PB2001-105207

T

Publication No. FHWA-TS-89-045

Qe

U.S. Department September 1989
of Transportation

Federal Highway
Aciministyation

ROCK SLOPES:
Design, Excavation, Stabilization

Research, Development, and Technology
Turner-Fairbank Highway Research Center
6300 Georgetown Pike

McLean, Virginia 22101-2296







PB2001-105207

NOTICE

This documen+t |s dissemlnated under the sponsorshlp of the De~
partment of Transportation In the Interest of Information ex-
change. The Unlted States Government assumes no iiabl | Ity for
Its contents or use thereof.

The contents of +hls report reflect the views of Golder Asso-~
clates, which |Is responslble for the facts and the accuracy of
the data presented herein. The contents do not necessar | ly re-
f tect the off Iclal views or pol Icy of the Department of Trans-
portatlon.

This report does NOt constitute a s*andard, spec!fication or
regula*tion.

ACKNOWLEDGEMENTS

Golder Associates wishes to express their apprecistion to the
Federal Highway Administration for their funding Of the
preparation of this manual. We also spprecliate the assistance
and advice provided by many members of the Federal and State
Government geotechnlcal engineering community with whom we have
worked in the past. | n particular, we acknowledge Gerry
DiMaggio, Dick Cheney, Bob Leary, and Ron Chassie with the
Federal Highway Administration, and Verne McGuftey (NYDOT), Hal
Apgar (NJDOT), Dave Bingham (NCDOT), Bob Smith, Bi | | CaP&ul and
Jim Winger (10T), Al Ki |l tian and Steve Lowe! | (WSDOT}, and
Harry Moore (TNDOT).

We 8l so appreciate the generosity of Dr. Evert Hoek and John
Bray for al lowing the adaption of their book “Rock Slope
Engineering” (published by Institute of Mining and Metallurgy,
London 1981) as the basis for this manual. Examp | es and
experience quoted in this manual have been drawn from many
organizations including railway, highway, logging and mining
companies located in many parts of the world. In addition, we
are grateful to the manufacturers of drilling equipment,
explosives and movement monitoring instruments for the use of
their technical data.

PROTECTED UNDER INTERNATIONAL COPYRIGHT
ALL RIGHTS RESERVED.

NATIONAL TECHNICAL INFORMATION SERVICE
U.S DEPARTMENT OF COMMERCE

eproduced from
best available copy.




PREFACE

This manual has been prepared by Golder Associates, Seattle,
Washington, in conjunction with a series of Rock Slope Engi-

neering courses sponsored by the Federal Highway Administra-
tion.

The manual is based on a book entitled "Rock Slope Engineering”
authored by Dr. Evert Hoek and Dr. John Bray. A third edition
of this book has been published in 1981. The book has been
modified for these courses by expanding the chapter on Blasting
and preparing new chapters on Sloe Stabilizaiton, Movement
Monitoring and Construction Contracts and Specifications. A
glossary of excavation terms, | i st ings and documentation of two
slope stability programs and a data collection manual have been
added as appendices. The entire text has been edited to make it
applicable to transportation engineering.
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Chapter 1

1.1

Principles of rock slope engineering for highways.

Introduction

Thls manual Is concerned with the stab! | | ty of rock slopes,
with methods for assessing thls stabll{ty and with technlques
for Improving the stabll ity of slopes which are potentialiy
hazardous. It Is intended that It serve as both an Instruction
manual for engineers carrying out slope stabiiity tnvestiga-
tions and designing rock siopes, and a gulide for construction
englineers Involved with wcsvatlon and stabi | Iratlon. WiIth
thls purpose In mind, the manual contalns sectlons on methods
of rock slope design, practical exercises demonstrating the
application of these methods, sectlons on blasting, slope sta-
bflfzation, contracts and contract management.

Economlic consequences of Instabl Ity

Rock slope fal lures, or the remedial measures necessary to pre-
vent them, cost money and It Is appropriate that, before becom—
Ing Involved In a detalled examInation of slope behavlor, some
of the economic implications of thls behavlor should be examin-
ed. On transportation routes rock slope stability Involves both
overall slope fallure, and rock falls trom slope faces. Obvi-
ously, slopes are cut at the steepest possible angle In order
to minimize the excavation volume and the dlsturbance to adja-
cent property. However, In designing rock slopes It Is essen-
+1al that the long-term stabli}ity of the slope be conslidered
because It Is {Ikel y that the excavation must be stab Is for
many years. Durling this time the rock wi | | weather, It wl Il be
subject to Ice and water actlon, plant root growth and possible
change In loading conditions due to such activities as dltch
widening at the toe and constructlon on the crest. Adequate
safeguards to account for these changes should be Incorporated
In the design because the consequences of Ingstab | | Ity , as dl s~
cussed below, can be costly.

In examining the economic consequences of slope fal lures one
should consider both direct and indirect costs*(l). For the
case of a slope fallure during construction, direct costs would
Include such Items as equipment damage, claims for delays, ex~
cevatlon of the faljed materisl and stabll Iratlon of the re-~
maining slope. Indirect costs would Include such Items as extra
anglneering time, legal foes and, the most significant itenm,
delay to opening of the new highway, or the need to reroute
traff lc.

In the event of rock fall on an operatlional highway the direct
costs are usual iy i{imlted to cleaning rock from the road sur-
face, repalring the pavement and doing some stablllzatlon work.
Indirect costs Include such Items as Injury to highway users,
damage to vehicles, lost wages, hospltal charges, legal fees
and highway closure.

One approach to examining the cost beneflits of slope stab!llza~
tlon programs to reduce the Iincidence of slope fal lures that
disrupt highway operations, Is to use decislion analysls(2,3,4).
This technique relates the cost of uncertaln events, that can
be expressed In terms of probabl!itles of fallure, to the costs
of alternative stabillization programs. The results glve expec-
ted total costs of fal lure and stabllization for different op-

Numbers refer to list of reterences at the end of each
Chapter.




Geometry of planar failure
in example of bench stability
analysis.

Details of slope geometry
and material properties used
in analysis. Discontinuity
surface upon which sliding
occurs dips at 45°, The
friction angle of the
surface is 35° and the
cohesion is 1200 1b/sq.ft.
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tions which helps the engineer to decide which action produces
the greatest economic benefit. Decision analysis is beginning
to be used in engineering(5,6) foi lowing its more widespread
use in the business community.

A further consideration is that motorists are sometimes suc-
cessfully suing highway departments for damages and injury
caused by rock falls{7), One possible protection against such
action is to show that reasonable steps were taken to prevent
failure. Usual iy, reasonable steps are the application of
proven engineering methods and techniques. The methods des-
cribed in this manual have been used successfully in prac-
tice(8,9) and can be applied, in appropriate conditions, with
confidence in the design of rock slopes. This means that de-
signs for individual rock slopes can be prepared rather than
using a standard specification such as 1/4 (horizontal) : 1
(vertical).

Example of slope stabilization costs

Possibly the best illustration of slope design can be given by
an example which includes a consideration of the most important
factors which control rock slope behavior as well as the eco-
nomic consequences of failure.

In the slope illustrated in the margin sketch which has been
designed te be excavated at our angle of 76°* (1/4:1), a dis-
continuity has been exposed during the early stages of excava-
tion. Measurement of the orientation and inclination of this
discontinuity and projection of these measurements into the

rock mass shows that the | ine of intersection of the d iscon-
tinuity will daylight in the slope face when the height of the
slope reaches 50 ft. it is required to investigate the sta-

bility of this slope and to estimate the costs of the alter-
native methods of dealing with the problem which arises if the
slope is found to be unstable.

The factor of safety* of the slope, for a range of slope an-
gles, is plotted in Figure 1.2 for the two extreme conditions
of a dry slope and a slope excavated in a rock mass in which
the groundwater level is very high. 1t wi | | become clear, in
the detailed discussions given later in this manual, that the
presence of groundwater in a slope can have a very important
influence upon its stability and that drainage of this ground-
water is one of the most effective means of improving the sta-
bility of the slope.

A slope will fail if the factor of safety falls below unity and
from Figure 1.2, it will be seen that the saturated slope will
failif it is excavated at an angle steeper than 72 degrees.
The dry slope is theoretically stable at any angle but the
minimum factor of safety of approximately 1.1 is not considered
sufficiently high to ensure that the slope will remain stable.
Slopes adjacent to highways are considered to be permanent and
a factor of safety of 1.5 should usually be used for design
purposes.

*The definition of this and of other terms used in the stabi-
lity analysis is given later in the manual. A detailed know-
ledge of the method of analysis is not necessary in order to
follow this example.
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Figure 1.1 Example of a planar
failure.
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Volume for
curves A and B

‘Slope angle

In this example it would be necessary to cut the slope at an
angle of 68 degrees for the dry slope and 61 degrees for the
saturated slope in order to achieve a factor of safety of 1.5.

A comparison of costs if failure was to occur, with costs of
alternative stabilization measures, can be made by first cal-
culating the estimated volume of failure with increasing slope
angle (curve A on Figure 1.3), A slope length of 75 ft. has
been taken in this example. One means of stabi | izing the slope
would be to flatten the slope angle, and curve B shows the ex-
tra volume that must be excavated to flatten the slope from 76
degrees.

Also included in this figure are two curves giving the external
load, applied by means of cables installed in horizontal holes
drilled at right angles to the strike of the slope and anchored
in the rock behind the discontinuity planes, required to give a
factor of safety of 1.5 for both saturated and dry slopes (cur-
ves C and D).

The cost of the various options which are now available to the
engineer will depend upon such factors as the physical con-
straints at the site, e.g. property ownership, and the avai 1~
ability of men and equipment to install drain holes and rock
anchors. In deriving the costs presented in Figure 1.4, the
following assumptions were made:

2) The basic cost unit is taken as the contract price per
cubic yard of rock measured in place. Hence | ine B in
Figure 1.4, the cost of flattening the slope, is ob-
tained directly from line B in Figure 1.3.

b) The cost of clearing up a slope failure is assumed to
be twice the basic excavating cost. This gives | ine A
which starts at a slope angle of 72 degrees, theoreti-
cally the steepest possible saturated slope (see Figure
1.2).

c) The cost of tensioned cables is assumed to be 2 1/2
cost units per ton of cable load. This gives lines C
and D on Figure 1.4 for saturated and dry slopes re-
spectively (factor of safety = 1.5, Figure 1.3).

On the basis of a set of data such as that presented in Figure
1.4, the engineer is now in a position to consider the relative
costs of the options available to him. Some of these options
are listed below:

a) Flatten slope to 61 degrees to give a factor of safety
of 1.5 under saturated conditions (line B).

Total Cost = 900 Un its
b) Flatten slope to 67 degrees and install a drainage sys-
tem to give a factor of safety of 1.5 for a dry slope

(line B and £).

Total Cost = 1250 Units
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/ Figure 1.3: Excavation volumes and bolt loads.
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Line A - Volume to be cleared up if failure
A occurs.
1500 / Line 8 - Volume excavated in flattening slope
B from angle of 76° for 75 ft. long
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c) Cut slope to 72 degrees to induce failure and clean up
failed material (lines A and B).

Total Cost = 3800 Units

d) The option of cutting this slope at 76 degrees and in-
stalling anchors to give a factor of safety of 1.5 for
a standard slope is not feasible because it would be
impractical to install the number of cables required
(curve C),

@) Cut slope at 76 degrees, install drains and anchors to
give a factor of safety for a dry slope of 1.5 (lines D
and E).

Total Cost = 2000 Units

f) Cut slope to 67 degrees on the assumption that it may
not fail and make provision to clean up any failure
that may occur (lines A and B).

Minimum Total Cost = 450 Units
Maximum Total Cost = 3850

It must be emphasized that these estimates are hypothetical and
apply to this particular slope only. The costs of these and
other options will vary from slope to slope and no attempt
should be made to derive general rules from the figures given.

The lowest cost option (option (f)) if the slope does not fail,
is to cut the slope to 67 degrees and accept the risk of fai |~
ure. This risk may be acceptable for a temporary or infrequent-

ly used road i f it is expected that the s lope wi I | not become
saturated. However, if the slope were to fail then the total
cost would be greater than any of the other options. The op-

tion with the next lowest cost is option (a) which involves
flattening the slope to 61 degrees so that a factor of safety
of 1.5 is obtained under saturated conditions. This has the
advantage that no artificial support, which may not work as
designed in the long term, is required, but would not be feas-
ible if property restrictions preclude cutting back the slope.
If it was necessary that the slope be cut at 76 degrees then it
would be necessary to drain the slope as well as put in anchors
(option (e)). The effectiveness of the drainage system would be
most important because of the sensitivity of the slope to water
pressures.

Planning stability investigations

Typically, rock cuts above highways may only suffer very occa-
sional slope failures during their life. How can these i sola-
ted slopes which are potentially dangerous be detected in the
many miles of slopes along the highway?

The answer | ies in the fact that certain combinations of geo-
logical discontinuities, slope geometry and groundwater con-
ditions result in slopes in which the risk of failure is high.
If these combinations can be recognized during the preliminary
geological and highway layout studies, steps can be taken to
deal with the slope problems which are likely to arise in these
areas. Slopes in which these combinations do not occur require
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no further investigation. It must, however, be anticipated that
undetected discontinuities will be exposed as the slope is ex-
cavated and provision must be made to deal with the resulting
slope problems as they arise.

This approach to the planning of slope stability studies is
outlined in the chart presented in Figure 1.5, and it will be
seen that there are two distinct categories:

a) Design of slopes for new construction

b) Evaluation of stability of existing slopes, and design
of stabilization programs where required.

Details of the different approaches are as follows:

a) New construction: the first task involves a prel imi-
nary evaluation of the geological data available from
the route exploration program, which normal !y includes
air photo interpretation, surface mapping and study of
natural slopes. The study should include the stability
of large, regional movements as wel | as the stabil ity
of individual rock cuts.

The prel iminary assessment of stabi | ity can be done us-
ing a number of simple techniques which will be descri-
bed In the first part of this manual. This preliminary
study should ldentify those slopes in which no failure
is likely, and which can, therefore, be designed on the
basis of operational considerations, and those slopes
in which the risk of failure appears to be high and
which require more detailed analysis.

This analysis involves a much more detailed study of

the geology, possibly requiring dri I | ing, the ground-
water conditions, and the mechanical properties of the
rock mass. A detailed analysis of stabi |l ity is then

carried out on the basis of this information to de-
termine maximum safe slope angle, or support require-
ments.

Chapters 7 - 10 of this manual will deal with the tech-
niques which can be used for these detailed stabi | ity
studies.

b) Existing slopes: the major difference between these
stability studles and those for new construction, is
the greater amount of information available in the case
of existing slopes. The exposed face will usually give
excellent information on geological conditions and
study of past fal lures wi | | demonstrate the type of
failure most | ikely to occur. Back-analysis of these
failures would be the most reliable means of determin-
ing the rock strength although in some cases it may
also be necessary to carry out | aboratory test Ing on
fractures not involved in previous failures. If it is
suspected that groundwater pressures played a part in
the failure It may be necessary to install piezometers
to measure the pressure because It i s rare | y poss i bl e
to obtain this information from observations on the
face. In many cases dri |l ling programs wil |l not be
required because more information on geology wi l | be
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Slope stabllity program

New construction Existing slopes
Examine air-photographs, geology, Hake stdbi | i ty assessment;
natural slopes. examine rock fail records.

Unstable?

stop Detailed geological mapping (drilling); stop
groundwater data; strength testing
and/or back-analysis of failures and

nearby slopes.

Detailed stability analysis to
determine risk of failure.

Moderate

Design stabilization system to Accept possibility of fallure;
achieve required Factor of Safety. install movement monitoring system
to provide warning of deteriorating
stability conditions.

Figure 1.5: Planning a slope stability program,
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available from surface mapping than wi | | be obtained
from drill core. This information can be used to de-
sign appropriate stabilization measures.

In some cases there may be a number of unstable slopes along
many miles of highway and there wi | | be insufficient +ime and
funds available to carry out all the stabilization work. One
method of drawing up a long term stabllizatlon program in
which the most hazardous slopes are stabilized first, is to
make an inventory of stabl!lity conditions. This inventory
would describe the physical and geotechnical conditions of
each site, from which a priority rating, related to the prob-
able risk of failure, to be assigned to each slope (10, 10A),
This information would identify the most hazardous locations,
and the stabitization work required, and would be used to
plan a program which wou!l d start with the slopes having the
highest priority rating.

An example of the information that would be collected in
making an inventory of stability conditions Is shown in
Figure 1.6. The Information for all the slopes Is stored In
a computerized data base which can be used to retrieve
selected data, such as the mileage and priority rating of all
slopes where previous rock falls have occurred. Also, the
data base facil itates updating of records such as rock fal |
events. Once an Inventory of slopes has been completed,
priority ratings can be assigned to each slope.

In assigning priority ratings, it is important that a method
be used that is consistent, both between si tes, and when data
is collected by different personnel. The system shown In
Figure 1.7 assigns polints to each category of data that has
an Influence on stabii ity conditions. The total number of
points Is then added to determine the prlority rating number.
The sites can then be ranked according to their rating
number, or they can be grouped as shown on the lower part of
Figure 1.7. It is considered that grouping of sites with
similar ratings Is appropriate because assignment of rating
numbers is inprecise and requires a certain amount of judge-
ment. One means of describing priority ratings based on
groupings of priority numbers is as follows:

Point Total Priority Description of Risk

>500 A) Moderate probabllity of failure of
sutficient volume to cause hazard if
failure undetected.

400 to 500 8) Some probabi lity of fallure of suf-
f lcient volume to cause hazard If
fallure undetected.

250 to 400 c) Moderate probabillty of fallure of
small volumes which might roach the
highway.

250 to 150 D) Moderate probability of localized

rocks or rock falls occurring during
extreme cl imatic conditions - wry
heavy ralnfalt or run-off, extreme
freeze-thaw cycles, etc.

<150 £) Slight possibil ity of local ized
tailures under extreme climatic
conditions. Generally shallow

cuts,




Finally, how long will a slope design program take? The time
wi | | range from one ha | f to two hours for a stabil ity assess-
ment (Figure 1.61, to several days for a preliminary investi-
gation for a new construction site, to possibly two months
for a detailed study of a critical slope.

STABILYXYTY ASSESSMENT

Date: March 22, 1988 Priority: A
Regi on: Western Route: SR 1002A
Mileage: 81.2 Traffic: Heavy

Al'i gnnent: Tangent.

Sight Visibility: 500 yards, east and west.

Average Climatic Conditions:
Coastal - vet with freeze/thawcycles in spring and fall.

Past Stability Records:
A rockfall in late 1983 was sStruck by a truck. There are other falls
lying in the ditch with volumes up to 1/2 cu.yd; the Foreman report
equipment has been used in the past to remove substantial quantities
of rock from theditch.

DESCRIPTION OF S| TE

cut: x Fill: Other: Hei ght: 40 ft. Length: 300 ft.
Rock: x Soil: Other:

Notes : Through-cut.
Geol ogi ¢ Description:

Strong Nassive granite with bl ast damage that has opened substantial
cracks. Note heavy tree cover al ong crest of cut.

Evi dence of Water:
NT.
Work Space Avail abl e:
Li mi ted.
DESCRIPTION oF POTENTI AL | NSTABI LI TY

Further rockfalls with volumes
up to at least 5 cu.yds.

RECOMMENDED STABI LI ZATI ON
Clean end wi den exi sting ditches,
to minimmof 15 ft. width. Where

ditch cannot be excavated, scale
| oose rock on slope face.

PROTOGRAPH OF SITE

Golder Associates

Figure 1.6: Example of Slope Stability Assessment Sheet.



POINTS 1 POINTS 3 POINTS 9 | POINTS 27 POINTS 81
SLOPE <15 FT 15 70 25 FT 25 TO 35S FT 35 1O a5 FT > 45 FT
HE IGKT
SLOPE < S0 FT 50 TO 100 FT 100 TO 150 FT 150 TO 200 F7 > 200 FT
LENGTH |
VISIBILITY/ Adequate Good Moderate Limited Very
SHOULDER stoppling visibility visibliity visipliilry ({iml ted
distance, and shoulder shoulder and shoulder visibliilry,
futl shoulder wlath widgth wlgth no shoulder
TRAFFIC Very light Recreatlional Mogerate Hea vy Yery haavy/
only contlnuous
DITCH Meets Adequate Moderate Limlted NIt
DIMENS |ONS Ritenle width, catchment catchment
criteria Insdequate
depth
GEOLOGY Massive, no Discontinuous Fractures Discont |nuous Continuous
tractures fractures, torm tractures fractures dipping
dipping random wedges dipping out out of slope
out ot siope orlentation ot slope
BLOCK SIZE < 8 IN 6 T0 12 IN 170 2FT 270 SV > S FT
ROCK Rough, Undulating Planar Smooth, Ciay, gouge
FRICTION Irregular sl lckenslded taulted
WATER/ICE Ory, warm Moderate Moderate Mogerats High rainfalt,
winters ralntell, ralntal, raintall, cold winters
warm winters some cold winters
treezing
ROCK FALL No fells Occaslonai Occaslonal Regular talis Ma jor talls/
m]nor talls sllides
fatis
Priority Point Total
A Greater than 500
B 400 to 500
4 250 to 400
D 150 to 250
E Less than 150
Figure 1.7: Slope Stability Rating System
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Basic mechanics of slope failure.

Contlnuum mechanics approach to slope stablllity

A questlon which frequently arises In dlscussions on slope sta-
bllity Is how high and how steep can a rock slope be cut. One
approach to thl s problem, which has been adopted by a number of
Investigators(11-15), Is to assume that the rock mass behaves
as an elastic continuum. The success wh Ich has been ach ieved
by the app) ication of techniques such as photoel ast Ic stress
analysis or finlte element methods In the deslgn of underground
excavations has tempted many research workers to apply the sane
technliques to slopes. Indeed, from the research polint of view,
the resu | ts have been very Interest Ing but In terms of pract [-
Cal rock slope englneering, these methods have limited useful-
ness. These |Imitat lons ar Ise because our knowledge of the
mechanlcal propertles of rock masses Is so Inadequate that the
cholce of materlal propertles for use In the analysls becomes a
matter of pure guesswork. For example, If one attempts to cal-
culate the iImiting vertical helght of a slope In a very soft
| Imestone on the basls of Its Intact strength, a va | vue In ex-
cess of 3,500 ft. Is obtalned(16). Clearly, thls helght bears
very little relatlon to reality and one would have to reduce
the strength propertles by a factor of at least 10 In order to
arrive at a reasonable slope helght.

It Is appropriate to quote ft-an a paper by Terzagh!(17) where,
In discussing the problem of foundatlon and slope stabllity, he
sald "... natural condltlons may preclude the posslbllity of
securing al | the data required for predicting the performance
of a real foundation material by analytical or any other m&h-
ods. If a stablllty computation Is required under these condi-~
t lons, It Is necessar | | y based on assumptlons wh Ich have | Itt le
In common with real Ity. Such computations do more harm than
good because they divert the designer's attentlon from the In-
evitable but Important gaps In hls knowledge . ..".

Mul ler and hls co-workers In Europe have emphaslzed for many
years the fact that a rock mass Is not a continuum and that Its
behavlor Is dominated by discontinultles such as faults, jolnts
and bedding planes. Most practical rock slope designs are cur-
rently based upon thls discontinuum approach and thls wi | | be
the approach adopted In al )} the technlques presented In this
book. However, before leaving the quest lon of the continuum
mechanlcs approach, the authors wish tc emphasize that they are
not opposed In principle to Its application and Indeed, when
one Is concerned with overal | displacement or groundwater flow
patterns, the results obtalned from a numerical method such as
the flnlte element technigue can be very useful. Developments
In numerlcal methods such as those reported by Goodman( 19) et
al and Cundal 1(20) show that the gap between the Ideal lzed
elastic contlnuum and the real discontinuum Is gradually belng
bridged and the authors are optimistic that the techniques
which are currently Interesting research methods will even~
tually become useful englineering design tools.

Maximum slope helght - slope angle relatlonshlp for exca-
vated slopes

Even If one accepts that the stab | | | ty of a rock mass Is dom I-
nated by geological discontinulties, there must be sltuatlons
where the orientation and inclination of these discontinultles
Is such that sIlmple sllding of slabs, blocks or wedges Is not
possible. Fatiure In these slopes wiil Involve a combination




A planar discontinuity

of movement on dilscontinultles and fallure of Intact rock ma-
terial and one would anticlpate that, In such cases, higher and
steeper slopes than average could be excavated. What pract ical
evidence Is there that thls Is a reasonable assumption?

A very Important col lection of data on excavated slopes was
comp! led by Kley and Lutton(21) and additional data has been
obtalned by Ross-Brown(22). The Information refers to slopes In
open cut mines, quarries, dam foundat!on axcavations and high-
way cuts. The slope helghts and corresponding slope angles for
the slopes In materlais classlfied as hard rock have been
plotted In Flgure 2.1 rhich Includes both stable and unstable
slopes. Ignoring, for the moment, the unstable slopes, this
plot shows that the highest and steepest slopes which have been
successfully excavated, as far as Is known from this collectlon
of data, fall along a fairly clear lIne shown dashed In Flgure
2.1. Thils iine glves a useful practical gulde to the highest
and steepest slopes which can be contemplated for normal trans-
portatlon planning. In some exceptional circumstances, higher
or steeper slopes may be feaslble but these could only be Jus-
tifled If a very comprehensive stabllity study had shorn that
there was no risk of Induclng a masslive slope fallure.

