planes,

Determination of preferred orientations of discodtinuity
sets.

In plotting field observations of dip and dip direction, it
is convenient to work in terms of poles rather than great
circles sirce, when the number of observations exceeds
about 10, the plet of great circles can be very confusing.
Even when the information is plotted in terms of poles,
using a polar stereonet, the overall picture, as shown
coposite, can be confusing and requires additional inter-
pretation.,

In order to identify the preferred orientations of systems
of structural discontinuities from a pole plot such as that
shown, a number of contouring techniques are available.

One of these techniques will be described and the reader
requiring further details on these methods is referred to
texts such as that by Turner and Weiss3®,




Schmidt or grid method

} 1.175D
— D -
ls——0.12 D { Schmidt point counter mach-
a ined from 1.5 mm thick
0 perspex sheet . Dimensions
-t
’

are given in multiples of
D , the diameter of the
stereonet ,

- ()

0.1 D——ﬂj Lﬂ—

The basic tool required for this contouring method is a
transparent counter such as that illustrated above. These
counters are not commercially available but can easily be
machined from a sheet of perspex or similar material. The

dimensions of the counter are given in terms of the stereo-~
ﬂ" ’ net diameter which, for this application, would normally be
w1 T 15 to 20 cms. The centre slot is end-milled or cut with a
. ;}4qE:%, TRy \ fret-saw and should be approximately 1 mm wide.
Ar VI%ﬂTN»I T
4 A NEEERN T The tracing, on which the poles have been plotted, is placed
: ’7\<;' "\}~ ;LL'?ti over a grid with lines spaced at one-twentieth of the grid
@ 'lqsr TN 438 diameter (i.e. a 1 cm grid for a 20 cm stereonet). With the
A D@ F U F‘:I _N ad .

Al 3*]“i1ﬁ" N centre of one of the circular holes at the end of the counter
oot TN centred on a grid intersection, the number of poles falling
_O"ft:D':ilé o within the circle is counted and-Fhis number is written om
DV ALEZ RN the grid intersection. The counting circle is moved to

R NACE successive grid points and the count noted at each point.

Where poles fall very close to the periphery of the stereo-
net, the counter is located with its centre slot over the
centre pin of the stereonet and poles falling within both
circles are counted as shown, The total number of poles in
the two circles is noted at both intersection points.

Once the counting has been completed and all the counts
noted at intersection points, contouring 1s carried out by
joining intersection points having the same number written
over them., The contour values are determined from the
individual pole counts divided by the total number of poles
on the stereonet. lience, in the example given, the total
number of poles is 134 and the line joining intersections
with & poles represents the 6% contour. Similarly, 16 poles
corresponds to12Z and 4 poles to 3%Z. The contour intervals
are normally shaded as shown in order to assist the user inm
rapid identification of significant pole concentrations.

- Evaluation of potential slope problems

Different types of slope failure are associated with
different geological structures and it is important that the

. slope designer should be able to recognise potential stability
problems during the early stages of a project. Some of the
signs which should be watched for when examining Stereo-
plots of the structural data are outlined on the following
pages and a test for the possibility of sliding on one or
more discontinuity is described.



Figure 15 shows the four main types of failure considered in
this book and gives the appearance cf typical stereoplots

of geological conditions likely to lead to such failures.
Note that in assessing stability, the cut face of the slope
must be included in the stereoplot since sliding can only
occur as a result of movement towards the free face created
by the cut.

The diagrams given in Figure 15 have been simplified for the
sake of clarity. In an actual rock slope, combirnations of
several types of geological structures may be present and
this may give rise to additional types of faiiure. For
example, presence of discontinuities which can lead to
toppling as well as planes upon which wedge sliding can
occur could lead to the sliding of a wedge which is
separated from the rock mass by a "tension crack".

In a typical field study in which structural data has been
plotted on stereonets, a number of significant pole
concentrations may be present. It is useful to be able to
identify those which represent potential failure planes

and to eliminate those which represent structures which are
unlikely to be involved in slope failures. John“®, Panet*’
and McMahon?3 have discussed methods for identifying
important pole concentration but the author prefers a method
recently developed by Markland“8,

Markland's test, described hereunder, is to establish the
possibility of a wedge failure in which sliding takes place’
along the line of intersection of two planar discontinuities
as illustrated in Figure 1l5c¢c. Plane failure, Figure 15b,

is also covered by this test since it is a special case of
wedge failure. If contact is maintained on both plares,
sliding can only occur aloag the line of intersection and
hence this line of intersection must '"daylight" in the slope
face. In other words, the dip of the line of intersection
must be iess than the dip of the slope face, measured in

the direction of the line of iuntersection as shown in

Figure 1l6a.

As will be shown in the chapter dealing with wedge failure,
the factor of safery of the slope depends upon the dip of
the line of intersectica, the shear strength of the
discontinuity surfaces and the geometry of the wedge. The
limiting case occurs when the waedge degenerates to a plane,
i.e. the dips and dip direction of the two planes are the
same, and when the shear strength of this plane is due to
friction only. As already discussed, sliding under these
conditions occurs when the dip of the plane exceeds the
angle of friction ¢ and hence, a first approximation of
wedge stability is obtained by considering whether the dip
of the line of intersectior excecds the friction angle for
the rock surfaces. Figure 16b shows that the slope is
potentially unstable when the point defining-the line of
intersection of the two planes falls within the areca
included between the great circle defining the slope fare
and the circle defining an infinite series of planes (a
cone) all dipping at the angle of friction 4.

The reader who is familiar with wedge analysis will argue
that this area can be further reduced by allowing for the
influence of "wedging"” between the two discontinuity planes.
On the other hand, the stability may be decreased if water
is present in the slope. Experience suggests thac these



a. Circular failure in over-
burden soil, waste rock or
heavily fractured rock with
no identifiable structural
pattern .

b. Plane failure in highly
ordered structure such as
slate .

c. Wedge failure on two inter-
secting discontinuities.

d. Toppling failure in hard
rock which can form columnar
structures separated by
steeply dipping discontinuities.

Figure 15 : Main types of slope failure and appearance of stereoplots
of structural conditions likely to give rise to these failures.,
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B is possible when the dip of
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Representation of planes by
their poles and determination

of the line of intersection by
the pole of the great circle
which passes through these poles.

Preliminary evaluation of the
stability of a 50° slope in a
rock mass with & sets of
structural discontinuities,



two factors will tend to cancel one another in typical wedge
problems and that the crude assumption used in deriving
Figure 16b is adequate for most practical problems. It
should be remembered that this test is designed to identify
critical discontinuities and, having identified them, a more
detailed analysis would normally be necessary in order to
define the factor of safety of the slope. )
Figures 16a and 16b show the discontinuity planes as great
circles but, as has been discussed on the previous pages,
field data on these structures is normally plotted in terms
of poles. In Figure l6c the two discontinuity planes are
represented by their poles and, in order to find the line of
intersection of these planes, the method described on page
47 is used. The tracing on which the poles are plotted is
. rotated until both poles lie on the same great circle. The
pole of this great circle defines the line of intersection
of the two planes.

As an example of the use of this test consider the contoured
stereoplot of poles given in Figure 16d. It is required to
examine the stability of a slope face with a dip of 50° and
dip direction of 1209, A friction angle of 30° is assumed
for this analysis. An overlay is prepared on which the
following information is included:

a. The great circle representing the slope face
b. The pole representing the slope face

c. The friction circle.

This overlay is placed over the contoured stereoplot and the
two are rotated together over the stereonet to find great
circles passing through pole concentrations. The lines

of intersection are defined by the poles of these great
circles as shown in Figure 16d. From this figure it will be
seen that the most dangerous combination of discontinuities
is that represented by the pole concentrations numbered 1
and 2. The intersections I,q and 1,9 both fall outside the
critical area and are not liiely to give rise to instability.
The pole concentration numbered 4 will not be involved in
sliding but, as shown in Figure 15d, it could give rise to
toppling or the opening of tension cracks.

Overlay for checking
possibility of wadge
failures .

In the example described above, it would be necessary to ’
examine this slope, and particularly discontinuities 1 and

2, in more detail to establish whether the critical
conditions suggested by this preliminary analysis do indeed
exist or whether there are other factors which increase the
stability of the slope.

In cases where only one major pole concentration occurs as

in Figure 15b, plane failure is possible if this concentration
lies clese to the pole of the slope face. 1In the example
given in Figure 16d, pole concentration 2 lies suffiently
close to the pole of the slope face for two dimensional
sliding to be considered a possibility and to justify a more
detailed examination of ‘this possibility.



Suggestad method of data presentation and analysis for open
nit planning.

During the early feasibility studies oa a proposed open pit
mine, an estimate of safe slope angles iIs required for the
calculation of ors to waste ratios and for the preliminary
pit layout. The only structural data which is likely to be
available at this stage is that which has been obtained by
logging cores drilled for mineral evaluation purposes and

by mapping surface outcrops. Scanty as this data is, it
does provide a basis for a first estimate of poteutial

slope problems and the author suggests that this data should
be treated in the manner illustrated in Figure 17.

On an outline plan of the proposed open pit, contoured
stereoplots of whatever structural data is available are
drawn. These plots are drawn at the location of the field
observations and should, where possible, be evenly spaced
around the pit perimeter. It is particularly important that
areas of major faulting or areas in which changes of rock
type occur should be mapped.

An overlay is prepared as described earlier and, in Figure
17, it has been assumed that the stability of 45° slopes is
to be checked. Where the geological mapping has indicated
the presence of faults or clay seams, a friction angle of
200 should be used to define the friction cirecle. Where no
such structures appear to be present, a friction angle of

0309 is more realistic and this is the value used in Figure
17.

The eastern side of the hypothetical porphyry-copper pit
illustrated in Figure 17 does not contain structures which
are unfavourable to stability and, since porphyry is a good
hard rock, steepening of these slopes can be considered.
Figure 7 on page 20 can be used as a guide to the maximum
permicsible slope angle for a given pit depth.

Note that the structures which occur in the south-eastern
part of the pit could give rise ro toppling failure if

steep slopes are created (see Figure 15d). This possibility
should be kept in mind as the pit planning progresses and

a further analysis carried out if required.

The structures in the south-western part of the pit are not
critical but there are bound to be local discontinuities
which will cause small wedge slides on individual benches.
This would be particularly trus for the porphyry/slate
contact. Since flattening of the slate slopes is essential,
it would be wise to start this flattening in the south-
western corner of the pit.

The most critical area in this particular pit will be the
western slopes where the slate dips into the pit at about
the same angle as the slopes (note that the pole concentr-
ation coincides with the pole of the slope face ~ a critical
limiting condition for two-dimensional sliding). It would
be essential to carry out further investigations in chis
part of the pit. Additional drilling to check rhe extent
of the slate, groundwater studies and shear testing of
discontinuity planes would all be necessary. A detailed
stability analysis, using methods described in later
chapters, would have to be carried out to establish the
safe slope angles for this part of the pit. '
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Figure 17 : Presentntion of geological date and¢ pre:iminary analysis of slope
stability for feasibility study on hypothetical oper pit mine.
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PROCEDURES USED FOR SAMPLING FRACTURE ORIENTATIONS
IN AN UNDERGROUND COAL MINE

by

D- Dl Bolsfad,1 Jl Rl A”dredge,z Gnd Mu A. Mth0b3

ABSTRACT
The Bureau of Mines has developed procedures for sampling the geometry of
fractures in underground coal mines., Stratified cluster sampling and the unit
area concept are applied to the collection of fracture orientation data. The
use of unit area mapping, stratification, and site delineation is made to
assure collection of representative data. The procedures developed here help
to isolate sources of variability in the fracture patterns.

INTRODUCTION

Fractures are planes of weakness in a rock mass, and very often their
geometric patterns (attitude, spacing, extent, and aperture) influence the
mechanical behavior of excavated structures in the fractured medium, During
the past decade, numerical techniques have been increasingly and successfully
employed for stability analyses of engineered structures in fractured media,
The sophistication of the numerical techniques has increased the need for
quantitative and reliable input information regarding fracture geometry. Some
appropriate schemes for quantifying the geometric characteristics of fractures
have recently become avaiiable (2).* However, no systematic and acceptable pror
cedures are available for sampling fracture patterns in subsurface excavatioms.

As part of the Bureau's investigation of the influence of fractures on
coal mine roof behavior, the Bureau developed and used procedures for sampling
fracture orientations in selected underground coal mines. One of the several
mines selected for the roof behavior study was Duquesne Light Co. Warwick
mine Portal No. 3, Greensborc, Pa. The objective of sampling fracture orien=
tations in this mine was limited to correlating natural fracture orienta-
tions with roof falls, To meet this objective, sampling procedures were

1Geologist. i
2 . C s s
Mathematical statistician,
SPhysical scientist.
Underlined numbers in parentheses refer to items in the list of references at
the end of this report,
ENatural fractures are defined as recurrent planar geologic discontinuities
having spacings of from tenths of a foot to tens of feet,



devised (1) to extract information on fracture orientations from a relevant
(small) portiecn of the mine (called the study area) and (2) to provide a
"stacistical background for estimating the mean fracture orientations in the
study area. This report discusses the procedures used by the Bureau for
"sawpling fracture orientations in Warwick mine Portal No. 3.
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GENERAL SAMPLING PROCEDURES

Three main steps were fcllowed in the development of the sampling pro-
cedures: (1) Defining the factors that might affect the sample, {2) obtaining
aond analyzing a preliminary sample, and (3) obtaining and analyzing the final
sanple snd presenting the resuvits in a form useful for engineering analysis.
{(Iln this example the analysis involved correlating fracture orientaticons with
toof falls.) The general procedures followed in this study are illustrated
in the flowsheet shown in figure 1. These procedures may be readily inter=-
preted to fit the objectives of other problems involving sampling of attitudes,
spacings, exteuts, and apertures of fractures in underground mines; f{or exam-
ple, a recent Bureau of Mines study (3) described application of these
procedures in an underground copper porphyry mine in Arizona. The methods of
sampling may also be applied to problems relating to other planes of weakness,
such as fault traces, blasting fracture patterns, and bedding plane partings.

This report emphasizes the following sampling concepts:

1. Cluster sampling, where a cluster consists of all the fractures ia a
small division of the study area. The clusterswill be referred tc asunit areas.

2. Stratified sampling, where the study area is separated into blocks or
strata. The term strata is used here in a statistical rather than a geological
sense.

The concepts of cluster sampling and stratified sampling are combined to
result in a stratified cluster sampling plan. This is a common sampling plan
used in many other fields of study. ;

RECONNAISSANCE
[
This section outlines the geologic setting of the Warwick mine Portal
No. 3 and describes the geologic and layout f{actors recognized during a short
reconnaissance of the mine (one engineer and one geologist spent a day visite
ing the mine). The objective of the reconnaissance was to select several
areas for preliminary sampling on the basis of the observed differences in
their geologic and engineering characteristics.

The Warwick mine Portal No. 3 is located within a region of gently dip-
ping NNE-trending anticlines and synclines composed of sandstones, shales,



.

and coal seams of Pennsylvanian-Permian age. Major faulting is lacking in

this region,

State objective of study

(correlate fracture patterns
with roof falls)

\

Analyze data by Schmidt plots
or computer program

Y.

\

RECONNAISSANCE

Select final study area

v

v

Define regional and local

FINAL SAMPLING J!

geology
Y

\

Collect mine engineering data
(method, layout, support)

Select strata,define study
sites :

/

VB

Select study areas
(map roof falls in selected
study areas)

Determine sample size required

\

y

PRELIMINARY SAMPLING

Randomize unit-areas in each
stratum of each site

¥

Select strata

Map orientations in selected
unit-areas

\

Y

Delineate

unit-area

dimensions

Analyze data b

y Schmidt plots

or computer program

Y

\

Randomize unit-areas in each
stratum of each study area

¥

Map orientations in selected
unit-areas

Compare and contrast results
by strata,study areas, sites
and fracture sets
(tabulate results for engineering

input)

FIGURE 1. - Procedures followed for sampling fracture orientations in an underground

coal mine.




4

A
~ &hﬂs : Scale, feet
0 2,000 '
b ]
Scale, feet
FIGURE 2. - General plan of Warwick FIGURE 3. - Division of the study area
mine Portal No. 3. into sites.

A nearly orchogonal system of vertical roof fractures was observed
throughout thé Warwick mine Portal No. 3. The shale roof appeared to have no
ﬁajur ohservable structural or lithologic discontinuities. The coal cleat
System paralleled the roof fracture system and had well-defined face and butt
cleats. Three wmajor mining areas were active (fige. 2); they were the 1-Noxth,
3-i.0ft, and West-Mains entry systems, Since the objective of the fracture
orientation mapping study was to correlate roof falls with the patterns of
natural fractures, the three active areas were selected for preliminary
seunpling, as these areas would afford a greater probability of observing
natural fractures than would the inactive areas.

[

PRELIMINARY SAMPLING

The purposc of the preliminary sampling was to supply infermation about :
the geometry of the fracture patterns and to provide measures 6f the natural’
variability present wicthin and between selected areas, This information was
thee used to design the final sampling plan. This section describes the
design of the prelimirary sampling plan and reports results of the prelim-
inary sampling.

Desipn of the Preliminary Sampling Plan

Prior to mapping the fractures, the factors that might influence the
results of the study were identified, and a sswpling plan was designed to take
account of these factors. For example, the effectof relative location, study-
area sizes, ferromagnetic influences,’'difference in rock type, variability



of roof-fall areas, and operator bias were considered In designing the sam-
pling plan. ‘

Each study area (1-North, 3-Left, West-Mains) was defined on the ba=ls
of equivalent size and quantity of available entries and crosscuts. These
study areas were sampled and analyzed independently to examine the effect of
relative location on fracture orientations. Each study area encompassed
70 to 80 pillars, exclusive of return airways and actual working faces. The
entries and crosscuts were approximately 20 ft wide and were driven on 70-ft
centers. The general absence of ferromagnetic influences within the study
areas allowad the use of a standard Brunton compass for orientation
measurements.

Each study area was divided into (statistical) strata based on rock type
and unsupported span dimensions. The three strata were (1) coal ribs,
(2} shale roof between ribs, and (3) shale roof at intersections. This is an
application of stratified sampling. However, since unit areas (clusters) are
being sampled, this plan is referred to as stratified cluster sampling. A
cluster, as defined in this study, consists of all the fractures within a
unit area. In the unit .area technique each (statistical) stratum is dividad
into many small areas., In this study, 5-ft-square unit areas® were delineated
on all coal ribs, and 20-ft-square unit areas were delineated in the shale
roof between the ribs and in the shale roof at intersections. The unit area
technique was used in preference to rhe line of traverse method hecause the
latter method is biased against the fractures paralleling the line. In addi-
tion, the unit area technique aliows a comparison of fracture-set geometries
between individual areas and grcups of areas.

In this study the unit areas in each stratum within the study areas were
numbered for identification on mine maps. A random-number table was used to
select two roof-intersection unit areas, four roof-between-the-ribs unit
areas, and four coal-rib unit areas for mapping in each study area. This
sample size was based on the time available for mapping during the preliminary
phase, The unit areas were randomized to insure that an unbiased and repre-
sentative sample of the area under study was obtained.

Results of the Preliminary Sampling

After mapping, fracture sets were identified from the data and their ,
mean attitudes were calculated using a computer program (2). Table 1 lists
the results of an analysis of preliminary sample. Two major fracture sets
were prevalent throughout the three study areas. No major differences in the
mean attitudes of fracture sets were found in a comparison of the three study
areas. Because of this, it was decided to concentrate the final sampling o
efforts in just one study area. Since the 1-North study area contained a
large air shaft whose effect on the neighboring fracture patterns was unknown,
and since the access within the West-Mains study area was impaired, the final
sampling was conducted in the 3-Left study area. The final sampling (and

®The choice of a square shape was convenient, The side of a square unit
area was given by the height (5 ft) or width (20 ft) of the entries.



analysis) of the fracture orientations in the 3-Left study area are discussed in the
next section.

TABLE 1. -~ Summary of fracture orientations obtained during preliminary sampling

. Study area
Fracture set West-Mains 3-Left 1-North
Azinuth,| Dip, ¢,! {Azimuth,| Dip, C,} |Azimuth,{ Dip, c,t?
degrees jdegrees |degrees]| degrees |degrees|degrees|degrees |degreesidegrbes
Set 1:
Coal%....... 203 88 - 25 87 1.8 202 88 1.6
Roof®....... 197 88 3.2 09 90 2.3 192 88 2.6
Intersection’ 193 89 5.4 191 86 4.0 195 87 3.5
Set 2:
Coalievennns 113 89 - 116 83 3.1 116 87 3.9
Roof...venas 115 90 9.8 &) &) &) 110 88 5.5
lntersection &) ¢) &) 98 89 14,2 120 88 14,1

1Apex angle of the cone around the sample mean (as its axis) such that the cone will
tontain the true mean with 95-percent confidence--valid cnly for hemispherically
normalliy distributed data.

2Surface of ribs away from intersections, four 5-ft-square unit areas.

3Rool away from intersections, four 20-ft-square unit areas.

4Roof at intersections, two 20-ft-square unit areas.

SIusufficient data to delineate a fracture set,

N ) FINAL SAMPLING

The purpose of the final sampling was to define the parameters of the fracture sets
within each stratum of the 3-Left study area in a form useful for engineering analysis,
particularly for a study of any correlation between roof falls and fracture orientations.
This section describes the design of the final sampling plan, including sample size deter-
mination and further stratification of the study area, and gives the results of analysis
of the final sample.

Design of the Final Sampling Plan

Here, as in the preliminary sampling plan, the factors that might influence the
results of the study must be identified and the final sampling plan designed accordingly.
For the final sampling plan the 3-Left study area was stratified into coal ribs, shale
roof between ribs, and shale roof at intersections. In addition, since the objective of
the sampling was to correlate roof falls with the geometry of natural fractures, the study
area was divided into three sites (A, B, and C) based on roof condition. Figure 3 illus-
trates this division. Sites A and C contained few voof falls, whereas site B had a stroug
concentration of roof falls. '

The unit area technique was used for mapping and, as in the preliminary sampling, thé
selection of the unit areas to be mapped was made through the use of the random number
table (thus reducing the possibility of operator bias in the selection).

The approximate number of fractures, Ny, to be mapped in each stratum, was deter-
mined by applying the following formula:

where n = number of fracture sets delineated in the preliminary sample of the stratum.
N, is determined for fracture set 1 by the relation



g =1+

log, (1/P)

log, [1 + (k - 1)(1 - cos c)]

(2)

The derivation of equaticn 2 follecws from confidence interval relationships for the Fisher
The values of k, which is a measure of the tightneas of

distribution on the sphere (1).

th:z data points in a fracture set around its mear attitude, were uvbtzined from the com-

purer analysis (2) of the preliminary sample for each stratum,

The probabilitw, P,

was

sct at the 95-percent level of confidence, and ¢, the confidence radius arcund the uean,
In other words, the sample mear was required to be within 1* of

was given a value of 1°.

the true mean with 95-percent confidence.
15 fractures was mapped in & unit areain a 15-minute time allotment,

During the preliminary sampling, an average of

The allotment of

15 minutes, though arbitrary, appeared to yield adequate coverage of each unit area aud a
sufficiently large preliminary sample.
stratum during the final sampling was cherefore N,/15.

Results of the Final Sampling

The final sample was analyzed by the computer program (2).

analysis are listed in table 2.

ol the three sites (A, B, and C).

TABLF. 2, - Summary of fracture orientations obtained during final sampling

The number of unit areas to be mapped in a

The results of the

Two fracture sets (sets 1 and 2) occur threcughout the
study area; that is, in each of the three strata (coal, roof, and intersection) in each
Two additional fracture sets were identified:
occurs in the roof of sites B and C, whereas set 4 appears in the roof of site B only.

(It is noted here that the frequency of roof falls observed in the study area was greatest
for site B.) The division of the 3-Left study area into strata and into sites exposes the
variability in the fracturc patterns.
fracture sets would have obscured any fine-scale interpretaticn.

S5et 3

If this had not been done, large variations within

Site
Fracture set A B C
Azimuth,| Dip, C,! |Azimuth,|{ Dip, ¢,} |Azimuth,| Dip, c,t
degrees |degrees {degrees| degrees |degrees |degrees| degrees |degrees!degrees
Set 1:
Coal®....... 16.9 89.7 - 19.1 88.7 - 198.9 89.1 1.0
Roof®.... ... 4.0 89.7 - 186.1 89.9 - 181,5 89.3 2.8
Intersection* | 180.2 89.3 - 184.9 gc.8 - 181.3 89.2 -
Set 2:
Coali....... 108.5 85.9 2.5 111.5 84.1 - 113.8 86.5 2.6
Roof..eiunnn 96.5 86.9 4.3 292,0 85,7 5.1 82.4 89.8 g.7
Intersection 97.3 87.3 = 278.7 89.9 - 278.7 88.0 4,5
Set 3:
Coal....... - - - - - - - -
Roof........ - - 123.8 84,2 5.9 302.3 85.3 8.0
Intersection - - - - - - - - -
Set 4: |
Coales..onss - - - - - ! - - - -
ROOEeerennne - - - 70.4 88.3 | 9.7 - - -
Intersection - - - - - - - -

1Apex angle of
contain the

the

normally distributed data,
2Surface of ribs away from intersections, 5-ft-square unit areas.
SRoo! away from interseclions, 20-ft-square unit areas.
4Rool at intersectionsg, 20-ft-square unit areas.

ot
cone around the sample mean (as its axis) such that the zone will
true mean with 95-vercent confidence--valid only for hemisphevically



SUMMARY .

This report develops and applies a stratified cluster sampling procedure
for sampling fracture orientations in an underground coal mine with the
objective of correlating roof falls with fracture orientations. The use of
the sampling plan provides a statistical basis for calculating mean orienta-
ticn values for fracture sets, Application of this plan involves three steps:
{1) Reconnaissance to define the strata by their engineering and geologic
propecties, (2) preliminary sampling to obtain initial quantitative informa-
tion about the patterns of fracture orientations and to provide the necessary
data tor computation of the sample size for final sampling, and (3) final
sampling in a portion of the mine to obtain statistical estimates of the
parameters of fracture orientation sets for application to an engineering
analysis.

The sampling procedures employed in this study were organized arocund
the idea that the collection of representative data was necessary for an
accurate enalysis of the effect of fracture geometry on roof stability.
The use of unit area mapping, stratification, and site delineation con-
tritiited to the collection of representative data,

-
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A BUREAU OF MINES DIRECT-READING AZIMUTH PROTRACTOR

Dy 0

o D. D. Bolstad ! and M. A, Mahtah?

ABSTRACT

This report describes the construction and use of a direct-reading ,
azimuth protractor (DRAP) by the Bureau of Mines for measuring fracture
orientations in mires, tunnels, or other excavatioas having a magnetic envi-
romnent. The DRAP allows a rapld snd simultaneous measurement of dip and
az fmuth of dip of a fracture plane. The instrument is rugged, lightweight,
and easily constructible from standard hardware items. The DRAP can measure
dip to within 20.5° eand azimuth of dip to within %5° of corresponding values
obtained with a Brunton compass.

INTRODUCTION

-This report describes the direct-reading azimuth protractor (DRAP) devel-
oped by the Bureau of Mines for mapping fracture orientations in mines,
tunnels, or other excavations where the existing magnetic fields affect the
accuracy of measurements made with a magnetic compass. The DRAP is a modified
version of an instrument originally developed by E. D. Wilson® for mapping
fracture orientations in the San Manuel copper mine, Arizona. Wilson's device
consisted of three components: A compass card, a strike board, and a handle.
Strike azimuths can be read directly with Wilson's device. However, the
measurement of dip requires the use of an additional instrument, such as the
Brunton compass. By the addition of a compass card to Wilson's device, DRAP
has been made capable of simultaneously measuring the dip szimuth and the
dip of a fracture plane. The color coding of the dip scales in DRAP provides
a "fail-safe" means of obtaining the proper dip direction. The addition of s
bubble level has also increased the accuracy of the observations. -

The device (DRAP) in its present state allows the collection of data in a
form suitable for statistical processing on digital computers. Instead of
measuring the strike of a joint plane, the azimuth of its dip 1is measurad.

‘Geologist.

3Physical scientist. X

SWilson, E. D. Geologic Factors Related to Block Caving at San Mauauel Copper
Mine, Pinal County, Ariz. Progress Report, April 1954-March 1856. BuMines
RI 5336, 1957, 78 pp.



The dip and the zzimuth of dip then completely define the attitude of a
fracture in sphevical coordinates.
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CONSTRUCTION OF DRAP
i1he basic Jdevice as illustrated in figures 1 and 2 was machined frowm

aluminum plate and thick-wall brass pipe for durability and low weight. The
eomnlete device weighs 2-1/4 1b. Any lightweignt, modcrately inexpensive
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waterial could ke used in construction of the device. AlL bolts; serews, and
nuts were standard hardware items. Figure 1 ilsustrates the components of
DRAP, fisure 2 provides a detall drawing® of the compcaerts, and figure 3
1llusc-ates the complete assembly. The iadividual parits are described in the
following sections.

Base Plate AS.--This is a 1/4 in-thick 2luminum plate measuring & in by

& in; it provides a flat surface to iay the devlice on the fracture surface.

“2se Shoes B.--These are machirad from 1/2-in alumimua plate, are
actach-d co edges of the base plate A, and provide the bearing surfaces for
the votating dip cylinder D. Two dip scales9 graduated from 0° to 90°, are
prcvided on each shoe. The graduations are scribed in increments of 1° and
numbeiad every 16°. The dip scalzs are color coded in red and bizck. Red
aunbers are the light-toned numbers iilustrated in figures 1 and 3; black
nunbers appzar in a darker tone. Addltlowali markings of 0° to 15° are scribed
beyond eitlher and of the 0° to 390° scales to provide greater ease In wupplag
nearly horizontal fractures. Note that inm figure 3, the base shoes are
positionsd such that the red (light-tone) numbers are closed to the azimutk
arm I than sce the black numbers.
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End Caps C.--These caps are wachioed from 1/2-in aluminun plate and
provide a means of dust-sealing the dip cylinder D. Each cap is drilled to
allow thumbscrews to be inserted intoc threaded holes in the corresponding
base shoe B.

Dip Cylinder D.~-The cylinder was cut from & plece of brass pipe having
2-in OD and 1-7/8-in ID. The 4-in~long cylinder provides & rotating unit that
fits within the base shoes B. Each end of the cylinder is capped with a
2-1/8-in-diam round plate E to prevent lateral movemeut. The cylxtaer is
slotted to accept the azimuth plate F, which is then screwed to the back of
the cylinder D.

Azimuth Plate F.--This plate provides a surface for mounting the aziauth
protractor G and the locking thumbscrew H. The azimuth plate was machivred
from 1/4-1in “aluminum stock and measures 3 in by 4-1/2 in with one end rounded
to a 1-3/8-in radius to reduce weight.

Azimuth Protractor G.--The protractor was cut from 1/8-in-thick aluminum
and is scribed In 27 Increments proceeding clockwise from 0Y azimuth (north}
to 360° azimuth (north). The 2-3/4-in-diam protractor G provides & meanz of
setting the proper drift azimuth value by using the drift azimuth pointer lock
H to fasten the protractor firmly to the azimuth plate F. The protractor is
also used in obtaining the azimuth of dip of a fracture .

Azimuth Arm I.--The 1/4-in-thick aluminum are is bolted to the azimuth
plate } through a center hole in the azimuth protractor G. A thumbscrew
provides a friction lock on the free-turning arm. No threads are required in
the center hole of the azimuth arm I as the arm must move freely during the
mapping process. A simple (30 min) “bull's eye level is fastemed to the amm
and allows the arm and cylinder unit to be leveled prior to taking azimuth and
dip readings. A scale (graduated in tenths of a foot) is scribed on the arm
to allow measurement of apertures and spacing of fractures. The pointer on
the end of the arm does not correspond to a specific direction to be used,
rather 1t provides a 90° angle useful for alinement with steel sets f{or other
supports) in the drift being mapped.

The circular portion of the arm is scribed with color-coded "right" and
"left" markings. Note, again, that the light-toned letters represent red
color, and the darker letters represent black color, as jllustrated in figure
1, I. Two pointers are placed at 30° to the long axis of the arm and at 180°
apart.

USE OF DRAP

In a magnetic enviromment, the azimuth measurements made with a magnetic
compass are not reliable. This difficulty is overcome by using DRAP, which
measures the azimuth of dip of a fracture with reference to a known divection,
for example, the azimuth of a drift axis. The accuracy of observatioas, there-
fore, depends on the ability of the observer in positioning the azimuth arm I
of DRAP at 90° tc the vreferetice line. The auvthors have consistently been able
to reproduce DRAP measurements of dip to within 20.5° and azimuth of dip to



within #5° of the corresponding measurements made (in a nonmagnetic environ-
ment) with a Brunton compass. In addition, DRAP has allowed a slightly
greater speed of measuring these angles as compared with a Brunton compass.
Another important advantage of DRAP over a Brunton compass is that DRAP makes
available much larger measuring surface (base plate A). The 16-sq~in surface
tends to average over the protrusions, crystal growths, and other rough fea-
tures on fracture surfaces, thus giving.truer dip and azimuth readings. On
the other hand, the approximately 0.75-sq-in surface (edge) of a Brunton
compass sometimes yields false dip and strike values due to localized asper--
ities on fracture surfaces.

The [ollowing paragraphs describe the various steps involved in using
DRAP to cbtain the orientations of fractures in underground mines.

Setting Drift Azimuth.--Before any measurements can be made with DRAP, it
is necessary to set, on the protractor G, the azimuth of the (reference) axis
of the "drift that is being mapped. The azimuth values for the drifts to be
mapped are determined from the mine maps. Each drift axis will have two
azimutlis, such as 044° and 224°, as illustrated in figure &. 1If the operator
travels northeasterly down the drife (044°) this value is set on DRAP by
rotafting the azimuth protractor G until 044° is alinmed with the drift azimuth
nointer lock Y. The protractor G is locked into piace by tightening the lock
H. .If the operator reverses direction, the new azimuth of 224° would have to
be resei on the protractor. :

Note that the azimuth setting determimes the rib's right and left divec-
tions, in relation to the direction of travel of the operator.

Alinement of DRAP.--To map a fracture, the base place A of DRAP is placed
on the fracture surface and is shifted around while rotating the dip cylinder
D until the level-bubble is centered. 7The azimuth arm I is now rotated until
it is at 90° to the axis of the drift. This right angle must be visually
estimated. With practice, however, a good (#5°) estimate of this angle is
easily made. As mentioned earlier, the pointer on the end of the azimuth arm
also provides a means of sighting-in along the steel sets or other supports to
maintain accuracy.

Dip Angle Reading.--The angle of 4ip of the fracture iz read directly
from either side of the base shoes B. One of the scribe lines on the cylinder
caps E will be alined with a deglee marklng on the base choes B. This degree
value is color coded either red (light tone) or black (dark tone)

Azimuth of the Dip Reading.--The pointers, on either side of the circular
portion of the azimuth arm I have color-coded (red and black) “right". and
"left" markings (for each p01nter) These markings refer to the vib {wall)
being mapped. Note that in a previous step entitled "Alinement of DRAP", an
initial drift azimuth setting of 044° was used. Therefore, the “righ¢" and
"left" walls correspond to the operator's right and left as he is facing 044°.
In this example the operartor is mapping the left wall and has obtained a black
color-coded dip reading of 14°. Therefore, the pointer on the side of the
azimuth I, which 1s marked "left'" and is colored black, will correspond to aun

..'*



azimuth of dip value marked
on the azimuth protractor G.
Note that in figure 2, the
side marked black ‘'lefi™ is
also marked red "righe.”
For this example 2 ceadiug
Drift axis of 166° represents rhe azi-
224° -— . muth of ihe dip velie. frhis
corresponds te a otrike aof
N 76° M (oS 76" E). e
directly read strike waluas
a new azimuth protractur
would have to be sécriboed
with quadrant warkings {(\,S,
E,W). However, dip values
would now have to be read inm
qQuadrants also, thus coapli-
cating procedures more than
is necessary for rapid data

collection.
;// Drift axis
] SUMMARY
The direct-rzading azi-
iRight rib : muth protractor, DRAP, pro-

vides a rapid means of map-
ping fracture orientations
in geologic envircmmeacs
where magnetic influcnces
affect compass measurements.
FIGURE 4. - Drift axis direction and rib designation The device is 63511):' con=
I iew) stru?ted and is designed tc
(plon view). eliminate operator error in
mapping by the use of color-
coded dip and azimuih of che
dip markings. The DRAP is constructed from aluminum plate and brass pipa :o
maintain low weight; it uses standard hardware items to reduce machiuing cost.

Adeptness in the use of DRAP is readily acquired in less than 1 hir of
practice in the field. Comparisons of accuracy can be made by mapping sure
faces with a Brunton compass and DRAP in a nonmagnetic envircament. The DHAP
can measure dip to within #0.5° and azimuth of dip to within *5° of the corie-
sponding values obtained with a Brunton compass.
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REGTONAL AND MINE SCALES
24, As the
alone might allow antﬁcipatfon of potential siope

indicated above, site Jocation

problems if open pit mining experience or data on

natural slopes are available for:the area. To
develop a goud understanding of the geology at the
pit site, an integration of the local geoloqy into
geological pattern is  vital.
data

Yy the Geolugical Survey of Lanada and provincial

Lhe
Regional geologica)

regional
are available from maps
Other relevant sources of

Departments ¢f  Mines.

wformation are quoted in paragraph 196,

- names,

DETAILED MAPPING FOR PIT DESIGN

25. The general geolegical map of the pit site
provides essential information but is
insufficient for geotechnical assessments.  Rock
should by geologicad
but an
.hardness tests is the minimum required to identify
areas where instability could occur due to a weak
rock substance. The the
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background
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PROCEDURES USED FOR SAMPLING FRACTURE ORIENTATIONS
IN AN UNDERGROUND COAL MINE

by

D, D, Bolstad, ! Jo R, Alldredge, 2 and M. A. Mahtab3

ABSTRACT
The Bureau of Mines has developed procedures for sampling the geometry of
fractures in underground coal mines. Stratified cluster sampling and the unit
area concept are applied to the collection of fracture orientation data. The
use of unit area mapping, stratification, and site delineation is made to
assure collection of representative data, The procedures developed here help
to isolate sources of variability in the fracture patterns.

INTRODUCTION

Fractures are planes cof weakness in a rock mass, and very often their
geometric patterns (attitude, spacing, extent, and aperture) influence the
mechanical behavior of excavated structures in the fractured medium, During
the past decade, numerical techniques have been increasingly and successfully
employed for stability analyses of engineered structures in fractured media,
The sophistication of the numerical techniques has increased the need for
quantitative and reliable input information regarding fracture geometry. Some
appropriate schemes for quantifying the geometric characteristics of fractures
have recently become available (2).? However, no systematic and acceptable pro~
cedures are available for sampling fracture patterns im subsurface excavations,

As part of the Bureau's investigation of the influence of fractures on
coal mine roof behavior, the Eureau developed and used procedures for sampling
fracture orientations in selected underground coal mines. One of the several
mines selected for the roof behavior study was Duquesne Light Co. Warwick
mine Portal No. 3, Greensboro, Pa. The objective of sampling fracture orien-
tations in this mine was limited to correlating natural fracture® orienta-
tions with roof falls, To meet this objective, sampling procedures were

lGeologist.
2®Mathematical statistician,
aPhysical scientist,
Underlined numbers in parentheses refer to items in the list of references at
the end of this report. '
BPNatural fractures are defined as recurrent planar geologic discontinuities
having spacings of from tenths of a foot to tens of .feet,

o
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devised (1) to extract information on fracture orientations from a relevant
. (small) porticn of the mine (called the study area) and (2) to provide a
statistical background for estimating the mean fracture orientations in the
study area. This report discusses the procedures used by the Bureau for
"sampliing fracture orientations in Warwick mine Portal No. 3.

ACKNOWLEDGMENTS

The authors wish to thank the management of Duquesne Light Co., Pitisburgh,
Pa., for permission to collect data on geometry of fractures in their Warwick
mine Fortal Ne. 3.

GENERAL SAMPLING PROCEDURES

Three main steps were followed in the development of the sampling pro-
cedures: (1) Defining the factors that might affect the sample, (2} cbtaining
and analyzing a preliminary sample, and (3) cbtaining and analyzing the final
sample and presenting the resulrs in a form useful for engineering analysis.
{in this example the analysis involved correlating fracture orientations with
voof falls.) The general procedures followed in this study are illustrated
in the flowsheet shown in figure 1. These procedures may be readily inter-
preted to fit the objectives of other problems involving sampling of attitudes,
spacings, extents, and apertures of fractures in underground mines; for exam-
ple, a recent Bureau of Mines study (3) described application of these
procedures in an underground copper porphyry mine in Arizona. The methods of
saupling may also be applied to problems relating to other planes of weakness,
such as fault traces, blasting fracture patterns, and bedding plane partings.

This reporc emphasizes the following sampling concepts:

1. Cluster sampling, where a cluster consists of all the fractures in a
small division of the study area. The clusterswill be referred to asunit areas.

2. Stratified sampling, where the study area is separated into blocks or
strata, The term strata is used here in a statistical rather than a geological
sense,

The concepts of cluster sampling and stratified sampling arz combined to
result in a stratified cluster sampling plan., This is a common sampling plan
used in many other fields of study. ‘ ¢ !

RECONNAISSANCE
o
This section outlines the geologic setting of the Warwick mine Portal
No. 3 and describes the geologic and layout factors recognized during a short
reconnaissance of the mine (one engineer and one geologist gpent a day visite
ing the minc). The objective of rhe reconnaissance was to select several
arcas for preliminary sampling on the basis of the observed differences in
their geologic and engineering characteristics.

The Warwick mine Portal No. 3 is located within a region of gently dip-
ping NNE-trending anticlines and synclines composed of sandstones, shales,



and coal seams of Pennsylvanian-Permian age.
this region,

Major faulting is lacking in

State objective of study

(correlate fracture patterns
with roof falls)

\

Analyze data by Schmidt plots
or computer program

¥

A

RECONNAISSANCE

Select final study area

4

Define regional oand local

FINAL SAMPLING I

geology
Y

v

Collect mine engineering data
(method, layout, support)

Select strata,define study
sites

4

Y

Select study areas
(map roof falls in selected
study areas)

Determine sample size required

\

/

PRELIMINARY SAMPLING

Randomize unit-areas in each
stratum of each site

Y

Select strata

Map orientations in selected
unit-areas

\

¥

Delineate wunit-area
dimensions

Analyze data by Schmidt plots
or computer program

v

Randomize unit-areas in each
stratum of each study area

¥

Map orientations in selected
unit-areas

Compare and contrast results
by strata,study areas, sites
and fracture.sets
(tabulate results for engineering

input)

FIGURE 1. - Procedures followed for sampling fracture orientations in an underground

coal mine.
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o T 2,000
I
o Scale, fzey
 FIGURE 2. - Genercl plan of Warwick FIGURE 3. - Division of the study area
mine Portal No. 3. into sites.

A nearly orthogonal system of vertical roof fractures was observed
throughout thé Warwick mine Portal No. 3. The shale roof appeared to have no
ﬁajor ohservable structural or lithologic discontinuities. The coal cleat
‘system paralleled the roof fracture system and had well-defined face and butt
cleals, Threc major mining areas, were active (fig. 2); they were the 1-North,
3-Left, and West-Mains entry systems, Since the objective of the fracture
orieatation Mapping study was to correlate roof falls with the patterns of
natural fractures, the three active areas were selected for preliminary
sampling, as these aveas would afford a greater probability of observing
natural fractdreées than would the inactive areas.

(]

RV

PRELIMINARY SAMPLING

The purpose of the preliminary sampling was to supply information about
the geometry of the fracture patterns and to provide measures ¢f the naturals
variability present within and betwecn selected areas. This information was
then used to design the final sanpling plan. This section describes the
design ol the preliminary sampling plan and reports results of the prelim-
inary sampling.

Design of the Preliminary Sampling Plan

Prior to mapping the fractures, the factors that might influence the
results of the study were identified, and a sampling plan was designed to take
account of these factors. For example, the effect of relative location, study-
arca sizes, ferromagnetic influences, difference in rock type, variability



of roof-fall areas, and operator bias were considered in designing the sam-
pling plan.

Each study area (l-North, 3-Left, West-Mains) was deflned on the basic
of equivalent size and quantity of available entries and crosscuts. Theuse
study areas were sampled and analyzed independently to exezmine the affeti of
relative location on fracture orientations. Each study area enceompassed
70 to 80 pillars, exclusive of return airways and actual working faces. The
entries and crosscuts were approximately 20 ft wide and were driven on 70-ft
centers. The general absence nf ferromagnetic influences within the study
areas allowed the use of a standard Brunton compass for orientation
medsurements.

Each study area was divided into (statistical) strata based on rock type
and unsupported span dimensions. The three strata were (1) coal ribs,
(2) shale vroof between ribs, and (3) shale roof at intersections. This is an
application of stratified sampling, However, since unit areas (clusters) are
being sampled, this plan is referred to as stratified cluster sampling. A
cluster, as defined in this study, consists of all the fractures within a
unit area. In the unit area technique each (statistical) stratum is divided
into many small‘areas. 1In this study, 5-ft-square unit areas® were delineated
on all coal ribs, and 20-ft-square unit areas were delineated in the shale
roof between the ribs and in the shale.roof at intersections., The unit area
technique was used in preference to the line of traverse method because the
latter method is biased against the fractures paralleling the line. In addi-
tion, the unit area technique allows a cumparison of fracture-set geometries
between individual areas and groups of areas.

In this study the unit areas in each stratum within the study areas were
numbered for identification on mine maps. A random-number table was used to
select two roof-intersection unit areas, four roof-between-the-ribs unit
areas, and four coal-rib unit areas for mapping in each study area. This
sample size was hased on the time available for mapping during the preliminary
phase, The unit areas were randomized to insure that an unbiased and repre-
sentative sample of the area under study was obtained.

Results of the Preliminary Sampling

After mapping, fracture sets were identified from the data and their .
mean attitudes were calculated using a computer program (2). Table 1 lists
the results of an analysis of preliminary sample. Two major fracture sets
were prevalent throughout the three study areas. No major differences in the
meuan attitudes of fracture sets were found in a comparison of the chree study
areas. DBecause of this, it was decided to concentrate the final sampling o
efforts in just one etudy area. Since the 1-North study area contalned a
large air shaft whose effect on the neighboring fracture patterns was unknown,
and since the access within the Wast-Mains study area was impaired, the final
sampling was conducted in the 3-Left study area. The final sawpling (and

®The choice of a square shape was convenient. The side of a square unit
area was given by the height (5 ft) or width (20 ft) of the entrids,



analysis) of the fracture orientations in the 3-Left study area are discussed in the
next section,

TABLE 1. - Summary of fracture orientations obtained during preliminary sampling

- Study area
Fracture set West-Mains 3-Left 1-North
Azimuth,| Bip, ‘€, |Azimuth,| Dip, ¢,} |Azimuth,{ Dip, c,t
degrees |[degrees |degrees| degrees |degrees|degrees| degrees |degrees|degries
Set 1:
Coal....... 203 88 - 25 87 1.8 202 88 1.6
Roof .. ..., 197 88 3.2 09 90 2.3 192 88 2.6
Intersection’|- 193 89 5.4 91 86 4.0 195 87 3.5
Set Z:
Coal,.ve.vu 113 89 - 116 83 3.1 116 37 3.9
Roof.oueonnn 115 90 9.8 ) &) &) 110 88 5.5
Intersection (&) &) (&) 98 89 14,2 120 88 14,1

LApex angle of the cone around the sample mean (as its axis) such that the cone will
wontain the crue mean with 95-percent confidence--valid only for hemispherically
normally Jdistributed data. '

®Surface of ribs away from intersections, four 5-ft-square unit areas.

SRoot away from intersections, four 20-ft-square unit areas,

*Rool at intersections, two 20-ft-square unit areas.

“Insufficient data to delineate a fracture sec.

- FINAL SAMPLING

The purpose of the final sampling was to define the parameters of the fracture sets
within each stratum of the 3-Left study area in a form useful for engineering analysis,
particularly for a study of any correlation between roof falls and fracture orientations.
This section describes the design of the final sampling plan, including sample size deter-
mination and further stratification of the study area, and gives the results of analysis
of the final sample.

Design of the Final Sampling Plan

Here, as in the preliminary sampling plan, the factors that might influence the
results of the study must be identified and the final sampling plan designed accordingly.
For the final sampling plan the 3-Left study area was stratified into coal ribs, shale
roof between rios, and shale roof at intersections., In addition, since the objective of
the sampling was to correlate roof falls with the geometry of natural fractures, the studv
arca was divided into three sites (A, B, and C) based on roof condition. Figure 3 illus-
trates this division. Sites A and C contained few roof falls, whereas site B had a strong
concentration of roof falls,

The unit area technique was used for mapping and, as in the preliminary sampling, thé
selection of the unit areas to be mapped was made through the use of the random number
table (thus reducing the possibility of operator bias in the selection).

The approximate number of fractures, N, , to be mapped in each stratum, was dcter-
mined by applying the following formula;

™~

n
N, =/

N, ,

s

1
.

where n = number of fracture sets delineated in the preliminary samnle of the siratum.
N, is determined for fracture set i by the relaticn



log, (1/P)
Ny =1+ log, [1+ (k - 1)(1 - cos c)]

(2)

The derivation of equation 2 follows from confidence interval relationships for the Fisher
distribution on the sphere (1). The values of k, which is a measure cf the tightness of
the data points in a fracture set arcund its mean artitude, were obrained frum the com-
puter analysis (2) of the preliminary sawple for each stvatum, The probability, ¥, was
get at the 95-percent level of confidence, and ¢, the confidence radius around the mean,
was given a value of 1°, 1In other words, the sample mean was required to be within 1? of
the true mean with 95-percent confidence. During the preliminary sampling, an averagc of
15 fractures was mapped.in a unit areain a 1l5~minute time allotment. The allotmeri of

15 minutes, though arbitrary, appeared to yield adequate ccverage of each unit area and a
sufficiently large preliminary sample, The number of unit areas to be mapped in a
stratum during the final sampling was therefore N,/15.

Results of the Final Sampling

The final sample was analyzed by the computer program (2). The results of the

aralysis are listed in table 2. Two fracture sets (sets 1 and 2) occur throughout the
study area; that is, in each ¢f the three strata (coal, roof, and intersection} in each
of the three sites (A, B, and C). Two additional fracture sets were identified: Set 3
occurs in the roof of sites B and C, wherecas set 4 appears in the roof of site B only.
(It is noted here that the frequency of rcof falls observed in the study area was greatest
for site B.) The division of the 3-Left study area into strata and into sites exposas the
variability in the fracture patterns. If this had not been done, large vsriations within
fracture sets would have obscured any fine-scale interpretat.on.

TABLE 2, - Summary of fracture orientations obtained during finzl sampling

Site
Fracture set : - A B C
Azimuth,| Dip, C,! | Azimuth,| Dip, c,1 [Azimuth,| Dip, c,t
degrees idegrees degrees| degrees |degrees |degrees| degrees |degrees|degrees
Set 1:
Coal®....... 16.9 89.7 -, 19,1 §8.7 - 198.9 89.1 1.0
Roof®.... ... 4.0 89.7 - 186.1 89.9 - 181,5 89.3 2.8
Intersectiont | 180.2 89.3 - 184.9 89.8 - 181.3 89.2 -
Set 2:
Coal.....o.. 108.5 85.9 2.5 111.5 84.1 - 113.8 86.5 2.6
Roof........ 96.5 86.9 4.3 292.0 89.7 5.1 82.4 89.8 8.7
Intersection 97.3 87.3 - 278.7 89.9 - 278.7 88.0 4.5
Set 3:
Coal......0. - - - - - - - - -
Roofeieueene - - | - 123.8 84,2 5.9 302.3 ! 85.3 8.0
Intersection - - - - - - - - -
Set 4:
Coaleueuvses | - - - - - - - - -
Roofeee.enne - - - 70.4 88.3 9.7 - - -
Intersection - - - - - ~ - - -

TApex angle of the cone around the sample mean (as its axis) such that the cone will
contain the true mean wich 95-percent confidence--valid only for hemisphericaliy
normally distributed data.

2Surfuace of ribs away from intersections, 5-fr-square unit areas.,

Rool away from interscctiors, 20-ft-square unit areas.

4Root at intersections, 20-ft-square unit areas.



SUMMARY N

This report develops and applies a stratified cluster sampling procedure
for sumpling fracture orientations in an underground coal mine with the
objective of correlating roof falls with fracture orientations. The use of
the sampling plan provides a statistical basis for calculating mean orienta-
tion values for fracture sets, Application of this plan involves three steps:
(1) Reconnaissance to define the strata by their engineering and geologic
properties, (2) preliminary sampling to obtain initial quantitative informa-
tion about the patterns of fracture orientations and to provide the necessary
data for computation of the sample size for final sampling, and (3) final
sampling in a portion of the mine to obtain statistical estimates of the
parameters of fracture orientation sets for application to an engineering
analysis,

The sampling procedures employed in this study were organized around
the idea that the collection of representative data was necessary for an
accurate analysis of the effect of fracture geometry on roof stability.
The use of unit area mapping, stratification, and site delineation con-
tributed te the collection of representative data.

-
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A BUREAU OF MINMES 'D!RECT-READING AZIMUTH PROTRACTOR
by o

o D. D. Bolstad! end M. A. Mahtab?

ABSTRACT

This report describes the construction and use of a direct-reading
azimuth protractcr (DRAP) by the Bureau of Mines for measuring fracture
orientations in mines, tunnels, or other excavations having a magnetic envi-
romment. The DRAP allows a rapid and simultaneous measurement of dip and
azfmuth of dip of 'a fracture plane., The instrument is rugged, lightweight,
and easily constructible from standard nardware items. The DRAP can measure
dip to within #0.5° and azimuth of dip to within #5° of corresponding valuas
obtained with a Brunton compass.

INTRODUCTION

This report describes the direct-reading azimuth protractor (DRAP) devel-
oped by the Bureau of Mines for mapping fracture orientations in mines,
tunnels, or other excavations where the existing magnetic fields affect the
accuracy of measurements made with a magnetic compass. The DRAP is a modified
version of an instrument originally developed by E. D. Wilson® for mapping
fracture orientations in the San Manuel copper mine, Arizona. Wilson's device
conslsted of three components: A compass card, a strike board, and a handle,.
Strike azimuths can be read directly with Wilson's device. However, the
measurement of dip requires the use of an additional instrument, such as the
Bruunton compass. By the addition of a compass card to Wilson's device, DRAP
has been made capable of simultaneously measuring the dip azimuth and the
dip of a fracture plane. The color coding of the dip scales in DRAP provides
a '"fail-safe'" means of obtaining the proper dip direction. The addition of a
bubble level has also increased the accuracy of the observations. ;

The device (DRAP) in its present state allows the ccllection of datza in a
form suitable for statistical processing on digital computers. Instead of
measuring the strike of a joint plane, the azimuth of its dip 1s measured.

“Geologist.

2Physical scientist, .

SWilson, E. D. Geologic Factors Related to Block Caving at San Manuel Copper
Mine, Pinal County, Ariz. Progress KReport, April 1954-March 1956. Buliines
R1 5336, 1957, 78 pp.



The dip and tae azimuth of dip then completely define the atiitude of a
fracture in spherical cnordinates.

ACKNOWLEDGHMENTS

The authors wish to express their gratitude to L. A. Thomas, chief
geologist, Magma Copper Co., San Manuel Div., San Manuel, Ariz., ior indepegnd-
ent evaluation of DRAP and to F. §. Kendosskl, (presently geclogical engineer,
Climax Molybdenum Co., Climax, Colo.), for extensive fileld testing of DRAP at
the Zan Manuel mine during 1971. Speecial thanks are due J. C. Bean, engineer-
ing draftsman, Denver Mining Researcii Center, for introducing modifications in
the detail drawings of DRAP components to facilitate machining.

CONSTRUCTION C DRAP

The basic device as 1llustratsd ia figures 1 and 2 was macnined {rom
aluminum plate snd thick-wall brzss pipe “cr durability and low weight. The
complete device welighs 2-1/4 1b. Any lightweight, moderately inexpeasive
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saterial could . used in construcilon cf the devica. ALl boltc, screws, and
auts ere standny d harduare items. slgure 1 {liustrates the comgonents of
DRAP, {igure ? psovides a detail drawing® of the components, and figure 3
illusirates the omplete assembly. ‘e individual parts are described in the

following sections.

Base Plate AS.--This is a 1/4 in-thick aluminum plate measuring 4 in by
4 in; it provides a flat surface to lay the device on the fracture surface.

Hase Shoes B.--These are machiced from 1/2-in alwmines plate, are
attached to edges of the base place A, and provide the bearing surfaces for
the iotating dip cylinder D. Two dip scales, graduated from 0° to 90°, are
provided on each shoe. The graduations are scribed ipn incremznts of 1° and
number:d €vaey 10°. The 'dip scales ar2 color coded in red aad blezk. Red
nurbers wre che vight-toned numbers iliustrazred im fignres 1 and 3; black
rumbe.s app2ar :n a darker tone. Additicnal warwings of C° to 15° are scribed
s2yond eichee 20d of rhe 0° to 90° scales to provide greater ease in mapping
rearly horizental fractures. Nete that in figire 3, the base choes ave
positiored <uch that the red {lignt-tone) wumbers are closed to the azimutk
arm i thar arve the black nurbers.
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FIGURE 3. - DRAP assembly.
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End Caps C.--These caps are machined from 1/2-in aluminum plate and
provide a means of dust-sealing the dip cylinder D. Each cap is drilled to
allow thumbscrews to be inserted into threaded holes in the corresponding
base shoe B.

Dip Cylinder D.--The cylinder was cut from a piece 0f brass pipe having
2-in OD and I-7/8-in ID. The 4-in- -long cylinder provides a rotating unit that
fits within the base shoes B. Each end of the cylinder is zapped wich a
2-1/8-in-diam round plate E to prevent lateral movement. The cylinder Ig
slotted to accept the azimuth plate F, which {s then screwed tc the back of
the cylinder D. -

Azimuth Plate F.--This plate provides a surface for mounting the azimuth
protractor G and the locking thumbscrew H. The azimuth plate was machined
from 1/4-in aluminum stock and measures 3 in by 4-1/2 in with one ead rounded
to a 1-3/8-in radius to reduce weight.

Azimuth Protractor G.--The protractor was cut from 1/8-in-thick aluminum
and is scribed In 2 Increments proceeding clockwise from 0° azimuth (north)
to 360° azimuth (north}. The 2-3/4-in-diam protractor G provides a means of
setting the proper drift azimuth value by using the drift azimuth pointer lock
H cto fasten the protractor firmly to the azimuth plate F. The protractor is
also used in obtaining the azimuth of dip of a fracture .

Azimuth Arm I.--The 1/4-in-thick aluminum arm is bolted to the azimuth
plate ¥ through a center hole in the azimuth protractor G. A thumbscrew
provides a friction lock on the free-turning arm. No threads are required in
the center hole of the azimuth arm I as the arm must move freely during the
mapping process. A simple (30 min) bull's eye level is fastened to the arm
and allows the arm and cylinder unit to be leveled prior to taking azimuth and
dip readings. A scale (graduated in tenths of a foot) 1s scribed on the arm
to allow measurement of apertures and spacing of fractures. The pointer on
the end of the arm does not correspond to a specific direction to be used,
rather 1t provides a 90° angle useful for alinement with steel sets (or other
supports) in the drift being mapped.

The circular portion of the arm is scribed with color-coded “right" and
"left" markings. Note, again, that the light-toned letters represent red
color, and the darker letters represent black color, as illustrated in fxgure
1, I. Two pointers are placed at 90° to the long axis of the arm and at 180°
apart.

USE OF DRAP

In a magnetic enviromment, the azimuth measurements made with a magnetic
compass are not reliable. This difificulty is overcome by using DRAP, which
measures the azimuth of dip of a fracture with reference to a known direcrion,
for example, the azimuth of a drift axis. The accuracy of observations, there-
fore, depends on the ability of the observer in positioning the azimuth arm I
of DRAP at 90° to the reference line. The authors have consistently been able
to reproduce DRAP measurements of dip to within #0.5° and azimuth of dip to



within #5° of the corresponding measurements made (in a nonmagnetic environ-
ment) with a Brunton compass. In addition, DRAP has allowed a slightly
grecater speed of measuring these angles as compared with a Brunton compass.
Another important advantage of DRAP over a Brunton compass is that DRAP makes
available much larger measuring surface (base plate A). The 16-sq-in surface
tends to average over the protrusions, crystal growths, and other rough fea-
tures on fracture surfaces, thus giving truer dip and azimuth readings. On
the other hand, the approximately 0.75-sq-in surface (edge) of a Brunton
compass sometimes yilelds false dip and strike values due to localized asper--
ities on fracture surfaces.

The following paragraphs describe the various steps involved in using
DRAP to obtain the orientations of fractures in underground mines.

Setting Drift Azimuth.--Before any measurements can be made with DRAP, it
is necessary to set, on the protractor G, the azimuth of the (reference) axis
uf the 'drif{t that is being mapped. The azimuth values for the drifts to be
mapped arc determined from the mine maps. Each drift axis will have two
azimuths, such as 044° and 224°, as illustrated in figure 4. 1If the operator
travels northeasterly down the drifc (044°) this value is set on DRAP by
rotating the azimuth protractor G until 044° is alined with the drift azimuth
pointer lock H. The protractor G is locked into place by tightening the lock
H. .If the cperator reverses direction, the new azimuth of 224° would have to
be reset on the protractor.

Note that the azimuth setting determines the rib's right and left direc-
tions, in relation to the direction of travel of the cperator.

Alinement of DRAP.-~To map a fraccure, the base place A of DRAP is placed
on the fracture surface and is shifted around while rotating the dip cylinder
D until the level-bubble is centered. The azimuth arm I is now rotated until
it is at 90° to the axis of the drift. This right angle must be visually
estimated. With practice, however, a good (#5°) estimate of thils angle is
easily made. As mentioned earlier, the pointer on the end of the azimuth arm
also provides a means of sighting-in along the steel sets or other supports to
maintain accuracy.

Dip Angle Reading.-~The angle of dip of the fracture is read directly
from either side of the base shoes B. One of the scribe lines on the cylindex
caps E will be alined with a degree marking on the base shoes B. This degrae
value is color coded either red (light tone) or black (dark tone).