Role of dlscontinultles In slope fallure

Flgure 2.1 shows that, whlie many slopes are stable at steep
angles and at helghts of several hundreds of feet, many flat
slopes fall at heights of only tens of feet. This difference Is
due to the fact that the stabllity of rock slopes varles with
inciination of discontinulty surfaces, such as faults, joints
and bedding planes, within the rock mass. When these disconti-
nultles are vertical or horfzontal, simpie sliding cannot take
place and the slope fal lure will Involve fracture of Intact
blocks of rock as well as movement along some of the disconti-
nultles. On the other hand, when the rock mass contalns dl s-
continulty surfaces dlpping towards the slope face at angles of
between 30° and 70°, simpie sliding can occur and the stab! lity
of these slopes Is signiticantly lower than those In which only
horlzontal and vertical discontlinultles are present.

The Influence of the Inclinatlon of a faliure plane on the sta-
bility of a slope Is strikingly lllustrated In Flgure 2.2 In
which the critical helght of a dry rock slope Is plotted ag-
alnst discontinulty angle. In deriving thls curve, It has been
assumed that only one set of discontlnultles Is present In a
very hard rock mass and that one of these dlscontinultles “day-
| Ights” at the toe of the vert ical slope as shown In the sketch
In Filgure 2.2. It will be seen that the critical vertical
height H decreases from a value In excess of 200 ft., for ver~
tical and horlzontal discontinultles, to about 70 ft. for a
discontlnulty Inclinatlon of 55°.

Clearly, the presence, or absence, of discontinultles has a
very Important Inf luence upon the stab | | Ity of rock slopes and
the detectlon of these geologlical features Is one of the most
critical parts of a stabllity Investigation. Techn | ques for
deal ing with thls problem are discussed In later chapters of
thls book.

Frictlon, cohesion and unlt weight

The material propertles which are most relevant to the discus-
slon on slope stabllity presented In thls book are the angle of
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Inclined planar dlrcontinuities which
daylight at the toe of a rock slope
can cause instability when they are
inclined at a steeper angle than the
angle of friction of the rock surfaces
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friction, the cohesive strength and the unit welght of the rock
and sol| masses.

Frictlon and coheslon are best defined In terms of the plot of
shear stress versus normal stress given In Figure 2.3. This
plot Is a simplified version of the results which would be ob-
tained If a rock specimen containing a geological discontinulty
such as a Joint Is subjected to a loading system uhlch causes
sl Iding along the discontinulty. The shear stress 7 required
to cause sllding Increases with Increasing normal stress o .
The slope of the lIne relating shear to normal stress defines
the angle of friction @ . |If the discontinulty surface Is In-
Itlal ly cemented or If It Is rough, a finite value of shear
stress 2" wlll be requlred to cause stiding when the normal
stress level Is zero. This Initial value of shear strength
defines the cohesive strength c of the surface.

The relationship between shear and normal stresses for a typi-
cal rock surface or for a sol)} sample can be expressed as:

Tacromng 77

Normal stress ©

Sheer stress T

Shear stress 1 =t

Cohesion ¢

!

Normal stress ¢ —

Flgure 2.3: Relatlonshlp between the shear stress 7 required
to cause sllding along a discontlnulty and the
normal stress ¢ act Ing across It.




TABLE 1 - TYPICAL SOIL AND ROCK PROPERTIES

Description Unit weight

Friction Cohes ion
- (Saturated/dry) angle
ype Material 1b/ft3 kN /m3 degrees | ib/ft? kPa
Loose sand. uniform grain size 118/90 19/14 28-34”
Dense sand, uniform grain site 130/109 21/17 32-40”
E Loose sand, mixed grain size 124799 20716 34-40%
2]
Dense sand, mixed grain size 135/116 21/18 38-L6*
N
n -0
Y|2eravel, uniform grain size 140/130 22/20 34-37%
§r§ Sland and gravel, mixed grain size 120/110 19/17 48-45"
A
¥
3%
2| 3 |Basalt 140/110 22/17 4o-50%
5.
= [ Chalk 80/62 13710 30-40"
‘é Granite 125/110 20/17 45-50”
S Limestone 120/100 19/16 35-40%
S | sandstone 110/80 17/13 35-45%
w
§ Shale 125/100 20/16 30-35"
Soft bentonite 80/30 13/6 7-13  |200-400 10-20
Very soft organic clay 90/40 1476 12-16 |200-600 10-30
Soft, slightly organic clay 100/60 16/10 22-27 | 400-1000 20-50
> Soft glacial clay 110/76 17/12 27-32  |600-1500 30-70
S| stiff glacial clay 130/105 20717 30-32  |1500-3000 70-150
Glacial till, mixed grain size 145/130 23/20 32-35 |3000-5000| 150-250
Q . E
v Hard igneous rocks - 1667to 190] 25 to 30 35-45 | 720000- | 35000-
2 granite, basalt, porphyry 1150000 55000
o
i Metamorphic rocks - i 400000~ | 20000-
. . 160 to 180| 25 to 28 30-40 800000 40000
quartrite, gneiss. slate
"é Hard sedimentary rocks - 200000~ 10000~
= 150 to 180| 23 to 28 35-45 600000 30000
limestone, dolomite, sandstone
Soft sedimentary rock - 110 to 1501 17 to0 23 2535 2[?&%)00’ lggg;o
sandstone, coal, chalk, shale

# Higher friction angles in cohesionless materials occur at low confining or normal

stresses as discussed in Chapter 5.

** For intact rock,

the unit weight of the material does not vary significantly between

saturated and dry states with the exception of materials such as porous sandstones.
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Typlcal values for the angle of frictlon and cohesion which are
found In shear tests on a range of rocks and sol Is are | | sted
In Table 1 together with unlt welghts for these materials. The
values quoted In thls table are Intended to glve the reader
some ldea of the magnitudes which can be expected and they
should only be used for obtaining preliiminary estimates of the
stability of a slope.

There are many factors which cause the shear strength of a rock
or soll to deviate from the simple |Inear dependence upon nor-
mal stress Il lustrated In Flgure 2.3. These var fat lons, to-
gether with n&hods of shear test | ng. are dl scussed In Chapter
5.

Sliding duo to gravitational loading

Consider a block of welight W resting on a plane surface rhich
Is Inclined at an angle ¥ to the horlzontai. The block Is
acted upon by gravity only and hence the welght W acts vert|-
cally downwards as shown In the margin sketch. The resolved
part of W whlch acts down the plane and which tends to cause
the block to sl Ide Is W SIn % . The canponent of W wh | ch acts
across the plane and which tends to stabl | 1ze the slope Is W
COS V .

The normal stress O which acts across the potential sllding
surface Is glven by

o= (W cos Y)/A (z)
where A Is the base area of the block.
Assuming that the shear strength of thls surface Is def Ined by

equation (1) and substituting for the normal stress from equa-
tlon (2)

Z = c+—”ja"%-7'an ¢
of RscArwcos Y. jan & (37

where R =ZA Is *the shear force which resists sliding
down the plane.

The block wiii be Just on the polnt of sllding or In a condi-

tion of Iimiting equlllbrlum when *+he disturbing force acting
down the plane Is exactly equal to the resisting force:

WSinYescAtWwcosy. 7orn &)

If the cohesion ¢ = 0, the conditlon of Iimlting equlllbrium
defined by equation (4) simplifies to

Yo (5)
Influence of water pressure on shear strength
The Influence of water pressure upon the shear strength of two

surfaces In contact can most effectively be demonstrated by the
beer can experiment.
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An opened beer can fil led with water rests on an Inclined plece
of wood as shown In the margin sketch.

The forces which act In thl s case are prec | se | y the same as
those acting on the block of rock as shown In the diagram on
the previous page. for simplicity the cohesion between the beer
can base and the wood Is assumed to be zero. Accord | ng to equa-
tlon (5) the can wlth Its contents of water wiil siide down the
plank when'%- 2 .

The base of the can Is now punctured so that water can enter
the gap between the base and the plank, glving rise to a water
pressure &« or to an upllift force U =«A, where A Is the base
area Of the can.

The normal force W Cos %2 Is now reduced by this up I | f t force
U and the resistance to sliding Is now

Re (W Cos ¥y - U) Tan @ (6)

If the waight per unit volume of the can plus water is deflined
as 77 whl le the welght per unit volume of the water is %y, then
W= %.h.A and U = 2%.%.A, where h and A, are the helghts de-
f tned In the smal | sketch. From thls sketch It wi |l | be seen
that 4, = h.Cos ¥, and hence

V= MfA,ow cosy, (7
Substltuting In (6}
R=wy cos Yy (1-MW/r) 7an & (8)

and the condltion for limiting equl Iibrlum defined In equation
(4)becomes

Tarn Y =(1- /%) ran & (%)

Assuming the friction angle of the can/wood Interface Is 30°,
the onpunctured can wil | sl ide when the plane Is incl ined at ¥4
= 30° (from equatlon (5)). On the other hand, the punctured
can wil | slide at a much smaller Inciination because the uplift
force U has reduced the normal force and hence reduced the
frictlonal resistance to sllding. The total uelght of the can
plus water Is only slightiy greater then the welght of the
water. Assuming 7/7; * 0.9 and & = 30°, equat lon (9) shows
that the punctured can wit | s] 1de when the plane Is Incllned at
Y2=3°18".

The effective stress law

The effect of water pressure on the base of the punctured beer
can Is the same as the Influence of water pressure acting on
the surfaces of a shear specimen as lllustrated In the margin
sketch. The normal stress ¢ acting across the fallure surface
Is reduced to the effective stress (0 -« ) by the water pres-
sure «. The relationshi p between shear strength and normal
strength deflined by equation (1) now becomes

Z=c +(0-u)Tan & (o)

In most hard rocks and In many sandy solls and gravels, the co=
hesive and frictlonal properties (¢ and @) of the materiais are
not significantly altered by the presence of water and hence,
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reductlon In shear strength of these mater la | s Is due, almost
entirely to the reduction of normal stress across fat lure sur-
face. Consequently, It Is water pressure rather than molsture
content which Is Important in defining the strength character-
Istics of hard rocks, sands and gravels. In terms of the sta-
bllity of slopes In these materlals, the presence of a small
volume of water at high pressure, trapped withlin the rock mass,
Is more Important than a large volume of water discharging from
a free dralning aqulfer.

In the case of soft rocks such as mudstones and shales and also
In the case of clays, both coheslon and friction can change
markedly with changes In molsture content and It Is necessary,
when testing these materlals, to ensure that the molsture con-
tent of the material during test Is as close as possible to
that which exists In the fleld. Note that the ef fect Ive stress
law defined In equation (10) stil) appliies to these materlals
but that, In addltlon, ¢ and & change.

The effect of water pressure In a tenslon crack

Conslder the case of the block resting on the inclined plane
but, In +his Instance, assume that the block Is split by a
tension crack which Is fijled with water. The water pressure
In the tension crack Increases iineariy with depth and a total
force V, due to this water pressure acting on the rear face of
the block, acts down the Incl Ined plane. Assuming that the
water pressure Is transmitted across the Intersection of the
tenslon crack and the base of ths block, the water pressure
distribution Illustrated In the margin sketch occurs along the
base of the block. Thls water pressure distributlon results In
an upl Ift force U which reduces the normal force act | ng across
this surface.

The condition of }imiting equilibrium for *hls case of a block
acted upon by water forces V and U In addition *0 Its own
welight W Is defined by

WEinYr¥=cAr(Weosy-t) Tan & )

From this equation It wi | | be seen that the distrlbuting force
tending to Induce sl lding down the plane Is Increased and the
frictlonal force resisting sllding Is decreased and hence, both
V and U result In decreases In stabllity. Although the water
pressures Invoived are relatively smal |, these pressures act
over large areas and hence the water forces can be very large.
In many of the practical examples considered In later chapters,
the presence of water In the slope giving rise to uplif+ forces
and water forces In tenslon cracks Is found to be cr Itical In
control Iing the stabl | Ity of slopes.

Reinforcement to prevent sliding

One of the most effective means of stabilizing blocks or slabs
of rock which are likely to slide down inclined discontinuity
surfaces is to install tensioned rock bolts or cables. Consider
the block resting on the Inclined plane and acted upon by the
uplift force U and the force V due to water pressure in the
tension crack. A rock bolt, tensioned to a load T is installed
at an angle & to the plane as shown. The resolved component of
the bolt tension T acting parallel to the plane is T Cos.8




rock bolt installation to
secure loose block.

Note:

Other methods of slope
stabilization are
discussed in Chapter 12.

while the component acting across the surface upon which the
block rests is T Sing@. The condition of | imiting equi | ibrium
for this case is defined by

W SinYr-TcosBacAr/Wcos Y-L/+7 Sirn,8) an &
2)

This equatlon shows that the bolt tenslon reduces the disturb-
Ing force acting down the plane and Increases the normal force
and hence the frictional resistance between the base of the
block and the plane.

The minimum bolt tenslon required to stabll 1ze the block Is
cobtalned by rearranging equation (12) to give an expresslon for
the bolt tenslon T and then minimizing thls expression with
respect to the anglieZ, l.e. setd7 /48 = 0, which glves

L= 3)

Factor of safety of a slope

Al | the equations defining the stabllity of a block on an In-
cl Ined plane have been presented for the conditlon of | Iml t Ing
equlllbrlum, 1.0. the condltlon at which the forces tending to
Induce sliding are exactiy balanced by those reslisting sliding.
In order to compare the stablllity of slopes under conditlions
other than those of limiting equl | Ibrlum, some form of Index Is
required and the most commonl y used Index Is the Factor of
Safety. This can be defined as the ratio of the total force
avallable to resist siiding to the total force tending to In-
duce sl 1ding. Conslidering the case of the block acted upon by
water forces and stab | | | zed by a tensloned rock bolt ( ® quat lon
12), the factor of safety Is glven by

cA+r(Wcos Y-t r7 SinB) 7an &
WSin Yrv-7 cos 8

()

When the slope Is on the polnt of fallure, a condltlon of |imi-
ting equlllbrlum exists In which the reslsting and disturbing
forces are equal, as def ined by equation (12), and the factor
of safety F = 1. When the slope Is stable, the resisting forces
are greater than the dilsturbing forces and the val ue of the
factor of safety wlli be greater than unity.

Suppose that, In a highway construction situatlon, the observed
behavior of a slope suggests that It Is on the polnt of falljure
and It Is decided to attempt to stabll Ize the slope. Equat lon
14 shows that the value of the factor of safety can be In-
creased by reducing both U and V, by dralnage, or by Increasing
the value of T by iInstalling rock bolts or tensloned cables. It
Is also posstble to change the weight W of the fallling mess but
the Influence of thls change on the factor of safety must be
carefully evaluated since both the disturblng and reslsting
forces are decreased by a decrease In W.

Practical experlence suggests that, In a sltuatlon such as that
described above, an Increase In the factor of safety from 1.0
to 1.3 wil | general ly be adequate for low slopes which are not
required to remaln stable for long perlods of time. For cri-
tical slopes adjacent to major highways or Important Instal la-
tlonc, a factor of safety of 1.5 Is usually preferred.
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This example has been quoted because It emphasizes the fact
that the factor of safety Is an Index which Is most valuable as
a design tool when used on a comparative basls. In thls case,
the engineers and management have declded, on the bas! s of the
observed behavior of the slope, that a condltlon of Iinstabi|lty
exists and that the value of the factor of safety Is 1.0. It
remedial measures are taken, thelr effect can be measured
agalnst the condltlon of slope fallure by calculating the In-
crease In the factor of safety. Hoek and Londe, In a general
review of rock slope and foundation deslign methods(23), con-
clude that the Information which Is most useful to the design
engineer Is that which Indicates the response of the structure
to changes In signlficant parameters. Hence, decl slons on reme-
dlal measures such as dralnage can be based upon the rate of
change of the factor of safety, even If the absolute va | ue of
the calculated factor of safety cannot be rel led upon with a
high degree of certainty. To quote from thls general review:
"The functlion of the design engineer Is not to compute accu-
rately but to judge soundly”.

In carrying out a feasIblllty study for a proposed transporta=-
tion or clvii engineering project, the geotechnlical englneer
frequently lo faced with the task of deslgning slopes where
none have previously existed. In this case there Is no back-
ground exper lence of slope behavior which can be used as a
basls for comparison. The englineer may compute a factor of
safety of 1.35 for a particular slope deslgn, based upon the
data avallable to him, but he has no Idea whether thls value
represents an adequatel! y stable slope since he has not had the
opportunity of observing the behavlor of actual slopes In this
particular rock mass. Under these clircumstances, the englnser
Is well advised to exercise caution In the choice of the para-
meters used In the factor of safety calculation. Conservatively
low values of both cohesion and friction should be used and, If
the groundwater conditions In the slope are unknown, the high-
est anticlpated groundwater levels should be used In the cat-
culatlon. Sensltivity analyses of the effects of dralnage and
rock bolting can still| be carried out as In the previous case,
but having chosen conservative rock strength parameters, the
slope designer Is unlikely to be faced with unpleasant sur-
prises when the slope Is excavated.

In later chapters of thls book, a number of practica | examp | es
are glven to Il justrate the varlous types of rock slope des Ign
which are | Ikely to be encountered by the reader. The problems
of obtalning rock strength values, rock structure data and
groundwater cond It lons for use In factor of safety cal culations
are discussed In these examples and guldance Is glven on the
values of the factor of safety which Is approprlate for each
type of design.

Slope fallures for which factors of safety can be calcu-
1ated

In discussing the basic mechanism of slope fallure, the model
of a single block of rock slidIng down an Inclined plane has
been used. Thls Is the simplest possible model of rock slope
fallure and, In most practical cases, a more complex fallure

process has to be cons Idered . In some cases, the methods of
calculating the factor of safety, presented In this book, can-
not be used because the fa | | ure process does not Involve simpie

gravitational sllding. These cases w! | | be di scussed later In




this chapter. The method of | imiting equl | Ibr lum can be used
In analyzing the slope fallures listed below.

Plane fallure

As shown In the margin sketch, plane tallure occurs when a geo-
loglcal discontinulty, such as a bedding plane, strikes parall-
el to the slope face and dlps iInto the excavation at an angle
greater than *he angle of friction. The calculation of the fac-
tor of safety follows precisely the same pattern as that used
for the single block (equation 14). The base area A and the
weight W of the sliding mass are calculated from the geometry
of the slope and fallure plane. A tenslon crack running paral-
lel to the crest of the slope can al so be Incl uded In the cal-~
culation.

A detalled dlscusslon on the analys!s of plane fallure Is glven
In Chapter 7.

Wedge fal lure

When two dlscontinultles strike oblfquely across the slope face
and thelr llne of Intersectlon daylilghts In the slope face, the
wedge of rock resting on these discontinultles wli | sl ide down
the fine of Intersectlon, provided that the Inclinatlon of this
Iine Is slgnificantiy greater than the angle of frictlon. The
calculation of the factor of safety Is more complicated than
that for plane fal lure since the base areas of both fal lure
planes as well as the normal forces on these planes must be
calculated.

The analysis of wedge fallures Is dlscussed In Chapter 8.
Circular tallure

When the materlal Is very weak, as In a soll slope, or when the
rock mass Is very heavlly jointed or broken, as In a rock fll},
the faliure wiil not be defined by a single discontinulty sur-
face but wifi{ tend to follow a clrcuiar faflure path. This
type of fal lure, 1 |1 | ustrated In the marg In sketch, has been
treated In exhaustive detall In many standard sol | mechanics
textbooks and no useful purpose would be served by repetition
of these detalled discusslons In thls book. A set of circular
fal | ure charts Is presented In Chapter 9 and a number of worked
examples are in¢ | uded In th | s chapter to show how the factor of
safety can be calculated for simple cases of circular fallure.

Critical slope helght versus slope angle relatlonshlps

One of the mos* useful forms In which slope deslgn data can be
presented Is a graph showling the relatlonshlp between slope
helgh*s and slope angles for fal lure, e.g. the dashed line in
Figure 2.1. A number of typical slope fallure cases have been
analyzed and the relatlonshlps between critical slope helghts
and slope angles have been plotted In Flgure 2.4. Thlis flgure
Is Intended +o0 glve the reader an overal | appreciation for the
type of relatlonshlp which exlsts for varlous materials and for
the role which groundwater plays In slope stabillity. The
reader should not attempt to use this f Igure as a bas ! s for the
design of a particular slope since the conditions may differ
from those assumed In deriving the results presented In Figure
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Fiqure 2.4:Slope anqle versus slope hsiaht relationchinc for differsnt materials.
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Toppling failure
slate quarry.

in a

2.4. indlvidua!l slopes should be analyzed using the methods
described In Chapters 7, 8 and 9.

Slopes for whilch a factor of safety cannot be calcula-
ted

The faliure modes which have been discussed so far have al | In-
volved the movement of @ mass of materia! upon a fal lure sur-
face. An analysls of fallure or a calculation of the factor of
safety for these slopes requires that the shear strength of the
failure surface (deflned by c and @) be known. There are also
a few types of slope failure which cannot be analyzed by the
methods already described, even If the strength parameters of
the materi{a! are known, since fallure does not Involve simpie
sl Iding. These cases are dilscussed on the fol lowing pages.

Toppling fallyre

Conslder, once agaln, a block of rock resting on an Incllined
plane as shown In Figure 2.5a. In thls case, the dimenslions of
the block are defined by a helght h and a base length b and It
Is assumed that the force res! st Ing downward movement of the
block Is due to frictlon only, {.e. c = 0.

When the vector representing the welght W of the block fal Is
within the base b, sllding of the block wi | | occur If the in-
clination of the plane ¥ Is greater than the angle of friction
&. However, when the block Is tall and slender (h > b), the
weight vector W can fa | | outside the base b and, when thls
happens, the block wi Il topple {.e. 1t wi | | rotate about Its
| owest contact edge.

The conditlons for slilding and/or toppling of thls single block
are defined In Figure 2.5b. The four reglons In thls diagram
are deflined as fol lows:

Reglon 1: ¥ <& and b/h > Tan %/, the block Is stable and wl} |
nelther sllde nor topple.

Reglon 2: % > and b/h > Tan®/, the block wi | | sl Ide but It
wl 1 | not topple.

Reglon 3: <@ and b/h< Tan@, the block wil | topple but It
will not sllide.

Reglon 4: Z>¢& and b/h <Tan& the block can sllide and top-
ple simultaneously.

In analyzling the stabllity of this block, the methods of timit-
Ing equllibrium can be used for reglons 1 and 2 only. Fal lure
Involving toppling, f.e. reglons 3 and 4 to the right of the
curve In Flgure 2.5b, cannot be analyzed In thls same way.
Methods for dealing with toppi Ing faf lure In slopes are dis-
cussed In Chapter 10.

Ravel | ing slopes

Travel lers In mountaln regions wil | be famillar with the accu-
mulatlons of scree which occur at the base of steep slopes.
These screes are general iy smal | pleces of rock which have be-
come detached from the rock mass and which have fal len as Indi=~
vidual pleces Into the accumulated plie. The cyclic expanslon
and contraction assoclated with the freezing and thawlng of
water In cracks and f !ssures In the rock mass Is one of the
principal causes of slope ravel ling but a gradual deterioration



Figure 2.5a. Geometry of block on inclined plane.
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of the materlials which cement the Indlvidual blocks together
may also play a part In thls type of slope failure.

Weathering, or the deterloration of certaln types of rock on
exposure, wll | glve rise also to a loosening of a rock mass and
the gradual accumulation of materlals on the surface and at the
base of the slope. Some of the englneering Implicatlons of
weathering have been reviewed by Goodman(24) who glves a selec~
tlon of useful references on the subject(25-30).

Few ser lous attempts have been made to anal yze the process of
slope fatlure by ravel lIng since the fal | of smal | Indlvidual
pleces of rock does not constitute a serious hazard. When the
stabl | Ity of an accumulation of scree or of weathered material
Is iikely to be altered by the excavation of a slope In this
material, the stabl| ity of the excavation can be assessed by
one of the methods described In Chapters 7, 8 and 9. Generally,
the method of clrcular fallure analysls, described in Chapter
9, would be used unless the s!ze of the excavation Is such that
It Is Iikely to cut back Into the undisturbed rock mass.

It Is Important that the slope desl gner shou Id recognl ze the
Influence of weathering on +he nature of the materlals with
which he Is concerned and thls subject wil | be discussed In
greater detall In Chapter 7.

Probabl|istlc approach to slope design

Probabi ity theory has *wo distinct roles In the deslgn of rock
slopes:

a. In the analysis of populatlons or faml! les of structural
discontinuities to determine whether there are dominant
or preferred orlentations within the rock mass.

b . As a rep lacement for the factor of safety as an Index of
slope stabllity (or fnstabl{ity).

The tirst role Is discussed In Chapter 3 which deals with the
graphical presentation of geologlical data. The second role,
that In which probabl Ity of fallure replaces factor of safety
as an Index of slope stabllity, has been strongly advocated by
McMahon(31) and has been utl | ized by a number of other auth-
ors(32-35).