Azimuth of the Dip Reading.--The pointers, on either side of the circular
portion of the azimuth arm I have color-coded (red and black) “righc' and
"left" markings (for each pointer). These markings refer to the rib (wall)
being mapped. Note that in a previcus step entitled "Alinement of DRAP", an
initial drift azimuth setting of 044° was used. Therefore, the "right" aand
"left" walls correspond to the operator's right and left as he 1s facing 044°.
In this example the ouperator is mapping the left wall and has obtained a black
color-coded dip reading of 14°. Therefore, the pointer on the side of the
azimuth I, which 1is marked "left" and is colored black, will correspond to an




azimuth of dip value mocked
on the a+imuth protranrcor G.
Note that in figure 2, the
side markea black "lefi” is
also marked red "rjghe

For this examp.e a raaling
of 166° reprecants the 2zi-
mutl: of che dip value, ‘'this
correspondis to 2 2trike of
N 76° W (or S 76° E). Lo
directly read stvike values
a new azimuth protractor C
would have to be scribed
with quadrant markings (¥,S,
E,W). However, dip vaiues
would now have to be read in
quadrants also, thus compii-
cating procedures more than
is nzcessary for rapia data
s == 44° colleczion,

ﬂ,/ Drift axis
W SUMMARY

The direct-reading azi-
muth proiractor, DRAP, spro-
vides a rapid means of nap-
ping fracture orientotions
in geologic envirouments
where magnetic “aflucnces
affect compass measurcments.
FIGURE 4. - Drift axis direction and rib designation The device is easily con-

) structed and is designed to

(plan view). eliminate operator error in

mapping by the use of color-

coded dip and azimuth of rthe
dip markings. The DRAP is constructed from aluminum plate and brass pipe to

maintain low weight; it uses standard hardware items to reduce mackinip: cost.

iRight rib :

Adeptness in the use of DPAP is readily acquired in less thar 1 hr ~~
practice in the field. Comparisons of accuracy can be made by mapping surs
faces with a Brunton compass and DRAP in a nonmagnetic arvi-camen=. The ORAE
can measure dip to within #0.5° and azimuth of dip to within 13° of the ecvrre-
sponding values obtained with & 3runton compass.
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Fig 3 - Flow of geological data for the design of pit slopes.

REGIONAL AND MINE SCALES
24. As
alone might

indicated above, the site Jlocation
allow anticipation of potential slope
probiems if open pit mining experience or data on
natural slopes are available for the area. To
develop a goud understaanding of the geology at the
pit site, an integratioﬁ of the local geclegy into
the regional  geological is  vital,
data

Yy the Geolugical Survey of Canada and provincial

pattevn
Regional geological are available from maps

Departments of  Mines,  Other relevant sources of

information are quoted in paragraph 196.

DETAILED MAPPING FOR PIT DESIGN
25. The general geological map of the pit site

provides essential background information but is
insufficient for geotechnical assessments. Rock
types should nct only be known by geologicad

nanes, but an estimate of strength with simple
haraness tests is the minimum required to identify
areas where instability could occur due to 2 weak

rock substance. The same applies for the
discontinuitics which have to be described in more
detail than is the case in general geslogical

mapping.
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OVERCORING EQUIPMENT AND TECHNIQUES USED
IN ROCK STRESS DETERMINATION

by

Verne E. Hooker ! and David L. Bickel?

ABSTRACT

Stress-relief techniques and instrumentation have been developed through
many years of research in the Federal Bureau of Mines and successfully used to
determine the in situ state of stress in rock. This paper describes the drill-
ing equipment and accessories for use with the Federal Bureau cof Mines three-
component deformation borehole gage. Operation and calibration procedures for
the deformation gage are discussed in detaill. Site selection and cvercoring
procedures are included to provide a complete working knowledge for surface or
underground applications.

INTRODUCTION

The Bureau of Mines three-component (measures three diameters 60° apart)
borehole deformation gage, which has all sensing elements in the same plane,
is designed to measure diametral deformations of a 1l%-inch borehole during
overcoring stress relief. The process essentially consists of the following
three steps: (1) Drilling a l4-inch-diameter gage hole (pilot hole) with a
diamond bit and reamer, (2) positioning the borehole gage in the gage hole,
and (3) drilling over the gage with a 6-inch-diameter thin-walled diamond bit.
Deformation readings are taken at the start, during, and at the end of the
overcoring. After overcoring, the borehole gage is removed and the drilled
core is broken and retrieved. The orientation of the core and the position of
the borehole gage in the core are marked on the core.

The marked ccre is tested in a biaxial chamber (2)2 to determine the
physical properties of the rock. The physical propertiesland the deformation
measurements from each overcore are used to calculate the secondary principal
stresses and their orientation in the plane normal to the axis of the borehole.
The effects of anisotropy can be included in the calculation (1). If borehole
deformaition measurements are obtained from at least three nonparallel holes,

three-dimensional representation of the average ground stress components

Se determined (4).

.-ervisory geophysicist. -
2. . . . .
“btnginecring technician.
3 ; . . . .
Underlined numbers in parenthuses refer to items in the list of references

preceding the appendixes.



DRILLING EQUIPMENT

|

The following drilling equipment should be employed for in situ stress
measurements:

1. A drill with a chuck speed ranging down to 120 rpm and a penetration
rate of ¥ inch per 35 to 50 seconds using a 6-inch-diameter overcoring bit,
the chuck and quill large enough to take EW! drill rod. See figure A-l.
(Note.--Since drills do not normally have chuck speeds as low as 120 rpm, a
change in gear ratio is mecessary. For the CP-65 air drill the recommended
rotation speed is O to 1,000 rpm and feed ratios are 200, 300, 500, and 800

revelutions/inch).

2. An EWX® double-tube swivel-type core barrel--one 5 feet and one
; Feet in length, and an EWX single tube core barrel 2 feet in length. See

fipure A-2.
3. EX diamond bits.

4. A reamer to use with the EX bit for the l%-inch-diameter pilot gage
hele. :

5+~ EW drill rod in the following lengths: six 5-foot pieces, four 2-foot
nizces, and two l-foobt pleces.

6. Two stabilizers (5-7/8 inches in diameter by 8 inches long) omn a
2-foot length of EW drill rod. (Note.--The stabilizer can be made from a used
6-inch-diameter core barrel cut 8 inches long.) See figure A-3.

7. . Some BX wireline drill rod in the following lengths: three 5-foot
pieces, four 2-foot pieces, and two l-foot pieces. BX wireline is the drill
rod that has been found to be the most satisfactory to perform overcore drill-
ing. The inside diameter of the drill rod is large enough for the borehole
gage and placement tool to pass through the drill rod. The wire linedrill rod
is Tight in weight, yet, it has the strength to meet our drilling requirements.
Four threads per inch on the rod are desirable to provide fast coupling.

8. Two stabilizers (5-7/8 inches in diameter by 8 inches long) on 2Z-fcot
length of BX wire line drill rod.

9. An adapter sub (EW box to BX wireline pin) for EW drill rod in the
chuck and quill to BX wire line drill rod.

10. A water swivel to fit.the EW drill rod in the drill with a 1/2-inch
hole for the borehole gage cable to go through and a plug to fit when the
cable is not used. See figure A-4. (Note.--The EW pins at the water swivel
and at the chuck must be drilled out to at least 9/16 inch for cable and water
to go through.)

“E, EW, B, and N denote diameter or size.
°X denotes manufacturer's series of equipment.



11. Expander head to fit BX wire line drill rcd and a 6-inch-0D diamond
overcoring bit. See figure A-S.

12. Six-inch-diameter thin-wallmasonry overcoring bits long enough to
obtain 2 feet of overcore 5-5/8 inches in diameter. See figure A-0.

+13. A 6-inch-diameter starter barrel 1 foot in length rigged with a
detachabla l%-inch-diameter pilot shaft in the center. The pillot shaft shouid
extend approximately 5 inches beyond the diamonds of the starter barrel. This
barrel is used to center the 6-inch-diameter hole over an initial 1)-inch-
diameter hole at the face. See figures 2 and A-7.

14. An EW core barral to replace the detachable pilot shaft. This bar-
rel should be cut to exteud 1 inch beyond the starter barrel. When the bit
and reamer are attached, the unit is used to drill a 1%-inch-diameter starter
hole 4 inches deep in the bottom of a 6-inch-diameter horizontal hole.

15. A centering stabilizer for starting the 5-foot or 7-foot EWX core
barrel into the 4-inch horizontal starter hole or for centering the EWX core
barrel in the bottom of a 6-inch-diameter vertical hole. See figure A-S.

16. A steel ring 2 inches OD, 1.448 ianches ID, and 3/4 inch wide placed
on the EWX core barrel in front of the centering stabilizer for retrieving the
centering stabilizer. See figure 8.

17. A core breaker to fit the EW rod. The core breaker should be at
least 2% inches wide and hardened. See figure A-9.

18. A 6-inch core shovel to fit an EW rod for retrieving the core from a
horizontal hole. See figure A-9.

19. A 6-inch core puller approximately 18 inches in length to fit an EW
drill rod for retrieving core from a vertical hole. See figure A-9. The back
end of the barrel has an approximate 5/8-inch-thick steel plate welded to the
barrel with an EW box welded in the center of the plate. Three 1-1/2-inch-
diameter holes on 120° centers are drilled into the plate to allow water to
pass through when the core puller is lowered into the 6-inch-diameter hole.

On the front end of the barrel are four U cuts 90° apart. These rectangular
sections of metal are pushed in slightly to hold the 6-inch core when lifting
the core from the vertical hole. (Note.--The shovel and core puller should be ;
made from a used 6-inch core barrel.)

INSTRUMENTATION

The following instruments are required for calibration, testing the
drilled core, and measurement of the deformations during the overcoring:

1. Three-component borchole gage and accessories (including special
pliers, 0.005-inch and 0.015-inch thick brass washers, and silicone greasa).
See figures A-11 and B-1.
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2. Three Budd® Model P-350 or equivalent strain indicators. (Note.--
1f other indicators are used and gage factor (G.F.) of 0.40 cannot be obtained,
then calibration at G.F. of 1.5 or other nominal G.F. is necessary.)

3. Orientation and placement tools for the borehole gage. See fig-
ures A-12 and B-2.

4. Calibration device for calibrating the three-component borehole gage.
See figures A-13 and B-3.

5. Biaxial chamber to determine the modulus of elasticity of the rock.
S5ez figures A-14 and B-4.

SITE SELECTION

In otder to calculate the complete stress ellipsoid, deformation measure-
ments must be obtainmed inm at least three nonparallel holes. Typical systems
of borelioles and directions of measurement are shown in figure 1. Three
avthogonal horeholes provide the best configuration of thiree boreholes for
determining all six stress components with uniform precision (fig. 1lA). It
is poessible, however, to obtain very good results from configurations 1B and
1€ where the angle between the horizontal holes has been minimized to reduce
driiling depths in the horizontal holes. Deformation measurements should be
mide outside the zone of influence of the mined opening. This distance is
usually taken to be one diameter of the mine opening. Borehole configura-

: tions 1A, 1B, and 1C require
only one drill setup. Geo-
logic or structural condi-
tions may require that the
zone of stress measurement
be confined to a small area.
The configuration of 1D will
provide good engineering
estimates of the stress com-
ponents except that a high
standard deviation will
exist for any calculated
principal stress compeonent
having an orientation paral-
lel or nearly parallel to
the axis of any of the holes
of the borehole configura-
tion. This configuration
requires three drill setups.

6Reference to specific com-

o] O Veartical down hole i
: - pany or brand names is
AT=N =‘ZE§.W"77==77§“-W—EN =WS/W=ff=W\=l/= made to facilitate under-

standing and does not
imply endorsement by the
Bureau of Mines.

c o

FIGURE 1. - Drill hole configuration (D indicates diam-
eter of mine opening),



. Horizonmtal holes should be started 5° upwavd from horizontal tc facili-
tate removal of water and drill cuttings from the hole. The drill site should
be selected in competent rock where lengths of core of 1 or 2 feet can bLe
obtained. Sometimes it may be advisable to drill NX holes in the proposed
overcore configuration to determine if cores of sufficient length can be
obtained.

OVERCORING PROCEDURE

If the stress distribution is to be studied near the mine opening, the
following procedures should be used:

1. Drill 7 feet of EX pilot hole. The distance of 7 feet has been
experimentally determined to be the usual limit of pilot-hola depth before
overcoring off centers the pilot hole to such a degree that cores cannot be
tested for.Young's modulus. The deformation readings will not be effected if
the pilot hole does not remain concentric with the 6-inch-diameter hole. How-
ever, to determine Young's modulus, the pilot hole should stay 1-1/2 inches or
more from the circumference of the 5-5/8-inch-diameter core which is drilled
by the 6-inch-diameter thin-wall diamond bit.

2._ The 6-inch-diameter starter barrel should be used to drill % inch to
1% inches or enough kerf so that the overcoring barrel can be started. See
figure 2.

3. Uncouple the starter barrel from the drill rod near the chuck and
remove the starter barrel.

4. Open the drill to make room for borehole gage placement and retrieval
tool.

5. String the borehole gage.cable (which has had its end taped) through
the adapter sub, EX drill rod, and water swivel. See figure 3.

6. Remove tape from the borehole gage cable and hook the cable to the
three strain Iindicators as shown in figure 4 or 5. The six pistons are
pulled from the gage with the special pliers and kept in order. A zero defor-
mation reading is taken for each compomnent and recorded on the field data
sheet (fig. 7) in the row labeled, "zero,' and in the three columns labeled, *
Uy ," Up," and ",." (Note.--When onrly one indicator is available, use a :
switching and balancing unit or just a switehing unit. With no switching unit,
thook up the indicator as shown, take a reading, U;, and replace the white and
red wire with the yellow and orange wire. Take another reading, U,, and
replace the yellow and orange wire with the brown and blue wire. Read U,.)
'The pistons are greased and replaced in their proper place in the gage. Mate-
rial can be removed from the O-ring by a toothbrush if a piston is acciden-
tally dropped. (Note.--Always grease the piston O-ring before putting it back
‘into the borehole gage.) Each diameter should be checked by applying siight
finger pressure on the pistons to insure that the correct diameter is cou-
nected to the selected indicator and is working properly. The respective indi-
cator needles will move as the pressure is appliad to a piston. ‘
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,Column (for” mounting drill)
,6-inch-diameter biY 27 Iaches tong

N ¢

\‘:ﬂ /

¥ CBX wireline dril rod “:k. Drill (open position)
‘f, _ M

| [ ]

©
© | =
|

Setup for the three-component (3-D) borehole gage implacement.

Cable going to
strain mdlcufov.

*~Quitl
Water swivel'

"~3-D borehole gage Woter hose—»,

FIGURE 3. -

Sensitivity knob® turn full clochwise.
Balance knob. putl mid-ronge {5 furns of the {0-turn potentiometer),
Bridge switch. Switch to fuli (F).

aloct

¥ SENS! [13
Y ©° @ b
seopt Tog
gar TESY  F °

BALANCE @ S O~ ol TEST é Sig

. @ H SO M S‘?O\
| ear Ranse °0 BAT RANGE ) o
'l O =3 tO - e O = ( ? o}
L GNDO #o O

499’
Brown /

Biuve

8 conductor cable No. I8

Nole. Hook black and green wires vo Indlcator Mo 2 and use two other wires (No. '8 or Na 20)
to common P+ and P-(or F'l and Pz) of all three indicators. .

FIGURE 4. - Wire hookup to model P-350 strain indicators,

i



Gage factor <1.50 (lowest gage focinr this indicator will go),

RANGE — POLARITY :
Q 10% 20X -

t
B ag .2
SCOPE .
o, °
Facton \ O

D @ G:D- |

” \ B‘“c‘ A
RANGE  POLARITY RANG: POLAR'TY
+ -—@0 0K 21 I N

UO%‘ 20K -C?

SCOPE

GAGE.
‘AC TOR

3

& conductor cabie No I8

On the BLH Model N strain Indicators, the terminal marked B on ali three Indicators are hooked
together as are the terminals marked G. The black and green wires coming from the 8 conducior
cable are hooked tu these termindls,

FIGURE 5. - Wire hookup to model HW-1 strain indicators.
Examine the case screws of this borehole gage and tighten them if
necessary.

"7. Place the 6-inch-diameter core barrel into the hole made by the
starter barrel.

8. Holding the borehole gage (notch up), engage the orientation pins
(see fig. B-1) of the borehole gage with the placement and retrieval tool
using a clockwise motion and secure the cable with the wire clip (see
fig. 8-2). For correct alinement, the cable groove in the placement and
retrieval tool should be alined with the notch in the gage case that indicates
U, (component 1). The notch is filed in front of the piston in the borehole

gage case. .
POSITICN OF COMPONENTS

451

£
Us Us Notch in gage (at Ui)
Ua Uz

Uy

| .Looking from rear of gage

This placement and retrieval tool is designed to set and orient the gage with
clockwise motion. Since U, (a notch in the gage) is perpendicular to the



orientation handle, a small level can be used on the handle for orientation in
horizontal holes.

9. With the placement rod, put the borehole gage through the 6-inch core
barrel and into the EX hole 9 inches past the 6-inch-diameter kerf and orient
the gage. Sce figure 6.

10. Check the bias of the gage on the strain indicators. (See section on
frocedure for Operating the Three-Component Borehole Gage for amount of bias
needed and for changing bias on the gage.)

k1. Turn the placement tool counterclockwise (approximately 60°) to free
the placement tool from the gage. Similarly, when retrieving the gage, the
toul is slipped onto the gage and rotated clockwise until the tool stops
spainst the orientation pins of che borehole gage. (Note.--If the gage is
criented too far clockwise, a counterclockwise motion of about 120° will
silow the gage to be moved counterclockwise, then reoriented correctly on the
zlockwise motion.)

i2. Remove the placement and retrieval tool from the hole.
13. Clese the drill.
14. Pull all excess cable through the drill.

15. Couple the drill rod that is in the chuck to the BX wire line-drill
rod extending out of the drilil hole.

16. Hold or tie the cable behind the water 3wive1.

17. Turn on water. Allow approximately 10 minutes from the time the gage
is set for the gage, drill water, and rock to come to temperature equilibrium.

18. Start the overcore with a chuck speed of approximately 120 rpm and a
penetration rate of % inch per 40 seconds; 120 rpm gives very satisfactory bit
life and will lessen the chance of damaging the gage if the core should break
during an overcore relief. Each 3-inch penetration should be signaled to the

¢Borehole gage cable
BX wireling dshi vod-\l (Ploggr:icanf and setripval

{ t sLevel

: “Eﬂl“L “ﬁmﬂ%mywmmqlaﬁigli 52::g§£;==“
? fr‘é1nxllfu‘ \ —QEE:iQQMQQQQ :Orien?aﬁon
. handle

< -Wood taped to placement

1%/2—~ihch - dlameter hole :

-

{ . .

~G-inch-diameter rod to hold the piacement
core barrol rod in the cenfer.

“~-Foce

FIGURE 6. - Positioning the three-component (3-D) borehole gage with the placement rod
through the 6-inch-diameter core barrel and drill rod.,



indicator reader and the indicator readings (deformation measurements)
recorded on the field data sheet (fig.

Hole No.

Goge No.

Goge factor

True Bearing of Hple._

DOt e Orlantation | U,

7). The rate of penetration of

Calibration Faoctor U,

9 7 Ju—

Uy

DEFTH

DEFORMATION

TIME TEMP,
REMARKS

Gage Hote
(+)

INDICATOR READING Geye

U, L2

Us Sat

Overcore] Daformation R
gtart Road Rock {Weter

Zero

3" | Foce

23

L3

Il

2!'

S -

7

1473

eu

8Ys

Pistons| 9"

9 '/zl

10"

— T T ——

Noie. Next reilet would start ot iBInches and go to 36 inches
and Quge would be orientated at g depth of 27 inches.

FIGURE 7. - Fieid data sheet.
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40 seconds allows just enough time for the data observer to record the three
diametral readings. Overcoring should proceed for a total of 18 inches which
is 9 inches beyond the plane of measurement for a complete overcore. If read-
ings are taken each % inch, 36 sets of readings are recorded.

Modifications of the length of overcore can be reduced as low as 6 and 6
or & total of a 12-inch run with good results still obtainable. (Note.--If
the core breaks during overcoring, this breakage will be noticed by the indi-
sators fluctuating or the cable twisting through the drill rod. If this hap-
pens, the drill should be shut down immediately and the gage and broken core

retrieved.)

19. VUpon completion of the overcore or when the core breaks prematurely,
uncuuple the EX wire line-drill rod at the adapter sub.

20. Pull a little slack in the cable so the drill can be opened.

21. Retrieval tool is hooked onto the borehole gage cable by the wire
¢'ip, and then insected through the BX wire line-drill rod to retrieve the
gage. This procedure is described in step 11.

JAENES e &g
[

22. Remove the core barrel and drill rod from the hole.

-

23. Use the core-breaker to break core.

24. Retrieve this core with the core shovel. 1In a vertical hole
retrieve the core with the core puller. Mark an orientation on the core after
the core is brought to the collar of the é-inch-diameter hole. Be careful not
to rotate the core puller when retrieving core from a vertical hole.

25. Place the core barrel and drill rod back in the 6-inch-diameter hole.

26. Repeat steps 8 through 25 for each additional relief in the remain-
ing EX pilot hole. Do not position the borehole gage pistons closer than
12 inches to the bottom of the pilot hole.

Overcores should be tested in a biaxial chamber as soon as conveniently
possible afrer recovery to determine the modulus of elasticity.

The 7 feet of EX hole allows for approximately four complete overcores
before drilling out the last foot or so of EX and recentering and drilling the
next 7 feet of EX hole for more determinations. Stabilizers are inserted in
the drill stem generally at IO-fgot-rod intervals.

In all drilling, the pilot EX hole should be cored with a double tube
barrel so that the core can be obtained for observation. This core indicates
the fractures and/or if core disking is occurring so that the gage can be
placed in the competent zones. Disking areas or highly fractured areas should
be drilled out prior to gage emplacement.
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FIGURE 8. - Starting the 1Y-inch-diameter hole in the bottom of the é-inch dlcmeter hole.

Providing the only interest is to determine the stress field outside the
influence of the mine opening, time can be saved by drilling the 6-inch-
diameter hole without instrumentation. Then, centered in the btettom of the
6-inch-diameter hole, approximately 7 feet of EX hole is drilled for gage
emplacement and subsequent overcore determinations. See figure 8. At this
distance of one diameter from the opening, at least three good sets of read-
ings should be obtained from 2ach hole for a good statistical determination of

the average ground stress compouents. :

PROCEDURE FOR OPERATING THE THREE-COMPONENT BOREHOLE GAGE

- The procedures described in the section have been developed through use
of the gage over a long period of tiwme. It is important that the details be
followed closely in order to minimize any chance of damage to the gage and
provide for the mecst reliable acquisition of data.

1. Hook the gage to the indicators, as shown in figure 4 or 5, or to
the switching unit and one indicator.

2. Remove all the pistons from the gage with special pliers. See fig-
ure A-11. The special pliers are made by brazing a piece of brass 1/2-inch- by!
3/8-inch-long (round stock preferred) to the jaws of a standard pair of pliers.
An 11/32-inch-diameter hole is drilled paralliel to the jaws of the pliers in
the center of the brass. The pliers are cpened by sawing through tha hras
along the diameter perpendicular to the handles of the pliers. The outside
edges are filed to fit inside the 1/2-iach-wide milled flats of the borehole
gage case.

3. Record the zero deformetion reading for each of the three component:,
Label them U, , Uy, and U, zero reading.

4. Grease the O-ring on all the pistons and insert the pistons back inte
the gage.
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5. Place the gage in the 1%-inch hole or into the test specimen if the
Caution. --Do not force the gage into the lj-inch

work is done in the lab.
Instead, remove any washers that may be on the

hole if it fits very tightly.
pistons, as follows:

a. First remove one piston at a time with the special pliers.

b. Hold the piston with both pliers and screw it apart, being care-
ful not to grab the O-ring with the pliers.

c. Remove the washer and screw the piston firmly back together.
d. Grease the O-ring and insert the piston into the gage.

e. Do this to only one piston in each diametral pair (U,, Uy, and Uy)
and reset thie gage im the EX hole. If the gage is still very tight, remove a
washer from the remaining three pistons as stated in steps a-d. If the gage

is very.loose inside the l%-inch hole, remove the pistons one at a time and
sut on a washer using steps a-d.

6. If the gage offers some resistance when placing it into the l}4-inch
bole, position the gage in the desired orientation.

7. Read all three components (U, , Uy, and U,).

When relieving stress as in field overcoring stress relief, the bias set
on each component should be between 10,000 and 15,000 indicated units (uin/in)
with a gage factor of 0.40. When stress is applied to.a specimen as in-the
lab, or in the biaxial chamber, a bias set on each of the components should be
between 4,000 and 8,000 indicated units (;in/in) for a gage factor of 0.40.
Using a gage factor of 1.50 the bias should be between 2,300 and 3,400 indi-
ceted units (uin/in) for overcoring stress relief and between 900 and 1,800
indicated units (uin/in) for lab testing. The following tabulation shows
typical zero readings and calibration factors for the two gage factors
mentioned: "

For a gage factor of 0.40: for a gage factor of 1.50:

Zero readings (pistons out): Zero readings (pistons out):
U, ~ -4000 U, ~ -930
Uy ~ +3100 - U, ~ +670
U, ~ +4100 U; ~ +960

Calibration factors: Calibration factors:

o Uy 1.00 yin per uin/in .Uy 4.35 uin per uin/in
Us 1.00 uin per pin/in U, 4.39 uin per pin/in
Uy  1.04 pin per uin/in U; 4.36 uin per uin/in

Care must be taken to not overload the transducers. Maximum load on any
component should not exceed 20,000 indicated units (uin/in) using a gage fac-
tor of 0.40; and 4,560 indicated units (uin/in) using a gage factor of 1.50.
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Lowering the gage factor increases seansitivity. A gage factor of 0.40
gives a readout of one indicator uwnit (uin/in) for 1 microinch deformationm.

Using any other gage factor besides the two mentioned, the workable range
in indicated units must be determined as must the calibration factors.
°

BOREHOLE GAGE CALIBRATION

The following steps describe the procedure for calibrating the three-
component borehole gage. Calibration should be done before the borehole gage
is used in situ or in the laboratory. It is a good practice to calibrate the
borehole gage after it has been used. This will concur that no damage has

occurred to the borehole gage during its use.

1. Grease all pistons.

2. Put tgem into the gage.

3. "Place the gage into the calibration jig.

4. Position the gage so that the pistons for component one are visibie
through the micrometer holes.

5. Tighten the three wing nuts.

6. 1Install the two micrometer heads and lightly tighten the set screws.

7. Set the strain indicator on 'Full Bridge," center the balance knob if
there is one, and set the gage factor at 0.40 or any gage factor desired.
(Note.--The gage factor setting must be the same for calibration as used in
the field for overcoring and for biaxial testing.)

8. Hook the wires for component one (black, green, white, and red) to
the indicator as shown in figure 4 or 5 and balance 1it.

9. Turn one micrometer in, until the needle of the indicator just starts
to move. The micrometer is now in contact with the pistons.

10. Do the same wvith the opposite micrometer.
11. Rebalance the indicator if necessary.
12. Record this uno load reading {(zeroc displacement).

13. Turn in each micrometer 0.0160 inch (a total of 0.0320 inch displace-
ment for component one). (Note.--The micrometer is read to a ten-thousandths

of an inch.)

14, Balance the indicacor.



15. Record the reading.

16.. Wait 2 minutes to check that the combined creep for the two trans-
ducers making up the component is not excessive. (For 2 minutes the creep

should not exceed 20 pin/in). .

17. Record the new reading.

18. Back off each micrometer 0.0040 inch (a total of 0.0080 inch for the
compenent). .

19. Balance and record.

20. Continue this procedure until you are back to the starting point on
¢he micrometers. (Note.--This zero displacement reading will also be the zero

displagemeént rveading for a second rum.)
21. Repeat steps 13 through 20 for the second cycle.

22. Loosen the wing nuts and rotate the gage clockwise to line up com-
ponent two with the micrometers.

7 23. Retighten the wing nuts.

24. Hook up the wires for component two (black, green, yellow, and
orange) to the strain indicator.

25, Proceed with steps 9 through 21.
26. Calibrate component three in similar manner.
CALIBRATION DATA ANALYSIS

Subtract the zero displacement strain indicator reading (last reading of
each run) from all your other indicator readings to establish the differences.
Thece values are in microinch per inch. Because of friction between the
O-ring around the piston and the wall of the holes in the borehole gage case,
the last subtracted value (6,860 uin/in at 0.0080 inch displacement) is sub-
tracted from the largest displacement difference (30,535 uin/in at 0.0320
inch). This difference (23,675) in microinch per inch is divided into the;
deformation difference for this given range, which is 0.0240 inch or 24,000
microinches per inch. The resulting amount is the calibration factor. Do
this again for the second run and average these two calibration factors for
the calibration factor used for component one.

Repeat the above procedure to determine the calibraztion factors for com-
ponent two and component three.
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The following is a sample of two runs for one component, calibrated at a
gage factor of 0.4GC:

\

Displacement, inches i Indicator reading [ ‘ Difference
. RUNM 11
¢ °  -$93 \ -
.D320 +30,140 Wait 2 minutas
.03290 30,055 30,535 uin/in
. 0240 21,920 ’ © 22,400 yin/in
.0160 14,040 14,520 yin/in
~.008 i 6,380 5,860 yin/in
0o . { -480 : -
RUN 2! R
0 -480 -
.0320 +30,034 Wait 2 minutes
.0320 29,980 30,430 pin/in
".0240 21,914 . 22,364 ;in/in
.0160 - 13,975 14,425 pin/in
. 0080 65,335 6,785 pin/in
0 -450 -

Known displacement (uin)
Indicator units

.YCalibration factor: = yin/indicator unit.

.. Thus, for run 1
24,900

23.675 = 1.014; and
for run 2
24,000 .
- —_— . K
23,645 1.015.

Use a calibration factor of 1.01 for the component.

The above method is a faster means and is within 1 percent of the least
squares method for determining the calibration factor. However, if desired,
a least squares determination can be made from a plot of micrometer displace-
ment versus jindication units.

IDENTIFICATION OF SOURCE OF MALFUNCTION OF BOREHOLE GAGE

If Balance on One or More of the Yndicators Is Not Achieved

Recheck the wiring hookup to see¢ that the hookup is in accordance with
the wiring diagrams in figure 4 or 5 and that a2ll connections are tighe. If
balancing is still not achieved, the problem may be due to the plug-in cable
connection in the borehole gage. This is checked by removing all of the
screws from the placcment end of the gage, removing this end, turning off the
knurled clamping nut, and pushing in the cable to insure good plug-in connec-
tion. With the indicator set to the zero reading for each component aud when
good connection is made, the indicators will balance. Screw back the knurled
clamping nut very tightly and replace the end. (Note.--NMonbalance may occur
when too much pull has been exerted on the cable accidentally or intentiocnally
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during gage retrieval after overcoring. Sometimes in a vertical hole, cut-
tings or broken rock drop into the li-inch hole impeding the gage retrieval
tool from hooking onto the orientation pins of the gage. A tendency always
exists to attempt to retrieve the gage by pulling the cable., A better way to
retrieve the 'gage is to remove the drilling rod and the 6-inch-diameter core
barrel and break off the core with the gage still inside. Remove the borehole
gage cable from the drill, 6-inch-diameter core barrel, and drill rod. String
the cable through one of the holes in the end of the core puller. Then
retrieve both core and gage with the 6-inch core puller.)

Une or More Elements Become Insensitive on Indicator

1f elements become insensitive to deflection of the pistons or nonrespon-
sive to the turninmg of the indicator dial, the probability exists that water
or moisture has somehow entered through the gage into the connecting plug or
czble. In this case do the following:

1. Remove the pistons and the borehole gage case to check for water. If
vater is present, check the piston (-rings for a possible cut that may have
cucurred from gripping the O-ring with pliers. Grease the O-rings and replace
the c¢ase. ‘ '

2.~ Remove the placement end as stated previously. Check the grommet
seal. If water is found inside the gage or in the cable connecting plug, dry
out completely, regrease the cable where it passes through the grommet and
tighten the knurled nut firmly. Replace the placement end.

One Compcnent Deoes Not Balance Anywhere on the Indicator
Dials or Balances Intermittently

This situation indicates a disconnected wire or possibly a cold solder
joint. Remove the borehole gage case and check all wires going tc this com-
pounent including the plug-in cable connector. Solder where needed and replace

the gage case,

Indicators Are Sensitive When Being Touched

This sensitivity generally occurs after the instruments are used for a
period of time in very humid conditions. Use plastic or other insulating mate-
rial underneath the indicators during the working day. Each night the indi-
cators shouid be brought ocut of the mine and allowed to dry.
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APPENDIX A.--PHOTOGRAPHS OF THE DRILLING EQUIPMENT
BOREHCLE GAGE, AND ACCESSORIES
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FIGURE A-14. - Bioxial chamber and pump (2).
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La medida de tensiones y (lcjoz'macion.cs en
Macizos rocosos.

A. Roberts

6.1 Introduccidon

) El objeto fyndamental de la Mecénica de Rocas es el estudio del comporta-
miento n')ecémco de las rocas y macizos rocosos frente a solicitaciones estticas
y dinamicas. Trataremos aqui la determinacién de las tensiones y la medida
dc_ las' dei:ormaciqncs. Puede aducirse que el ingenicro ocupado en obras de
Imneria, cumentaciones o geologia de obras civiles se enfrenta en el'terreno con
las propiedades generales de los macizos rocosos, en lugar de con el material
rocoso en si. Cen todo debemos conocer las propiedades de todos los
e]emcntc; de que se compone un macizo rocoso, asi como las del conjunto
§1 Queremos llegar a entender los problemas particulares que pueden presen:
larse en cualquier instante. En algunos de nuestros problemas los factores
pr;dommanies son los que dependen de Tas propiedades del material base
mientras que otras veces el factor critico puede ser alguna propiedad dei
ACiZ0 10C0s0. .

En el desarrollo de la Mecanica de las Rocas en los ultimos afios ningtn
f-"f)b{em& ha encontrado mayor dificultad de solucidn que la delern"linacic')n
¢ei ¢stado tensional in situ de un macizo rocoso. Sin embargo, a pocos proble-
rzas se ies ha prestado tanta atencién. Son innumerables los aparatos y téc-
rn‘cas desarrollados con este fin y cada reunién de Mecénica de Rocas hace
surgir otros nuevos. El que esto suceda quiere decir que hasta el momento
no se ha epcqnlrado una técnica aceptable en general, tanto desde el punto
de visia practico como tedrico. Muchos equipos y métodos no han pasado de
le fase "de prototipo y bastantes investigadores han expresado la opinién de
que serfa mucho mas 1til emplear el tiempo y el dinero en otras vias de inves-
tigacién en lugar de intentar medir el estado tensional in sifu. Se ha sugerido
que los ingenieros de Mecanica de Rocas deberian expresarse en términcs de
defor?:acxones en lugar de en tensiones, ya que aquéllas se pueden otservar
y medi. «Debemos preguntarnos a qué grado de distorsion pardera ei material
su.estu)iiidsd y bajo qué deformacidn se romveran *.

[ :r;-fﬁ*i& de 1a magnitud y vclocidad del cierre de cavidades y de la defor-
macicit e "o macizos rocosos en los que se han excavado, han constituido
gempre un aspecto fundamental de la téenica de control de estratos en
mineria. h

Tales medidas incluyen la observacién de los movimientos entre puntos

-

Dr. Leopold Miiller, discurso de introdnccidn al I Congreso ia Soci e
nacionsi de Mecinica de Rocas, Lishoa, 1966 RaTeso de iz Sociedad Joter-

de referencia establecidos en la boveda y solera o alo largo | .tre las paredes
laterales. Los aparatos empleados pueden ser sencitlos o sofisticados, en fun-
cion principalmente de la sensibilidad de medida deseada y de la necesidad
de un registro o control remoto.

Principios de medida an2logos pueden aplicarse a las parcdes de la exca-
vacion, colocando varillas o cables en sondeos, anclindolos en un extremo y
estableciendo algin sistema para medir su longitud en el.otro, .

. Colocando varios cables en un sondeo, cada uno de ellos anclado a dife-
rente longitud *dentro del mismo. pueden medirse los movimicntos relativos
entre los estratos a diferentes profundidades. Las dcforiaciones de un macizo
se observan entre puntos de referencia colocados con la scparacion deseada
y situados, por ejemplo, en sondees parforados entre excavaciones adyaccntes
o con medidas entre punios de referencia a distancia considerable segin la
pared de una excavacidn. -

Sin embargo, mientras no podamos determinar el estado tensional en la cor-
teza terrestre y en los macizos donde se ubican nuestras excavacicnes, la inge-
nieria de rocas seguira sierndo un arte. Si la Mecanica de Rocas se ha de desarro-
llar como una ciencia co:: aplicaciones practicas en ingenieria, debemos poner a
punto métodos adecuados para la medida de tensiones ir situ. Sin poder hacer
tales medidas, gran parte del trabajo realizado en los dltimos afios habra sido
de interés académico unicamcnte; tal es el caso, por ejemplo, del desarrollo de
criterios de rotura para rocas y de la evolucién de métodos racionales para el
proyecto de excavaciones subterraneas. Investigadores de muchos paises han
propuesto que la rotura de una roca bajo carga puede expresarse en funcién
de la teoria de rotura fragil, habiendo ampliado la teoria para tener en cuenta
los estados de tensién trianiales, el efecto del cierre de las grietas a compresion
y la existencia de presiones intersticiales en el interior de la roca. Pero la apli-
cacién de cualquiera de estas teorias presupone ¢l conocimieato del estado
tensional in situ. Esto implica un conocimiento, no sélo del estado original de
tensiones en la roca, sinv también de’la distribucién completa de iensiones
en cada fase del proceso de rotura. En el momento actual estanios muy lejos
de tal grado de conocimiento.

La estabilidad de una excavacién en roca depende de la resistencia de la
roca frente a las tensiones que se le imponen en las proximidades de la excava-
cion. Sila excavacion va a ser sostenida desde el inierior, por ejemplo mediante
el revestimiento de un tunel, necesitamos conocer las fuerzas que debe resistir
el revestimiento si se quicre seguir un método racional de proyecto. Estos
métodos, por ejemplo el descrito por Horvath?, hacen una hipdtesis sobre el
estado de tlensiones in situ, a partir del cual se calcula la capacidad portante
del revestimiento. Se requieren medidas de los emipujes de los estratos y ias
cargas soportadas para comprobar la validez de tales métodos de proyecio.
Otro método consiste en la medida de cargas y empujes en estructuras cxis-
tentes y en el entorno de las mismas, acumulando datos reales sobre los que
se puedan basar futuros proyectes en circunstancias comparables.

6.1.1 Tensiones en la corteza terrestie

El estado tensional en la corteza terrestre, en un cierto instante y emplaza-
miento, se debe a fuerzas de distintos origenes y caracteristicas. Se conviene
en denominar estado iensicnal virgen o natural al que existe antes de realizar
cuaiquier obra de ingenicria. Este estado tznsicnal cs alterado por ia consirue-
cidn de terrapicnes. cxcavacionss v esructuras que dan lugdr a una pucvy
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CiOn de fensio ¢S InC. (1335 en 1aS rons o v 5L 0. B0 L i
rales estdn incluidas la: graviiatorias, dcbidas al peso de ia cnboctura
sz y el efecto de ias tensiones latentes, algunas de Jas cuales se han origi-
0 cn procesos de cristalizacion, metamorfisme, sedimentacidn, consolida.

y desecacion, segiin Jos distintos tipos de rocas, mientras gue otras pro-
:n de fucrzas tectdnicas y movimicntos de la roricza terrestre.

Zl concepto de tensiones gravitatorias «upone, de forma convencional, que

- Udca se comporta como un material clastico con deformacidn lateral total-

3
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te impcedida, en cuyo caso el estado tensional a la profundidad H viene
mido por:
Tension principal vertical

0, = Hw (donde w = pesc por unidad volumen) - (6.1)

“ension principal laieral

U
Oy = O3 = ~—-— Hw

"~ (v = médulo de Poisson)

a relacidn tension lateral-tensidn vertical es en este caso

U

1—v

C =

s, el confinamiento lfatcral no es completamente rigido, C alcanzara
r.s valores. Si 'a roca se comporta como un material plastico idcal,
rd un estado hidrostatico en el que C == 1. Investigaderes de diverscs
atorios han esigblecido 1a existencia de fases eldsticas y plasticas para
ites materiales rocoses, segin las condiciones de confinamiento y el
2 ‘ensional. Horvath postula que para una roca con ciertas caracteristicas
ns5°3n de Auencia, pese especifico y médulo de Poisson, existe una pro-
3223 limite por encima de la cual las tensiones laterales pueden calcularse
tir de la tecria elastica, pero para mayores profundidades la tensién
ip © horizontal debe deducirse de un criteric de fluencia plastica como cf
nt?

gy = Hw —or (or = lension de fluencia) 6.2)

agzr 2 también describe un caso en el que una roca puede comportarse
amente, siempre que la diferencia entre las tensiones principales sea
or a una tension tangencial de fluencia, y deformandose después plastica-
. »! seguir aumentando la carga. Al suprimir la carga el material deberia
ortarse de nuevo eldsticarnente cuando la diferencia de tensiones guedara
2te jo del limite de fluencia. Cabe imaginar que se produzca un ciclo de
pu si los estratos, de situacién profunda, se dejan al descubierto parcial-
. % esiratos adyacentes tienen diferentes limites de fluencia los calculos
ipar indican que pueden estar sometidos a diferentes presiones latzrales
¢ rayan suffido la misma historia de carga.
- estrato de roca resistente puede no haber cedido baje carga, mientras
e cstrato méas débil se puede haber deformado mas, dando lugar 2 un
. empuje lateral. De acuerdo con la hipétesis de Seagar, el empuje lateral
1,0ce supenor al calculaco a partir de Ja elasticidad pura, v facilmente
I saperar en magnitud a la presién veriicai.

I - - P Ao~ s bee
SEer mawt L o N TP R S, 2des L s
oducidas 1o e gl BUICALL LT GRS T a1t d e LRALL L Ly
SUpPCriores a3 1.3 varticaes. 1w ndn de eShorar unds chatie FUCRS G Oneriacior
preferenciel, A'zaors ptoet cin cmbargo, souiionen qul i fucncia baje

cargas mantenids-. ¢ v, - Lavr. o uompos geoidmica ha podido eii.ninar lac
tensiones diferencieles, dirgo Ingar a un sistema de tensioncs hidrostitico.
Everiing 3, al descranir 10: resaliadas generales de los estudios realizados sobre
el estado tensioral in site de 1ns seditacntos carboniferos de Furcpa Centrid,
sefiala: «De todzs las hipdtesiy refercntss a la presion horizontal, la mas
probable ed la de igualdad de presionss en todas lzs direcciones.»
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Figura 6.° Representacion de las tensiones cn un punto de un solido (Leeman)

La existcncia de fallas y la produccién de terremotcs constituyen, sin
embargo, una clara evidencia de la capacidad de los estralos rocosos para
soportar tensiones diferenciales a una escala de tiempos geoldgica.

6.1.2 Distribucidn de tensiones en torno a excavaciones en roca

Al considerar el estado natural de tensiones en problemas de Mecanica de
Rocas conviene referirse a las tensiones principales en tres direcciones orto-
gonales, una de ellas vertical. De hecho, estas son tcnsione_s principales secun-
darias que sirven para identificar las primarias, desconocidas en magnitud y
direccién. Se pueden determinar las tensiones principales si se conocen las
9 componentes de tensién que actiian sobre un _cubo elemental (Fig. 6.1).
Estas componentes son funcion de seis variables independientes.

Sin cmbargo el estado natural de tensiones esta alterado en lqs rocas en
torno a excavaciones y cavidades asi como en la proximidad de la cimentacion
de estructuras. Se produce una redistribucion que da lugar a concentracion de
tensiones, unas de compresién y otras de traccién, en disti puntos de las
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rocas adyacentes a las obras de ingenicria. Este nuevo estado tensional inducido
es tridimensional y ampliamente variabie en magnitud y dircecion. Todo lo
mas que sabemos s que las tensiones inducidas pueden alecanzar una magnitud
varias veces superior a la de las tensiones naturales. La determinacion de la
situacion probable y de Ja magnitud de las concentraciones de tensiones resulta,
sin embargo, de importancia primordial.

Se pucde oblener un conocimiento detallado de la naturaleza de las con-
centraciones de tensiones en torno a excavaciones, en un material elastico ideal
bajo un estado de carga dado, a partir de métodos numéricos * o mediante
estudios ¢n modelo fotoeldstico, como los empleados por Hiramatsu y Oka *
(Fig. 6.2) u otros analogos. Estudios semejantes pueden ampliarse para mate-
riales rocosos reales o siimulados, como los descritos en las referencias (5) y (6),

Figura 6.2 Iscstiticas en meodclos foiczlasticos de un tunel de carretera
bajo carga vertical, horizontal y oblicua ¢

- donde se ha visio que la heterogeneidad y anisotropia tienen una influencia
cor.siderable sobre la distribucion de tensiones, a veces con escasa semejanza
cor: ¢} caso ideal (Fig. 6.3). Los modelos suelen ser bidimensionales y someti-
des 2 sistemas tensionales conocidos y constantes. La situacion real es tridimen-
sional y comprende componentes dinamicas. Cuando el terreno cede, la zona
de concentracién de tensiones se deforma hasta una profundidad desconocida
en 21 interior de fa roca. La deformacion puede ser elastica y la roca permanece
inzl.erada hasta llegar a la rotura al aumentar las tensiones, o puede ser
funcién del tiempo y Ja excavacion se va cerrando paulatinamente bajo carga
constzte. En rocas elasticas duras, 1a rotura puede producirse a partir de con-
cenwraciones de tensiones en torno a discontinuidades o grietas del material
roces0 y ro solamente en torno a la periferia de la excavacidn. Durante la reali-
zzcicn de obras de ingenieria, como excavaciones en rocas, perforacién de
tine 2= v voladuras, las tensiones inducidas variaran al progresar 1a excavacidn
T, €3 =u. guier caso, las rocas de la corteza terrestre estin constantemente

da: a las variaciones diurnas de tensiones producidas por las fuerzas

de mzrex terrestres.
£} ing-niero que se enfrente con la determinacion de las tensiones in sifu

debe, por tanto, valorar una magnitud que varia en el espacio y en el tiempo y

que no se puedc predecir en un punto y en un instanie dados. Unicamente

puede intentar medirlas en Jas condiciones presentes.
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Figura 6.3 Estucio enmodeio foteelastico de la distribucion dc‘mnsnoncs enla
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6.1.3 Caraciteristicas tensidn-deformacion de las 10cas

Es itmposble medir tensiones duocctamente, pero podeoaes dofinirlgs ¢p
la forma de una fuciza por unidad de superficie y r.u'dv:cir?:—zﬂ midicndo la
fucrza aplicada para establecer un estado de equilibrio. For otro 1ado, podemas
determinar las tensicnes midiendo alguna eotra propicdad fisica si se conoce
la relacién entre esa propiedad y las tensiones. Entre esas propicdades podenios
incluir la velocidad actstica, !a resistividad eléctrica y la deformacién. Los
exlensometros (sfrain gauges) son con mucho los dispesitivos mas gencral-
mente utifizados para el estudio de tensiones en materiales .elasticos. Sin
embargo en la Mecinica de Rocas, aunque pucde espcrarse que algunas
rocas como las fgneas y metamdrficas se comporten clasicamente, otras, ¢n
especial las evaporitas y los sedimentos porosos, no lo hacen asi. Muchas rocas
presentan caracteristicas marcadas de anisotropia y son conjuntos hetero-
géneos de varios materiales de propiedades mecinicas muy difereates

La justificacion para ampliar Ia aplicacion de la teoiia elastica a rocas
diferentes de las igneas y metamérficas, por ejemplo a las arcniscas vy otras
rocas sedimentarias, es que, después de ciclos sucesivos de carga-descarga,
bien durante ensayos in sifu a gran escala, como los de carga con placa, o en
ensayos de laboratorio sobre pequeias muestras, se puede apreciar una relacién
tension-deformacién la cual, aunque 1aramente es lineal en todo el intervalo
de observacidn, puede frecuentemente aproximarse por una relacién lineal en
un intervalo de carga limitado. EI «mddulo» obtenido a partir de tales ensayos
viene determinado principalmente por la forma en que las discontinuidades y
poros se cierran por compresion en la zona de influencia de las placas de carga
o gatos en 105 ensayos in situ, y por la méquina e ensayo a compiesion, en
la muestra de laboratorio con cargas bajas. Con cargas elevadas pueden obte
ncrse a veces en laboratorio rcsultados rcpruducxbleo en cierta extensién y
con un lazo de histéresis muy cerrado, pero el ensayo in situ no da una infor-
macion. que describa las propiedades fisicas del macize rocoso en férminos
absolutas. Los resultados de tales easayos sélo se pveden aplicar al lugar y a
ias circunstancias en que se han obienido y no puede esperarse que exista una
corrclacion sencilla con los enszyos de laboratorio sobre muesiras del material
rocoso.

En los tltimos afios se han empleado los conceptos de la reologia para
caracterizar las propiedades de distintos materiales rocosos. Los modelos
reoldgicos, formados por elementos como muelles elasticos v amortiguadores
viscosos, representan las propiedades de elasticidad y viscosidad por medio de
ias cuales pueden describirse las caracteristicas de deformacién del materiai
en carga y descarga.y de las que se pueden deducir ecuacxones bésicas tensidn-
deformacidn y deforinacion-tienipo.

6.2 Principios de la medida de fensiones en rocas

Consideraremos dos tipos de medidas:

a) La dewcrminacion del estado iensional absoluin,
by 1.a medida de {ensiones relativas, es decir variaciones de tensiones.

Existe una amplia variedad de aparatos y mélodos para ambos lipos de
medidas.
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'T’{fh‘ fugar ot P;i-ill_l_::;t:a(.}(‘n de ten-
siones y lo oomveradn f ®oniima en tondén se hazo a parts relaciones,
conocides ¢ supuesias, &z u'ﬂ‘iiuﬂ»dut):‘l!!;tﬁlvn pare ¥a roca esiudiada. Las
tenstonzs relativas pue den determinarse midiendd as tensiones absoluias o
prmc'nso y al final de un intesvalo de tempo dade, pero esto no es sicmpre

.pecesario y mientras sca posible ne se utilizan pura medir tensiones relativas

las técnicas de liberacion de tensiones, que son caras y lentas. Hablando en
general, los instrumicnitos empleados en ambos Uipos de medidas son semnejan-
tes pero aungue sualguict instrumento proyectado para ta medida de tensiones
absoluias medird también tensiones refativas, algunos aparatos que son de
diﬁtﬁo‘ wencilio e ideados para medidas relativas. no pueden aplicarse sin
uerta modificacidn para medidas abolutas.

6.2.1 El método de liberacion de 1ensiones (stress-relief)

En este método, el instrumento de medida debe adherirse a la superficie
de 1a roca expuesta en Ja excavacion. A continuacion ia zona de roca a la que se
ha unido el instrumento se separa de) entorno, bien cortando unas ranuras
en cuadra mediante una sierra o perforando una corona de taladros secantes ¢
torno a {a misma. En otres casos la parte de roca y el instrumento asociado
se recortan mediante una corona de perforacién hueca de didametro apropiado,
A continuacion se miden las deformaciones registradas en la roca indepen-
dizada.

Entre los instrumentos empleades de esta forma se encuentran los extensd-
metros que miden la deformacién superficial seglin tres direcciones, las rosetas
de extFnsénxetros y los medidores fotoelasiicos biaxiales. Los resultados
permiten identificar la tensién principal secundaria, en un estado biaxial, en
el plano de la pared de la excavacién. En este caso la tercera tensidn principal
es nula.

La determinacién del estado tensional natural requiere la realizacién de
medidas mas alla de la zona de influencia de la excavacién. Esto puede conse-
gunrsu perforando un sondeo en el frente de excavacion y colocando el medider
en ¢! fondo del mismo. A continuacién se realiza l2 sobreperforacion * en
toda la longitud del sondeo original (Fig. 6.4).

"!ambxen en este caso los resultados proporcionan las tensiones principales
secundarias en un plano normal ai eje del sondeo. Como se quiere estudiar el
estado de tensiones triaxial, es necesario medir seis deformaciones principales,
segin tres planos ortogonalies, para obtener una solucién. Hasta el momento
esto no se ha conseguido casi nunca. Lo mas corriente ha sido realizar medidas
en un unico sondeo, intreduciendo hipétesis simplificadoras sobre ia direccién
de la tercera tension principal. Dos hipétesis hechas corrientemente son que

a tensién principal es de direccion vertical (en cuyo caso ¢l sondceo se perfora
horizontalmente ¢n la pared rocosa) o (si el sondeo no es horizontal) la tercera
iensiérli principal tiene {a direccion del eje del sondeo.

*  Elegimos esta palabra para traducir la inglesa «overcoringn, ¢ ~arece de equi-

valente ¢n castellano. (N. del T.)

'
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Figuma 6.4 M¢étodo de liberacién de tensiones. (a) Utilizando un medidor
de deformacion transversal o la célula multiple de Leeman. (b) Empleando
una céiula de bandas cxtensométricas

Se han empleado tres tipos difcrentes de medidores de deformaciones en
sondeos. Pueden clasificarse como 7 «medidores de deformacién transversal»,
«tensimetros de inclusidon» y «células de deformacién».

6.3 Mecdidores de deformacion transversal (Borehole deformation meters)

Estos aparatos miden las variaciones en las dimensiones transversales de
un taladro realizado en roca, cuando éste se deforma como resultado de la
variacidn de tensiones. Las tensiones se calculan por la teoria elastica.

La ecuacidn general de la deformacion plana es

AD — alD {0 +K)—vL + 2(1 — K)(1 —#?) cos 26,} (6.3)
6
4D = % {(ay + ag) —vag + 2(a; — a,)(1 —1?) cos 26,} (64)

y para el estado plano de tensiones:
4D = _i'l {1 + 03) + 2(¢, — 0,) cos 26} (6.5)

donde 4D = variacién de longitud del didmetro que forma un angulo 6, con
la direccién de la tension principal a,,

= fongitud inicial del diametro,

O»

K=-—-—=

g, --
L = s '

o, -
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Si se miden los corrimientos segin tres diametros difercmie 4 se conoce
el mddulo de elasticidad y el madulo de Poisson, puede calcularse la magnitud
y dircccion de las tensiones.

En la figura 6.5: : !
E ]
o) + 0y = 3D(| ,‘,2) (Ul. +Uy + Uy) . (6.6)
. y' -
B \/25 .
01— % = ¢hi— [(Uz —Uf + (U — Uyt + (U, — U (6.7)
donde U,, U, y U, son los corrimicntds medidos.

s

Figura 6.5 Dszformacion de un orificio circular en una placa sometida a un
eslado de tensiones biaxial. Roscla de 60° (medidor de deformacidn transversal
del U. S. B. M.)

El angulo que forma o, con la direccién segin la cual se mide el corri-
miento U, vale

V3(U, — Uy
tg 20, = WU U, (6.8)
Si los corrimientos medidos forman dngulos de 45°
_ EU, + Uy
o, +a,= 2D(1 — %) (6.9 a)
- ] — 2 —_ 21372
or gy = U= U 4 (U, — U 695)
2DV 21 —?
y WY, — U, —U
g2 = -~ H — U Ui 6.9 ¢)



Merrill y Peterson ® dan las siguientes reglas para la dererminacion de 2,:
Para una roscia con cjes a 60°:
I. Sit,
2. SilU; < U, 0, estd comprendidido entre 0°y +90°,
3. SiU,=U,ysi
a) Ul > U2, el = oo,
by U, < U, 6, =+90°%

> U, 0, esta comprendido eatre --90°y +180° é entie "y - -90°,

y para una roseta con cjes a 45°;

. SiU,> U, + Uy2, 61 estd comprendido entre +90°y 180° o cntre 0°
y ~-50°.

2. Si U, < (U, 4+ Uy)j2, 8, esia comprendido entre ° y +50°.

3. Sil, =(Uy + U2, ysi
ay U,> U8, =0°
by U, < U, 6, = 90°

Uno de los primeros medidores de deformacion transversal empleado con
éxito en Europa y Africa del Sur es la célula de Maihak 7%, En este instru-
mento el elemento sensible es un medidor de cuerda vibrante conectado a un
vastago que se hace salir mediante un mecanismo de tornillo hasta que entra
en contacto con las paredes del taladro. Se requieren diferentes colocaciones
sucesivas del aparato para obtener una solucion, ya aue sélo se registra un
corrimiento diametral. Posteriotmente se han desarrollado en otros paises
aparatos que miden simultdncamente los corrimientos segin dos didmetros,
permitiendo ademés un registro continuo. De este tipo son los medidores de
deformacion Marks I y IT desarrollados por ei C. S. I. R. (Africa dei Sur) que
emplean como mecanismo sensible extensémetros de resistencia eléctrica en
anillos que se deforman bajo la accién de vistagos que entran en contacto con
las paredes del taladro o transformadores diferenciales lineales conectados
dircctamente a tales vastagos, respectivamente b2,

Los aparatos empleados en Europa Central para investigaciones de Meca-
nica de Rocas han sido descritos por Cibek '3, quien ha proyectado un medidor
de deformacidn que registra las variaciones diametrales seglin dos direcciones
ortogonales. En este aparato los vastagos de contacto actiian sobre una
palanca mecanica haciendo variar la resistencia eléctrica de un sencillo
potencidmetro.

Uno de los medidores empleados con méas éxito en el mundo de habla
inglesa es el del U. S. Bureau of Mines, presentado por Merrill y otros
en 1962 &1, Este aparato proyectado para su introduccién ¢n un taladro de
tamaio EX (1,5 pulgadas de diametro) se muestra en la figura 6.56. El elemento
sensible es una chapa en ménsula de cobre-berilio a ia que estdn conectadas
cuatro bandas extensométricas formando un puente de Wheatstone. El aparato
tiene una sensibilidad de apreximadamente 20 zcm, por cm, que corres-
ponde a una precisién en las tensiones de aprévimadamenie 0,95 kg/em? para
una‘roca de £ = 210.000 kg/cm®.

La instalacién del aparato UJ. 5. B. M. y la r:d!lvauon de medidas com-

prenden !a sigu’ seriz de operaciones:

(2]
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G =

Sioboitra unocondes e 6 pulgadie (0500 de didmete (mediante uca
coreng de diamane de 8% de diametre wierjar) en la pared rocosa, ¥ una
i e, ot tr‘.vm sar la zena fractovada exterior. Se eatras o
testino, y o estags oan on el sondew rara centrar una batuia y corona de
p“rfo acion do taaehs EXL Con ella se perfora hasta una profundidad de 3
o mids metros mas ade del fGnal del sondeo de 6 pulgadas.

Se roloca el aparato en i ialadro de didmetro EX a una profundidad ne
inferior a 15-25 cm, segin la naturaleza de la roca. El medidor se orienta pa-a
redlizar medidas segin e! diametro vertical del sondeo y los cables se llevan 2
través del varifiaje hasta un puznte de medida. Después de tomar una lectura
inicial,i se comienza la sobreperforacion, tomando lecturas a intervalos regi-
lares hasta que se termina fa operacidn. Se ve que la deformacion medida por
el instrumento, ta) como la aprecia el puente de medida, se produce mas o
menes, gradualmente al pasar la corona de sobup‘_rforac:on por los vastagos

£
;Rosca tapa;umaq .vaerta-\ /__ Juntas anuiare Pizton

\ RN

m\m -

0% ///
Agujeros para et ~—Cable btindadn Chapa en ménsula

Tope
otil de insercion  de 4 conductores Chapa de
cobre berilio

b\

&

Tornillo para ef duil de extraccidn

B
@&&@MJWW//

' 'Proteﬁcron Tornillo de ajuste
del cable 2.5 5
! h’.‘ﬂm

} Centimetros

\,

Bandas extensométricas

Figura 6.6 Medidor de deformacion transversal del U. S. Bureau of Mines

|

|
que transmiten la deformacién a la placa en ménsula (que ejerce una presion
de 4,5 a 14 kg sobre la pared del sondco). Cuando la corona ha pasado 2a 5cm
de ese punto, se suele habsr producido la liberacion de tensiones. Se toma una
lectura final y se extrae el testigo que contiene el aparato para realizar otros
ensayos con objeto de determinar los moddulos elasticos de la roca. A conti-
nuacién se extrae el medidor y se le vuelve a colocar en el sondeo de dii-
metro 'EX para medir corrimientos en otra direccidn (ver la figura 6.4 a).

El aparato se calibra desplazando la placa una magnitud conocida, regis-
trada con un micrémetro, y anotando la medida corrgspondlente en el puente
extensométrico. Como las medidas U,, U,y Uy no se hacen en el mismo plano
es necesario interpolar entre los valores medidos sucesivamente. Esto es un
inconveniente que limita la utilidad del aparato en los puntos donde son de
;sperar elevados gradientes de tensiones, como por ejemplo en zonas de
concentracion de tensiones en torno a una excavacion. Para estos casos se han
proyectade medidores multiples en los Estados Unidos, pri=~ipalmente por
Crosvenor y Griswold '® y mias recientemente por Crouch y rhurst 1€,

{
i
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pern de Leeman

6.5.1 El «do

Los primeros intentos para sobreperforar aparatos con bandas extenso-
métricas colocados en ¢l fondo de un taladro tropezaron con problemas,
dcbfdns principalmente a la dificultad de aislar las bandas y sus concxiones
al sistema cléctrico, del agua introducida en torno a la corona en las perfo-
raciones rcalizadas en roca dura.

Lecman ™ resolvié este problema de manera cficaz empotrando las cone-.

xiones eléctricas de las bandas en un taco de caucho de siiicona de 35 mm de
diametro, en cuya cara frontal estaba montada una roseta rectangular de
bandas extensométricas que, en la célula original, quedaba protegida por
una pelicula de araldita de 0,6 mm de espesor. Los cables procedentes de la
roscta estaban unidos a cuatro bornas de cobre ¢n una ficha de conexién
aislada (fig. 6.16). El equipo puede emplearse en un taladro perforado con el
didmetro standard BX (60 mm).

Ficka de conexion o enchufe

|- Taco de caucho

—-Cables de union al enchufe

}-Raseta de: bandzs extensometricas
I~ Pelicula de Araldite
35 mm de diametro
- 0.6 mm.

Figura 6.16 «Doorstopper» de Leeman

Puede emplearse un aparato para colocar la célula, orientindola para
medir deformaciones en las direcciones vertical, horizontal y a 45°. EJ aparato
introductor se mantiene acoplado hasta que la célula queda fija a la roca,
extrayéndole cntonces para comenzar la sobreperforacién.

Si las diferencias de lectura de las bandas extensométricas en las direc-
ciones vertical, a 45° y horizontal, antes y después de la sobreperforacién son

respectivaente &y, &5 ¥ én, las deformaciones principales €,y & de la roca
en el extremo del taladro son: i

£0 & = {(en + &) + V 2¢,4 ;(eh T &) + (en — &v)?} (6.12)

!_,as dlreccngnes de g, y g, son 6, y 6,, medidas en sentido contrario 2 las
agujas del reloj respecto a la direccidn de e y vienen dadas por:

2ey — én)

tg 0, = - Ay |

& 2645 — (&0 + &)

tg0, = &) \ (6.13)
* 2845 —‘(!m -+ Ev) k
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Las tensiones principales en la roca en el extremo del tak son:

E

gy = - - -,
1 l'—‘yz

(&), + vey) ) .
(6.14)
S S

6.3.2 La célula biaxial Joroeldstica

Hawhus y Moxon han descrito el empled de una célula fotoclastica biaxial
para determinacion de tensiones ahsolutas por la técnica de liberacidon de
tensiones ** (fig. 6.17): La célula esta formada por un cilindro de resina epoxy
de 44 mm de didmetro y 3 mm de espesor, con un agujero central. La base
de Ia céiula csta pintada con una pelic¢ula reflectante que deja un reborde bien

Conmutador ganda compensadora Regulador de !a presién
orientable  jnerie no active del muelle pochufe de

Disco de roca . conexidn
de 12 mm.
- - !