It should clearly be understood *hat the use of probab I I Ity
theory In thls latter role does not Influence the other steps
In a stabllity Investlgatlon. The collection of geologlcal data
fol lows the same baslc pattern as that described In this book.
The mechanics of fal lure are treated In the same way and the
same lImltatlons apply to the types of fatlure which can be
analyzed. Robabl I Ity theory does not, at present, offer any
particular advantages In the analysis of topplling, ravel !Ing or
buckl Ing type fal lures.

The authors of thls book have chosen to present al | the de-
tafied dlscusslons on stabllity analysls In terms of the factor
of safety. This declsion has been made because It Is beileved
that the discussion Is less confusing for the non-speclallist
reader for whom thils book Is Intended. The reader who feel s
that he has understood the baslc principles of slope analysls
Is strong | y recommended to examine the | Iterature on the use of
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probab! | ity theory ‘o determine for himse!f whether ho wishes
to replece the factor of satety Index by the probadl tity of
falliuvre.
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Chapter 3

3.1

Graphical presentation of geological data.

Introduction

The dominant role of geological discontinuities in rock slope
behavior has been emphasized already and few engineers or geo-
logists would question the need to base stabiiity calculations
upon an adequate set of geological data. But what is an ade-
quate set ofdata? What type of data and how much detailed
information should be collected for a stabllity analysis?

This question is rather like the question of which came first -
the chicken or the egg? There is little point in collecting
data for slopes which are not critical but critical slopes can
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 i n F i gure
1.5.

The first stage involves an examination of existing regional
geology maps, air photographs, easi ly access1 ble outcrops and
any core avallable from site investigations. A prel Iminary
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 examlnation of
the geological features of these critical regions and may re-
quire the drilling of special holes along the right-of-way,
excavation of test pits and the detailed 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 presentat ion.

The following definitions and graphical techniques are offered
for the guidance of the reader who may not already be f ami | i ar
with them. There | s no impl ication that these are the best
definitions or techniques available and the reader who has be-
come 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 discus-
sion, refers to the conscl Idated and cemented assemblage of
mineral particles which form the intact blocks between dis-
continuities in the rock mass. In most hard igneous and meta-
morphic rocks, the strength of the intact rock is one or two
orders of magnitude greater than that of the rock mass and
failure of thls intact material is not Involved generally 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 situ rock which has been rendered discont-
Inwus by systems of structural features such as jolnts, faults
and bedding planes. Slope fal lure In a rock mass Is general |y
associated with movement of these discontinulty surfaces.

Waste rock or broken rock refers to a8 rock mass which has been
disturbed by some mechanlcal agency such as blasting, rlpping
or crushing so that the Interlocking nature of the In sltu rock
has been destroyed. The behavlor of this waste or broken rock
Is simijar to that of a clean sand or gravel, the major dlffer-
ences being due to the angularity of the rock fragments.

DiIscontlnultles or weakness planes are those structural feat-
ures which separate Intact rock blocks within a rock mass. Many
engineers describe these features collectively as Jolnts but
thls Is an over-simplification since the mechanlical propertles
of these features wll) vary according to the process of thelr
fonnatlon. Hence, faults, dykes, bedding planes, cleavage, ten-
sion Jolnts and shear jolnts al | will exhiblt distinct charac-
teristics and wil | respond In different ways to sppl led loads.
A large body of Iiterature dealing with this subject Is avall-
able and the Interested reader Is referred to thls for further
Information(36,37,38). For the purposes of this dlscusslon, the
term discontinulty wi | | general |y be used to def Ine the struc-
tural weakness plane upon which movement can take place. The
type of dilscontinulty wi | | be referred to when the descrliption
provides Information which assists the slope desligner In de-
clding upon the mechanical properties which will be assoclated
with a particular discontinulty.

Ma jor discontinultles are contlinuous planar structural features
such as faults which may be so weak, as compared wlth any other
discontinulty In the rock moss, that they dominate the behav lor
of a particular slope. Many of the large fal | ures which have
occurred on transportat lon routes have been assoc {ated with
faults and particular attention should be pald to tracing these
features.

Discontinuity sets refers to systems of discontinultles which
have approximately the same Inclinatlon and orlentatlion. As a
result of the processes Involved In their formation(36), most
discontinultles occur In families which have preferred direc-
t lons. In some cases, these sets are clearly defined and easy
to distingulsh whlle, In other cases, the structural pattern
appears disordered.

Continulty. Whiie major structural features such as faults may
run for many tens of feet or even ml les, smal ler dl scontinui-
tles such as Jolnts may be very limited In thelir extent. Fali-
ure In a system where discontinultles terminate within the rock
mass under consideration wi |l | Involve fal lure of the Intact
rock bridges between these discontinultles. Continulty also has
a major Influence upon the permeabll Ity of a rock mass since
thls depends upon the extent to which discontinultles are hy-
drau!lcally connected.

Gouge or infllling Is the material between two faces of a
structural discontinulty such as a fault. This material may be
the debrlis resulting from the sliding of one surface upon an-
other or It may be materlal which has been precipltated from
solution or caused by weathering. Whatever the orlgin of the
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intl 111ng materlal In a discontinulty, Its presence wl | | have
an Important Inf tuence upon the shear strength of that 4} scon-
tinulty. |If the thickness of the gouge Is such that the faces
of the dlscontinutty do not come Into contact, the shear
strength wl | | be equal to the shear strength of the gouge. |If
the gouge layer Is thin so that contact between asperities on
the rock surtaces can occur, It wlil | modify the shear strength
of the dlscontinulty but wil | not control [+(39).

Roughness. Patton(40,41) emphas! red the Importance of sur face
roughness on the shear strength of structural discontlnultles
In rock. This roughness occurs on both a small scale, Involving
graln boundarles and fallure surfaces, and on a large scale,
Involving folds and flexures In the discontinulty. The mech-
anics of movement on rough surfaces wi |l | be discussed In the
chapter deal Ing with shear strength.

Definition o f geometrical terms

DIp Is the maximum Inclinatlon of a structural discontinulty
plane to the horlzontal, defined by the angle? In the margln
sketch. It |Is sometimes very difflcult, when examining an ex~
posed portion of an obliquely Inciined plane, to visualize the
true dip as opposed to the apparent dip which Is the Incl Ina-
tlon of an arbitrary IIne on the plane. The apparent dlp Is
always smal ler than the true dip. One of the simpliest models
which can be used In visuvallizing the dip of a plane Is *o con~
sider a ball rolling down an obliquely Iinclined plane. The
path of the ball will always ile along the line of maximum
Inclinatlon which corresponds to *he true dlp of the plane.

DIp dlrectlon or dip azimuth Is t+he directlon of the horlzontal
trace of the |ine of dlp, measured clockwise from north as in=-
diceted by the angle~ In the marg!n sketch.

Stt-lke Is the trace of the Intersection of an obliquely Inclin-
ed plane wlth a horlrontal reference plane and It Is at right
angles to the dip and dip dlrectlon of the oblique plane. The
practical Importance of the strike of a plane Is that It Is the
visible trace of a discontinulty which Is seen on the horlzon-
tal surface of a rock mass. In using strike and dip to define
a plane for rock slope analyslis, It |s essentlal that the di-
rection In which the plane dips Is specifled. Hence, one may
define a plane es having a strlkr of N 45 E (or 045°) and a dlp
of 60° SE. Note that a plane dipping 60° NW could also have a
strike of N 45 E.

Throughout thls book, planes wili be defined by thelr dip and
dip directlon. Thls convention has been chosen to avoid any
possible confuslion and to facilitate computation of slope geo-
metries In later chapters. The same conventlon has been adop-
ted by some geotechnical consulting organizations for stabl!lty
computer programs. However, geolog!ists are free to use strike
and dip measurements for recording their fleld observstlons, If
this Is the convention preferred by them, and a supplementary
program Is used to transform these measurements Into dips and
dip directions before they are used as Input In the slope sta-
bli Ity programs.

Plunge Is the dlp of a |ine, such as the | | ne of Intersect lon
of two planes or the axls of a borehole or a tunnel.
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Trend is the dlrectlon of the horlzontal projection of a line,
measured clockwise fran north. Hence, It corresponds to the
dlp dlrectlon of a plane.

In recording dip and dlp direction data, many geologlsts use
the system In which these quantitles are written 35/085. Since
the dlp of a plane must Ile between 0° and 90°, the angle de-
fined by 35 refers to the dlp. Simllarly, the angle 085 refers
to the dip directlon which lies between 0° and 360°. The same
convent lon can be used to def | ne the plunge and trend of a I Ine
In space. The reader Is encouraged to adopt this convention as
It wil) help to eliminate recording errors In the fleld since,
even If a flgure Is entered Into an Incorrect column, It wil |
be clear that a two diglit number refers to dip and a three
diglt number refers to dip dlrectlon.

Graphical techniques for data presentation

One of the most Importan+ aspects of rock slope analysls Is the
systematic collection and presentation of geologlcal data In
such a way that It can easl Iy be evaluated and Incorporated
Into stabl | ity analyses. Exper lence has shown that spher Ical
projections provide a convenlent means for the presentation of
geologlical data. The engineer or geolog!ist, who Is not famlliar
with this technique, Is strongly advised to study the following
pages carefully. A few hours Invested In such study can save
many hours of frustration and confuslon later when the reader
becomes Involved In studying des! gns and reading reports In
which these methods have been used.

Many engineers shy away from spherical projection methods be-
cause they are unf aml | lar and because they appear comp | ex,
bearing no recognizable relationship to more conventional en-
gineer Ing drawlng methods. For many years the authors regarded
these graphlcal methods In the same {Ight but, faced with the
need to analyze three-dimensional rock slope problems, an ef-
fort was made with the ald of a patient geologist col league,
and the mystery assoclated with these techniques was rapldly
dispel led. Thls effort has since been repald many times by the
power and flexibllity which these graphical methods provide for
the rock engineer.

Several typos of spherical projJection can be used and a compre~
henslve discussion on *hese methods has been glven by Phii-
|1ps(42), Turner and Weliss(38), Badgley(43), Frledman(44) and
Ragan(45), The proJection which Is used exclusively In this
book Is the equal area projection, sometimes called the Lambert
projection or the Schmldt net.

The equal angle or stereographic projection offers certaln ad-
vantages, particularly when used for geometrical constructlon,
and Is preferred by many authors. Apart from the techniques
used In contourling pole populatlons, to be described later In
thls chapter, the constructions carried out on the two types of
net are ldentical and the reader w!ll have no difflculty In
adapt | ng the techn Iques, which he has learned using equal area
projections, to analyses using stereographlic projections.

Equal-area projection

The Lambert equal area project lon wi | | be faml | lar to most rea-
ders as the system used by geographers %o represent the spher!-
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cal shape of the ® srth on a flat surface. In adapting this pro-
jection to structural geology, the traces of planes on the sur-
face of a reference sphere are used to def ine the dips and ¢ ip
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 Iine joining a point on the surface
to the center of the sphere will have a fixed direction In
space. If this sphere is now moved so that Its center | ies on
the plane under consideration, the great circle which is traced
out by the Intersection of the plane and the sphere wil | define
uniquely the inclination and orientation of the plane in space.
Since the sane intormation is glven on both upper and lower
parts of the sphere, only one of these need be used and, In
engineering applications, the lower reference hemlisphere Is
used for the presentation of data.

In addition to the great circle, the inclination and orienta-
tion of the plane can also be defined by the pole 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 glven by the great
circle and the position of the pole on the surface of the lower
reference hemisphere, a two dimensionat representation Is ob-
tained by projecting this information onto the horizontal or
equatorial reference plane. me method of projection Is i | |y~
strated in Flgure 3.1. Polar and equatorial projections of a
sphere are shown In Figure 3.2.

Polar and equatorial equal-ares nets are presented on pages 3.7
and 3.8 for use by the reader. good undistorted copies or pho-
tographs of these nets wiltl 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 baseboard of 1/4
Inch thick plywood as shown in Figure 3.3. A shoot of clear
plastic fi In of the type used for drawing on for overhead pro-
jection, mounted over the not and fixed with transparent adhe=-
rive tape around its edges, wi | | keep the stereonet in place
and will also protect the net markings from demage In use. The
structural data Is plotted on a piece of tracing paper or fiim
which Is fixed In poslition over the stereonet by means of a
carefully centered pIn as shown. The tracing paper must be free
to rotate about this pin end It Is ® ssentlal that It is located
accurately at the center of the net otherwise significant err-
ors will be introduced into the subsequent analysis.

Before starting any analysls, the North polnt must be marked on
the tracing so that a reference position Is available.

Figure 3.1: Method of construction of en equal-sres pro~
Joction,



Figure 3.2: Polar and equatorial
projections of a sphere.

FOUATORIAL PROJICTION

Figure 3.3: Geological data is
plotted and analysed
on a piece of tracing
paper which is located
over the centre of the
stereonet by means of
a centre pin as shown.
The net is mounted on
a base-board of plywood
or simi lar material.
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C. M. St John of the Royal School

This stereonet is configured for the plotting of great
Imperial College, London.

circles of planes.

Equatorial equal-area steroenet marked in 2° intervals

Computer drawn by Dr.
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xpressad in the dip/dip direction format.

of poles of planes @

Computer drawn by Dr. C. M. St John of the Royal School
of Mines, Imperial College, London.
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p-\ Construction of a great clrcle and a pole representing a plane.
7z
Yoo Consider a plane dlpping at 50° In a dlp directlon of 130°, The
great clrcle and the pole representing thls plane are construc-
ted as follows:

step 1: With the +racing paper located over the s*ereonet by

means of the center pln, trace the clrcumference of the net and
I8 mark the north polnt. Measure off the dlp directlon of 130°
! clockwlse from north and mark *his position on the circumfer-
1 once of the net.

-] 500 50° |- step 2: Rotate the tracing about the center pln untll the dlp

directlon mark lies on the W-E axls of the net, {.e. the trac-
Ing Is rotated through 40°. Measure 50° from the outer clrcie
of the net and trace the great clrcle uhlch corresponds to a
plane dipplng at thls angle.

3

7 The posltion of the pole, which has a dilp of (90°=50°), Is
found by measuring 50° trom the center of the net as shown or,
alternatively, 40° from the outside of the net. The pole |les
on the projectlon of the dlp directlon line uhich, at this
stage In +he constructlon, Is colncident wlith the W-E axls of
the net.

step 3: The tracing s now rotated back +o Its original posi=-
tlon so that the north mark on +he fracing colncldes with the
north mark on +he net. The final appearance of the great clircle
and the pole representing a plane dipping a+ 50° In a dlp d!-
rectlon of 130’ Is as lllustrated.

P Determination of the !|1ne of Intersectlon of two planes.

Two planes, having dips of 50° and 30° and dip directions of
130° and 250° respectively, Intersect. It Is requlred to find
SRR the plunge and the trend of the | Ine of Intersect lon.

Stop 1 : One of these planes has already been descr | bed above
and the great circle defining the second plane Is obtalned by
marking the 250° dip directlon on the circumference of the net,
rotating the tracing until this mark iles on the U-E axls and
tracing the great clrcle corresponding to a dip of 30°.
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Alternative method for finding the !ine of Intersection of tro
planes.

Two planes, dlpping at 50° and 30°® In dip dlirections of 130°
and 250° respectively are deflned by their poles A and 8 as
shown., The line of Intersection of those two planes Is defined
as follows:

stop 1: Rotate the tracing unt | | both poles | le on the same

great clrcle. This great clrcle deflnes the plane rhich con-
tains the two normals to the planes.

step 2: FInd the pole of thls plane by measuring the dip on
the U-E of the stereonet. Thls pole P deflnes the normal to
the plane containing A and B and, since this normal Is common
to both planes, It Is, In fact, the ilne of Intersection of the
two planes.

Hence, the pole of a plane which passes through the poles of
two other planes defines the 1ine of Intorsectlon of those
planes.

Plotting and analysis of fleid measurements

In plotting fleid measurements of dip and dlp dlrectlon, 1t Is
convenlent to work wlith poles rather than great clrcles since
the poles can be plotted directly on a polar stereonet such as
that glven on Page 3.8. Suppose that a plane has dip directlon
and dip values of 050/60, the pole Is located on the stereonet
by using the dlp direction value of 50 glven In Itallcs and
then measur Ing the dlp value of 60 from the center of the net
along the radial | ine. Note that no rotatlon of the tracling
paper, centered over the stereonet, Is required for thls opera-
tlon and, with a I1ttle practice, the plotting can be carrlied
out very quickly.

There Is a temptation to plot the compass readings directly on-
to the polar stereonet, wl thout the Intermed late step of enter-
Ing the measurements Into a fleld notebook, but the authors
advise agalns* thls short-cut. The reason Is that the measure-
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0- joints
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Figure 3.4: Plot of poles of discontinuities in a hard rock mass.



ments may weli be required for other purposes, such as a com-
puter analysls, and It Is a great deal easler to work from re-
corded numbers than from the pole plot. Correcting errors on a
pole plot on uhlch several hundred measurements have been re-
corded Is also difficult and Information can be lost If It has
not been recorded elsewhere. Some geologlsts prefer to use a
portable tape recorder, Instead of a notebook, for the record-
Ing of fleld data, and the reader should not hesitate to exper-
Iment to find the method uhlch Is best sulted to hls own re-
quirements. When plotting fleld data It Is recommended that
different symbols be used to represent the poles of different
types of structural features. Hence, faults may be represented
by heavy black dots, jolnts by open clrcies, bedding planes by
triengles and so on. Since these structural features are |lkely
to have signiticantly dlfferent shear strength characterlistics,
the Interpretation of a pole plot for the purposes of a sta-
btl Ity esnalysis Is simplifled If different types of structure
can easlly be ldentifled.

A plot of 351 poles of bedding planes and jolnts and of one
fault In a hard rock mass Is glven In Fligure 3.4. Since the
fault occurs at one particular locatlon In the rock mass, Its
Influence need only be considered when analyzing the stabl | Ity
of the slope In *hat locatlon. On the other hand, the bedd | ng
plane and jolnt measurements were taken over a considerable
area of rock exposure and these measurements form the bas | s of
the stabl | Ity analysls of al | other slopes In the proposed ex-
cavatlon.

Two distinct pole concentrations are obvlous In Figure 3.4; one
camprising bedding plane poles In the north-eastern port lon of
the stereonet and the other, representing joints, south of the
center of the net. The remainder of the poles appear to be
falriy well| scattered and no slgnilfilcant concentrations are
obvlous at flrst glance. In order to determine whether other
slgnificant pole concentrations are present, contours of pole
densltles are prepared.

Several methods of contour Ing pole plots have been sugges-
ted(41-47) but only two techniques wil | be described In thls
book. These techniques are preferred by the authors on the
basis of numerous trials In whlch speed, convenlence and accu-
racy of dlfferent contouring methods were evaluated.

Denness curv!linear cell counting method

In order to overcome certaln disadvantages of other contouring
techniques, particulariy when dealing with pole concentrations
very close to the circumference of the net, Denness(46) devised
a counting method In uhlch +he reference sphere Is divided Into
100 squares. A 1% counting square on the surface of the refer-
ence sphere, marked A In the margin sketch, projects onto the

equal area stereonet as a curv [ | | near Figure A'. When the coun-
ting cel | fal Is across +he equator of the reference sphere,
only the poles fal ling In the lower half of the 1% cel | wi | | be

shown on the stereonet since only the lower part of the refer-
ence sphere Is used In the plotting process. The counting cel |
marked B and Its projection B' lllustrate +this situation. Poles
which fall above the equator are plotted on the opposlite slde
of the stereonet and hence a count of the total number of poles
talling In a 1% square falling across the equator Is obtained



DENNESS TYPE A COUNTING NET DENNESS TYPE B COUNTING NET
Cells per Cell radius Cells per Cell radius

ring Net radius Angle r‘inap Net radius Angle
1 0.100 360.00 3” 0.172 120.00
7 0.283 51.43 10 0.360 36.00
12 0.447 30.00 16 0.539 22.50
18 0.616 20.00 20 0.700 18.00
22 0.775 16.37 24 0.855 15.00
25 0.923 14.40 27 1.000 13.33
28 1.064 12.85

Figure 3.5: Dimensions of Denness curvilinear cell counting nets.

by summing the poles In the shaded portions of both projections
marked B'.

Detal Is of the two types of count! ng net devised by Denness are
glven In Flgure 3.5. The *ype A net Is Intended for the anal y-
sis of pole plots with concentrations near the clrcumference of
the net, representing vertically jolnted strata. The type B net
Is more sulted to the analysls of poles of Inclined discontinu-
Itles and, since Inclined discontinuities are of prime concern
In the analysls of rock slope stabl | Ity, thls type of net Is
recommended for use by readers of thls book. A type B counting
net, drawn to the same scale as the stereonets on pages 3.7 and

3.8 and the pole plot In Flgure 3.4 Is reproduced In Figure
3.6.

In order to use thls net for contouring a pole plot, a trans-
parent copy or a tracing of the net must be prepared. Note that
many photocopy machines Introduce signif icant distortlion and
scale changes and care must be taken that good undistorted
copies of nets with Identical dlameters are avalilable before
starting an analysts.

The transparent count Ing net Is centered over the pole plot and
a clean pl ece of tracing paper Is placed over the count Ing net.
The center of the net and the north mark are marked on the
trac | ng paper. The number of poles falllng In each 1% counting
cel | Is noted, In pencl |, at the center of each cel | . Contours

of equal pole density are obtained by Jolning the same numbers



Figure 3.6: Denness Type B curvilinear cell mounting net.




on the dlagram. |If It Is felt that insufficlent Information Is
avallable In certain parts of the dlagram, the counting net can
be rotated as Indicated by the dashed | Ines In the marg In
sketch. The new counting ce! | posltions are used to generate
addltlonal pole counts which are noted a+ the centers of these
cel Is. If necessary, the counting net can be moved off center
by a small amount In order to generate addltlonal Information
In a radlal directlon.

Contours of equal pole densitles are generally expressed as
percentages. Hence, In the case of the 351! poles plotted in
Flgure 3.4, a 2% contour Is obtalned by jolning pole counts of
7 and a pole count of between 17 and 18 corresponds to a con-
tour value of 5%.

Floating circle countling method

One of the dlsadvantages of using a countl ng net to contour a
pole plot Is that the geometry of the counting net bears no di-
rect relatlonshlp to the distributlion of poles. When a cluster
of poles falls across the boundary between two counting cells,
a correct assessment of the pole concentrat lon can on | y be ob-
talned by al lowing the cel ! to “float” from Its orliginal pos!-
tlon and to center It on the highest concentration of poles. In
sane cases, several moves of the counting cel | are needed to
generate the quantity of Information required for the cons*ruc-
tlon of meaningful contours. Conslderation o f +thls counting
procedure suggests that an alternative, and perhaps more log |-
Cal, procedure is to use a single counting cel | In a "fioating"
mode, Its movements being dictated by the distribution of the
poles themselves rather than by some arbltrarl ly f Ixed geo-
metrical pattern. This ressoning lies behind the floating of
free clrcle counting method(38) described below.

Figure 3.7 glves a pattern which can be used by the reader for
the constructlon of a clrcle counter for use wlth stereonets of
the dlameter given on pages 3.7 and 3.8 and In Flgure 3.4. The
dlameter of the circles Is one-tenth of the dlameter of the net
and, therefore, the area enclosed by these clrcles Is 1§ of the
area of the stereonet. The clircles are exactly one net diameter
apart and are used together when counting po | es near the cir-
cumference of the net.

In order to construct a circle counter, trace the pattern given
In Figure 3.7 onto a clear plastic sheet, using drawing Instru-
ments and Ink to ensure an accurate and permanent reproduction.
The plastic sheets used for drawing on for overhead projection,
unexposed and developed photographlc fiim or thin sheets of
clear rigld plastic are al | ideal materlals for a counter.
Punch or dril I two smal | holes, approximately 1 mm In diameter
at the center of each of the smal | circles.

The margl N sketch { | | ustrates the use of the clrcle counter n
construct a 3% contour on the pole plot glven In Flgure 3.4.
One of the small circies Is moved around untl{ It encircies 10
or 11 poles (3% of 351 poles = 10.5) and a penci| mark Is made
through the sma! | hole at the center of +he circle. The clrcle
Is then moved to another position at which 10 or 11 poles fal |
within Its clrcumference and another pencll mark Is made. When
) one of the small circtes Is poslitioned In such a way that a
Locus of counting eircle part of It falls outslde the stereonet, the total number of
centre defines 3% contour. poles falling In thls circie Is glven by addlng the poles In
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this and in the other small circle, which must be located dia-
metrically opposite on the stereonet as shown in the margin
sketch. The locus of the small circle center positions defines
the 3% contour.

Recommended contour i ng procedure
The following procedure is considered to provide an optimum

compromise between speed and accuracy for contouring po |l e
plots.

a. Use a Denness type B counting net (Figure 3.6) to ob-
tain a count of the number of poles fall ing in each
counting cell.

b. Sum these individual counts to obtain the total nunber

of poles plotted on the net and establish the number
of poles per 1% area which correspond to the different
contour percentage values.

C. Draw very rough contours on the basis of the pole
counts noted on the tracing paper.
d. Use the circle counter (Figure 3.7) to refine the con-

tours, starting with low value contours (say 2 or 3%},
and working inwards towards the maximum pole concen-
trations.

The contour diagrun illustrated in the margin sketch was pre-
pared from the pole plot in Figure 3.4 in approximately cne
hour by means of this technique.

Computer analysis of structural data

Plotting and contouring a few sets of structural geology data
can be both interesting and instructive and is strongly recom-
mended to any reader who w ishes comp letel y to understand the
techniques described on the previous pages. However, faced
with the need to process large volumes of such data, the task
becomes very tedious and may place an unacceptably high demand
on the time of staff who could be employed more effectively on
other projects.

The computer is an ideal tool for processing structural geology
data on a routine basis and many engineering companies and geo-
technical consulting organizations use caputers for this task.
A full discussion on this subject would exceed the scope of
this chapter and the interested reader is referred to papers by
Spencer and Clabaugh(48), Lam(49), Attewel | and Woodman{(50),
and Mahtab et al(51) for details of the different approaches to
the computer processing of structural geology data.

Optimum sample size

The collection of structural geology data is time consuming and
expensive and it is important that the amount of data collected
should be the minimum required to adequately define the geome-
trical characteristics of the rock mass. In considering what
constitutes an adequate definition of the geometry of the rock
mass, the object of the exercise must be kept cleariy in mind.
In the context of this book, the purpose of attempting to de-
f ine the rock mass geometry is to provide a basis for choos i ng
the most appropriate f a i | ure mode. This is one of the most
important decisions in the entire process of a slope stabil ity
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Investigation since an Incorrect choice of the failure mechan-
Ism wiil almost certalniy inval{date the analysls. A hard rock
mass, In which two or three strongly developed discontinulty
sets show up as dense pole concentrations on a stereoplot, w!i!
usually fall by sliding on one or two planes or by toppiing. A
single through-golng feature such as a fault can play a domin=-
ant role In a slope fallure and It Is Important that such fea-
tures are ldentlfled separately In order that they are not lost
In the averaging which occurs during the contouring of a pole
plot. A soft rock mass such as a coal depos! t which may be
horlzontally bedded and verticalty jointed, or a hard rock mass
In which joInt orlentations appear to be random, may fall In a
clrcular mode simliar to that which occurs In sol I.

Fran thls brlef discusslon, It will be clear that+ the col lec-
tlon and Interpretation of structural geology data for the pur-
poses of slope stabllity analysls cannot be treated as a rou-
tine statistical exercise. The rock mass knows nothing about
statistics and there are many factors, In addition to *he den-
sity of pole concentrations, wh Ich have to be taken Into ac-
count In assessing the most Ilkely fallure mechan!sm In any
given slope. An appreclation of the role of these other fac-
tors, which Incl ude the strength of the rock mass and the
groundrater conditions In the slope, wili assist the geologist
In deciding on how much structural geology data Is required In
order that he may make a reallistic decislon on the slope fali-
ure mechanlism.

For the reader who has not had a great dea | of exper lence In
slope stablllty analyses and may find It dlfflicult to declde
when he has enough structural geology data, the followling

guidelines on pole plots has been adapted from a paper by
Stauffer(47):

1. Flrst plot and contour 100 poles.

2. If no preferred orlentatlon Is apparent, plot an addl-
tional 300 poles and contour all 400. If the dlagram
st] |1 | shows no preferred orlentatlon, It Is probably a
random dlstribution.

3. If step 1 ylelds a single pole concentration with a

value of 20% or higher, the structure Is probably
truly representative and little could be galned by
plotting more data.

4. If step 1 results In a single pole concentration with
a contour value of less than 20%, the fol lowing total
numbers of poles should be contoured.

12 « 20% add 100 poles and contour al | 200.
8 - 121 add 200 boles and contour all 300.
4 - Bf add 500 to 900 poles and contour al | 600

to 1,000.
less than 4% at least 1,000 poles shou Id be con-
toured.
5. If step 1 ylelds a contour dlagram wlth several pole

concentrations, It Is usually best to plot at least
another 100 poles and contour al | 200 before attempt-
Ing to determine the optimum sample slze.

6. If step 5 ylelds 1% contours less than 15° apart and
with no pole concentrations higher than say 5%, the
dlegram Is possibly representative of a folded struc-
ture for which the poles fall within a girdle distri-
bution(45),
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7. If step 5 ylelds a dlagram with smooth 1§ contours
about 20° apart with several 3-6% pole concentrations,
then an addltlional 200 poles should be added and al |
400 poles contoured.

8. If step 7 results In a decrease In the value of the
max imum pole concentrations and a change In the posi-
tlon of these concentrations, the apparent pole con-
centrations on the original plot ware probably due *o
the manner In which the data were sampled and It Is
advisabla to collect new data and carry out a new
analyslis.

9. If step 7 glvas pole concentrations In the same pos!-
tlons as those glven by step 5, add a further 200
poles and contour al | 600 to ensure that the pole
concentrations are real and not a functlion of the
samp! Ing process.

10. If step 5 ylelds several pole concentrations of be+-
ween 3 and 6% but with very Irregular 1§ contours, at
least another 400 poles should be added.

11. If step 5 ylelds several pole concentrations of less
than 3% which are very scattered and If the 1% contour
Is very Irregular, at least 1,000 and posslbly 2,000
poles wll | be required and any pole concentration of
loss than 2% should be Ignored.

Stauffer's work Involved a very detalled study of the statis-
tical significance of pole concentrations and hls paper was not
written with any particular app!lcation In mind. Consequently,
the guldellnes glven above should be used for general guldance
and should not ba developed Into a set of rules.

The following caution Is quoted from Stauffer's paper:

“A practiced eye can ldentify polnt clusters, cel | group-
Ings and gross symmetry even for sma | | samp | es of weak pre~
ferred orlentations. It Is probably true, however, that
geologlists are more prone to cal | a dlagram preferred than
to dismiss 1t as belng random. This Is understandable; mos*
geologlsts examine a dlagram withthe intent of finding
something signif Icant, and are loath to admi+ thelr mea-
surements are not meaningful. The result Is a general ten-
dency to make Interpretations more detalled than the nature
of the data actual ly warrants”,

The authors feel that It Is necessary to add thelr own words of
cautlon In anphaslzing that a contoured pole dlagram Is a nec-
essary but not a sufflcient ald In slope stablilty studlas. It
must always be used In conjunction with Intel | igent tield ob-
servations and a final decision on the method of analyslis to be
used on a particular slope must be based upon a balanced ass-
essment of al | the aval lable facts.

Evaluation of potential slope problems

Ditterent types of slope fallure are assoclated with difterent
geologlical structures and It Is Important that the slope des-
Igner should be able to recognlize the potential stab! | Ity pro-
blems dur Ing the ear | y stages of a project. Some of the struc-
tural patterns which should be watched for when examining pole

plots are outlined on the followlng pages.

Figure 3.8 shows the four maln types of fal lure considered In
this book and glves the appearance of typlcal pole plots of
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geological conditlons Ilkely to lead to such fallures. Note
that In assessing stabllity, the cut face of the siope must be
Inciuded In the stereoplot since silding can only occur as a
result of movement towards the free face created by the cut.

The dliagrams glven inFigure 3.8 have been simpiifiedfor the
sake of clarity. Inan actualrock slope, combinations of sev-
eral types of geoltoglcal structures may be present and this may
glve rise to addltlional types of fallure. For example, presence
of discontinuities which can lead to toppling as weli as planes
upon which wedge siiding can occur could lead to the sliding of
a budge which s separated from the rock mass by a "tenslon
crack”.

In a typlcal fleld study In which structural data has been
plotted on stereonet*s, a number of signlflcant pole concentra-
t lons may be present. It Is useful to be able to ldentify those
rhich represent potential fallure planes and to elIminate those
which represent structures which are unilikely to be Involved In
slope fallures. John{52), Panet(53) and McMahon(32) have dis-
cussed methods for Identlfylng Important pole concentrations
but the authors prefer a method developed by Markland(54).

Markiand's test |s designed to establishthe possiblliityof a
wedge fallure In which sliding takes place along the lIne of

Intersection of two planar dilscontlnultles as Il lustrated In
Flgure 3.8. Plane fallure, Flgure 3.8b Is also covered by *hls
test since It Is a speclal case of wedge fal lure. |If contact

Is malntained on both planes, slilding can only occur along the
Ilne of {ntersection and hence *this line of Intersection must
"daylIght" In the slope face. In other words, the plunge of
the llne of Intersection must be less than the dip of the siope
face, measured In the dlrection of the line of Intersectlon as
shown In Flgure 3.9.

As wlllbe shown In the chapter deal lng with wedge fallure, the
factor of safety of the slope depends upon the plunge of the
| Ine of Intersection, the shear strength of the discont | nul ty
surfaces and the geometry of the wedge. The timlting case oc-
curs when the wedge degenerates 0 a plane, |.e, the dlps and
dip directlons of the two planes are *he same, and when the
shear strength of *+hls plane Is due to frictlon only. As al-
ready d]lscussed, sllding under these conditions Occurs when the
dip of the plane exceeds the angle of frictlon ¢ and hence, a
first approximation of wedge stabllity Is obtalned by conslder-
Ing whether the plunge of the line of intersectlon exceeds the
frictlon angle for the rock surfaces. Flgure 3.9 shows that
the slope Is potentlally unstable when the polnt defining the
line of Intersectlon of the two planes falls within the area
Included between the great circle defining the slope face and
the circle deflned by the angle of frictiond.

The reader who Is famlllar with wedge analysis wil} argue that
thls area can be reduced further by al lowlng for the Influence
of "wedg!ing" between *he two discontinulty planes. On the other
hand, the stabllity may be decreased If water Is present In the
slope. Exper lence suggests that these two factors wl 1 | tend to
cancel one another In typlcal wedge problems and that the crude
assumption used In derlving Filgure 3.9 Is adequate for most
practical problems. It should be remembered that thls test Is
designed to Identify critical discontlinultles and, having lden-
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tified them, a more detalled analysls would normally be neces-
sary In order to deflne the factor of safety of the slope.

A reflinement to Markland's test has been discussed by Hock-
Ing(55) and thls retinement has been Introduced to permlt the
user to dlfferentiate between *he sl Iding of a wedge along the
line of Intersection or along one of the planes forming the
base of the wedge. If the conditlons for Markland's test are
satistled, I.o. the llne of Intersectlon of two planes falls
within the shaded crescent shown In the marg In sketch, and If
the dip dlrectlon of elther of the planes fal Is between the dlp
directlon of the slope face and the trend of the llne of Inter-
sectlon, sliding wil | occur on the steeper of the two planes
rather than along the !Ine of Intersectlon. Thls additiona!
test Is lllustrated In the margln sketches on *hls page.

Flgures 3.9 and 3.9% show the dlscontinulty planes as great
clrcles but, as has been dlscussed on *he prevlous pages, fleld
data on these structures lo normally plotted In terms of poles.
In Filgure 3.9% the two discontinulty planes are represented by
thelr poles and, In order to find the llne of Intersection of
these planes, the method descr Ibed on page 3. 111 s used. The
tracing on which the poles are plotted Is rotated untli | both
poles lle on the same great clrcle. The pole of thls great
circle defines the 1ine of Intersection of the two planes.

As an example of the use of Markland's test conslider the con-
toured stereoplot of poles given In Figure 3.9d. It Is required
to examine the stablllty of a slope face with a dip of 50° and
dlp directlon of 120°, A frictlon angle of 30° Is assumed for
this analysis. An overlay Is prepared on which the fol lowlng
Information Is Included:

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

Thls overlay Is placed over the contoured stereoplot and the
two are rotated together over the stereonet to f Ind great clr-
cles passing through pole concentrations. The lines of Inter-
section are defined by the poles of these great circles as
shown In Figure 3.9d. From thls flgure It wi | | be seen that the
most dangerous combinations of discontinuities are those repre-
sented by the pole concentrations numbered 1, 2 and 3. The In-
tersectlion 113 fal Is outslde the critical area and Is unl lkel y
t o glve rise to Instablilty. The pole concentration numbered 4
will not be Involved In slilding but, as shown In Flgure 3.8d,
It could give rise to toppling or the opening of tenslon
cracks. The poles of planes 1 and 2 |ie outside the angle In-
cluded between the dlp dlrectlon of the slope face and the !ine
of Intersection 112 and hence fallure of this wedge wil | be by
sliding along the !ine of Intersectlon 1;, . However, In the
case of planes 2 and 3, the pole representing plane 2 falls
within the angle between the dip directlon of the slope face

and the tlne of Intersection I23 and hence fal lure wi |l | be by
sliding on plane 2. This will be the most critical Instablillty
conditlon and wll | control behavlor of the slope.

Suggested method of data presentation and analysis for
highway design

The following Is an lllustration of how the princliples of
structural geology and stabllity analysls can be used In high-
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way design. Suppose that the proposed al ignment passes +hrough
a spur of rock and I+ wi | { be necessary *o make a through-cut
In order to keep the hilghway on grade (see Figure 3.10). The
stabllity of the two slopes formed by thls excavation Is ass-
essed In the fol lowing manner.

The structural geology of the rock forming the spur should be
determined by surface mappling of outcrops. If there are no out-
crops visible, then trenching or drilling may be requlred. If
drllling Is carrled out then the core should be oriented (see
Chapter 4) so that the dlp and strlke of the major structures
can be determ | ned . Suppose that the mapping (or drii |l Ing)
showed three major Jolnt sets which have the fol lowlng orlen-
tatlons:

Al: fractures dlp to the south at angles between 20° and

30°.

A2: fractures dlp to the eas* at angles between 70° and
80°.

A3: fractures dilp to the west at angles between 30° and
40°,

Stereonets glivingt he orlent#lons of these three sets are
shown on Figure 3.10. Over | al d on each stereonet are great
clrcles representing the dlp and strlke of the two slopes and
the estimated friction angle of the fracture surface. These
stereonets show that on the was+ slope, Jol nt se+ A2 d Ips to-
wards the excavation but at a steeper angle than *he face so
that sl Iding cannot occur. Set A3 dlps away from the excava-
t+lon and set At strikes at right angles to the excavation so
that sllding cannot occur on elther of these sets and the slope
Is I1kely to be stable.

On the east slope jolnt set AZ dips steeply away from the exca-
vatlon and there Is a posslbllity ths+ the *hin slabs formed by
these Jolnts wlil fall by toppling. There Is also the possibi-
| Ity that sliding wi | | occur on A2 jolnts tha* dlp towards the
excavat lon. Thls would not be a serious stabl | Ity problem If
the Joints are dlscontinuous In which case only smal | fallures
would occur. There Is also the possiblllty that wedge fallures
wi | | occur where jJoint sets Al and A2 Intersect.

This prellminary analysfs shows +hat the east cut slope has po-
tentlal stability problems and +hat more detalled investigatlon
of structural geology conditlons would be required before fl-
nallizing the design. Since It Is rarely posslble *o change al-
Ignment sufficiently to overcome a stabllity problem, It may be
necessary to change the slope angle or {mptement stablllzatlon
measures In order to ensure that the slope Is stab le.
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Figure 3. 10: presentation of structural geology information
and preliminary evaluation of slope stability

of a proposed highway.
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Chapter 4 Geological data collection.

Introduction

If one examines the amount of time spent on each phase of a
rock slope stability investigation, by far the greatest propor-
tion of time is devoted to the collection and interpretation of
geological data. However, a search through slope stability
| iterature reveals that the number of publications dealing with
this topic is insignificant as compared with theoretical papers
on the mechanics of slope fai lure (idealized slopes, of
course). On first appearances it may be concluded that the
engineer has displayed a remarkable tendency to put the prover-
bial cart before the horse. Deeper examination of the problem
reveals that this emphasis on theoretical studies has probably
been necessary in order that the engineer (and geologist)
should be in a better position to identify relevant geological
information and, as a consequence, be in a position to deal
with this phase of the investigation more efficiently.

As engineers, the authors would not attempt to Instruct the
geologists on how to go about collecting and interpreting geo-
logical data. In fact, experience suggests that attempts by
engineers to set up elaborate rock classif ication systems and
standard core logging forms have been remarkably unsuccessful
because geologists tend to be highly individualistic and prefer
to work from their own point of view rather than that decreed
by someone else. What has been attempted in this text, is to
present an engineer's view of rock slope stability in such a
way that the geologist can decide for himself what geological
data Is relevant and how he should go about collecting it.

When carrying out investigation programs for highway construc-
tion, cost savings can often be achieved by combining both soil
and rock exploration work. For example, if drilling is carried
out to determine the thickness and characteristics of the over-
burden, then a drill rig should be used that can also obtain
core samples of the bedrock. Similarly, test trenches should
be taken to bedrock so that mapping can be carried out in lo~
cations where there are few outcrops. Coordination of the rock
and soil aspects of an exploration program requires close co-
operation between the geologist and the soils engineer and some
capromi ses may have to be made to make the best use of ava i I~
able funds.

On the following pages, a review is given of techniques which
have been found useful in the geological data collection phase
of slope stability investigations.

Regional geological investigations

A frequent mistake in rock engineering Is to start an investi-
gation with a detailed examination of drill cores. While these
cores provide essential information, it is necessary to see
this information in the context of the overal |l geological en-
vironment in which the proposed road is to exist. Structural
discontinuities, upon which local failure of a bench can occur,
are related to the regional structural pattern of the area and
it is therefore useful to start an investigation by building up
a picture of the regional geology.

Air photographs and topographic maps, in varying degrees of de-
tail, are readily available and these provide an important
source of information. Where detailed regional geology maps are
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avallable, these should certalnly be obtalned as early as pos-
sible In the Investigation,

Stereoscoplic examination of adJacent palrs of alr photographs
Is partlculariy useful and even an Inexperlenced observer can
detect | | near surface features which usua I | y st gn | f y the pre-
sence of underlylng geological structures. The exper | enced
observer can provide a surprlsling amount of relevant Informa-
tion from an examinatlon of alr photographs and many consul-
tants provide routlne alr-photo Interpretation services. The
Interested reader Is referred to the excel lent text by MI i~
ler(56) on thls subject.

In addltlon to alr photographs, full use should be made of any
exposures avallable on slte, Adjacent mines or quarries, road
cuttings and exposures In river or stream beds are al | excel-
lent sources of structural information and access to such ex-
posures can normally be arranged through local landowners.

Mapping of exposed structures

Mapping of visible structural features on outcrops or excavated
faces Is a slow and tedlous process but there are unfortunately
few alternatives to the tradltional techniques used by the geo-
loglst. The most Important tool for use In mapping Is obviously
the geologlical compass and many different types are sval lable.
An Instrument which has been developed speclflical Iy for the
type of mapplng required for stabiitty analyses Is lllustrated
In Flgure 4.1 and the use of thls type of compass, readlng di-
rectly In terms of dlp and dip directlon, can save a great deal
of time, It must be emphasized that there are several other
types of compass aval | ab lo and that al | of them wi | | do a per-
fectly adequate Job of structural mappling. Whlch Instrument Is
chosen, from those lllustrated In Flgure 4.1, Is a matter of
personal preference.

Several authors, Including Broadbent and Rippere(57), have dls-
cussed the quest lon of the sampl Ing of areas to be mapped and a
| Ine sampling method. Thlis Involves stretching a 100 ft. tape
at approximately walst helght along a face or a tunnel wall and
recording every structural feature which Intersects the tape
Ilne. Weaver and Call(58) and Halstead, et al(59) also used a
technlque, which they call fracture set mapping, whlch Involves
mappling all structures occurring In 20 ft. x 6 ft. bands spaced
at 100 ft. Intervals along a face. Da St!velra, et al(60) mapped
al | structures exposed on the face of a rectangular tunnel.

Al | these methods can be used when an excavated slope or a tun-
nel Is avallable but, during early exploration studles the geo-
loglst may simply have to make do with whatever exposures are
avallable and use hls Ingenulty to compllie as much relevant
data as possible. The geologlst concerned wlth mapping surface
outcrops, as opposed to excavated faces, must contend w!th the
problem of weathering and of surface coverings of sot { and
vegetatlon. A novel solutlon to thls problem was used on the
slte Investigation for the abutments of the Gordon arch dam In
Tasmanla where the vegetation and sol | covering on the rock
slopes were washed off by means of hilgh pressure water Jets.
Thils process exposed the underlylng rock and also accentuated
structural features by washling out shallow Inf | | | Ings of wea-
thering products. Obvlously, thls technique Is only appllcable
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Figure 4.1: Geological compass designed by Professor Clar and
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Figure k.1a: A clar type compass manufactured in East Germany
and distributed by Carl Zeiss Jcna Ltd., 2 Eirtree
Way, Boreham Wood, Hertfordshire WD6 1NH, England.
This instrument has sighting marks and & mirror
fitted in the lid so that it can be used to take
bearings in the same way as a Brunton compass. It
also has a suspended pointer for measuring the in-
clination of the line of sight. The needle is un-

damped but it can be clamped in the same way as a
Clar compass.

Figure 4.1b: A Brunton compass or pocket transit which is one of the
most versatile field instruments for geologists although
It Is not as convenient as the Clar compass for the
direct measurement of dip and dip direction of planes.
This instrument is particularly convenient for taking

bearings and for measuring the inclination of the line
of right.
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In special cases but It Is worth conslidering when crltlcal
slope problems are anticlpated.

Good geologlical Information can often be obtalned by mapping In
underground excavations which are In the same rock tvoe as the
proposed excavatlon., Although It Is rare that a nearby tunnel
wi | | exlst, there are clrcumstances where underground mapp | ng
may be possible. For example, tunnels are often excavated on
hydro-electric and mining projects. Also, In mountalnous ter-
raln, tunnels are often required on rallroads where the grade
restrictlons are more severe than on highways, so Investigation
of any nearby rallroads Is often worthwhlle.

The rock exposed In a tunnel w!!l | often be less weathered than
the rock outcropplng at the surface. The tunnel may also pro-
vlde useful Information on ground water condltions,

All structural mappling technliques suffer from some form of blas
since structures paral lel or nearly parallel to an exposed face
wlll not dayilght as frequently as those perpendlcular to the
face. This-problem has been discussed by Terzaghi(61) and most
geoioglsts apply Terzaghi's correctlons to structural data
obtalned from surface mapping and borehole cores. However,
Broadbent and Rippere(57) argue that these correctlons are ex-
cessive when mapping on a typlcal excavated slope face which
has been created by normal blasting. |In th!l s case the face
wii | be highly Irregular as a result of fracturing control led
by discontinulties and the assumptions made by Terzagh! In
derlving these correctlons are no longer val!d. Under such
clrcumstances, Broadbent and Rlppere suggest that the data
snou | d be presented w! thout correct lon.

Photographic mapping of exposed structures

Before leaving the questlon of the mapping surface exposures,
mentlon must be made of photogrammetrlc technliques which have
been considered for use In structural mappling. Al though not
yet In wlde use, photogrammetric methods offer conslderablr
advantages and the authors bel leve that they w! | | Increasing |y
be used In rock engineering.

The equlpment required consists of a phototheodollte such as
that Illustrated In the margln photograph which Is simply a
theodollte with a suitable camera located between the upper and
lower clrcies. The fleld set-up Is lllustrated In Flgure 4.2
and a rock face with targets palnted on It for photogrammetric
measurement Is shown In Figure 4.3.

The two plates. taken at the left and right hand camera statlons
(Figure 4.2) are then viewed in a stereocomparator or simllar
Instrument which produces a stereoscoplic model of the overlap-
ping reglon on the two plates. Measurements of the x, y and z
coordinates of polnts In thils three-dimenslonsl model can be
made to an accuracy of about 1 part In 5,000 of the mean object
distance. Hence, a polnt on a face photographed from 5,000 ft.
can be located to an accuracy of 1.2 Inches.

Photogrammetric techniques can be used for both structural map-
plng and for quantlty surveys of excavation volumes and a num-
ber-of companles offer these services on a canmerclal basls. It
wou Id exceed the scope of this book to discuss detal Is Of
photogrammetry and the Interested reader Is referred to the



object distance

4.7

Control targets on object
Wz

OVERLAP AREA

Figure 4.2:
Field set-up to obtain an

Figure 4.3:

Rock face with targets painted
on it as controls for photo-
grammetry. On high, steep faces
targets painted on metal plates
can be lowered on ropes.

overlapping stereopair.




publicatlions iisted at the end of this chapter for further In-
formation(62,63,64).

Most people think of photogrammetry In terms of expensive
equipment and speclal st operators and, whlie thls Is true for
precise measurements, many of the princlples can be used to
quantlfy photographs taken wlth a normal hand-held camera.
These princlples are described In a useful text-book by
Wililams(65).

Measurement of surface roughness

Patton(40) emphasized the Importance of surface roughness on
the shear strength of rock surf aces and hl s concepts are now
widely accepted. The influence of roughness on strength Is dis-
cussed in the next chapter and the fol lowing remarks are res-
tricted to the measurement of roughness In the field.

A variety of techniques have been used to measure roughness
and, In the authors’ oplnlon, the most practica! method Is that
suggested by Fecker and Rengers{(66) and Il lustrated In Flgure
4.4,which Is self-explanatory.