"N
7 T
Célula Muelle Agujeros para Cable eléctrico

extensometrica ventilacion

Figura 6.17 Elemento (ie insercion de la célula de Leeman

diferenciado en el cilindro. Este se adhiere a la roca por el reborde mediante
un cemento de fraguado ripido. La secuencia de operaciones se muestra en
la figura 6.18. .

La célula se observa con un polariscopio de reflexion (fig. 6.19), cuyas
sefiales Opticas son semejantes a las descritas para el tensimetro de vidrio.
Sin embargo, la célula biaxial se calibra en términos de deformacién utili-
zando unas bandas extensométricas colocadas en cruiz (fig. 6.20).

Como en el tensimetro foloelastico, las direcciones de deformacion prin-
cipal vienen dadas automdticamente por los ejes de simetria del sistema de
franjas observado y 12 relacidn gfe, por la medida de la distancia entre
puntos isotropos del eje &,. La célula se calibra de forma que ¢l nimero de
orden de las franjas proporcione directamente &,. La sensibilidad teérica del
tipo de célula empleado actualmente ** cs de 440 X 10~% deformaciones por
franja. La sensibilidad determinada experimentalmente en estados de tensidn
biaxiales es de 440 microdeformaciones por franja {fig. 6.21). E! limite de
medida utilizando el analizador manual es del 2 al 39 de una franja. La
medida con nameros de orden de franja bajos (menores de media franja)
requierc cierta habilidad y por tanto la célula fotoclistica es preferible en rocas
bajo cargas clevadas que desarrollan una recuperacion elastica considerable
en ¢l proceso de liberacion de tensiones.
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ANALYSIS OF FRACTURE ORIENTATIONS FOR INPUT 1u STRUCTURAL
MODELS OF DISCONTINUGUS ROCK

by °

M. A, Mahtab, ! D, D. Bo!stad,? J. R. Alldredge,3 and R. J. Shanley?

ABSTRACT
This report presents a new procedure for analyzing the orientations of
rock fractures in an engineering site. This procedure, coded in a computer
program, identifies clusters or groupings among the fracture orientations
and calculates (1) the mean orientation of the fractures within each cluster
and (2) the dispersion or scatter among these fracture orientations. Data
points are represented by intersections of joilnt normals with the upper
hemisphere, which is divided into 100 equal-area quadrilateral patches. The
points In adjacent patches where the Poisson distribution test shows signifi-
cant concentrations are assigned to a single cluster. For a cluster whose
fracture orientations follow Arnold's hemispherical normal distribution, a
confidence interval for the fracture orientation mean is calculated by
applying Fisher's estimates. The technigue is applied to the treatment of
three examples,

INTRODUCTION

The mechanical behavior of loaded structures in rock mass 1is strongly
influenced by the geometric and mechanical parameters of the prevailing
geologic planes of weakness, such as joints and fractures, which may be
defined as recurrent planar geologic discontinuities having spacings of from
tenths of a foor to tens of feet. Throughout this report the words joint
and fracture are used synonymously.

As a result of the availability of large computers and owing to the
recent advances made in finite-element analysis technilques, boundary-value |
problems in jointed rock have become increasingly tractable. For mathematital
modeling of tlhiese problems, the orientations of the discontinuities are
important fnput parameters. Addicional geometric parameters, such as spacing
and character of joint surfaces, as well as the mechanical parameters

1Physical scientist.
dduologist.
S rhematical statistician,
AMatucmaticlan,
A1l authors are with the Rock Mass Behavior Group.,



o! yuinte, are equally important considerations in modeling o rock mass.
This report will, however, be restricted to a treatment of data on joint

urivinrations,

Very often the attitudes of fractures in a site are observed to be non-
randomly distributed, and in most of these instances, it is Possible to group
the fractures into sets such that the elements of each set have a statisti-
cally preferred attitoda,

When constructing models of discontinuous rock containing sets of joints
it is essential to estimate a single direction for each set and to obtain a
measure of precision of this estimate so that the corresponding precision
cun ne computed in the output of the structural analyses that employ these

models .

The available techniques for defining oreferred directions of sets.in
orientation data consist in visual selection of the wmeans (or modes) from a
plinar projection of the hemispherical distributions, However, errors occur
in these quantities owing te the inherent distortions in the planar projec-
tions. Tliese wrrors may prove to be important in an engineering analysis.
Furthermore, since the form of the distribution of the data points cannot be
testod against a known distribution, no estimates of precision of the mean
artitudes can be formulated. Comsequently, the engineer is faced with the
alternative of treating the orientations as univariates of dip and azimuth,
Howevuer, as pointed out by Pincus (g),S this alcervative is valid for the
stully of nearly vertical surfaces only, since one of the variables is now a
constant {(that is, dip =90° ).

The problem consists of devising an efficient scheme for quantifying the
preicired (or mean) directions of clusters in a sample of joint orientations.
It is necessary to test and illustrate the form of the distribution of points
in v :ch cluster and to give an estimate of the population mean in the case of
a ' ..ispherical normal distribution.

“his Bureau of Mines report describes a new technique of obtaining sig-

aificuntly tight groupings of points, or clusters, of intersections of joint
normils with the hemisphere., An efficient computer program is developed to
treut multiple clusters as well as antipodal clusters in the sample, Clusters
of huvariate <ata points are compared with the hemispherical normal distribu-
tion by applying the chi-square test. Confidence intervals are then assigned
to the means of the clusters whose data follow the hemispherical normal .

digstribution. e
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° METHOD OF ANALYSIS

The method of analysis is presented here in two convenient steps:
(1) ldentifying significant concencrations, or clusters, which occur in the
data; and (2) determining attitudes of joint sets (or clusters); both steps
involve the application of statistical principles.

Definition of Clusters

In the past, the generally accepted technique for defining mean orienta-
tions of joint sets (or clusters) has been the use of planar projections of a
hemisphere. Lambért azimuthal equal-area (or Schmidt) projection is most
commnnly employed. The projection of the traces of the joint normals, called
a point diagram, is displayed on the equal-area net. Point concentrations
(expressed as percentages of the total points that occupy l-percent areas of
the hemisphere) are obtazined by manually counting the points in l-percent-area
circles centered on intersections of a grid that is superimposed on the pro-
jection. (There are several variations of this basic counting technique. The
following arguments are, however, applicable to all of these techniques.)

Some recently developed computer programs, for example, Jeran and Mashey €3),
have reduced the effort involved in counting of points and subsequent plotting
of contours of point concentrations on the planar projection.

The azimuthal projection of a l-percent-area circle on the ‘sphere is
circular only if the pole (defined here as the vertical projection of the
center on the upper hemisphere) of the sphere forms the center of the circle.
The equal-area projections of all other circles on the hemisphere will be
elliptical, with the distortions being most pronounced for the equatorial
arcas. Point concentrations obtained by counting points in a specified
circular area in the projection are, therefore, inaccurate. Consequently,
any attempts to find mean values for joint sets will result in quantities
which cannot be used with confidence in an engineering analysis of structures
in jointed rock. This report does not use projections in defining joint
sets and, therefore, avoids introducing distortions inherent in the projec-
tion techniques,

.

b

Joint orientations are best expressed as the crientations of the jolnt
normals which are directions without sense; that is, a joint normal can be
directed in the positive or the neirative sense along an axis normal to the
joint plane. However, the scnse of a joint normal can be fixed by defining
it as being normal to the directed dip line in a left-handed Cartesian frame.
Thus, if the dip, ¢, (059, <90%), and the azimuth of dip, 8 (O <8, £360°),
of the joint plane, 1, are obsurved in the field, the joint normal originating
from the center of a unit sphere will be directed toward the upper hemigphere.
The angular coordinates of Lhe joint normal can then be specified by its

colatitude, ¢, and its longturule, ei(figs. 1 and 4).
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FIGURE 1. - Division of Hemispherica! Surface Into 100 Equal-Area Patches.

The approach adopted in this study for defining densities of traces of
joint- normals was the use of 100 equal-area cells (or patches) which cover
the Yemispherical surface. Any shape of unit patches (that is, circular,
ellijiical, or a quadrilateral patch) could be used for this purpcse. How-
ever, many more unit circles or unit ellipses would be required to cover the
entive hemispherical surface than the number of unit quadrilateral patches.
The 00 quadrilateral patches used in this study (fig. 1) were designed
thiorh the foliowing procedure:

The *hemispherical surface was divided into nine coaxial bands such that
band | contained rthe e¢quator and band 9 contained the pole of the hemisphere.
Pt wau decided to include thie following percentages of the hemispherical
Sur! ¢ in the bands numbered 1 te 9: 18, 16, 15, 14, 13, 10, 8, 5, and 1i;
‘theso percentages also repriesent the number of unit patches to be assigned
te thie corresponding bands. The next step involved the assignment of
colatitude ¢ (or dip) values to the boundaries of each band. Suppose that
with reference to figure ! g? and ¢f are the dips corresponding to the lower
and upper boundaries of band number j (where j =1, 2, ...9) such that

o 0 ¢ <p) <90°,

then the percentage of the hemispherical surface S’ contained in band j is
given: by -

?



s! = 100 (cos ¢3 - co3 ¢i J.

Now, for band 1, §* = 18 and ¢z = 90°, Tha above equation then yieldé

¢& = 79.63°,
The azimuth range for each of the 18 patches in band 1 is given by (360/18)°,
or 20°, The first patch in band 1 is bounded by longitudes (or azimuths) of
0° und 20°, and the rest of the patches in the band are numbered consecutively
in the increasing direction of 8; for example, the azimuth ranges for patches
1, 2, 3, etc., in band 1 are, respectively, 0° <8 <20°, 20° <8 <40°, 40° <8 .
<60° etc.

o

Proceeding in the above manner, the dip ranges of the other eight bands

and the azimuth ranges for patches in each of these bands are obtained. The
dip ranges for bands 1 to 9 are as follows:

Band l,...c0.0¢.... 90° 2¢ 279.63°
Band 2.....c00000.. 79.63° >¢ 270.12°
Band 3....0000e0:.. 70.12° >} 260.66°
Band 4....0.0.00.0.. 60.66° > =50.95°
Band 5.,.00.00..2.. 50.95° >0 240,54°
L Band 6....c0v0ceee. 40,54° >0 230,68°
Band 7....600000... 30.68° 2¢ 219,95°
Band 8.....00000.0.. 19.95° >p 28.11°
Band 9....c0000000- 8.11° >¢ =20°

Notice that the range of azimuth for patches ina given band is a function
of tli¢ band number and increases nonlinearly with the increasing band number
(figs 2). For cxample, the azimuth range for a patch in band 1 is 20°,
whorkb#s the aziuwnth range for a patch in band 8 is 72°. Now, for a constant
instrunient error in measuring the azimuth of a joint plane, there will be an
errot introduced in the measured azimuth which Muller (7) has shown to be a
geomatbie function of the dip of the plane. A graph of the error in measured
uZimuﬁh as a function of dip is shown in figure 3 for an instrument error of
5°. A &lose qualitative similarity can be noted between figures 2 and 3,
indichtihg that the scheme of subdivision of the hemisphere in figure 1
adopted for this study appropriately exploits the error in measured azimuth,
thus, protducing an efficient design of the 100 patches.

Referring to figure 1, the density of a patch 1s given by the number of
observatibns that plot in it; for example, patch 65 has a density of 5. 1a
order to define significant concentrations, some kind of randomness test is
requiréd to indicate the uacceptable level of significance, or "threshold"
density, GBlusters are then defined as collections of all points in adjacent

patches, where each patceh possesses a denglty that exceeds the threshold value.
The Poisson distribution model (see Stauffer, 9), provides a means of obtain-
ing the threshold density. The Poisson model states that the probability of

occurrence of a random density D (Dx) is given by



)

FOR ANY

o E
PATCH IN BAND 'Nf

“«

RED AZI'MUTH, B°

L
.

~

ERROR IN ME

360°

1 R— T T T 1
270° |-
180° -
9 i~
T'J___r__-_—‘
o L i 7 1 E 1 | ! i
| 2 3 4 5 6 7

BAND NUMBER 'N'

FIGURE 2. - Azimuth Range for Patches as a Function of Band Number, (See fig. 1.)

30
30
70
60
50

40

DIP, ¢°

FIGURE 3. - Error in Measured Azumuth {of Dip) as a Function of Dup.

Tﬁf Al | i ‘ | T | :
Er_ —
L Sin B = fan 8 cot ¢

- where § = probable error.in measurement of azimuth ~
— Biain = & for ¢ =90° e

. Bmcx = g90° for ¢ . 8

= | / |
;%-. am
| -
§ , /’Groph of 8 for & :=5° _
r : — )
L i ' , ' : g | |
c " 60 50 40 30 20 To) 0




2 @) =1- F @, (L

where m is the average density over all the 100 patches.
For the purpose of this réport, the largest value of integer x satisf&&pg
P (D>x) <0.05 |
was selected as the threshold density. .

Clusters in the data points are defined accovding to the above procedure
by the computer program PATCH, which is listed in appendix B. One particolar
operation in the program merits comment liere; While scanning the first band,
it is possible to discover diametrically opposite or antipodal patches, each
having a density above the threshold density., The program will combine the
pair of clusters to which such patches belong on the assumption that the
points encountered therein belong to a single joint set with a mean dip of
approximately 906°, :

Analysis of Clusters

The data of many clusters follow the hemispherical normal distribution,
For this reason, the present section will indicate how to calculate statistics,
such as the mean and the measure of dispersion for the hemispherical normal
distribution. 1In addition, the relationship between the angular deviation
from the mean, the measure of dispersion, and the probability level for the
hemispherical normal distribution will be examined.

In the previous section the angular coordinates of the normal to joint
plane i were defined as its colatitude ¢, and its longitude g, . In this
section 1 takes on values from 1 to N, where N is the total number of data
points in the cluster being analyzed. Referring to figure 4, a left-handed
rectangular coordinate frame can be defined such that the x-axis indicates
zeve azimuth. Then the direction cosines of the unit vector representing
obscrvation i are given by

=
]

sin ¢"cos 8,

=
]

sin ¢i“sin 91

cos @, ‘ {(2)

i

where £ = 1,2, ..., N.

The resultant, ﬁ, of N of these observed unit vectors passes through the
center of gravity of the cluster. “The magnitude of the resulcaat is given by

IR] = [(Z¢)2 v ()2 + (In)2]H/2, 3

{
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- s » =
where 1 =1, 2, ..., N. The direction of R is that of the vector sum of the
unit wvectors representing the normals te the observed joints. The angular
coordinates of the resultant are obtained as follows:

[T, )% + (Dm, )2 J1/2

Eni (4)



and " Zm . "
5 = tan? ol )

These coordinates estimate the coordinates of the mean orlentation vector of
the joint set under study.

If the direction cosines of the mean orientation vector are definedhas
g, m, and n, the angle ¥, between the mean orientation vector and the it
observation is given by

cos {y,) = Qg+ mw; + mn. (6)

Arnold (1) has shown the hemispherical distribution to have the following
form (for details, refer to appendix D):

ekcoa $ , (7) ‘

U (¥, k) R

where § is a random variable which assumes values ¥, defined in equation 6,
and k is a measure of dispersion. This is apparent since when k is large,
the distribution is confined to a small portion of the hemisphere in the
neighborhood of the mean orientation vector, and when k 1s zero, the
distribution is uniform over the hemispherical surface. The maximum likeli-
hood estimate of k, denoted by k, satisfies the folleowing equation which is
derived in appendix D:

~

£
L (8)
N ek - 1 k

Now, in the analysis of the many groups of orientation data® examined by
the authors (including the examples cited in table 1), the value c¢f k was
found ro be greater than 6. It is reasonable to assume that the data points
in joiunt sets (defined through application of the Poisson test) will not
occupy a sizable portion of the hemispherical surface, Largé values of k are,
therefore, assured. Assuming k 26, equation 8 reduces to the following form:

=1 -z, (%)

which can be rewritten as

~ N
1 e S——r— e
& o= ‘N" iRl . (10)
6This includes 39 indépondvnt groups of ccal cleat and shale joint data from a
Peansvlvania coal wine, 13 independent groups of data on joints and faulits

it an underground copper wmine, and the data for surface joints in a
Precuambrien granite in Aricena,
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This provides a convernient formula for estimating the measure of dispersion
of a et of orientacion data.

The radial coordinate a of the center of gravity of the cluster of points
on the hemisphere is expressed by the left-hand side of equation 8; that is

i = IR

an

This too is an excellent indicator of the scatter of the data points. For
example, when & approaches unity, the data points will bunch about a single
direction., Pincns (8, p. 506) discusses the relationship between & and K for
the howispherical normal distribution.

Arncld (1) has also tabulated the probability integral for the hemisphere.
This initcgral is represented by the area on the hemisphere cut by a cone whose
vertex lies at the center of the sphere. Arnold (1, table VIII) gives the
probability, ?, of an observation lying within aa (angular)} distance § of the
meay Lor several values of k. The relationship is as follows:

1. ek (-cos \'}I)

P = . (12)

1 - e’k

When k '4s greater than 6, this equation reduces te

cos y =1 + % log, (1-P). (13)7

7Note here that equations 10 and 13 are identically derivable for k 23 from the
spherical rormal distribution formulated first by Arnold (1) and later by

Fisher (). In the spherical normal distribution
. e R keos
U ) =g 5k % ©

The value of k is expressed by
coth ﬁ -‘i ==!B‘;
fqr k 23, we have
k = ST {10A)

The probability of finding an cbservation within displacement § of the
mean of a spherical normal distribution iz expressed by

ok G cos )
1-e7°k ) (124)

For k 23, equation 12A reduces to

P =

1

osV =1 +
cosy = 1 "

log, (1-P). (134)



Equation 13 1s illustrated graphically in figure 5 which has been
fashioncd after Watson and Irving (10, fig. 1). These curves should fucther
clarify the meaning of k.

In thig gection it was indicated how the resultant vector, f{‘, ig calcu-~
lated. Also, an approximate estimate for the measure of dispersion, k, ia
provided. The relationship between ¥, the angular deviation from the mean
orientation vector; P, the probability level for the hemispherical normal
distribution; and k, a measure of dlspersion, 1Is reviewed.

A‘Gog g =7 i R ¥ ] ™
HE
\ i
S0 &= 1) for k 2 6
S I cos =I+°'g logg (1-P)
> I where P=percent of observations
o | and k=a measure of disperslon
40 |- about the mean 3
=
z
uJ
Q
z
o
© 30~ —_
('S
o
b
3
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u :
z |
= l , s
" | LS Derceny __
« | .50 percent -
|| 25 percent
l —
L | 1 1 l !
0] 20 - 40 60 30 100 120
' k

FIGURE 5. .- Semiangle of Cone of Concentration, ¥°, as a Function of k {10), Curves
represent percent of observations that fall within W° of the mean direction, .
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Conf'uenh, Interval for the Mean of a Hemispherlcal \
Normal Distribution

In the section on "Definition of Clusters" it was shown how clusters that
cccur jn the orientation data are defined. In the last section, the techniques
for estimating the mean value and measure of dispersion for the data that
follew the hemispherical normal distribution were reviewed. This section
addresscs the problem of the confidence interval for the mean.

Since the mean of z random sample rarely equals the mean of the popula-
ticn from which the sample is drawn, it is desirable to construct a confidence
interval around the sample mean, which gives a measure of how close the sawmple
wean is to the true population mean. For univariate data, the formulas for
the confidence limits, which define the boundaries of the confidence interval,
are available for several parametric distributions (Krumbein and Graybill, 3,
chi- O, table 6.7). The process of constructing confidence intervals around
the meen of bivariate orientation data, however, becomes more complex.

Fizher (2) derives the fellowing formula for computing the radius ¢ (or the
verfex angle) of the cone of confidence for the mean of the spherical normal
distribation in the case wheve k »3:

~ier(1>1/<” D]

cos o o= 1+ ”““‘-\P 1_]

)R'
In equation 14 N is the number of data points in the cluster, !RE is the
length of the resultant vector as given in equation 3, and P is the
protability level.

(14)

o o———

It can be “Huwn by starting with the hemispherical normal distribution
and following Fistivr's argunents for the spherical normal distribution, that
vquatico 14 also holds for the hemispherical normal distribution when k >6.

The applicuation of equation 14 to actual examples is shown in the next sectiom.
(o]

Tiie radius ¢ of the cone of confidence can be resolved to give the con-
fidunc: Piwits four rhe dip (#¢,) and the azimuth of dip (#9_,) by the follow-
ng v laltionsg:

Do = €

and sin B, = sin c¢/sin @, for ¢ >0. (15)
When the X*® test, described in the next section, shows the inapplicability
of the hemispherical normal distribution, a cone of confidence for the popu-
lation mean will not he available, It may then be determined if the dips and
azimiths of the fractures follow any known distribution, and confidence inter-
vals mav be constructed for the mcans of these two variables separately.
An alternate approach, 1If no kiown distributions can be fitted, would be to
apply the methods to nonparametric statistics for obtaining confidence
intervals for the population mcdians, which are better measures of central
tendency in this cuase,



i3

Fit of Observations to Arnold's Hemispherical Normal Distribution

To compare the data in each gluster with the hemispherical norual distri-
bution given in equation 7, the X  gooduness-of-fit test, indicated by the
following general formula, will be used:

o

N
2 o (f, - £)°
X' =L TR

{18)

where f  and f, are the observed and expected frequencies, respectively, and
N, 1s the total number of classes chosen.

To complete the test, the value of x® obtained in equation 16 is com-
pared with the theoretical X2 value (6, table 4}, which depends on the
degrees of freedom (D.F.) for the case under examination. D.F. is given by

D.F, =N-1-N

- an

where N, = number of unknown parameters to be estimated. In this case, each
data point i has only two parameters, {y, and q,, its gpgular distance from,
and {ts azimuthal angle about, the mean direction (@, 6), respectively.
“Thus, for the hemlspherical normal distribution, N = 2 and D.F. = N_ -3,
Equation 6 defines Y, . The value of a, is determined by proceeding in the
following manncr:

Rotate the x-y plane (while keeping the z-axis fixed) such that the mean
has 0° azimuth. The transformed coordinates for point i are

x; = x cos +y sing

and y, =% sing + Y, cos® . (18)
Next, rotate the pole to the mean; that is, rotate the z-x' plane through
angle ¢ while keeping y' fixed. The new coordinates are given by

"' = x! cosp - z, sing

R
L]

x! sind - z, cosd. (19)

and Z .

The azimuthal angle,ai,of observation i about the new mean direction

(¢ = 0, 6= 0) is then given by }
. "
= =1 1 ]
% = tan PO (20)

Regarding the choicce ' of the number of classes (N,) to be used in the
X= test, there is a wide divergence of opinion in the statistical literature.
A lower limit of 16 is chosen here for N, such that Ny = Ny = 4, where
N, = Ny.Ng, Ny = number of annull or number of ¥-classes (fig. 6), ard
N, number of sectors in each aunulus. Keeping N, constant, Ny 13 varied to
a maximum value of 8 such that the upper limit of N, is 32. It is assumed



* Angulor distance of the outer boundary of tha | th

anrnulus from the pole P (that is, the mean) =cos’ {l';q, (t-cos Yo ﬁ
@, = Range of i *h Gzimuthal division =90° sl <q ¥ ' )
* Number of ¥ -annuli required (4 < N,J, < B)
Ny Number of gzimuthal divisions =4
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<
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FIGURE 6. - Scheme of Divis jon of Cluster Dato Into N¢ Classes.

that Ny = 4 provides an adcequate measure of the azimuthal dispersion. Fox
Ny>» it is required that the cxpected frequency should be at least one in each
of the four scctors of all Y-annuli, except the last. Note that the neglect
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in accounting for the theoretical frequency in the last {-annulus will result
in a slightly increased sensitivity of the X® test,

Now the probability that a direction will be observed which makes an
angle % or more with the mean crientation vector can be written (by using
equation 12 for k 26) as °

P(4>¥, ) = et(mcoey,), (21)

For a given distribution, the expected frequency in any Y-interval can be
found by using equation 2i. For example, in the interval [Wl, ¢2],

EQY,,¥,) = N[e-k(l'“‘” b)) = ek (i-eoa ) ] (22)

The expected frequency for each sector in this interval is then given by

£C4, ,¥,)
T e———— (23>
] NG
The observed frequency, f,, for each of the N c¢lasses 1Is obtained by actual
counting of the data points falling within the class limits. The process of
comparing data in a cluster with the hemispherical normal distribution is
carried out in the subroutine SECTOR (appendix A, fig. A-3).

APPLICATION OF ANALYSIS TO EXAMPLES

Based on the foregoing development, a given sample of orientations will
be analyzed as follows: ‘

1. Joint sets or clusters are delineated by calculating densities in all
of the 100 equal-area patches (density of a patch equals the number of joint-,
normal intersections plotting in 1t) covering che hemisphere and by collecting
points in those adjacent patches which show densities exceeding the threshold

density indicated by the Poisson distribution test.

2. Multiple clusters in the data are handled by an efficient computer
program (for an cgtimate of the computing time, see appendix A) which combines
antipodal clusters (with near 90° dip).

3. The mean value of attitudes is computed for each cluster, and the
spatial distribution of points in a cluoster is shown in a level plot by
constructing a planar projection after rotacing the sphere to bring the mean
to the pole of the sphere.

4, The data in each cluster are compared with Arnold's hemispherical
normal distribution by applying the chi-square test to the bivariate data
point.. For a hemispherical normal distribution, Fisher's theory is used
o0 construct vontrdence interva:: around the cluster mean which will contain
the population mean with a given level of confidence.



o method of cnalysis presented In the previous sections is incorporated

4 oy, ram PATCL, which is listed in appe?dix B. The m?thod can
Le applied to axiui‘data originating from the obs?rvat%on of the attitudes of
‘ A microfractures, joints, faults, lineations, and crystal and
foid c-es. The putential of the technique for analysis of axial data is '
itiustrated below Ly applying it to three examples; the results are summarized
in table 1. 1In these analyses the value P = 0.05 has been consistently used,
ing to & level of confidence of 95 percent,

in the cotputer pr

Yayg d"'i:',"‘ ;)', alle g,y

correspond

TARLE 1. - Statistical analysis of clusters in orientation data

from three examples by the compurer program PATCH °
Example 1,
A-axes of Example 2, Example 3,
glacial coal parphyry copper
rill cleats® fractures®
i pebbles? ' )
Cluster numbe's.".,,......e..,.1 1 ‘1 2 1 2 3
Humboer of poinos in cluster, . 17 69 55 57 77 7
Mean azimuath of
dipe.iiiocnancnn.dugrees..} 287.85 24.69 [ 118.84 | 248.62 348.251120.31
Medn dipoeiieane.n...d0a. ., 1.44 89.88 37.04 83.88 80.741 22.70
easure, of dispersion... k., 17.23 108.96 70.93 23.08 22,37 215.89
Radius of cone of
cenfirdence.. . ... . degrees.. - 1.63 = 3.95 - -
Chi-caov e value., . voveaeaes] 38.006 §.435 124.288 [ 13.610 44,719 124,808
ihroretical chi-square
Value i it i s ereaae.t 22,351 22.351 |22.351 {22,351 32.663(22.351
Dovreen of freedom.......,.‘ 13 13 13 13 21 13
Joafiderce inteivals (for :
hewmis fierical normal
distr:wition), ciegrees:
Azivaith 0f dipioeieconon - *1.,65 - +3.98 - -
O - 1,65 - *3.95 - -

Y160 obnervations; Poisson cutoff level 3.000 percent,
135 ehmervations; Poisson cutoff level 2,222 percent,
Q8L chwervations; Poisson cutoff level 2,098 percent,
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Example 1l.--A~Axes of Glacfal Till Pebbles

The orientations of the A-axes of glacial till pebbles were measu-ed by
Krumbein (4) and have been listed by Arnold (1). Krumbein analyzed the
100 observations by treating them as univariates of either the azimuth or the
dip and defined a single preferred orientation for thisg dara with a mean
azimuth of 268.5"% and a mean dip of 24°, The data are listed in table 2,
and the polar equal area projection of this data 1s shown in figure 7.

TABLE P, = A ~ ANES OF gLarTAL TILL
PEARRLES: KRUMAEIN (&)«

[ D [ 0 4 0 A n & D] a D a D
8 o8 11«2 12 22 - 20 72 23 24 26 12 12 59
32 33, 34 12 35 S 38 118 a9 1 48 7?8 69 1R
62 21 66 1 73 17 16 23 AN 26 fe 18 Bé R
84 70 RS 26 858 1R 86 7 a7 16 89 19 a9 [
92 8 94 35 9% 21 9k k4 101} 10 103 &S 105 8¢

109 20 110 35 112 19 116 + 9 115 20 122 36 126 29
129 e 132 40 137 43 13% 18 161 S1 141 21 188 21
159 5 175 1 179 42 182 2 1R? 35 206 8 222 2
o2 23 378 16 311 26 all 13 311 S 315 &0 nr 20
32! 9 276 5 278 18 282 113 292 22 793 10 293 5
2% 137 300 &0 262 58 263 )2 2646 19 FTYA A 2r6 2}
267 & 271 29 211 11 . 242 60 247 I3 266 2R 249 2j
251 5 253 .9 - 2%6 18 226 33 231 38 231 R
232 31 233 18 233 o 23A 1A 238 10 26 23 kXY 0

- 363 30 36w 33 0
A = AZIMUTH OF DIP
U =DIP

The analysis of these observations by the program PATCH defined nnly one
cluscpr (cluster 1), which encompasses a major portion of the data. iHowever,
the X” value for this cluster (table 1) indicates that the distribution does
not follow the hemispherical normal distribution, The asymmetric form of
this Jdistribution is illustrated in figure 8, which shows the level plots of
concantrations around the cluster mean. The output from PATCH will still
show values of the measure of dispersion, k, and the radius of the cone of
confidence, ¢, hut these two values are not accepted because the distribu-
ion apparcntly does not follow Arnold's hemispherical normal distribution.
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FIGURE 7. - Polar Equal Area Projection of A-Axes of Glacial Till Pebbles, 100 Observations.
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FIGURE 8. - Level Plot of Cluster 1 of A-Axes of Glacial Till Pebbles. Diagram boundary

is W,y from the cluster mean (that is, the pole).
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Example 2.--Coal Cleat Orientations

Jeran and Mashey (3) collected and analyzed 135 observations of coal
cleat attitudes; these observations are listed in table 3. The equal-area

évtn vu the data. The analysis by PATCIH defines the two joint sets as
¢l ters I and 2, The data in cluster 1 follow the hemispherical normal
ibution, whereas cluster 2 fails the X° test (table 1). Since the
clusters are very compact and their mean dips are nearly vertical, the
wisial est.mates of their mean orientations® by Jeran and Mashey (3) agree
¢loavly with the computations by PATCH., Level plots for the two clusters
a1y shown in figures 10 and 11, and the output of PATCH for this example
1o tisted In appendix C.

TeHLE 3. = COAL CLFAaYS, .
JERAN AND MASKFY t:)e

i ) a D A D 4 D ) n a4 0 A )

12 wa 14 8Aa 15 9g 15 as 15 A2 17 a9 19 a7
1Y w9 ! S0 20 99 20 an #1 o0 22 80 23 A7
) g4 26 nh 24 An b R3 P4 R 24 &3 Pe  RY
26 Ay 5  wf 2% As z6 ARG 77 Re 27 8B 29 &p
o 8T 30 &7 3¢ 8z 31 8Y . 32 AS 32 50 32 86
13 av 33 4y 4n A% 193 RA inl 96 ins &g 106 a3

1o ae e 590 110 9o 111 3} 111 Ay 111 B& 112 B9
ilg a2 lia A8 115 Ry 115 &R 117 oo 117 8% 118 8A

118 aj 119 as lle 83 719 83 119 Q0 120 B84 120 8¢
120 agp 121 87 121 A3 121 83 122 ab 124 87 126 a4
1P Ak 125 9o 122 a7 129  aa 126 R3 130 @ae 132 AR
132 w2 132 A9 143 =8rp 150 G0 100 Q8 193 93 196 8¢
197 &a 197 w8 198 BRs 200 &n 200 R3 201 o0 203 =0
F03 k% 203 A% 206 A8 205 Rs 20% 88 206 90 206 R6
;05 w3 207 8e 207 9n 20R 8> 208 as 209 85 210 90
21t R7? ?l1 RS 212 80 212 B8Y 215 Ré ?16 RA 219 9n
221 39 PR& Y 263 90 2us  9n 20n 90 297 85 202 av
291 w0 s9E v 305 R&  30A B& 36T A4 909 %0 IS 90
kRS- i Sle Yo 324 BRP 3z9 8% jsn 69 30 79 33 7%
19« 7% S Ta

A~ AZIMUTH QF DIP
U=0DP

[y}

8Cluster 1: azimuth of dip = 25°, dip = 90°; cluster 2: azimuth of dip
= 299°, dip = 88°,
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Number of observotions = 69 S Contour inserval=] pocreant

FIGURE 10. - Level Plot of Cluster T of Coal Cleat Data. Diagram boundary is %54«
from the cluster mean (thar is, the pole).
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.wfﬂal = 17.41°

Number of observations =55 Contour in'ervol = | percent

FIGURE 11, - Level Plot of Cluster 2 of Coal Cleat Data. Diugram boundary is ¥°

_ max
from the cluster mean (that is, the polek

Example 3.-~Porphyry Copper Fracture Attitudes

The third example analyzed involves 286 fracture orientations (table 4)
which were collected from the walls of two mutually perpendicular drifts on

the 2015 level in the San Manucl copper mine, Arizona. The polar equal-area
projection of these orlentations (fig. 12) fails to produce a distinct picture
of the spread of the data puints. lowever, when the cluster analysis tech-

nique 1y applied, a strong Lusis is provided (table 1) for defining a major
orthogonal Joint system fn the sire, Cluster 1 is found to conform to the
hemispherical normal distributicn, whercas clusters 2 and 3 fail the X3 test,
The level plots for the three clusters are depicted in flgures 13-15.
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286 Paints
Upper Hemisphere

S

E:] 0.5 - 1.5 percent 3.5 - 4.5 percent
E/} 1.5 - 2.5 percent > 4.5 percent
[T] 2.5- 3.5 percent

FIGURE 12. - Polar Equal Area Projection of Porphyry Copper Fractures in Panel 22, Level
2015, Son Munue! Mine, Arizona.

SUMMARY

In this approach of analyzing oricntation data, the surface of the upper
hemisphere is divided into 1060 equal-area patches, and the points (Intersec-
tions of jolnt normals with the hewisphere) falling within each pateh are
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FIGURE 13. - Leve! Plot of Cluster 1 of Porphyry Copper Fraoctures, San Marnuel Mine, Arizono,

[2]

Diagram boundary 1s Wi, from the cluster mean (that is, the pole).

counted. The distribution of the data points is then obtalned in terms of '
sinlficant concentrations, or clusters, whose mean attitudes are computed.
A computer program is coded to treat multiple clusters: in the sample and to
combine antipodal clusters (with near 90° mean dip) into.single clusters,

Tnusing the Poissondistribution for obtaining significant concentrations
of data points, a probability level of P = 0.05 was used. The use of aslightly
differcent probability level may, however, result in defining slightly different
clusters becanse of the "dis(rerve' nature of the Poisson distribution.
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Vmax * 30 23°

Number of observations =77 R Contour interval = | percent
' S

FIGURE 14, - Leve! Plot of Cluster 2 of Porphyry Copper Fractures, San Manue! Mine, Arizona.
o . fromthe cluster mean (that is, the pole).

Diagram boundary is ¥§, .

polnts are compared with the hemispherical normal dis-
tribution by applying the chi-square test wherein both the dlp and the azimuth
of an observation are considered simultaneously. Note that the hemispherical
normal distribution offers the most reasonable possibility for a comparison
with orlentation data, particularly because of its similarity to the widely
uged univariate normal distribution. Other distributions could, however,

Clusters of data

be used for cowmparative purnovses,
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FIGURE 15, - Level Ploi of Cluster 3 of Porphyry Ceppar Fractures, San Manuel Mine, Arizona.

Diagrom beundary is W5, from the cluster mean {that is, the pole).

-

For data in a cluster following the hemispherical normal distribution,
a confidence interval (around.the sample mean) is assigned such that for a-
gliven level! of confidence, the population mean will not fall outside this
interva'!., Tt should-be possible for the engineer- to project these confidence
‘ntervals inrto confidence Intervals around the results of the structural
analyse s :
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The method of analysis can be applied for determining the mean orienta-~
tions of planar geologic discontinuities, lineations, and crystal and fold
axes. The potential of the technique is illustrated by applying it to
three sets of field data.

The computer program PATCH performs an efficient analysis of orientaticon
data. The saving in computation time (as compared with some existing programs;
is a function of the total number of observations and incrcases rapidly with
the increase in this number. The output from PATCH includes & polar plot of
point concentrations for a cluster while considering the cluster mean to be
situated at the pole., These plots illustrate more closely the spatial dis-
tribution of points in a cluster than do the usual projections of the entire
sample,
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APPENDTY A.--COMPUTER FORMULATION AND INPUT INSTRUCTIONS

The program PATCH is written in Fortran IV. The flow charts for the main
program and subroutines are given in figures A-1, A~2, and A-3 at the end of
this appendix.

PATCH provides a more sophisticated analysis of directional data with a
substantial saving of time (as compared with some existing programs) for
problems involving large sample size. The tabulation below compares computer
time vsed by PATCH and SNAP (2)1 for problems involving 135 and 951 observa-
tionc. These problems were rum on a CDC 6400° computer for the purpose of
this comparison.

Number of

Program data points Time, sec
SNAY. . i iieieucsaosousns 135 28
PATCH. L nvsoncacconn nevovea 135 29
SHAP....ouvenn cesecovsecan 951 142
PATCH. .. viiinnenccnacnnns 951 54

Main Program

Sorts datz into patches and computes density of each patch. Calls
SPRPAC and TOLARC subroutines (3) to plot data and patch densities. Defines
clusters and calls KLUSTR to perform statisrtical analysis.

cLup

Determines if a cliuster containing patches in band J, 1<J <8, contains
patches in band J + 1.

PCTPLT

Plots LEVEL (J) or FLEVEL (J) at the projected midpoint of patch J.
SORTA

Sorts data into patches.

Computes the resultant, R, and the precision, K, of each cluster and
calls SECTOR 1if K >6.

COMBIN

Combines antipodal clusters,

1Underlined numbers in parentheses refer to items in the list of references.
2Refcrence to specific vquipment is made to facilitate understanding and
does not imply endorscment by the Bureau of Mines.
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SPRPAG
Calculates page coordinates (IX, 1Y) of each observation.
POLARC
Prints "#" at the center and at every 10° interval around the boundary
of the output graph. Places N, E, S, W ac 0°, 90°, 180°, 270°, respectively,
and prints assembled page.
SORT

Arranges points In increasing order of dip or azimuth.

Input Instructions

The program requires the following data cards:
l.. Header Card
2, NOBS Card
3. Observation Cards
. 4. ABCDEF Card
Header Card
Contains a suitable heading for the output punched in 12A6 format.
NOBS Card
The total number of observations is punched in I5 format.
Observation Cards
The observed attitudes are punched (eight observations per card) in
16F5.0 format, the azinuth of dip preceding the dip (both quantities being
in deprees),
ABCDEF Card

Indicates end of data. Any number of cases can be run, but this card
must be the last card of the last case,



Glossary of Frequently Used Variables
DIP. ciiivenene.vo ecasvs. Dip of observation.
Azimuth of observation.
NOB3..u0.vooaesesocnnses Number of observations,
SL, oM, SN,.ﬂ..uu‘,gg,gn Direction cosines of observatiocn.

LPAGE. . ....c00vees-.2.0.. Page array, stores output from POLARC and SPRPAG.

LEVEL.vevawn es+essassc.o Density of patches.
DANG. . ... cuvesvesnssesso Dip angles of band boundaries.

IBND‘.:Q.a..,a.,muea,,.e Numbar of patches in each band.
LPATCH.vecroaconvonssess Number of observations in each patch.
CLUSTER{KI,II) it iuunnoe Patchés (KJ) 1a cluster IJ.
IPTHQJ).."EE,....Q.,..., Cluster in which patch J lies (if anyy.

CUL, CU2.....0.ccvveeoees Azimuth and dip of observation lying in a cluster,
PCT...ceeesocnicoaeneesss Poisson random cutoff level.
SFKEQ.............;.f..; Actual sector frequency.

TFRFQ. . oveeavesenreeoess Theoretical sector frequency.

KBAND(J).oeusascvesssas» Band in which patchk J lies.
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APPENDIX B.--PROGRAM LISTING

PROOGRAM QAYCHllNPU!nUUTPUT,TAPESSLNPyToIAPEbnyulpuT)

covose PATCH aval YZES FRACTURE ORIENTATION DAT2 WY DEF INLING CLUSTERS ON
c YHE HEM]ISPLERE :

COMMON /8 K/2£11000) sDIP(10g0}¢CUL (900) 9CUR(900)0SL (10001
SHilooo>.swtlooo:eKeANo(1og)oNBoIaNoua)ooaws(LU)eLFéICH(xog)p
LEVEL!znnbBIFTﬂlloo)oCLUSTR(snslo)oLuAGE(lazg73)oNXgNYoNYMIDo
NAMID o] oDEGRAU s RADEG Q900 XPINCHs YPINCHoRAUIUSYPCTsLCOMoR Yo Tus

5 JJPRoP, ToWUUIHoACUNVYCONY ,XK.POS(100)
UIMENSION HED(1Z)
INTEGER ¢LUSTR
KEAL KARNGoRIANGIWLEVEL
C‘Di‘-ﬁ‘!'-ﬂ BMND DaTa

ol N} we

"pata xsmu/1aelbe1551geiao1o,aoso1/,xsaN0/18°1ozbeavlﬁ?Svlaégoxsass
1 1076089 7,5%401%9/ 9y LPLUS/ 1R/ o LHLANR/\H FoaSTR/LHEZ00ANG/R3,097908
2 °70°1BSGo7“50999&0°5930e79i909c8010“1oO/ﬂNd/?/?pI/3:l$15@2$S/
LATa 905/10"2&°3’l4005066¢07eoS;oQoliﬂg’llaQ12{?132'§§39152v1690
17091805Iov?;vjoowa05.96997,v3009.|1030113912391330L63015291600
‘A°°2°93oo‘0°953990'73980991»010001l2912i°i30°l§121529.30200300600
savba,7°.3g°919103v113-123.13°v14391°92g9330ec95906:g7o985o9eo
1oasl1.9125913361.fzopso.a,.50.eoo7o08o09aviog°lovngBeeésoSea
ho'!'l'aoﬂ,ql092-:1;3,;9.’..915,91,()/
LEGRAUSE I /1800
kLDESEY o ny/DEGRAU
APINCH=1N,
YRINCHS A A
WGuEY0 .
=ADIULSss o0
wiaralJusoXPINCH®0.5
NizzanToy
NTINADILGeYP INCH®D B
WYmeowrol
NYMIDoNY 36l
NAMIDENX/pe]
WASIDYZARM]DS]
NyMIntanyw]ID=}
ACuUnnuQasnkKMiQ]L
AcONvEY o 2A00N
YCOnzG9a/NYMID]
YCONVEY 0a/7YCON
‘BoOL =FaD(5¢33233) wHEV
3323 FORMAT(12a6)
JFINED (1) oEQu¢ &7nANCDEF) STQOP
mEAG(593136) NUBS, (42110l (1) ei=]oNUBS!
3336 FOAMATIIE/(14F5eu))
vD 680N JuyeBd
V508 JeSA
1Tt an
1PThivsDYBY
O 6000 xe}ol}Q
CLUSTR oK) =N
6000 CONTINUE

W& P e



Cueewo COMPUTE pUlSSUN RanDUOM CLTofF PERCENT

FNZFLOAT (NOBS)
A‘“FN"Ooh}'
EFACZEXP (ag!
SUM=grac
Fal=)en
LC B876 ANajolnog
FINzN
FACBSFACos/FIN
FRUszEFaceFac
bUHNSUM-DDou
TEST=)4gagm ‘
lF(TEST~n.nS) 87Sou7698?6
574 CONT I hUF
875 FCT=F IN/FN

£easen yOwY DaTa INTY wafcHES
CaLlL SOGTA(NOHSoulDUlp'LpATCH)

Ceeaoao COMPUTE LEVEL(DENSITY) IN gacw PATCH

LEV:Lti)chOA?(LPATcntl)%/FN

DY 8766 KUK=25100 .

LEvaL(ﬁux)zﬁLonr(LDATCH(KLK)wLoqwcn(Kuxwl))/r@
874« CONTINUE

fUCT:lgn.oPCT

*HITE (0, 358]) HEDoFPCTY,,NOgS .

3481 ruHMATl1H1wJOX'12A6//!X025HDCISSON RANDOM cuTegFrgs IS2F 70301y,

1 THPE“CENTleXPlIHLEVEL Annnrxxx.QHrneﬁt AﬂgeISolxoanguINIs IN T4

2 SaMPLF, /)

LU 3887 Ja9=1+950

w503 eGecn
J6H3 PRINT 34usm, J49'LEVEL(J49)oJSOoLEVEL(JSO)
inyz FOH“AT(SQK.P(IBOfQuSvZX))

vU En9 x{e1173

U 209 uLste21l
209 LPAuEIJL,FL)HLHLANK

0O 290 g=my.NNaS )

Cale SDicagilkaYoDIP(J).AZ(J)) o
200 ;PaigiIz.rYluLpLQS o T

ARy 5

212 FQﬁNAT:1H1.§51-~0mtuunL AREas PRUJECTION OF UagERVATIHhé 107
1 Su2elomyedla HLHI:PHERE///)
Cill POLaRC )
"l TE(svun00 WUBS
4000 FOMMATI///36X,9N THeRE ARE,IS.1xa?7HoBs§HVATLQNS I TDE samPie,,
LALL PCTPLT(LEVEL)-
FRINT 273
FOHVA7«1H196!X9IOHLEVEg PLOTY?/7)
CaLl wagaee .

28]

b

(o

ARITE tevunol) :

4001 FUHUAIl/}AAVTSH]HE UPPER HEM]SPHERE Is DIVIQEQ INTQ %30 pATCHES ofF

1 EWval avege Trp DENSITY 4 3%, 44m0OF EACH PaTCH Is PRINTEpD AI THE PR
PUJECTED MIDFRQINT U7 THE PAaTomy)
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geseco DEFINE ¢LUSTERS

RJ“I

NIFLD]

1=}

1J3}

LCOm=]

[ Jr=zn

v0 10l N=191n0

IE(IPTHIng sNEo 03 GO TO 10}

1F(WEVEL () - PCT) 101¢102,102
102 1F(N=1) 1n30103el06
toe JOsN=1

IFCLEVEL (4@ = #CTY  105+106°0106
1% IFCIUPE ke 0) GO TU 777

LEICLUSTw ()21} eNE 0) lumslg+l

wO T0 774
v?7 1J3 1 UPR
778 CONTINUE
Ko=2]

wU 70 1n=z
106 IF(LcOM ,EQe O) GU TO 107
60 TC 1813
107 KusMy
102 LChmal
I=KaanD (M)
KSuUv=z(Q
' LU 7001 LTJ=1el
7001 ASUMERSLMa IO N (LTI UY
! D OCLUSTH (K g, Id) =N
12Tk (NY=Y
KJ=RJ°1
IFiIN efGe 104) GU TO 101
ARP=RSUMeTanDtT)*]
10z ]PTR(K2)
iFIN cEC, KSUM oANOe IQQA onEe peaNDe IQQA oNEo [u)
] CaLl, CCMRINIIWWA)
JFLLEVELit21) »GTo PCT oAND, IPTwiNel) oNEo 0 cANDo APTHIN®YY oNE,
1 JJ! Cagp CU4BInN{]IPTHINSY))
iFLI 5%, o) GO TO 3698
Ji=lel
1QR2=PIS (N)
Call CLupilo]lQ@RDel1])
AJl3KJ=)
Uuo 7n lep=]exJl
mpalLUSTRIIPRY I
1BCeKBAnn (K2)
IFIIRC .Ffe B) LU TO 3698
18C1l=s1aCe
1GRC=POS (2)
Calb CLLP(IBCeIUNCHIBC])
Rl aRJ=y
70 CONTINUE
MU=K )
6O 10 1ng



Im 94 IF(LEVEL{100) e«Te PCT) GC TO 101
IF(IRTH{1aQ) oNee 0} G0 TC vO0OO
CLUSTR(K s 1JV=100
1PpTmii0nteld
kgEr el
Mojay
60 T0O 1a)

Gg00 LFUIPTHIyan) oNEe IJ) GO TU 3667

GO 10 11

3697 Call COvaINIIPTH{j00))
“|J=KJ

1C1 CONTINUE

o

ceeaewe cOMaINE ANTIPOUAL CLUSTERS

ul) 8762 Kule®

JEK+9

TU3IRTH

[FLIPTHIK) oEQe 0 oURe IPTH(J) oFQe IPTHIK)} GO TO 8762

IFIIPTN(ay oNEe 0) CALl CCMAIN(IRTHI{XR)) o
8142 CONTITHUF

cabi KLUSTR

G0 7O Raan

L ND
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SUBROUTIRE KLUBTR

cowaso PERFORM STATIDTICAL CALCLLATIONS FOR EACH CLUSIER

2o

677
&78H

907

4003
4002

93

Gé

INTEGER CLUSTR

COMMON /3LK782(1000)+0IP(1000) sCUL(900)9CU2(500)SL(1000)0
1 SM(1000)+SN(100U) sKBAND(100) sNBs IBND(9) 9DANGI10) ) LFATCHI100) 0
? LEVEL(]AA)vpr”‘IOOJoCLUSTp(Sovlo)vLPAGE(121373)oNXgﬁfoNYMxoo
3 NAMID;PI,SEGRAUIRADEGsQ909XPINCHY YPINCHIRAUIUSsPCTILCOMeK YT 0
e JJRRIP,TIKOUsRyXCONVsYCONV, XKyPOS{100)

DIMENSTION KPATCHI100) sFLEVEL(100)

DATA LPLUS/IHe/

WATA PLSMS/2He=/

CaTa BLank/lR 7/

KOUNTBY

VO 92 JSatslo

JFICLUSTR(]1+JS) «EQe 0) GO TC 92

JR=]

SXLegGo

SARMEG s

SANZG e

CL=0:09

RO =

U0 677 iKalel00

LFICLUSTR(IRsJS) .EQG. 0) GO TO 678

NECLUSTR IR0 JS)

NT#ELOATE N

IFIN 66, 1) Ko=}

1FIN «GTo 1 sANDs LPATCH(N={) EQe o) KS=)

IF(N oGTe ] oANDs LPATCH(N=]) oNEs 0) KS3ILPATCH(N=1)®1
DO 26 111mKS#N]

ROU = KOU ¢ 1

cul(uRy=az il

cu2tgryanyplIIl

Caclh SPRoAGIIXsIYeCU2IJR) eCUY (JR)Y)

LPAGE (TX.TY)alLPLUS

JREFUR

CUNTINUE

VIR BAIN S

CONT Thus

LFUAOY WUFo 2) 00 TO 93

IFIRLUNT ,tu, 1) GO TO 4093

Wi T sy g7 KUUNT

FOHMa: 11my o /703083 14HCLUSTER NUMBERo I5)
ROUNTZRQuHT?

w0 TO 4n

arlTSig,6n02)

FGRMAT {1m1965X032M3TATISTICAL aNALYSIS OF CLUSTERS//
1 /733X 4nCLUSTER WUMBER 1)

AROUGNTIRQUNT*

0 TG an

L0 Y& Jm1e73

VO 94 Kelei2l

LPAGE (K y)=BLANR

G0 70 g2



40 AXUU = KQU
PRINT o

L FONMATIIOX 3HNUMeSA9GHAZIVUTH
11RN)
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sl IHINCLINATIUNGSX o 1RLO10As iHMo 1 AX:

VETEAMINE 1F CLUSTER. CONTAINS aNTIPODAL PO[NT:. REFLECT aNn!irODay

FOINTS 1an DEGREES.

IF{CU2()) olTe B0a)
VisSen.

LU0 9999 _u)vKCOUi
FJU=Cut Ly

JizJdel

00 $999 waJl.KOU
FR1aZJUl ()
FMAX2AMAX (FJsFK])
FMINaAMINY (FUoFKL)

GO TO 1900

an! :-~“1N1((fMAA‘FMIN)qf3é0u”FMAX¢FMIN))

AF (DTS o7, aDI>) DIs=aDIS
CONT IhyE

1FLUIS WLEo IJOB)

Cali 3509T(1e19KUY)

2999
GO TC 1laog
3993

DISSAMIN] (CUL (KUY)=CU1(1)3600~CU1(KOUISCUYL (1))

IFtDIS = aSe) 19194001
1 Aﬂ‘,U1(‘)¢QOn
9=-‘180.
151230
W=}
w0 11
IFlJ

JUI'KOU
«GT, 1)
P lcur o) odTo A
IFICuUll_ ) «3Te d©
[FLIS72 JNto 0)
11 CONuives
12 LO 5 J=1,15T
CU2 (J) =1 an,=nU2 (J)
[ (CUL g oQTe 1806e?
LUl o=z 1 td)elby
w0 TG %
Br00 Cul tel==2u1(J)1=1b0.
S CuNNTLHLF
S0 5 wE8T2eK0OU
ru2ldl=1enemCu2Jl
IFICUl ) 'ETO 1804}
cultl)=cytiJir=lele
60 TO 6
cultdycur (Jrelbde
6 CONTINUE
G2 TO lnann
18Tl
LaCUl (1) eqQe
Ja31
DU 4000 Jm]eXQU
[F s 6T, 1) JarJd=~}
[FICUL(J) «bTe 4 oaNDs

JEsU=]
2ANDa
<ANDe

6u TO 12

cUl (U6

cuU1 (48)
cur (g®)

GO T0 8000

GO TO0 8001

IST18J4
ISTzﬂJ

ol.Eo A)
olEoa 8

JLEe &) ISTyEJ



1IF(IST) .“Ee 0) GO TO 9

4000 CONTINUE

9 DO 13 Js]ST1eKOV

cuztylsyan,=Cu2tJ)
1F{CUl(y) oLTe 18B0e¢) GO TO ROO?
CUliJrscuyy (J1=180
GO TC 13

8002 CUllJl=CuUr {J)*1B00e

13 CONTINUE

COMPUTE pIRECTIUN CUSINES FUK EacH OBSERVATION

1000 DO 1001 u=]lexQU
" LP=CU2(J)«DEGRAL
aT=CUl (J)eDEGRAD
SLIJ)ISSIN(DP) ©COS(AT)
SMIJISSINIDP)IOSIN(AT)
Shiu)eCOS(DP)
SALESXLeSL (J)
SAMaSAMeSM(J)
SANSSANe SN (J)
WRITE(6s3) JoCULI LY oCUR1J) o SLIY) 9 SM(J) e SNIY)
3 FORMAT (39X o1B8oF12620F)1c283F1166)
1001 CONTINUE

CaLCuLAYE sTaVIaTiCaL PARaAMETERS

37 PRINT 3R, SKLQ?§M.5XN
238 FORMAT(3axXs6ATUTALS122XK93F)106)
¢3 KSW 3 SA_LeSAL * DXMeSAM ¢ SXNOSKN
K 2 SQRT(RSQ)
* PRINT 44¢ XOU
t6 FORMAT (£32Ke10RNUMBER 0BS,14)
PRINT 45. R
65 SORMAT(/32X93HN B9F1043) ‘
IF(SXM .EQe ho oURe SKL <EQ. 0s) GO TO 9393
1eATAND2 (SXMs SAL) ®*RADEG
GO 10 939a
9393 IF(SKL +FEGe No! T28900°(2e=SXM/ABSISXM)) -
IF(SXM EQe Ne) VTE=(SKXL/ABS(SXL)=10)%G0¢
9394 CONTINUE
IF (TelTo,0e0) T3T 3600
PaACOS (SXN/R)*HADEG
IF{AROU ,FVdo R) GO TO 7000
AKSAROU/ ( XxKOU=K])
60 TO0 7092
7000 CUNTINUE
a=000
AKS999996G,999
6U 70 709a
7Tn93 CUNTINUF
C0Saz 1, = (1e/AR)® (] ¢/ CLO®O() 7/ (XKQU=10}) = 1.}
20sAC0S (cnSA)9RADEG
7094 F}1=P
11=7
1F (¥ «GTse Q0e) GV TO 1002
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G0 TO0 17nn
1692 Y15180.=P
T1=T-lano
IF(T] olLTe 0s) T13T1e360.
1603 CONTINUF : ‘
IF(AK oL Te 60! w0 TO 5003
wRITE(SaRr) TloF]leAKoA o .
6 PORMAT (/27Xe26HY%® CLUSTER STATISTICS ©99//930Ay
1 10mT, aéIMUIHoLIXvF79291Xe3H0EG/03019
? 16rP, INCLINAIIUN-13Xsp7,2,1x.3HoEG/v3OA'
3 12HKes ORECISIUNSISXeFT.2/93nK0
o 27mA., RADIUD UF CUNE OF CUNFINsFTe221X93NDEGY)

LOMPUTE ¢oNFIDENCE LIMITS Fok aZIMUTH AND DILP

5006 1F(Pl=A) 2010950115012
0190 aTvH=360, '
00 TO Snya
5p1)l ATVvwz1Rn,
0 'TO Sn3
5012 ~UB2eDEGRAD
PDsPyepDEGRAD
B2DE90.2nEGRAY
aTVRSASIN (SINLAD)I®SIN(P2D} /SINIPD) ) #RADEG
5013 uUfPVYH=A
wRITE(Go5ANT) PLIMSoDPVRPLSMSoATVR
5007 FURMAT(29x913H CONFo LIMITS/29X44NH DIPs1Xea20lA0F6e2729X,30 A20TV X,

1 8291KsFgp.2)
w0 TO Snje
5003 WRITE(6e5n06) TloPliaXK
5006 FORMAT(/27A+26n%9® CLUSTER STATISTICS #®4//030X¢
1 10mTe 21MUTHoLTX0FT7e201X93FDEG/ 5304
2 14mPy INFLINATIUNS13X9F70,2,1X03HDEG/ 304X
3 128Ky PRFCISIUNIISXAFT42)
§014 XOUNT1=<QUNT=]
WRITE(8e5n05) KOUNT] '
5005 FORMAT(1r) 145X 34%POINTS FELCNGING TO CLUSTER NUMJER?I5//)
caLe POLascC
[F(XK +GT, oe oANDe XKQU ,NEe R). CALL SECTOX.
92 CUNTINUF '
RETURN
END
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SUBKOUTINE SECTUR
ceeeos SECTOR TersTS FUM BIVARIATE-NORMAL OISTRIBUTION OF DATA

COMMON /BLK/7aZ(1000)sDIP(1000)sCUL(900)9CU21900)SL(1000)
1 SM«1000).SN(1000)oKaANo(loo).NaoxaNo(Q)-DANe(fb)-L?éTcutloQ;,
2 LEVEL(1nn) 9 IPTR{100)9CLUSTR(50010) sLPAGE(121973)sNKeRNYsNYMID
A NXMID,PIDEGRAUIRADEGQS0 e XPINCHs YPINCHsRAVIUSIPCTILCOMIKY, T U
& IJPRIPoToKOUsHeACUNVoYCONV,XKyPOS(100)
DIMENSION gFREQ(994) o TFREG (9 eKPATCHI(100) o FLEVEL(100) 9SANG (1)
INTEGER ©
CATA. SANG/=1001e570796693514159270040712389106.28318560/
CaTA PI2/1.5707963/
.00 5001 UM=10100
KRPATCHI MY 20
S001 FLEVEL (. M1=0.0
SXLZpe0
SXMag,.0
SXNZgo0
A=DEGRAD
A1=RADEG
AZLESIN(aop ) #CUS(AYT)
AZMBSIN{AeP)9SIN(AST)
AINSCOS(peB)
91 wRITE(6o3008)ALLIALMyALN
3004 FORMAT (3 DIRECTIUN COSINES OF THE MEAN/&X03HL 39F82493K93uM ¢

1 FBo4ovaX,aHN BeFB8,.a)
c ROYATE MgaN TO PULE AND CCMPUTE DIP ¢ AZ OF 08S WRT MEAN

TasTaA
PASP®A
DO 8000 J=1oxOU
APRABSL () ecOS{TA)oSM{J)OSIN(TA)
YPRZ=SL (4)*SINITA) «SM(JI®COS(TA)
LPRESN( ) .
2132ZPRecos(PA) *APR®SIN(PA)
X1a=2PRegIN(PA) ¢+APReCOS(PA)
Y{3YPR
CuailJl=sacns (SLIJICAZLeSM(J)2aZMeSN(J)PAZN) ®A)
IF(A] FQ, 0o "_UH- Y1 oEQs o) GO TO0 9393
CUL(JU)=aTAN2(Y]vA1)®A])
60 10 9294
9393 1FI(X] +£0, Oe)CUI(J)ﬁ9oo“(2.°Y1/ABS(Yll’
IFIY)] oEQe 00)CULIJIBa(X]1/A8S(X1)=16)2900
9394 CONTINUE
IFICULty) eLTe 00) CULIJIECUL(J) 3600

8000 CONTINUE
c ARRANGE POINTS Inv INCREASING SEQUENCE OF SEMIAANG(J) WITH Mgah

CALL SORT{201sKUU)

c COMPUTE EXPECTED FREQUENCY IN 2ND ANNULUS FUR PO MAA.
PSlacu2(xnUl) @A
FNSFLOAT (KOW)




9n

109

66

AgAR

T

92n

2

11n
93n

51

MPg =9

MCH]se

cPSI=COS(PST)

NPST=NPSTe]

DEL§7“(!.°C°‘I)/fLOAT(N°<I)

D1ausCPSIeDFLST

01al=U1Aa0DELSY '
FXFAE=FNO(EXP (=XK® (],=PAl)}! = EAP {«XK® (]1,=N]AN)Y))
IF L (EXFREZFLOATINCHIY) ofRF o 1o oNRe NPSI LF. &) RO 7O 140
G0 TO 90

COMEUTE ACTUAL FREQUENATES IN SECTORS

N0 69 J=]1oNPSI]

DO &9 K=]1oNCHI

CFREQ(JeK)=N

0O ARH8 JJ=§KOU

CULIJJIECILIUY)
euRtJJd)I=Ccosicu2iyd) ea)

CONTIMNUE

€OMEUTE THEORETICAL FRFEQUENCY IN NPST RINGS BAROUND ME &N

CO 71 J=1eNPSI .
DEL1=)lo=FLOAT (J=1)0DFLS!

pDELZ=DEL1=DFLSI

TFR;Q!J)-FN“(EKP(=XK0(1.-DELI)D = EXP(aXK® (] e=NFLP)))

WHFIYE (60520}

FORMAT (1M1 95K RINGeRYe7H SECTAR AN 14N ACT SECTNR FRENoGXe]aM THEO
1R SECT FREN//) .
00 2 vsl.NPST

RANGSlo=FLOAT(J=1)®DELST

PANG)=RANG=NELST

IF(J -EQ, 1) RaNf=z]l.0}

1F(J «EW, NPSI) RANGI=RANG1=0.0]

DO ¢ K=)]«NCHI

KlzKol

DO 2 L=1eKOU

AT=CUl (L)

pP=CU2(L) . )

IF(AT oGTe SANGI(K) ,AND, AT oLF. SANG(K]) oANDo PP LLTo RANG AND,
1 DP oGE. RANGI) SFREN(JeK)ISFRFO{J9K) o] : ' '
CONTINUE

COMPUTE CMI SAQUARE valLuF FOR SECTORS

SUM=0e

DO 110 JmlenBST
TEST=TFREQ(J)/FLOAT (NCKHI)

PO 110 K=leNChI

GUM=SUMe (SFREN(JeK)=YFaT)e82/TEST
WRITE (609301 JoK4SFRFA(I,K)aTEST
FORMAT(1Re10XelS:2F20,.3)
KFR:ES(NPSTONCH] ) =3
AN=FLOAT(KFRFE)

AhL= ?a/(QGQAN)

chS:AN°(l.'AAo) #45030RT (AA))¢eT
AA=ACOS (CU2(KNU) yeA)
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WRITEF(bo2N10) KEQFE§I/MoCHIR e AA
301n FCR¥ATI(//+15% NER, FREFANM 2o [3/9134 CNI SQUARE =eF1N,/
1 17n TH, CHI S0, 9% =oF1n,3/610H BST MAX =oF 10,3, 1 XeaHNFR,)

c CLUSTER LEVEL PLoT

PSlazPSIea)
0O 3000 u=lexny
culeor=cul (uyeal

300n CUZIUI=ACOSICUP(y))2atean,/PSTa
ChALL SORTA(KNUCH]oClP2e*DATCH)
FLEVEL L)) sFLNAT(RPATrH (V) ) /8N
DO 3764 vUK=2.100
FLEVELIKUK) SFLNATIRPATAH (KXY aKOATCH (KUK=]) ) /FN

BT764 CONTINUE

CaLL PCTRLY (FLEVYSEL)
WRITE(693032)

3073 FURMATIIN1o//76nK 1 QHOLUSTER LFVEL PLNT/520,6HWTTH YFAYN AT PR E 4N
10 TE BCINDARY/SSXe2AMAT PST MaT DEGRFES FROM PALE//)
CaLL POL&RC
PETURN

- FMD
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SUBRQUTINF SURTAINUBSeasDeIPATCH)
goeeee SOnT3 pata INTU PATCHES

COMMON sy K/A211000) sDIP 11000} sCUL (900 9CU2(900) 45L (100000

1 SM(looo,,s~(1000).xen~otloo)eNa.IBNDco)o04w6(10)eL95!CH(100)o
2 LEVEL(1an) o IPTH{100)+€LUSTR(50+10) sLPAGE{121573) sNAINYoNTMID,
3 NXMIDP1,DEGRAUSRADEG G0 s XP INCHs YPINCHIRAUTUSIPCToLCOMIK Yy I Jo
& IJPRIP,TekOUIReXCUNVs YCONV, XKsPOS(100) ‘

DIMENSION A(NOBS)D(NOBS) e IPATCHI(100)

DC 9 I=z1,4100

9 IPATCHI(T)=mp

coeeee ARRANGE NATA IN DECREASING CRDER OF DIP

NOBS1aNQOaS=-]
00 7 Iayr0BS)
1111

Uo7 J‘IIoNOBS
CIFOtYy ,gEe D{J)) GO YO 7
TMPED ()
DII) = p(Y)
D(J) = TMP
TMP=a ()
AlJIaAal(r)

. AlLI)=TMp
7 CONTINUE
c

ceoose ARRANGE THE POINTS IN EACH BAND IN INCREASING OURDER OF aZIMUTH

mal .
00 93 Lsi«NB
IFiM .EQ, NOBS) GO TO 6888
94 CONTINUE
DO 92 JoM,yNO3S]
Jl1sdJe+l
IFID(J) .GEe DANG(Le®1)) GO 7vU Aa884
8885 Mmy
GO TO 92
8886 v0 90 Kz J1eNOBS
1F(D(K) ,GEs DANGI(L*1)) GO TC 8886
8887 MmJ*)
w0 TO 94
8886 [F(Aa(J) (LTe A(KR)) GO TO 99
TMPaa ()
niJ)zA(K)
A(K)=TMp
TMPaDp (J)
D(J)=D(K)
Di{K)=TME
90 CONTINUE
MaMe |
92 CONTINUF
93 CONTINUE
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ABA8 COnTINUE
copooe DETERMIAF wrICH PATCHES CONTAIN DATA

1180
P20
RKB(
1uPs]
CO-.67 Jal.NB
l1Iallexx
18J= [UNN(Y)
VO 57 Ksj.18J
15 (P oFG. NOBS) GO T0O 88
LR LN
KANGaFLOAT(RI®360./FLOATIIBND I
IF (R oEC. 4BwDI1U)) RANGE23K0,5
DO o6 L=l0OPeNOBS
1Fiatl) «aTo KANG cURe DIL) eLTs DANG(J®]1)) ey Io 79
LP=ELP ] .
IFILP oAE, NOE3) GU YO 3¢
79 IPATCRITTex)=LP

10Pu Pey
- LalleKey
w0 T0 RY
86 CONT INUE
‘a7 CONT INUE

88 IF(L «EC, 101) WNeTURN
o0 89 UmLe100

89 1PAYCH(,)BNOIS
KETURN § FND



SUBROUTINE CLUP (LI sLBo19)

ceeoes DETERMINFS IF A CLUSTER CONTAINING P2aTCHES §N BanD INUMHER
Ceoevo CONTAIRS PATCHES IN BAND NUMBER Jeie 1 S JS 8 e

12

87
8l

86
RS

COMMON 7a k782010001 sDIPC100
1 SM(1000)sSNE10UVV)sHBAND(LOE
2 LEVEL(1nn) o IPTRI10001CLUST
3 NAMIDePI,2FANALIRADEGQ909 X

DIMENSTION LT3

REAL LEVEL

INTEGER (CLudTR :
l1aLl § feald $ iCPI9 § IS9ls
AT (360 /F( QATIIONGIITY)I®SLO
1SuMs=D .