Diamond drllling for structural purposes

Many engineers are famiilar with diamond drllling for mineral
exploration and some would assume that the technlques used In
exploration drt | | ing are adequate for structural Investiga-
tions. This Is unfortunately not the case and special tech-
niques are required to ensure that continuous cores which are
as nearly undlsturbed as possible are obtalned. It should be
remembered that It Is the discontinulties and not the Intact
rock which control the stablitity of a rock slope and the na-
ture, Infliflng, Inclination and orlentation of these discon-
tinylties are of vltal Importance to the slope designer,

Contracts for mineral exploration dr! | I1ng are normal ly nego-
tiated on a fixed rate of payment per foot or meter drilled. In
order to keep these rates low dr | | | Ing contractors encourage

thelr drlilers to alm for the maximum length of hole per shlft,
In addlitlon, machlnes are run frequently beyond thelr effective
life In order to reduce capital costs. These practices result
in relatively poor core recovery In fractured ground and It can
seldom be clalmed that the core Is undisturbed.

To negotlate a geotechnical drililing contract on the sane basls
as a mineral exploration program Is to Invite trouble.

Good quallity undisturbed core can only be achleved If the dril-
ler has time to "fee!™ hls way through the rock and If he Is
using flrst class equlpment. Consequently, many geotechnlcal
englneers attempt to negotiate contracts In terms of payment
for core recovery rather than the length of hole dr I 1 | @d, A | -
ternatively, payment on an hourly rate rather than a dr 11 | Ing
rate removes the pressure from the drl | ler and permlits him to
alm at qual ity rather man quantity In hls drllling.

In addltion to providing financlal Incentlves for the drliler,
It Is essential to ® nsuro that his equlipment Is deslgned for
the Job, In good working order and that It Is correctly used.
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methods for constructing flow nets(174) have now large! y been
superseded by analogue(175.176) and numerical methods(177),

An example of an electrical resistance analogue for the study
of anlsotroplc seepage and dralnage problems Is Illustrated In
Flgure 6.8. Some typical examples of equlpotentlal distribu-
tlons, determined wlth the ald of thls analogue, are reproduced
In Flgure 6.9.

Fleld measurement of permeabllity

Determination of the permeabl |Ity of a rock mass Is necessary
If estimates are requlred of groundwater discharge from a slope
or If an attempt Is to be made to design a dralnage system.

For evaluation of the stablilty of the 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 polint Is In-
dependent of the permeabl 11ty of the rock mass at that point
but It does depend upon the path followed by the goundrater In
arriving at the point (Flgures 6.2 and 6.9). Hence, the anlso-
tropy and the dlistrlbutlon of permeablllty In a rock mass Is of
Interest In estimating the water pressure distrlbution In a
slope.

In order to measure the permeabl | Ity at a "polnt" In a rock
mass, It Is necessary to change the groundwater condltlons at
that polnt and to measure the time taken for the orlginal con=-
ditlons to be re-establ Ished or the quantlty of water necessary
to maintaln the new condltlons. These tests are most conven-
lently carrled out In a borehole In which a sectlon Is Isolated
between the end of the casing and the bottom of the hole or be-
tween packers wlthin the hole. The tests can be class | f {ed as
fol lows:

a. Fall Ing head tests In which water Is poured Into a ver-
tical or near vertical borehois and the time taken for
the water level to fall to Its orlglinail level Is deter-
mined.

b. Constant head tests In which the quantity of water
which has to be poured Into the borehole In order to
maintaln a spec!fic water level Is measured.

c. 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 sultable for measurement of the
permeablllty of reasonably uniform soils or rock. Anlsotroplc
permesdliity coefficlents cannot be measured directly In these
tests but, as shown In the example glven below, allowance can
be made for this anisotropy In the calculation of permeabl} Ity.
Punplng tests, al though more expensive, are more sul tab le for
permeabllity testing In jolnted rock.

Fal | Ing head and constant head tests

A very comprehensive discussion on fal | Ing head and constant
head permeabllity testing Is glven by Horsley(179) and a few of
the points which are directly relevant to the present dlscus-
sion are summar!zed on page 6.12.



f Watertable or phreat ic surface

Standpipes

Flow lines

Equipotent ial
! ines

\ Pressure increase
== with depth along an
equipotential line

: |
L ey

Figure 6.7 : Two-dimensional flow net in a slope.

K
<0
ﬁ.

Figure 6.8 : Electrical analogue for the study of anisotropic groundwater
flow and drainage problems



6.8

Louis(170) polnts out that equation (33) only applies to lami-
nar flow through planar parallel fissures and that It glves
rise to signif Icant errors If the flow velocity Is high enough
for turbulrnt flow to occur, If the flssure surfaces are rough
or If the fissures are Inf [}led, Louls iIsts no fewer than 8
equations to describe flow under varlous condltlons. Equat lon
(33) glves the highest equivalent permeabliity coefficient, The
lowest equivalent permeabl | 1ty coeff Icltent, for an Inf | | led
fissure system, Is glven by

K= f ckf # K (34)

where £y Is the permeablilty coefficient of the Infliiing ma
terlal, and

,(’,- Is the permeabllity coefficient of the intact rock.

(Note that &» has been Ignored In equation (33) since It wil |
be very mall as compared with permeabllity of open joInts),

An exampie of the application of equation (33) to a rock mass
with two orthogonal jolnt systems Is given In Figure 6.6. This
shows a major joInt set In which the jolnt opening &, Is 0.10
an and the spacing between Jolnts Is 47 = 1 m. The equivalent
permeabiilty £, parallel to these jolnts Is &/ = 8.1 x 10-Z om/
sec. The minor joint set has a spacing &» = 1 JoInt per meter
and an opening &2 = 0.02 cm. The equivaient permeabllity of
this set Is £ = 6.5 x 10™# om/sec., |.e. more than two orders
of magnitude smaller than the equivalent permeabl | ity of the
major joint set.

Clearly the groundwater flow pattern and the dralnage charac-
teristics of a rock mass In which these two jolnt sets occur
would be signiflcantly Influenced by the orlentation of the
Jolint sets.

Flow nets

The graphlcal representation of groundwater flow In a rock or
soll mass Is known as a flow net and a typlcal example Is Il ju=-
strated In Figure 6.7. Several features of thls f low net are
worthy of conslderation,

Flow |Ines are paths followed by t he water In flowing through
the saturated rock or sol |,

Equipotential Iines are |Ines Jolning points at which the total
head h Is the same, As shown In Figure 6.7, the water level Is
the rune In boreholes or standpipes which terminate at points A
and B on the sane equipotential iine.

Water pressures at poilnts A and B are not the same sl nce, ac-
cording to equation (32), the total head h Is given by t he sum
of the pressure head P/)’” and the elevat ton 2 of the measuring
polnt above the reference datum. The water pressure Increases
with depth along an equipotential line as shown In Flgure 6.7.

A complete dlscusslon on the construction or computation of
flow nets exceeds the scope of th ls book and the Interested
reader Is referred to the comprshensive texts by Cedergren(166)
and Haar{173) for further detalls. Traditional graphlcal
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above a reference datum and the quantity of water floring

through the sample In a unit of time Is Q. According to Darcy's
law, the coefficlent of permeabliity of thls sample Is defined
8s(165,166,167):

g B .2
Arh 7] " (A -F1) (37)

Kk =

where V Is the discharge veloclty, Substitutlon of dimensions
for the terms In equation (31) shows that the permeab! | Ity co-
efficlent k has the same dimenslons as the discharge veloclty
V, 1.e. length per unlt time. The dimension most commonly used
In groundwater studles Is centimeters per second and typlcal
ranges of permeabi{ity coefficients for rock and soil are glven
In Table V. Flgure 6 .5 shows that the total head h can be ex-
pressed In terms of the pressure p at the end of me sample and
the height z above a reference datum. Hence

A= ?',:/fz (32)

where 23 Is the density of water. As shown In Flgure 6.5, h Is
the helght to which the rater level rises In a borehole stand-
plpe.

Permeabl | Ity of jolnted rock

Tab | e V shows that the permeabl | Ity of Intact rock Is very low
and hence poor dralnage and low discharge would normally be ex-
pected In such materlal. On the other hand, If me rock Is dls-
continuous as a result of me presence of Jolnts, flssures or
other dilscontlnultles, the permeabl || ty can be cons Iderab |y
higher because these discontlnultles act as channels for the
water f low.

The flow of water through fissures in rock has been studied in
great detail by Huitt(168), Snow(169), Louis(170), Sharp(171),
Maini(172) and others and the reader who wishes to pursue this
canplex 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 permeabi ! ity of a
planar array of parallel smooth cracks(170). The permeability
parallel to this array is given by:

- Z
s (23)

where g = gravitational acceleration (981 cm/sec.2).
e = openl ng of cracks or f Issures
b = spacing between cracks and
YV Is_the coefficlent of kinematic viscosity (0.0101
/sec. for pure water at 20°C) .

The equlivalent permeabl | Ity k of a paral lel array of cracks
with different openings Is plotted In Figure 6.5 which shows
that the permeabl | Ity of a rock mass Is very sensli t Ive to the
opening of dlscontinultles. Since thls opening changes with
stress, me permeabi | 1 ty of a rock mass wl | I, therefore, be
sensltive to stress.
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Groundwater flow In rock masses

There are two possible approaches to obtalning data on water
pressure distributions within a rock mass:

a. Deductlon of the overal | groundwater flow pattern from
conslideration of the permeabllity of the rock mass and
sources of groundwater.

b. Dlrect measurement of water levels In boreholes or
we! Is or of water pressure by means of plezometers In-
stalled In boreholes.

As wlii be shown In this chapter, both methods abound with
practical difflculties but, because of the very Important In-
fluence of water pressure on slope stabli Ity, It Is essentlal
that the best possible estimates of these pressures should be
avaliable before a detalled stabil ity analysls Is attempted.
Because of the large number of factors uhlch control the
groundwater flow pattern In a particular rock mass, It Is only
possible to highlight the general princlples uhlch may apply
and to leave the reader to declde what comblnations of these
princlples Is relevant to hls speclfic problem.

The hydrologlc cycle

A simpilfled hydrologlc cycle Is Tllustrated In Figure 6.1 to
show some typ Ica | sources of groundwater In a rock mass. This
figure Is Included to emphasize the fact that groundwater can
and does travel considerable distances through a rock mass.
Hence, just as It Is Important to consider the reglonal geology
of an area when starting the design on a highway, so It Is Im-
portant to conslder the reglonal groundwater pattern when esti-
mating probable groundrater dilstrlbutlons at a particular
site,

Clearly, preclpltation In the catchment area Is an Important
source of groundrater, as suggested In the sketch opposlte, but
other sources cannot be Ignored. Groundwater movement from ad-
jacent river systems, reservolrs or lakes can be slgnlificant,
particulariy If the permeabl i1ty of the rock mass Is hlghly
anisotropic as suggested in Flgure 6.2. In extreme cases, the
movement of groundrater may be concentrated In open fissures or
channels in the rock mass and there may be no clearly Ident|-
flable water table. The photograph reproduced In Flgure 6.3
shows a solutlon channel of about 1 Inch In dlameter In |ime-
stone. Obvlously, the hydraulic conductivity of such a channel
would be so high as compared with other parts of the rock mass
that the conventional plcture of a groundwater flow pattern
would probably be Incorrect In the case of a slope In which
such features occur.

These examples emphas!ze the extreme Importance of consldering
the geology of the site when @ stimating water table levels or
when Interpreting water pressure measurements.

Def Inition of permesb! | Ity

Conslder a cylindrical sample of sol | or rock beneath the water
table In a slope as lllustrated In Flgure 6.4. The sample has
a cross-sectional area of A and a length /. Water levels In
boreholes at ® Ithw end of this sample are at helghts /), and /I;
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Chapter 6 Groundwater flow; permeability and pressure.

I ntroduct fon

The presence of groundwater In the rock mass In a slope sbove a
highway has a detrimental effect upon stabl i1ty for the follow-
Ing reasons:

a.

Water pressure reduces the stabl | 1 ty of the slopes by
reducing the shear strength of potentlal faliure sur-
faces as described on pages 2.6 and 2.7. Water pressure
In tension cracks or simliar near vertical fissures re-
duces stabllity by Increasing the forces tending to In-
duce sliding (page 2.8).

Hlgh moisture content results In an Increased unlt
welght of the rock and hence g | ves r | se to Increased
haulage costs durlng constructlon. Changes In molsture
content of some rock, particularly shales, can cause
accelerated weathering with a resulting decrease In
stablllty.

Freezlng of groundwater during winter can cause wedging
In rater-f | | led flssures due to temperature dependent
volume changes In the Ice. Freezl ng of surface water
on slopes can block dralnage paths resulting In a
bulld-up of water pressure In the slope with a conse-
quent decrease In stabllity.

Eroslon of both surface sol Is and flssure Inf | | | Ing
occurs as a result of the veloclity of flow of ground-
water. This eroslon can glve rise to a reduction In
stabllity and also to stiting up of dralnage systems.

Discharge of groundwater from slopes above a highway
can glve rise to Increased maintenance costs as a re-
sult of pavement deterioration and the need for higher
capaclty dralnage systems. During constructlon there
will be the difflculties of operating heavy equlpment
on wet ground and blasting costs are Increased by wet
blast holes.

Liquefactlon of overburden solls or filIs can occur
when water pressure within the materiai rises to the
polnt where the upl Ift forces exceed the welght of the
sol I. Thls can occur If dralnage channels are blocked
or If the sol | structure undergoes a sudden volume
change as can happen under earthquake conditions,

Liquefactlon Is criticeily Important In the design of
foundatlons and soll fills and It Is dealt with In the
references numbered (159-162) |Isted at the end of thls
chapter. It wil | not be consldered further In this book
since It does not play a slgnlfilcant part In control =
Ing the stabllity of rock slopes.

By far the most Important effect of the presence of groundwater
In a rock mass Is the reduction In stabli Ity resuiting from
water pressures within the discontinulties In the rock. Methods
for Inciuding these water pressures Into stabllity caiculations
are dealt with In later chapters of thls book. Thils chapter Is
concerned with methods for estimating or measuring these water
pressures.
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Figure 5.20 : Preservation of fragile
rock core in foamed plastic as
described bg Stimpson, Metcalfe
and Wa 1 ton!>8.

Steps are described in the text on

page 5.35

Note that rubber gloves should be
worn when working with component
liquids and with unset plastie f oam
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Figure 5.19 : Wire-sawing a shear specimen from the sidewall of
a tunnel as described by Londe8!. Photograph reproduced
with permission of Pierre Londe, Coyne and Bellier, France.
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Figure §.18 : Wire-sawing technique for sampling, rock specimens for

shear testing, described by Londe™'. See text for details.
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main drawback to such samples Is thelr slze and thls means that
the Influence of surface roughness must be cons!dered separate-
ly. Ideally, small samples should only be used o test Inti!led
or planar jolnts which do not suffer from roughness ® ffocts.
This may not always be possible and, when a rough jolat Is tes-
ted, the effect of surface roughness must be assessed end al=-
lowed for In the Interpretation of the tort results.

In order to overcome the size {Imltation of normal dlamond
arili core, some slope stablility englneers have used large dlo
mond core blts (8 to 10 Inches, 200 to 250 sm) mounted On con-
crete coring rigs which are bolted to the rock face. Obviously,
the length of core which can be obtained using such o system Is
i Imlted to the length of the core barre! which can be supported
by the rlg and, In general, this 1s of the order of 1-1/2 to 3
ft. (0.5 to 1 m), In splte of this iimitation, some excel lent
samples have been obtalned rith equipment of thls type.

Londe(81) has described the use of a wire saw for specimen re-
covery and thls technique is Il lustrated In Figures 5.18 and
5.19. Four holes, marked A, B, C and D In Figure 5.16 sre ¢ril~
led along the top and bottom edges of the specimen. These holes
are large enough to sccommodate smal | wheels which change the
directlon of the wire, Wire cuts are made between holes A-b,
B-C and C-D and then the rear face of the specimen Is cut tree
by passing the wire through the slde end top cuts and cutting
between holes A and D as lllustrated In Figure 4.18. Finally,
when the rear face has been cut free, the rods carryling the
deflection wheels are withdrawn so that the bsse of the speci-
men, between holes A and D, Is cut free. Whlie this process may
appear complex, It has a great deal of mer!t since wire-sawing
1 s one of the gent lest rock cutt Ing processor and, wl th care,
the specimen can be recovered rith very Iittle disturbance.

When sampling rock cores whlich deterliorate very rapldiy on
exposure, a technlique described by Stimpson, Metcaife and
walton(158) can be used to protect the core during shipment snd
to prevent loss of In sltu molsture. This technique Is Hity=
strated In Figure 5.20 and the steps are described below;

Step 1 - The mould, conslisting of a plastic plipe split along
1ts axls, Is prepared to recelve the core. The core
Is supported on thin metal rods hold In drlilied
spacers.

Step 2 -~ The core, wrapped In aluminium fol |, Is placed on
the supporting rods and the end spacers are ®  djus-
ted to the length of the core.

Step 3 - The upper half of the mould Is fixed in place with
adjustable steel bands end polyurethane foam Is
poured through the access slot.

Step 4 - The foam sets In approximately 30 minutes atter
which t h e mould Is stripped and the rods withdrawn,

Step 5 - The core Is removed Just before testing by cutting
the foam with a coarse-toothed wood saw.
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does I1ttle for the quallty of the results obtalned from tests
on such samples. The fault seldom !les with the geologists In
such cases since they are simp | y dol ng the best poss! b le job
with the resources avalliable. The fault generally liles with
those responsible for planning the Investigation and with the
low prlorlity allocated to shear strength testing.

The authors feel very strongly that poor qual Ity shear tests
are worse than no shear tests at al | since the results of such
tests can be extremely misleading and can glve rise to ser lous
errors In slope design. When the funding or the time avallable
on a project Is IImited or when correct sample collectlon Is
Impossible for some practical reason, It Is recommended that
one of the following alternative courses should be followed:

a. Having estabilshed the geological conditions on site
as accurately as possible, the slope designer should
return to his office and devote the time which he
would have spent In sample collectlon and testing to a
thorough study of publ Ished papers and reports on
slope stablilty In simllar geological environments. It
Is frequently possible to find cases which have been
studled which are very simiiar to that under consider-
atlon and the results presented In such studies may
well provide en adequate basis for slope design. When
using the results of a pubilshed study, extreme care
should be taken In checking that the shear strength
values were not derived from poor quallity tests. It Is
also Important that a sensitivity study should be car-
rled out to determine the Influence of shear strength
variations on the proposed slope design. If thls In-
f luence Is signlf icant, It may be necessary to Insist
that a few high quallty shear tests be carrled out In
order to narrow the range of possible variation.

b. When hand samples are aval lable, shear test samples
can be prepared by dlamond saw cutting and then lapp-
Ing the surfaces with a coarse grit. This removes
surface roughness effects and reduces the test to one
In which the basic angle of triction & Is determined.
This value Is then used, together with surface rough-
ness and joint compressive strength measurements, ob-
servations or estimates, to calculate the shear stren-
gth of me rock joint by means of Barton’s equation
(26 on page 5.7) or Ladanyl and Archambault's equation
(25 on page 5.6).

When both time and money are avallable for high qual [ty shear
strength testing, the slope designer has to decide upon the
type of test which will give the results required. In the case
of a critical slope, e.g. the abutment of a bridge, It may be
Justiflable to carry out In sltu tests simllar to that Il ju-
strated In Flgure 5.4 on page 5.10. In many cases It Is more
economlcal and more convenlent to collect samples In the fleld
for subsequent testing In the laboratory.

The obvious source of samples for shear strength testing Is the
collectlon of dlamond drill cores which usually are avaliable
on project sltes. Provided that these cores have been obtalned
by careful driiiing, using double or triple-tube equipment, and
provided that the core slize Is In excess of about 2 Inches (50
mm), reasonable samples can be obtalned from these cores. The
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SOURCE OF SHEAR STRENGTH DATA PLOTTED IN FIGURE 5,17
oint Material L - Slope
wnber ateria ocation height Analysed by Ref.
feet
1 Disturbed slates and Knob Lake, Canada Coates, Gyenge and 144
quartzites Stubbins
Soil Whitman and Bailey 145
3 Jointed porphyry Rio Tinto, Spain 150-360 Hoek 146
& Ore body hanging wall|l Grangesberg, Sweden 200-800 Hock 147
in granitic rocks
5 Maximum height and angle of excavated slopes - see Figurp 2.1 on page 2.3.
6 Bedding planes in
limestone Somerset, England 200 Roberts and Hoek 148
7 London clay England Skempton and 149
Hutchinson
Gravelly alluvium Pima, Arizona Hame | 150
Faulted rhyol i te Ruth, Nevada Hame | 151
10 Sedimentary series Pittsburgh, Pennsylvania Hame | 152
1 Koal inised granite Cornwall, England 250 Ley 163
12 Clay shale Fort Peck Dam, Montana Middlebrooks 164
13 Clay shale Gardiner Dam, Canada Fleming, et al 165§
14 Chalk Chalk cliffs, England 50 Hutchinson 1656
15 Bentonite/clay Oahe Dam, South Dakota Fleming, et a | 155
16 Clay Garrison Dam, North Fleming, et al 166
Dakota
17 Weathered granites Hong Kong 40-100 Hoek and Richards 157
18 Weathered volcanics Hong Kong 100-300 Hoek and Richards 157
19 Folded sandstone, Alberta, Canada 800 Wyllie and Munn 158A
siltstone

Sample collection and preparation

Before leaving the subject of shear strength, the authors feel
that some comments must be made on the question of sample col-
lection and preparation for laboratory testing. From the dis-
cussion in this chapter it will be clear that samples for lab-
oratory shear testing should be disturbed as little as possible
during collection. The importance of the strength of the joint
surface material has been emphasized and it is Important that
this material be retained on the joints to be tested. When the
joints are infil led with clay or gouge materials, it is essen-
tial that this material should not be disturbed and that the
two halves of the specimen should not be displaced relative to
one another. When the materials to be tested are sensitive to
changes in moisture content, the specimens must be sealed after
collection in order to retain the in situ moisture content.

Because of difficulties of access, most samples for shear test-
ing are collected by geologists whose only equipment conslsts
of a geological pick and a backpack. While this may do a great
deal to enhance the rugged pioneering spirit of geologists, it
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Figure 5.17 : Relationship between the friction angles and
cohesive strengths mobilised at failure for
the slope failure analyses listed in Table IV.
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The simplest type of rock slope tailure on which a back-analy-
sis can be carried out is one in which strong structural con-
trol is evident. Examples of such failures are given in Figure
1.1 on page 1.3 and Figure 2.8 on page 2.4.

When the plane or planes upon which siiding has occurred are
clearly defined and exposed, the dip and dip directions of
these planes can be measured with a high degree of accuracy and
an analysis can be carrled out by means of one of the techni-
ques outiined later In this book. The most signlflicant unknown
In these cases Is usually the water pressure distribution In
the slope at the time of fal lure. If thls cannot be estimated
from avallable data, upper and lower bound estimates of ground-
water cond | tions can be made and a possl b le range of shear
strength values determined by back-analysis. A good examp le of
thls type of analysis Is glven In the study of a limestone
quarry slope fal lure presented on pages 7.25 to 7.30 of this
book.

Another simple form of slope failure which can be back-analyzed
Is that In whlch the fal lure surface Is approximately circular
and It can be assumed that there are no dominant structural
features Involved In the failure process. In this case, mea-
surement of the fal lure surface geometry by simple survey
technliques together with a knowledge of the slope proflle be-
fore fallure wlil provide the baslic Information required for a
back-analysts using one of the standard forms of analysis des-
crlbed In Chapter 9.

In carrying out a back-analysis of sliding on a plane or planes
or on an approximately clrcular fallure surface, the equations
defining the conditlion of |Imiting equliibrium can only be
solved If It Is assumed that the shear strength of the fal | ure
surface or surfaces Is represented by a simple Mohr-Coulomb
tallure criterion (equation 10 on page 5.2). Even rhen this
assumption Is made, It Is not possibie to determine the values
for both material constants, the coheslve strength ¢ and the
angle of friction@, from the back-analysls of a single slope
fal lure. In order to deflne both materlal constants It Is nec-
essary to back-analyze several failures In the same materlal or
to determine cne of the constants, usually the frictlon angle,
by sane other means such as direct shear testing In the labora-
tory.

As polnted out eariler In thls chapter, many rough discontin-
ulty surfaces or shear zones In closely jolnted rock masses ex-
hibit strongly non-|Inear Mohr envelopes. The determination of
the material constants ¢ and & by means of back-analysls of
slope fal lures Is equlvalent to determinlng a tangent to a
curved Mohr envelope. Thls tangent wiil only glve an accurate
assessment of the shear strength of the fal lure surface or zone
at the normal stress level which exIsted during fal lure of the
slopes back-analyzed. Consequently, care must be taken when
applylng the results obtalned from the back-analysis of a par-
ticular slope to the deslgn of a slope of different dimensions
In which the normal stress levels may be different.

Figure 5.17 Is a plot of cohesive strengths and friction angles
obtalned by back-analysis of the slopes !Isted In the accom-
panylng table. Thls figure has been found to provide a useful
starting polnt for stablilty analysis or a check on the reason-
ableness of assumed shear strength data. The reader Is encour-
aged to add hls or her own points on this plot.
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Figure 5.16: Hohr failure circles and fitted Mohr envelope for triaxial tests on

recompacted graded samples of closely jointed andesi te from
Bougainvi | le. Dashed Mohr envelope is for tests by Jaeger on
undisturbed cores of the same material (from Figure 5.15).

which glves the lowest factor of safety. This means that It may
be necessary to determine the strength character Istlics of the
individual dlscontinulty surfaces as well as that of the over-
all rock mass.

Shear strength determination by back analysts of slope
fallures

By thls time the reader should have been convinced that the de-
termination of the shear strength of rock surfaces or of close-
ly Jolnted rock masses Is not a slmple matter. Even when suc-
cessful tests havr been carrled out, the slope designer Is
stl | | faced wlth the task of relating these test results to the
full scale design.

In view of these dlfticulties, It Is tempting to consider the
possibl1ity of back analyzlng existing slope fallures In order
to determine the shear strength which must have been mob | | | zed
In the ful | scale rock mass at the time of tal lure. This tech-
nique has been used successfully In sol} mechanlics for many
decades and has contributed signlficantliy to the contidence
with which soll slopes can be deslgned. WI th care, the same
technique can be used to obtaln useful data for rock slope
deslign,



5.29

that all the Individual pleces within the chosen sample volume
are collected. A grading curve for the sample Is obtalned by
running the materlal through a set of sieves and welghing the
amount retalned on each sleve, The maximum particie slze which
should be Included In the test specimen Is about one sixteenth
of the diameter of the specimen and, If the grading curve of
the fleld sample glves larger sizes than this, the grading
curve should be scaled down. Thils Is done by removing all
particles larger than the permlitted size and by adjusting the
amount retalned on each of the smal ler sleve slzes untll the
grading curve Is parallel to that of the original sunple. Very
flne materlal (less than 200 mesh U.S. standard sieve slze) Is
removed from the sample since thls could enter volds between
the larger particles and give rilse to strength characterlstics
simllar to those of fliied joints. The sunple Is then compacted
by placing It In layers Into a confining sleeve and subjecting
It to vibratlon and/or direct axlal load. If a signlificant
axlal load has to be used In order achleve a unit welght equlv-
alent to the In situ unlt welght, some partic le breakage wl | |
probably occur and the grading curve for the compacted material
should be checked. The specimens are now ready for tr laxial
testing which would normally be carrled out In a drained con-
ditlon, In other words, any water pressure which could bulld up
In the specimen Is allowed to dissipate by loading at a suffi-
clently slow rate and by providing dralnage In the loadlng
plattens.

Flgure 5.16 glves a set of results obtalned for such a serles
of tests which were carried out on 6 Inch (153 mm) diameter
specimens of recompacted graded andeslte from Bougalnvllle. The
dashed curve Included In thls figure has been transferred from
Flgure 5.15 and represents the Mohr tallure envelope for the
undisturbed cores of the same materlal tested by Jaeger. The
authors conslider the two Mohr envelopes glven In this figure to
represent the upper and lower bounds for the shear strength of
the closely jointed andeslite In situ.

Note that test resu | ts such as those presented In Figures 5 .15
and 5.16 should only be used for slope deslign purposes when the
user Is convinced that the fallure mechanism In the sample Is
representatlve of that which Is Ilkely to occur In the rock
mass In which the slope Is to be excavated. In the case of
closely jolnted rock masses, thls generally means that the
failure would Involve some form of kink band formation, such as
that lllustrated In the lower margin photograph on page 5.22,
and that slope fallure would occur along an approximately clr=~
cular failure path simllar to that which occurs In waste rock
fills or soll slopes. |If It Is suspected that faults or domin-
ant bedding planes or jolnts could control the slope fal lure,
then this type of testing Is Inapproprlate and the results
could be misieading If used for slope design. In such cases,
the shear strength characterlstics of the Individual planes of
weakness should be determined, as discussed earl ler In thls
chapter, and the slope design should be based upon a mechanism
which recognlires the potential for fallure along these planes
rather than along a path of least resistance through the rock
mass.

In cases In rhich the failure mechanism which could occur In a
slope Is not obvlous, the only safe approach to follow Is to
analyze all those fallure modes which are kinematically pos-
sible and to base the deslign of the slope upon that analysis
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In the Inner core tubes to Jaeger’s laboratory In Canberra. In
the laboratory, the core tubes were cut careful ly along two
diametrical |y opposlte axlal Ilnes so that one half of the tube
could be |Ifted off, leaving the undlsturbed core resting In
the remalning half of the core tube. The core was then wrapped
In thin copper sheeting and carefully rolled over to transfer
the core from the core tube Into the copper sheet which was
then soldered to form a sealed sleeve. The specimen ends were
prepared by careful dlamond sawing through the copper sheathed
core.

Cores, prepared In the manner descr Ibed, were tested In a tr |=
axlal cell such as that Illustrated dlagrammaticaliy In the
margl n sketch on page 5.24. The results obtalned by Jaeger,
for conflning pressures of up to 3.5 MPa, are listed In the

Iri Ltest results obtained margin and are plotted In Flgures 5.14 and 5.15.

by Jaegerl“? on closely j oi nted

andeoi te fromBougainvzile. Regression analysls of these data, using the analysls presented

Axial failure Cnfining In Appendix 1, glves the fol lowing values for the constants re-
stress o) MPa pressure o3 Mpa qulred to solve equations 29 and 30:
;’5;} g & = 265.5 WPa*
. .35
m = 0.277
8.96 0.69
- s = 0.0002
12.07 1.24
A =0.316
12.82 1.38
B=o0.700
19.31 3.45 T = -0.00072
20.00 3.45 ’

Substitutlon of these values Into equations 29 and 30 define
the curves plotted In Flgure 5.14 and 5.15. The correlation
coefficlent of 0.99 glven by the regresslon analysis Is reflec-
ted In the close fit of the empirical curves to the test data.

Many civil engineering laboratories have large triaxial cells
designed for testing rock fill for dams and some of these cells
are suitable for tests similar to those carried out by Jaeger.
One such cel | was used by the Snowy Mountains Authority and i s
illustrated in the margin photograph. Marsal(137) has described
the design of a very large cell to accommodate 1130 mm diameter
by 2500 mm high specimens. These | arge cells are very expensive
to manufacture and to operate and most laboratories use smaller
cells designed to accommodate 153 mm (6 inch) diamoter cylin-
drical samples. Testing procedures should follow the guidelines
set out by Bishop and Henkel(143) for the triaxial testing of
soi ls.

The recovery of undlsturbed samples of closely jolnted rock Is
a very difflcult process and, In many cases, may not be possi-
b le because of the lack of adequate fac I | It les. Under such clr=
cumstances, the authors feel that a reasonable al ternative Is
to approach the problem as one wou | d that of test Ing compacted
rock flll. The procedure for testing rock f 1 | | has been des~
crived by Marsal(137) and by Marachl, Chan and Seed(138) and Is
outllined briefly In the followlng notes.

A representative sample of the materialls collected from an
e triarial cetl for rock- exposure of the rock mass. No attempt Is made to prevent the
f‘mﬁ testing in the laboratory particles from falling apart but care should be taken to ensure
oft he Snowy Mount ai ns Aut hor -
ity in Australia.
*petermined by regresslon analysls of triaxial test data on In-
tact andeslte core{136).



5.26
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INTACT ROCK SAMPLES m= 7.0 m= 10.0 m= 15.0 m=17.0 m= 25.0
Laboratory sisze specimens s = 1.0 s =1.0 s = 1.0 s = 1.0 s = 1.0
free fromijoints A = 0.816 A =0.918 A= 1.044 A= 1.086 A= 1.220
CSIR rating 100 B = 0.658 B=0.677 B= 0.692 B = 0.696 B =10.705
NG! rating 500 T =-0.140 | T = -0.099 T = -0.067 T = -0.059 T = -0.040
VERY GOOD QUALITY ROCK MASS | m = 3.5 m= 5.0 m= 7.5 m=8.5 m=12.5
Tightly interlocking undie-| s = 0.1 s = 0.1 s = 0.1 s =0.1 s = 0.1
edrbal nopkabisimoweather-| o _ o o A= 5.739 A= 0.848 A= 0.883 A= 0.998
CSIR rating 85 B = 0.679 B = 0.692 B = 0.702 B = 0.705 B=0.712
NGl rating 100 T -0.028 | T =-0.020 T =-0.013 T = -0.012 T =-0.008
GOOD QUALITY ROCK MASS me=o0.7 me= 1.0 m= 15 m= 1.7 ma= 2.5
Fresh t 0 slightly weathered| s = 0.004 s = 0.004 s = 0.004 s = 0.004 s = 0.004
ronl, a1 ; -
with jointe'thy T84 | A = 0.369 A= 0.427 A= 0.501 A= 0.525 A= 0.603
CSIR rating 6 5 B = 0.669 B=0.683 B= 0.695 B = 0.698 B=20.707
NGlrating 10 T ™ -0.006 | T=-0.004 T =-0.003 T = -0.002 T = -0.002
FAIR QUALITV ROCK MASS me=0.14 m=0.20 m=0.30 m=0.34 m=0.50
Several sets of moderately | s = 0.0001 s = 0.0001 s = 0.0001 s = 0.0001 s = 0.0001
Qe@thoram.) Oi Nt S spaced at | A = o 198 A= 0.234 A= 0.280 A = 0.295 A= 0.346
CSIRrating 44 B = 0.662 B=0.675 B = 0.688 B = 0.691 B =10.700
NGirating 1.0 T = -0.0007 | T=-0.0005] T="-0.0003 [T =-0.0003 T = -0.0002
POOR QUALITY ROCK MASS me= 0.04 m= 0.05 m = 0.08 m=0.09 ma=0.13
Numerous weathered joints s = 0.00001 s = 0.00001 s = 0.00001 s = 0.00001 s = 0.00001
Ghugd LO N omm witheome | A= g 445 | A=0.120 | A=o0162 |a=o0.172 A= 0.203
CSIR rating 23 B = 0.646 B = 0.655 B = 0.672 B=0.676 B=10.686
NGI rating 0.1 T = -0.0002] T =-0.0002 | T =-0.0001 | T ="-0.0001 T = -0.0001
VERY POOR QUALITY ROCK MASS| m = 0.007 = §.010 m = §.015 ma=0.017 m= 0.025
Mumerous heavily weathered | s = O -0 s -0 s -0 s-o0
Jgg,'.grltf‘m”‘;d;ii;?’"f?ﬁ_ A = 0.042 A= 0.050 A= 0.061 A= 0.065 A=0.078
CSIR rating 3 B = 0.534 B= g.539 B = 0.546 B = 0.548 B = 0.556
. T-0 ; . ;
NG! rating 0.01 T ° T 0 T Y T Y

* Note: The CSIR and NGI methods of classifying rock masses are described in Appendix 9.
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The corresponding relatlonship between shear strength 7" and the
normal stress J at failure Is:

Ze A (% - 7)° (30)

where A and B are constants def In | ng the shape of the Mohr
fal lure envelope and

Tef(m - VmZ+r#s)

Hoek and Brown have assumed that the effect Ive stress | aw ( see
page 2.8) appiles to thls fallure criterlon and that effective
stresses may be calculated as follows:

a'’= @ -u
g’ = (03 - u)
o’ = (o-u)

These effective stress values may be substltuted directly Into
equations 29 and 30 when the pore water pressure Y Is known.

A regresslon analyslis for the determination of the constants m,
s, A and B from the results of laboratory trlaxlal tests on
closely jolnted rock Is presented In Appendix 1 at the end of
thls book.

When laboratory test data are not aval lab | e or when It Is re~
qulred to estimate the strength of a large rock mass, Hoek and
Brown have proposed that the rock mass classlf icatlons of
Barton, et al{(140) and Blenlawskl(141) be used to scale the
values of the constants m, s, A and B. A full discusslon on
this scallng Is glven In the textbook by Hoek and Brown(134)
and the proposed relatlonshlp between rock type and rock mass
qual 1ty and the values of the constants has been summar | zed In
Table IV on page 5.26.

An example of the applicatlon of Hoek and Brown’s empiricail
failure criterlon Is discussed In the next sectlon of thls
chapter and the application of this fallure criterlon In the
analysls of clircular fallure In closely jolnted rock slopes Is
discussed In Chapter 9.

Testing closely jolnted rock

The determination of the strength of a closely jolnted rock
mass presents formldab le exper Imental prob |l ems andrel at | ve | y
few attempts have been made to carry out direct shear or tr i-
axlal tests on these materlals.

Jaeger(142) has described one of the most elaborate tests ever
attempted on closely jolnted rock and hls paper Is recommended
reading for anyone faced with this problem. The rock mass test-
ed by Jaeger was an andeslte fran the slite of the open pit mine
on Bougainvllle In Papua New Gulnea. This hard rock Is dlvided
up by several sets of jolnts spaced at about one Inch apart.
The joints are free from Inflilling but are slightly weathered
as a result of high water flows.

Six Inch (153 mm) dlameter cores were recovered by very careful
triple-tube diamond drii | Ing and these cores were transported
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rock masses. Plotted for 7 = 20° and ¢ = 30°.

Whi le Ladanyi and Archambaul t’s approach is attractive because

it involves a consideration of the mechanics of block movement

and failure within a rock mass, it is difficult to apply in

practice because the choice of the various parameters (7,/7,04",
K,L,@andZ ) which are required to solve the equations. In

Water fact, one general ly has to guess most of these parameters in
pressure u order to arrive at a solution.

In recognitlon of the problem of adequately deflning the geo-
metrical and materlal property parameters requlred In a mechan-
Istlc approach such as that adopted by Ladanyl and Archsmbault,
Hoek and Brown(134,135,136) have proposed a very simple empiri-
cal fallure criterlion for closely jointed rock masses.

A

The baslc empirlcal equation relating the axlal fallure stress
07 to the confining pressure 3, In a trlaxlal test such as
that lllustrated In the marglin sketch, Is:

G; = 03+ Vma. a3 + sa? (29)

where Oz |Is the unlaxlal compressive strength of the in-
tact rock pleces, and
m and s are dimensionliess constants which depend upon

the shape and degree of Interlocking of the In-

Triaxial testing of dividual pleces of rock within the mass.
granular materials.
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where ] x .
Ve /-%) /an f (78a)
Ben 1 -2 -2 )¢ b
£ e 02/ (285)

and Oz Is the uniaxial compressive strength of the indlvidual
blocks within the rock mass,

s the degree of Interiocking whic efines the freedom

Is the d f Interlockl hich defi the freed
of the blocks to translate and to rotate before belng
sheared or fractured™*.

The suggested values for K, L and 7 for the three types of fai-
lure are as follows:

Case ' - shear plane formation, K = 4 and L = 1 .5 as for
single rough discontinuity surfaces (page 5.7)
with 7 = 0.7 to al low for loosening of the rock
mass as a result of close jolnting.

Case 2 - shear zone formatlon, K = 5 to al low for Increased
freedom of block to rotate, L = TanZ and # = 0.6
which allows for a looser rock mass than In case
1.

Case 3 - kink band formation, K = 5§ as for case 2 and L =
(2/n,.)’ Tan Z where 2, Is the number of rows of
blocks In the kink band which Is normal {y 3 to 5.
In thls case 77 = 0.5 to al low for the very loose
condltlon of the rock mass.

Flgure 5.13 glves a set of shear strength curves, calculated by
means of equations 28, 28a and b using & = 30°, 7 = 20° and,
for case 3, 7~ = 4 In additlion to the values suggested above.
For comparlson, the shear strengths for Intact rock and for
fat lure on a single rough discontinuity and the residual
strength of a smooth plane are shown as dashed curves. These
curves are reproduced from Flgure 5.1 assuming &; = 7.

The curve for case 1, the formatlon of a slngle shear plane,
colncldes with that for a rough joint at very low normal stres-
ses when the behavlor Is strongly dllatant. As the normal
stress Increases, the curve for the rock mass fal Is below that
for the Intact rock as a result of the weakening et fect of the
close Jolnting. Rosengren and Jaeger( 133 ) noted thl s type of
behavlour on tests on marble which had been heated to break the
grain boundary mater lal, resulting In a very tightly Interiock-
Ing model rock mass. In splte of the fact that the gralns were
stiit In thelr origlnal positions, the fact that the tenslle
strength of the grain boundaries has been reduced to zero gave
r Ise to a strength reduction of about 20% at high normal
stresses.

*In Ladany! and Archambauit's orlginal equations, the term 7,
appears In equatlons 28, 28a and b. The authors have om!tted
» from equat lons 28a and b because they cons! der that I t ap-
plles to the Interiocking of the rock mass and not to the di-
lation rate VV and the sheared area %s whlch are functions of
the shape and orlentations of the Indlvidual blocks withlin the
rock mass.
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Shear strength of closely Jointed rock masses

When a hard rock mass contalns a number of JoInt sets and when
the joInt spacing Is very close, In relatlon to the slze of
slope belng consldered, the behavlor of the rock mass may dl f=
fer signlflicantiy from that of the single discontlnulty surface
consldered In the f Irst part of thls chapter. The loosened
state of the rock mass, resutting from the close Jointing,
permits Indlvidual blocks within the mass to translate and to
rotate to a far greater degree than can occur In more Intact
rock and thls glves rise to an overall strength reduction.

The determination of the shear strength of closely jolnted rock
masses has long been recognl zed as an Important engineer Ing
problem and a number of excel lent papers have been pub! {shed on
thils subject(85,86,129-136). Closely related research has also
been carried out on the shear strength characterlstics of rock
f111(137-139) and many simllarities can be found between the
results of thls work and that on closely jolnted rock. It would
not be practical to attempt a detal led review of al | of thls
work In thls book and the discusslon which fol lows wll | be
IImited to the relatlonshlp proposed by Ladanyl and Archam=-
baulit(85,86) and the empirical equatlon published recently by
Hoek and Brown(134,135) and Hoek(136).

Ladanyl and Archambau | t carr led out a large number of model
studies using small blocks of commerclaliy compressed concrete.
Each model contalned 1800 blocks measuring 1/2" x 1/2" x 2.,5"
packed tightly together to form a 2.5" thick model slab. Blax~
lal loads were applled In the plane of the model slab, the
loading direction being varied In relatlonship to the "jolnt"
orlentatlon.

Three dlstinct types of fal lure occurred and these are 11 ju-
strated In the photographs reproduced In the margin,

Case1 - Shear along a well defined plane Inclined to both
discontinulty sets.

Case 2 ~ Formatlon of a narrow fallure zone In which block
rotatlon has occurred In additlon to the silding
and materlal failure of Case 1.

Case 3 - Formatlon of a kink band of rotated and separated
columns of 3, 4 or 5 blocks.

On the basis of these model studles, Ladanyl and Archambault
proposed mod! f led forms of equations 22, 23 and 24 (pages 5.6
and 5.7) which could be used In equation 21 to predict the
shear strength of closely Jolnted rock masses. After very care-
ful conslderation of these modifications and after discusslon
with Ladanyl, the authors have Introduced a further sllight mod=
Iflcatlon which removes an anomaly which can occur when usling
Ladanyl and Archambault's equations, The final equations re-
sulting from these discusslons and modIflcatlons are as fol-
lows:

orr/- Cs)fv +Tan @) + Cs A, —/—:;u(/f-n -7%)5
e I~ (1-% ) Ton # 25




TABLE Ill - SHEAR STRENGTH OF FILLED DISCONTINUITIES
o ]Peak strength lResicb‘aZstrengq
Rock Description S . Tested by
"kg/lem | ¢ 'kg/omi| ¢°
Basa It Clayey basaltic breccia, wide Ruiz,Camargo
variation from clay to basalt 2.4 42 Midea end
content. Nieblel09,
Bentonite Bentonite seam in chalk 0.15 Link110
Thin layers 9-1.2
Triaxial tests 6-1.0 - Sincleir end
Brookerl!l
Bentonitic Triaxial tests b=2.7 ]1.5-29 Sincleir end
shale Direct shear tests 0.3 8.5 Brooker!!!
Clays .O\{er-consollldated, slips, - 1.8 2-18.¢| 0-0.0 0.5-1¢ | Skempton end
joints and minor shears 112
Petley
Clay shale Triaxial tests 0.6 32 Sincleir end
Brookerlll
Clay shale Stratification surfaces 0 9«25 Leusrink end
Muller-Kirch
snbaueril?
Coal measure Clay mylonite seams, 1.3 to 1= 16 0 1=11.¢ St impson end
rocks 2.5cm thick 0.13 | Waltonltl¥
Dolomite Altered shale bed, approxi- ”90! end
mately 15 cm thick. 0.41 14.5 0.22 17 Mackenziell$
Diorite, grano-
diorite and Clay gouge (2% clay, Pl = 17%) 0 26.5 Brawnerll6
porphyry
Granite Clay filled faults b= 1. | -4 Rochal 0%
W-eall(ened with sandy-loam fault 0.5 40 Nosell?
filling
Tectonic shear zone. schistosc Evdok imov an
and broken granites, disinte- 2.42 42 Sapeginll®
grated rock and gouge.
Greywacke 1-2mm clay in bedding planes 0 21 Drozd!1?®
Limestone 6mm clay layer 0 13 Krsmanovic
et all2o
1-2cm clay fillings 1.0 13-14 Krsmenovic &
<imm clay fillings 5-2.0 | 17-21 Popovicl?!
Limestone, marl | Interbedded lignite layers 0.8 38 Salas and
and lignites Lignite/marl contact 1.0 10 Uriell22
Limestone Marlaceous joints, 2cm thick 0 25 0 15-24 Bernaixl23
Lignite Layer b.etween lignite and 14-0. 5-17.¢ Schultzel2®
underlying clay
Montmorillonite 3.6 14 0.8 1 Eureniusl2s
clay 8 cm seams of bentoni te {(mont- 16-0 511, Unde 4126
morillonite) clay In chalk
Schists, quart- | 10-15cm thick ciay filling 3-0.8 32 Serafimend
zites and sili- | Stratification with thin clay 1-7.4 M Guerreirol??
ceous schists. Stratification with thick clay 3.8 31
Slates Finely laminated and altered 0.5 33 Coates,
Quartz/kaol in/ McRorie end
uartz/kaolin Remoulded triaxial tests 42.0. | 16-38 Stubbinsl2®
pyrolusi te
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carrled out in accordance with wel | establlished sol | mechanlcs
principles.

Another major factor which must be consldered In relation to
f1l led joints Is the Influence whlich they have on the permea-
bility of the rock mass. The permeabiiity of clay gouge and
simllar JoInt fl Il Ing materlal may be three or four orders of
magn!itude lower than that of the surrounding rock mass and thls
can glve rise to damming of ground water Into compartments
wlthin the rock mass. When water pressure Is al lowed to bul Id
up behind a clay-fllled discontlnulty such as a fault, the
overal | stabl | 1 ty of the slope can be Jeopard | zed and me s!tu=-
atlon Is made worse by the fact that this fllling mater!al has
a very low shear strength and that falliure of the slope may be
Initlated along this discontinulty.

From thils discussion It wli | be clear that an extremely Impor-
tant aspect of a slte Investigatlon program for a rock slope
design Is the detectlon of major discontlnultles which are
fllied with clay or other fllling materiais. |If the presence
of such discontinultles Is suspected, a spoclal effort should
be made during the slte Investigation program to check whether
they do exlIst. Thls may Involve the drl Iiing of holes In cri=-
tlcal locatlons as wel | as the careful tracing of outcrops and
Intersectlons with any exIsting excavations, Determlination of
the orlentation and InclInation of such discontlinultles for
subsequent Inclusion In stabllity analyses Is Important as Is
the sampling of the fllling material for shear strength test=-
Ing.
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The roughness angle Z which Is required for an evaluatlon of
Ladanyl and Archambau!t's equation can be obtalned from mea-
surements such as those descr | bed in F Igure 4.4 on pages 4 .9
and 4.10. Care should be taken to ensure that the sca le of
measurement |Is approprlate to the scale of the problem. In
very large slopes features such as folds In the bedding planes
may contribute to the effective roughness of the potential
sildling surface. The average Z value for such surfaces can
be measured off photographs, as was done by Patton(40), or by
measuring the dips, with a geologlcal compass, along a llne
marked on the plane. This lIne should be In the directlon of
potentlal sliding and should be long enough to ensure that
severa | roughness "wave | engths" are Included In the measure-
ment.

Barton’s JoInt Roughness Coefflclent (JRC) Is only approximateiy
related to the roughness angle Z and he suggests(82) that the
value of JRC should be estimated by simple visual comparlson
with Flgure 5.2. Note that two scales are glven In thls tigure
and that the user would use the scale most approprlate to the
problem which he Is consldering.

Shear strength of fllled dlscontinultler

Up to thils polnt the discusslon has been restricted to the
shear strength of surfaces In which rock-t-rock contact occurs
along the entire length of the surface. A common problem whlch
Is encountered In rock slope design Is a dilscontlnulty which Is
fllled with sane form of soft materlal. Thils fllling may be
detrital materlal or gouge from previous shear movements, typi-
cal In faults, or It may be material which has been deposited
In open Joints as a result of the movement of water through the
rock mass. In elther case, the presence of a signl f lcant thlck-
ness of soft, weak fl | |Ing materlal can have a major Influence
on the stabl | Ity of the rock mass.

Goodman(39) demonstrated the Importance of jolnt fl I | Ings In a
serles of tests In which artlificlaily created sawtooth jolnt
surfaces were coated wlth crushed mica. The decrease In shear
strength wlth Increasing fl1liing thickness Is Il lustrated In
Flgure 5.12 which shows that, once the f I | | Ing thlckness ex-
ceeds the amplitude of the surface projections, the strength of
the jolnt Is control led by the strength of the fl | | Ing mate-
rlal.