UU 12 181,194
1Su~s ]S Lrel8ND L)

lgus [BNO (1Y)

U0 & Nd=yo1BY

10aNE -
LEFLOAT(NAY®A60/FLOAT (1BAD(
qFlZ «GE, A) GO TO 10O

cONT INUE

LABISUMeTIO=]
iG=1SUMeTaND I

1FI1]1C +EQ, I3J) GO TO &7
1FLIQ = 19 81lo84s8]
Li1131G=y § L{2)®]06 & LI3)a]
GO TO 84

LiliaLa s LI2)3LAel § L (3B
G0 TO 8e

L1216 § Ll218lduHel $ L)
DO R8s J=1 .3

LdBL ()

[FLLEVELtLJ) obfe PCT ORe 1
1€ (IPTHILYY oNEo 01 GU YO 4

C1PTHiLY) s 1J

"85

CLUSTR (K jyfviBLY
KJ=KJe}

1F(LJ oEG. 100) RETURN
60 T0 BS

CaLL COMRINIIPTRILUY)
IFlLg «S3. 100)] HETURN
CONTINUE

KETURN

can

0)eCUL(300) 9CU2(9007 5L 11000},

) onB e 18AD (9) 9 DANGLL0) sLPATCH (1001,

(6ne10) 1LPAGE 11219731 oNZeNYoNYMEQ,

FINCHsYPINCHsRAVIVSIPCToLCOMoRY 1 i

I8 IJ?ROD'ToKOUaHvACJNV'YCONV.KK9905(1003

195y
AT (18)

1C1

SUMe §
Bod

aISyMe2

PYrILJ) eEWe Tyl GO YO 83

55
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SUDHOUTINE SPRPAG(IRe IVoDIN,AZN) ,
C SPRPAG ©® © @ 0 © © © © & 0 @ 0 @ 0 0 0 0 0 0 & @ 0 0 © 2 62 e g o
c GIVEN REWISPHERE COORDINATES (DINsAZN) e SPRPAG RETURNS NEANEST
C PAGE CUOROINATES (IRc]1Y)e IF OyTSIDE PAGE«MOVED IX OR x! 10
€ CLUSEST POINY UN EODGE OF PAGE )
COMMON /R K/7aZ11000)+0IP(1000)9CUL(900)eCU2(900)4SL{1000)
1 SM(1000)sSN(1000) +XBAND(100) oNByIBND(9)sDANBI(10) o LFATCHI10g),
2 LEVEL(10n) o IPTHI100)9CLUSTRIS0910) sLPAGE(121973) sNXsRY,NYMID,
3 NXMIOsRI,DEGRAUIHADEG1Q90 ¢ XPINCH YPINCHIRADIUSIPCToLCOMIKY,TUy
6 JJPRIPToxOUIRIACUNVIYCONV AK4POS(10p) - - )
LNGLASAZNODEGRAUV
¢ THE NEXT 3 STATEMENTS PERFORM EQUAL=AREA PRUJECTLION
100 RYTS127,.727989SINIDEGRADCDIN/240)
HOUME=XYTe SIN(ANGLR)®XCONVe(eS
_ JDUMaXYTurnS(ANGLRI®YCONV 2geS
200 JIX=NXMIDet,DUM
o 8RING X INDEA IN RANGE [F IT IS OUTSIDE.
IF(IRLT,)) [X=]
CIF(1XeGT NA) lABNK
1YSNYMIne JDUM
c BRING Y INDEA IN RANGE IF IT IS OUTSIDESs
IF{IYeLToy) 1VE]
IFUIYeGTNY) JYSNY
HETURN
END

¢ &0 9



OO0

200

600

700
2000

199

pOLA“C » © 06 0 @ © 0 v & © @

e ¢ % & © & n G ©

SUB=CUTINE PGLARC

URA4S AAD LABELD AAES AND CIWCLE SURRQUNDING UUipuT WhAPr,

PLACES AN aea AT EVERY ]0 DEGREES aROUND CIRCLE CIHCUMFEMENCEewITH
NeEsSew AT 5,90018V9270 UEGREES RESPECTIVELY.

© © CALLS= SpRpaq © @ ¢ @ » & 0 6 g9 ¢
© & w 6 & b ®'© P 6 @ O O 9 g D G OO M O QO p g

L)

CUMMON /glxlgz(lonO).oxntaooo),cuitqooloCUzl9ooioSL(;ooo>s
1 S™(300n) oSN(1000! sXBAND(100! sNBoIBAND (V) oDANGLI0) aLFATCHI1Gy!
2 LEVEL(lnn)-TPTM(IOO)aCLUSfR(Snoxo)oLDAGE(1¢1973)oNN*NVoNszas

3 NXMID4P[¢SFGRAUIRADEG QT 0o XY INCHe YPINCHoRAUIUSIPCT e COMaRY, Ty

6 JJPRIP(TIRUULRoACONVIYCOAV XK PCS (100!
DIMENSION LNUMSI{10)yLODIRI(S?
DATE LNLNG/Z1mQo LM olH2olrao ] Pa0lH50 e iryelHB01lnY/
UATE LASTYER/IM®Z o XINC/1050/¢LOTR/IHNSLHSoLIREy1HEY
TOATA LBLAVK/IM /7 . ,
NX]=NAR=y
ANGL=04n
VU 200 I(=m)s3s
CaLlL SpPapaGiIXelYoG90oaNGL)
LPaGE(IX,IYIBLASTEN
ANGL®WANGL*10-
LPAGE (NXMTDoNYMIDIBLADTER
LABFL NvSeEew aT APPROPRIATE POSIVIONS
LPAGE INXMIUINYIELDIR(])
LPAGE(NXMIDe1}ZLODIRI(2)
LPAGE (INXyMYMIDIELDIRI(3)
LPAGE (.1 otiYMIDI=LDIA (&)
PRINT TmE CUMPLETE ASSEMBLED PAGE IMAGEvRUw gV Ruw
saNCTee® THE INDEX X MUST GO BACKWARDS HECAUSE THE ASSUMED
COGHDTNATE UWIGIN IS AT LOWER LEFT haNp CORNER CF PagE:
DO 700 umisNY T
RaNY=Je)
wRITE(6:s2A00) (LPAGE(IoK)ola]oNX)
FORMAT (27x290A1)
DO 199 Jim1073
LUC 196G up=lirlel
LPAGE (42401 ) =LBLANK
KETURN
END

© 0 0 O © O O 6 & © B & © ° v o © ¢ o

57

«a & & G ¢

8 ¢
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SUBROUTINF COMBIN(K)
cvoees COMBINE sNTIPOOAL CLUSTERS IN BAND 1

INTEGER CLUSTR

COMMON /BLK/ZAZ(1000)+DIP(1000) CUL(900)*CU2(900)SLL1000)¢
1 SM(1000)oSN(1000)oKBAND (1003 eNBsIBND(S)oDANG(10)9LPATCH(100)

2 LEVEL(10n)9IPTH(100)eCLUSTRI(S0910)9LPAGE(])
3 NXMID:PI,DEGRAVIRADEGIQI09¢XPINCHsYPINCHsRA
4 TJPRIP.TeKOUIRoACONY s YCONV, XK, POS(100)
DG ! L21,100
mMal
IF(CLUSTRILeEIJ) +EQe 0) OBC TO 2
1 CONTINUE
2 * DO 3 Nmye100
JaN
IFICLUSTR(NIK) oEQe 0)GBO TO o
3 CONTINUE ‘
6 1884
' MlEMe]
PO 5 LsysM]
- CLUSTR{ISsK)aCLUSTR(Le1J)
1CJYBCLUSTR Lo IV
IPTH(ICY)uK
I1Salsgey
5 CONTINUE
1JUPKR&Ty
DO & LRay,M
] CLUSTR(LR.IV)BO
1J8K
KJaMeJoy
LCOMag
NETURN
END

21173) oNRIRYINYMIDo
DIUSIPCToLCOMIKY, T Us



SUBRQUTINE SORTI(IAs180]C)

cvooee SORTS pata IN EITHER INCREASING ORDER OF a&IMuTx OR INCREASING
cbeeve QRDER O0F DIP.

COMMON‘/BLK/AZ(1000)0019(1060)aCUl‘SOO’°CU2(900!05L(3000)0
1 SMtlooO)os~(1ooo>uxeANotloo>9N9%18N0¢9)ooawet10>aLPeTCHzxoo).
2 stsLt1on)orPIHtxoo)9cLusrncsoolo)oLpAGsclzxgvaypNRgﬁY»&YMIDo
3 NKMIOoPIcOEGRAQORADEGv090oXPJNCHaYPINCHoRAQIQS{PCTO&EOHDKJ;IJo
& TJFReP,ToKOUIRIXCONY» YCONV,XK,POS (100!
1€151C= .
IF(IA +EQ, 1) GO YO 2
DO 1 K=lmelIC)
K12Kel .
DO 1 J=Ky,IC
IFICU2(K) oLEe CU2(J)) GO To 1
TMPaCU2 (K)
cU2 k) acun (V)
Cu2(J)aTMp
TMPBCUY (J)
cUltJ) eyl (K)
CUl (K)=THMP
1 CONTINUE
T RETURN
2 DO 3 K»7g,ICl
KioKel
00 3 JmK1,IC
IF(CUL(K) oLEe CULLJ)) GO TO 3
TMPBECUY (K)
CUl (K)mcuy (J)
CUl (J)sTwP
TMP3CU2 (K)
CU2(K)mscua ()
cu2(JlaTmp
3 CONTINUE
RETURN : . N
END

59
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SUBROUTINE PETPLT(RLEVEL)

cewose PLOTS ETTHER LEVEL(J) OR FLEVEL(J) AT THE PROJECTEC MIDPOINT OF
Coowv®e PATCH AUMBER Joe

COMMCON /g K/78Z(1000)+DIP(1000)9CUL(900)9CU2(000)sSL(1000)

1 SM11000)3SN(10UD) oXkBAND(100) sNBs IBND(9)eDANGIL10) s LFATCH(10g),
2 LEVEL(1an) 9 IPTRI100)2CLUSTRISH110) 9 LPAGE(121273)oNXINYoNYMID
3 NAMIDGR] XFGRAUIRADEGvQ909 XFINCHIVPINCHIRADIUSIPCTILCOMpRY, Ty
& TJPRIPyTorROUUIRIXCONVeYCONY,XK,P0S(100n)

INTEGER ¢

DIMENSICN RLEVEL(100) sNUMY {10)eNUM{10)

CaTa NUMI/ZIH 91Nl ln20]1A30lH49lNSo Mo IHT 01 HBYIMG/

1 NUMZ1M0elnlelr2eln3elHer1ASsIH6LNTe1ABe1NG/sLU0T/ 1 hey

0O 1 J=1,100
1BUsKBaADp (J)
AZNZIPOS(J)=no5)9360./FLOAT(IBND(IBJ))
1BJl1alByey :
DINE (DANGIIBJ)*DANG(IBUL) ) /20
CatliL SPReaGlIXeiYoDIN»AZN)
IFIiDIN LTo dlr) GU TO 3033
IF(AZMN o Ts 180s) IX=]X=2

L AFlaZnN .67, 180s) IX=IXe2

3033 CONTINUE

IFtJ «€Q, 100) 1Y=2][Y¥=)
KSNLEVEL (J)®10000++S.
MBK/ 1000
W& {K={M®7400))7100
Us(R=MaY'aag=N®100)/10
LPAGE (IXenolY)3NUM] (Me])
LPAGE(IXe1 s lY)=SiNUMINe])
IF(M .EG, 0) LPAGE(IX=191Y)aNUM] (Ne])
LPAGE(IX,7Y)alDUT
LPAGE(I1Xxe1,1Y)3NUM(Qe])
IF (M oECe 0 oANDo N oEWe @ oANDe O «EQs 0) OO0 TU 2
60 TO 1

2 LPAGE(Ix=2,IY)ENUMLI(])
LPAGE(Ta=y o IY)ENUM] (]} o Lo
LPAGE (IXey,, IY)ENUML(])

1 CONTINUE
nETURN
END



APPENDIX C.--COMPUTER OUTPUT FOR AN EXAMPLE PROBLEM

POISSUN RANDOM CUT=OFF 1§ 20222 PERCENT

THERE ARE

135 POINTS IN THE SAMPLE.

JERAN=MASHEY cual CLE™}

OOV & Wh o

LEVEL ARRAY

»08148
«20000
6.00000
0.00000
0,00000
019259
obi1lll
s 01481
0,000G0
nOE?ZQ
0!7037
000?41
0.00000
000741
005¥85
«05185
e01481
aOO?Ql
0,00000
01481
0.,00000
0.00000
000741

0,00000

0.00000
0.00000
0.0000¢0C
0.,00000
0.,00000
0,00000
0.00000
0.00000

«00741
0,00000

.0400000
"0,00000

0.00000
000000
0.,00000
0.00000
0.,00000
0,00000
0,00000
0.00000
0.00000
0,00000
Ge000Q0
0.,00000
000000
0.00000
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0400000
Ge000090

000000
0-00000
000000
0.20p00
030000
004000
000000
000000
000000
0000000
000000
0400000
0:00600
0.00000
000000
0:00000
0.0C000
000000
000000
0.00000
0:00000
000000
0000000

" 0.00900

000000
0.00000
0.00000
0.00000
000000
0.00000
000000
0000000
0.00p00
000000
0000000
0200000
000000
000030
000000
0400000
0:00000
000000
0300000
0.08n00
0.00000
0.00000
0.00090

naTa

-~
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LEVEL PLOT
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STATISTICAL avALYDIS

CLUSTER NUMBER 1

NUM

Ot gt
0 O NV & W N

o e Pt bt gt e B bt
OB~ N

NNV DY
@ ~NOPNPWN—~D

AZIMUTH

12«00
12.00
15.00
1500
15.00
1700
19.00
1900
19,00
29.00
20400
2100
22+00
2300
24.00
26000
2400
24:00
24.00
24400
26,00

26400

25,00
25000
26400
2700
27400
29.00
30400
3000
3000
31.00

32.00

32.00
32400
33.00
33,00
6000
10400
13.00
1600
17.00
17.00
18.00
2000
2000
2100
1 23400
23400
21.00
24400
25000

(-]

INCLINA!IUN

90.00
88,00
86,00
90,00
89,00
87.00
89,00
90.00
90.00
90,00
90,00
80.00
87,00
83.V0
86,00
86,00
86400
87,00
87.00
88.00
89.00
85,00
88,00
89,00
86,00
86,00
82.,00
82,00
87.00
87,00
87,00
846,00
85.00
90,00
87,00
88,00
85,00
92,40
90,00
96,00
96,00
92.00
96,00
7,00
92.00
90,00
100,00
95,00
95.00
92,00
94,00

CF CLUSTERS

L M
«¥78] 02079
«9697 2418
9565 2563
636 2582
12659 22386
19562 «292)
1642 +3251
Ja54 03255
+ 9455 03256
03397 03428
«9397 s 3620
9338 «1584
o33 03689
09192 v3902
09067 240137
.508s 04045
9113 +4057
9113 04057
9123 040362
912 04062
«9i30 - 24065
W913s v6067
29029 724210
07058 04226
o§?87 0‘383
.8888 04529
8888 04829
,9@61 04801
+8576 e6951
8648 «4993
+8648 +4993
+8560 05343
18434 -45270
-TYY) 5279
«8480 5299
.8375 5639
28382 5643
-7631 Y YR
19862 01735
$ 97484 «2250
29560 03741
<9560 2917
9557 02922
9658 ¢3073
<9327 23395
«939) 22418
!9336 s 1584
9065 +3R48
w9170 *3892
«9170 ¢1892
0?130 06065
9?041 04?216

«0000
10349
013902
« 0698
«0000
+0175
«0523
+0175
«0000
e0000
«0000
00000
01736
»0523
01219
«1045
20698
« 0698
<0523
20523
00349
«0175
20872
20349
«0175
«0698
«0698
21392
«1392
«0523
00523
20523
AIQQS
«0872
«0000
«0523
e 0349
«0872
« 0369
«0000
21045
+ 0698
00349
«1045
01219
00349
20000
~.1739%
-,0872
-,0872
=,0349
~.0698



53 26400 97.00 08921
564 26.00 94,00 «8966
55 26000 92,00 18v62
56 26000 50,00 +8989
57 . 27400 94,00 ELEL
58 27400 90.00 <8910
s9 2R.00 98.00 t8744
60 28400 96,00 +8803
61 | 2900 95,00 8713
62 30000 90,00 28660
63 31600 95,00 08539
66 31400 93,00 8560
65 32400 100,00 08352
86 32400 93,00 28469
67 35.00 94,00 20172
68 3600 92.00 «808s
69 39.00 90.00 !7771
TOTALS 82:11a7
NUMBER 088 69
R s . 68,367
®a® CLUSTEN STATISTICS ®ee
‘Te AZIMUTH 26069 DEG
Py INCLINATION 89.84 DEG
Ko "PRECISION 108296
Ay RAQIUS OF CUNE.- OF CUNFID 1265 OEG
CUNFe LIMITS
OIP o= 1e65
AL o= l.bs

©435]
«4373
4381

043846
°4529
04540
044549
04683
4830
e5000
e51131
e5143
5219
v5292
5722
5874
0629)
28.%616

“1219
c.0698
~a0369

00000
. 0698
00000
©61392
-00698
-,0872
«0000
=-,0872
=,0523
=,1736
*,0523
“.0698
=,0349
20000
«1399

65
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POINTS BELONGING T0 CLYUSTER NyMmBgR 1
@ [N o
® 0o 6 ceb
o XX X
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P e0d
60
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L J
°
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o
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o % °
oeedee ©
Q@ eede © o
o ¢ ©d000e
e e © o Py
;] e ]
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RING SECTOR ACT SECTNR FREAN THENR SECY FREq

3 1 13,990 11,222
1 ? R,AAN 11282
1 ° 2 12.na9 11,282
1 4 19,919 11e2F7
2 1 2,919 3,902
2 ? 6,0N0N 3,903
2 ? 3,000 3,903
-2 ' 5,000 3,902
3 i 2,000 1, 34EN
3 2 0.,00N 1e350
3 Q 1,090 1380
k| 'S 2.0nn0 , 13680
PO 1 1,007 Y %4
A 2 1.0Aan o4R7
4 3 n.nNnAn Y 4
. 4 1,109 0b67
VEG. F=EFDO™ g 13
CHI squarE = R.435
TH, CHI sNe 98 °'= 220351

PSI MARX = iﬁ00‘7 UEGO
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»;

CLUSTER LEVEL 707
wiTH MEAN 'AT POLE AND THE BOUNDARY
AT p31 MAX DEGREES FrOM pOLE

° N 2
) . . ‘ P
° 3
. s L °
© [] [ e
° .
LY 13 1.6 3 1e4 v @
[] 209
. o . ®
. K
2.9 e L] i'6
. 1,6
° o . e
IR 229 S8 .
M 29
7.9 los
[ les e e
Te2 lo4 led 1ea
1e4 leo
we leo 1 2.9 ° ] 229 ° ) 1.¢ E
1+6 2.9 6,3
L ] (] ) ) 1.2 ) * °
1ob 104 403 °
104 ° 29 603 loé °
- . 1e4 ©
. 229 °
. °
° led . . 104 249 . L
o
o . XQ“ [) ] b
° [ [] .
e ° e
. L3 14 .
P @
o . o a
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CLUSTER NUMBER 2

NUM AZIMUTH  INCLINATION
1 103000 85,00
2 103400 90,00
3 105400 85,00
4 106400 83,00
S 108400 89,00
6 109000 90,00
7 110.00 90,00
-8 111000 81,00
9 111660 Ble00
16 1ii.00 83.00
11 112.00 83.00
12 112400 39,00
13 114400 88,00
14 11500 84,00
18 1150060 88,00
16 117600 85,00
17 117.00 90,00
18 118.00 80,00
19 118000 81,00
20 119.00 - 83,00
21 119.00 83,30
22 119.00 84,00
23 119.00 90,00
) 24 120000 -80.00
25 120400 84,00
2% 120000 86,00
27 121.00 53900
28 121400 83,00
29 121000 87,00
! 30 122.00 846,00 -
31 124400 84,00
- 32 124000 87,00
a3 123.00 85,00
k1Y 128,00 90,00
35 128,00 83.00
36 128400 87,00
a7 129,00 83.00
38 130.00 88,00
39 132,00 82,00
40 132400 88,90
61 132.00 89,00
42 103,00 90,00
43 106400 90,00
64 110.60 90,00
45 112.00 95.00
46 112.00 913,00
7 117.00 91.00
48 118,400 94,00
49 125.00 94,00
50 126400 94,00
51 127.00 96,C0
852 129400 90,09
53 135.00 90.00
54 135.00 90:00
53 136,00 90,00
TQTALS
NUMBER 0RS 33
R o 54,225
os0 CLUSTER STATISTICS °9°
Te AZIMUTH ) 118:8%
Ps INCLINATION 3710“
Ks PRECISION . 0493
As RADIUS OF eONE OF CUNF 1D 2230
CUNFe LIMITS
DIP = 2930
Al o= 2.30

.

=0 22484
2,2578
=02736
“s3090
=5 3256
..3529
°o§560
. 243549
=e3575
'13345
=e4065
=.4203
‘g§224
'o§523
“s9540
=24823
=eR837
-06812
=sd812
~a4822
'o?ebs
=e4%26
=e4973
=.4988
©.5i12
=e5112
°9$1$3
“05270
°95561
=¢5584
=o5716
~0573s
=abli]
-:8148
“s8dbo
=e8424
=«0626
- 18687
=s669¢
‘=?250
“e2758
=e3420
=eJ732
'e3741
. ‘q5539
°a‘°83
"05722
“gsﬂbﬁ
-,5985%
“:6293
'97071
) '!7071
°c7193
~26:1170

DEG
(o131

LEG

M

«9720
09744
29623
18541
09%09
094585
09387
09221
09221
29313
#9203
09270
09130
u9013
29058
«8876
e8910
*sA&95
28721
+8681
<8681
«A6958
e 87456
08329
oR613
*R639
«8508
0R508
28560
oB4734
28245
08279
+8160
06192
07821
07849
oT7716
e 7656
*7359
07427
¢7430
09744
09413
09397
00237
09259

.- «A9QY

«8808
«sR1T2
2AQT70
07943
7771
7071
e7071
eh947
4744379

00698

00000 .

00872
1219
« 0175
20000
00000
015464
1584
00638
01219
20179
«0249
«1049
20349
o0B72
20000
01736
015646
1219
01219
01045
«0000
01736
+1045
00698
01219
1219
00523
61045
«1045
0523
o872
20000
1219
00523
1219
.0349
01392
00349
00175
20000
00000
«0000
2,0872
=,05213
=,0175
-,0698
«, 0698
“,0698
=,1085
20000
«0000
«0000
+0000
2.8C2)
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RING  SECTOR ACT SECTNR FREQ THENZ SECT FRFO

1 1 2,000 TsbH0R
1 ? 13.00n Tok4d
1 3 4oNA0 Tobah
i 4 a.00N 7, ALR
2 1 5,000 1,394
r 2 3,000 1,394
2 3 2.00n0 3,394
2 4 hoONN 31,396
3 i 2.000 1594
3 ? 1,000 1,506
3 K 2.000 1,506
3 4 1.000 1,504
4 1 3,000 chhHE
b -4 6,000 e FER
& 1 1,000 oﬁﬁa
& [ 2.00HD e6&R

DEG. FIEFNOM = 13

CHI SQUARE = 24.788

THe CHI S1}e 95 = 22. 351

PSI MAx = 17.411 DEG.
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CLUSTER LEVEL PLOT
HITH MEAN ‘AT POLE AND Twe BOUNDARY
AT PS1 MAX DEOREES FROM POLE
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MECANICA DE ROCAS APLICADA A LA MINERIA

INFL‘UENC}E OF ROCK FRACTURES AND BL.OCK BOUNDARY
WEAKENING ON CAVABILITY

M.A. MAHTAB AND J. D. DIXON

ABRIL, 1978.

Palacio de Mirerla Calle de Tacuba 5, primer piso. Ménicoc 1, D. 7.



Influence of Rock Fractures and Block Boundary
\Weakening on Cavabhiiity

by M. A. Mahtab and J. D. Dixon

The results of a parametric study of the influence of naiural features (strzss
jield, rock strength, and strength and orientation of fructures) as well as the influence
of induced features (undercut span, boundary slot, and other boundary-weakening
measurss) on the cavability of an undercut block of ure in mining by the block-
cauing method are presented. The two-dimensiomal finite-element analysis technique
was used fur this study. A coarse “mesh,” along with linear humogeneous assurp-
tions for rock properties, was wsed to moude! the problem of initiation of caving
in a block of ore. Interpretution of the test results suggests that weakening the
“abutinents” of the block as well as certain orientations of natural fractures exercise
sigmificant influence on cavability. These findings hold promise for iinmediate appli-

cation 1o known situations in block-caving mines.

A host of geomatric, geologic, and physical parameters
are recognized to contribule to the caving performance
(vavabiltty) of 1ock mass in undercut mining by block
caving. Bucky' recognized that “the ability of a block to
cave or fragment is a function of it3 sirength in len-
sion or shear and the value of applied forces.” King®
related the caving characteristics of the Climax ore body
to rock type as well as lo fracture spacing and miner-
alization. King classified the cavability of rocks in the
Clirnax ore bhody as very strong, moderately strong,
moderately weak, and very weak. Kendrick® concluded
that “the cavability of a given ore body is based on its
minimum dimension 1n the horizontal plane.” McMahon
and Kendrick' related cavabilily of ores to modified core
recovery (sometin.es referred to as RQD) and the aver-
uge quantity of secondary blasting. Obert et al® suggested
seismic absorplion as an indicator of cavability., Swais-
gogd et al’ tabulated prominent geologic and physical
features of seven selected block-cave mines. An exami-
nation of their Table 1 shows that, in five of the six
“good to excellent caving” cases, the ore was jointed.
In add:tion, some boundary-weakening measures were
applied 1in four of the six cases.

Although there 1s a unanimeous recognition among in-
vestigutors and mine operators that rock fractures are
important for successful caving of ore bodies, there has
been a general lack of quantitative relationships be-
tween the characteristics of fracture systems (geometry,
miechanical properties) and cavability of rock mass.

Another feature of the mechanics of caving deserves
mcreased attention, namely that a lack oi lafer.] confivie-
ment (for the caving block) is necessary to insute easa
in caving rock masses by the® block-caving miamg
methed, Removal of lateral confinement is a measure
that is commonly applied through some kind of bound-
ary-weakening operation (for instance, correr raises in
tombination with long holes for presphtting). Kendrick®
gives an excellent account of induction caving through
boundary weakening.

M. A. MAHTAB ond J. D. DIXON, Members SME, ore with Acres
Consulting Services Ltd, Niagora Fulls, Conada and Spokane Mining
Research Center, U S. Bureau of Mines, Spokane, Wosh, respectiveiy,

SME Preprint, 75AM9, AIME Annual Meceting, New York, Feb 1975,

Manuscript, Sep. 13, 1974, Discussion of this poper, subnntted in
duplicate prior to Jun. 15, 1976, will appear in SME T:ansactions,
September 1976, ond in AIME Transactions, 1976, Val. 260.

The objectives of this paper is to emphasize ihe in
fluence of two critica! factors in caving rock masses by
the undercut (block) caving method, namely (1) the
influence of low-angle (0° to 30° dip) fractures and (2)
the influence of block boundary wealkcning.

The observations which led to an examinat.on of the
intfluencc on cavability of several natural and induced
(man-made) features are discussed in the section on
“preliminary considerations.” The results of a paramet.ic
study (with respect to the various features influencing
cavability) of a hypothetical undercut block are pre-
sented in the section on ‘‘analysis of an example caving
block.,” The subsequent sections of the paper preseni
discussion of results, conclusions, and recommeundations.

Preiiminary Considerations

The existence of favorably inclined, closely spaced
fractures having low resistance to in-plane shear stresses
is important for caving ore bodies. Thz US Burecau of
Mines (USBM) has developed procedures for sampling,
mapping, and analysis of the geometry of rochk frac-
tures.”® These procedures have been arplied to the anal-
ysis of the geometry of fractures in Magma Copper Co.'s
San Manuel mine in Arizona.” An examnple of the nearly
orthogonal fracture system from a panel drift at the
2015 leve! cf the San Manuel mine is shown in Fig. 1
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Fig. 1—Typical neorly arthogoral fracture syciem n
Sen Mancel mili =,

Reprinted from Transacticas of SME, March 1976, Vol. 2o} _
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of data points (normals to the fracture planes) in a
polar equal-area projection of the upper hennsphere.
Three nearly orthogonal sets can be secn in lhe figure;
one is a nearly hurizontal set and two are nearly verti-
cally dipping sets). An example plot of the spacing vs.
frequency of spacing for one of the three fracture setg
observed in rhyolite and monzonite porphyry at ithe 2015
level, San Manuel, is shown in Fig. 4.

As part of 2 USBM study of the influence of jointing
on cavability conducted in San Manuel mine, three
prominent orthogonal fracture sets were delineated in
two of the three principal rock types (quartz monzonite
and monsonite porphyry). However, only two fraciure
sets, both vertical, were found to be present in the third
vock type (rhyclite). The inference of this study was
that the absence of the horizontal set in rhyolite con-
tributed in part to the generally observed strong re-
sistance of rhyolite to caving. 1t must be noted that the
average spacing of the two vertical sets of fractures in
rhyolite was smaller than the average spacing for quartz
monzonite and monzonite porphyry, see Fig. 4 and Table
1, (also see Fig. 12 in Ref. 9). In addition, the RQD for
rhyolite was less than 20%.

746 cbsarvatwons Upper hemiphese

Fig. 3-—Typical polar equal orea projection of San Manuel
itoctures. The numbers on the contours represent percentoges
of observations.

liusirative definitions of the principal geometric param-
«iers of fracture sets (azimuth, dip, and spacing) are
givenin Fig 2 ‘Typical Schmidt plots of fracture orien-

The USBM also analyzed the fracture patterns in an-
other mine (Mine B, Table 1). Three prominent sets of
fractures, all having nearly vertical dips, were deline-

ated in a study block in this mine. The block was found
too hard to cave despite some altempts to weaken the

tabiens from a siudy ares in San Manuel are shown in

Mg, 3. These “level plots” represent the concentrations

Table 1. Observations of Some Physical and Geologic Features in
Two Block-Cave Mines

Mine®
A B #

Depth of Overburden, Ft
Esthimated Ratio of Lateral/Verts-
cal Rock Stressest

160C-1700 1406-1500
Ye 1

Prieaapel Ore/Rock 1. Quartz Monzonlte (Qh) Similar to rock types and 2 of mine A.
2. Monzonite Porphyry (MP)
3. Rhyolite (Rh)
Fraciure Orientations Strike/Dip, 1. NBJE/BTINW: N12W/B8INE; NO3E/22SE. 3 prominent sets striking N60W., N30E,
Degree 2. NGOE/BINW, NIuW/87SW; N23E/26SE. N30W and dipping nearly verucally
. 3. NTUE/BINW, N4BW/BSNE,
Fracture Spacing, ™t 1. 0.6-0.7 , 0.1-2.5
2. 0.6-0.6 Average: 0.5
3. 0.2
Caving Characteristies (V. Strong, 1. Moud Weak-V, Weak Mod. Strong-V. Strong
Mod. Strong, Mod., Weak, & V, 2. V., Weak K
Weakt B 3. V. Strong

Some boundary weakening applied; high
lateral stress; absence of low-angle
tractures, angle of int. {riction lor frac-
fures = 33°

No boundary weakening required; low lateral
stress; tow-angle fractures in QM & MP;
Rh lacks low-angle fractures; angle of int.
Iriction for fractures == 35°

Remarks

° Mine A represcnts blocks at 2013 level, San Manuel mine, Mugma Copper Co., Ariz.; Mine B does notl wish to be :dentified,
»
t Stress ratio at Mine A assumed to equal ——, for Poisson's ratio v == 0.2 (Ref. 17, Table 18); stress ratio at Mine B based on one observa-

-y
uon of horizontal stress (of 1400 psi) and assum dtion of 1500 psi verlical stress at 1500 ft depth,
3 King's classification, see Ref, 2
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corners of the block. A preliminary inference of the
study was that the combined effect of high lateral ground
stress and a general absence of low-angle fractures (i.e.,
with dip»> less than 30¢) resulted in the poor cavability

of this block. The observations of the physical and geo--

logic features made by the USBM in the two afore-
menticned mines are surnmarized in Table 1. Another
exampie of the influence of low-angle fractures on cav-
ability can be found in the Climax ore body. A summary
of the geometry of Clirnax fractures was presented by
Kendorski"” who showed that most fractures in the
Climax ore body dip easterly at 40° to 60°, or shaliower,
Kendoréki" maintains that the low-angle fractures (with
close spacing) are “very important to initiating caving
a2 bleck or panel.” Furthermore, “the vertical scarps
at Climax’s caving boundary are in the country rock
[that has] a much less developed low-angie fracture
pattern.” : -

Low-angle fraciures in combination with steeply dip-
ping fractures provide brick-shaped fragments of ore
and facilitate vertical movement of these fragments, The
potentiul for veriical movement, lateral expansion, and
rotation of fragments of a systematically fractured ore
body (one havmg one vertical and one horizontal set
of fractures in a two-dimensional model) is illustrated
in Fig. 5, after Goodman et al.® (p. 648), who modeled
an experiment madce by Trollope.®?

In addition to quantifying the geometric character-
istics of fracture systems, it is necessary to measure the
mechanical properties (strength and deformability) of
fractures 1n grder to make rational judgments as to the
cavability of & given rock mass. The strength of frac-
tures can be obtained by testing fracture cpecimens in a
direct shear machine, and the results of these tests can
be plotted as strength envelopes in the manner of Fig.
6. The simphfied hilinear sirength envelope of Fig. 6 de-
rives from the experiments reporied by Patton™ At low
normal stresses (va), the shear strength (1) of the rough
fracture (with its asperities inclined at angle i to the
average joint surface) is given by

v =tan (¢, + 1). (1)

However, in the range of high normal stresses when
most of the aspertties have been sheared off, the resid-
ual strength of the fracture is given by

1= C; + ontang, (2)

1 [
S R SR P
Posihian ot laitigt roat

Fig. 5—Caving or collopse of initioi recf in @
systematically fractured medium (from Goodmon
et al.’),
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where ¢; represents the angle of residual sliding re-
sistance (of the sheared fracture) and ; represents the
cchesion of the rough fracture. In-situ measurements
of elastic modulus of fractured rock mass can be made
through borehole pressure cells;® an example plot of
results is given in Fig. 7 which shows the deterioration
in the rock modulus as the fracture spacing decreascs
An example of this deterioration of rock modulus can
be seen in presplitting, or mass boundary weuakening
(discussed jn the next section), whereby tke modulus
of rock along the edges of an undercut block is reduced

The existence of favorably inclined, closely spaced
fractures having low resistance to shear is important
in influencing cavability of ore badies. However, frac-
tures alone are not sufficient to iniliate caving of au
undercut block, This observation stems from the labora-
tory results made by Brown et al.'* on a jointed block of
rock having two perpendicular sels of joints /see Fig 8)
The results of their tests, Fig 9, show that (1) at low
confining pressures, the strength of the joinled specimen
is a small fraction of the strength of the intact rock
with the lowest strength corresponding to the two frac-
ture dips of 30° and 60°; and (2) at high lateral (or con-
fining) pressure the strength of jointed specimens in-
creases to nearly the level of strength of intact specimen:
subjected to the same stress conditions. These tests sup-
port the observation that a combination of favorable
fracture patterns and lack of lateral confinement is nec-
essary for ease in caving of undercut blocks of ore
bodies.

Analysis of an Example Caving Block

This section wwill present a table of the physical and
geological fectures influenzing cavability, gutling ihe
scope of the analyses performeéd, intreduce the metiod of
analysis used, and present the results of the analyses.

616 “:'
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Fig. 7—Effect of spccing on in-situ modulus o
fractured rock {from Panek"),
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On the basis of the observations made in the previous
sections of the paper, the principal physical and geo-
logical features influencing cavability of ore bodies in
an undercut mining situation can be enumerated as in
Table 2.

The analyses of the influence of natural as well as in-
duced features are restricted. to the initiation of caving
1in un undercut block of ore. The effects cn cavability of
time and of procedures for drawing the caved ore are be-
yond the scope of the paper; considerations of support
of development openings are also excluded.

Table 2. Features Inflvencing Cavability

Natural Featares Induced Feotares

! In-situ stress field (ratio of 1. Yndercut span

vertical to horizontal stress) 2. Boundary slot (vertical slotg
2 Rock strength excavated at iwo edges of
3  Geometry ol fractures Llock)
4  Strength of fractures 3. Mass boundary weakening

- freduction In rock strength
along two edges of biock by
presplitting)

Society of Mining Engincers, AIME

The precise mechanism which controls the process of
caving has, as yeat, not been subjected to either ana-
Iytical or cxparimental modeling. Physical measure-
ments made -in block-caving mines have also failed to
provide sufficient information to explain_ the caving
phenomenon. Conseguently, there is no definitive anal-
ysis or test which indicates whether a given block of ore
will or will not cave. It is widely thought, however, that
the two basic types of rock failure—by tension and by
shearing—are involved in the caving process. If this
concept of failure is accepted, the caving tendency of an
ore block can be evaluated by examining the tensile and
shear stress zones which develop above the undercut
slot. This evaluation can be achieved by comparing the
intensity and distribution of tensile and shear stresses
with the corresponding strengths of the rock mass. This
is the approach followed by the autlhors in making a
parametric study of the influence on cavability of the
various features listed in Table 2,

The analyses presented hese are derived from the ap-
plied loading as well as the gcumetric and strength prop-
erties of rock mass in a block of ore located 1000 ft be-
low the ground surface. A vertical stress of 165,000 psf
is assumed at this depth. The design features of the
block consist of widening the undercut slot, introduction
of vertical boundary slots of various heights, introduction
of mass boundary weakening (in a strip of rock around
the boundary slot) by use of drilling and blasting hcles,
and hydraulic fracturing through boreholes or some
other means. The geometric configuration of the hypo-
thetical block studied herein is shown in Fig. 10 which

‘also gives definitlions of the mechanical parameters used

in the various analyses.

The finiie element method of analysis was used for
the parametric study of the influence of the various fea-
tures of Table 2 on cavability of an undercut block of
ore. This method was found particularly suited io deal-
ing with the complex geometry involved in the analyses,
For each analysis condition, stresses were determined
throughout the area influenced by the excavated slots.
From these siresses, the distribution, orientation, and
intensity of tensile and shear stresses (in the rock mass)
were determined prior to locating the potential zones
of tensile and shear failure,

Several simplifications were effected to reduce the
difficulty and cost of obtaining results by the finite elé-
ment analysis. A two-dimensional, plane strain formu-
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lation was used for modeling the probiem. The rock mass
was considered to be homogeneous, isctropic, and lin-
early elastic. A coarse finite element resh was also
used to model the undercut eaving configurations. Be-
cause of the use of a coarse mesh and the idealized
assumpticns about the properties of the rock mass, the
computed stresses in the immediate neighborhood of the
(geometrically acute) boundaries of the slots are not
expected to be highly accurate. Note that localized
stresses are of little interest in these analyses. Further-
more, ihe ideahzed conditions imposed during these
analyses do provide a configuration of the problem which
15 suited to the parametric study described herein.

The results of the analyses are given in Fig. 11 through
17. These figures show the zones of tensile and shear
failures caused by the presence in the undercut block
of cne or more of the features given in Table 2. The
zones of tensile fatlure as shown in Fig. 12 and 14 to
17 were obtained by drawing dashed lines normal to the
direction of tensile stresses at locations where they oc-
curred (that is, at centers of the finite elements). Since
the undercut block is symmetrical about its center line,
only one half of the caving block is represented in the
analysis and presentation of the resulis.

The zones of shear failure as indicated in Fig. 11 to i7
were determined through a more involved procedure.
These zones delineate the locations in the undercut block
where driving shear stresses exceeded shear strengths.
The driving shear stresses were obtained from finite ele-
ment analysis results. The shear strengths were deter-
mined by application of the Mohr-Coulomb fatlure law

S = C + satah . (3)

The normal stress, ¢., on the plane of shear was obtained
from finite element analysis results, whereas the values
of cohesion, C, and angle of friction, ¢, were preassigned.

The zones of shear failure presented in Fig. 12 to 17
include the potential failure of intact rock as well as
shear failure along . fracture planes. Where failure of
intact rock is involved, shear failure surface would be
expected to be ahigned at = (45 — ¢/2) degrees from the
direction of maximum compressive stress. Tensile frac-
turing would, however, occur normal to the direction of
principal stresses. On fracture surfaces, shear failure
would occur by sliding along the fracture, and tensile
furlure would occur normal to the direction of the frac-
ture,

Unless otherwise noted, the following parameters
wure consistently used for the various analyses: vertical
field stress = 165,000 psf; P/Q, or the ratio of vertical
to horizontal field stress = 3; R, the ratio of undercut
width to undercut height = 30; height of boundary slot
= 120 ft; rock stiength, ¢. = 45°, C, == 0; and fracture
strength, ¢, = 20°, C; = 0.

Discussion of Results

As evidenced from Fig 11, the effect of a reduclion
in lateral confinement fiom a P/Q of 1 (hydrostatic stress
field) to a P/Q of 3 is to shift the shear zone from di-
rectly above the undercut slot to the edges (abutments)
of the block. At the same time, the shape of the shear
fuilure zone is changed and the total volume of rock
atlected is increased. The effect on tensile failure zone
(although not shown) was also significant; the tensile
farture zone occupied areas above the undercut slot
(a> shown in Fig. 12a).

The influence of slot width, in terms of the ratio, R,
of the width and height of undercut siot, 1> shown in
Fig. 12, Several-iold increases occurred in the volume
of rock under conditions of both tensile and shear fatlure
when R was increased from 5 to 30. The influence of an
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Fig. 12—Influence of undercut siet width on ex-
tent of tensile and shear zones (R = widih/height
of slot).

increase in slot width on cavability, as shown in Fig. 12,
is in agreement with the conclusion of Kendrick.?

The influence of rock strength, in terms of the angle
of internal friction ¢,, is consistent with engineering ex-
perience and judgment in that, as shown in Fig. 13,
there is a progressive increase in the tctal volume of
rock sheared as the value of ¢ is decreased.

A marked influence of the height, H, of the boundary
slot on tensile failure zones in the undercut blsch is
shown in Fig. 14. As mentioned earlier, the dashed lines
in Fig. 14A, 14C and 14E, are drawn normal to the di-
rection of tensile stresses in the rock elements. It may be
noted that the difference in the volume of rock under
tension is more dramatic between the cases H = 0 and
H = 120 ft than between the cases H = 120 ft and
H = 200 ft. However, no attempt was made {o deterniine
an optimum height fcr the boundary slot. We note that,
ordinarily, intact rock is capable of withstanding somne
tension. However, in practically all block-caving situa-
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sroompnsses a larger volume of rock (with the bound-
a.ius of the zone shifted upward and farther back into
the abutments of the block) as the height of the bound-
a1y slot is increased.

The influence of mass boundary weakening on de-
velopment of tunstle ana shear failure zones is shown in
Zig. 15 A comparison of ne mass boundary weakening
(Frgs 1610 and 158 with partial weakening toward the
Hlack (Figs, 1HC and 150) ~hows a significant increase in
the extent of the tensile fatlure zone due to partial mass
beundary weakening, However, the shear failure zone
furled io show any improvement from the point of
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view of increased cavawpility. A dramatic increase oc-
curred in the exteri ot both tensile and shear failure
zones when the w.2s¢ boundary weakemng (that is, re-
duction in the modulus of the rock) was applied to
strips of rock on voth sides of the boundary slot (Figs.
15A and 15B). The increase i volume of tensile and
shear zones for the case of “full” mass boundary weak-
ening over and above the case of “half” mass boundary
weakening was approximately 30%. Tensile zones were
further extended into the “roof” above the undercut slot.
These resulis indicate that the caving tendency of a block
of ore can be enhanced more by presplitting toward the
abutmenis than by presplitting toward the block. In
effect, the mass boundary weukening of the block abut-
ments tends to lengthen the effective “span’ of the block,
which is a desirable feature in inducing caving.

The infiucnce of orientation of fractures on the size
and shape of the tensile and shear failuie zones is shown
in Figs. 16 and 17. Fig. 16 compares the influence of low-
angle fractures (having dips of 0°, 15°, and 30°) on the
failure zones. The shear zonvs are seen to be highly
sensitive to the uip of low-angle fractures. The hori-
zontal fractures are shown to exercise the most pro-

)
.
4 TENSWLE Z0NE. A7 0t B SHEAR ZONE.Z = 0%
=
Fig. 16—Influence of
@ low-gngle froctures
on tensile and shear
‘ zones.
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nearly vertical frac-
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nounced effect on shear failure. All low-angle fractures
(Fig. 16) showed approximately the same effect on the
t('l\lil'e failure zone which encompassed the entire span
of the undercut slot, However, the combined effect of
shear and tenule failure is most pronounced for the
herizontal fractures.

The influence on the failure zones developed above
the undercut slot of nearly vertically dipping fractures
(those having dips of 75°, 80°, and 90°) is shown in Fig.
17. The tensiie zone is most pronounced for fractures
dipping at 90°. The combined effect on tensile and shear
zones is approximately the same for all the nearly
vertical fractures,

Conclusions and Recommendations

Several steps can be taken in developing a mine to
obt#n optimum initial caving conditions. Natural fea-
tures that exist in the ore body (stress field, rock
strength, fracture orientation, and strength) can be ex-
ploited during the initiation of the caving process. If
the horizontal stress field 1s not uniform, the cross sec-
tioa of the undercut slot can be orienled paraliel to the
minimum horizontal stress. Caving should ideally be
initizted i the weakest portion of the ore body. This
should provide mass boundary weakening on one side of
additional blocks, thus reducing the total effort in con-
tinued caving of the ore body.

Other design features can be introduced to further
optimize intlial caving conditions. The introduction of a
vertical boundary sloi, especially in situations where
the horizontal stress is a large fraction of the vertical
stress, appear§ to be more effective than increasing the
width of an undercut slot. This reduces or eliminates the
horizontal stress field, a factor that greatly influences
cavability. Furthermore, by introducng mass boundary
weakening around the boundary slots, more favorable
conditions for caving can be. obtained. The most effective
mass boundary weakening was created by blasting into
the abutment side of the boundary slots. This effectively
increased the span of the undercut slot causing greater
zones of tensile stress to occur immediately above the
slot and created extensive shear zones over the abutment
arcas of the slot where caving is normally expected to
progress.

A combination of one low-angle (0° to 30° dip) set of
fractures and another nearly vertical (75° to 90° dip) set
of fractures is the most effective two-dimensional frac-
turing configuration for ease in cavability of an ore body.

12 —- MARCH 197§
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In an actual three-dimensional situation, one set ot low-
angle fractures and two sets of nearly vertical {ractures
will be most effective in improving cavability.
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Chapter 6 : Groundwater fiow; permeability and pressure

.

Introduction

The presence of groundwvater in the rock mass surroundiag zn
open pit has a deterimental eflect upon the mining programme
for the following rcasons:

a) Water pressure reduces the stability of the slones by
reducing che shear strength of potential failure
surfaces as described on pages 24 and 25. Woter
pressure in tension cracks or similar near vertical
fissures reduces stability by increasing the forces

: tending to induce sliding {paze 26). :

b) High motsture content resultec in an increased unit
weight of the rock and hence gives rise o iscreased
transport costs. Changes in moisture content of
some rocks, particulaviy shales, can cause accelerated

. . weathering with a resulting decrease in stability
’ (paze 33).

e) Freezing of groundwater during winter can cause
wedging in water—-filled fissures due tc temperature
dependent volume changes in the ice. Freezing of
surface water on slopes can block drainage paths
resulting in a build-up of water pressure in the
slope with a consequent decrease in stability.

d} Erosior. of both surface sciis and fissure infilling
occurs as a result of the velocity of flow of ground-
water. This 2rosion can give vise to a reduction in
stability and also to silting up of drainage systems.

e) Discharge of groundwater into an open pit gives rise
to increased operating costs because of the
requirement to pump this water out and also because
of the difficulties of operating heavy equipwent on
very wet ground.

F} Liquefaction of overburden soils or waste .. fips can -
- ‘occur when water pressure within the matarial rises
to the point where the uplift forces excead the
weight of the soil.” This can occur if drainage
channels are blecked or if the soil stcucture
undergoes a sudden volume chauge as can happen under
earthquake conditicns.

Ligquefaction is critically iwpertant ir the :lesizn of
tailings dams and waste dumps and it is d2altc with

in the references numbered 104 to 108 listed at zhe
end of this chapter. It will not be counsidered
further in this book since it does not play a
significant part in controlling the stability of

rock slopes,

By far the most important effect of the presence of ground-
water in & rock mass ig the reduction in seability resulting
from water pressures within the discontinuities in the

rock. Methods for iacluding these Water pressures into
stabiiity calculations are dealt with in later chapters of
this book. This chapter is concerned wicth methods for
estimating Or measuring these Waler pressures.



Groundwater Tlow in rock masses

Ther: ace cvo nossible approaches to obtaining data on
water pressure distvibutions within a rock mass:

[

Alucst coastant rain

% % % * $ % % 6 é a) Dpednetion cf the overall groundwater flow pattern from
S\ . consideration of the permezbility of the rock mass and

sources of groundvater,

b) Ul.ect m2asuremen: of water levels in boreholes or wells ~

or of vater pressures by means of piezometers installed in

boveholes,

R

As wili be shown in this chapter, both methods abound vith
rractrcal difficulties duz, because of the very important
inflvence of water pressure on slope stability, it is
tssentiai ¢hat the best poscible esctimates of these pressures
saorsd be available before a detailed stability analysis is
ercenriad. Because of the large number of factors which
coatrol the groundwatcr flew nmattern in a particular rock
mas3, 1% is only possible to highlight the general
principles vhich ray zpply and ¢o leave the reader to
decide vhav combinarion of thes2 principles is relevant to
his specific problem.

AbunJanL

v prmoaria o e it Zp - am

Frequent rain

b

Average

% The hydrologic cycle

A simplified hydvologic cycie is illustrated in Figure 48
to shou some typical sources of groundwater in a rock mass.
This figure is included to emphasise the fact that ground-
water can eud does tiavel considerable distances through a
rock mass. ence, just as it is important o consider the
regional geoLoby of an area when starting the design on an
open pit mine, so it is important to consider the regional
groundvater pattern vhen estimating probable groundwater
Small : distcibuticns at a particuiar site.

rechnrge.'

Clearly precipitation in ihe catchment avea of th2 pil is aun
important source of grourdvater, as cuggested in rhe sketch
opposite, tut other .ouvces canrut be ignored. Grounduatar
movemeitt from adjacent viver systems, reservoire ur Lak:o
can be sipnificant, particuiarly if th2 permeability of the
rock mass is highly anivotropic as saggested in Figure 49,
infrequent rain Tn extreme cases, the movemcnt of groundwater may be
‘ concentrated in open fissures or channels in the rock mess
‘ * and there may be no ClPale identifiable water table. The
photograph reprcduced in Figure 50 shows a solution channel
of about 1 inch in diampter in limestone. Obviously, the
hydraulic conductivity of such a channel would be so high
. as compared with other parts of the rock mass that the
Semi-desert ccnventional picture of a groundwater flow pcttern would
probably be incorrect in the case of a slope in which sich
featurass occur. ¢

Wa
r“,\“\stu ]
Y A

These cxamples emphasise che extreme importance of
considcring the geology of the site when estimating water
table levels or vhen interpreting <ater prassure measure~
ments.

Almost no
recharge

Definitron of permeability
109) Consider a ~ylindrical samples of soil on rock beneath rue

(After Davis and de Wiest :
vatertable 1n a slope z: illustrated in Tigura 51. The
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rmeability conversion table.
convert cm/sec| Multiply by
" ueters/min 0.600
P/sec 10"
ft/sec 0.0328
ft/min 1.968
ft/year | 1.034 x 106
2 -5
- cm 1.031 x 10

3

Darcy . * 1.045 x 10

* for water at 20°C.

sample has a cross—-sectional area of A and a lengch I. Water
levels in borcholes at either end of this sample are at
heights h1 and hy above a reference datum and the quantity

of water flowing througﬁ the sample in a unit of time is Q.
According to Darcy's law, the coefficient of permeability of
this sample is defined as !10,111,112;

Q.2 v.l

A YCrs o S N Y

(20

Where V is the discharge velocity. Substitution of dimensions
for the terms in equation (21) shpws that the permeability
coefficient k has the same dimensions as the discharge
velocity V, i.e. length per unit time. The dimension most
commonly used in groundwater sutdies i3 centimetres per
second and typical ranges of permeability coefficients for
rock and soil are given in Table II!!3,
Figure 51 shows that the total head b can be expressed in
terms of the pressure p at the end of the sample and the
height Z above a reference datum,  Hence

P

h = — +2 22
- (22)

where v,, is the density of water. " As shown in the figure,
h is the hexght to which the water level rises in a borehole
or standpipe.

Permeability of jointed rock

Table II shows that the permeability of ‘intact rock is very
low and hence poor drainage and low discharge would normally
be expected in such material. On the other hand, if the
rock is discontinuous as a result of the presence of joints,
fissures or other discontinuities, the permeability can be
considerably higher because these discontinuities act as
channels for the water flow.

The flow of water through fissures in rock has been studxed
in great detail by Huitt!l%, Snow!l5, TOLlslle Slarp
Mainill® and others and the reader who wishes to pursue this
complex subject is_assured of many happy hours of reading.
‘For the purposes of this discussion, the problem is
simplified to that of the determination of the equivalent »
permexbility of a planar array of parallel smooth cracks!16,
The permeability pavallel to this array is given by:

ge3
12y.b

; . 5 . : 2
where g = gravitational acceleration (981 cm/sec”)

k =

(23)

e = opening of cracks or fissures

b = spacing between cracks and

v ig the coefficient of kinematic viscosity
(0.0101 cm?/sec for pure water atr 20°C)

The equivalent permeablllty k of a parallel array of

cracks with different openings is plotted in Figure 52 which
shows that the permeability of a rock mass is very sensitive
to the opening of discontinuities. Since this opening
changes with stress, the permeabilicy of a vock mass w;ll
therefore be sensitive to Stress,
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Figure 51 :
r.\\,\“l;srnﬂeholo': ’ Definition of permeability in terms of Darcy's law.

Fh\\\\ ‘ Q = kAb(hl - Tgl

N\ v

= - watertah\ where Q is the amount of water flowing through tﬁe
] ™~ '\Qi’re"OIE sample in unit time,

k is the coeffici=snt of permeability,
A is the cross~sectional area of the sampie,

3
-
L TTTIRY

N (h1 - h_) is the difference in watertable
\ eleva%ion between tne end:s of the sanple and
.\\\ i is the length of the sample ,

~ .

“~
~

Reference TN

datun

-
TABLE 11 - PERMEABILITY COEFFICIENTS FOR TYPICAL ROCKS AND SOILS
k - cm/sec Intact rock Fractured reock Soil
]0—-10 Slate Homogeneous clay
- o Dol . below zone aof
= ’0-9 olom:te weathering
,‘3 g 8 Granite
pos L 10
§ &
& .k 1077
v
-6 S o Very fine sands,
o o 10 +~ el . . .
o g 3 o organic¢c and in-
€ -5 e b Clay-filled joints organic siits,
o 10 - T . .
Lu; « ) I mixtures of sand
3 © 10—4 I & o ané clay, glacial
5 till , stratified
58 - l clay deposits
o8 1073 4 y dep
-2 .
10 - . Jointed rock .
1 Clean sand,; clean
10 sand and gravel
g) mixtures
L g 1.0 o L.
2 o
g pen jointed rock
K !
S8 10
T T .
'5)8 10'3 Heavily fractured Clean gravel
z : rock
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Figure 52 : Influence of joint opening e and joint spacing b on the
permeability coefficient k in the direction of a set of
smooth parallel joints in a rock mass.

Joint set 1

K -D
‘t’kln 8.1 x 10 “cm/sec.

[}
Figure 53 :
Idealised representation of two
orthogonal joint systems in a rock
mass . The spacing of both sets is
1 joint per meter. The joint opening
" e, of "set~1 is 0.10cm and the for
30t 2 iz e, = 0.02 cm. It is assumed
that there”is no cross-flow from
one joint set to another.

<N

k= 6.4 x 10_4cm/sec.