A very comprehensive review of the shear strength of f 11 led
discontinultles has been prepared by Barton(108) and thls paper
Is highly r-ended to any reader who wishes to study this
subject In greater detal I. A | Ist of shear strength values for
fllled Jolnts, based upon one complled by Barton, Is glven In
Table III.

When a major discontinulty with a signlficant thlckness of fli-
1ing Is encountered In a rock mass In which a slope Is to be
excavated, It Is prudent to assume that shear fal lure wl | | oc-
cur through the fllling material. Consequently, at least for
the prellminary analysls, the Influence of surface roughness
should be Ignored and the shear strength of the discontinulty
should be taken as that for the fllling materlal. Determlna-
tlon of the shear strength of this fllling mater!al should be
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Amphibolite 32
Basalt 31 - 36
Conglomorate 35
Chal k 30
Dolomite 27 - 31
Gneiss (schistose) 23 - 29
Ganite (fine grain) 29 - 35

Granite (coarse grain) 31 - 35

Limestone 33 - 40
Porphyry 31
Sandstone 25 =35
Shale 27
Siltatone 27 - 31
Slate 25 - 30
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A final question which must be consi dered when estimating the
compressive strength of the material adjacent to the discont I~
nulty surface relates to the weatherIng or alteration of the
material, This questlon has been discussed by Barton(82) who
suggests that weathering can reduce the strength of the near
surface materlal to as low as one quarter of the unlax ! a | com-
pressive strength of the Intact unweathered material. This
process wl | | vary accordlng to the rock type sl nce very dense
and Impervious rocks such as basalt would gradually scquire a
thin skin of weathered material, granites would weather more
deep | y and, porous rock such as sandstone cou Id weather more or
less unlformly to conslderable depth.

The graph reproduced In the margin Is from Serafim(103) and
shows the signiflcant strength reductlon with Incressing alter-
atlon. The alteration Index, described by Hamrol(104}, Is the
welght of water absorbed by the rock In a qulck ebsorption
test, dlvided by the dry welght of rock, expressed as a per-
centage. Rocha(105) has also shown the rapld fall In shear
strength of rock which Is assoclated with the first few per
cent Increase In alteratlion Index. Useful dlscussions on
weathering have also been glven by Fookes, Dearman and
Frank|In(106) and Frankiin and Chandra (107).

Because of the wlde range of condItlions which can be encoun-
tered in the fleld, the authors have not attempted to glve
specific guldelines on the allowance which should be made for
weathering when conslidering the uniaxlal compress!ve strength
of rock In order to determine the jolnt wal | compressive
strength ;. The reader should be aware of thl s problem and
should glve conslderation to the allowance whlch he should make
under each particular set of clrcunstances.

Turning to the question of the basic friction angle @ for use
in Ladanyi and Archambault's and in Barton’s equations, ideal-
ly, this quantity should be determined by direct shear testing
on Smooth rock surfaces which have been prepared by means of a
clean, smooth d iamond saw cut. Alternatively, residual shear
strength values, obtained from shear tests in which the speci-
men has been subjected to considerable displacement, can be
used to obtain the value of @. Note that either of these tests
should be carried out over a range of normal stress levels to
ensure that a | inear relationship between shear strength and
normal stress with zero cohesion is obtained. This precaution
is necessary because the shear strength at very low normal
stresses can be influenced by extremely small surface roughness
on the specimen. Tilting tests, in which the angle of Incli-
nation of the specimen required to cause sliding is measured,
are not reliable for the determination of the basic friction
angle because of the influence of very small scale Surface
roughness.

If a shear test Is carrled out on a fleld sample wlth rough
surfaces, me surface prof | le can. be measured, before testing,
and the average roughness angle Z subtracted from the angle of
Incl Inatlon of the line relating shear strength to normal
stress. Thls correct lon should only be used when the shear
test results fall reasonably close to a stralght |Ine which
passes through the orlgin.

When no test results are avallable, the tabulation glven In the
margin can be used to obtaln an estImate of the baslc angle of
frictlon.




When the slope desligner finds himself In a sltuation where no
facllities at ail are aval iable, for example on a proposed
highway during the earllest route location studles, he has to
resort to a method of determining the compresslve strength of
the rock by a method which Is best termed "klckling the rock",
In order to asslist such an adventurer, a very approximate set
of guldelines have been tabulated below, based upon papers by
Deere and Mlliler(100), Piteau(101), Robertson(102) and upon
consulting experience. Coheslive solls have been Included In
this table since these are Important as Jolnt fl |1 | Ing mate~-
rlals, to be dlscussed In the next sectlon,

TABLE Il -APPROXIMATE CLASSIFICATION OF COHESIVE SOIL AN0 ROCK

D inti niarial compresgive strength
escription 1b/in? kg/em? MPa Examples

VERY SOFT SOIL - easily mouldcd
with fingers, shows distinct <5 <0.4 co.04
heel marks.

SOFT SOIL - moulds with strong
pressure from fingers, shows 5-10 0.4-0.8 0.04-0.08
faint heel marks.

FIRM SOIL - very difficult to
mould with fingers, indented
with finger nail, difficult to
cut with hand spade.

STIFF SOIL - cannot be moulded
with fingers, cannot be cut
with hand spade, requires hand
picking for excavation .

VERY STIFF SOIL - very tough ,
difficult to move with hand
pick. pneumatic spade required
for excavation.

VERY WEAK ROCK ~ crumbles under
sharp blows with geological
pick point, can be cut with
pocket knife.

MODERATELY WEAK ROCK - shallow
cuts or scraping with pocket Coal. schist. siltstone
knife with difficulty, pick 3500-7500  250-500 25-50 ’ .

point indents deeply with firm
blow.

10-20 0.8-1 .5 0.08-0.15

20-80 1.5-6.0 0.15-0.60

80-150 6-10 0.6-1 .0

150-3500 10-250 1-25 Chalk, rocksalt

MODERATELY STRONG ROCK - knife
cannot be used to scrape or
peel surface, shal low indenta-
tions under firm blow from pick
point.

STRONG ROCK - hand-he!l d sample

breaks with one firm blow from
hammer end of geological pick.

VERY STRONG ROCK - requires
many blows from geological pick| > 30000 > 2000 > 200
to break intact sample.

7500-

15000 500-1000 50-100 Sandstone, slate, shale

15000- 1000-2000 100-200 Warble, granite, gneisa
30000

Quartz1 te. dolerite,
gabbro, basalt
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the graph as 125 * 50 MPa. Note that the hammer should always
be perpendlicular to the rock surface.
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Figure 5.9: Point load test equipment
manufactured by Engineering Laboratory
Equipment Limited. Hemel Hempstead,
Hertfordshire, England.

v

15 ¢
P )
* o
' o
w o °.~o © o
=10 o o
é [+
€ ° Oo o0 O0c = 24 |s
° ° o (for NX (54mm) core)
3 o 9 o
= [}
o 5 F o© ooo

(]
< o
o)
o ©
O A Il 8 A 1 L
0 >0 100 150 200 250 300 350
Uniaxial Compressive Strength o_ - MPa
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strength.

I MPa = 10.2 kg/cm? = 145 1b/in2,

A less reliable but slmpler alternative to the point load test
for determining the unlaxlal compressive strength of rock Is
the use of the Schml dt hammer(89,99). An advantage of th | s me-
thod Is that It can be applied directly to an unprepared jolInt
surface and can be used to obtaln a direct estimate of the
Jolnt compressive strength ¢ .

The relatlonshlp between compresslve strength and Schmidt hard-
ness Is glvenIn Flgure 5.11. Suppose that a horlzontatly held
type L hammer glves a reading of 48 on a rock with a denslty of
27 kN/m3, the unlaxlal compresslve strength &7 1s glven by



sjpeclmen surface before testing, from the measured angle (Z'+
Z) as determined In the test.

Estimating jolnt compressive strength and friction
angle

When it is impossible to carry out any form of shear test, the
shear strength characteristics of a rock surface can be approx-
imated from Ladanyi and Archambault's equation or from Barton’s
equation. In order to solve either of these equations It is
necessary to determine or to estimate values for &;, the joint
material compressive strength,@, the basic angle of friction
of smooth surfaces of this rock type and?Z , the average rough-
ness angle of the surface or JRC, Barton’s Joint Roughness Co-
efficient.

The unlaxlal compressive strength of the jolnt wall material
can be obtalned by corlng through the Jolnt surface and then
testing specimens prepared from thls core. Thils Is a complex
process and, If facl | Itles and time are avallable to carry out
such tests, they would almost certainly be avallable for a di-
rect shear test. Consequently, unlaxlal compresslve strength
tests on material samples would seldom be a loglical way In
which to obtaln the value of g .

A simpier alternative which can be used In elther the fleld or
the laboratory Is the Polnt Load Index test(97). Thls simple
and Inexpenslve test can be carrled out on unprepared core and
the loadlng arrangement Is 1 |1 | ustrated In the margin sketch.
Two types of commerclally avaliablie polnt load test!ing machine
are lllustrated In Flgures 5.8 and 5.9. A reasonable correla-
tlon ex!sts between the Polnt Load Index and the unlaxlal com-
pressive strength of the materlal(98), as shown In Figure 5.10
and Is glven by:

AR W (27)

where 7 Is the unlaxial compress!ve strength and
/s Is the pol nt load strength Index.

Note that & , the compressive strength of the rock materlal ad-
jacent to the jolInt surface, nay be lover than Oz as a resu It
of weathering or loosenlng of the surface.

In order to judge whether a polnt load test Is valld, the frac-
tured pleces of core should be examlned. If a clean fracture
runs from one loading polnt Indentation to the other, the test
results can be accepted. However, If the fracture runs across
sane other plane, as may happen when testing schlstose rocks,
or If the polnts sink Into the rock surface causing excessive
crushing or deformatlon, the test should be rejected.

Figure 5.8: PoInt Load Index test ® qulpment manufactured by
Robertson Research Ltd., Liandudno, North Wales.

*The constant of 24 In thls equation Is for a 54 mm core. Val-
ues for other core sizes are:
20 mm-17.5, 30 mm=19, 40 mm=21, 50 mm-23, 60 mm~24.5



Figure 5.73: Sample , wired together to prevent
premature movement along the discontinuity, is
aligned in a mould and the lower half is cast in
concrete, plaster or similar material. When the
lower half is set, the upper half of the mould is
fitted and the entire mould plus sample is turned
upside-down in order that the second half of the
casting can be poured.

Figure 5.7b: Specimen, still wired together, is
fitted into the lower shear box and the upper
shear box is then fitted in place. Note that
the load cables can be bent out of the way for
easy access.

Figure 5.7¢: The wires binding the specimen halves
together are cut: and the normal and shear loads
are applied.
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specimen together are then cut and the shear load ca-
ble Is placed In posltion.

The specimen Is now ready for testing and the normal
load Is Increased to the value chosen for the test.
Thls normal load Is malntalned constant whlle the
shear load Is Increased. A note Is kept of disp lace-
ments dur Ing the app | Icatlon of the shear load.

Once the peak strength has been exceeded, usual ly
after a shear displacement of a few ml | | Imeters, the
displacement Is al lowed to contlnue and It wil | be
found that a lower shear load Is requ I red In order to
sustaln movement,

The machine lllustrated Is |Iimited to a displacement
of approximately 1 Inch (2.5 cm) and, In order to
determine the resldual shear strength, a displiacement
In excess of thls value Is normally requlred. This
can only be achleved If the normal load Is released
and the upper half of the spoclmen Is moved back to
Its startlng posltlon. In another verslon of the
machlne, manufactured by Robertson Research Ltd., a
second Jack act Ing In opposit lon to the shear load
Jack has been added to al low for shear reversal under
constant normal load.

which of these systems Is more representative of the
shearling process In the rock mass Is uncertaln since,
In one case, the detrital materlal ls disturbed when
the normal load Is reieased while, In the other, the
directlion of rollilng of the particles Is reversed. It
Is possible that ditterent rock structures behave dif-
ferent Iy under these condlitions. The authors tend to
prefer the single jack system since they feel that It
Is Important that the direct lon of shear Ing under load
should be kept constant.

In thls, as In most shear machlnes, the loads appl led
to the specimen are measured and these have to be div-
Ided by the surface area of the dlscontinulty surface
In order to obtalin normal and shear stresses. The In-
itlal area should be determined by direct measurement
and the reductlon In surface area wlth displacement
should be caiculated.

The shear strength of rock Is not general | y sens | t+ 1 ve
to the loading rate and no difficulty should arlise If
the loads are appiled at a rate which wlil permit mea-
surements of loads and dlsplacements to be carrled out
at regular Intervals. A typlcal test would take bet-
ween 15 and 30 m Inutes.

The specimen size which can be accommodated In the portable
shear machlne lllustrated In Figure 5.6 Is IImlted to about 4
Inches x 4 Inches (10 cm x 10 cm) and this means that It Is
very difficult to test jolnts with surface roughness rhich Is
representative of the In sltu condltlons. Consequently, It Is
recommended that the use of thls machlne should be restricted
to the measurement of the basic frictlon angle@. This can be
done by testing sawn surfaces or by testlng tleld samples and
by subtractling the average roughness angle ¢ , measured on the




Rope load equaliser

Normal load jack

Concrete or plaster
cast specimen mount

Gauge for measurement of
shear displacement

Upper shear
box.

.

| SR

Lower shear box

Figure 5.6: Drawing of a portable shear machine showing the position of
the specimen and the shear surface. Drawing adapted from
one by Robertson Research Ltd. A typical machine is 20 inches
(51 cm) long and 18 Inches (48 cm) high and weighs 85 Ib. (39 kg.)



Figure 5.4 : In situ direct shear
test at Auburn dam 59i3te’ after

Haverland and Slebir?>.
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Figure 5.5: Large scale laboratory shear machine at the
mpertal College of Scltence and Technoiogy, London.
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rock mass. On the other hand, preiiminary stabliity calcuyla-
tlons carrled out durlng the route location studles for a new
highway are general | y restr Icted In terms of access to the rock
mass and also time and money aval jable for the study, hence
elaborate and expensive testing Is not justlfled. Under these
clrcumstances, realistlc estimates of the shear strength on the
bas!s of the approaches proposed by Barton and by Ladanyl and
Archunbault normally have to be used.

Flgure 5.4 lllustrates the arrangements for a large scale In-
sltu shear test to be carrled out In an underground adlt, This
type of test costs several thousands of dol lars and would on | y
be just!fled under the most critical condltlons. Alternative In
sltu shear test arrangements have been dlscussed by Seraf Im and
Lopes(92), Haveriand and SlebIr(93), Rulz and Camargo(94) and
Brawner, Pentz and Sharp(95).

A laboratory shear machlne deslgned and bul It at the Imperlai
Col lege of Science and Technology In London Is | | lustrated In
Flgure 5.5. Thls machlne accepts samples of approximately 12
Inches x 16 Inches and has a capaclty of 100 tons In both
normal and shear directlons. The ioading rate Is varlable over
a very wide range and normal and shear displacements can be
monltored continuously during the test. Indlvidual tests on
thls machlne are relativeiy expensive and Its use Is normally
only justlfled on major projects.

A portable shear machlne for testing rock dilscontinultles In
small fleld samples has been descrlbed by Ross-Brown and
Walton(96) and a drawlng of thls machlne Is presented In Flgure
5.6. Thls machlne was deslgned for fleid use and many of the
refinements which are present on larger machlnes were sacri-
f Iced for the sake of simpliclty. Any competent machlne shop
techniclan should be capable of fabricating such a machine and
the reader Is encouraged to ut!llize the Ideas presented In Fig-
ure 5.6 to develop hls own shear testing equipment. Alterna-
tlvely, machines manufactured to thls design are avaliable
commercially from Robertson Research Ltd., Llandudno, North
Wales.

The steps Involved In testing a sample In the portable shear
machlne are Il lustrated In Figure 5.7 and these steps are des-
crlbed below:

a. A sample containing the dlscontinulty to be tested Is
trimmed to a size which will fIt Into the mould. The
two halves are wired together In order to prevent
movement along the discontlnulty and the sample Is
then cast In plaster or concrete. Care must be taken
that the dIscontinulty Is posltloned accurately so
that It iles In the shear plane of the machlne. A bed
of clean gravel, placed In the bottom of the f Irst
mould, |Is sometimes helpful In supporting the specimen
durlng settlng up and, provided that a wet mix Is
used, the gravel can be left In place so that It be-
comes part of the casting,

b. Once the castings have set, the mould Is stripped and
the specimen Is transferred Into the shear machine.
The upper shear box Is set In posltlon and a small
normal load Is app | led In order to prevent movement of
the specimen. The wires binding the two halves of the



EXAHPLES OF ROUGHNESS PROFILES

~ 2/ /5 Ff
50 cm 500 cm -
A
B
- e

A. Rough undulating = tension joints,

rough sheeting, rough bedding. JRC = 20
8. Smooth undulating - smooth sheeting,
non-planar foliation, undulating JRC = 10
bedding.
C. Smooth nearly planar - planar shear
joints, planar foliation, planar JRC = 5
bedd ing.

Figure 5.2: Barton’s definition of Joint Roughness Coefficient JRC.
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Figure 5.3 Barton’s prediction for the shear strength of rough discontinuities.



An alternative approach to the problem of predicting the shear
strength of rough joints was proposed by Barton(82), Based upon
careful tests and observatlions carried out on artificlally pro-
duced rough "jol nts" In materlal used for model studles of
slope behavlior(90,91), Barton derlved the fol lowing empirical
equation:

T*O’f&ﬂfp’f ./A’C.loy,a%) (26)

where JRC Is a Jolnt Roughness Coeffliclent which Is defined In
Figure 5.2. The roughness angle Z In equatlon 20 has
been replaced by the normal stress dependent term
contalnlng JRC.

Barton’s equation has been plotted In Flgure 5.5, for JRC val-
ues of 20, 10 and 5. For compar | son the res ! dual strength of a
smooth jolnt with & = 30° and Ladanyl and Archambau it's equa-
tion for Z = 20° and @& = 30" are Included In the same flgure.

Note that, while Barton’s equation Is In close agreement with
Ladanyl and Archambauit's (for Z = JRC = 20) at very low normal
stress levels, the equations dlverge as the normal stress level
Increases. This Is because Barton’s equatlon reduces to 2 =&
TanBas G/ —= 1 whereas Lanadyl and Archambau It's equat lon
reduces to Z = Z-, the shear strength of the rock mater | al ad-
jacent to the jolnt surface. Barton’s equatlon tends, there-
fore, to be more conservative than Ladanyl and Archambauit's at
hilgher normal stress levels.

Barton’s origlinal studles were carried out at extremely low
normal stress levels and hls equation Is probably most appiic-
able In the range 0.01 < 0’/@ < 0.3. Since the normal stress
levels whlch occur In most rock slope stabl | Ity problems fal |
wlthin thls range, the equation Is a very useful tool In rock
slope englneering and the authors have no hesltation In recom-
mending Its use within the specifled stress range. Note that,
asJ/q, —= 0, the logarithmic term In equatlion 26 tends to
Infinlty and the equatlon ceases to be valld. Barton(82) sug-
gests that the maximum value of the term In the brackets In
equation 26 shou Id be 70° as shown In Flgure 5.3.

Shear testlng of dilscontlnultles In rock

From the discussion presented In the preceding pages It wli | be
evldent that, In order to obtain shear strength values for use
In rock slope design, some form of testing Is requilred. This
may take the form of a very sophlsticated laboratory or In sltu
test In which all the characteristics of the In situ behavlor
of the rock discontlnulty are reproduced as accurately as pos-
sible. Alternatlively, the test may Involve a very simple de-
termination or even estimate of the joInt compress!ive strength
g;, the roughness angle Z and the baslic friction angled for
use In Barton’s or Ladanyl and Archambault's equat lon. The
cholce of the most appropriate method depends upon the nature
of the problem being Investigated, the faclilitles which are
avalliable and the amount of time and money which has been allo-
cated to the solution of the problem. In carrying out a detal i-
ed deslgn for a critical slope such as that adjacent to a major
Item of plant or In the abutment of an arch dam, no expense and
effort would be spared In attempting to obtaln rellable shear
strength values for critical discontinultles encountered In the
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where, for rough rock surfaces, K = 4 and L = 1.5.

Substituting equatlons 22, 23 and 24 with n =10, K= 4 and L =
1.5 Into equatlon 21, and dividlng through byO:J , one obtalns
the fol lowlng equatlon:

% (&) td ((1-§) Yo £ /?mpjfazaz[/—//-%/ "7//*/05-/ *

.8F T_o

_ _ — 2.3 0 (25}
1=(¢r g—) 7an [ 7an )
Whlle this equation may appear complex, It wl 1 | be noted that

It relates the two dimensionless groups Z/0, andJ/g; and that

the only unknowns are the roughness sngle / and the baslc frilc-
tlon angle &.

Figure 5.1, below, shows that Ladanyi and Archambault's equa-
t fon 25 glives a smooth trensltlion between Patton’s equattion 20
for dllatlon of a rough surface and Fairhurst's equation 22 for
the shear strength of the rook materlal adjacent to the Jolnts.

Patton’s equation for
dilation of rough surfaces

;J- ;J Tan (¢ + 1) z
/
7/

r Fairhurst’s equation for
/ rock material failure
-6F / TR PR
oy = (el )
.5k

Ladanyi and Archambeult’s equation 25

Residual strength of
smooth rock surfaces

el rane
9y oy

-0.1

- = ] i 1 L X L d _3
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Effective normal stress on joint surface o]

Uniax]lal compressive strength of joint surface = -O-J

Flgure 5.1 : Transltlon from dllatlon to shearing predicted by
_Ladanyl and Archambault's equation. Plotted for
£=20° and @ = %0°.




The transition from dllatlon to shearing was studlied theoret!-
cally ad experimentaily by Ladanyl and Archambault+(85,86) who
proposed the following oquation for pork shear strength:

o(1-%)(v+ 2nd) +% - % (21)

r= 1-77-%)c7ans

where %s Is the proportion of the discontinulity surface which
Is sheared through projectlons of Intact rock mate-
riat,

¥ I's the dilation rate dv/du at pork shear strength,
and

7/- Is the shear strength of the Intact rock mater 1 al.

At very low normal stress levels when almost no shearling
through projections takes place, ¥s ~ 0 and V —= Tan / , equa-
tlon 21 reduces to oquation 20. At vary high normal s?rossos
when 25 .1, =7,

Ladanyl and Archambault suggested that Z}-, the shear strength
of the material adjacent to the discontinulty surfaces, can be
represented by the oquation of a parabola In accordance with a
proposal by Falrhurst(87):

Z-"0 ‘“Z—'//an-g)f (22)

whore 0' Is the unlaxial compressive strength of the rock ma-
terlal adjacent to the dircontinulty rhich, due to
weathering or loosening of the surfsce, may bo lower
than the unlaxlal compressive strength of the rock
O atorlal within the body of an Intact block,

77 1s the ratlo of unlaxlal compressive to uniaxtal ten-
sl le strength of the rock mater!al.

Hoek(88) has suggested that, for most hard rocks, n Is spproxl-
mately equal o 10.

Note that, In uring Ladanyl and Archsmbault's @ quetlon, It Is
not necessary to use the deflnition of 2~ glven by oquation 22.
Any other appropriate Intact rock material shear strength crl-
terlon, such as 2~ = &, +0Tang), can be used In place of equa-
tlon 22 If the user fools that such a criterion gives a more
accurate representation of the behavlor of the rock with rhich
he Is deal Ing(89).

The quantity 4y In @ quation 21 Is not easy to measure, even
under laboratory conditions. The dilatlion rate ¥ can be mea-
sured during a shear test but such measurements have not usu-
ally been carried out In the past ad hence It Is only possible
to obtaln values for ¥ from a small proportion of the shear
strength data which has boon published. In order to overcome
this problem and to make thelr oquation more general |y useful,
Ladanyl and Archambaul t+ carr led out a large number of shear
tests on prepared rough surfaces and, on the bar Is of these
tests, proposed the fol lowlng emplirical relationshlps:

v=(/- 7-/ fd’ﬂt (23)
ag:= /- (/- ;}‘ (2¢)
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dered when attempting to understand the behavior of actua | rock
surfaces.

Surface roughnoss

The d Iscuss lon on the prevlous page has been slmp | { f fed because
Patton found that, In order to obtaln reasonable agreement bet-
ween hls fleld observations on the dip of unstable bedding
planes and the sum of the roughness angle Z and the basic frlc-
tlon angle &, It was necessary to measure only the f Irst order
roughness of the surfaces. This Is defined In the margln sketch
whlch shows that the first order projections are those which
correspond to the major undulations on the bedding surfaces.
The small bunps and rlpples on the surface have much higher Z
values and Patton ca | | ed these the second order project lons.