Joint set 2



Louis!?® poincs out that equation (23) only applies to laminar
flow through planar parallel fissures and that it gives rise
to significant errors if the flow velocity is high enough for
turbulent flow to occur, if the fissure surfaces are rough

cr if the fissures are infilled. Louis lists nc fewer than

8 equations to describe flow under various conditions.
Equatien {(23) gives the highest equivalent permeability
coefficient, The lowest equivalent permeability coefficient,
for an infilled Fissure system, is given by

ko= 2 .kf + ke (24)
where kf is the permeability coefficient of the infilling
naterial and

ky is the permeability coefficient of the intact

rock., .

{Note that kpy has been ignored in equaticn {23) since it
will be very small as compared with the permeability of open
joints).

An example of the application of eauation (23) to a rock mass
with two orthogonal joint systems is-given in Figure 53.

This shows a major joint set in which the joint opening e

is 0.10 cm and tlke spacing between joints is by = 1 meter,
The equivalent permeability k; parallel to these joints is

k; = B1x 10~2cm/sec. The minot joint set has a spacing

b, = 1 joint per meter znd an opening e, = 0.02 cm. . The
equivalent permeability of this set is kp = 6.5 x 1074 em/sec,
i.e. more than two ordere of magnitude smaller than the
equivalent permeability of the major joint set,

Clearly the groundwater flow nattern and the drainage
characteristics of a rock mass in which these two joint sete
occur would be significantly influenced by the orientation
of the joint sets.

Flow nets

The graphical represeatation of groundwater flow in & rock
or soil mass is known as a flow net and a typical example
is illustrated in Figure 54, Several features of this. flow
net are worthy of.consideration.

Flow linee are paths followed by the water in flowing thrcugh
the saturated rock or soil.

Equipotential Iines are lines joining points at which the
total head h is the sawe. As shown in Figure 54, the water
level is the same in borcholes or standpipes which terminate
at points A and B on the same equipotential line.

Water pressures at points A and B are not the same since,
according te eéquation (22), the rotal head h is given by the
sum of the pressure head ®/yy and the elevation Z of the
measuring point above the reference datum. The water
pressure increases with depth along an equipotential line as
shown in Figure 54.

A complete discussion on the construction or computation of
flow nets exceeds the scope of this book and the interested
reader is referred to the comprehensive texts by Cedergren 112
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Figure 54: Two-dimensional flow net in a slope.
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Electricat analogue for the study of anisotropic groundwater
flow and drainage problems 117,



and Waar!!S for further details. Traditional graphical
methods for constructing flow nets!20 have now largely
been superceded by analoguenl'122 and numerical methodsl?3,
An example of an electrical resitance analogue for the study
of anisotropic seepage and drainage problems is illustrated
in Figure 55. Some typical examples of equipotential
distributions, determinad with the aid of this analogue,

are raproduced in Figure 56129,

Field ineasurement of permeability

Detecrmination of the permeability of a rocR mass is
necessavy 1f estimates are required of groundwater discharge
into an open pit or if an attempt is to be made to design

a drainage system for the pit,

Yor evaluation of the stability of the pit slopes it is the
water pressure rather than the volume of groundwater flow

in the rock mass which is important.- The water pressure at
any point is independent of the permeability of the rock
mass at that point but it does depend upon the path followed
by the groundwater in arriving at that point (Figures 49 and
56). Hence, the anisotropy and the distritbution of
permeability in a rock mass is of interest in estimating

the water pressure distribution in a slope.

In order to measure the permeability at a "point" in a rock
mass, it is necessary to change the groundwater conditions
at that point and to measure the time taken for the
original conditions to be re~established or the quantity
of water necessary to maintain the new conditions. These
tests are most conveniently carried out in a borehole in
which a section is isolated between the end of the casing
and the bottom of the hole or between packers within the
hole. The tests can be classified as follows:

a) Falling head tests in which water is poured into a
vertical or near vertical borshole and the time taken for
the water level to fall to its original level is determined.

b) Constant head tests in which the quantity of water
which has to be poured into the borehole in order to
maintain a specific water level is measured.

¢) Pumping tests or Lugeon tests in which water is pumped
into or out of a borehole section between two packers and
the changes induced by this pumping are measured.

The first two types of test are suitable for measurement of
the permeability of reasonably uniform soils or rock.
Anisotropic permeability coefficients cannot be measured
directly in these tests but, as shown in the example given
below, allowance can be made for this anisotropy in the
calculation of permeability, FPumping tests, although more
expensive, are more suitable for permeability testing in
jointed rock.

Falling head and conatant head tests
A very comprehensive discussion on falling head and constant

head permeability testing is given by Horslev!25 and a
few of the points which are directly relevant to the prasent
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Figure 56 : Equipotential distributions in slopes
with various permeability configurations.



discussion are summarised hereunder.

The coefficient of permeability k is calculated from falling-
head and constant head tests in saturated ground (test
section below water table) as follows.

. . . ___A . log, Hy (25)
Falling head: k FlE; =€) e H,
Constant head: k = q (26)
F Hg

where A is the cross section area of the water column.
4 =} wd? where d is the inside diameter of the
casing in a vertical borehole. For an inclined
hole, A must be corrected to account for the
elliptical) shape of the horizontal water surface
- in the casing.

# is a shape factor which depeads upon the conditions
at the bottom of the hole. Shape factors for typical
"situations are given in Figure 57.

Hy and H, are water levels in the borehole, measured
from the rest water level, at times t; and t,
respectively.

q is the flow rate and

H, is the water level, measured from the rest water

level, maintained during a constant head test.

{Note that Naperian logarithms are used in these
equations and that Log, = 2.3026 Logjg)

Consider an example of a falling head test carried out in a
borehole of 7.6 cmdiameter with a casing of 6.0 cm diameter.
The boreholes is extended a distance of 100 cms beyond the
end of the casing and the matevial in which the test is
carried out is assumed to have a ratio of horizontal to
vertical permeability k,/k, = 5.

The first step in thig analysis is to calculate the shape
factor F from the equation given for the 4th case in Figure
57. The value of m = V5 = 2.24 and substituting D = 7.6 cm
and L = 100 cm,

F =20 L ’ = 628 = 154
Loge (2m L/D) Logg 58.19

Measuremenr of water levels at different times for the
falling head test gave the following values:

H)y = 10 metres at t; = 30 seconds

Hp = 5 metres at ty; = iSOyseconds

The cross-sectional area A of the water column is
A=} m(6)2 = 28.3 cm?.

SubftiCUting in equation (25), the horizontal permeability
kh is given by



§ YWater level at time zero ’a\ q - guantity of water
= 1.0 E ; required to mai.i-
H 1 i N _
] N E 4 tain constant head
[}
. H/ \‘ bive,—~-~ Constant head
H, el iy Y
0.5 g
1 H lJc:
0.4 4
‘\\ o
. 0.3 _H
Rest water level ‘\\\\ §=§ Rest water level
i 0.2 i
/ Casing N\ Casing
-A-Hz
! See table for P\ i ! See table for
lshape factor F t, \\\ ] shape factor F
l J 0.1
o - 1 2 3 b
Falling head test Time t - hours Constant head test
- End conditions

Shape faclior F

Casing flush with end of,

borehole in soil or rock

of uniform permeability.

Inside diameter of casing
is d cms.

F = 2.75d

Casing flush with boundary
between impermeable and
permeable strata . Inside
diameter of casing is 4 cms.

F=2.0d

‘<—'l—-.1

Berehole extended a distance
L beyond the end of the
casing. D is borehole diameter-

2L

( 2./D)

Loge

For L>4 D .

Borehole extended a distance
L beyond the end of the
casing in a stratified soil

or rock mass with horizontal

and vertical permeabilities.

For determination of kp

F = 2w L

LogP ( 2m L/ D)

where m =

(kh/kv)* y L > 4D,

Borehole extended a distance
L beyond the end of the
casing which is flush with
an impermeable boundary

Fa __2TL
Luge ( 4 L/ D)
For LS 4D ,

Figure 57 :

Details of falling head and constart head tests for permeability measurement

in soil or rock masses with shaps factors for boreholz end conditious .



ky = 2B-3 logy 2 = 1.06 x 10~° cn/sec.
154 (150-30)

Since the ratioc of horizontal to vertical permeability has
been estimated, from examination of the core, as kh/ky, = 5,
k, = 2.12 x 107" cm/sec,

Laboratory tests on core samples are useful in checking this
ratio of horizontal to vertical permeability but, because of
the disturbance to the sample, it is unlikely that the
absolute values of permeability measured in the laboratory
will be as reliable as those determined by the borehole tests
described above., Laboratory methods for permeablllty testlng
are described in standard texts such as that by Lambe !

Pumping tests in borehvles

In a rock mass in which the groundwater flow is concentrated
within regular joint sets, the permeability will be highly
directional. If joint opening e could be measured in situ,
the permeability in the direction of each joint set could

be calculated directly from equation (23)., Unfortunately,
such measurements are not possible under field conditions
and the permeability must therefore be determined by

pumping tests.

A pumping test for the measurement of the premeability im the
direction of a particular set of discontinuities such as
joints involves drilling a borehole perpendicular to these
discontinuities as shown in Figure 58. It is assumed that
most of the flow is concentrated within this one joint set
and that cross-flow through other joint sets , past the
packers and through the intact rock surrounding the hole is
negligible. A section of the borehole is isolated between
packers or a single packer is used to isolate a length at
the end of the hole and water is pumped into or out of this
cavity.

A variety of ‘borehole packers are available commercially!??
but the author considers that many of these packers are too
short to eliminate leakage. Leakage past packers is one of
the most serious sources of error in pumping tests and every
effort should be made to ensure that an effective seal has
been achieved before measurements are commenced., A 51mp1e,
inexpensive and highly effective packer has been described

by Harper and Ross-Brown!2® and the principal features are
illustrated in Flgure 59. This packer is manufactured from
rubber h051ng which is normally used in the bu11d1ng industry
for forming voids in concrete*. It consists of inner and
outer rubber tubes enclosing a diagonally braided cotton core
and this arrangement allows an increase in diameter of
approximately 20%Z when the hose is inflated. Because of its
low cost and simplicity, long packers can be used and packer
lengths of 10 feet (3 meters) have proved extremely effective
in pumping tests in 3 inch (7.6 cm) diameter boreholes .

The permeablllty of the discontinuities perpendlcular to the
borehole is calculated as follows:

* Available in a wide range of diameters from Ductube
Company Limited, Daneshill Road, Lound, Near Retford,
Noctlnghamshlre. England.



Joint set 2

Joint set 3

’
Figure S8 : Pumping test iq regularly jointed rock.
The borehole is drilled at right angles

to the joint set in which the permeability

is to be measured.

pin for attachment
of lifting cable;>

-

airline coupling

Figure 59 : Section through the end of a packer
fer sealing the bottom end of a
pumping test cavity . The upper packer
end has addiditional fittings for
pressure inlet and piezometer cables.
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k = q Loge (2 R/p)
(27)

1

27 L (Hy ~ Hp)

where ¢ is pumping rate required to maintain a
constant pressure in the test cavity

L is the length of the test cavity
Hy is the total head in the test cavity
D is the borehole diameter

H; is the total head measured at a distance
R from the borehole

The wmost satisfactory means of obtaining the value of H, is

to measure it in a borehole parallel to and at a distance R
from the test hole. Where ‘2 pattern of boreholes is available,
as 15 the case cn many opencast mine sites, this does not
present serious problems. Techniques for water pressure’
measurement are dealt with in the following section of this

chapter.

When only one borehole is available, an approximate solution
to equation (27) can be ogbtained by using the shape factor

F for a stratified system (Figure 57). Substituting this
value into equation (26) gives

k = q. Loge (2m L/p) k28)

2L Hc

where, in this case, m = (k/kp)4.

k is the permeability at right angles to the
borehole (the gquantity required)
kp is the permeability parallel to the borehole

vhich, if cross flow is neglected, is equal to
the permeability of the intact rock

He is the constant head above the original
groundwater level in the borehole.

]
The value of the term Loge (?m L/D) in this equation does
not have a major influence upoan the value of k and hence a
crude estimate of m is adequate. Consider the example where
L = 4D; the values of Loge (2m L/p) are as follows:

k/k 1.0 102 104 108 108 1010 1012
p
m 1-0 10! 102 103  10% 10° 108
Loge (2@ Ljp) 2.1 4.4 6.7 9.0 11.3 13.6 15.9

A reasonable value of k for most practical applications is
given by assuming k/kp o 106, m e 103 which gives

k o 1.4
229 (29)

In derivine equation (29), it has been assumed that the test
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uities (say 100) and that the value of k represents =z
teasonable average permeability for the rock mass (in the
direction at right asngles to the borehcle). When the
discontinuity spacing varies along the length of the hole,
water flow will be conceutrated in zones of closely spaced
discontinuities and the use of an average permeability
value can give misleading results. Under these civcum
stances, it is preferable gp express the permeability in
terms of the permeability kj of individual dlSCOntlﬁultles
where

ky = (30)

ER

n is the number of discontinuities which intersect
the test cavity of iengtch L.

The value of n can be estimated from the borehole core log
and, assuming that the discontinuity opening (e in equation
(23)) remains constant, the variation in permeability along
the borehole can then be estimated.

Before leaving this question of permeability testing it must
be pointed out that the discussion which has been presented
has been grossly simplified. This has been done deliberately
sifce the literature dealing with this subject is copious,
complex and confusing. & number of techniques, more
sophisticated than those which have been described here,

are available for the evaluation of permeability but the
author believes that these are best left in the hands of
experienced specialist consultants. The simple tests which
have been described are generally adequate for open pit
stability and drainage studies.

Measurement of water pressure

The importance of water pressure in relation to the stab111ty
of slopes has been emphasised in several of the previous
chapters. If a reliable estimate of stability is to be
obtained or if the stability of a slope is to be controlled
by drainage, it is essential that water pressures within

the slope should be measured. Such measurements are most
conveniently carried out by piczometers installed in bore-

holes.

A variety of piezometer types are available and tlhe-choice
of the type to be used for a particular installallation
depends upon a number of practical consideraricas., A
detailed d15cussxon on this matter has been given by
Terzaghi and Peck 129 and only the most important consider-
ations will be summarised here,

The most important factor to be considered in choosing a
piezometer is the time 1ag of the complete installation.
This is the time taken for the pressure in the system to

. reach equilibrium after a pressure change and it depends
upon the permeability of the ground and the volume change
associated with the pressure change, Open holes can be used
for pressure measurement when the permeability is greater
than 10~%cm/sec but , for less permeable ground, the time lag
is too long. In corder to overcome this problem; a pressure
measuring device or piezomcter is installed in a sealed
section of the borehole. The volume change within this
sealed section, caused by the operaticn of the piezometer
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should be very swall in order that the response of the
complete installation to pressure changes in the surrounding
rock should be rapid. If a device which requires a large
volume change for its operation ic used, the ﬂhange in
pressure induced by this change in volume may glve rise to
significant errors in measurement.

Some of the common types of piezometer are briefly discussed
hereunder.

a) Open piezomaters or observation wells

As discussed above, open ended cased holes can be used to
measure water prassure in rock or soil in which the
permeability is greater than about 1074 cm/sec. All that

is required for these measurements 13 a device for measuring
wacer level in the borehole. A very simple probe consisting
of a pair of electrical contacts housed in a brass weight

is illustrated in the sketch oppusite. When the contacts
touch the water , the resistance of the electrical circuit
drops and this can be measured on a standard "Avometer"

or similar instrument. The depth of water below the collar
of the hole is measured by the length of cable and it is
convenient to mark the cable off in feet or meters for

this purpose. Portable water level indicators, consisting
of a probe, a marked cable and a small resistance measuring
instrument, are available from Soil Instruments Ltd.,
Townsend Land, London N.W.9 or from Soiltest Inc., 2205 Lee
Street, Evanston, Illinois 60202, U.S.A,

b) Standpipe plezometers

When the permeability of the ground in which water pressure
is to be measured is less than 10-% cm/sec, the time lag
involved in using an open hele will be unacceptable and a
standpipe piezometer such as that illustrated in Figure 50
should be uvsed. This device consists of a perforated tip
vhich is sealed into a sectien of borehole as shown. A
small diameter standpipe passing through the seals allows
the water level to be measured by means of the same type of
water level indicator as described above under open hole
piezometers. Because the volume of water within the stand-
pipe is small, the response time of this piezometer
installatior will be adequate for most applications likely
to be enccuntered on an open pit mine site. .
An advantaze of the standpipe piezometer is that, because of
the small diameter of the standpipe, a number can be
installed in the same hole. Hence different sections can

be sealed off along the length of the borehole and the water
pressure within each section monitored. This type of
installation is important when it is suspected that water
flow is confined to certain layers within a rock mass.

e) Closed hydraulic piezometers

When the permeability of the ground falls below about 10-6
cm/sec, the time lag of open ended boreholes or standpipe
piezometers tecomes unacceptable. For example, approximately
5 days would be required for a typical standpipe piezometer
to reach an acceptable state of egquilibrium after a change

in ws.er pressure in a rock or soil mass having &
permeability of 1077 cm/sec.
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An improved time lag can be obtained by usirg a closed
hydraulic piezometer such as that described by Bishop et
all3%, This type of piezomter is completely filled with
de-aired water and is suitable for measurement of small
water pressures. Such piezometers are generally used for
pore pressure measurement during construction of embankments
or dams where they can be installed during construction and
left in place.

d) Air Actuated Piezometers ,

A very rapid respcnse time can be achieved by use of air
actuated piezometers in which the water pressure is
reasured by a balancing air pressure acting against a
diaphragm. As shown in Figure 61, an air valve allows air
to escape when the air and water pressures on either side
of the diaphragm are equall3l, A commercially available air
piezometer, manufactured by Soil Instruments Ltd., Townsend
Lane, London N.W,9, Engiand, is illustrated in Figure 62
Similar types of instrument are available from other
suppliers and the author believes that these devices will
play an increasingly important role in slope stability
studies.

e) Electrically indicating piezometers

An almost instantaneous response time is obtained- from
piezometers in which the deflection of a diaphragm as a
result of water pressure is measured electrically by means
of some form of strain gauge attached to the diaphragm., A
wide variety of such devices are available commercially

and they are ideal for measuring the water pressure within
the test cavity during a pumping test!18, Because of

their relatively high cost and because of the possibility of
electrical faults, these piezometers are less satisfactory
for permanent installation in boreholes.

General comments

A frequent mistake made by engineers or geclogists in
examining rock or soil slopes is to assume that groundwater
.is not present if no seepage appears on the slope face. In
many cases, the seepage rate may be lower than the
evaporation rate and hence the slope surface may appear
completely dry and yet there may be water at significant
pressure within the rock mads. Remember that it is water
pressure and not race of flow which is responsible for
instability in slopes and it is essential that measurement
or calculation of this water pressure should form part of
the site investigation for stability studies. Drainage,
which is discussed in a later chapter, is one of the most
effective and most economical means available for improving
the stability of open pit mine slopes. Rational design of
drainage systems 1s only possible if the water flow pattern
within the rock mass is understood and measurement of
permeability and water pressure provides the key to this
understanding.
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The angle ¢ will assume the sign of (2, - 2Z;). As shown in figure 5C, ¢ is
positive when the joint dips toward the observer. L

The azimuth of dip, e;ris now given by the following formula
R - . - Y

R . TR

@ = azimuth of Y-axis (deg) * ¥° +90°.

Notice that the convention of measuring‘positiﬁe angiés’CIOCkwise from Y-axis

and from line 34 is consistently used (fig. 5C). '

Solution of an Example.Problem

The solution for the dip and azimufh of dip of a hypothetical joint
observed in an inclined borehole will be presented in this section. The data
for the problem includes

azimuth of borehole axis = 134°,
inclination of borehole = 12°,
diameter of borehole = 0.125 ft,
- 'diameter of borescope = 0,0833 ft,"
and. Y, =0, YJ = 0.1092, and Y; = 0.1333.

The computed values of X, Y, Z coordinates of points 1, 2, and 3 are
tabulated in figure 5D. The values of Y and ¢ obtained from equations 3 and
4 (see the computer output) are

Y = -43.8°,

and ) 79.5°.

The graphical solutions for ¥ and ¢ (fig. 5A, 5B) agree with the computed
values. The azimuth of dip is then given by (see fig. 5C for sign convention)

(]

® = azimuth of borehole + ¥ - 90°,

or ‘ 0 =0.2°.



COMPUTER PROGRAM FOR,DETERMINING ATTITUDES OF JOINTS

L
[

. Input Instructions

. Card CdléﬁnS‘
Set 1 1 1;5 . NH‘= Total number of holes surveyed.
‘Sets}éé o . 6-15 DB = Diaﬁe;er.of borescope, ft.
35&t;g.;f;w 2 ; ' 1;5 DE?TH = Depth of hole, ft. -
- - ;~ - 6-10 'DHO£E = Diameter of hole, ft. | ‘
11-15 HOLAZ = Azimuth of hole axls, deg. S
TR lé-éo HDIP = Inclination of hole, deg (mo sign fﬁfvxj.?é
= : - uphole, negative for downhole). L
. 21-80 Alphanumeric information about the borehole, ,
3 1-5 N = Serial number of joint in this hole.
i ‘6-10 YP(1) = Distance (right) from collar to eyepiéce,
fe. oAl
- o 11-15 YP(2) = Déstance (top) from collar to eyepiece, "
t. N
' ' 16-20 YP(3) = Déstance (left) from collar to eyepiece, -
: t.
> " ' 21-25  AXIAL = Length of tubing removed, if any, ft.
30 NEND = 1 1f N is the last joint in this hole, '~
otherwise blank. .
31-80 REMARK = Alphanumeric information about joint;‘

Filling, width, etc. .
‘The total number of cards in set 2 = n + 1, where n = nunber of joints sur-, _
veyed in this hole. Set 2 should be fcllowed by additional sets of cards fot
each.succeeding ho}e (total number of these sets = NH).

Ty
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Program Listing

o
=t

BROGRAM ATTITUDCTAPES, OUTPUT, TAPE6=0UTPUT , PUNCH)
_ DETERMINATION OF DIPS AND AZIMUTHS OF DIPS OF JOINTS SURVEYED

WITH A BORESCOPE IN INCLINED BOREHQLES
DIMENSION YP(3),HED(18),REMARK(8),5J(8),Du(8)
RADN=57.2957795. - o :

.- _READ(5,18) NH,DB - -

™ DO 180 J=1,NH
READ(5,12) DEPTH,DHOLE;HOLAZ,HDIP,HED
WRITE(S, 14) HED,DEPTH, DHOLE, HOLAZ, HDIP
GAMA=HDIP/RADN
S$H=DHOLE-DB/2,
SA=SQRT(SH'DB/2,)
S=SIN(GAMAD
C=COSC(GAMA)
WRITE(6, 38)

ug READCS5,13).N,YP(1),YP(2),YP(3),AXIAL,NEND, REMARK
DEPTH=DEPTH-AXIAL
DO 41 1=1,3

41 YPCI1)=DEPTH-YP(I)
YP21=YP(2)-YP(1)
YP31=YP(3)-YP(1)
Y2=CHYP21-5%SH
Y3=C#YP31
22=S%YP21+CHSH
Z3=5%YP31
AM=23/22
ANUM=Y 3-AM?#Y2
DNUM=SA*(AM=-2,)
D34=SQRT (ANUM 24 DNUMH:2)
PS 1=ACOS (ABS(ANUM) /D34 ) #RADN
SPS I = (ANUM/ABS CANUM) )3 (ABS (DNUM) /DNUM)
PS1=SPSI#PSI

46 AREA2=(SAR(1.-AMD#(2.%Y2-Y3))
1F(AREAZ .EQ.f.) GO TO 47
DIP=ATAN((72-Z3)"D34/AREA2)*RADN
GO TO 48

47 1P=94.¢

48 sDIP=DIP/ABS(DIP)
D1PAZ=HOLAZ+PST+SPS1#SDIPH*9d, @
IFCDIPAZ.GT, 364,) DIPAZ=DIPAZ-364.
1F(DIPAZ.LT.fA.) DIPAZ=DIPAZ+364.
WRITE(6E,42) N,YP(1),YP(2),YP(3),PSI,DIPAZ,DIP,REMARK
NP=N-((N~1)/8)%8
SJ(NP)=DIPAZ
DJCNP)=DIP

IFCNEND . NE . . OR NP EQ, 8JPUNCH Q},(S\J(I'),Dd;(l),l_:kl,NP) B

CIFCHEND LEQ:B)=GO™TO 4g
PUNCH 44,N,HED

10A CONTINUE

17 FORMAT(IS,F1£.2)

12 FORMAT(4LFS,2,18A6)

13 FORMAT(IS,4F5.2,15,108AS)

14 FORMAT(1H1,10A6,//% DEPTH OF HOLE  =%,F9.2,% FT/
1 % HOLE DIAMETER  =¥%,F9,4,% FT3#/i# AZIMUTH OF HOLE =%
© ,F9.1,% DEG¥/* HOLE INCLINATION =%,F9.2,% DEG*/)
3@ FORMAT(: HO.  YP(R) YP(T) YP(L) PSI DIPAZ DIP REMARKS®//)
42 FORMAT(14,3F7.4,3F6.1,4X, 14AS)
43 FORMAT(16FS. @)
44 FORMAT(IS,15X,18A5)
STOP ‘
END
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Description of Output

The output from it: program includes the following:

1. The infcormation given on card 2 of set Z for each hole.

2. The Y’ distances of points 1, 2, and 3, from the collar of the hole--
Y2 (R}, YP(T), and YP(L), respectively--for each joint.

. The angie Y, the azimuth of dip, the dip, and the alphanumeric infor-
(vemarks) for each joint.

)
=
I
-
[
(o)
-
-

4. Punched cards with eight pairs of azimuth of dip and dip for use with
P£™7H program of reference 4.

¢ 1isiing of the computer output for the example problem is as follows:

EXAMPLE PROBLEM GIVEN IN TEXT

OFPTH GF HOLE = 1.48 FT
HOLE DIAMETER = .1254 FT
AZIMUTH OF HOLE = 134.4 DEG
HOLE INCLINATION = 12.98 DEG
NO.  YPCR) YPCT) YP(L) PSL DIPAZ DIP REMARKS
L1692 .1333 -43.8 .2 79,5 HYPOTHETICAL JOINT

1 g.8¢09
) SUMMARY

A new scheme for determining dips and azilmuths of dips of jolnts surveyed
with a borescope in inclined boreholes is preseunted. The procedures used by
the Bureau for collecting and recording the borescope data are described, and
a computer program bascd on the solution scheme ie¢ listzed. The solution for
an example problem is obtained by the scheme preszanted in the report as well
as by the graphical technique for solving a threes-point problem. The computer-
based scheme presented here should be useful in annlvzivg the large quancities
of data cbtained from comprehensive boreholz surveys. The input and output
formats for the computer program listed in the repcrt are suited to the pro-
cedures followed by the Bureau. The program can, however, be easily modified
to suit any other convention.
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The Design of Rock Slopes and Foundations

ty E. tioek, Professor of Pock Mechanics, Imperial Collene, Lendon

P. tonde, Technical Director, Coyne & Bellier,-Paris ~

SUMMARY

& critical review of the present "State of the Art" of the design of surface workings in reck i#s presented in
this report which is divided into four sectioms: .

1. Appraisal of rock masses

2. Design methods

3. Rock slopes

4. Rock foundations
Site investipation techniques, laboratory tests, mathematical and physical models are all examined in the light
of their relevance to enpineering design. The use of the factor of safety as a design index is discussed and
an assessment i8s given of the most practical approach to designing rock slopes and foundations. The influence
of groundwater on the stability of surface workings is considered and the use of drainage and grouting for

proundwater control is discussed. Other methods for improving stability, including the use of controlled blasting
techniques and the reinforcement of the rock mass, are considered.



GENERAL REPORT

INTRODUCTION

Far centuries building on rock has been synonymous
with building safely. During the past few decades this
sigeation has changed and the increasing size of
st izctures such as arch dams and opencast mines has
presented engineers with an entirely new set of
problems. The severity of these problems and the
inadequacy of existing design methods has been emphas-
ised by several catastrophic failures which have
occurred in recent years.

*o solution to these problems is not simple.

n mathods in roch engineering evolve slovly,

iv by trial and error since the physical and mech-
1 laws governing the behaviour of rock masses are
Geologists, whose contribution to
;he development of rock engineering is vital, also find
themsatves in difficulty in attempting to quantify
sratlems which have dimensions of both scale and time
wiinch are smaller than those with which the geologist
vs purmally concerned.,

as design methods are evolved, new problems which
s2d nict been anticipated arise. New failure modes or
unusual combinations of forces are recognised and the
rock engineer 1s faced with a new set of unsolved
problems. It would be a mistake to regret this state
of affairs. On the contrary, even if the enpineer is
frystrated by his inability to solve these new problems
the very fact that these problems are recognised is a
step towards increased safety,

In reflecting upon the current state of develop-
ment of rock mechanics, the general reporters are
greatly encouraged by one particular trend which has
begun to emerge during the past decade and which
suggests that the subject is slowly reaching maturity,
This is the trend to work towards a balanced design;
cven if all the factors which contribute towards the
overall behaviour of a structure are not known with
any great precision, at least the influence of each
factor is considered in arriving at an assessment of
the probable behaviour of that structure,

In the past one tended to find '"schools" or
"techniques' emphasised. There was, for example, the
“Austrian" school or the "South African" schocl and the
"photoelastic" era and, more recently, the "finite
element" era. While these individual approaches made
and will continue to make valuable contributions to the
deveiopment of rock mechanics, they did not provide a
complete or a balanced picture of the whole. Just as
the medical world has long realised that there is no
one approach which will solve all the problems of ill-
ness, so the rock engineer is realising that no one
method will solve all the problems which he is likely
to encounter. Rock is an extremely complex engineering
material and designing in rock requires the application
of as much science as relevant, as much experience as
available and as much common sense as possible. Above
all, a design must be balanced in that every factor,
even those which cannot be quantified, must be consid-
ered before reaching a final decision.

Turning now to the structure of this report on
surface workings. Two sub-divisions are immediately
cbvious:

a) Rock slopes

b) Rock foundations

Flow charts showing the main steps required for
the designs of these two types of construction are
presented in Figures 1 and 2. It will be noted that
there are many common elements in these two charts,
particularly those areas concerned with geological
data collection, preliminary stability analysis and
shear strength testing. On the other hand,deformation
behaviour is a crucial design consideration for found-
ations but not for slopes while controlled failure is
acceptable for some slopes but totally unacceptable
for foundations. This report is therefore divided into
four major sections which deal with the problems
which are particularly important in slope design and
problems which are particularly important in foundat-
ion design,

Rather than present a catalogue of all the things
which we can do vell, the general reporters have
chosen to place the main emphasis on those things
which we do badly, where our knowledge is inadequate
and where research is considered necessary, Many of
the statements which are presented are controversial
and certain parts mav even be biased. This is because
the general reporters are typical working engineers
who have not attempted to read all the literature, who
have not understood all that they have read and who
have not necessarily formed unbiased opinions upon
that which they have understood. This is a report on
the state of the art in rock slope and foundation
engineering as seen through the eyes of thase two
general reporters and it is hoped that it will stimu-
late others to look more closely at some of the quest-—
ions raised.

1, APPRAISAL OF ROCK MASSES

1.0 Introduction
The engineering appraisal of a rock mass includes:

- 4 qualitative estimate of the response of
the rock mass to change in either geometry
or loading. This includes an assessment of

. possible failure modes.

-~ a quantitative measurement of parameters
used in the numerical analysis of the
behaviour of the slope or foundation,

Several means have to be used:

a) geology and hydrogeology

b) detailed description of the structure
(geometry of discontinuities, infilling,
etc.) and determination of engineering
identification indices.

c) direct measurement of mechanical parsmeter
meters for use in the analysis,

d) nonitoring the behaviour of the rock mass
with changes in load or with ctime.

Point (a) will not be dealt with in this report
which is devoted to the mechanical aspects of slope
and foundation hehaviour. It is stressed, however,
that geology, with its description of the rocks, their
genesis and history and the sorts of features that
characterise the region, together with hydrogeclogy,
with its description of the groundwater regime, are
vital for a complete understanding of the site.



GENERAL REPORT

t.1 List of methods of appraisal

Rock mechanics offers many methods for testing
samples, investigation of rock masses and monitoring
rock mass behaviour. Indeed, so many methods are avail=
able that many engineers are confused by the choice,
sceptical about the reliability of the results and
sometimes doubtful about the meaning of these results.
The purpose of this report is to propose a selection
of techniques which the general reporters consider most
useful for the engineer who wants to know the signifi-
cant engineering properties of rock masses.

Each method described is particularly applicable
to a specific stage in the study of rock slopes or
foundations. Some methods yield only rough qualitative
indice8 which provide warnings or which facilitatce
comparison with other sites. Other methods supply
quantitative measirements of variables which can be
used for analysis,

The categories, which are common’ to both slopes
and foundations, which are considered here, are in-
situ investigations and laboratory tests. Instrumenta-
tion, together with methods of analysis, is required to
fill different roles in rock slope and in foundation
englneerlng and will be discussed under these headlngs
later in the reporec.

The methods selected as the most reliable or the
mdst promising are:

In-situ investigation

Mapping of structures on surface
outcrops in exploration adits or on
borehole cores.

Graphical presentation of structural
geological data.,

Geophysics

"Petite sismique'

Rock quality designation (RQD)
Lugeon tests

Jacking tests

Residual stress measurements.

Laboratory tests

Compression and point load tests
Radial permeability tests
Shear tests on discontinuities

1.2 In-situ investigation

1.20 Introduction

This section is devoted to investipations carried
out on the site. Some of these methods apply from the
very first stage of the study while others can only be
used when boreholes and adits are availahle. These
methods are typical of recent developments xn engineer~

ing geology.

There are tests other than those discussed here,
The writers have selected only those which seem
particularly relevant to the present purpose: the
.design of slopes and found:stions as engineering struct-
ures,

1,21 Mapping of structural features

A description of the rock structure (geonetry and
nature of discontinuities such-as faults and ;otnts)
is an essencial ingredient in any analysis of rock
slope stability or of foundation behaviour. The amount
of detail required for different stages of the analy-
sis depends upon whether one is dealgnxng a slope or
a founaatloﬂ and this difference is highlighted in
Figures 'l and 2,

The rock slope engineer is frequently faced with
the prohlem of designing miles of higiaway cut or open
pit mine bench and it is clearly impossible to map all
the structural features involved. Consequently the
geological data collection is usually carried out in
two stages, separated by a preliminary analysis which
is intended to isolate critical slopes. Only these
critical slopes are considered in detail.

On the other hand, the congsequences of failure
of a foundation are usually so serious that the
preliminary design is carried out in much greater
detail and the detailed geologxcal data collection is
required at a much earlier stage in the investigation,
Since the foundation engineer is concerned with a
particular site of limited extent, the amount of work
is not usually excessive, ’

Mapping of surface outcrops of rock is one of the
most reliable means of defining the structure of a
rock mass. Mapping techniques such as those described
by Broadbent,C.D. and Rippere,K.H,(1970) are well
developed. Dangerous and inaccessible faces can be
mapped by terrestial photogrammetric methods (Ross=
Brown,D.M, and Atkinson,K,B.,1972). In either case,
appropriate corrections must be applied to compensate
for mapping errors (Terzaghi,R.D.,1965).

These surface mapping techniques are most effect-
ive when applied to freshly exposed hard rock faces in
slopes, trial excavatioms or in exploretion adits
although care must he taken to allow for blasting
damage in these faces. Surface mapping is less effect-
ive when there is a considerable amount of over-burden
soil or vegetation overlying the site or when the
surface exposures are heavily weathered end the
structural pattern ill-defined. In these cases, use
must be made of sub-surface exploration methods.

Exploration adite, although by far the most
expensive method of sub-surface exploration, are
probablv the most effective. Not only do they provide
a large scale sample of the rock mass but, hecause the
geologist can gain &ccess to the interior of the rock
mass, the nature and the orientation of structural
features visible within the adit can be determined
with considerable precision, Site investigation
methods which do not provide infourmacion on the inclin-
ation and orientation of struccural features are of
little value to rock angineers since this information
is vital in any stability analysis. With caretful
planning, these adits can be used for large scale
drainage tests (Sharp,J.C.,1970) and can themselves
become drainage and/or grouting gallerlcs once the
construction has commenced.

Trial trenches can only he used where the depth
of overburden is small kut, wherso this method 1is
applicable, very valuable information can be obtained
supplying a continuous perception of the rock and of
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Preliminary collection of geological
data from air photographs, surface
mapping and borehole core.

.2

Estimates of shear strength of
discontinuities from index tests, lit-
erature and from back-analyses of
existing slope failures,

Uraphical presentation Of.peoloplcal
data with notes on mechanical property
and groundwater data.

&

Knowledge and experience
ol available to engineers,
geologists and hydro-
geologists

Proliminary analysis of possibility
of slope failure by different modes

of Ffallure.

Temporary slopes with low
risk of damage and loss of
life from failure

Doubts on stability

NU YES

ermanent slopes with xtigh risk
f damage to property and loss of
life from failure.

A A PO N A R A AT SV AT I £ 2 e AN T T A G T e R L L TN T

Xl

etailed stability analysis
reauired.

Fr

Doubts op gtability
NO YES

Consideration of all pos-
sible corrective measures

Results technically and
economically. acceptable.

Final design of rock slope
including any corrective
measures which may be

YES NO

Can slope failure be

required..

accommodated without

Design of instrumentation

danger of life or damage .
to property?

82

Excavation of slope

YES j} NO

L

Observation in service

Reject this site

el

Lessons learned

Figure 1. Pock Slope Design Flow Chart
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Preliwinary collection of geological
data from air photographs, surface
mapping and borehole cores.

Knowledpe and experience
available to engineers,
geologists and hydro~
geologists.,

n-sltu and laboratory appraisal of
foundation materials and groundwater
conditions. Determination of Ildent-
ification indices.

Consideration of alternative
engineering structures which

gnay be suitable for site

Graphical presentation of geological
data with notes on mechanical prop-
erty and groundwater data.

ipreparation of preliminary
Hegigns.

Evaluation of preliminary designs and
investigation of all possible failure
modes - choice of best alternative

Engineering structures with high
risk of damage and loss of life
from failure

&

Engineering structures with
low riek of damage and loss
of life from failure

Doubts on stability

NO

ests and analysis of
Heformation behaviour
bf foundations

Acceptable behaviour

o |

onsideration of all pos=-
ible corrective measures

Netailed atability analyces
required

Noubts on stability

YES

NO I

dditional geological
tudies, shear tests on
iscontinuities, ground-
ater investigations.

e-analysis of all pos-
ible fatlure medes.

‘Doubts on gtability

esults technically and
pconomically acceptable

Final design of structure and -
its foundations including

NO l YES Mcot;ective measures, if
required. .
¥ .
cject this site for LDesigp of instrumentati
he engineering i

yrructure considered

Excavation and. construction

[Observation in service

&

Lessons learned

Fioure 2:

Foundation Desian Flow Chart
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fcs main gev'.ngical features with no gaps over great
lengths. Con-idering that excavation equipment for
Jdiggiag chesc trenches is readily available on most
sites, it is surprising that so little use is made of
thits method for site investigations for rock slopes and
foaure acions,

Liarond drilling is the most commonly used site
tnvestigacion mechod for unexposed rock masses.
Although diamond drilling equipment (Jeffers,J.F.,1966)
and drilling methods (Rosengven,K.J,,1969) are highly
devalopad, the results of a diamond drilling programme
4ve Ivejuently unsatisfactory, One of the major sources
v .itiriculiy is associated with core orientation.
tnless the orientation of structural features visible
i the core is knewn, the investment in a drilling
sregramme will be largely wasted since the core will
“1ly ae of qualicative value to the slope or foundation
any.neer, Methods of core orientation are available
(hempe ,W.F,,19¢7) but,because they require careful
i:eatment and because they introduce delays into the
drilling timetable, these methods are disliked by most
dianoad drillers. The development of simple and
“iiizble core orfentatior systems is a challenge to
us:tling equipment manufacturers and the successful
development of such tools would represent a significant
step forward 1n site investigation technology:

Of all the techniques used in site investigation,
digmond drilling must surely be the one which is *
subjected to the most abuse. All too frequently, in
order to satisfy a site investigation specification
derived from some out-dated code of practice, an
inexperienced driller is provided with antiquated
drilling equlpment and instructed to drill in a number
of locations which have been chosen with little
regard to local geological conditions. Payment on the
basis of length of hole drilled rather than on the
core recovered is also placing the emphasis incorrectly
and cthe final result is usually of no use whatever. All
core boxes should be systematically photographed, so
as to keep a safe record of them. All too often the
cure boxes have disappeared when their examination is
most required. Good colour pictures are adequate for
checking important features.,

Development of site investigation contract polic-
i2s has simply not kept pace with development of
equipment and with the needs of the rock engineer.
This congress could benefit greatly from the present-
ation of a model diamond drilling contract for site
investigations by an experienced geotechnical consult~
ant who is familiar with the problems of negotiating
such contracts in different parts of the world.

Sophisticated drilling techniques such as integral
sampling (Rocha,M., 1967) although having great
potential, are unlikely to gain wide acceptance while
the quality of basic diamond drilling generally avail-
able is so poor. ’

Recognition of the difficulty of obtaining high
quality diamond drilling has lead some companies to
advocate the use of optical or television probes for
the examination of borehole walls. In theory, if such’
tools could be made effective and reliable, there
would be no need for expensive diamond drilling and
holes could be drilled with percussion equipment at
low cost. Unfortunately, this theory is far from
realisation and currently available borehole probes are

exceedingly costly and notoriously unreliable and are

probably more expensive to use than high quality )
diamond drilling equipment, In the hands of special-
ised companies having the necessary technical expert-
ise to maintain and to operate these units and to
interpret the results, excellent results can be obtain-
ed particularly for the detection of thin soft layers
which are likely to be missed by the coring. "Do-it-
yourself" operations are to be avoided.

1.22 Graphical representation of structural data

The reader may consider it unusual that this
topic is identified for special discussion and yet,
when one considers that the graphical presentation of
structural geology data is a vital link in the
communications chain between the geologist and the
engineer, it becomes obvious that this is not a cr?vial
question. The graphical presentation of'results which
depend upon more than thres parameters 1§ a permanent
source of worry for the engineer. Here we have more
than ten variables, not all having the same signific-
ance, but all requiring presentation in a form which
can be understood and utilised by the engineer.
Further research into methods of data presentatfionm
would certainly be worth while, Improving the presenc-
ation would enable the engineer to understand the
geological structure mot.. clearly and to recognise
mechanical behaviour patterns more easily. This
improved presentaticn would also considerably easz
the difficulties which occur in the dialogue between
geologists and engineers.

Several methods have been proposad for presenting
the three-dimensional geological structure of a site
and some of these methods are briefly reviewed here,

Major features such as large faults can be drawn
on a map, clearly showing their direction %n space
(e.g. Muller,L,1963). Such maps are most important
when considering the overall geological conditions of
the site since smaller scale features which may have
a more direct influence upon the stability of the
site will usually be related to these major features.

One great difficulty in preparing geological maps
is to recognise the continuity or persisience of
structural features. Since a thin clay seam of large
extent may be more critical than a large pocket of
crushed material, the determination af continuity from
outcrops and borehole intersections is an imporrant
part of this stage of the site investigation. The
writers have found that scale models of the sire
(constructed from rigid plastic sheet or from reds)
are extremely useful in rhis respect since it is
possible to visualise the three-dimencional nature of
the rock structure more easily (Fig.3). Duplicate
models in the design and site offices will minimisze
misunderstanding.

Minor features such as thin joints, bedding
planes etc. cannot be represented individuaily sinca
there are too many of them and such feetures must be
treated statistically in order to establish structural
patterns. Polar diagrams, projections of a unit
hemisphere, are widely used for this type cf analysis
(Phillips,F.C.,1971). The equal area projeccion
(Fig.4a) is often preferred by structural geclogists
because it allous for easy plotting of the distribue~
jon frequency in space. The 8terecgraphic or equal
angle projection (Fig.4b) is preferred by many '
engineers because 211 circles on the hemisphere remaln
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I'igure 3 : Plexiglass model of the geology of a dam site,

ligure &4 : Polar diagrams .
(a) Equal area projection {Schmidt)
(b) Equal angle projoction (Wiilf)
(1) Upper hemisphere.
(2) Circle on sphere.
(3) Projection of circle (not circular)
(h) Projection of circle (circular)
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¢ircles on the projection and this property allows
very convenient graphical treatment of stability
problems. The errors in determination of the statist~
ical distribution of structural features can he minim-
ised bv using a special grid for counting plotted
¢rints. The writers suggest that these counting errors
have hzen over-emphasised since there are certainly
svstematic errors in the data collection process due
i0 bias resulting from the direction of outcrops and
adits in relation to the direction of the structures
{Terzaghi ,R.D.,1965). Moreover, there are likely to be
2fFffrrance in the statistical results of two surveys
vevries out bv two different teams. Hence, the uriters
‘tggr9s that the statistical treatment of structural

‘s and the subsequent graphical stahility analvses
e be¢ carried out vith comparable accuracy using

rher equal-area or stereographic projections. The
csaecice of which method to be used can therefore he
based upon convenience and personal preference.

Jse of these projections for presentation and
avajysis of structural data provides the engineer and
the gaologist with a very powerful tool. Once the user
Wes rocome tamiliar with this tool, it is rapid,
ronvenient and reliable to use, The general reporters
wisp to anter a strong plea that the use of these
projections should form an essential part of anv rock
mechanics teaching programme.

. In spite ot the advantages of the methods alreadv
described, it must be pointed out that no one method
of graphical presentation is entirely satisfactory
because no one method can cover all the parameters of
the problem: direction, gpacing,continuitv,opening,
roughness and infilling of structural discontinuities.
Hence, in addition to plots of structural patterns,
the authors visualise the need for something similar
to the grading curves used in soil ‘mechanics. The
-development of such a svstem is a challenge to researgh
workers in rock mechanics,

The surface roughness of structural discontinuit-
res is a question of vital interest to rock slope and
foundation engineers. The shear strength of the
discontinuities and the permeability of the rock mass
are significantly influenced by dilatancy of rough
joints during shearing. This dilatancy is closelv
reiated to the shape of the surface irregularities and
to the previous history of shear displacement. In other
words, description of the surface roughness of joints
at all scales is part of the geometric description of
the rock structure, (Fecker,E. and Rengers,N.,1971).
How this description can be done is a vital question
for discussion.

1.23 Geophysics

Setsmic refraction is a well established method
uged by geophysicists to measure the thickness of
weathered rock or soil cover, It has proved extremely
ugeful as a site investigation tool for rapid compari-
son between several sites, This method vields only a
zoping of depth in terms of longitudinal velocities.
It is well knoun that longitudinal velocities are not
well correlated with other mechanical properties of
rock. The question then raised is: can we rely upon
this seismic survey for a first selection of sites?

Another development which may in time play an
impqrtant part in site investigation is that of

setamic logging of borehvles as used by the oil

industry. The advantage of these methods is that
percussion drilling rather than diamond core drilling,
can be used,resulting in a congiderable cost reduction
Various tvpes of lopging tools are available and have
shown promising results when applied to problems out-
side the petroleum engineering industry (Zemanek,J.,
1968 ;Baltosser,R.%, and Lawrence,li.W,,197n). Recent
investigations (Lakshmanan,J. and Allard,T.,1971)have
shown that there is a good correlation between the
fractured densitv within the rock mass and the
trangverse velocity of the seismic signals,

Finally, the recent improvements in gravimetry
have made it possible to use this geophvsical method
for the detection of voids in rock formations. It has
been successful since 1970,when high senszitivity {
gravimeters were huilt bhv Lacoste-Romherg,for localig-
inp buried quarries or karstic channels.

1.24 "Petite Sismique"

The method called Petite Sismique (Schneider,B.,
1967) is entirelv different in its principle of
operation, Instead of one, several seismic parameters
(particularly transverse velocity,wavelength and
attenuation) are measured and shown on the card (fig.
5). Somewhat similar to a pasaport, which does not
full describe its holder, but identifies him
sufficientlv for police officers, the Petite Sismique
gives the tdentification of the site and enzbles the
differences, or gimilarities, with other sites to be
detected. This technique has been successfully used in
a number of countries and probably deserves to be used
more widely, Calibration of a qualitetive index of
this tvpe can onlv he achieved by collection and
comparison of the results of many successful applicat-
ions.

il

,od

i

Fiqure 5 :"Petite Sismique" card for a site.

E (Schneider,B.;, 1967 )

* (1) Time for transverse wave.
(2) Distance between shock and geophcnes.
(3) Gain (dial units),

* (k) Frequency.
(5) Schmidt schlerometer roadings.
(6) Half wave length (transverse wave)
(7) Median velocity.
{(8) Median attenuation.
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Jdantitative correlations have been establighed-
hetween Pecite Sismique parameters and other engineer-
narameters (e,g.Fig.h). Considering that Petite
Sismiaue survev reauires onlv one engineer for a
relativelv short space of time, it appears to he a
cheap wav of getting useful information on a given
rock foundation. The onlv condition is that there
should be enough rock exposed, either in outcrops or
preferablv in adirs.
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tigure 6 : Correlation between static modulus of def-
ormation and frequency of transverse wave
signal obtained by "Petite Sismique" , for
various rocks.

(1) Frequency of transverse wave signal (Hertz)
(2) Static modulus of deformaticn (MPa)
(3) Transverse wave seismogram.

1.25 Rock qualitv designation (RQD)

The rock quality designation (RND) (Deere,D.ll,,
1968) is an index of core recovery obtained hy surming
the length of pieces of core longer than l0cm ard
dividing this length by the total length of hole. It
is an index of fracture frequencv and has proved verv
useful on manv sites for estimating the depth of
excavation required hefore good qualitv rock suitable
for foundations is reached. Nne of its main advantages
is its extremelv low cost; the computation of ROD for
hundreds of metres can be done in a few hours, either
on site or from photopraphs of the core boxes.

The main question is whether the qualitv of work-
manship can 1afluence the length of individual core
pieces and hence the RND value. It is believed that,
provided the drilling operations are carried out by
qualified personnel using modern equipment to produce
core of at least 50mm in diameter, the ROD or similar
fracture frequencv indices are useful guides to the
mechancial characteristics of a rock mass.

The presentation of results of the successful
experiences involving the use of RQD would be useful
in clarifying some of the uncertainty associated with
these techniques and in convineinp sceptical engineers
of their value.

1.26 Lugeon_test

This wel?! known test, originally pronssed by
Maurice Lugeon as a criterion for groutability, is
widely used to estimate the permeabilicy of rock
masses. The test involves packing off a section of
borehole and measuring the amounc of water which can
be injected into the rock mags through this section in
a given period of time and at an excess pressure of
10 kg/emé (1 M Pa).

Several authors argue rhat this test is invalid
in rock because an excess pressure of 10 kg/cm? is
sufficieat to open discontinuities and to change the
permeability or the hydraulic conductivicty of the rock
mass, Indeed, if a great deal of trouble is taken to
crient the hole at right angles to the set of fissures
in which permeability is to be measured, Lo vary the
packer spacing and the pressure of injection, a greet
deal of information can be deduced on the gpacing und
the opening of discontinuities. A further refinement

to the Lugeor test, involving the use cf four packers
instead of two, has been propnsed by Leouis (i276). In
this test, the central section between the second and
third packers is the measuring section, while the two
outer sections act as flow barriers which are designed
to ensure that radial flow occurs in the measuring
section (Fia. 7).

Figure 7 : Hydraulic triple probe ior water tests.
( Louis,C., 1970)
(1) Probe.
{(2) Packer (0.8 m lcng ).
(3) Central measuring’ section ( 2 to 5 m long).
(L) Cuter flow barrier section (2 m long).
(5) Fiow lines ( radial in central section ).
{6) Piezometers in lined holes.,

A question that the. general reporters raise is:
are we really improving the Lugeon test which is
extremely simple and adequate for most sites? The
modifications tc this tesct desaribed abave mav give
the illusion of great accuracy but this accuracv mav
not in fact ba obtainable in a medium a; cowplex as
rock, While tha reporters accept the need for the
adeprior of a scientific approach to the very difficult
problem of water seepape in rock macses, thev also
feel that there is a reed for a clear and unambipuous
presentation of the vesults already acnieved, so that
tne general reader can judge for himself whether prog-
ress is being made in this field, One question which
wiil be discussed in more detail later in this report,
put which has a bearin; on the use of the Lugeon test,

-
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ts: does the flow net concept derived from the consid-
eration of flow through porous media applv to rock
massrs or is it necessary to use an approach hased on
flev torough individual discontinuities?

Ja~k tests designed to determine the modulus of
etadgticity of a rock mass are more relevant to found-
ations than to rock slope design. Nevertheless, these
tescs ave discussed in this common section hecause
therz are some cases in vvhich results of jacking tests
v give information on rock mass behaviour,which is
wgoiul Lo the rock slope designer,

Yogr jacking tests are interpreted in terms of
i@ Houssinesq equations which provide a relationship
recn measured load and displacement and the modulus
¢ 2lasticity. Since these equations are onlv valid
at #n elastic concinuum, their use vields a modulus
»f atasticity for an "equivalent" continuous medium.
Conerguentlv, the first question which arises is: can
rag wcculus of elascicity obtained bv a jacking test

i

ce applied to the desipgn of an engineering structure
foune=d on & discontinuous rock mass?

+

Closer examination of the results of a jacking
test shovs that the relationship between load and
deformation is generallv non-linear. In other words,it
15 possible to infer from a given test several values
of defermabilitv depending on the magnitude and the
sign (loaaging or unloading) of the applied load. In
fact, these non-linear curves can be used as an addit-
tional tdenr?*r’eation thder for the rock mass
(Schneider,B.,1967). Covrelations with other enpineer-
ing properties have shown that various slopes of the
curves (Fig.B) are indicative of the fracture
frequencv and the mechanical behaviour of the rock
nass. These identifications indices mayv »e useful dur-
ing the preliminarv site investigation. The non-linear
load deformation curves ohtained in jucking tests are
also useful in establishing the stress limits bhevond
wvhich the concent of modulus of elasticity becomes
meaningless and vhere a foundation design based upon
elastic theory could not be considered reliable.

Jacking tests are usually performed in adits
vhere the reaction to the applied load is provided by
the opposite side of the gallerv. Surface tests can
also be carried out if theload reaction is provided by
deep anchors (Stagg,1967). The main point of contro-
versy in the use of these devices relates to the size
of the loaded area and the magnitude of the applied
load; small load area and high stress, or large load
area and low stress? The second alternative is more
éxpensive but probablv closer to the conditions which
will applv to the full scale structure. In fact, the
crucial point of,this argument is the question of
wvhat effect the scale of the structure has upon the
foundation deformations. It is unlikely that this
question will be resolved by theoretical discussions
and what 1s needed is a correlation between jacking
test results and the deformation of foundations
measured on full scale structures. Some attempts have
been made to establish such correlations (‘ard and
Burland, 1969) but it cannot be claimed that this
question has been adequately resolved.

Borehole jacks have been developed in several
countries and have the advantage of being capable of
application at depth within a rock mass. The question

Figure 8 : The jacking test and its interpretation.
( Schneider, 1967).

(1) Displacement of plate.

(2} Plate stress.

(3) Points for a given site.

C,Cg Slopes,

Cp in 1072 mm per bar.

dp irreversible displacements.

Zone of practically elastic deformations.
Zone of important irreversible deformations.
Zone of compact rock.
Zone of average rock.
Zone of open jointed rocke.

Qo W

of scale effect is even more important in this case
and manv engineers will remain sceptical about their
use until it has heen convincingly demonstrated that
the results are relevant to full-scale foundation
design., The walls of a borehole,howvever,are less
disturbed than the walls of an adit excavated bv blast
ing. This is in favour of the borehole jacks.

®
§

@
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Figure 9 : Displacemernt versus time - Limitirmg locad.

(1) Displacement.
(2) Time ( log. scale )

(3) Limiting load ( Liim. = L )

me 3
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Manv jacking tests show that deformation is time
dependent. 1t is therefore interesting to investigate
the effect of sustained loading,although such tests
are not often carried out in situ because of the high
cost and time requirement, It has been suppested that
the maximum strain rate under counstant load that can
be accepted is that corresponding to the upper linear
curve in Fig.9, in which strain is plctted against the
logaricthm of time. The load giving this behaviour is
the maxirunm permissible load ahove which failure of
the foundation will occur after a finite lapse of time
The tests can be carried out hy plate loading at the
rock surface, or bv the use of borehole jacks. The
influence of the scale of the test upon the time
dependent characteristics measured is an important

point requiring further invescigation.

1,28 Residual stresses

Before applving a new load to a rock foundation,
it may be important to knou the magnitude of stresses
of tectonic origin which alreadv exist within the rock
mass. A knowledge of these stresses is less imporgant
to rock slope engineers, although there mav be cases
vhere high stresses can develop near the surface, e.f.
at the toe of a high cliff,

One method of stress measurement is to use a flat
jack which is inserted into a slot cut into the rock
and pressurised to restore the readings on a deforma-
tion gauge set across the slot, This method has the
advantage of giving a direct measurement of the stress
acting across the slot, but it has the disadvantage of
being limited to shallow depth from the rock surface
(Fig.10).

Figure 10 : Flat jack test - cutting a slot with a
a circular saw. ( Photograph by courtesy

of S.E.I.L., Paris ).

An alternative method is to use electrical resist-
ance strain gauges, or photoelascic transducers which
are glued intoc the borehole ahd siress relieved bw
over coring. These methods permit the measucement of
stresses at depth within the rock masg, but the inter=
pretation of the results, particulariy in an anisotro-
pic rock system, is difficult and there are sometires
gignificant variations between the measurements
carried out at adjacent points in the same borehola,

In viev of the relative uUnimportance of residuval
stress results in the design of surface workings, it
is not considered appropriate ‘that stress measuring
techniques should be discussed in greater detail in
this report. It is, however, hbped that the rock engin-
eer's ability to measure stress will be improved as a
result of the research activities of those who are
concerned with underground exchvation design and to
vhom residual stress is a crucial issue.

1.3 Laboratory tests

1.30 Introduction .

Only a limited number of 'tests which can be
carvried out in the lahoratotykare considered relevant
to rock slope or foundation design. The reason is.that
the behaviour of the rock mass is governed by the
orientation and nature of the discontiruities in the
ro. k mass, whereas the sarples.sent to the laboratorv
generally consist of the stronger rock material. There
are, however, two reasons for studying samples in the
laboratory. The first is that the behaviour of the
material gives a clue to some of the problems which
are likely tc arise on the scale of the rock mass. In
fact, the rock material is often a small scale model
of the rock mass because it has passed through the
same tectonic and geological history and the small
scale features in the material are frequently closely
related to the large scale features in the rock mass.
Consequently, a test on a small sample of intact rock
can frequently give a useful identificaiton index
which can assist in the engineering apprisal of the
rock mass. A second-'reason for laboratory testing is
that of convenience, provided that it is pnssible to
ohtain samples of rock and particularly of rock cont-
aining discontinuities such as bedding planes or
joints. The best place to carrv out these tests ig in
the laboratory. It must be emphasised that the lahora-

torv need not he located:in Londoa or Paris and that a
hut or caravan on Some remote Site can he an effective
location for laboratorv type work. The term laboratorv
testing iy used here to differentiate between those
tests which are carried ocut on samples which have been
removed from the rock mass, and those tests carried
out in situ,

The tests discussed here arz oniv a few of those
which can be carried out in the laboratory in order to
understand the behaviour of rock. it has been assumed
that the peneral reporter of Therme I wili cover this
subject more thoroughlv and that' only those topics of
direct relevance to the design of surface workings will
be dealt with in Theme IT1I, It mav he argued that
manv properties other than those discussed hereunder
sre useful for the studv of rock properties required
in the design of slopes and foundations., This question
is open for discussion but the tests described are
considered hv these general reporters to he adeauate
for desipgn purposes within the framework of currently
available knowledge. These tests are: '
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Compression tests (including point
load tests)

Radial permeabilitv

Shear strength of joints

1.31 Conpreasion tests

The uniaxial unconfined corpression test is a
cheap and easv means for ohtaining an identification
index of che rack natarial, “More elahorate tests,which
sre exiremeliv numerous, have little practical value
£nr slope and foundation desipgn. The results of uniaxial
ecotpression tests, lille all other tests on rock,
vavarigblv show a significant amount of scatter. This
¢catter is associated with the discontinuous nature
of rack: the engineering properties heinp governed hv
digscorncinuities vhich mav ranse from grain boundaries
s 2 amall scale to joints and faults on a large
scale,

Soma authors have argued that the amount of
neohtar associated with the uniaxial compressive test
is reason enough for the test to be discarded. On the
ather hand, some argue that the amount of scatter gives
a useful qualitative indication of some aspects of the

. nature of the rock mags. The general reporters suggest
that the following qualitative indications mav be
obtained bv uniaxial testing: (a) the mean vaiue of
strength allows an initial clasaificotion of the site,
(b) the variation in strength from one zone to another
gives an indication of the heterogeneity of the aite,
(c) variation in strength with the orientation of the
sample gives an indication ¢f the possible anisotropy
of the rock mass, (d) scatter of the results of small
sample tests gives an indication of the microfractur~
ing of the rock as a result of previouslv applied
tectonic stresses.

In order to minimise the time and expense involved
in preparing the ends of speciments for uniaxial
compression testing, it has been sugpested that point
load teasts or Brazilian teets yield results of conmpar-
able accuracy. In these tests an unprepared piece of

Figure 1la : Machine for point load strength determin-
ation. (Manufactured by Robertson Research )
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Figure 1ib : Relationship between point load strength
index Iz and uniaxial compressive strong-
th .-

rock core is loaded between two points (Fig.ll) and

the core is split as a result of tensile stresses
developed across the core. This test, which is extreme-
lv cheap and quick to use during site investigations,
provides results vhich are closelv related to the
strength of the rock material (D'Andreas,D.V. et al,
1965). -

In addition to strength testing, measurement of
the modulus of elaatreity on cores of rock subjected
to uniaxial loaxing is a basic means for determining
this property of the rocl: material. This value must
obviously be reduced vhen considering the deformatiosnm
of a rock mass and the extent of this reduction is a
question requiring further investigaticn.

1.32 Radial permeability

Radial permeability is also an indirect reasure of
the degree of fracture of a sample of rock material
(Bernaix,J.,1967), In this test, cores with an axial
hole (Figure 12) are subjected to radial percolation
of water under pressure. The index measured in ohis
test ig the ratio § = k(-1)/k{+50) in which k{~1} ix
the permeability measured for convergent flow under a
differential pressure of 50 bar. When § is high the
rock material permeahilitv is verv ssnaitive to appi-
ied gtresses, a phenomenon which is tvpical of frace-
ured rock. The main value of this test is not for the
measurement of the permeability of the reck material,
which generallv has little influence on the hvdraulic
behaviour of a rock mass, hut of the degree of fract-
uring of the rock material, A great number of cests
have shown the existence of correlacions hetween the
ratio S and the scatter of strength values, or the
scale effect on strength.

The use of this simple test is therafore similar
to that of the uniaxial compression test, The value
obtained is, however, more clearlv related to the
degree of fracture of the specimen and it hss little
relationship to the mineral composition of the rock.
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Figure 12 : Radial permeebility test and curves for
various values of index S ( Bernaix,J., 1967)

(1) Rock sample with axial hole.

(2) Pressure cell.

(3) Water pressure differential Ap (bar).
(&) Permeability "k" (cm/s).

(5) Oolithic limestone (no fissures).

(6) Gneiss (average ).

(7) Gneiss (compact ).

(8) Gneiss (fissured).

1.33 Shear strength of discontinuities

Because the stresses acting on rock slopes and
foundations are low, fracture of intact rock is seldom
involved in the failure of these structures; their
mechanical behaviour beinp governed by shear movement
on discontinuities such as faults and joints. (lonsequ-
entlv, determination of the shear strength of these
discontinuities is a question of fundamental import-
ance in the design of surface workings.,

The surfaces of separation (stratigraphic lavers
such as bedding planes and geologicallv induced fract-

ures such as faults and joints)have a tensile strength’

which is for all practical purposes zero, and a shear
strength which depends on wall roughness, the infill=-
ing material and the amount of imbrication (arrange-
ment of individual blocks). The most dangerous for
stability are obviously the surfaces that are planer,
smooth, filled with soft materials, of large area and
not intertocked. This is the case of shear fault.
Less dangerous discontinuities are those which have
not been subjected to large shear displacements in ‘the
geological past and where there is some interlocking
of surface roughness or cementing of the surfaces bv
precipitated infilling.

The difference in mechanical behaviour between
these two types of surface is illustrated in Fipures
13 and 14 in vhich shear stress is plotted apainst
displacement and against normal stress. In the case of
rough surfaces (curve A in Figure 13) interlocking of
surface irregularities causes the sample to behave in

an approximatelv linear-elastic manner for small
displacements, At a given displacement, the peak shear
strength of the surface is overcome as a result of
over-riding or shearing chrough of the interlocking
irregularities and a rapid drop in shear strength
occurs as displacement is continued, Fventuallv, when

P
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Figure 13 : Variation of shear resistance with dig-
placement on & discontinuity.

(1) Displacement .

(2) Shear stress .

(3) Pcak shear strength.

(4) Residual shear strength.

(5) Pre-existing discontinuity.

A Rough surface which has not been subjected
to previous displacement.

B Smooth surface which has becen aubjecter to
Insrge displacement.,

r R

Figure 14 : Variation of shear strength with norma}
stress for peak and residucl strength.

(1) Normal stress.

(2) Shear strength.
“(3) Peak strength.

(4) Residual strength.
(5) Dilation.

(6) Shear.

the surfaces have been ground smooth, a residual
strergth value is reached,

In the case of smooth surfaces (curve B in Figure
13), the peak strength has alreadv heen exceeded
during previous geological movement and the shear
strenpth increases gmoothlv with disnlacement until
the residual strength value is reached,
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Considering the values of peak and residual
strengths for various applied normal stress levels,the
curves illustrated in Figure 14 are tvpical of the
behaviour of rock surfaces. In the case of the peak
gtrength behaviour, a amall value of cohesion ¢ may be
present due to cementing of the surfaces, The curve
relating shear strength and normal stress is gener-
allv non-linear ss illuntrated. This curve is steeplv
inclined at lov normal stresses as a result of the
interlocking of surface irregularities. Because of
the high strength of the rock material from which
ghege irrepularities are formed, shear displacement at
lew nsrmal stress takes place as a result of over-~
riding or dilation in which the irregularities move
ovar one another and the total voiume of the specimen
iz increased, The slope of the curve at low normsgl
gtressaes can be approximated by the angle (¢i + 1)
where ¢i is the friction angle of the material surface
and ¢ is the average angle of incidence of the surface
irregularities to the direction of shearing (Patton,
F.. 19608), As the normal stress increases, the
dilation of the specimen is inhibited and fracturing
of or ghearinm through the interlocking surface
izregularities commences, Eventuallv, the shear
strengch of the surface is controlled entirely bv the
shearing through of these irregularities and the
inclination of the curve approaches the peak friction
angle ¢p of the rock material,

In the case of the smocth surface (curve B in
Fig.13), the vesidual strength beshaviour is defined hv
the friction angle ¢y and the cohesion is, for sli
practical purposes zero. Hote that the friction angles
¢p and ¢r are not necessarilv equal since the infill-
ifg material in the case of the smooth surface mav
have been altered hv weathering.

An extremelv important point which emerges from
Figure 14 is that the residual atrength of sheared
surfaces is not influenced by the ecale of the test,
This is because the friction angle ¢, is a dimension-
less number and, orovided that there is no cohesion
intercept, its value can be determined bv ‘tests on
gmall samples (Londe,P.,1973). On the other hand, when
large shear displacements have not alreadv occurred in
the geological past and when the sample displavs a
peak strength behaviour (curve A in Fig.l13), both the
cohesion ¢ and theé roughness angie 7 will depend on
the scale of the specimen tested. The basic question
which must be considered here is: can the values of
cohesion and roughness angle determined in small scale
laboratorv tests he relied upon for the design of
large engineering structures?

This question can only be ‘answered bv considering
the behaviour of full scale engineering structures,
such as rock slopes and Figures 15 and 16 illustrate
an example of this tvpe of analysis. In Fig.l5, the
results of a number of shear tests on porphvry joints
are plotted and the lines A,B,C and D define the limits
of scatter of the peak and residual strength values.

In Fig,16, critical slope height versus slope angle
relationships have been derived from the results given
in Fig.15 and are compered with the slope height -
slope angle relationship for nine porphyrv slope
failures in the Rio Tinto area. It will be noted that
all the slope failures fall within the region defined
by the residual strength paramatersa, although it

ghould be noted that a small cohesion intercept (6.1
MPa) has beep assumed for this anslysis (Hoelk,E.,1970),
Note that, unless the small cohesion value is included,

all slopes should have fajled at the residual friction
angle of approximately 35,
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Figure 15 : Shear strength results for porphyry joints
from Rio Tinto in Spain.

(1) Normai stress (MPa)
(2) Shear strength (MPa)
(3) Peak strength .

{4) Regidual strength.

Figure 16 : Critical slope heipht versus slopz angis
relationships derived fitm figurs 1%
compared with mine slope failuraz im
porhpyry.

(1) Slope angle (degrees J.
(2) Blope height ( meters ).
(3) Slope failuras.

In Figure 17, values of cohesion and friction angic
have been plotted from the results of a number of
analyses, similar to that discussed sbove. Mauny of
these results have been determined from reiastively
ghort term failures in small slopes zrd, includad
in the diagram, an arrou gives & qualitative indicatge
ion of the influence of time and scale of the struct-
ure. This is & question which obvioualy requires s
great deal of research and discussion but, as a resul:
of their own experiences, the reporters proposec the
following general rules:



GENERAL REPORT

ol

A A
o 10° 20* 30° 40° - ¢
Figure 17 : Relationship between cohesion and friction

angle determined by back~analysis of slope
failures.

(1) Friction angle @# (degrees ).
(2) Cohesion (Megapascals )
(1 MPa = 10 Kg/cm® = 142 1b/in2)
(3) Each point corresponds to an observed
slope failure.
(4) Boundary of suggested range of values
which can be used for slope design.
(5) Influence of time and size.

a) - When a very large structure such as an arch
dam or major building foundation is being
designed for conditions of long term stahil-
ity (more than 100 years),it is recommended
that the design based on zero cohesion and
a residual friction angle ¢, which can be
determined in small scale laboratorv tests.

b) Where temporary rock structures of limited
size are being desipned, it is permissible
to allow some cohesion and non-linearitv of
the shear strength versus normal stress
curve, provided that these values are
checked against typical values obtained
from Lack analysis of failures in similar
materials,

The general reporters regard it as irresponsible
engineering practice to attempt to calculate the value
of cohesion from the intact strength of small scale
rock samples,

Several different tvpes of direct shear machines
have been designed and two tvpical designs are illuste
rated in Figure 18 and 19. The machine shown in Fip 18
is capable of testing relatively large specimens
(approximately 400mm x 6NNmm)while the small machine
shown in Fig.l9 is designed for testing pieces of core
or small nand samples, Friction angles measured in
either of these types of machines tend to compare very
well and, since the reporters do not advocate the
determination of cohesion bv laboratory testing, it
makes little practjcal difference vhich one is used,
The only reason for using the large one is when one has
to test a thick joint,

2.90 m.

Figure 18 : Direct shear apparatus for testing rock
joints in the laboratory (londe,P., i573)

N Normal force.

T Shear force.

(1) Upper and lower parts of shear box.
(2) Fixed parts.

(3) Hoving parts.

A

48 cm

D A s

Figure 19 : Portableshear machine for use in site

laboratories. Weight 400 N (Hoek,E and Bray,J.,
1973)

(1) Concrete or plaster cast specimen mount.

(2) Shear surface.

(3) Normal lead jack.

(&) Sshear load jack.

{5) Upper shear box.

(6) Lower shear box.

(7) Rope load equaliser.

In order to estimate cohesion from large scale
ghear tests, many authors have reported the results of
ghear tests carried out in situv. In these tests, the
specimen is cut free from the surrounding rock mass,
vith the exception of on2 side which is left attached,
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Shear and normal loads are generally applied by means
of flat jacks or hydraulic ram jacks and, because of
the large size of the equipment required, these tests
arz extremely expensive. These general reporters do
not recommend in situ shear testing except under very
special circumstances., Many readers may wish to
digsspree with this recommendation and the reporters
wouid welcome a general discussion on this topic.

2, DESIGN METHODS
2.9 Iuntroduction

sefore going on to discuss the design of rock
alopes and foundations, it is necessary to consider
vhe gopwral question of how a design in rock should be
approached, Having accumulated data on the geometry
of the rock structure, the mechanical properties of
the rock mass and the proundwater conditions, how is
this iaformation to be precessed in order to arrive at
& 2sgesgsment of whether the overall design will be
vatisfactory?

Considering the large number of parameters which
involved in defining the behaviour of a rock mass,
the fact that their measured values will be widely
scattered and their inter-relationships ill-defined,

axr

it is clear that a precise assessment of the performdnce

of the rock mass is not possible, In addition, it must
be kept in mind that different criteria will have to

be satisfied, depending upon the purpose of the rock
structure, Hence, a safe slope may be regarded as one
which remains standing for the duration of its

working life while a foundation may be regarded as
inadequate because of differential movements of
relatively smali magnitude which can induce failure in
a structure such as a concrete dem.

In spite of these difficulties, it is, never-the-
less, clearly necessary that some form of quantitative
assessment of the performance of the rock slope or
foundation should be attempted. The following chapter
gives a brief review of the methods which can be used
together with comments on the usefulness and limit-
ation of each of the methods. Detailed discussions on
the application of some of these methods to the design
of rock slopes and foundations are given later in this
report.

The following topics will be discussed im this
chapter:
Model studies

Mathematical models
Limit equilibrium methods

Mechanical effects of water
: pressure

Factor of Safety.
2.1 Model studies

Mechanical and civil engineers have made extens=-
ive use of models as design tools for many years.
Hence, a complex component for an aeroplane, a car or
a bridge can be made up at low cost as a reduced scale
model and tested to destruction. Because the
materials used are man~made and their behaviour is well
known, precise model laws can be used for the inter-
pretation of the results of such model tests.
Consequently, such models are valid aﬁd valuable
design tools.

Because of the difficulties involved in studying
the behaviour of fullscale rock structures, it is not
surprising that many attempts have been made to use
models in much the same way as they are used in other
branches of engineering, Two distinct types of physical
models must be considered:

a)  Phenomenological Models which are designed
to study general behaviour pattern

b) Design Models which are intended to
provide quantitative information.

Models which are built up of simple bricks of
plaster, cement, vood or any other material to repre-
sent a rock mass can provide extremely valuable
information on behaviour pattemms in such discontinuous
systems. Such models have revealed previously
unrecognised failure modes or have confirmed hypotheses
built up by careful field observation. Note that these
models are esaentially geometrical models and that no
serious attemptis usually made to simulate all the
mechanical properties of the rock mass, Model studies
of this type (Maury,V.,1970,Barton,N.R.,1970,Krsmancvic
D.,1967,Goodman,R.E.,1972) have proved invaluable as
research tcols and the writers strongly recommend the
use of simple models to assist students and design
engineers in understanding the basic behaviour patterns
in discontinuous rock masses.

On the other hand, models which are intended to
provide provide quantitative design information are’
not favoured by these general reporters., Fven if it
were possible to satisfy all the similitude require-
ments, the amount of time required and the cost of
constructina a detailed design model is such that it iz
mnst unlikely that more than one model will be built
for any particular problem. Such a model, if well
made, may create an illusion of great accuracy and mbv
encourage the designer to accept a single set of resule
results without considering other fsilure modes and’
behaviour patterns. Hence, whiie value of models as
research and educational tools ig not questioned,their
use as design tools is not recommended since their use
defeats the basic object of g geood design - to consider
all possible combinations of parameters and to arrive
at a balanced judgement. & "precise” answer bazed epoa
an inadequate set of assumptions is of no use te the
design. engineer,

2,2 Mathematical models

Two types of mathematical model are relevant ¢
this discussion:

a., Finite element wodala

b. Dyﬁamic relaxation models

Recent developments in both finite element
(Goodman,R.E. and Nubois,J,1972) and dynamic veiaxat-
ion models (Cundall,P,,1971) have extended the mechods
to make it possible to deal with digcontinuous systems
and simple three-dimensional problems. Although the
mechanical properties of all the elements in a
discontinuous rock mass are difficult to represent snd
although the capacity of present computers limiis the
size of problem which can be dealt with, the writers

,are confident that further development of these

techniques will provide engineers of the future wich
very powerful tools. Compared with physical models,
these mathematical models will be both cheaper and

Q
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cuicker to operate. Their one outstanding advantage
is the possibflity, at small additional cost, to vary
each of the parameters involved in order to check the
gensitivity of the design to these variations.

In spite of general optimism about the development
of these tools, there are still serious barriers to
their effective use as design methods. These barriers
involve the difficulty of supplying adequate Zmput
data for a meaningful analysis. Consider a relatively
simple stability problem involving a rock mass with
three intersecting sets of discontinuities and
subjected to water seepage. The input data required
for a mathematical model of this problem are:

values for friction angles

values for cohesion

values for hydraulic conductivity
valuec of compression modulus
values for shear modulus

values for dilatancy coefficient

Wwwwww

A total of 18 variables, each having a range
within which its values can be scattered. In addition,
the hydraulic boundary conditions (generally very
poorly known) have to be defined.

The simple auestion which must, therefore, be
considered is - can input data be obtained for real
problems which will permit a meaningful mathematical
model to be used for design purposes? The answer, in
the case of typical problems encountered by the
design engineer, is no. Consequently, the conclusion
must be that these mathematical models are extremely
useful research tools but must be used with caution
if applied to real problems.

2.3 Limit equilibrium mechods

The most important failure modes in rock masses
which are subjected to low loads (i.e. surface work=-
ings) are associated with movement on preexisting
discontinuity surfaces (faults, bedding planes, joints
etc.). If.failure of the intact rock material and
deformations within the rock mass are ignored, a
simplified mathematical model of the failure process
in a rock mass can be constructed. In this model it is
assumed that sliding of blocks of material occurs when
a condition of limiting equilibrium is reached, i.e.
when the driving forces due to gravity and water
pressure are exactly balanced by the resisting forces
due to friction and cohesion. Because deformation of
the rock mass is not considered, large blocks, which
are assumed to remain intact, can be considered and the
force system can be simplified to a few total forces
acting at specific points on the surface of the blocks.
The problem of a wedge of rock resting on three inter-
secting dxscontxnulcxes can now be solved on the basis

of: 3 values for friction

3 values for cohesion
3 values for forces due to water pressure

A total of nine variables. As discussed in section
1.33, a critical structure is normally designed on the
basis of zero cohesion and hence this numbter of
variables can be reduced to 6 for such cases.

Graphical and analytical limit equilibrium solut~-
ions to a variety of rock stability problems have been
published (Wittke, W., 1965, Londe, P., 1965, John, K.,
1968, Londe, P. et al, 1969 and 1970, Hendron et al,
1971, Hoek et al, 1973). These methods are the most
widely accepted and commonly used design tools in

surface rock engineering because they are simple and
quick to apply end because they pernbt 2 raplc
assessment of the influence of variations in all the
parameters involved in the solution. The graphical
mettods ave partlcularuv ugseful for field arpZm*atiana
and can play an 1mpotc“nt part in the progressive
design of site invesatigations = cach step in the 1nvest-
igation being designed to check specific features vhich
the analysis has shown to-be imporiant.

This approach has, of course, some limitations.
The -onditions of limiting equilibraium are assessed
without taking the deformations of the rock mass into
account. If the rock mass is to act as a foundstion,
these unknown deformations may be unacceptably large
and it is therefore necessary to carry ouc zdditienal
work (Fig. 2) to check this deformation behaviour. Tha
assumption that the sliding mass remains intact may
also be unrealistic and practi;al cbservatinns suggest
that the breaking up of & block of rock during the
early stapes of sliding will have a eignificarnt
influence upon the behaviour of a slnpe. In scue cases,
improved drainage due to opening up of fractures may
be sufficient to stabilise the slope.

Are these limitations serious enough to overcome
the advantages of the method? The answer seems to
depend upon which point of view is taken. The
responsible engineer should be concerned with the
detection of .factors important in controlling the
stability of his particular site rather than with
“accurate" compuctations. Once these factors have been
identified, realistic practical decisions can then be
taken on the steps which are necessary to ensure that
the rock mass will behave in a reasonably predictable
manner. On the other hand, the research scientist is
concerned with understanding the full picture, hopefully
in order than he may be able to evolve better design
methods. Conseauently, he may feel that che assumptinns
upon which the limit equilibrium methods are based are
unacceptable and that the more comprehensive treatment
provided by mathematical models is prefersble.

The general reports feel that both points of view
are valid and the devalopment of these andé other
methcds is necessary provided that the final cim of
designing safe rock structures is kept clesrly in mind.

2.4 Mechanical effects of water pressure

2.40 Introduction

A rock mags is seldom dry. Water seeps through
fissures as soon as a hydraulic gradient develops,
either from rainfall or from water present in 2
dam or frow the creation of an excavation below the
water table,

Only the mechanical effects of water secepage will
be considered here, that is the influence or fissure
vater pressure upon stability - an influence which is
unusually important an! is sometimes the governing
factor is'a slope or foundation design.

In order to determine the pattern of water forces
developed by the flow of water in a rock mass, the
designer has to know or to make asgunptions on the
flow conditions. This iz an extremely difficult
problem.

"Firstly, the 2nswer depends upon the geometry of
the structural discontinuities in the rock mass apd,
as pointed out in section 1.21, this geometry is
difficult to ascertain. Secondly, it depends upon the
brundarv conditions of the hydreulic fieid (including
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time ~ transient or steady state seepage). Thirdlv,
changes in fissure opening as a result of deformation
{some of which are due to the water pressure itself)
csn gsignificantlv’ influence the hydraulic conductivity
»{ the rock mass. Fourthly, there is a marked scale
¢ffect in hydraulic cenductivity measurements.

No general solutions which will allow all these
condjtions to be considered are yet available. There
zre, however, some simplified models which are very
urefu! to the designer in that thev enable him to
aporeciate the possible influence of water pressures
=n the stahilitv of rcck masses and, also, provide
puidance on appropriate corrective actions.

2.41 Forces developed bv water seepage

The water flowing in fissures in a rock mass hag
& hvedvaulic head at each point znd this allows us to
zute, to these svstems, the concept of potential
gredient used in the hvdraulics of porous media. The
fovees developed bv gseepage flow are body forces
saplied to the intact rock and are proportional to the
potential gradient. These forces nave to be added to
the forces generated by buoyancy.

The hudraulie conductivity of a rock mass is
governed bv the discontinuities which have a much
higher "permeabhilitv'" than the rock material. Because
of the inherentlv anisotropic nature of the rock maes,
the hydraulic conductivity is anisotropic and the
forces due to water pressure have preferred directioms.
In some cases, these forces are detrimental to
stability since they have magnitudes anproaching that
of other forces (such as weight of the rock mass or
the thrust from a structure) and act in unfavourable
directions (such as towards the free faces of the
rock mass).

.

The concept of a conductivity tensor to renresent
both magnitude and direction of hydraulic conductiviev
in a rock mass is an interesting vesearch topic
(Maini,Y.N,T., 1971) but it cannot be claimed that it
is a practical desipn tool. Consequently, the onlv
approach available to the degign engineer is to
consider a number of simplified models of possible
flow behaviour in order to obtain a qualitative assesse~
ment of the influence of the forces developed by water
flow in a rock mass, Hence, schematic flow nets which
allow for the anistropic nature of the rock can bhe
used to estimate the magnitude of water pressures
which can be used in stability analvses (Sharp,Jt.C.,
Hoek,E., Brawner,C,n,,1972). lc is important that the
method of ' stah111ty analysis should allow a wide range
of possible forces due to water pressure to be
considered in order that the sensitivity of the design
to these variations can he assessed (Londe,P.et al
1569 and 1970)

A disadvantage of using flow nets for assessing
water forces is that they assume a static flow
gituation, In fact, forces due to water pressure may
change in magnitude .and direction due to deformation
of the rock mass and, under some circumstances, the
forces due to water pressure may disappear due to
increased permeability resulting from deformation
while, in other cases where a large supply of water
ig available from a reservoir, the forces may persist .
due to the greater flow volumes. Consequently, the .
concept of water energy is probably necessary for a
full underd;anding of the response of a rock mass

to water flow. An interesting question for discussion
is whether it is possible to introduce this concept
into a practical stability analysis.

A considerable amount of attention has been devot-
ed to defining the type of water flow in rock masses - °
whether it is laminar or turbulent. Research studies
have shown that the type of flow has relatively little
influence upon the forces which are developed but that
the quantity of flow can be significantly different
from that predicted by simple models, (Louis,C,,1970,
Sharp,J.C., 1971,Jouanna,P.,1972).

2.42. The planar fissure model

Several authors have shown, by theory or by
experiment, that in a rock mags where all the discon~
tinuities are planar and of constant opening fram node
to node, the modulus of deformation of the rock massg
is very low as compared with the modulus of deform~
ation of the rock material. Obviously, in guch a
system, the opening of the discontinuities will change
significantly with applied load.

Applying the laws of hydraulics, linear or other-
wise, tc this behaviour may produce extremely apect-
acular changes in hydraulic conductivity for moderate
variations in stress (Serafim,J.L.and Del Campo,A.,
1965, Londe,P. and Sabarly,F.,1966). These changes
couid result in the .completed engineering astructure
having a behaviour pattern entirely different from
that predicted from site investigationa carried out om
an unloaded rock mass. The application of this model
to engineering design has two important consequences.
Firgtly, any stability analysis must include extrewa
water pressure conditions resulting from strece
changes and, secondly, the design of remedial mezsures
should take this extreme behavicur into account.

A discuseion on the validity of this model would
be useful since it has a great practical sxgnxfxcance‘
particularly for foundation desiga.

2,43 The preferential channel model

Practical observations of the flow of water froa
discontinuities exposed in adits shows thet, in some
rock types, water flows through prefsrential channels
which are usually located within the plares of the
discontinuities (Sabarly,E et al,1%70).

Examination of a model where all water seepage
occurs through such preferential channels leads €o 2a
important conclusion: in this case, drainzge will not
have a significant influence upon the flow conditione
except where a drain happens to intersecc a chaansl,.
Consequently, drainage will not be effective as a
corrective measure for improving stsbility. This
ccnclusion has very serious implications siuce drain=
age is an essential festure in the design of many
foundations and slopes.

Whatever one's personal opinion on this model,it
seems important to answer the following questionss

a) How can the seepage of water which takes
place through channels in a rock msgs be
detected?

b) Can the "permeabilitvy" of 2 rock mass with
preferential channels be controlled by
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grouting? %
¢)  1ls it possible to drain such a rock mass,
possibly by different drainage systems?

While it is unlikely that an actual rock mass
will correspond to either the planar fissure model or
to the preferential channel model, these models do
represent extreme situations which the degigner has to
consider as '"the most unfavourable mechanical possibi-
lities which could be expected" (Terzaghi,K., 1929).
This is a basic principle of rock design when the
safety of a’large structure is involved,

2.5 Comments on the use of a Factor of Safety

One of the most controversial questions in rock
engineering is concerned with the use of the facter
of safety concept. Is the factor of safety of a slope
or a foundation meaningful or ie it, as some writers
have suggested, a totally misleading and useless
concept ?

The factor of safetv for a rock slope mav be
defined as the ratio of the total force available to
resist failure to the total driving force tending to
induce failure. In the case of a foundation, the
factor of safety mav be considered as the ratio of the
amount of deformation anticipated as a result of
movements within the rock mass to the allowable
deformation of the structure.

In the case of a rock structure in which a large
number of ill-defined parameters interact in a complex
manner, the calculation of safety is a much less
satisfactory process. ’

Should the entire concept be rejected? Are there
alternative methods which are more acceptable?

Nne possible approach which has been discussed
by several authors is the probabilietic analysis of
variables leading to a concept of safety in terms of
a given probability of failure, This definition of
safety is, in itself, a problem since many clients
find it extremely difficult to accept an admission bv
the consulting or design engineer that there is a
possibility however small, of failure. A factor of
safety of 1.5 or 2.0 mav be regarded as acceptahle
because it represents a familiar situation which
experience suggests will be safe while a probability
of failure of 1 in 100,000, which may mean precisely
the same thinp, will he treated with suspicion.

If the probabilistic approach was inherently
superior to the factor of safety approach, this
problem of definition could bhe overcome in time since
it is basically a question of education. A more
serious difficulty, houever, is the difficulty of deal=
ing with the large number of variables involved in the
problem, Some mathematicians may be confident that
these problems can be solved by probabilistic methods,
but most engineers are certainly not convinced that
these methods are reliable - even if thev can under-
stand the mathematical jargon which tends to be used
to excess.

These general reporters feel that probabilistic
methods have a great deal of merit and that further
developments and a greater familiaritv with the
techniques will eventuallv result in these metheds

gaining wider acceptance as practical design tools.
The present conclugsion, however, is that probabilistic
methods are not yet sufficiently daveloped for geuera]l
application in rock engineering.

In the absence of acceptable probabilistic methods

-and sg an alternative to the use of a single value for

the factor of safety in an enginecring design, an
approach vhich is frequently used is to analyce the
sensitivity of the design to changes in aignificant
parametera, There are several methods available for
doing such a sensitivity analysis and two examples are
given below:

a) For the condition of limiting equilibrium,
calculate the value of one cof the important
parameters required to patisfy the condit-
ions being studied for e range of values of
the other parameters iavclved. Hence, the
value of cohesion vequired to satisfy the
condition of limiting equilibrivm in a
slope prcblem can be celculated for a range
of friction engles and groundwater condic~
ions. An example of this type of analysis
is given in section 3.3.

b) By varying each significant parameter in
turn while keeping the values of other
parameters constant, the semeitivity of the
factor of safety to variations in each
parameter can be evaluated. The rate of
change of factor of safety probatly has
more significance in engineering design
than the value of the factor safety itself
because this rate of change is indicative
of the importance of each parameter and of
whether the behaviour of the structure can
be controlled by artifically inducing
changes in these parameters.

Graphical presentation of the reaults of these
gsensttivity analyses is of the utmogst importance simce
it is only when the variations which have been
computed are clearly displayed that they can form the
basis of sound engineering decision making. The
computer, with its ability tocheck a large number
of variations rapidly and to display the results of
these computations in various graphical forms has a
very important part in this eype of analysis.

The conclusion of this section is that the concept
of factor of safety is not easily used in vock engin-
eering but that the rate of change of factor of safety
is nrobably the most reliable indicator of engineering
behaviour which is currently aveilable. This subject
certainly deserves a wide and open discussion and it
may well form the theme for a future Congress.

3. ROCK SLOPES
3.0 Intfoduction

This chapter is devoted to the application of
rock mechanics to rock slope engineering,

The rock slope engineer is primarily concerned
with ensuring that a slope will not fail or that, if
failure is allowable, it should occur in a predictable
manner, Except when a sleope is also to act as a
foundation, the deformation of the rock mass into
which the slope is cut is of secondary importence.
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iv contrast to the foundation engineer,who is
generallv concerned with a specific site of limited
eirent, the slope engineer may be involved in design-
ing nanv 'kilometers of highway cuttings or the overall
slopres of an open pit mine, Since neither the time
scale nor the economics of such a project allows a
detsiled investigation of each slope, it is essential
that rhe slope engineer should work to a gsystem which
allows him to eliminate stable slopes at a verv early
stzge of his investigations and to concentrate his
gtvention onto those slopes which are critical.

Figure 1 shows that very crude stability analyses
should be carried out at an extremely earlv stage of
a project vhen only the most rudimentarv geological"
d21ia is available, These analyses should permit the
engineer to differentiate between those slopes which
src obviously stable and those in which some risk of
failure exists, They should also be used as an aid
¢ cthe planning of site investigations to ensure that
& maximum amount of relevant information is ohbtained
2L minimum cost, More detailed types of analyses,
spplied only to critical slopes, are only justified
when detailed information on the structural geology,
the groundwater conditions and the mechanical proper-
ties of the rock mass is available. Such analyses
should permit a consideration of the widest possible
range of conditions rather than being confined to the
production of a "precise" answer for a particular set
of assumptions,

Having established that a given slope is potent=-
ially unstable, the designer has then to consider
vhether its stability can be improved by changes in
geometry, bv drainage or by reinforcing the rock
mass, In some special circumstances, particularly in
mining, an economical solution may be to accept the
risk of failure and to make provision to predict and
to accommodate this failure with the minimum of zisk
of loss of life or damage to property.

The following topic will be discussed in this

chapter:
Recognition of slope failure modes
Simple slope design charts
Influence of water pressure on stability
Nesign of critical slopes
Increasing the stability of slopes
Predicition of slope failure

3.1 Recognition of slope failure modes

The importance of structural geology in controll-
ing the stability of a rock slope has alreadv been
emphasised and the first stage in any stability anal-~
ysis involves a recognition of the most likely failure
modes for a particular comhination of geological
features, . \

Without dount, the most effective means of
recognising these different failure modes is to 1
examine a graphical presentation of all the relevant
structural geology data together with the proposed
slope geometry with the aim of detecting patterns
which are representative of the different types of
failure. A convenient presentation is to use a large
topographic map of the site and to plot the geological
data on small diameter stereonets (equal-area or equal
angle spherical projections) which are pasted onto the
map at the observation points (positions of boreholes

Figure 20 : Recognition diagram for different types of
slope failure. (Lower hemisphere equal area
projection ).

- A Circular failure in seil. waate rock or
heavily fractured rock with no identifiabie
structural pattern.

B Plane failure in highly erdzred structurs,
e.g. 8late.

C Wedge failure involving sl1iding aleng the
line of intersecticn of two planes.

D Toppling failure in hard rock with steeply
dipping discontinuities,

(1) Slope face.

(2),(2'} Discontinuity planes.

P,P' Poles of planes .

(3) Direction of sliding.

or outcrops). The proposed slope geometry can thzn be
overlaid on these plots to check the likelihood of
different types of failure. Recognition disgrams for
four important types of slope failure are presented inm
Figure 20 and, once the designer has become familior
with these diagrams, the recognition of potentizi
failure is relatively simple,

An essential feature of this early consideration
of stability isthat the designer should atteompt to
keep an entirely open mind, being prenared to considar’
all possible tvpes of slope failure, including those
which he knows that he will be unable to analyse. The
early recognition of a potential failure will &llow
remedial measures to be carried out a: the design and
construction stage. Such measuras are invariahly
cheaper and wmore effective than corrective measuras
which have to be taken in the case of a slope which
is found to be unstable during an advanced stage of
the construction.
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It must,however, be made clear that not all poten=-
tial slope failures can he recognised before construct=
ion commences since critical geological features mav
rot be exposed or mav have heen migssed during prelim—
inary site investigations. The designer must,therefore
make provision for both time and finances to deal with
unexpected problems which mav arise during construct=-
ion. He shouid also ensure that facilities are avail-
able at short notice for the implementation of any
remedial measures which mey be required.

3.2 Simple slope design charts

Ever since Tayler published his simple slope
design charts in 1937 (Tavlor,D.W.,194€), soil
engineers have made use of these and of more elpborate
charts for the preliminarv analysis of circular
failure in soil slopes. These charts have proved to bhe
invaluable aids to the designer in that they permit a
rapid assessment of stabilitv under conditions where a
detailed analysis would not be justified., an such
charts he used for rock slopes in which failure is
controlled by pre-existing discontinuities?

Since it is only possible to graph a limited number
of variables, the first step in producing a meaningful
rock slope design chart is to consider whether there
are a few variables which are so important that, by
setting all other variables to zero and considering
only these few, a reasonable approximation to the
answer can be obtained. 1In the case of a rock slope
design, this process can hest be 111ustra:ed by means
of a practical example. -

Figure 21 illustrates the geometrv of a rock slope
containing a wedge separated from the rock mass by
three intersecting discontinuities - one tension crack
and two planes on which sliding can occur. This type
of problem has been analysea in detail by Hoek,F.,
Bray,J.W. and Boyd,J.},(1973) and the proportions of
the different forces acting on a particular wedge are
given in the pie-chart in Figure 21,

%

Figure 21 : Contribution of different forces to the
stability of a wedge separated from the rock mass
by three intersecting dLscontJnu1t1es.

Resisting forces
A Friction on sliding planes

B Resistance due to cohesion
Disturbing forces

33%
19%

C Uplift forces due to water press-

ure on sliding planes 13%
D Force duec to water pressure
in tension crack 5%
E Component of wedge weight acting
down line of intersection 30%

Note that the twc items, A (frictional resistance
on the eliding surfaces ) and E (component of the
weight of the wedge scting down the line of intersect=
ien) contribute 63% of the total of..all the forces
acting on the wedge. Both of thess izems depend upon
the geometry of the wedgze and it cawn b2 shown that
only 8ix variables (the dips and dip directions and
the angles of friction of the tvo planes on which
sliding takes place) are necessary conpletely o
define A and B (Hoek,E.,1973). A set of egimple charts
have been prepared by cembining these variszbles into
gRroups and these charts may be used to improve upon
the assesement of stabilitv provided by the racogunit=
ion diagrams illustrated in Yigure 20. An example of
the use of these charts is presented ir FPigure 22.

Note that the factor of safety derived from these
charts is independent of the height or the angle of
the glope face., This is becsuse the only strength
parameters invoived in the calculation are the frict-
ion anglez which, as pointed out in sectiom 1,33, are
independent c¢f the dimensions of the sample. Although
these calculations are based upon a very much simplif-
ied set of assumptions, and do not therefore provide
absolute values, they have made poseible the product-
ion of a verv useful design index for rocX slope
engineers., An interesting question is - are therz other
simple relationships of this type which could be
utilised in deriving simple design charcs £or other
modes?

3.3 1Influence of water vressure

Figure 21 shows that, for the example considered,
water pressure in the tension crack and on the plenes
along which sliding occurs contribute 187 of the
total of the forces acting on the wedge. For steeper
slopes with very deep filled tensinn cracks, this
proportion can rise as high as S0Z., A consideration
of the influence of water pressure upon the stability
of a slope is obviously of major importance but how
should this influence be evaluated?

The difficulties of adequately defining the water
flow pattern in a rock mass have alrealy been
discussed (section 2.3) and the reader will appreciate
that a precise calculation of the influence of water
pressure upon slope stahility is not possible. However,
in view of' its importance, the only reasonabtle
approach is to base the calculation upon the worst set
of conditions which can he articipataed and to use the
results of these calculations as an aid to judging the
consequences of probable groundwater conditions in the
rock mass under consideratiocn.

An example of such a calculation is presented in
Pigure 23 in which the ghear strength {friction and
ccherion) required for limited equilibrinm in a 25
meter rlope, in which two-dimengional plene failure
occurs, is plotted for a number of different assumpt-
fons. The dotted line included in this figure
surrounds the shear strengcth values obtainad from, the
back-analysis of a number of slope failures (Figure
17) and this type of composite plot assists the slope
designer in judging how important various changes are
in relationship to the shear strength available,

In this example, relatively lcw shear strength.
values are required to ensure the stability of a dry
slope. Note that the presence of a tensien crack {(line
2) does nct significantly reduce the stabilicv of the
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Example of determination of factor of safety for dry cohesionless slope with potential wedge faildre.

Dip Dip direction Friction angle Tan ¢
Plane A 40° 105° 20° 0.364
Plane B 70° 235° 30° 0.577
Difference 30° 130°
From charts : A= 1.75 and B = 0.95,

Factor of Safety F = A.Tan ¢A + B.Tan ¢B = 1.75 X 0.364 + 0.95 x 0.577 = 1.1i8 .

Figure 22 : Example of simple wedge failure charts for alope design .

Figure 23 : Shear strength mobilised for various
conditions of two-dimensional plane failura.

(1) Dry slope with no tension crack.

(2) Pry slope with tension ciack.

(3) Slope with water-filled tension crack.

(4) Slope with water-filled tension crack and
water pressure on failure eurface.

(5) Boundary of zone of observed slope failures
(see Figure 17 ).

slope provided that there is no vater preseat. When
the tension crack becomes water-filled under condit=
ions of heavv rain or due te poor control of surface
drainape, a significant increagse in shear strength

is required to maintain stabilitv (lire 3). The wmost
severe conditions which could occur in verv heavy and
. prolonged rain which could result in the siope
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becoming completely saturated(line 4) would almost
certainly produce failure in this slope. While the
conditions giving rise to line 4 may be very rare,
their inclusion in the calculations give a clear
indication of the gengitivity of the slope to water
pressure. An example of a slope which failed with
cousiderable violence due to the filling of a deep
tension crack during heavy raid has been analysed bv
Roberts and Hoek (Roberts,D. and Hoek,F., 1973). In

- this case, the factor of safetv of the slope was found
to reduce from approximately 1.9 for a drv slope to
about 0.8 for a saturated slope. Although these values
themselves may not be accurate, their difference and
the understanding of the mechanism which leads to this
difference is important and this analysis enabled the
designers to implement simple drainage measures to
prevent the recurrence cf these extreme conditions,

Some indications on the drainage measures which
can be applied to a rock slope will be given in a
later section of this chapter.

3.4 Design of critical slopes

A large proportion of the total number of alopes
which the average engineer will be called upon to
design can be dealt with by means of the simple tech=
niques already described. Occasionally, however, a
situation may arise in which obvious and inexpensive
steps such as minor changes in slope geometry or
simple drainage measures cannot be applied. Under these
circumstances, the slope designer may be faced with a
critical problem in which it is essential that a more
detailed evaluation of the stability of the slope and
of the effectiveness of more elaborate corrective
measures should be undertaken

The first and most important step in this analvsis
is the acquisition of reliable data on the structural
geology, the mechanical properties of the rock mass
and the possible variation in groundwater conditions.
Unless such data is obtained, any subsequent calculate
ion will not only be a waste of time but may even be
misleading since it may generate a false sense of
security in-the designer who has been through the
calculations but who may have failed to account for
some critical factor in the slope. The collection of
this data may involve the drilling of additional bhore=-
holes, the testing of samples to establish the shear
strength of the discontinuities and the carrving out
of pumping tests and the installation of piezometers
to detect changes in groundwater conditions. Whenever
possible, existing slope failures in the same rock
types in the -area should be carefully studied and an
attempt made to deduce the shear strength which was
mobilised in these fajlures. (Natural slope failures
may give misleading values because of the verv long
time scale involved in such failures and back-analysis
should therefore be confined to excavated slopes).

Omcethis data has been obtained, a detailed analy=-
sis of the stability of the slope and of the effect-
iveness of remedial measures can then be carried out
by means of techniques which permit the inclusion of
all the relevant variahles in the analysis. Such
techniques have been described by Londe, Vigier and
Vormeringer (1970), Hendron, Cording and Aiyer (1971)
and Hoek, Bray and Boyd (1973). Because of the
complex inter-relationships between the large number
of variables involved in these problems, the calcula-
tions are-generally carried out with the assistance

of computers.

It must be emphasised that, in spite of the
versatility of thece tvpes of caleulations, they are
still based upon simplified models of the actual fail-
ure processes vhich take place in zhe slope. The
designer should, therefore, beware of falling into
the trap of relying toco heavily upcn the results of
such analvses which should be used to assist but not
to replace the judgement of the engineer. These analy-
ses show, in the same way as do lezs elaborate methods
the sensitivitv of the slope to the various assumpt
ions which have heen made.

3.5 Increasing the stabilitv of slopes

There are four hasic methods for increasing the
stability of rock slopes:

a) Changing the slope geometrv

b) Drainage of groundwater in the slope
c) Peinforcement of the vrock mass

d) Control of blasting

3.51 Changing the slope geometry

Changing the geometrv of the slope generally mean
means reducing the slope height or reducing the angle
of the slope and, when it is possible to implement
this remedial measure, it is generally the cheapest
means of improving the stability of the slope, Ic is
however, not alwavs the most effective meagure since
reducing the height or the angle of the slope not
only reduces the driving force tending to induce fail=~
ure but it also reduces the normal stress and hence
the frictional force resisting sliding. Consequently,
before implementing this measure, it is essential to
check whether it will be effective. As a general rule,
very steep slopes can most effectivelv be stabilised
by reducing their height while relarively flar high
slopes can be stahilised by reducing the slope angle,
provided that the stability is not ccntrolled by
major geological structures such as faults,

In addition to the slope height and the slope
angle, the geometry of the slcpe as seen in plan has
a significant influence upon stability. Correct align-
ment of the slope face with respect to 'the dip
directions of the major gtructural features in the
rock mass will reduce the number of thece features
which will ""daylight" in the slope and hence improve
the stability of the slope. Relatively small changes
in the position or alignment of the slope face can
result in considerable improvements in stabilitv and
this should be regarded as both a design 2nd a remed-
ial measure, Whenever possible, the creation of
"noses" in slopes should be avoided since slopes which
are convex and in which a number of features daylight
are inherently less stablc %han concave slopes where
good lateral restraint is provided by the curvature
of the face.

One major advantage which changing the slope
geometrv has over other methods of improving the
stability of slopes is that its effacts are permanent.
This is because the improvement in stability is
achieved by a more effective utilisation of the
inherent properties of the rock mass and by making
permanent changes to the force system in the slope.
This force system can also be changed by drainage and
by reinforcement but these changes may be reversed if
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the drains become hlocked or if the load carrving
capacity of the ‘reinforcement is reduced. Consequentlv
when methods other than changing the slope geometry
sre used to improve stability, it is essential that
these vemedial measures be maintained and that a

check should be made at least once a year (preferably
just pefore the wettest season) to ensure that these
meagurus are gtill effective,

2,32 Slope drainage

¥rom the discussion on the influence of water
weasgure on the stability of slopes (section 3.3), it
will be clvar that the presence of groundwater in the
vseck mass into which a slope has been cut is always
aetrvimental to stability. It follows that drainage
of o groundwater will always improve stability but
the guestions which concern the slope engineer are ~
hov nuch improvement can be achieved by drainage and
now mech will i¢ cost?

The simplest and cheapest form of groundwater
cortyal is to minimise the amount of water wirich can
vul.ect in pools on the top of the slope. Simple
zalculations shov that water which can enter open
tension cracks from the top of the slope is very
dangerous since it has the potential for generating
high water pressures within the slope. There is no
excuse for allowing water to collect on the top of a
slope and good engineering practice requires that
these areas should be graded to encourage the free
run~off of surface water and that surface drains,
when thky are installed, should be properly maintained
to ensure that they remsin effective, Where tension
cracks are visible in the tops of critical slopes in
areas of high rainfall intensity, it is advisable to
fill these cracks with porous material such as gravel
and then to seal the top of the crack with impervicus
material such as clav, This will prevent direct
entry of surface water, particularly during heavy
rain, but will allow water already in the rock mass
to drain freely towards the slope face.

Percussion drilled horizontal boreholes can be
very effective in draining a rock mass but very few
quantitative design guides can be givern for the
spacing of these holes since their effectiveness
depends almost entirely upon whether or not they have
intersected water-bearing fissures. In heavilv
fractured rock, the holes mav be regularly spaced
since the permeability of the rock mass will be
reagonably uniform, In rock masses with widelv spaced
fissures, the holes should be drilled to intersect
those fissures which are helieved to be heavily water-
bearing. Generally, the holes should be drilled a
horizontal distance into the slope approximately
equal to the height of the slope., The main advantage
of this method of slope drainage is that it is cheap
toc install and to operate since the water drains
under gravity and pumping is not generally required.

Vertical boreholes, drilled from the surface and
fitted with down-hole pumps, have the adVantage that
they can be operative before the slope is excavated
and can be used to improve the stahility of slopes
which are only required to remain stable during a
limited period. Permanent drainage by pumped vertical
borehcles is expensive and is liable to become
ineffective at the most critical times due to pump or
power failure.-

Drainage palleries, while certainly the most
expensive form of drainage, are probably the most
effective means of controlling the groundwater in a
critical slope. These galleries have the advantage of
exposing a large number of fissures within the rock
mass through which water can drain freely by gravity.
When additional drainage paths are required, these
can be created by drilling from within the gallery.
While it is difficult to justify the construction of
a gallery for drainage only, it is frequently possible
to reduce the cost of this measure by careful planning.
Hence, an exploration adit can become a drainage
gallery at a later stage in a project or existing
underground excavations, particulary in mines, can be
utilised provided that care is taken to remove the
water which accumulates in these excavations,

3.53 Reinforcement of slepes

Improving the stahility of rock slopes by artif-
iciallv reinforcing the rock mass is generally only
economically feasible for relatively small slopes or
for stabilising blocks of limited size on slopes. This
is becaugse the forces which have to be applied by the
rockbolts or cables may be as high as 207 of the
total weight of the rock which is potentially unstable,
The installation of reinforcement is a slopa in which
instability is alreadv evident is the least effective-
form of reinforcement since muchk of the strength of
the rock mass will already hsve been lost due to the
opening up of fractures and displacemants along
discontinuities. On the other hard, if reinfcrcement
is used as part of the design system and iz installed
during construction of the slope so that dilation of
the rock mass is inliibited, the effectiveness of the
reinforcement is greatly enhanced. A more detailed
discussion on the reinforcement of rock masses iz
given in section 4.45 of this report.

3.54 Control of blastiag

A final question which must be mentiored in thig
section is that of the centrol of blasting during
excavation of a slope. While thig mayv not generzlly ke
regarded as a meana for improving che stability of
slopes, there is no doubt that the damage due to
blasting has a very significant influence upon stabil-~
ity., FExperience suggests that: a slope which has been
created bv carefully controlled blasting msy be stahbl:
at an angle which is 5 to 10 deprees steeper than 4
slope which has heen subjected to the heavy blasting
which is now common in open pit mining. The aim,
therefore, should be to minimise the damage to the
rock mass which is toc form the final slope and thr:z
can generally he achieved by thc use of presplitring
or smooth blasting techniques (Langefors,U. and
Kilhstrom,B., 1963). The use of these methods ig now
fairly common in civil engineering hut they hLave not
gained wide acceptance in mining because of the
relatively high cost of drilling wnich is invelved.
Althqugh the actual drilling cost is .iph, it is
believed that rhe total cost of creating and naintain=~
ing a slope by the use of controlled blasting,
accounting for the smaller volumes which lLave to ke’
excavgyied and the reduction of slope mainteunancs, will
be lower than the cost of an equivalent slope excavated
by. normal heavy blasting. A comparison of smuch custs
recorded on actual projects would be of grear interest
to slope engineers and the general reporters suggest
that this comparison would form an excellent topic for
a short research project.
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3.6 Prediction of slope failure

When all efforts to stabilise a slope have failed
and it i{s clear that failure is inevitable, it {is
sometimes necessary to attempt to predict the behav-
iour of the slope in order that mea ard equipment may
be moved  past- it before it fails. One of the best
known case histories of slope failure prediction is
that of the spectacularly accurate prediction of the
date on which a very large failure occurred at the
Chuquicamata mine in Chile (Kennedy,B.A. and Niermayer
K.E., 1970). Figure 24 shows the plot of surface
displacement versus time on which this orediction was
based and this curve is typical of geveral examples of
slope behaviour prior to failure which have been
observed,

Generally, the first cbvious sign of instability
is the formation of one or more tension cracks on the
top of the slope. These tension cracks may occur
several years before the failure takes place but model
studies (Barton,MN,,1971) have shown that these tension
cracks are the first manifestation of deep-seated
shzar movement in the rock mass and that they must be
regarded as warnings of instability. Simple measure-
ments of the opening of tension cracks with time can
give valuable information on the behaviour of the
slope and it will generally be found that the rate of
opening increases with time, l/hen the measurements are
carried out with sufficient frequency and accuracy, a
close correlation between opening of the tension crack
and recorded rainfall on the site will frequently be
found.

Opening of tension cracks will generazily be
followed by slumping of the crest of the slope and by
bulging of the toe of the slope. Because the movement
of the rock mass is controlled by pre-existing
discontinuities, these changes may be less obvious
than those which occur in soil slopes. Sometimes the
movement of an unpstahle block of rock may be oblique
to the face of the slope and it may be difficult
to detect these subsequent movements without measure-
ment of a number of points on the surface of the slope

Because of the complexity of the movement pattern
which takes place in a rock slope, the installation of
sub-surface measuring devices such as boreholes
extensometers may not be effective since it may be
extremely difficult to interpret the results., It is
also usually toth dangerous and difficult to imstall
these devices and to keep them effective for the
life of the slope.

The most successful slope monitoring systems which
have been used to date:are those based upon simple
survey type measurements of the movement of targets
placed on the surface of slopes. These measurements
may be by normal triangulations or they may utilise
one of the electro-optical distance measuring
devices which are now commercially available (St.John,
C.M. and Thomas,T.L.,1972) The latest developments in
stereophotogrammetry are also promising (Ross~Brown,
P.M. and Atkinson, K.B., 1972),.

No means for quantitative evaluation of the
resulte of such measurements are currently available
and, in view of the large number of parameters involv=-
ed, may never be available. However, experience
suggests that the accelerating displacement curve

reproduced in Figure "24 is typical of slope failure

and thar it gives as good an indication as any which

is likely to be available in the forseeable future of
the likely failure date.
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Figure 24 t Plot of displacement of fastest moving
target on the face of the Chuquicamata mine
(Chile). The failure, involving approximately
12 million tons of material, occurred on 18th
February 1969.

(1) Date.

(2) Displacement in meters.

(3) Extrapolation of data callected up to
13th January 1969.

(4) Predicted failure date.
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4, POCK FOUNDATIONS

4.0 Introduction

This chapter is devoted to specific applications
of rock mechanics .to rock foundation engineering.

The flow chart shown in Figure 2 illustrates the
main steps of the appraisgl, design, construction and
monitoring of the-rock foundation of a large engireer=
ing structure. This chart, of course, is very crude
as compared with the actual approsch, which entails
much knowledge and judgement and subtle relaticnships
between several fields of engineering, geology,
gcience and craftsmanchip.

For the sake of clariey, this chapter has been
divided into five categories of problems:

a) Resistance to failure,i.e.safety as
regards rupture

k) Deformations,and their effects on the
stresses in the foundation rock and the
structure

¢) Mechanical effects of wataer .saspage
through the figsures of the rocv mase.

d) Corrective action that the designer can
take

e) Monitoring of the foundation rock.
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Bu.k uochanics offers a number of tools to help
3+ ve thess problems. As already stated in the
iawrodulition to this general report, although the
cestgn ~aalvsis is very crude, owing to our limited
Nhonlet, the rock mechanics approach leads to a
so.r2ct understanding of the basic or possible
L..«Vioul patteras. This is vital for the foundation
Jeuigner, whose main concern is not to compute
accururely bt to judge soundly.

o ~ , ture of rock foundations

.z designer's main concern is to prevent failure
¢« . :ioundations as it represents the worst possible

2 nethods of assessing stability, involwving

‘v 2wl appraisal, determination of possible

2.2 wodes and analysis of the conditions of limit-
car o _-i_vorium (Fig.25), have already been d=2a.t with
4 thasters 1 and 2 of this report. Although it is
-53ury to repeat these methods in this chapter,
.+ i3 wscessary to emphasise that the coasideration of
.he resistance to fallure of a foundation must always
precede the study of foundation deformations, since all
sutsequent calculations are only relevant when it has
been demonstrated, beyond reasonable doubt, that the
foundation will not fail,

’ R

: Stability of a tetrahedral 'rock volume.
(Londe, P., 1973 )

Figure 25

OABC  Tetrahedron.
P1, Py, P, Geological surfaces of geparation.
Ugy Up, Ug Water pressure forces.

W  Weight,

Q Thrust of dam .

4,2 Deformation of rock foundations

4.20 Introduction

In considering the deformation of rock foundat=-
ions, it is necegsary to differentiate between
deformations within the rock mass and surface

displacements. The first category is useful for
understanding the intrinsic behaviour of the foundat-
ion whereas the second is adequate for analysing the
engineering structure built on the rock. The rock mass
in comparable, in that respect, to an equivalent
continuous medium which has the same surface deflect-
ions,

On the other hand, the deformation within the
rock mass cannot be determined without considering
the actual discontinuous medium, or at least a
representative model of it. Because of the contribut~
ion of the surfaces of separation, the deformations
within a discontinuous rock mass under low confining
stresses, will be significantly different from those
in a continuous medium. This will be the case for
surface workings. 1In the case of underground workings
the confining stresses are higher and, once the
discontinuities within the rock mass have been forced
into intimate contact, the deformation behaviour will
appreximate to that of the continuous medium,

The theory of elasticity is satisfactory for the
analysis of deflections of the equivalent continuous
medium, at least as a first approximation, provided
that the irreversible part of the first loading cycle
{due to closing of the fissures) is considered
separately,

Determination of the deformations within a
discontinuous rock mass requires the use of math-
ematical or small scale models,

4.21 Determiration of elastic parameters

The equivaleat continucus medium can be defined
by Young's modulus and Poison's ratio, giving the szame
displacements at the surface as those of the actual
site, Since the deformations within the rock mass are
different from those in a continuous medium, this
approach is necessarily a rough approximation, In
practice, however, it is reasauable to assume an
elagstic behaviour for most rock foundations, the only
regstrictions being to use an appropriate elaatic
modulus for the stress range under considziation.
Comparisuns between the results of analyses and
measurement of foundation deformations on ma..y dams
have shown this approximation to be velid. Such
comparisons are not generallv avaiiable for other
types of surface structure,

How can the equivalent elastic parsmeters he
determined at the design stage? Jacking wzsrs sre
almost the only practical means available for suca
determinations and yet the interpretation of the
results of such tests is open to questioca. In section ~
1.27, the influences of scale and of duraiion of
loading upon the results of a jacking test ware
queried, Even if these questions are ignored, many
different moduli can be derived from the non-linear
curves obtained from a jacking test. Although it has
been proposed that these results are useful ideucifi-
cation indices for the rock mass, the question which
must now be considered is: can chey provide num:s°cal -
parameters for use in a deformation analysis”

Experience suggests that, provided a large number
of tests are carried out in situ, the mean value and
the scatter found from such tests allows & reascnable
estimate of full szale daformabilitv. It seems likely

that, in a rock mass, the gmall samples are models of



" GENERAL REPORT

larger samples, themselves models of still larger
blocks, this series bheing closely related to what has
been called, in section 1,22, the "grading curve” of
the rock mass. Jf this concept is valid, it would
explain why the scale effect dces not result in
extremely low maduli for verv large dimenscions and
also the fact that scale effect does not appear to
have too significant an influence on jacking tests.

For the analysis of the foundation behaviour of
the Auburn dam,the 17,S. Bureau of Reclamation has
worked out-a method aimed at reducing the number of
in~gsitu jacking tests required. The principle is to
comhine the two components of deformahility of the
mass (a) the modulus measured on cores and (b) the
surfaces of separation (spacing,thickness,infilling).
This "analvtical" method has to be calibrated on each
site (Von Thun and Tarbox,1971)

There are cases where the jacking test has given
lover valuesg than the moduli worked out from the over=
all behaviour of the completed structures. This was
the case at the Vouglans dam where plate tests
(28cm.diameter) gave an average moduius of 16,000 MPa,
vhereas the dam loading gave 30,000 MPa (Groupe de
Travail ,CFGB,1967). Several explanations are, of
course, possible for this"reverse' scale effect:
fissures under the jack plate, higher test stresses
and, most important perhaps, the fact that the
Boussinesq and Vogt solutions used to derive the
moduli do not apply to the discontinuous svstem. The
concept of the ecuivalent continuous medium is there=
fore possiblv responsible for the discrepancv.

A final remark concerns Poisson's ratio, which
is assumed, not measured. This concept is probably
far from applicable to a rock mass where, not only do
the lateral deformations of intact laboratory
specimens show wide variations, but the presence of
discontinuities will have a significant influence upon
the lateral dgformation hehaviour of the rock mass.

The discussion is therefore open., How shall we
measure the deformahility of a rock foundation for
design purposes? Jacking tests, either on the
surface or in boreholes, appear to he the only
practical means currently available, even if their
results have to be treated with caution. Is it
possible to improve the test procedure and our
comprehension of the tests?

4.22 Influence of rock deformation on engineering
structures

Whereas permissible displacements of rock slopes
are usuallv large, those of a foundation are extremely
small, owing to the damage which they can induce in
the engineering structure.

This structure is sengitive to two separate
effects: :

a) The abeolute magnitude of the deformations

b) The relattve displacements, from one zone
to another of the foundation area.

Effect b) 'is generally more detrimental than
effect a). Hundreds of dams have heen designed using
the Trial Load Method of analvsis which required an
agcumption on the ratio EC/ER hetween the modulus of
the concrete and that of the rock mass. It has been

checked that, provided this ratic is nearly constant
over the whole foundation area, its influance on the
maximum stressas in & high arch dam is slight. For
example, a variation from 1 o 5 wny result in an
alteration of the critical stresse~ by 20% (some are
increased,others are decreased). this means that grest
accuracy in measuring ER is act zaquired, at least

for this part of che design, and that the scale effect
is not such a serious drawback to the determination of
deformability. In low or rigid structures, the
influence of EC/ER is much more marked but, fortunstely
the stresses are seldem critical in such cases.

On the other hand, however, local variations of
EC/ER -have a strong influence on stresses in the
vicinicy. For instance, an arch dam can span a fault
zone of several meters in thickness with practically
no change in the strees pattern, except locally where
special arrangements must be made, Should & 2zomne of
gofter (or harder) rock be much wider than the
thickness of the dam, the problem is more serious.
Finally, when a major part of the bank has a modulus
different from the remainder, it results in mechanical
assymmetry which is much more important on the stress
pattern than geometrical assymmetry.

The difficulties met in determining the deformabi=-
lity of a rock mass are therefere, at least partly,
offset even for an indeterminate structure by tin
favourable conditions:

a) It is not necessarv to measure the rock
modulus with any great accuracy

b) Relative variations, resulting from R
heterogeneity ars probably obtained with
adequate accuracy, from smali scale tests,

Can these conditions be relied upon?
ion certainly varrants further discussion.

This quest=-

4.23 Irreversible deformationﬁ

Jacking tests as well as monitoring of rock
foundations heve shown that a part cf the first
deformatiou is irreversible, especially near the
ground surface, This is due to the closing of fissures
and to some local minute sheer failures. The equival~-
ent modulus for the first loading is therefore lower
than the modulus which applies to the further loading
cycles, This behaviour is what could be called stratn
hardening, as in metals, with the difference that in
rock it develops from the beginning of loading instead
of beyond a threshold. This point is vital for the
structure, because .the low .moduius at the first load-
ing may create the most critical conditiuns. The
problem is all the more serious as this irreversible
digplacement is extremely difficult to estimate from
small jacking tests. Furthermore, it is not the
same over the whole foundation area and hence the
elastic heterogeneity of the foundation is exaggerated.

A majer point is therefore to establish whether the
designer can obtair the irreversible part of the
foundation displacement from Jjacking, or other tests.
Is a measurement or estimate of the scale effect
possible as it would most probably be very large? The
stress used in the test has undoubtedly a governing
influence on the irreversible deformations, as would
be expected in a strain hardening phencmenon.
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4,26 Influence of rock deformations on instrumentat
instrumentation

Whan a fixed reference point is required for
geodetic messurements or for anchoring an inverted
perndulum, it ha=s té be at a distance increasing with
the magritude of load applied to the rock foundation.
{ams with thruscs amounting to millions of kilo
newtons and influenced hv hillions of kilo newtons of
vater weight, are particularlv interesting. What is
the distance reauired to obtain fixed points? This
ronputation 18 seldom made.

It was however carried out recently, using
¢.actic theorv, and published in the form of charts
for different tvpes of loading (Mladvenovitch,V,,197n)
it ir realised that the engineering structure
¢icplaces the supporting medium far and deep; much
fareher and deeper than cormmonlv reckoned. Tor
Lastance, an inverted pendulum should be anchored at
2 depth of about 100m, so as to give a reasonatle
measuraeent for the displacement of the base of a
dam iLowm, high (Fig.26).
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Figure 26 : Example of influence of depth of anchorage

of inverted pendulum on measured relative dis-
placement.

. .
(1) Multiple-arch dam . Cross section.

(2) Rock foundation (continuous elastic medium)

(3) Inverted pendulum.
(&) Anchor point at depth Zg.
(5) Horizontal displacement V.
(6) Depth. '

(7) Actual curve V(%).

V' Measured displacement.

4,25 DNeformations within the rock mass

All the preceding comments concerning the surface
of the rock mass could, more or less, be dealt with
by assuming an equivalent continuous medium, This
assumption is not valid inside the mass, where the
stress and strain patterns are governed Ly the
discontinuous nature of the medium. For instance,
the transmission in depth of a compressive stress
field applied at the surface will differ drastically

s

from the continuous solution and close the fissures in
much narrower bands and at a greater depth than shown
bv Boussinesq's equations (Fig.27). Although several
eminent authors have tackled this difficult problem
their results do not lead to a convenient tool for

the designers, owing to the extreme complexity of the
data., The models, both physical and mathematical,

are the same as those discussed in paragraphs 2.1 and
2.2, The discussion and comments would also be the

same,
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Figure 27 : Distribution of stresses in a jointed
roclk mass of varying bedding dips under an
applied external normel load ( Gaziev and
Erlikhan , 1971 ).

{1) Continuous mediwm.

(2) Series of discontinuous rock massea
(=2 = angle between bedding planes and
load ).

Fortunately the design can generslly be carried
out on the basis of qualitative reasoning. It ic not
alwavs necessarv to compute to arrive at a sound
engineering answer., The main concept to remember is
that compressions applied at the surface of fissured
rock, act along deep and narrow bands within the rock
mass, closing fissures, and that converszly tensions
applied at the surface open fissures only in the
close vicinity of the applied load.

This effect is of fundamental importance inr the
hvdraulic regime of seepage, and therefors on the
resulting water pressures,

More instrumentation is required to investigate
these mechanisms which, for the time being, are
mostlv theoretical. Meanwhile the designers have to
make allowance for them in order to avoid the danger-
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ous conditions they could create, should they really
fully develop.

4,26 Special case of deep excavations

Some heavy engineering structures, particularly
large dams and tall buildings with many basement levals
required the excavation of deep cuts into overburden

and sometimes the rock below. The applied forces
during the excavation process are therefore a system
unloading the rock foundation, before re-loading with
the structure, The analysis of the foundation rock
deformations in this case is extremely difficult, and
has very little to do with the results of small scale
jacking tests, where the unloading stage cannot be
simulated. It would be extremely interesting to
discuss the point of how to forecast the behaviour of
a rock formation during a cycle of unloading followed
by re-loading. The problem is not simple, and includes
the considering of pre-existing residual stresses.

There has been a case of a sound limestone bed,
10m thick, lying horizontally over a softer formatiom,
in which the application of a load of 2,000,000kn bv a
tall buildinp, and, elsewhere, the unloading up to
10,000,000kn by a deep excavation, resulted in punche
shear failure through the whole thickness of the bed.

4.3 Mechanical effects of water seepage

This topic has been discussed in section 2.4 and
the details will not be repeated here. It must,however,
be emphasised that the control of water pressure is of
fundamental importance in the design of rock foundate
ions which are required to support large engineering
structures. It is the dominant factor in the case of
dams.

4.4 Foundation treatment methods

4,40 Introduction
The engineer can improve the properties of a rock
foundation by three different categories of corrective
action:

Reducing deformations

Increasing strength

Controlling the hydraulic forces

All these means are not equally efficient at a
given foundation site. Moreover, their effect is not
always clearly understood, owing to the inadequacy
of knowledge still prevailing in several fields of
rock mechanics, There is therefore a part of guesswork
in many décisions taken about foundation treatment.
There are a number of rock foundations where no
corrective action whatsoever has been taken, and there
are others, like at E1 Atazar dam, where practically
every possible type of corrective action has been
taken (Guerrero and Serafim,1970),

The purpose of this section is to make comments
and speculate on some usual or less usual methods so
as to promote discussion and, with a little luck,
improvements of our present techniques, The means of
corrective action dealt with are:

Consolidation grouting
Presplitting

Excavation and concreting of joints
‘and faults

Surface strengthening
Reinforcement with steel
Curtain grouting and drainage

4.41 Consolidation grouting

It is possible to increase the stiffness of a rock
mass by injecting cement grout in the open cracks.
This treatment, conventionally applied in the near
foundation zone of practically all large structures,
has two main effects: the first is to reduce the
irreversible part of the deformation, and the other {is
to increase the modulus of elastieity. This result
can be achieved hovever only if the cracks are open,
and if thev are groutable.

The first condition is often met near the ground
surface,. where the lack of confinement leads to a
lonsening of the blocks (Snow,D.T,,1968). The opening
of the fissures near the surface is clearly indicated
by the high hvdraulic conductivities generally
measured in the upper sections nf water tests.

This necessary condition is not, however, suffic-
ient. It is also required that the grout should
penetrate the fissures at the moderate pressures
permissihle near the surface. For cement grout the
minimum groutable opening is about 0,2mm. It should
be remembered that such an opening corresponds to a
high hvdraulic conductivity. For instance, 0.2mnm
cracks at 1 metre spacing give a permeability in
their direction of about 50 Lugeon units. The tentat-
ive conclusion is that consolidation grouting with
cement is probably useless in rock zones where the
vater tests have given less than say 50 Lugeon units,

In rocke with fine cracks chemical groute @aﬁ be
used: silica gels or synthetic resins. The resins are
restricted to extremely rare cases, owing to their
cost (Price,D.G. and Plaisted,A.C., 1970).

Attempts were sometimes made to jet out the soft
filling materials before grouting. The process is
difficult and requires great skill, Usually, series
of holes are used for injecting air and water, with
or without chemicals such as bicarbonate, while some
other holes act as outlets for the eroded materials.
It seems that the high cost and always doubtful
results of :the operation hinder its development.

The efficiency of consclidation grouting has
not often been checked. There are a few cases in
literature, mentioning either an increase of modulus
measured in jacking tests performed hefore and after
the treatment, or an increase of seismic velocity,
But in most cages the question remains: what is the
real gain of stiffness obtained? Ancther point is:
how to check the result? This latter aspect is
important contractually for the acceptance of the
works by the owner.

It seems, however, that the main result is to
reduce the deformation heterogeneity over the
foundation area, the zones with wide open cracks heing
equivalent, after treatment, to the other zones. That
is prohably whv the treatment is very generally
applied, even if not properly understood.

4.42 Presnlittin&

Another possible action to reduce the deformabil-
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itv of the foundation is to open the excavation by
presplitting. 1t greatlv reduces the tendency for the
blo:ks near the -hottom of the excavatien to become
ivose under the action of shock waves. The result is
again, a lower irreversible -deformation and a higher
modulus. The thegry of presplitting has been attempted
in & continuous medium, The mechanism in a fissured,
therefere discontinuous, medium is not well understood
and spacing of holes together with their explosive
loads ure still empirical. Practice has shown the
great advantages of the process, widely used at pres-
znt. Consolidation grouting is still required, as
ragnlitting does not correct the natural hetero-
generty of defcrmability of the rock mass,

4,463 Excavation and concreting of joints and faults

The presence of major joints or faults in the
* toundation of a large engineering structure is not a
counter-indication although it gives rise to occasion-
3l zevere difficulties. There are very few dam sites
fgr instance with no major geological feature
crossing the foundation area.

When the filling materials are soft, or when
there are open voids, the common practice is to fill
them with conecrete, either by hand or Ly injection,
after the necessarv axcavations have been done,

It is not always reckoned necessarv to treat the
whole surface of the joint. The concreting of a
rectangular network of galleries and shafts within
the plane of the huge vertical joint called "Julie la
Rousse’ in the Monteynard arch dam right abutment is
an example of successful partial treatment (Faivre
D'Arcier,G. and Conte, J., 1964). The more thorough
filling of several faults in Magawado dam abutments
(Fig.28) used 20,000 cubic metres of concrete (Fujii,
T., 1970). The excavation of the soild and broken
rock material was done with a high pressure water jet
{10 MPa) for fear that explosives would shake and
disturb the foundation granite. There may be some
other applications of this excavation method for
"dental work" of that natrurse

The problems raised by replacing soft materials in
the foundation with concrete are different depending
upon the nature of the stresses to be transmitted,
but in all cases the most difficult point to answer
is: what area of the fault or joint has to be
concreted? The answer depends upon the assumptions
made on the distribution of stresses within the rock
mass, a very doubtful field of rock mechanics.

On the other hand, when considering shear strength
the fact that concrete has usually a higher modulus
than fissured rock may induce local concentration of
higher shear stresses and progressive failure. That
is why small concrete key ways,as sometimes contem-
plated across shear zones, are of doubtful efficiency.
This question deserves further study. In any event
such corrective action should always be contemplated
with a serious monitoring of the treated zone. The
foundation treatment of the Carei highway bridge,
France (Fig.29) is composed of concrete shafts,
excavated down to a bed that cannot slide inte the
valley. A difficult question is: what would he the
load on the piles in case of movements of a higher
bed of the rock formation?

4,44 Surface strengthening

Action at the rock surface is possible by means of
concrete buttresses, struts, shotcrete and gunite,
Although the forces supported by these eclements are
slight as compared with the total forces involved in

the equilibrium of the rock mass,practical experience
has proved that this tvpe of corrective ection isg
often adequate.

The progressive loosening of fissured rock
starts at the free surfsce. Its cause may be either
the stress relief due to excavation or the slow
alteration of the matrix, or more often, the softening
of the materials filling the joints. Slight openiug
of the joints goes with imperceptible rotations and
sliding of rock hloclks, large enough, however, to
reduce very appreciahly the strength and stifiness of
the rock mass as z whole, even st depth.

AA

Figure 28 : Nagawado Arch-dam concreted faults . (Fujii, 1970)

.(1) Fault.

{2) Concreted excavation in fault.

(3) Adit.
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Figure 29 : Concreted shafts under Carei bridge
piers (France ).

A shoterete or gqunite layer applied immediately
after the opening of the excavation obviouslv provides
superficial protection against weathering., As the
projected material moulds itself around all the
irregularities and nenetrates into cracks, even of
minute size, it develops a spectacular increase of the
stiffness of the "skin" of the rock mass, It ds,
sometimes, however, argued that the efficiency of
shqtcrete or gunite is more dountful on a surface
wvhich is not concave, and even, in some places,sharply
convex., The role of a reinforcing mesh,even light,
is then probal.lv essential., Again, the point is to
apply a resisting force across all joints where they
daylight at the surface sp as to prevent their first
displacenent from starting. Experience shows that this
force can be extremely small. It is interesting to
mention that the protective lining is so flexible that
it can follow the general displacement of the rock
mass without breaking, therefore lkeeping its full
efficiencv,

Rigid buttresses or struts look stronger than
thin linings and the forces are able to withstand can
be computed. 1Is this the reason why some designers
trust them more? It should be remembered, however,
that in surface workings as in underground workings,
the forces are all the higher as the support is more
rigid. The main point in modern techniques is to
avoid the progressive deterioration of the compactness
of the rock mass, originating always at the free
surface, There is therefore a weakness in strengthen-
ing by localised rigid units:the surface left
unsupported between units is not protected at all
(Fig.30), unless it is covered by a layer of gunite,

The discussion is open on the relative merits of
flexible continuous protection and rigid discrete
supports. Nne of the factors to be considered is
obviously the deformability of the rock mass proper,
the geological structure and also the sequence of the
works.,

The theorv of the mechanism of surface strength-
ening has yet to be developed. Engineers are unable
to put forward a quantitative analvsis of the inter-
action between rock loads and surface protection. They
are therefore unable to prove the design arrangements.
There are, however, a number of successful applicat-
ions.
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{a) (b)

Figure 30 : Comparison cf surface strengthening of a
discontinuous rock mass . '
(a) with butresses.
(b) with shotcrete.

(1) Zone of loosening of rock blocks.

4,45 Reinforcement with steel

Rock is a material with practically no tensile
strength and often low shear strenpth, owing to its
numerous surfaces of geparation. The idea of rein-
forcing it with steel bars, as is done for concrete,
is therefore very logical. The two principles used
in concrete are also used in rock:”passive” steel as
in reinforced concrete, "active" steel as in
prestressed concrete (Fig.31).

Two main ressa’ns however preclude any complete
analogy with reinforced or prestressed concrete:

a) The rock mass is a discontinuous medium with
a mechanical behaviour drastically different
from that of concrete.

b) The stecel cannot geunerally be installed in
rock masses either at the.optimum location
or at the optimum time.

In fact, the'choice between passive and active
steel is still open to discussion because the theory
has not yet been developed.

The prestressing solution results in a clearer
conception of the forces. Each bar or cable is
equivalent to & given and well known applied lead. It
can be introduced into any mathematical or physical
model. Of course this applied load has several effects.
In the first place it can reduce, by vectorial
addition, the effect of other applied loads which are
detrimental to stability. In the second place, it can
increase the friction resistance of joints bv adding a
normal compressive stress to the existing stress. It
is also possible to introduce a high enough compress-
ion to avoid the development of tension,i.e. opening

‘of cracks. One may even claim that prestressing

reduces the irreversible part of foundation displace-
ment by closing some open cracks.

The method,however, has some drawbacks. Although
the total loads that can be practically applied are
etill very small as compared with the forces present
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Figure 31 : Reinforcement with steel . Sketches .

(a) Prestressed cable.
(b) "Passive" anchor bars.

in the rock mass, the stresses near the anchor zones
are high, approaching the compressive or shear

strength of the rock. In addition, there is always the
threat of failure of high tensile steel wires hy stress
corrostion, particularly in rocks where the chemical
composition of water might be much more unfavourable
than in concrete. The procese hes, however, proved
verv successful in some cases such as the surface
strengthening of the banks at Vajont Dam, or the
tightening of treated fault zones in the Nagawado

dam abutments.

Ordinary reinforcement bars embedded over their
whole length have been used more often. Although the;
mechanism of their action is more difficult to under-
stand, they have proved successful in many cases. The
principal is to introduce into the rock mass addition~
al tensile and shear resistance at the surfaces of
separation crossed by the steel. The maximum available
force is determined by the steel cross section but
the stress actually developed is not krown.

It has been argued that passive steel can
contribute a stabilising force only after rock has
deformed, i.e. after failure. This is true but the
rock strain necessarv to mobilise the steel reactlon
is extremely small owing, first, to the fact that all
deformation is concentrated within the thickness ?f
the joints and second to the fact that Fhe §tee% is
perfectly embedded in its hole. This point is vital
for the proper functioning of the reinforcement. A
joint opening of 0.2rm, for instance, would have to
open only 10~% mm, more to develop a stress of 100HPa
(permissible stress of mild steel). should the bon§
fail over a certain length on both gides, the opening
of the joint will remain an extremely small fraction
of a millimeter.

The theory of the reinforcement is however not,
yet available, It seems that there are two distinct

cagses to consider.

In the first case, steel is used for stabilising
a pogsible failure bv sliding on one or two stngle,
smooth geological features such as bedding planes or
faults. The computation can be done assuming that the
scrain will be limited to a low value due to the
reinforcement, and allowing a certain shear strength
tc develop., With joints exhibiting peak strength, it
may be possible to keep a part of thie peak strength.
The question is: how to compute this available
cohesion? There is no answer yet, although one might
feel that it could he given by a close examinstion of
the process of progressive failure,

In che second case, astezel can_be uged in an
imbricated rock mass, or for stabilising shear sure
faces with some degree of roughness. In this case,
shear straim is accompanied by dilatamcv. Tha joint
croassed by reinforcement opena up and puts the steel
under tension as goon as a shear failure starts.
Another way of looking at the mechanism is to consider
the intrinsic curve of a rough joint, If irregularit -
ies are arranged in a random pattern, their angles
vary and are higher for smaller irregularities and one
obtains a curve, with a very etezp alope near the
origin (Fig.l4). This means thai for low normal
stresses the angle of frictior is much higher than
usually assumed, The consequence is that, with the
low normal stress developed in the steel bar bv a
slight dilatancy of the joint, a relatively high
shear strength is available. The effect of the
reinforcement is therefore to translate the imtrinsic
curve as a whole towards the left resulting in an
appreciahle cohesion, At the same time, the inter-
locking action of the steel, which, with a moderate
force, prevents the smallest irregularities of the
joint from slippinp, probably results in tncreagsed
stiffnegs, The reinforcement might therefore he
visualised as a means of jimproving the modulus of
deformation of the rock foundation. The results
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obtained with mine rock bolts (Lecnet,0.,et al,1971)
tend to show that embedded bars are better than free,
anchored bars.

A difficult problem is raised by the anchoring of
main cables of large suspension bridges, which apply
shear and tensile loads of high magnitude to the rock
mass. At Tancarville bridge, France (Fig.32),the load
vas 160,000 kilo newtons. It was anchored in chalk. All
possible failure surfaces were investigated, in terms
of the structural data, and grouting together with
placement of 'passive" reinforcing bars was done.
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Figure 32 : Anchorage of Tancarville suspension bridge,

Right bank (Esquillan , 1961 ).

(1) Concreted key excavated in rock.
(2) Shafts and adits.

In the cases where millions of newtons are
required, the use of prestressing would lead to
serious problems of stress concentratiocn, whereas
ordinary reinforcement, in adits backfilled with
concrete, is a cheap and straightforward operation.

The extension of this concept plus a better
understanding of the mechanical behaviour would lead
to a new material for the design of foundations:

reinforced rock. It is fully realised that much has
to be studied yet and that several statements in the
foregoing are controversial, but it is considered
that the prospects are promising enmcugh to stimulate
at least a lively discussion.

4,46 Curtain grouting and drainage

When the decision is made to act on seepage forces
the two main tools are grouting and draipage. They
are complementary, although sometimes only one is
used. In the past, say before 1960, most of the
rock foundations were only grouted when water seepage
wag an obvious nuisance (particularly to reduce loss
of water from reservoirs). It is interesting to
note that,until recently, rock foundations of dams had
deep grout curtains, and only gravity dams had
drainage curtains, usua.ly very shallow and practica-
11y limited to the rock-concreéte rontact, After the

effect of water seepage on the stability of foundat-
ions was better understood, that is practically aifter
the Malpasset Dam abutment failure, drainage was
considered the test action in most cases, It is at any
rate the only efficient treatment in rock of lcw
hydraulic conductivity, such es all rozk with fine
figsures.

In paragraph 2.4, comments were made on the basic
understanding we have acquired at present, of water
seepage in fissured rock and cf forces that it deve=~
lops. Even if this knowledge is stil! qualitative,
it is adequate for directing thc engineer’'s work. As
it often happens in foundation engineering the main
point is not to have e perfect technique of analysis
but rather a sound understanding of the possible
mechanisms, There is, however, & limitation: what is
the effectivencss of any corrective measure? The
danger is believing that the action is efficient while
in fact it may not be. Grout curtains, with one or
several lines of holes, aim at piugging the water
paths by grout. An ideal grout curtain would support
the whole water pressure on one face, no water
remaining on the other side, Unfortunately, ticre are
several reasons which prevent grout curtains from
acting in this perfect way. Pirst the limitations
given in paragraph 4,41 are still valid: cement grout
does not penecrate thin fissureg, and does not remove
sandy £iliings, The use of chenicals and the jetting
out of fissurcs is generally too expensive for the
purpose, Evei: more as the efficiency of a thin
curtain is extremely sensitive to a minor and local
defect, This point, strongly made by Prof, A,
Casagrande at the First Rankine Lecture ~ 1961, was
then questioned by several authors but is now
commonly accepted.

Fortunately in finely figsured rocks, where a
grout curtain is not valid, drainage is a suitable
alternative. It fully controls the hydraulic porential
on the downstream side. 1In other words it achieves
exactly what was required from the grout curtain, the
only difference being that the dratnage increases the
amount of leakage, whilst the grouting reduces <it,
This is without any consequence in most rocks where
the hydraulic conductivity is low. Conversely, if the
conductivity is high grouting has.to be carried out,
should it be only as a consolidation treatment,

To summarise it can be stated that, for fissured
rocks:

a) of low permeability (say less than §
Lugeon units), drainage is generally
essential, whereas grouting is uscless,

b) of high permeability (say more than 50
Lugeon unitg), grouting is required for
controlling water leakage whcreas drainage
i3 not necessary.

¢) for medium permeability, drainage is
always ugeful,its cost i3 low, and the
decision on whether to carry out a grout
curtain can be made on the basis of
economics (permissible water loss or cost
of pumping leaskage).

The theory of change of conductivity of rock
wnder stress, as discussed in paragraph 2.42, leads to
other considerations (W.ler-Minassian et al,1967)
vhich have a particular significance in dam foundat-
ions, but may also have to be considered in other
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cases, The fact that the stresses applied by the
engineering structure act at depth and might render

the rock extremely tight if it is finely fissured

mal.as the limitations of the grout curtain mentioned
above still more pronounced., It also helps to locate
the ¢fains in a zone of the foundation where thev are
ot "masled” bv the watertight barrier due to stresses,
'n the case of arch dams they should be directed in an
vpstream Jirection,

This theory, although checked in the few cases
where the foundatiun rock was adequately instrumented
for purpose, is still controversial., It would be
exerenely useful to the profession to know of cases
whiete the behaviour of water seepage has confirmed or
invaiidatea this radel. On the other hand, it is
tikely that in the future, more drainage tests than
stouting tests will be carried out at the design
stage. This would he a normal trend as "drainability®
mipght be a vital part of the design of a large
structure foundation (Pena,H. et al, 197n),

LR

Anocther important point, made in paragraph 2.43
ie nhather the drainage can be effective in a rock
furnaticn where water flows through preferantial
chanrels. As a single line of drains gives no
protection in this case, it may be necessary to
contemplate a unifors distribution of drains through
the whole rock mass. This mechanism has to be
studied in more detail, It ic a vital subject of
investigation, because a number of foundations
protected with a conventional drainage curtain are
perhaps not drained at all., ONf course many rocks
probablv have not the ideal plane fissure flow type
nor the equallv ideal preferential channel flou
type. A number of recent observations however have
shoim that the preferential channel flow is frequent
and the governing factor for the efficiency of
drainage is the proportion of flow drained:as scon as
channels are present the ratio between water discharge
via channels and discharge via fissures is very high.
The result is that a drain which does not intersect a
channel does not significantly alter the flow net and
the corresponding pressures.

For all the previous reasons, the effect of
drainage, often vital for the stabilitv of the
foundation, should be monitored. Piezometere atre
therefore considered as an integral part of the
drainage design. They would also detect the ageing
of the svstem, as it is well known that drains have to

be maintained against clogging by fine grains of soil
or chemical deposits. Only piezometers can give
warning in time that drains have to be reamed out or
new drains have to be drilled.

4,5 Monitoring of rock foundations

4,50 Introduction

It was realised, rather recently, by civil
engineers that instrumentation and monitoring of the
foundations of major works was a vital part of design,
However,before 1960 hardly any rock foundations were
monitored. It is generally considered at present

that monitoring of the foundations is at least as
important as monitoring of structure, The French word
for instrumentation is "auscultation” from the medical
term meaning an investigation through specific sounds
or noises. As in the medical field, it is not
necessary to agssume that the patient is ill before

practising "auscultation", As a matter of fact, the
role of instrumentation, as a medicine, is twofold:
research into the normal behaviour and early detection
of any significant divergence from it. The information
obtained is all the more valuable, the earlier
readings are started. When possible, instrumentation
should be installed before the structure is built,

Finally, instruments left within the rock mass
ghould be robust and the reading operations should be
simple since the conditions on a site are far differ-
ent from those in a laboratory, The methods discussed
here do not cover all available instrumentation, but
are reckoned to be the most reliable and suitable for
rock foundations.

4,51 Geodetic measurements

Two types of measurements, based on geodesy, are
commonly performed: displacements in directions x,y,
z by triangulation, and displacements in the vertical
direction z only, by levelling. The sensitivity of
levelling is ten times more (O.lom at 50m distance)
than that of triengulation.

Recent developments in electro-optical distance
measured devices (Penman,A.R.,1971,Thomas,T.L. and
$t.John,C.,1972) have added an important fa=tor of
rapid and accurate measurement cf distance to
geodetic measurements, A combination of these new
methods and traditional optical survey methode
provides the engineer with a powerful get of
monitoring techniques,

The main drawback in all these methods,however, ig
the possibilitv, whicl, has often heen observed, of
unstable reference points. The small displacements to
be measured in a rock foundation mey be exceeded hv
errors from reference base movements. The latrer
movements may come from elastic deformations of the
ground under applied loads and also from errstic
displacements of the surface lavers where the
monuments are founded.

It is therefore suggected chat geodetic measure=~
ments should not be relied upon tor the detection of
the small displacements which are associated with the
rornal behaviour of an engineering structure, Thev cex
howevar,provide a means of detecting large displace-
ments which are indicative of abnormal hehaviour,

4.52 Inverted pendulums

In foundation rocks, pendulums are uguallv of =he
inverted type: the wire is anchoszed at the bottom of
a shaft and kept in a vertical position by a ring
float at the upper part (Fig.33), Normal pendulums can
be used however when placed betwezen adits like in
Montevnard dam abutments., The gensitivity is about

"0.05mm in'x and v divections.

Inverted pendulums are prohablv the most accurate
instruments that one can place in & vock foundation.
Thev give a verv reliahle value of the horizontal
dispiacement vector provided the fixed point is
reallv fixed, \ihat should therefore be the depth of
the shaft? That is a question still to be answered.
It depends of course on the loads applied to the
foundation, but alsoc on the geologicel structure of
this foundation. Recent computations (Mladyenovitch,
V.,1970) have shown that most of the pendulums now in
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_Figure 33 : Inverted pendulum in foumdation rock (Electricite de France ).

(1) Stainless stee} wire.

(2) Large diamterer borehole.

(3) Anchor zone.

(4) Ring-shaped tank.
(5) Ring-shaped float.
(6) Reading scale.

operation are not anchored deep enough to give a
good approximation of the ahsolute displacement

(see section 4.24). 1In spite of this drawback thev
would however detect very early deviation from normal
behaviour, A mention should he made also of the
difficulty of drilling deep, straight vertical holes
to be sure that the wire does not come into contact
with the walls at anv level.

4.53 Wires in boreholes

The relative displacement along the pendulum wire
itself could be measured, but in practice, special
wires, not necessarily vertical, are used for this
purpose, The main difficultv is to eliminate length
variations due to stress and temperature, Invar wires
have to be used for vears to calibrate the geodetic
base lengths and the technology is the same, except
that the wires are installed in adits or borcholes.
The systems have been used for many years in mines
but the development of the method is recent for
rock foundations. It is now common to install eight
wires of different lengths in the same hole (Fig.34).

The main difficulties for the installation of

this valuable device are: Figure 34 : Borehole "Elongameter"

a) Drilling straight holes,particularly
wvhen thev are long and near the hori-
zontal, and executed from a narrow
adit,

h) Avoiding possible friction along the
walls bv an adequate tension.

c) Avoiding creep of the wire due to too
high a tension.

( Manufatured by TELEMAC )

(1) Stainless steel wire (8 wires).

(2) Watertight pVC casing (50mm diameter).
(3) Anchor ring for wire no. 1.

(4) Borehole (75 mm diameter).

(5) Measuring head.

(6) Vibrating wire device.
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d) Anchoring correctlv the different wires
of different lengths

sccording to the local conditions and length of
wirz the sensitivity varies: it is approximately
N.ims for a range of 5Scm.

Aithouph a Jefinite improvement, this multiple
vwire device is still discontinuous; the fissures
cannct he localised exactly within each section
betwean anchor noings. The idealwould be a long
extenscmeter, able to measure the strain over its
whole length (Bernaix, J., 1969).

4,534 Clinometers

Two types of clinometers are used in rock found-
: fized inatruments, and sliding cells lowered

torenoles.

R

to
“nto

The first type is extremely accurate, The vibrat-
ing wice clinometers for instance pive & sensitivitv
er 1 < 5.1076 radians, and tliev give the direction
. % 2nd y of the variation of slope. A number of
chew are installed in adits, shafts or underground
chambers, to detect any possible anomaly of deformat-
ion.

The second tvpe, using boreholes lined with &
plastic casing equipped with guiding groves is very
commonly in goil. Its lower accuracy is due to the
imperfection of the guides, deformation of the hole,
and inaccuracy in positioning the cell at the same
place for each series of readings. It is therefore
not a good device for measuring the real deformation
of a rock mass by integration cf elementary slope
variations. It is however useful to detect any
possible shear zone or surface aloang the borehole, The
only drawback is that bevond a certain shear strain
the measuring cell will jam in the hole and not give
any further information on the section below.

The chain deflectometer (Muller,G and Muller,L.,
1670) is an instrument of intermediate tvpe; although
removable from the borehole for repair or calibration,
it is left homed-~in for several series of measurements

4.55 Geoghxsics

Monitoring by geophvsics has been attemped several
times. Although not often applied, these methods are
perhaps worth developing, and it would be interesting
to gather the experiences, positive or negative,
obtained on rock foundations. It is tempting to use
geophysical methods as thev act somewhat like
radiology in medicine: they "look" inside a large
body of rock,

Electriec conductivity could bring valuable
information on changes of permeability, but ahove all
on alteraction or dissolution of rock owing to the
vesulting change in ion content.

Setsmic refraction or transmigsion between

fixed points could detect a possible change in fissure
openings, in other words, in stresses. The investi-
gations made in the foundation of Gage 2 Dam in France
(Faurox et al, 1968) are encouraging. It would be
interesting to know whether other experiments have
been attempted, and what are the most significant
seismic parameters: velocity,length,attenuation of

waves? which waves? For instance, at Gage 2 dam,the
variations between empty reservoir and full
reservoir conditions, were 20% for the wave velocitv
and 90% for attenuation of energy.

Finally microseismic recording by highly sensitive
seismographs of minute shocks originated in the
foundation may detect either a normal adaption to the
new stress field, or the onset of failure. This
method of micro-seismic measurement, mainly used in
nonitoring rock slopes, could probably be used in
foundations as well, provided it is interpreted with
great skill; otherwige there might be needless concern
at quite normal developments.

'
4,56 Piezometers and drains

The drains, which are usuallv installed in
foundations, at least when the hvdraulic gradients
could develop forces detrimzntal to stability (e.g.
in dam foundations), are not only efficient corrective
wsogures (see 4.46) but also useful monitoring
inctruments. The increase in discharge, or the
drying out, of a drain obviously has a meaning.
Hovevar, no interpretation is possible without the
gsecond term of the flow net, i.e, the hydraulic
potential. That is why all designers now agree on the
absolute need for presometric measurements together
with drain discharge readings. The whole is what has
been called in French "auscultation hydraulique". It
seems that it is a powerful mesns of detection of any
rearrangement of strains in the rock foundaticn., As a
siight deformation of the rock mass entails s much
larger defcrmation of the fissures,which in turn
result in spectacular changes in hydraulic conduct~
ivity, it is claimed that the slighrest modification
of rock strains shauld react on the flow net,i.e.
on the piezometer readings and drain flow rates.

Although this behaviour has been cbserved in a
few cases, it is of utmost impcrtance to gather
further confirmation, because it would give a powerful
means of warning, probably before any anomaly is
detectable by other instruments,

It should be remembered, however, that the theosry
of sensitivity of flow net to fissure width variation
does not hold when the flow is concentrated along
channel~like paths., This point, discussed in 2.& has
to be concidered seriously for the interpretation of
"hvdraulic instrumentation."

A mention ghould he made here about the reliabil-
ity of piezometric measurements,

The plezometer iips are either too shuri, giving
only a local value difficult to use, or toc leng,
giving a wrong ''mean' value by permitting circulatica

" of water between levels at different potentials. The

continuous borehole ptezometer (Fig.35) worked out in
France (Groupe de Trsvail CFGB,1970) is an iaportant
step towards proper piezometric readings: a complete
log of pressure is possible for the whole length of
the borehole, which, in addition, does not allow
circulation of water, thanks to a rubber membrans.

Finallv, drain holes could also be used to
perform Lugeon tests, at constant locations during
the operation of the structure (Louis,C.,1971)., Tests
of this nature are not often done, although they
deserve to be, to enahle a better understanding of
foundation rock bhehaviour.
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Figure 35 : Continuous borehole piezometer (Groupe de Travail du CFGB y 1970)

(1) Borehole with rubber membrane under pressure (P1> Po)'

(2) Borehole during measurement at depth Z (P = P,).

(3) Rubber membrane.
(4) Measuring probe.
(5) Packe. .

(6) Time in minutes.

(7) Water pressure inside probe.

' (8) Curve of pressure vs. time at depth Z.

(9) Depth.

"(10) "log" of water pressure.
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Drakensberg pumped storage scheme : rock
engineering aspects

1.B. BOWCOCK Partner, Gibb, Hawkins & Partners, Johannesburg.
J.M. BOYD Senior Geotechnical Enginees, Golder Asscciates, Maidenhead, U X,
E. HOEK Principal. Golder Associates, U.K.

J.C. SHARP Principal, Golder Associates, U.K.

SYNOPSIS: The Drakensberg Pumped Storage Scheme is a multi- purpose project being undertaken
jointly by the Electricity Supply Commission and the Department of Water Affairs. The Scheme
involves three major underground excavations for the pumping and generating plant and associated
subsidiary equipment., There 1s in addition an extensive series of inter-connecting tunnels to act as
waterways and access. The general approach to the rock engineering aspects of the Scheme are
described and detalls are given of the project feasibility considerations and subsequent exploratory
geological and geotechnical work. [he geological programme is outlined and details are given of the
rock mechanics investigations involving sample and In-situ testing and evaluation of rock reinforce-
ment and pneumatically applied concrete, The testing of an enlargement to the full cross sectional
dimens:ons of the future machine hall and of a full scale penstock test chamber to determine the
feasibility of concrete lined pressmire tunnels are described, The inter-relationship of investigation,
testing, analysis and design are considered in the Paper, :

_ INTRODUCTION i

1. Engineering Description of the Works

The principal source of water for Johannesburg sufficient to provide an assured supply to meet
and other centres in the Witwatersrand for both the demands of this rapidly growing area. As a
industrial and domestic purposes has tradition- result, the Department of Water Affairs has pro-
ally been the westward flowing Vaal river ceeded with a scheme to abstract water from the
(Figure 1). However this source is no longer upper regions of the eastward flowing Tugela

river and to pump this over the Drakensberg
escarpment into the Vaal catchment,

FIGURE 1
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The first phase of this scheme was completed in were undertaken jointly by the Department of

1974 and water 1s now being pumped over the Water Affairs and the Electricity Supply

escarpment from a pumping station at jagersrust. Commission (Escom) as a result of which it was
decided to proceed with the Drakensberg Pumped

The predicted demand for water from the Vaal Storage Scheme (1)

catchment would have made 1t necessary to

duplicate this pumping scheme by 1980. Howevesg Escom will use the Drakensberg Scheme primarily
as an alternative, studies were carried out into to store surplus off-peak energy from thermal

the possibility of developing a pumped storage power stations. For water supply purposes the
scheme wn the vicinity of the first pumping : Department will draw water from the upper
station which could be used both tor pumping reservoir (Driekioof).

water 1nto the Vaal for water supply purposes
and for storing electricity. These studies
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The pumping hea! will be approximately 500 m,
one of the highest in the world for this type of
scheme,

The Scheme, which 1s now 1n the early stages of
construction, 1s located approximately 5 kilo-
metres to the north of the existing Jagersrust
pump station. The principal engineering
structures include an underground power station
to contain four reversible pump-turbines each
driving a 250 MW reversible motor-generator,
assoclated tunnels and shafts, surge chambers
and access tunnels ('tgures 2 and 3). These
works will be carried out under contract to
Escom. In addition, the Scheme involves the
construction of two ma)or embankment dams at
Kilburn and at Driekloof and extensive open
excavations, These excavations and dams

are not discussed further in this paper.

An 1ntual study of the rock mechanics aspects
oi the Scheme was made by the Counci! for
Scienulic and Industrial Research (CSIR).

after this study Escom appointed Gibb Hawkins
and Partners as 1ts consulting engineers for

the design and site supervision of the
excavation, stabilhization and lining of the
underground works. Gibb Hawkins and Partners
noturn appointed Gelder Associates of the
United Kingdom as their specialist advisers

ior the rock engineering aspects of the Scheme,

Two exploratory contracts were awarded by
Escom at the beginning of 1975. The first
contract involved excavation of an exploratory
adit and an exploratory shaft with inter-
connecting headings in the area of the future
machine hall. In addition provision was made
in this contract for excavation of a test enlarge-
ment to the tull span of the machine hall and
construction of a trial length of concrete lined
pressure tunnel. The second contract was
for exploratory drilling both from the surface
and from underground,

In August 1975 a preliminary contract was
awarded for the excavation of the tailrace
tunnel and main access tunnel (headrace and
tatlrace refer to the generating mode). Further
contracts will be awarded by Escom for the
remainder of the underground work.

This paper describes the rock engineering
aspects of the Scheme including 1nvestigation,
testing and design phases. Particular emphasis
is placed on the power station excavations,
Feollowing a brief summary of geological and
groundwater conditions, the main rock
engineering aspects are discussed, At the

time of writing (July 1976) the exploratory

works are still in progress and full results

are therefore not available.
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2. Summary of Geological and Groundwater
Conditions

2.1 Geology

fhe underground works lie mainly beneath the
south facing slopes of the Drakensberg escarp-
ment between elevation 1730 m at the top of
the surge shafts and elevation 1214 m at the
tnvert of the tailrace portal (Figure 2).

The Scheme 1s sited mainly within rocks of the

Beaufort Series of the Karroo System., Fossil
and stratigraphic evidence indicates a
continental depositional environment. Lateral

facies variations are common and therefore
the boundaries of lithological units are
frequently diachronous.

A distinct division of rock types in the vicinity
of the Scheme occurs below a prominent sand-
stone horizon which outcrops at approximately
elevation 1550 m (Figure 2).

Below the marker horizon the rocks are primarily
sandstones, siltstones and mudstones from the
Middle and Lower Beaufort Series, Siltstones
and mudstones from these horizons vary in colour
from greenish or bluish grey to dark grey.

Above the marker the rocks consist mainly of
interbedded sandstones, siltstones and mud-
stones of the Upper Beaufort Series, the mud-
stones and siltstones of which have respecuvely
a distinctive reddish-brown and greyish-green
colouration. ‘

In addition to the rock types mentioned above
there are also occassional thin carbonaceaus
seams predominantly in those rocks below the
marker horizon. Carbonaceous seams are
usually thin, poorly developed fossil leaf
remains within dark mudstones,

Dolerite sills and dykes are also present,

The dykes are typically near- vertical, from one
to three metres thick, and often bounded by
slickensided, serpentinised shear zones., A
major sill having an upper elevation of 1133 m
and over 70 m thick has been found beneath
the proposed machine hall,

The strata within the Site area are essentially
horizontal and bedding forms the dominant
structural feature, Bedding plane spacing
has been fcund to vary from less than 5 mm
up to 500 mm. Frequently cross bedding

and other sedimentary structures occur within
the litholigical units,



Joint surveys have been carried out hoth on
surface exposures and 1n underground adits,
[he surveys show three statistically significant
near-vertical jointing trends striking at approx-
mately 1200, 160° and 190°. In interpreting
the significance of the jointing it should be
remembered that the major axes of the main halls
are east-west, the axes of the tailrace and
pressure tunnels are approximaiely north-south.,
(All directions 1n this paper are with respect to
magnetic north, 19°04" west of grid north).

Faults are usually assoctated with dolerite
dykes although displacements are generally
limited to a tew metres.

2.2

Borehole permeability tests carried out over the
area of the Scheme show a range of permeability
from 10°° m/s to lO'gm/s. In general, the
sedimentary units are relatively impermeable.
Permeable fractured zones up to 2 m thick have
been found at dyke margins.

Groundwater

Piezometers were 1nstalled in selective bore-
holes to determine exi1sting groundwater
conditions, seasonal variations and the influ-
ence of tunnel excavation on groundwater
pressures,

The presence of low permeability mudstone and
siitstone seams gives rise in general to a
perferred groundwater flow direction parallel

to the bedding within the more permeable units.
The dykes and dyke margins modify this general
‘low pattern by dividing the rock mass into a
series of reservoirs. Significant changes in
piezometric head across dykes have been
observed.

The groundwater table 1s generally close to
surtace, Significant departures from hydro-
static cowditions with depth are expected in the
vicinity o’ the escarpment,

ROCK ENGINEERING ASPECTS CF THE SCHEME

1, General Approach

The: underground excavations required for a
hydro-electric scheme such as the Drakensberg
project have to be designed to satisfy a number
of hydraulic, mechanical and electrical require-
ments. These requirements 1mpose certain
constraints upon, the stze, shape, depth below
surface and orientation of the various excava-
tions which make up the underground complex.
Within these constraints, rock engineering
principles are applied to check the feasibility
of the proposed layout (basic consideration of
excavation size, spacing and geology). Further,
they are used to design the detailed shapes,
excavation sequences and support systems
which are necessary to ensure that the excava-
tions remain stable throughout the life of the
project.
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The scope of the investigation, testing and
design processes depends largely upon the
characteristics of the rock mass and the nature
of the in-situ stress field. These factors will
determine the degree of stabiiity inherent in the
roof, sidewalls and inter-sections of the excava-
tions and the necessary reinforcement to main-
tain required stability conditions permanently.

During feasibility studies for a project, only the
most general-type of geological information is
usually available. At this stage, the potentiai
behaviour charactertstics of the rock mass are
identified in .wvery broad, general terms. Pre-
cedent and experience from other similar schenes
are principal factors.

Such experience is reiated to the rock mass and
excavation geometry by means of geomechanical
classifications (2 and 3). Geomechanicai
classifications can be used to distinguish
between different potential failure modes which
may range from structurally controlled roof falls
in jointed hard rock masses, tc failure of intact
rock material under stress in more homogeneous,
weaker rock masses,

The potential behaviour and possiktle supgort
requirements for the underground excavations
are then estimated.

During the exploratory phase the available
geological information becomes more detailed
and & final specific design 1s formulated. At
this stage, the mechanical behaviour of the rock
mass is considered in terms of the most dominant
characteristics and the 1nvestigation, testing and
design processes are related to these speciiic
parameters,

2. Project Feasibility Stage

As previously mentioned, the earliest studies on
the rock mechanics aspects of the Drakensberg
project were carried out by the CSiR and were
based upon the use of a geomechanics classifi-
cation system (2). These studies suggested
that stable roof spans would be limited by the
poor quality, horizontaily bedded rock mass in
which the major underground excavations would
probably be located. Other schemes with
similar rock conditions to Drakensherg were
appraised., Table 1 gives the general rock mass
characteristics and machine hall sizes for the
Drakensberg, Poatina and Portage Mountain
hydro-electric projects.

Based upon comparisons with the Poatina scheme
in Tasmania (4}, the use of a trapeznidal roof
arch with a total span limited to 20 m was
cons:dered. [n order to minimise the «ifective
overall height of the Drakensberg excavation
and thus ensure greater inherent stability of the
sidewalls, each of the four pump-turbines was
planned to be located 1n individual pits
separated by adequate rock pillars.



TABLE 1
-, Project Machine Hall Rock Condition
' Name Dimensions Depth
LxWxH (metres) {metres)

Drakensberg 193 x 16,3 x 45 150 Horizontal series of sandstones
(Natal RSA) and siltstones and mudstnnes
Poatlna 92 % 13,7 x 26 152 Horizontally bedded mudstone.
{Tasmania, : Horizontal stress apprcximately
Australlg) twice vertical.
Portage 271 x 20,4 x 44 61 [nterbedded sandstone, shale
Mountain and coal measures dipping 15°.
{(B.C. Canada} Horizontal stress approximately

, twice vertical.

J

Following a detailed appraisal of the CSIR
recommendations several major points emerged
which affected the layout of the scheme and
the scope of the subsequent exploratory works.
These were as follows ;-

In accordance with the CSIR's recoinmen-
dations, the pump-turbines would be
located in a machine hall of the minimum
possible cross-sectional dimensions.
This would be achieved by separating
components such as transformers and
valves within separate halls, which would
be located far enough from the machine
hall to minimise interaction of the stress
fields surrounding these excavations,
Simllarly, the downstream surge chambers
were io be located as far away {rom the
other major excavations as possible.

)

The initial design of the roof of the
machine hall would be based upon a
trapezoldal section (similar to that used
at Poatina), The purpose of this shape
is to limit the roof span in the horizontally
bedded sequence by means of haunches,
In order to check the validity of this
concept to the rock mass conditions at
Drakensberg and to permit the evolution
of a rational roof support system, based
upon the use of tensioned reinforcement
and pneumatically applied concrete (PAC),
it was proposed that a machine hall test
enlargement should be excavated during
the exploratory phase of the project.

This test excavation would be carefully
excavated in stages, monitored and the
results used to ascertain the optimum roof
shape and support system. -

(2)
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In order to take advantage of potential
cost savings of using concrete instead of
steel Lining for the lower portion of the
penstocks, it was proposed that a pen-
stock test chamber should be constructed
during the exploratory contract,

(3)

This chamber, which would be lined in the
same manner as the lower portion of the
penstocks would be fully instrumented and
tested to the full hydraulic head of the
Scheme to check the interaction of the
lining and the surrounding rock mass with
respect to deformation and leakage,

In addition to the specific test openings men-
tioned above, a comprehensive gaatogical and
geotechnicali investlgation and testing proyramme
were developed to determine conditions thrcugh-
out the Scheme.

3. Exploratory Stage
3.1 Introduction

The purpose and scope of the various elemsants
of the exploratory programme were established
initially in terms of the design objectives,
Adequate flexibility was built inro each element
to allow progressive refinement during the
exploratory phase.

The following main factors were considered:-
(1)
(2)
(3)

Geology
Groundwater

Mechanical characteristics of the rock
mass

(t)
(1)

Rock reinforcement testing
Evaluation of exploratory works.

Sample testing
In-situ testing

(4)
(5)



These studies together with the machine hall test

enlargement and the penstock test chamber are
described in the following section of the paper.

ne geological and groundwarter conditions have
peen summarised earlier in this paper. The

broad scope cf the investigations are described '

1n the following section for completeness.

The investigation and testing programmes were
carried out to satisfy the following two main
requirements : -

(1} Classification of stability/support
conditions in tunnels and minor openings

(2) Specific design of major halls, blocks
and intersections.

For the first requirement, extensive use has been
made of simple index tests on core to supplement
geological data. For the second requirement
more elaborate tests have been carried out at a
representative scale and at locations relevant to
the major works.
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3.2 Gecelog:ical Invesugations

Figure 4 shows the locations of boreholes
wnich were drilled primarily during the expior-
atory contract to Investigate both the gene:ral
geological conditions over the entire align-
ment and the detailed conditions in the vicintty
of the major excavations. The rocks were
classified according to argillaceous content as
ttlustrated on Figure 5.
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SANDSTONE TO LAMINATED

SILTSTONE VERY TiiINLY 1O
THINLY BEDOED 2

MUDSTONE MEDIUM BEDDED. 3

B. BEDDING
CLASSIFICATION

Most of the boreholes were drilled with 54 mm
diameter double tube coring equipment. The
core was generally wrapped 1n alumintum foul
and waxed 1mmediately upon extrusion from the
barrel in order to minimise deterioration due t
weathering prior to testing. Permeability
testing was carried out in representative bore-
holes.
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A. SYMBOLIC LOG

[DPLS) CLASSIFICATION

FIGUREL
GENERAL ROCK CLASSIFICATION SCHEME FOR TUNNEL ROOF CONDITICNS

Detailed geological logging was carried out on
all core. An example of a typical geological
log is given i1n Figure 6. An expanded scaie
of logging was used 1n the vicinity of the
major cavern roofs.

High quality colour photography of ali core
prior to testing was carried out in order to
provide a permanent record.

Geophysical investigations were carried out

- along traverses as indicated in Figure 4 to
check the depth of surface weathering and to
identify anomolous zones between borehole
locations., Surface reflection, refraction, up-
hote and cross-hole shooting seismic techni-
ques as well as magnetometer surveys were
used. The measured seismic velocities were
high for the rock types encountered (except in
anomolous zones), an indication of the
relatively unfractured nature of the in-situ rock
mass. Magnetometer surveys proved to be
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5

useful 1n the location and mapping of dykes
along tunnel alignments.

3.3 Sample Testing

Tests on core samples were carried out for two
main purposes :-

(1) To provide representative 'intact’
strength and moduius values for the

various rock types

(2) To provide i1ndex values for classifi-
cation of stability/gupport conditions

in tunnels and minor openings.

Small scale sample test results were not used
as a basis for design of the major opeaings.

Early studies of various types of index tests
indicated that the Point Load Index for core
loaded diametrally (parallei to bedding) gave the
most representative mechanical incex for roof
stability conditions.
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TYPICAL GEOLQGICAL AND GEQTECHNICAL LOGS

This test was therefore carried sut «s a general
index test for the entire works and also incor-
porated into a Roof Stability Index for tunnel
(limited span) sections. Correlation with
lithology and actual roof conditions 1n the
tunnels allowed three classes of diametral point
load strength vatues to be defined (Figure 5)..

The susceptibility of the siltstones and mud-
stones to deterioration on exposureé was studied
using the Slake Durability Test. A series of
visual tests, using dye penetrants on samples
subjected to various wetting and drying cycles,
was also carried out.

Uniaxial compression testing of cores with
modulus measurement using mechanical calipers
was carried out on a large number of represer:-
tative specimens. Results from such tests were
correlated with lithology, inclination of bedding
to the core axis and other parameters. Expected
lower values of strength for increase in argilla-
ceous content and at crnitical inclinations of the
bedding to the core axis were determined. The
sample preparation and testing techniques used
were relatively simple and the results should be
considered as 'index' values rather than
‘bsolute parameters.
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A series of carefully controlled uniaxiai comop-
ression tests on selected core samples trom the
various lithological groups was also carried out
to determine laboratory values of strength,
modulus and Poisscn's ratio. Modulus and
Poisson's ratio messurements were made using
straln gauge techniques,

Shear testing of mudstone samples and specific

beddinig planes and joints was also carried out.
3.4 [n-Situ Testing

The obiective of the 1n-siwu tasting programme
piog

was to provide defirative design data for the

major underground npenings.
tests were carried cut ;-

The fsilowing

.

(1} Measurement of the in-situ siress f1eld

(2} Measurement cof rock mass modull for
strata within which the major caverns
would be excavated

(3) Measurement of rock mass inoduir for

strata surrounding
chamber.

the penstoch test



In-sity Stress Determunation

{a)

Measurements of 1n-situ stresses are necessary
n ord?r to determine likely stresses and dis-
placements induced in the rock as a result of
excavation. All such measurements were
therefore concentratced in the vicinity of the
power station. The objective of the tests was
to provide average stress values 1n the vicinity
of the main halls and 'n particular ratios of
principal stresses,

{t was recognised that stress measurements In
tne rock mass at Drakensberg would be difficuit
owing to the weak nature of the rock and the
reiatively limited depth below surface of the
excavations. The CSIR triaxial strain cell
overcoring method was considered to be the
most suitable. The disturbed nature of the
excavation surfaces did not favour the use of
fiat jacks (stress relieving slots) and bored
rai1ses were not avauiable for larger scale over-
coring methods.

) MACHINE HALL TEST
ELLARGEMENT

I-‘FU'\JRF MATMINE HALL

'ollowing an initial test to check equipment
operation, a two stage testing programme was
drawn up and carried out by the CSIR. The
scope of the second stage was based on the
first stage results,

Only two measurements out of a possible total
of ten yielded correlatable results from the

first stage testing. The other tests were dis-
counted due to flooding, lack of gauge adhesion
or breakage of the overcored section. Pre-
liminary results indicated the minor principal
stress to be vertical and slightly greater than
the overburden stress. The ratio of horizontal
to vertical stresses (horizontal stresses about
egual) was approximately 2,5 to 1.

The second stage of tests has been carried nut
but results are not yet available,
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{b) Rock Mass Mcdulus Determination - Power ?7?35??,‘4.’,?35”«
T
Station . P

Rock mass moduhi in the vicin:ty of the power
station were determined by Plate Bearing Tests
at representative lecations together with Bore-
hole Modutus Tests (Goodman Jack) in a number
of boreholes 1n the roof and walls at the pro-
posed machine hatl location.

Plate Bearing Tests were carried out in explora-
tory headings at locations shown con Figure 7,
The locations corresponded to the roof strata
encountered 1n the machine hall test enlarge-
ment and the proposed machine hall roof (the
machine hall test enlargement was excavated
prior to a final decision on the machine hall
elevation). The test equipment 15 shown
typically on Figure 8, A loaded area of 1,00m
with a corresponding contact stress of up to
4,5 MPa was used. The maximum stress was
determined following consideration of the stress
changes induced during excavation.

A

pA

2

W R TR

Tests were carried out parallel and normal to the
bedding. Rock mass displacements were
measured relative to the loading plate on the
loading axis. Three point extensometers were
used at depths up to 6 m. Several loading
cycles were carried out (generally 5) and a
short term creep test was carried out at the
maximum loading.

A typical test result is shown on Figure 9. The
influence of rock relaxation at limited depths is
slearly indicated. Modulus values are corrected
.0 allow for the confining effect of the heading
using results from a three dimensional boundary
integral equation method study (5).

Borehole modulus tests using a Goodman Jack £ Moo 0 3 A VAT CTwoa
were carried out i1n vertical boreholes into the g Sl Ay 2 e e
proposed machine hall roof strata. The bore- Nl y IEERILE TN DR,
holes were spaced along the length of the

proposed machine hall as 1llustrated on Figure 7. FIGURE 8

Tests were carried out on representative strata PLATE BEARING TEST EQUIPMENT

identified during detailed logging. Other tests
were also carried out in the vicinity of the iarger

scale Plate Bearing Tests to compare the results Tests yere carried out using a plate area of
obtained from each type of test, In addition, 0,5 m~ and contact stresses up to 9,0 MPa.
borehole jacking tests were carried out in Such stiesses are representative of the induced
horizontal holes 1n both a horizontal and vertical stress (pressure) changes in the ptnstocks
sense on selected strata to determine modulus ., during operation.
anistropy. The test normal to the tnvert of the penstock
(c) Rock Mass *Modulus Determination - test chamber was repaated foliswing grouting
Penstock Test Chamber of the rock mass. 7The grouting proc2ss was

designed to simulate as closely as possible
the actual grouting technique around the
tining of the iest chamber.

Plate Bearing Tests were carried out in a special
test adit alongside the penstock test chamber to
determine the rock mass modulus at various
points around the chamber. The tests were
carried out on strata representative of those
exposed in the chamber excavation. All tests
were radial to the surface as indicated on
Figure 7,
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3.5 Rock Reinforcement and Crane Beam
Anchor Testing
The performance of rock reinforcement was

tested in relation to the various rock strata
where reinforcement will be required.

TEST LDAD TUNS

Of particular importance was establishing
anchorage criteria in the weaker rock units.
Pull-out tests were conducted on resin and
mechanical anchorages using various types of
reinforcement bar.

As expected the performance of mechanical
anchorages 1n the weaker rock units was poor.
Resin anchorage systems were, in general,
highly satisfactory and optimum lengths for
various reinforcement loads were determined.
Typical results are shown on Figure 10.
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Specific tests were carried out on the type of
reinforcement proposed for the main halls, [t
is intended that resin anchored Helis with
adequat: or continuous (threadbar) nut adjust-
ment will be used. Secondary bonding cof the
free length after completion of final tensioning
will be effected probably ustng cement grout.

1t 1s intended that the crane beams in the
machine and valve halls will be supported by
stressed rock anchors, each with a wcrking
load of 90 tons. Tests will be carried out to
determine the anchorage characteristics of the
rock streta in which the anchors wili finally be
located., A cement grouted anchorage will be
used, During the tests each anchor will be
tully loaded and uvnloaded several times and tn
addition short term creep tests on anchorages
of vary:ng length will be carried out.

3.6 Evaluation of PAC {Pneumatically Applied

Concrete)

As currently proposed all excavations will be
permanently iined with mesh reinforced PAC
other than where a placed coacrete [ining 1s
required for hydraulic or internal structural
reasons. The PAC lLining wiil be applied
generally in two stages with mesh reinforce-
ment being placed after the initial FAC appli-
cation. Currently PAC as used in the ex-
ploratory contract and preliminary contract
works has been evaluated.

PAC spalling has been recorded and the results
related to the particular rock strata/bedding
weakness. Only limited trials using mesh
reinforcement have been carried out., The
following conclusions involving the use of PAC
fcr the permanent lining of rock strata such as
encountered at Drakensberg are as follows :-

(1) The rock surface should be sound
{controlled blasting and adequate scaling)
and inspection immediately prior to PAC

application is required

(2) Specialised PAC mixing and application
equipment capable of spraying PAC at a
specified distance from the face are

required, This implies equipment with
considerable nozzle/operator reach for

the main halls

(3)

Only trained operatives with adequate
experienca should be used

(4) Adequate pinning back of mesh to the
first PAC layer to ensure minimal clear-

ance {s required.

Since the process of PAC application 1s highly
dependent upon the method used, final trials
will be carried out after the main contract award.
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4. Machine Hall Test Enlargement

The purpose of the machine hall test enlarge-
ment {(MHTE) cen be summarised as follows :-

{1) To confirm that the roof sgan required
for the main hal!ls 1s feasible

To demonstrate that haunches (required
to limit the span) can be effectively
excavated and reinforced

(3)

To deter:nine the necessary ievel of
reinforcement for the roof sgan,

In order tc develop a realistic loadng condition
for the roof span, the effect of sidewall ex-
cavation was simulated by excavating slots

to a depth equal to about half the final side-
wall height, The principal stages of excava-
tion are shown on Figure 11.

Tne influence of excavation to the {ull cross~
section on the stresses in the rocf sirate will be
deternmined by a staged stress analysis using
both the results of monitoring from the actual
test excavation and the results from the in-situ
stress measurements and rock mass properties.

"The elevation of the MHTE was chosen such that

the haunches and roof were positicned 1n the
weakest possible strata (as derermuned from the
drilling from surface) for the 15 m range in
possible tevel for the propcsed machine hall.
This level was only finally setectad wn july 1976,
based on the required setting for the pump-
turbines. The axis of the MHTE is parailel to
the proposed machine nell.

The length of the MH1L (approximately 1,5
times the span) was chosen to allow for a
central 10 m section which would be relatively
unaifected by end constraints.

The excavation sequence for the test enlarge-
ment was slightly more complex than that tor
the proposed machine hall (5 slices instead of
3) because of the need to install crown i1nstru-
mentation prior to significant rcck deformation.

Reinforcement/support was provided by two
means :-

(1)

Rock bolts estimated on the basis of
precedent and simple numerical analyses
(2) Temporary hydrauiic props atong the
centreline of the enlargement (5 x 100
ton capacity).

The purpose of the temporary props was to
provide a calibrated stiff support along the
centreline as well as a temperary supnort

during excavation. Prior to increasing the span
at a2 given stage the preops were set to a
nominal load (10 ton) and the increase 1n load
with span monitored,
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The load carried by the props was then distri-
buted to the primary reinforcement as an installed
‘calibrated' load and the props subseguently
unloaded. It was thus possible to observe
potential support requirements under acceptable
displacement conditions (as monitored by the
extensometers). Unfortunately the excavation
of Stage 2 (Figure 11} caused considerable
damage to the pillar supporting the props and the
stiffness of the pillar was significantly reduced.
Following an evaluation of this condition,
additional load was placed in the primary rein-
forcement for safety reasons.

The instrumentation comprised the following
types :-

(1) Displacement monitoring {(multi-point rod
extensometers, convergence measure-
ments, precise levelling)
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{2) Stress change monitoring {e mbedded
mercury filled stress cells) '

3) Pilezometric monitoring

(4) Load monitoring 1n reinforcement and

central support jacks.

The instrumentation was primariiy {ocated on
three sections; a central section and sections
spaced 5 m either side. Typical layouts are
shown on Figure 11, :

Displacement monitoring using the extenso-
meters proved to be reliable except where
blasting damage occurred. Typicaliy a resolu-
tion of 0,01 mm was achieved and both elastic
and irrecoverable deformations were monitored.
The monitoring results at each stage were
compared with displacement data predicted
prior to excavation from finite element analyses..




A typical plot of displacement versus time/

excavation stages 1s shown on Figure 12, Both

closure measurements and precise levelling were

an order of magnitude less accurate than the
tensometers.

Stresses monitored during the excavation stages
were very sensitive to changes in excavation
geometry and could be usefully correlated with
the displacement records (Figure 12).

Piezometric monitoring in the roof strata indi -
cated relatively high pressures (up to 15 1z head)
relatively close to the excavation face. These
measurements further indicoted the low trans-
verse permeability of the siltstones. Constder-
ation of likely loadings due to groundwater
pressures on roof strata will be made during the
design stage.

Load monitoring in primary reinforcement has
yielded few results to date (end Stage 3) as
deformations have been small since the reinforce-
ment was installed {Figure 12)., Significant
load increases (of the order of 40 tons) were
observed in some support props during Stage 3
excavation. These load increases occurred
where the pillar was relatively undamaged and
were used \n assessing Stage 3 primary rein-
forcement loads. At all stages of the develop-
ment a continual evaluation of displacement,
stress and load changes was carried out.

At the time of writing Stage 4 (sidewall) excava-
tion remains to be completed.

Penstock Test Chamber

1ne penstock test chamber has been constructed
". to check the suitability of concrete as a lining
for the pressure tunnels. The chamber has been
located in an area representative of the weaker
rock conditions expected along its alignment.
Attention was given in the choice of site to
locating the chamber in strata having a con-
siderable modulus variation over the height of
the chamber.

A principal objective of the test was to determine
the relative behaviour of the concrete lining,
grouted rock and surrounding rock mass to
demonstrate that an effective transfer of stress
into the rock will occur under acceptable defor-
mations and leakage.

The chamber was concreted in three bays
approximately 1¢® m long having a finished
internal diameter of 5,5 m and & nominal lining
thickness of 0,6 m. The three bays are
separated by conventional watersiops. Each
end of the chamber is terminated by a concrete
plug.

The central bay is considered to be represen-
tative of tunnel operating conditions and contains
all the instrumentation. The instrumentation is
arranged on 5 sections as illustrated on Figure 13
with particular emphasis on monitoring the
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central section.

The principal instrumentation can be summarised
as follows :-

(1) Diametral changes across the tunnel
section monitored by means of internal

closure measurements

Rkadial defermation of the lining, grouted
rock and surrounding rock mass
monitored by means of multi-paint Lbore-
hole extensomaters which ara tred 1n
with the diametral closure measure-
ment (1)

(2)

Strains in the lining measured 2y means
of embedded and surface vibrating wire
gauges (radial and tangentia! strains
monitored)

Stresses across the lining/rock inter-
face monitored by means of mercury
f1lled embedded stress cells (radial and
tangential stresses monitored)

(4)

Water pressures behind ithe lining and
in the surrounding rock mass monitored
by means of hydraulic piezometers.

(5)

Remote read-out of instrumentation urder high
fluid pressures (up to 7,5 MPa) necessitated
special developments particularly of remote
sensing elements. Temperatures are
monitored at various points in the test zone and
invar rods/wires are used for reference dis-
plecement monitoring. Stress celis are
designed to allow for compensation from within
the chamber,

As previously discussed a series of plate bear-
ing tests was carrted out to determine radial
modulus conditions within the rock mass as
well as the effect of grouting.

High pressure grouting behind the chamber
lining will be monitored by means of the
instalied instrumentation. Particular attention
will be paid to uniformity of deformations and
stresses :ndicating that a complete grout ring
has been established. Residual stresses
induced in the lining will be carefully
monitored.

The chamber pressurization programme has not
yet been finalised. [t is intended however to
pressurize i1n stages and carry out tests at
constant pressure as well as under cyclic
conditions. :

A theoretical study of likely deformations/
stresses will be finalised prior to commernce-
ment of testing. The test chamber 1s located
at a shallower depth than the proposed pressure
tunnel alignments. It will thus be a vatid
acceptance test from overall pressure/rouk
cover considerations.
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6. Proposed Design Studies

- Tne design process for the excavation and rein
forcement requirements of the main underground
works was inttially considered during the for-
mulation of the investigation and testing pro-
gramme which was consequently arranged to
provide relevant parameters for the design re-
quirements.,

As already outlined, considerable attention hasz
been paid to testing rock conditions at a
representative scale, Both the machine hall
test enlargement and penstock test chamber are
full scale tests. The informat:on obtained
from the investigation and testing stages will
be used primarily to exirapolate observed
underground conditions to the overall station
layout using recognised stress analyses
techniques and a structural evaluation of the
rock mass. Optimisation of the detailed
underground layout and rock reinforcement wilh
respect to localised geological conditions will
then be carried out.

Principal design aspects are as follows :-

(1) Excavation method to achieve specified
profiles

(2) Shape and precise elevation of major
roof spans taking into account pre-
dominant bedding features, haunch
geometry and geology

(3) Reinforcement of major roof spans
including haunches

(4) Reinforcement of sidewalls
(5) Excavation sequence for main halls

(¢) Lxcavation sequence, shape and rein-
forcement of major intersections
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{(7) Reinforcement of minor galleries and
tunnels 1n the vicinity of the main works

(8) Excavation sequence, shape and
reinforcement of surge chambers

9) Penstock linings (both steel and
concrete)

(10) Drainage of the rock mass in the

vicinity of the penstocks and up-
" stream wall of the valve hall

Rock reinforcement details (inclination,
timing, installation, tensionling,
secondary grouting, corrosion

(1)

protection)

(12) Crane beam anchors (installation,
tensiontng, grouting,zorrosion
protection)

(13) PAC and mesh reinforced PAC.

Principal methods of analysis are as follows :-

(1) Two and three dimenslonal stress and
deformation analyses (finite element
and boundary integral equation methcds)

(2) Kinematic check of prevailing geological
structure to identify potential failure
modes caused by movement of klocks
of rock

(3) Analysis of structurally controlied
failures taking into account rock
stresses and reinforcement loadings
{production of detailed reinforcement
requirements and likely rock defor-
mations),



A final design will be evelved from the results The inter-relationship of investigation, testing,
of the full scale tests, an evaluation of the analysis and design for the underground works
rock mass characteristics and an analysis of at Drakensberg s summarised on Table iI,
the finzal statien layout in terms of the measured

arameters.
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STRUCTURALLY CONTROLLED iNSTABILITY IN
UNDERGROUND EXCAVATIONS

by

Dr Evert Hoek, Principal,

Golder Assoclates Ltd.,
224 W B8th Avenue,
Vancouver, BC., Cunada.

ABSTRACT

Structurally controlled Instability is one of
the major factors to be considered in relation to the
design of underground excavations In hard, jointed
rock masses. This instability may take the form of
gravity falls of wedges or blocks from the roof of
the excavation or the sliding along planes or lines
of intersaction of plenes in the roof and sidewalls.

This paper describes a number of simple checks
for falling or sliding using stereographic plots of
structural data obtained from borehole core or pilot
tunne! mapping. These simple kinematic checks are
used to Identify problem areas which can then be
analysed in greater detail using stereographic
techniques or computerised vector analyses. The
dimensicns and hence the welght of each block or
wedge which can fall or slide can be calculated and
a reinforcing system can then be designsd to prevent
instability.

These considerations lead to a numder of general
conclusions on the optimum orientation of underground
excavations in relation to the structure of the rock
mass in which they are located. The sequence of
excavation is also Important, particularly when large
spans or the Intersections between large excavations
are being created, and the timely Installation of
relnforcing elements to prevent the development of
instability at each excavation stage is dlscussed.

INTRODUCTION,

An example of the role of structural discontin=
uities in controlling the stabllity of an underground
excavation Is illustrated in figure ! which shows a
tunnel in a slate quarry In the United Kingdom. This
tunnel was constructed approximately 100 years ago
without any form of rock support or reinforcement
an4d the tunnel shape has stabilised to conform with
the structural pattern in the rock mass.

In most modern rock excavations, close control
of the excavation profile is required and the degree
of over-break apparent in figure 1 Is unacceptable.
Consequently, potentially unstable blocks or wedges
must be Identified and dealt with, either by adjust-
ments to the excavation location or profile or by
reinforcement or support cf the rock mass.

The basic information required for an evaluation
of the structural stabllity of an excavation is the
orientation, Inclination, spacing and characteristics
of discontinuities such as faults, joints and bedding
planes in the rock mass. This information can be
obtained from-oriented diamond drill core or from the
mapping of surface outcrops or pilot tunnels. The
data are most conveniently assembled and presented

Filgare 1 @ A tunanzi T2 slcte zhewing
the influencs of structure) discoatin-
uities upon excavation stability.

on plotting grids prepared by sphesical projec=
tien. Space does not permit = {ul! cdiscussion on
these techniquas and the rcader is referred to
comprehensive descriptions by Pnillips (1971),
toodman (1976) and Hoek and Bray {1977).
Throughout this paper, t-e .rzrcographic or
equal angle projecticn ls uscd {o. the presenta-
tion and analysis of stiuctur.!l uewa. This
projection has bsen chcsen in prev2ionze to the
equal area grolection beceusse v 2fiords a more
convenient means for constructing the intersec-
tiun figures requircd for stabiiizy analyses.



WOREL S v CHECKY

Two simple kinemaiin checks Ffor falling or sii.
irng wadges are illucirated in figure 2.

Gravity falls from the excavation roof can uccin
when the apex A of a wedge of rock falls within the
baze R-C, as illustrated in the left hand sketch in
figure 23. Stereographically, this condition is
satlsfied if the centre of the stereonet falls within
ike closed figure formed by the intersection of at
ieast chree great circles representing discontinuities
in the rock mass.

$.1ding of wedges In the excavation roof can
sceur whea the apex A falls outside the base B-C
~-ovided that at least one of the planes bounding
o2 Loxre dips at a steeper angle than the angle of
c-tegicn, Figure 2b shows that this condition is
a-cinf ad when one of the three great circles repre-

ating the planes touches or falls within the dashed
circle defined by the angle of friction ¢. The same
kinemasic c¢check applies to the sliding of wedges from
v oo encevation sidewalls,

t4 egularly jointed rock masses, "mirror-imege
=t 3g:5 necur in the floor and opposite sidewall as
<t ust ated by the verticaily hatched areas in figure
: - it'ng of mirror-image sidewall wedges can occur

*he stereonet centre falls within the intersec-
i rigure as illustrated in figure 2a,

SN/
- A /

Figure 2a : Kinematic check for gravity falls
from the roof of an excavation

Figure 2b @ Kinematic check for the sllding of
wedges from the roof or sidewalls of an excavation.

ihe Kinemoutic checlis i1lustrated in figure 2
can b tsed during the preliminary evaluation of
strirctural data obtained from core logging or
exploratory tunnel mapping. They will give an
indication of problem areas which can then be
investigated in greater detall. The kinematic
checks give no information on the possible size
of falling or sliding wedges and, since this
information is required for the design of support
systems, a more detailed form of analyslis is
necessary. This analysis is described below.

DETAILED WEDGE ANALYSIS

Figure 3 gives the constructions required to
find the maximum size of wedges which can fall or
slide from the roof or sidewalls of a square
tunnel running due east-west.

A lower hemisphere stereographic projection
of three planes is given in figure 3a. These
planes are represented by the threec great circles
marked A, B and C. The strike lines , marked
a, b and ¢, are plotted as are the lines of inter~
section ab, ae, be.

Since the lower hemisphere projection has
been used, it is convenient to view the wedge in
the roof of the excavation in the same direction,
i.e. from the apex ts the base of from the inter-
lor of the rock mass into the tunnel. A plan
view of the wedge is given in figure 3b and the
construction of this view is carried out 4s fel-
lows

The strike lines a, b and ¢ in the stereo-
graphic projection are equivalent to traces of
the discontinuity planes in the horizonta! tunmal
vocf and the directions of theze traces can be
deiermined directly from the strike lines. Stary~
iny, at the northern sidewall, the tracze a is
drawn ascross ihe fuli span of the tuunel, caralls’
to the strike line a. From the interszctior of
the trace with the northern sidewall, the trace
b is drawn paraollel to the strlike line b and,
similarly, the trace ¢ is drawn from the inier~
section of trace a and the southern sidewail.

The intersection of traces b and ¢ determines
the plan shape of the largest wedge which can
form for this particular combination of discon=
tinuities ir this tunnel,

In order to find the position of the a2eux of
the wedgu, draw the lines of intersecticy, Vo2~
the corners of the plan view of the wedgu, parol-
lel to the lines of intersectiorn aX, ac and be
in the stzrecgraphic projeciion. The vertics
height Ay of the wedas {5 found .y takins a
section through the apex cf the wedge, perailel
to the tunnel alignment. The appuarert d. s «
and { of the traces of the planes in the vartlze]
plane running paralle! te che tunnel &=is , due
east-west, are used to deftne the boight of the
wedge as shown. The volume of the wedge is g
by the product of the base area cf the truve »
view and one third of the ncight Pz,

Construction of the sidewal’) wedge shown In
figure 3¢ is slightly more complica~ed as appa-
rent dips a, B and & have to be used to define
the intersection figure in the sidewall ard be-
cause projected views ol the lines of interraction
are required to locate the apex of the wcdge.

Starting at the roof of the tunnel, the Iraces
a' and ' are drawn at the apparent dip =ngles a
and £, determined from the stereographic projee~
tion. From the Intersection of the trace ¢’ and
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a. Lower hemisphere stereographic projection
of planes.
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b. Plan view of wedge in roof of tunnel seen
fron inside rock mass looking Into the

tunnel.
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c. View of wedge 1n southern sidewall from
inside the rock mass looking Into the
tunnel,

Figure 3 : Detailed wedge analysls,

the line defining the floor of the tunnel, the
trace b' is drawn at an anglz B as shown to com-
plete the intersection figure.

The projections of the !'nes of intersection
ab, ac and be In the vertical sidewal! have to be
determined by stereographic construction or by
calculation. The angle Vabt is glven by

Tan Yapt = 122—222
t Cos 6qp
where Vg5, is the plunge of the line of Incersecs
tion ab and

8ap is the angle between the trend of the
line of Intersection and the allgnment
of the tunrel.

The angles Ygot and Ybet are found In the
same way. These angles are used to locate the
apex of the wedge as shown in figure 3c.

The height As of the sidewall wedge is found
by determining the angles Vacot' and Vbet' which
represent the apparent dips of the lines of inter-
section ac and be in a vertical plane at right
angles to the alignment of the tunnel. The angle
Vact' is given by

Tan Yact' = Tan Vac
Sin 9g0

and similarly for Vbet'.

Figure 4 illustrates the out!ine of the roof
and sidewall wedges which have been identified
for the example considered and this type of figure,
together wit" the welghts of the wedges, can form
the basis for a reinforcement design.

in the case of the roof wedge, bclts or cables
with a tota)! load carrying capacity of approxi='
mately twice the weight of the wedge and a length
of approximately 2hr would provide adequate sup-
port. The sidewall wedges wouid Tail by sliding
along one of the intersection lines or on one
of the planes and the frictional resistance of
the plane or planes upon which sliding occurs can
be taken Into account In calculating the bolt or
cable loads. Hoek and Bray (1977) have described
calculation methods which can be used for this
purpose.

Figure 4: Outlines of maximum possible
wedges in the roof and sidewalls of the

tunnel, locking west.
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ri NTERL ANALYSIS OF UNDLxGROUMD 1eDGES

In spive of the apparent conmplexity of ithe con
< ruction given In flgure 3, the example considered
possibly one of the simplest which could occur.

.+ many real situations the underground excavation
Assigner may be faced with five or six strongly de-
velojed sets of discontinulities Intersecting an in-
ciined tunnel .wWith a curved roof profile. The sterzo-
grapn’c analysis of potential instability in such
ca3€%.can become so complex and tedious that even the
.2t enthusiastic structural geologist would soon
Shoome *’”couraged The most difficult problem of
- 1 geewrs at the intersection of two underground
Lokl wnen additiohal free faces are created and
. wes suroility has to be considered very carefully,

in crdcor to overcome these problems , Golder
~ .uiase. has developed 2 set of computer programs
soieh 2.2 used for the design of major underground
ercavations in hard jointed rock masses. These pro-
~+ ar, n.n be uséd for fnitlal kinematic checks or for

-caiee 4 cegbility analyses of specific geological
ez, For example, from detailed geological map-
.~ % ailot tunnel, structural features can be
~fv;2..20 onto the final excavation profile and wedges

Fire

¥ v L.

;
Ve
4

Lo fall or slide identified. With such aavance
ri:a, the Installation of reinforcement at each
scr . DN stage can be designed to provide complete

_. w000 tor the roof and sidewalls of the final ea-

KEINE SN
LFUUwCE QF N SITU STRESS

Whan the height By or Bg of a wedge is less than
the span of the excavation or the height of the side-
«<ail, It is unlikely that the stability of the wedge

suld be influenced significantly by the In situ
atress In the rock mess. However, when the apex
ongle of the wedge becomes acute, the normal stresses
acting across the potential failure planes should be
considered in the stabil'ty analysis.

Consider the extreme example of the sliding of a
hlock between two parallel discontinuities as fllus-
trated in figure 5. The condition of limiting equi-
librium for the block of rock of weight W can be
written as :

. Sing
on Zhb(Tan Cosg)
where o, is the aversge normal stress acting across
the discontinuities and
$ 1is the angle of friction of the discontinuity
surfaces.

When the average normal stress Oy, is less than
the right hand side of the equation, the block will
bz unstable and reinforcement would have to be pro-
vided in order to restore its stability. If the
average normal streéss is higher than the right hand
side of the equation , the amount of reinforcement
can be reduced or eliminated, depending upon the
factor of safety which' is required.

The magnitude of the average normal stress O,
has to be computed from the measured In situ stress
field and the stress redistribution associated with
the creation of the excavation. |If this stress 's
to be relied upon to provide support , care should be

aken to check that this stress could not be reduced
oy the creatlon or other excavations close to that
being considered.

Filgure 5 : 1Influence of in situ stress
on the stability of a block in the roof
of an excavation.

ORIENTATION OF UNDERGROUND EXCAVATIONS

When the designer has a choice of the orien~
tation of an underground excavation, considera-
tion should be given to the selection of this
orientation to give the smallest number of roof
and sidewall Instabillity problems. When only
one major discontlinuity, such as a fault, is
present in the rock mass, the optimum orientaticn
is obtained by placing the smallest plan dimen-
sion of the excavation parallel to the strike of
the discontinuity. in the case of & -unnei, this
means that che tunnel shouls be zlignnd . 9rmal
to the strike of the discontinuity.

When several sets of aiszontinuities ar=
present in the rock mass, the choice beccmes
rather more difficuit. One obvicus criantation
to avoid Is to align a tunnel parzile! to the
line of intersection of twc impcrvant discurtine
uities 3s shown in figure 6. llowever, thi: may
be only one of many possible 7orm. of instabl-
lity in a heavily jolnted rock mass and it mey
be necessary to conduct a sensitivity study on
the structural data in order to arvivas at an ¢p~
timum oiientation.

SEQUENCE OF EXCAVATION AND SUPPORT INSTVALLATION

It will be obvious from the examples songi-
dered in this paper that the dimensicns of wedy, .
which can form in the roof and sidewsiis of ex-
cavations depend upon the span of rhe reoc? snd
the hzaight of ihe sidewal!., If such potentic!
wedges have been recognised at an early 3t.o. &4
excavation, the subsequent excavation sequence
can be designed to permic the sequential instel-
lation of reinforcing bclés or cables. Hanen,
the pilot tunnel can be usad as access for the
installation of the first reinforcement which
should have sufficient capacity to support <ny
blocks or wedges which would be unstable at the
next excavation stage. Once the next stage has
been excavated, additional reinforecing cn~ bLe
installed to sccure the exposcd faces ond to pro-
vide support for subsequent stagec.



Figure 6 : ''Cathedral' faflure in the roof of
a2 tunnel aligned parallel to the line of inter-
section of two well developed discontinuitlies.

CONCLUSION

In most publications dealing with the design
of underground excavations, the emphasis is usualiy
placed on instability due to stress in the rock mass.
wWhile stress-induced Instability Is important, it is
not thz only form of Instability which must be con-
sidered and the treatment of structurally controlled
stability problems has been reviewed In thls paper.
Early recognition of potential instability caused by
the Intersection of discontinuities in the rock mass
is important If effective remedial measures are to
te designed. Simple kinematics checks can be used
to identify potentlial problem areas.

Where wedges of significant size are likely to
be exposed in the roof or sidewalls of an excavation,
determination of ,the size and weight of these wedges
ic necessary In order that the length, capacity and
direction of reinforcing bolts or cables can be es-
tablished. Such detaiied analyses can be carried
out with the aid of the stereographic projection
method outlined ' in this paper or by a computer anal-
ysis of the interaction of the excavation shapes and
the structural discontinulities in the rock mass.
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The most important factors which contribute to the insta-
bility of rock slopes on highway projects are:

(a) Adverse geological discontinuities in the rock mass
in which the slope is cut, ’

(b) High ground water pressures in the rock mass.
{¢) Damage to the rock mass caused by blasting.

N
The deaign of a rock slope depends upon the early recog=
nition and interpretation of thesa factors. The paper
describes the techniques which may be used in toth the
feasibllity and the final design atages of highway pro-
jects, The use of air photographs, field mapping and
diamond drilling in geological interpretation is conside
ered together with fieid and laboratory tests to deter=
mine rock strength and ground water parameters required
for stabilicy analyses,

Emphasis is placed on the design of blasting patternms
for the excavation of rock slopes tc minimize damage to
the rock mass behind the slope face.

Even when the factors listed above have been recognized
and incorporated into a slope design, it may be impos-
sible.or uneconomic to design a stable slope which de-
pends only upon the strength of the réck mass. In such
situations, remediael measures must be considered and
these include the provision of drainage to relieve
ground water pressures, the use of, anchored cables or
bolts which apply restraining forces to critical por-
tions of the rock mass and the application of surface
layers to protect the exposeéd rock mass against deteri-
oration caused by moisture and temperature changes.

HIGHWAY SITE SELECTION

The primary consideration in siting a highway is the
location of population or industry centres to be served
by that highway, Once the overall route has been esta-
blished there 18 usually a considerable amount of flex-
ibility in the detailed route to be followed from one
centre to the next and it is in the selection of this
detalled routing that geotechnical considerations can
be of major importance.

An examination of air photographs of potential highway
routes by a trained observer will establish the location
of such features as old landslides which should be
avoided, 1f at all poasible, in routing the new highway.
Detailed regional geological maps exlat for many parts
of the world and these will usually indicate the broad
range of rock types and structural geological features
which would be encountered on a particular route, Full
use should be made of such maps and an engineering
geologist would normally be able to identify general
areas where potential slope stability problems could
exist and which should be avoided if possible,

Having established twoc or three possible routes on the
basis of air photography examination and a consideration
of the regional geology of the area, field surveys of
these potential routes are then required. Initially,
these surveys can be carried out by engineering geolo-
glsts or geologists with a sound understanding of rock
and soll slope behaviour and the survey results can be
presented in general descriptive terms, Features which
should be noted are:

(a) Sceep-sided valleys in hard jointed rock where for-
wation of a highway cutting could induce instability
higher up the slope,

(b) Areas whére existing instability has been noted from
alr photograph examination or where such instability is
evident from the ground.

(c) The general surface water flow characteristics of the

area and particularly any seeps or 8prings which could
indicate sub-gurface water flow which will have an ad-
verse influence upon stability,

(d) The presence of clays, particularly active clays such
as montmorillonites, in joint fillings and in slope de=
bris. These materials have very low strength character=-
istics and will generally indicate the need for caraful
consideration of slope stability conditions.

(e) The presence of material such as. shales, mudstones
and claystonas which are prone to deteriorate when ex-
posed to the atmosphere and which raquire special treat-
ment in slopes.

(f) The praesence of faults or of particularly well
developed jointing which cculd play a dominant role in
glope behaviour.

The final choice of the highway route can genarally be
made on completion of these field surveys and it is evi-
dent that, other factors permitting, the route with the
smallest number of potencial slope problems should be
chosen. In hilly or mountainous regions, the optimum
route may still include a number of potentially unstable
rock slopes, The remainder of this paper 1s devoted to
the detection, analysis, and treatment of such slopes.

COMMON TYPES OF SLOPE FAILURE

Several common types of slope instability are {llustrated
in Figurae 1 and each of these failure types i3 discussad
briefly below.

(a) Circular fallure occurs in soils and soft rocks and
also in rock masses which havea been very heavily dis-
turbed by glacial or tectonic activity. The failure sur~
face is approximately hemi-spherical in shape and move-
ment is characterized by a slumping.of the crest of che
slope and a bulging of the toe of the slopa. Whare
ground water is present in the slope, the failure can
occur quite suddenly and the falled material can move a
considerable horizontal distance from its original posi=-
tion, Under certain extreme conditions, tha failure can
take the form of a flow slide which has many of the
characteristics of an avalanche and can move large dis-
tances at high speeds.

Many large landslides have the overall appearance of
circular failures although, in wmany cases, portions of
the failure surface will follow pre-axisting weakness
planes such as faults or bedding surfaces.

(b) Plane failures occur in siopes cut in rock masses
with very strongly developed structural features such as
faults, bedding planes and joints., When one of these
structural features, which is very much weaker than thae
intact rock material, is exposed in the face of the cut
slope and is inclined at an angle greater than about 30°
into the cutting, sliding can occur on this plane. Shear
tests on the weak material can be parformed to datermine
the approximate critical angle for stability.

(c) Wedge failures are a more complex form of rock slope
failure in rock misses with strongly developed structural
features. In this case sliding takes place along the
line of intersection to two discontinuity surfaces. Fig-
ure 2 illustrates a wedge failure ia a rock slope.

(d) Toppling failure can occur in slopes in which steeply
dipping discontinuities separate the rock mass into a
series of columns. This type of failure has only been
described in geotechnical literature in the past decade.
The authors have found that it is a surprisingly common
fatlure mode. Recognition of potential toppling condi-
tions in a rock mass is important 1f effective remadial
meagures are to be applied to a slope cut in this rock.

(e) Ravelling of heavily jointed rock 18 generally a



gradual process which occurs as a resulc of gradual
weathering of weak portions of the rock mass or because
of freeze/thaw conditions in cold wet climates.

(%) Weak seams of shale or mudstone tend to weather more
rapildly than surrounding rocks such as sandstone and

this can give rise to undercutting of blocks of the har-
der overlying rocks as illustrated in Figure 1f. Recog-
nition of this potential weathering problem is important
s.nce freshly exposed shale or mudstone may appear to be
good sound rock and the instability due to undercutting

Figure 1: Commor types of rock slope instability.

a) Circular failure in soils and very disturbed
and altered vock.

b) Plane failure on through-going planar
discontinuities.

c) Wedge failure along the line of intersection
of two discontinuities.

d) Toppling failure in steep slopes in rock
with steeply dipping discontinuities.

e) Ravelling of heavily jointed and disturbed
rock.

f) Undercutting of blocks on slope due to

- weathering of weak seams,

.8) Rockfalls from heavily jointed rock masses,

h) Rockfalls from slope faces damaged by heavy
blasting.
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Figure'Z:.Wedge'fallure in a hard rock slope in-
volving sliding along the line of inter-
" section of two discontinuity planes,

may take several years to develop.

(g) Rockfalls from heavily jointed rock masses are akin
to the ravelling process discussed in (e) above, Freeze-
thaw conditions and deterioration of joint in-filling
materials can result in individual blocks becoming de-
tached and falling with very little warning. Scaling of
loose blocks can be an effective remedial measure.

(h) Slope instability induced by excessively heavy blast-
ing 1s a man-made problem brought about by an inadequate
understanding of the process of rock fragmentation re-
sulting from the detonation of a contained explosive
charge, Figures 3 and 4 illustrate two extreme casas of
this fragmentation. In the rock slope shown in Figure 3,
serious fractures have been induced by very heavy blast-
ing and it will be noted that these fractures follow a
tandom curving pattern, ignoring the natural fracture
planes in the rock mass. On the other hand, Figure 4
shows a rock face created by coantrolled blasting tech=-
nigues and it will be seen that there are no loose un-
stable pieces in this faces. The amount of explosives
used in the closely spaced holes should be the minimum
required to develop the tension crack which will form

the final slope face. Favourable results in average rock
will usually be obtained with the use of about 0.7 Kg of
explosive per square metaer of rock face.
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Figure 3: Damage to a rock face by excessively heavy
blasting giving rise to rockfall instabilicy.

Figure 4: Clean stable rock face created by pre-split
blasting techniques,

SITE INVESTIGATION FOR ROCK SLOPE DESIGN

If preliminary field surveys have established that unc

or more of the failure modes illustrated in Figure 1 aus
likely to be encountered zlong a chosen highway routs,
detailed investigations of aresas of potential instability
are required to estzblish the seriousness of tha probl:cas
and to provide the basis for the design of rewedial «g:~
sures. Thess site investigations should include geol-:z.=~
cal mapping of structural features in rock outcrops, Ji~
tailed logging cf diamond drill core to detect varfatluca
in rock ctrength conditions and to determine atticud.. uf
structural features in the rouck mass, rock strengih tescs,
particularly of weakness planaes and clay-filled didcoe-
tinuities, and the observation cf ground water condi~
tions., These latcer observatious, involving the Ilnstal
tion of piezometers in diamond drilled berehclea, ac~
very lmportant since the presence of water in a rock
slope is always detrimental to stability ard the s=dn.c-
tion of water pressure by drainage 1g one vf the mroav
effective and economical remedial measures.

A detailed discussion on site iaveatigation tezhaigozas
exceeds the scope of this paper aad the reader is re-
ferred to the texc book by Hoek and Brayl which descrihes
the techniques which should ba used and the interpr:.e-
tion of the results of the invastigatiocns described
above. These investigations and tha subsequent interpre-
tation and analysis of results should always be carxied
out by an engineering geologist or geotechnical engineer
since serioue and expensive errors can be made 1f th.-
information is misinterpretad by somecne lacking od-quete
training or experiencae.

ANALYSES AND DESIGN

Ho2k and Brayl have reviewed the graphical and wmathemat~
ical techiniquec which are available for the analysis of
the failure types i1llustrated in Figures la to d. They



have also discussed the influence of blasting on the
stability of rock slopes (Figure 1lh). See also The Modern
Techniques of Rock Blasting by Langefors and Kihlstrom?,
Most of these techniques are relatively simple and have
been found, from 'experience in many practical applica-
tions, to give a reliable basis for the design of rock
slopes. ° .

No analytical techniques are available for the types of
failure illustrated in Figures le to g and the success~
ful design 'of slopes in which thesa problems occur de-

pends upon experience and an awareness of the range of

remedial measures which are aveilable for dealing with

these failure processes,

Normal rock excavation practice has generally been to
specify that new slopes in rock be cur to 1/4 to 1 and
that shallow,'V' type ditches be used. These slopes
wvere not designed according to the strength or quality
of the rock. With the knowledge that now exists in rock
mechanics, ‘the stable slope angle can be determined with
reagsonable success and at reasonable cost.

Where the rock strength or where the geologic structure
is favourable, rock cute should be designed and con-
structed with vertical slopes (Figure 5). Thic will re=-

Rock wilt generotiy be sotaned
on slopss flotiar thon 1172
1he apgecaimote ongle of (8p01a

Figure 5: Provided the rock strength and geoleogic struc-
ture is favcurable, vertical slopas should be
considered using controlled blasting, (Drawing
modified from Ritchied),

duce quantities, allow wider ditches to be used and re-
sult in rockfalls dropping vertically into the inner
ditch instead of bouncing or rolling onto the highway
(Brawmer%),

Where geologic structural weaknesses dip out of the slope
at a steep angle the slope should be excavated to this
angle (BrawnerS),

Controlled blasting using pre-split or cushion blasting
should be specified for the excavation of all rock slopes
where the geologic structure is oriented favourably for
stability. " The rock in the slope will be subjected to
less damage due to selsmic acceleration forces which, if
large, can break rock and open joints for tens of feet
back from the slope face. With controlled blasting,
slopes can be excavated steeper and the slopes will ravel
less, requiring much less maintenance over the years.

The design must specify the magnitude of the blasting in
the main area of any cut be kept to a reasonable minimum
by the use of delays, Normally not more than 500 pounds
of explosive per delay should ba detonated at one time,

MAINTENANCE

More problems generally exist with stability of rock

slopes that were constructed decades ago rather than on

recent construction. This is generally a result of hap~
- hazard construction proceduras that have been used in

the past.

The most important maintenance techniques that are effece
tive are summarized in the following text,

(a) Scaling the Rock Face.

Where the rock is jointed with random orientation or a
limited number of blocks appear to be unstable these
blocks can be removed by scaling. A geologic appraisal is
recommended to locate rocks that require scaling. Scaling
1is normally not recommended where very blocky rock exists
or where the rock dips out of the slope. Scaling can ba
performed ysing hand or hydraulic tools. If explosives
are used, care muft be taken to ensure vibration doas not

loosen more rocks than planned.

(b) Flattening the Slope.

Where excessive rockfalls occur or where the joints or
bedding dips out of the slope, the slope can be flatten-'
ed, A uniform slope may be used or the cut can be bench-
ed. The bench should be wide enough to clean since fall=-
ing rock from above may bounce from a debris £illed

bench onto the road.

(c) Slope Drainage.
The most common methed 1s to dzrill horizontal drain holes
into the slope on 5 to 10 meter cen%ters for distunces of
at least 10 mwaters and not more than 0,25 times the slope
heignt. If the holes collapse, perforated plastic pipe

should be installed. If ice glaclers develop the drains

must be insulated or heated with heating cables, A track
mounted percussion unit can be used for rapid installa-

tion., The drains are particularly effective in soft rock,
A typical drain is shown in Figure 6.

iy - AT

Figure 6: Horizontal drain installed to reduce the water
pressure in a rock slope.

(d) Surface Stabilization and Shotcrete. )
Concrete can be sprayed on the rock face to Increase re-
sistance to ravelling, to reduce weathering.and to seal
exposed joints. The procedure is particularly applicable
to blocky slopes, The rock must be zlean and wetted
prior to application. A thickness of only 4 to 6 cm. is8
required for long term stability. Where large blocks
exist with joints far apart the shotcrete need not cover
the entire surface of the intact rock but need only ex-
tend 20 to 25 cm. beyond the cracks. Far more shotcrete
than {s actually needed is frequeatly applied by the
contractor at considerable unnecessary expense. Frequent
drain openings are raequired so that water pressurc does
not build up behind the shotcrete. Figure 7 shows a
typical portable shotcrete plant ané application.

Where the rock 1s extremely blocky or the zone of weath=
ering is considercbhle, wire mesh can be pegged to the
rock, followed by the application of shotcrete.

{(e) Rock Support with Rock Bolts or Cables.

Rocks which provide key support to blocks higher in the
slope can be stabilized by the installation of rock
bolts., To develop long term stability, they should al-

Figure 7: Portable shotcrete plant (left). Fleld appli-
cation to stabilize rock slope (right).

ways be tensioned end fully grouted. The tensioning in-
creases the shear strength along the joint and the grout-
ing resists stress relaxation and minimizes the proba-
bility of corrosicn. The installation should be designed
to develop a specific load capacity. In soft rock, bolts
may be used in combination with shotcrete and wire mesh,
Figure 8 shows rock bolts being installed.



Where the rock joints dip out of the slope at a modei-
srely steep angle, short steel dowels can be grouted in
place in front of the rock face to provide support.

I'_gure 8: Installation of rock bolts.

#, lcncrete Support Buttresses,

sare large blocks of rock overhang a slope or where
sueevation may undermina a large volume of rock, a coa-
. "gte buticess can be cuastructed to provide support,
Sex Figure 9. The buttress nust be capable of taking the
.-11 load of the rock above. Usually the buttress should
b2 Layed into the rock with steel dowels.

Figure 9: Concrete buttress to support rock,

(g) Special Ditch Dweign.

Highway ditches can often be economically excavated with
sufficient depth and a steep roadside slope te catch the
majority of the rock which may fall into the ditch. On
less important roads, this procedure is reasonable.

(h) Catch Walls,

Where it would be expensive to develop deep ditches the
construction of catch walls can be effective to control
rolling rock. The slope side of the wall nust be vertical
to reduce the potentiel of the rock rolling up and over
the wall, Concrete walls are rigid and frequently crack
and break,when hit by large rocks, Chbion walls are more
resilient to impact, and less expensive than concrete
walls, see Figure 10,

Figure 103 Rock filled gabion wall constructed to catch
.~ rolliag rock,

(1) Wire Mash Blankets.,

Where blocky rock is prevalent in the slope and ravell-
ing is a problem, wire mesh draped over the slope can be
effaective in' controlling rockfall, see Figure 1l1. The
blocks roll down behind the wire mesh and drop into the
ditch where they are removed with maintenance equipment.

Figure 11: Wire mesh draped over a blocky rock slope.

(3) Rock Sheds.

In very rocky mountain areas where rock tends to roll or
fall from a2 considerable height, it may be nacessary to
construct rock sheds to carry the rock over the highway.
Figure 12 shows both concrete and timber sgheds.

Figure 12: Concrate and tlu! 3ar rock. sheas.

RECORDS OF ROCKFALLS AND SLIDES

In areas where rockfalls occur, records chould be main-
tained which record every serious fall which requires
maintenance clean-up. At such time as funde are availibhlis
to improve stability, the records will show the locatrion
where the most frequent and most serious falls occur.
Stabilization of these areas can then be developad on a
rational priority basis.
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ESTABILIDAD DE TALUDES EXCAVADOS EN ROCA
Carlos A. Scto

El siguiente articulo ha sido reproducido de la revista técnica
IMINERALES, publicacién oficial del Instituto de Ingenieros de Minas de
Chile, Vol. XXX, No. 131, 1975.

El articulo constituye una recopilacidn de informacidn (ver
referencias) acerca de los principios bdsicos que gobiernan la estabilidad
de taludes en roca. Se discuten aspectos econdmicos y de seguridad,
propiedades mecanicas fundamentales de la roca y sus modos clasicos de
kalla, factores que inf1u§en en la estabilidad, principios de los métodos
de estabilizacidon mediante reforzamiento, etc.

El objetivo dltimo de este articulo ha sido discutir brevemente
los principios bdsicos enunciados y, al mismo tiempo, ayudar a definir la
naturaleza de aquellos problemas cuyo estudio y solucidén requiere el uso de
servicios especializados.

En esa fecha, el autor ocupaba el cargo de Ingeniero Investigador
en el Centro de Investigacidn Minera y Metaldrgica (C.I.M.M.), en Santiago
de Chile. El articulo fue publicado poco después que el autor concluyera
sus estudios de post-grado en Mecdnica de Rocas en la Escuela Real de Minas
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Evert Hoek, quien entonces era Profesor de Mecdnica de Rocas en la
Uhi?eréidad de Londres. Desde 1975 a la fecha presente, el Sr. Soto ha
manteqido el cargo de Ingeniero de Mecdnica de Rocas y Estabilidad en

Golder Associates, Vancouver, Canadd. Esta empresa es un grupo

internacional de ingenieros consultores geotécnicos y de minas.



ESTABILIDAD DE TALUDES EXCAVADOS EN ROCA

1. INTRODUCCION

- Durante los ultimos aiios el estudio de los proble-

mas relativos a taludes excavados en roca ha ad-
quirido una progresiva importancia, por la necesi-
dad de excavar taludes de grandes dimensiones re-
queridos tanto en proyectos de ingenieria de mi-
nas ‘como civil (diseiio de minas a rajo -abierto,
carreteras excavadas en roca, etc.).

Enlatizando la incidencia de este campo en la
industria minera, es necesario mencionar que sus
problemas especificos deben abordarse tratando de
compatibilizar dos requerimientos conflictivos: cos-
to minimo de extraccion de mineral, y seguridad
razonable en la operacién de la mina. En efecto,
grandes sumas de dinero pueden ahorrarse aumen-
tando el dngulo de un talud al disminuir la can-
tidad de material estéril extraido para obtener una
_cierta cantidad de mincral, pero si el dngulo es
excesivo puede inducirse una falla o derrumbe con
pérdidas considerables de vidas y cquipos compro-
metiendo la operacion futura de una mina.

Un diseiio de talud dptimo seri entonces un
compromiso entie un talud sulicientemente abrup.
to como para ser aceptabie en lo econdmico, y uno
cuyo ingulo es lo suficicniemente pequeiio como
para ser seguro. .

Actualmente para hacer econdmicamente [acti-
ble una operacién minera a rajo abicrto es ineludi-
ble sacrilicar una parte de la seguridad mixima
en favor del beneficio econédmico. Determinar ¢n
qué medida esto puede hacerse es una cuestion
tan importante como dificil.

Otro aspecto que complica el problema proviene
de reconocer que la masa rocosa involucrada en
cada talud es tinica, y por lo tanto no existen solu-
ciones de rutina que garanticen la respuesta ade-
"cuada en todos los casos. Asi, la solucién de un
problema prictico individual debe construirse a
partir de la informacion especifica acerca de la
geolagia. del lugar, 1esistencia de la masa rocosa,
observaciones sobre el agua subterrines, y una
buena . dosis de sentido comiin de ingenieria. La
proporgidin en ue sc mesclan cstos ingredicntes
varia segin el caso, tal como también lo hace el
tipo de herramienta o téenica disponible para
construir una solucion,

*Ihnvestigador del Centro de Investigacion Minera
y Metaltigraa (Civa) .
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Il. CONSIDERACIONES ECONQMICAS Y DE
PLANIFICACION

La influencia-que ejerce el dngulo del talud en el
disefio y economia de una mina a rajo-ahierto re-
sulta obvia. Ahora bien, dado que los benelicios
economicos obtenidos al disefiar un talud relativa.
mente abrupto pueden ser anulados por las pérdi-
das causadas por un gran derrumbe o deslizamien-
to del talud, una evaluacion de la estabilidad de
los taludes finales de la mina es de importancia
fundamental en la planificacidon de la operacion.

Sin embargo el dngulo de los taludes finales no
es lo unico importante desde un punto de vista
cconémico: también es posible obtener grandes
beneficios por medio de taludes abruptos en las
fases iniciales de la explotacion.

Por otra parte, debe reconocerse que la estabi-
lidad no es lo Gnico que determina los dngulos de
talud optimos @ usar en un caso prictico. Asi, por
cjemplo, influyen las cmacteristicas de los grandes
equipos mineros que no pueden ser operados en
bermas demasiado angostas. Ademis, la pendiente
de los caminos de transporte debe mantenerse
dentro de ciertos limites determinados por las
condiciones de operacion dptimas de camiones y
trenes, lo que generalmente conduce a la necesi-
dad de disentar taludes de dingulo menor.

Dentro del problema global de considerar la
estabilidad del talud como un todo ne debe per-
derse de vista el otro problema, de menor alcance
fisico pero no menos importante, como s ¢l de la
estabilidad de bancos individuales. Esto ¢s funda-
mental desde el punto de vista de la operacion dia-
ria. Asi por ejemplo, un dernumbe en un banco
por el cual pasa la principal via de transporte o
en el cuul se encuentra una instalacion impor-
tante, produciri serios tropiesos en el programa de
explotacion. Lstos problemas relativamente peque-
fios, que ocurren con escasa o ninguna advertencia,
dertamente que también pueden producir pérdi-
das de vidas y daiio a los equipos.

1H. PRINCIPIOS BASICOS EN LA FALLA DE TALUDES

En el disefio éptimo de taludes excavados en roca
se intenta determinar el iingulo de wlud mis
apropiado como funcion de la altura del mismo.
Para hacer osto, es necesario asumir un- modo de
comportamiento de la masa rocosa. Una gran



pirte del rabajo de investigucion en este Zaipo
se ha hecho postulindo que la masa rocosa se conr-
porta como un mcdio elistico continuo. Sin em-
Bargo, al tratar de obtener resultados pricticos este
enfoque ticne grandes limitaciones, principalmente
debido a que nuesiro conocimiento de las propie-
dades mecinicas de las masas rocosas es todavia
muy limitado.

Mucho mias realista entonces resulta el enfoque
contrarfo, que considera que, en términos genera-
les el comportamicnto de una masia rocosa esta do-
minado por discontinuidades: planos de fallas,
fraceuras, planos de estratilicacion, etc. La masa
rocosa ¢s asi un medio discontinuo, cuyas propieda-
des medinicas revelan una resistencia considerable-
mente menor que la de la roca intacta o sana, Este
enfoque ¢s el mis utilizado en el diseio prictico
de taludes excavados en roca.

Debe destacarse, sin embargo. la importancia
gue lu mecinica del medio continuo ha tenido en
la investigaadn. Por cjemplo. de desplazamientos
globales de L musa rocosa. o en esquenns de fajn
del agua subterrinea. en donde se pueden aplicar
ciertos métodos numdricos tales como la (¢enica de
elementos [initos.

1 Relacién entre la alhwva nuixima y el dngulo
de un talud

Aun cuando la estabilidad de una masa rocosa
puede estar enteramente dominada por disconti-
nuidades geoldgicas, también lay sitnadiones en
que la orientadion e indinadon de estas disconti-
nuidades e tal que un destizamiento simple de
blogues, tajadas o cuftas no s posible. KL process
de falla o derrumbe de wides taludes consistivia en-
tonces en uia combinacion entre ¢l movimicnto
segun esas discontinuidades, y b Ll del manerial
intacto o roc sana,

LEn tales casos, es posible esperir que taludes
miis altos y abruptos que los de una situacion pro-
medio puedan ser estables. De hedho esto ha sido
conlirmado de munera general por la evidenon
practica recogida en un gran ndmero de minas a
rajo abierto,

Esto puede ilustrarse en el grifico de la Fig. 1.
qué muestri una relacion tipica (obviamente no
exucta para cada caso) entre la altura mixima y
el dngulo de taludes en “roca dura”, que pna
tales condiciones aun son estables  (segun Rley
y Luiton!, y Raoss-Brown?) .

2 Et'rol de lav divcontinuidades en los procesos
de falla

La inclinacion de Las superficies de discontinuidad
en fas cuales puede ocurtir un destizamienio pucde
Hegar o téner una inlluenda diamitica en la es-
tabilidad de un determinado talud. Esta sitwacion
se tlustra en Ja Figo 2, que muoestra la variacion
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de la altura critica de un talud vertical en funcidén
del dingulo de inclinacién de una discontinuidad
plana, para taludes secos y saturados segun datos
de Hoekd, 4,

Este grilico muestra que, por ejemplo, cuando
la inclinacion de Ia discontinuidad es de 50° con
respecto a la horizontal en ambas curvas la zltura
critica de un talud disminuye a aproximadamente
la cuarta parte de la altura critica del caso en que
Lt discontinuidad es vertiral u horizontal. La Jde-
teccion de estos rasgos geoldgicos es entonces de
fundamental importancia en los estudios de esta-
bilidad. La Fig. 2 es valida <6lo para un caws espz-
cilico; c¢lla depende de los parimetros de resisten-
dia en la discontinuidad, y de la densidad de la
10Cd,

3 Propicdades mecdnicas fundamentales

Las propiedades mecinicas miis importantes en
relacion al andlisis de la estabilidad de taludes son
el dngulo de [riccién, la cohesién y la densidad dg
las masis rocosas.

Para la delinicion de friccidon y cohesion peode-
mos 1eantir a la Fig. 3, que ilustra Ja variacién
de la resistencia al cizalle o corte , con la fatiga
normal ¢ - 1 ¢s entonces la fuerza por unidad de

15



Himts)
100 . .
75 ' o
S$¢cos q
50 =
saturados
25
AN
o 30 60 %0 0°

Figurag 2

drea requerida para producir ¢l deslizamiento a lo
largo de una discontinuidad en presencia de ¢
(fuerza normal por unidad de drea), segin se
muestra en la misma figura.

Este grifico es sélo una relacién aproximada,
“dado que en la mayorfa de los casos pricticos la
dependencia que aqui se ilustra como lineal es mas
bien curva. La pendiente de esta linea es el 4ngulo
de friccién ¢, mientras que la cohesién 1 es el va-
lor- de la resistencia de cizalle cuando la fatiga
normal g es nula. Este es el caso, por ejemplo,
cuando la superficie de discontinuidad se encuen-
tra cementada, en donde se requiere un ¢ finito
con g = 0 para producir deslizamiento.

En consecuencia, la relacién entre 1 y ¢ estd
dada por:

tT=c¢+ 08¢ (1

!
|

_Figura 3

4. Deslizamiento debido a carga gravitacional

En orden a ilustrar e! mecanismo de deslizamiento
simple consideramos un bloque de pesoc W que
descansa en una superficie inclinada de dngulo
con respecto a la horizontal segin la Fig. 4.

Figura &

La fatiga normal, esto es la fuerza por unidad
de drea que actua en forma perpendicular a la
superficie de deslizamiento, estd dada por:

W cos g

y (2]

N
g —= — =
A

donde A es el drea basal del bloque.
La resistencia“ al cizalle o corte seri entonces,

de [i] y'[2]:

W cos o

T=ed— g [3]

y la fuerza resistente que se opone al deslizamiento
estd dada por :



R:tA:(A-i_]V{()s'algqs [4}

(Iingndo ¢l bloque se encuentre a punto de em-
pesar a deslizar, decimos que se ha alcanzado la
condicion de “Equilibrio Limite”. En dicha con-
dicion, ka fuersa perturbadora (que induce el des-
lizamiento) es igual a la lTuersa resistente, o

Wsen @ = cAd 4 Weos alg ¢ [5]

St la cohesion ¢ es nula, la condicién de equi-
librio limite se transtoima en:

a = ¢ (6]
5. Presiin de poros y [aliga efectiva

Dependiendo de una serie de factores tales como
e v'gimen del escurrimicento de aguas superficiales
y napas subterrineas, los poros o cavidades exis-
tentes entre los goamos de un determinado mate-
rial que pueden contener agua a presion. Esta
prosion de agua, p, Hamada también presién in-
wrsticial o de poros, actia en todas direcciones.
En particular lo hace en direccion contraria a la
f.nigu normal actuante entre lus cunas opuestas
de una cavidad o una discontinuidad en la masa
1OCOs.

Esta dltima sicuacion se indica de manera es-
quemitica en la Fig. 5, que muesta el clecto de
la presion de agua pen una muestra de roca que
o sometida o cizalle, segiin una superficie de
falla.

L0

g
Figura 5

La fatiga normal g (fatiga total) que actia en
l saperlicie de falla se reduce a la fatiga efec-
tvie (g-p), que es L que electivamente actia nor-
mal a la superfide. En consecuencia, la relacion
{1 se¢ ‘mansforma en:

T=2¢+ (oW 8¢ [7]

Vemoy «ntonces que la presencia de p produce
unit disminucion de la resistencia al deslizamien-
to. En relacion al dingulo de friccion ¢ y la co-
hesion ¢ debe notarse que:

— En la mayoria de las rocas duras, asi como en
muchos suelos arenosos y gravas, ¢ y ¢ no cam-
hian con la presion de agua p; la disminucion
de resistencia al cizalle ¢ se debe casi entera-
mente a p (disminucion de la fatiga normal de
a a gq). En consecuencia, lo fundamental es
la presion de agua y, y no el contenido de agua
o humedad.

- En rocas blandas y arcillas, ¢ y ¢ a su vez varian
con el contenido de agua lo cual, ademis del
electo directo de t produce una disminucién
adictonal en la resistencia .

6. Lfecto de la presion de agua c¢n una griela
de tension

Podemos estudiar este problema wutilizando el
mismo anibisis elemental del caso de un blogue
que descansa en un plano indinado, segun la
Fig. 6. Este bloque se encuentra separado de la
masa rocosa mediante una grieta de tension, que
a su vers esti llena de agua.

Figura 6

La presion de agua dentro de ia grieta de ten-
sion aumenta lincalmente con la prolundidad.
En otray palabras, es una distribucion hidrostia-
tica de presiones, tal como se indica en la figura
anierior, Si womo s una jupdtesis habitual, a2
presion hidrostitica del fondo de la gricta puede
wansmititse hacia la base del blogue, dicha pre-
sion se disipa a su ves a lo largo det plano inchi-
nado hasta anularse en contacto con i presion
atmosiérica. En la base del bloque (enicinos en-
tonces una nueva distribucian lineal de presiones
de agua.

Lay fuerszas totales resultantes de estas :os dis-
tithudiones de presiones son U 'y V, come se in-
dica en la Fig. 6. La condicion de equilibrio limi-
te puede escribirse en este caso:

Wesena 4 V=1cd4 (I¥cos a-U)1g ¢ [8]
Ambas fuerzas, U y ¥V, reducen la estabilidad,
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puesto que U disminuye la [uerza resistente y ¥
aumenta la fuerza perturbadora que induce al
deslizamiento. :

7. Estabilizacion mediante reforzamiento

Uno de los métodos artificiales mds efectivos para
estabilizar bloques o cuiias localizados sobre dis-
continuidades de deslizamiento potencial es el
uso de pernos o cables de anclaje tensionados.

Continuando con la mecinica elemental de des-
lizamiento de un bleque, ‘consideremos el efecto
que sabre ¢l ejerce un perno de anclaje cuya di-
reccién hace un dngulo § con respecto al plano
de eventual deslizamiento, tal como se esquema-
tiza en la Fig. 7.

Figura 7

El perno de anclaje ha sido tensado hasta apli-
car una fuerza 7T, y asumimos que las fuerzas U
y V previamente discutidas también estin presen-
tes. La condicién de equilibrio limite se escribe
entonces:

Wsen o -} V-Tcosf§ = cd
(W cos qU 4 T sen ) (9

En consecuencia, la tensidén aplicada por el

perno produce un doble Lenelicio: reduce la fuer- -

za perturbadora en T cos f§ y al mismo tiempo
aumenta la fuerza resistente en T sen f§ tg ¢.

La orientacién Sptima del perno de anclaje, f3,
serd aquella que requiere una tensién T minima.
Derivando la ecuacién [9] con respecto a f§ se en-
cuentra que:

. f dptimo = ¢ (10}
8. El factor de seguridad
Todo el andlisis previo de estabilidad se ha
basado en la condicién de equilibrio limite. Esto
sugiere la necesidad de definir un indice o factor

que entregue una idea de la estabilidad de un
talud bujo otras condiciones, ademids de la defi-

18 . . ! /

nida' como equilibrio limite. Puede definirse as{
un factor de seguridad, F, como la razon entre
la fuerza total que se opone al deslizamiento (re-
sistente) y la fuerza total que lo induce (pertur-
badora) .

En el caso del bloque ilustrado en la Fig. 7,
sometido a las (uerzas IV, U, V y T, el factor de
seguridad seri:
cd 4 (Wceos qU 4~ Tsen ) g ¢

Wsenaq 4 V-T cos §

F

(1j

La condicién de equilibrio limite estd repre-

.sentada entonces por F — 1 y tedricamente cual-

quier talud cuyo factor de seguridad sez mayor
que la unidad seri estable. Esto plantca problemas
vitales que se discuten brevemente a continuacion.

Una primera cuestién fundamental es determi-
nar qué valor de I puede considerarse aceptable
en un caso prictico. Dada la incertidumbre que
hay, primero en la eleccién de un modelo para
representar un proceso fisico (por ejemplo, el des-
lizamiento simple d¢ nuestro bloque), y segundo
en la informacién entregada al modelo (ingulo
de [riccidn, cohesion, densidad, etc.), debe reco-
nocerse que el valor calculado para F no tiene un
sentido absoluto.

Por esta razén, muchos autores, McMahoni,
entre otros, han sugerido la necesidad de un en-
foque probabilistico para evaluar la seguridad de
un talud en base a la variacién de cada uno de
los parimetros que controlan la estabilidad. Sin
embargo, esto estd aln lejos de ser una operacion
rutinaria, principalmente debido a las dificultades
para obtener una informacién completa que per-
mita electuar un andlisis estadistico consistente
para todos los pardmetros involucrados.

Lo mis adecuado es, por ahora, efectuar un
anilisis de sensibilidad para detectar la influencia
de cada variable sobre la estabilidad del wlud, a
partir de un amplio rango de condiciones. Esto
permite obtener, no factores de valor absoluto,
sino que relativos y con precisién razonable. Tal
informacién, junto a una dosis de buen sentido,
generalmente permiten efectuar un diseiio ade- -
cuado y con significado prictico.

9. Falla rotacional o de volteo

El factor de scguridad que se ha discutido recién
tienc como limitacion estar basedo en la falla por
deslizamiento del bloque solamente y no consi-
dera por tanto la falla por rotacién o volteo. La
condicion clemental para este titimo modo de
falla, en el caso de un bloque que descansa sobre
un plano indinado, se muestra en la Fig. 8.

El bloque caerd por volteo cuando la inclina-
¢ion del plano, o, sea tal que el vector peso del



Figure @

Lloque, W, pase por fuera de la base del mismo.
Esto ocurre cuando:

b
tg o > '—h* (12]

Considerando la influencia que este modo de
fulla idealizado puede tener en problemas rea-
les, lo que de hecho ocurre es una falla por volize
de estructinas columnares ue se hayan formado
debido a una particilar geologia estructural. El
comportamiento real es sin duda mucho mis com-
plejo, incluyendo desplazamientos en cualquier
discontinuidad y reacomodacion de blogues.

El uso de cables o pernos de anclaje tambicn
es muy adecuado para reforzar taludes en este
tipo de terrenos, uniendo mediante ello varius
columnas para producir unidades estructurales de
mayores dimensiones, que pueden ser mis estables,

1IV. FALLA SEGUN UNA DISCONTINUIDAD PLANA

La falla segin un plano de discontinuidad es un
fenomeno de ocurrencia relativamente raro en ta-
ludes excavados en roca debido a que solo en
ciertas ocasiones se cumplen todas las condiciones
geométricas requeridas para tal modo de falla.
Seglin se verd en la proxima seccion, la falla tipo
cufa es un cuso mds general, cuyo anilisis admi-
tiria a. fa falla plana como un caso especial.

Sin embargo, no se debe desconocer que la
falla plana ocurre en ocasiones, especialmente
cuando existe un control preponderante por parte
de una. discontinuidad estructural. Ademas, esie
tipo de awdlisis ¢s particularmente Gl para de-
mostrar la sensibilidad del talud ante cambios en
la resistencia al cizalle o en las condiciones del
agua. subterrinea, Dicha sensibilidad no es obvia,
i mucho menos, en otros tipos de andlisis mas
complejos.

1. Condiciones geométicas

Lus siguientes condiciones deben cumplirse para

que el deslizamiento ocurra segun un plano indi-

vidual:

a) El plano de deslizamiento debe tener un rum-
bo paralelo, o dentro de =+ 20° con respecto
al de la cara del talud;

L) El plano de deslizamiento debe asomar en la
cara del talud, es decir su buzamiento o incli-
nacién debe ser menor que el dngulo del talud.
En la Fig. 9, esta condicién se expresa como

a< B

prow>g

NS RNSNNNS

Figura -9

¢) La indinacion del plano de [alla_debe ser ma-
yor que el dngulo de {riccidn en ese plano, esto
es 4 > ¢ en Fig. 9. Comparar con la condi-
cion de equilibrio limite en ausencia de co-
hesidn, ¢ = ¢, segun ecuacion [6]. En defini-
tiva entonces, se requiere § > a > ¢, Y

Para que ¢l plano de deslizamiento no tenga
una extension ilimitada, debe haber superfi-
cies de desprendimiento laterales cuya resis-
tencia al deslizamiento sea despreciable, las
que se indican en la Fig. 10. Tales superficies
no se requieren en el caso de la “naris” de un
talud, donde un plano de falla tendria una
extension [linita.

d

=

sup. de desprendimiento

plano de falla

Figura 10
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2. DPostuludos del andlisis

Con acladion a La Fig. 11, ¢f anidlisis de 1a falla
plana de un talud se efectia asumiendo lo si-
guicnte:

Figura 11

a) Existe una gricta de tensidon de profundidad
Z en la superlicie superior del talud, cuyo
rumbo ¢y paralelo al de la cara del alad;

L) La gricta de tension es vertical, y estit llena
de agt en una profundidad Za;

c) El agua entra a la superticie de deslizamiento
por ¢l tondo de la gricia de tension y escurre
escapando a piesion atmosférica en fa cara del
“tilud, Las distribuciones de presion se indican
cu Lt misma Fig. 11;

d) Todas las fuersas presemtes (W, U, I) actian
a wravds del cenwro de gravedad de la masa
que desliza, es decir, no hay momentos que
tiendan a produdir rotacion;

¢) La resistencia al cizalle en la superficie de des
lizimicnto se define en (éiminos de cohesion
y fraccion, segin la ecuacion [1], esto cs:
T=C4 olg ¢ Yy

) El anilisis es bidimnensional. es decir, se aplica
a una tajada del talud de grosor unitario,

El factor de seguridad de este talud se define
en forma similar a la deduccion de la ecuacion
[11], excepto que T no estit presente y 1”7 es ahora
horizontal, puesto <ue L grieta de 1ension es ver-
tical. Es decir,

Fo— cA + (IV cos q-U-I"sen ) tg ¢ [13)

ST Wsen g+ Veosq

En oste caso, 4 es el .rea de 1a superficie de
deslicamicnto. En 2 dimensiones es Ia longitud
desde ¢ fondo de La gricn al pic del wlud, segin
Fig. 1. El peso de L masa deslizante es iV, A y
I s¢-caleulan a partir de la geometrin indicada
y la demsidad de la masa rocosa. Ademis, la Luer-
7 wotal cjercida por una disoibucion de presion
de agua ey igual al diea de la distribudion (idngu-
los), obtevicndose: -

V= — .22 [14]

20

1
U= = y.24 [15]

donde ya es la densidad del agua.

El factor de seguridad recién definido puede
aplicarse a diversos casos particulares, ya sei en
que U. V, o ¢ estén ausentes. Para el caso de un
talud seco sostenido por {riccion solumente, la
ccuacion [13] da:

lyr
P 8o [16]
fg (93

expresion que e consistente con la condicion de
cquilibrio limite, ecuacion [6], en nuestro previo
aniilisis elemental de un bloque.

V. FALLA TIPO CURA

Este tipo de falla, mis frecuente que la anmterior,
se pucde originar cuando exisie al menos 2 planos
de discontinuidad preponderantes que al intersec-
tarse producen una cufia que puecle “deslizarse
hacia afuera del talud, como io indica i+ Fig. 12,
Este e el caso cuando los planios de discontinuidad
ticnen rumbos bastante diferentes {fuera de =+
20°) al de la cara del talud.

Linea de
interseccion

Figura 12

En el anilisis [5] simple que sigue asumimos
que el dngulo de [riccion es el mismo en ambos
planes, y que no hay cohesién (una hipotesis con-
servadora) . La Fig. 132 muestra una seccién verti-
cal que pasa por la linea de interseccion de ambos
planos. La condicion requerida para que el des-
lizamiento ocurra es:

fi>ai>9 {17



en donde 3, y a, son el dngulo dei talud y la indli-

nacion e la linea de interseccion medidos ¢n esa

particular seccion, y ¢ s el dngulo de [riccidn.

Notese la semejanszi enwre la expresion [17] y la

condicion para lalla plana discutida en la seccién
o w-lI. En la misma figura se indican las compo-
neintes del peso W oen direcciones normal y para-
fela a la linea de interseccidn.

Ced AAALA) \AAAAZ2410 atatans )

Bi>%i>¢

Wsento

Figura 13 a

Considerando una seccion perpendicular a la
linea de intcrseccion de ambos planos, Fig. 13b,
podemos calcular el Tactor de seguridad en’ fun-

. cion de lus Tuersas o reacciones normales a cada
plano, R, y R, y Ia Tuerza 'W sen ,, esto es:

) Fo (R e (18]

‘ W sen q,

172 €

!

Wecos 00

Figura 13b

Debemos obtener entonces R, y R, en funcién
de“W y la geometria de la cuiia (iingulo de volieo
O y dngulo de la cuia g).

Resolviendo para las fuerzas horizontales se

tiene:
Roseny — Yog) = Rysen [180 — (§ 4 ¥ €)]
) = R, sen (541 ¢€)
. . (19
, y pava bas fuerzas verticales: .

o1y — i g) — R, cos (ﬁ + }’ E) = W cos q,
[20]

de donde:
WV cos o, sen

sen Lg

y {inalmente:

F— sen §

{

o~ [22]

sen Zl € g o
Comparando esta expresién con [16], vemos que

ella es de la forma:

F.—K-F 23]

4
donde F, es el factor de seguridad de la cuifia, F,
el de una eventual falla plana de un talud cuyo
dngulo es f§, y en que la discontinuidad tiene un
huzamiento o manteo q,. El coeficiente K es en
general mayor que la unidad, puesto que de la
Figura 13b vemos que § > }.¢. Es decir, F, > F,,
y asi el efecto de cuiia ha aumcntado el factor
de seguridad comparado con esa hipotética falla
plana. ’

Las expresiones [22] y [28] muestran ademds que
la falla plana puede considcrarse como un caso
p;u(icu]ln’ de la falla de¢ una cuiia. En efecto, la
falla plana puede describirse como la de una cuiia

cuyos dos planos coinciden, esto es: g — 180°.
Si ademds § = 1 e = 90°, entonces K —= 1, v
F, = F,.

Por ultimo, debe mencionarse que los dngulos
d v ¢ se determinan mediante proyeccién estereo-
grifica, una descripcion de lo cual cae fuera del
alcance de este articulo. Autores como PhillipsS,
presentan un excelenie tratamiento de tales técni-
cas. Existen abacos? para determinar el coeliciente
K que [acilitan el cilculo iterativo y cartas de
disefio simple muy expeditas.

El modelo presentado aqui es simple y particu-
lar, para ilustrar los principios bisicos, pero la
preseute edicion de MINERALES contiene otro ar-
ticulo que presenta una técnica mds general y
sofisticada para el andlisis de cufas.

VI. FALLA CIRCULAR:

Los taludes excavados en roca son susceptibles de
experimentar, principalmente, procesos- de falla
de los tipos previamente discutidos, con un fuerte
control de la geologia estructural. Sin embargo,
existen otros problemas en el idrea minera que
involucran la presencia de materiales menos resis-
tentes, tales como suelos de sobrecarga y botaderos

de lasue, en donde no existen estructuras domi-

nantes, y la supcificic de falla busca lilnemente
¢l cimino de menor resistencia a wavés del talud.

Se ha observado que en tales circunstancias la
superficie de falla se aceica a una forma circular,
segin la prictica aceptada en Mecinica de Suzlos

21



aplicada a taludes. En este campo hay una muy
completa literatura disponibie (Terzaghi?, Bishop#,
etc), a la cual deberia dirigirse el lector interesado.
Baste seiialar aqui que tal comportamiento puede
encontrarse en la roca fragmentada que forma un
botadero de lastre o de ripios, suelos de sobre-
carga en un talud,fo incluso en ciertos taludes
excdvados' en roca altamente alterada o meteori-
zada_que hayan, perdido un control esiructural
definido. ’

3
o

v QBSERVAClé)NES FINALES:

En un campo tan- amplio como son los taludes
excivados en roca, el propssito de este trabajo
ha sido plantear los principios fundamentales que
rigen su comportamiento mediante modelos sim-
‘ples y elementales. Estos permiten ilustrar la in-
fluencia de los principales parimetros en la esta-
bilidad de un talud, la cual resulta mucho menos
obvia en los andlisis mas complejos.

_ El factor de seguridad, F, debe utilizarse de
preferencia para estudios de sensibilicdad, como
se ha mencionado. El problema de definir un valor
aceptable de F para que un talud sea estable, por
ejemplo entre 1-3 a 2,0, es {uncién de la con-
fianza que inspiran el modelo de andlisis utilizado
y la informacién que se le entrega. Cuando des.
pués de un andlisis simple persiste una consi-
derable duda, lo mds razonable serd recurrir a

.22

técnucas mis complejas y/o a los servicios especia-
lizados qu¢ puedan estar- disponibles.
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