Later studies by Barton(82) show that Patton’s results were
related to the normal stress acting across the bedding planes
In the slopes which ha observed. At very low normal stresses,
the second order projectlons come Into play and Barton quotes a
number of values of (& + /) which were measured at extremely
low normal stresses. These values are summarized In the follow
Ing table:

Type of surface Normal stress (& + ) Tested by
¢ kglcm*

Limestone, sl ight ly rough 1.57 77° Goodman(39)
bedding surfaces 2.09 73°

6.00 EAN
L Imestone, rough bedding 3.05 66° Goodman (39)
surf aces 6.80 72°
Shale, closely Jolnted 0.21 ne Goodman{39)
sea In | Imestone 0.21 ne
Quartzlte, gnelss and am-
phibollte dlscontinulties - 80° Paulding(83)
beneath natural slopes
Beneath excavated slopes 75°
Granlte, rough undulating 1.5 72° Rengers(84)
artificlal tenslon 3.5 69°

fractures

Assuming a baslc triction angle ot 30°, these results show that
the etfective roughness angle  varles between 40° and 50° for
these very low normal stress levels. In fact, one can assume
that almost no fracturing of the very small second order pro-
Jectlons takes place at these low normal stress levels and that
these steep-slded projections control the shearing process. As
the normal stress Increases, the second order projections are
sheared off and the first order project lons take over as the
control | Ing factor. One can Imagline that, as the normal stress
| ncreases even further, the first order projections wlli be
sheared off and a s!tuatlon w!l | eventually be reached where
shearlng takes place through the Intact rock material rhich
makes up the projectlons and the effectlve roughness angle Z Is
reduced to zero.
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Shearing on an Inclined plane

In the previous dlscusslon it has been assumed that the discon-
tlnulty Surface along which shearing occurs Is exactly parallel
to the dlrect lon of the shear stress 7. Let us now consider the
case where the dlscontlnulty surface Is Incllned at an angle
to the shear stress dlrectlon, as lllustrated In the margin
sketch.

In thls case, the shear and normal stresses acting on the fal |-
ure surface are not Z° and 0" but are given by the fol lowing equ-
ations:

Zp=2cos%% -0 Sini cost @7
Gy =ocos t 7 5inl Cost (78)

If It Is assumed that the discontinulty surface has zero cohe-
sive strength and that Its shear strength Is given by

2y =05 7an @ (78)

then equations 17 and 18 can be substituted Into equatlon 19 to
glve the relatlonshlp between the applied shear and normal
stresses as:

=0 7an @+ L) (z0)

Thils equation was conflrmed In a serles of tests on models with
regular surface projectlons carried out by Patton{40) who must
be credlted with having emphas!zed the importance of this sim-
ple relationship In the analysts of rock slope stablilty,

Patton convincingly demonstrated the practical signlf Icance of
this relatlonshlp by measurement of the average value of the
angle Z from photographs of bedding plane traces In unstable
lImestone slopes. Three of these traces are reproduced in the
margin sketch and It will be seen that the rougher the bedding
plane trace, the steeper the angle of the slope. Patton found
that the Incilnation of the bedding plane trace was approxI-
mately equal to the sum of the average angle ¢ and the baslic
friction angle & found from laboratory tests on planar sur-
faces.

An extremely Important aspect of shearing on discontinuitles
which are Inclined to the dlrectlon of the applied shear stress
Z Is that any shear disp lacement & must be accompan led by a
normal displacement2’, In the case of a specimen wlth several
projections, such as that tested by Patton, thls means that the
overall volume of the specimen wlli Increase or that the speci-~
men dilates. This dliation plays a very important part In the
shearlng behavlour of actual rock surfaces as wil| be shorn In
subsequent discusslons.

Note that, up to thls point, the discusslon has been IImlted to
the problem of shearlng along a slingle discontinulty or along a
famlly of parallel discontinuities and that the questlion of
fracture of the material on elther side of the discontinuitles
has not been consldered. As wlil be shown on the fol lowing
pages, fracturlng of Interlocking surface projectlons on rock
dlscontlinuitles Is an Important factor which has to be consi-
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level, results In the type of curve lllustrated In the upper
margl n sketch. At very small displacements, the specimen be-
haves elastlcally and the shear stress Increases Ilnearly with
dispilacement, As the forces reslsting movement are overcome,
the curve becomes non-l Inear and then reaches a peak at which
the sheaf stress reaches Its max!mum value. Thereafter the
shear stress required to cause further shear displacement drops
rapldly and then levels out at a constant value called the
resldual shear strength.

If the peak shear strength values obtalned from tests carried
out at dIf ferent normal stress’ level s are plotted, a curve such
as that 11 lustrated In the center mergin sketch resu Its. This
curve wll | be approximately linear, withln the accuracy of the
exper Imental results, wlth a slope equal to the peak frictlon
angle @, and an Intercept on the shear stress axls of c, , the
coheslve strength of the cement | ng mater 1 al. Thls coheslve
canponent of the total shear strength Is Independent of the
normal stress but the frictlonal component Increases with the
increasing normal stress as shown In the sketch. The peak shear
strength Is defined by the equation

z'cp*‘ahﬂﬁp //5)
which, with the exception of the subscripts, Is Identical to
equation 1 on page 2.5.

Plotting the resldual shear strength agalnst the normal stress
glves a llnear reiatlonshlp defined by the equatlon

T 0 Jan &- (/6}
which ShOWS that all the coheslve strength of the cementing ma-
terlal has been lost. The resldual frictlon angle @~ Is usually
lower than the peak frictlon angle @

Influence of water on shear strength of planar dlsconti-
nuitles

The most Important Influence of the presence of water In a dis~
continulty In rock Is a reductlon of shear strength due to a
reduction of the eftective normal stress as a result of water
pressure. Equatlon 10 on page 2.8 shows that thls normal stress
reduction can be Incorporated Into the shear strength equatlion
In the tollowing manner:

Tecro-u)ian @ ()

where u Is the water pressure within the discontinuity and c Is
elther equal to €» or zero and & elther &b or &~, depending
upon Whether one Is concerned w Ith peak or res! dual strength.

As dlscussed on pages 2.8 and 2.9, the Inf luence of water upon
t he coheslve and frictlonal propertlies of the rock discontinu-
Ity depends upon the nature of the f I I | Ing or cement Ing mate-
rial. In most hard rocks and In many sandy solls and gravels,
these propertles are not slgnif lcantly altered by water but
many clays, shales, mudstones and simllar materiais will ex-
hiblt signiflicant changes as a result of changes In molsture
content. It Is Important, therefore, that shear tests should
be carried out on samples which are as close as possible to the
In situ molsture content of the I OCK.
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Chapter 5 Shear strength of rock.

shear displacement u

normal stress 0

i shear stress

Introduction

In analyzing the stabllity of a rock slope, the most Important
factor to be consldered Is the geometry of the rock mass behind
the slope face, As discussed In Chapter 3, the geometr Ica | re-
latlonshlp between the discontinultles In the rock mass and the
slope and orlfentatfon of the excavated face wlll determine whe-
ther parts of the rock mass are free to silde or fall.

The next most Important factor Is the shear strength of the po-
tential fallure surface which may consist of a single disconti-
nutty plane or a complex path following several discontlinulties
and Involving some fracture of the Intact rock materlal. Deter-
mination of reflable shear strength values Is a criltlical part
of a slope deslign because, as wil | be shown In later chapters,
reiatively small changes In shear strength can result In signl-
flcant changes In the safe helight or angle of a slope. The
cholce of appropriate shear strength values depends not only
upon the avallabllilty of test data but also upon a careful In-
terpretation of these data In the light of the behav lor of the
rock mass uhlch makes up the full scale slope. While It may be
possl ble to use the test results obtalned from a shear test on
a rock joint In deslgning a slope In uhlch fallure Is Iikeliy to
occur along a single joint surface, similar to the one tested,
these shear test results could not be used directly In design-
Ing a slope In uhlch a complex fallure process Invoiving sever-
al Joints and some Intact rock fallure Is anticipated. In the
| atter case, sane modlIflcation would have to be made to the
shear strength data to account for the dl f ference between the
shearlng process In the test and that anticlpated In the rock
mass. In addition, differences In the shear strength of rock
surfaces can occur because of the Inf luence of weathering, sur-
face roughness, the presence of water under pressure and be-
cause of differences In scale between the surface tested and
that upon which slope fallure Is Ilkely to occur.

From this discusslon It wi Il be clear that the cholce of ap-
proprlate shear strength values for use In a rock slope deslign
depends upon a sound understand Ing of the baslc mechanlcs of
shear faliure and of the Influence of varlous factors which can
alter the shear strength character Ist Ics of a rock mass. It ls
the alm of thls chapter to provide this understanding and to
encourage the reader to explore further In the literature on
thls subject.

Shear strength of planar discontinultles

Supposing that one were to obtain a number of samplies of rock,
each of which had been cored from the same block of rock which
contalns a through-going discontinulty such as a bedding plane.
Thils bedding plane Is stlil cemented, In other words, a tenslle
force would have to be applled to the two halves of the speci-
men on elther slde of the dlscontinulty In order to separate
them. The beddIng plane Is absolutely planar, having no surface
undu tat lons or roughness. Each specimen Is subjected to a nor-
mal stress ¢, spplied across the dlscontlnulty surface as lllu-
strated In the margin sketch, and the shear stress 2" requlred
to cause a displacement « Is measured.

Plotting the shear stress level at varlous shear displacements,
for one of the tests cart-fed out at a constant normal stress
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A flnal word to englneers - we sometImes be! feve ourselves cap-
able of quantlfying a subject to a much greater extent than Is
actually possible, The geologlst Is frequently blamed for poor
qua | tty data and yet = If he dld provide us with precise Infor-
mat lon on al | the parameters | Isted above, would we rea! | y know
what to do with It? How do you declde on the mechanlcal prop-
ertles of a rock mass? The real answer Is that we do not know
but It Is very convenlent to have someone to blame for our lack
of knowledge. In the flnal analysis, the best we can do Is make
an Informed guess and the more Information we have avallable at
that tIme the better. This informatlon must Include a personal
assessment of the rock cond It tons so that the geolog Ist' s re-
ports can be read agalnst a background apprecl at lon of the
actual slte condltions. Thls Imposes an obilgation on the rock
englneer to devote a |Ittle less time to hls calculatlons and a
{1ttle more to fleld observations. This obllgatlon was summed
up by Londe In a lecture on the design of rock foundatlons when
he sald "The tIme has come for us to consult not only the ex-
perts but the rock as wel I™(81).



from a 2,201 ft. 8 Inch dlameter borehole, only 37 ft. was suc-
csssfully oriented wlith the ald of a borehole televlision cam-
era. The authors’ personal experlences wlth these devices have
almost persuaded them that It would have been more prof Itabie
to Invest In the provislion of geology courses for leprechauns
(who are reputedly smal | enough to f It down a boreho! e of rea-
sonable slze), However, It must be admitted that, In the hands
of special 1st operators, these Instruments can provide very
valuable information, It seems more than llkely that, with
developments In the fleld of electronlcs, better and more re-
liable Instruments of thls type wll | become aval iable In the
years t© come.

The mining and civll engineering Industrles have a great deal
to learn from the ol | Industry In this area of boreho le Inter-
pretation and well logging devlices such as the Televlewer are
bound to find greater appilications In slte Investigation In
years to come(76,77,78).

Presentation of geological Information

The collection of structural geologlcal data Is a difficult
enough problem. Communlicatlion of thls data to everyone con-
cerned In the design of a highway Is even more difficult. In
the prevlious chapter It was suggested that the dlps and dip
dlrectlions of discontinultles are most convenientiy presented
on equal-area stereoplots. Thls Informatlon, In Itself, Is not
adequate for the deslign of a rock slope slince the strength of
the rock mass is also requlred,

Ideally, the following Information Is requlred for each signi-
f Icant discontinulty.

a) Locatlon In relation to map references

b) Depth below reference datum

c) Dip

d) Dip directlon

e) Frequency or spacing between adjacent discontinultles

f) Continulty or extent of discontinulty

g) Width or opening of discontinulty

h) Gouge or Inf Il ling between faces of dilscontinulty

1 Surface roughness of faces of discontinulty

D Waviness or curvature of dlscontlnulty surface

k)  Description and propertles of Intact rock between dls-
continuities.

Much of thls Information cannot be used quantltatively In a
stablilty calculation but It al | asslsts the englineer or geo-
logist In deciding upon the most probable fal lure mode and In
assigning reasonable strength propertles to the rock mass.
Consequently It Is Important that It should be recorded and
presented In such a way that the maxImum amount of relevant
Informatlon Is conveyed to those who were not invol ved In the
loggling Itself.

Although standard methods of data presentation have been sug-
gested(79,80), many geologists prefer to work out thelr own
systems to sult thelr particular requirements. In the authors’
oplnlon, It does not matter what system Is used provided that
It conveys the requlred Information. If It does not serve thls
purpose then the geologlist shou Id have the courage to change
It.




Eccentrically loaded
inner core tube

Plate welded across upper
end of lifter case

Core lifter with core spring
removed packed with mode!ling
clay which protrudes ¥ inch.

,Diamond bit

—— Clay to take inprint
of core stub.

Core stub left at the end
of the previous drilling run.

Core orientation device using clay to take
inprint of core stub on end of drill hole.



2 om diameter :
steel rod

cement grout

A reinforced core, sectioned to
show the rod grouted into the
coaxial pil ot hole. Note that the
top end of the rod Zs square in
order that it ean be oriented.
(Photograph reproduced W t h per-
miseion of Dr. M Rocha. )

then retrieved with the wire-line and a conventional barrel
is lowered to continue coring. The recovered core is fitted
together and a straight reference line is transferred from
the oriented barrel to the reconstructed core using the
imprint match between the clay and the uphole COI € stub.
Extreme hole inclinations for this technique range from about
45 to 70 degrees with optimum inclinations in the range of 60
to 65 degrees. Verification imprints should be taken
frequently on each core run if possible to conflrm the
correct operation of the system. The method of use of the
clay imprint orientor is shown on Page 4.15.

An alternative method, used In the Chrisrensen-Hugel! core bar-
rel, Is to scribe a reference mark on the core. The reference
mark Is orlented by a magnetlc borohole survey Instrument
mounted In the core-barrel(71).

Rosengren(67) describes a simple device for core orlontation In
Inclined holes. A short dummy barrel holding a marking pen and
a mercury orlenting switch Is lowered down the hole on light-
welght rods. The device Is rotated untll the mercury switch op-
orates at a known orlontatlon and the marker pen Is then pushed
onto the bottom of the hole, marking the core stub In thls
known posltion. Another system used by Rosengren for core
orlontation In Inciined holes Is to break a small contalner of
psint agalnst the end of the hole. The palnt will run down the
face of the core stub, thereby marking Its orlentatlon with
respect to the vertical,

The most elaborate system of core orlentatlon Is to drl I | a
smal | diameter hole at the end of the parent hole and to bond a
compass of an orlonted rod Into thls hole(69). Thls scheme has
been taken further by Rocha(72) In order to recover Intact an
orlented core. Rocha describes drllling a pllot hole along the
axls of a core and grouting an orlented rod Into this hole.
Overcoring thils relnforced material glves an Intact stick of
orlented core In the worst types of materiat,

Walton of the Natlonal Coal Board In England has used a simliar
technlique In which a wireline tool containing a bomb of poliyes-
ter resin Is lowered down a hole In which a pllot hole has been
dril led. The resin charge Is released and flows Into the hole,
carrylng wlth It a floatIng compass. Resin relnforced cores
have been successfully recovered fron depths of 125 m (410 ft.)
In coal measures but there are many practical difflcultles as~
soclated with keeping the pllot hole In position and preventing
caving In poor quality rock.

Examination of borohole walls

Because of the practlical problems Involved In orlentatlon of
core, another approach s to examine the walls of the borehole
In an effort to map traces of structural features.

A borohole perlscope, conslsting of a rigld tube which supports
a system of lenses and prl sms, Is probably the most successful
Instrument for borehole examination., A major advantage of thls
device Is mat It Is orlented from outslde the hole but a dis-
advantage 1s that It Is only effectlve to borehole depths of
approximately 100 f1+.(73).

various types of borohole cemeras have been developed(74,75)
and small diameter television cameras have also been used for
the examination of borehole walls. Broadbent and Rlppere(57)
report rather sadl y that out of 1 ,116 ft. of core recovered



A 48 inch di aneter Calyx core
recovered by the Hydroe lectric
Commiagion Of Tasmani a during
site investigctions for a dam.

dlameter core barrels for structural drllling. The most common
size used at present is NX (2-1/8 Inch or 56 mm) but cores of 3
Inch, 4 Inch and 6 inch are favoured by some. Rosengren(67)
describes the use of large diameter thin wal led drii{ iing equip-
ment for underground hard rock dri | | Ing at Mt. Isa, Austral la.
The Natlonal Coal Board In England frequently uses 4-1/2 Inch
diameter double-barrel dri | Is wlth alr-f lushing for exploration
of potentlal opencast sltes.

An extreme example, lllustrated opposlte, Is a 48 Inch diameter
Calyx core fran a dam~site Investigation In Tasmania. This type
of drliling would obvlously only be justified In very speclal
clrcumstances which the authors could not visuallze occurring
on highways,

Core orlentation

It should have become obvlous, from previous chapters, that the
dlp and dip dlrection of discontinulties are most Important In
slope stabl Iity evaluations, Consequently, however successf u |
a dr 111 Ing program has been In terms of core recovery, the most
valuable Informatlon of all wl 1 | have been lost If no effort
has been made to orlent the core.

One approach to thls problem Is to use Inclined boreholes to
check or to deduce the orlentatlon of structural features. For
example, If surface mapping suggests a strong concentration of
planes dlpplng at 30’ In a dlp dlrectlon of 130®*, a hole drii-
led In the dlrectlon of the normal to these planes, 1.e. dipp-~
Ing at 60° In a dip directlon of 310°, wlil Intersect these
planes at rlght angles and the accuracy of the surface mapping
predlction can be checked. Thls approach Is useful for check-
Ing the dlp and dip directlon of critical planes such as those
In the slates on the eastern slde of the hypothetical highway
cut shown In Figure 3.10.

Alternatively, If two or more non-parallel boreholes have been
drilled In a rock mass In which there are recognlzablie marker
horlzons, the orlentation and Inclinatlon of these horltons can
be deduced using graphlcal techniques. Thils approach Is exten-
slvely discussed In publ Ished |1terature and Is usefu | Iy sum-
marlzed by Phllllps{42), Where no recognlzable marker horlzons
are present, this technlque Is of little value.

A second approach Is to attempt to orlent the core Itself and,
while the techniques avaliable abound with practical difficul-
tles which are the despalr of many driilers, these methods do
provide sane of the best results currently obtalnable. In fact
the greatest possible service which could be rendered to the
rock englneer by the manufacturers of drll |1ng equipment would
be the productlon of slmple core orlentatlon systems.

A simple core orientation technique was presented by Call,
Savely and Pakalnis in 1981 (81A), which utilizes a modified
inner core barrel for use with conventional wire-line diamond
drilling equipment. The method has been field tested, and
improved in subsequent years by Colder Associates (818). The
barrel is eccentrically weighted with lead and lowered into
an inclined, fluid-filled borehole so that its orientation
relative to vertical is known. Modelting clay protrudes from
the downhole end of the inner barrel such that it wil |l also
extend through the drill bit when the inner and outer barrels
are engaged. The barrel assembly is lowered to the hole
bottom which causes the clay to take an imprint of the core
stub left from the previous core run. The inner barrel is



Figure 4.5b:

Atlas Copco Diamec 250 drilling machine
set up for structural drilling in a
difficult location on a quarry bench.
The machine illustrated has been modified
to allow drilling with core barrels of up
to 3 inches (76 mm) outer diameter.
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Figure 4.5a:

A typical hydraulic thrust dia-
mond drilling machine being used
for exploration drilling. High
qual ity core recovery can be
achieved with such a machine.
(Photograph reproduced with
permission of Atlas Copco. Sweden)



Dril1ing machines

Good core recovery In fractured ground depends upon the app | |-
cation of the correct thrust onto the rotat Ing dr 1 i I b1t . The
f Ixed rate of advance provided by a screw-feed machl ne w! | |
mean high blt pressures In hard formatlons. In soft formatlons,
the bit pressure wil | be very low but the slow progress of the
bit wti | allow the soft materlal to be eroded by the flushling
water. In contrast, a hydraulic feed machine wil| malntain the
same thrust and wl | | al low the dr I | | to move rapidi y through
soft formatlons, thereby minimizing the eroslon,

Machlnes such as that 1| lustrated In Flgure 4.,5a are wldely
used for exploration drill Ing and are Ideal for structural
drilling. Thelr one dl sadvantage Is that they tend to be bu | ky
and It Is dIfflcult to set them up on very rough sites whilch
may be of partlcular Interest to the rock engineer. On the
other hand, the machline lllustrated In Figure 4.5b can easl!ly
be rigged in very dlifflcult locations and It can be operated as
much as 100 ft. away from the prime mover and hydraul l¢ pump
unlt. Hydraullc chucks on thls machine allow easy rod changing
and permit one man operations once the machlne has been set up.
Although thls machlne wil | not drt | | to the same depths as lar-
ger machines, It does provide adequate capaclty for structural
drl 1 |1 Ing for cut slopes where holes longer than about 200 ft.
are not generally required.

Core barrels

The alm of structural drl 1 | Ing Is to recover undisturbed core
upon which measurements of structural features can be made.
This can be achleved by the use of multlple-tube core barrels
or by the use of large diameter barrels.

In a triple-tube core barrel, the loner tube or tubes are moun-
ted on a bearing so that they remain statlonary whille the outer
barrel, which carrles the dlamond blt, rotates. The core, cut
out by the bit, Is transferred Into the non-rotating Inner
barrel where It remains undisturbed untll the barrel Is removed
from the hole.

RemovIng the core from the barrel Is the most critical part of
the operation. More than once the authors have seen core re-
moved from an expenslive double-tube core barrel by thumping the
outer barrel with a 4 Ib. haer - a process guaranteed to dis-
turb any undisturbed core which may be In the barrel. By far
the most satisfactory system Is to use a spllit Inner-barrel
which Is removed fra the core barrel assembly with the core
Inside It and then split to reveal the undisturbed core. Some-
times a thin plastic or metal barrel Is fitted inslde the non-
rotating barrel In order to provide the support for the core
when It Is transferred Into the core-box.

Detalled 1terature on double and triplie tube core barrels Is
avallable fran a number of manufacturers and the reader who Is
unfamlilar with structural drilling Is advised to consult thls
| 1 terature . More general Information on drl | | 1ng can be ob-
tained from sane of the references | 1sted at the end of this
chapter(67-70).

Experlience has shown that core recovery Increases with In-
creasing core dlameter and there Is a tendency to use larger
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Figure 4.4d: Stereoplots of poles from measurements on
rough rock surface using measuring plates of different
diameters. The average dip of the plane is 35 and its
dip direction is 170°.
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Figure 4.4e: Contours of maximum scatter for different
base diameters and plot of affective roughness angle i
along direction of potential sliding. Example adapted
from paper by Fecker and Rengers66,



Figure 4.4a: Measurement of surface roughness with different
base lengths. Short base length gives high values
for the effective roughness angle while long bases
give smaller angles.

Figure 4.kb:

6.5 cm diameter measuring plate fitted to
a Breithaupt geological compass.
Photographs reproduced with permission of
Dr. N. Rengers from a paper by Fecker and
Rengers55.

Figure 4.4c:

42 cm diameter measuring plate fitted to

a Breithaupt geological compass for surface
roughness measurement.
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Figure 6.9 : Equipotential distributions in slopes with
various permeability configurations.
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The coefficient of permeabliity k Is calculated from faillng
head and constant head tests In saturated ground (test sectlon
below water table) as follows.

. . A #
Falling Peo . K= F/—fz:w . /age 77"? (35}
Copstontl Hheod k= F ffc (35)

where A Is the cross-section area of the water col umn. A =
1/8 7d? where d Is the Inslde dlameter of the casing In
a vertical borehole. For an Incl Ined hole, A must be
corrected to account for the e! | Iptical shape of the
hortzontal water surface In the casing.

F Is a shape factor whlch depends upon the condltions at
the bottom of the hole. Shape factors for typlcal situ-
atlons are glven In Figure 6.10.

Hy and A are water levels In the borehols measured from
the rest water level, at times £, and Zp, respectively.

q Is the flow rate, and

H 1's the water level, measured from the rest water
level, malntalned durlng a constant head test.

(Note that Naperlan logarithms are used In these equa=-
tions and that Loge = 2.3026 Logyq).

Conslder an example of a fall Ing head test carried out In a
borehole of 7.6 cm dlameter with a casing of 6.0 cm diameter.
The boreholie Is extended a distance of 100 cm beyond the end of
the casing and the material In which the test Is carried out Is
assumed to have a ratio of horlzontal to vertical permeabl | Ity

Aylk, = 5.

The first step In thls anaiysls Is to calculate the shape fac-
tor F from the equation glven for the 4th case In Filgure 6.10.
The value of m = 1f§ = 2.24 and substltuttng D = 7.6 cm and L =
100 cm,

zrl __e28___ .
log, (2m 1JD) ~iog, 56,7 - 7%

F =
Measurement of water levels at different times for the falling
head test glve the followlng values:

A7y =10 meters at Z, = 30 seconds
//z = 5 meters at /, = 150 seconds

The cross-sactional area A of the water column Is
A -é n(6)? = 28.3 cm?

Substltuting In equation (35), the horlzontal permeabl | 1ty £,
Is glven by

28.3 Jogp? -
- = 5
4 /54 (/50 - 30) 1.06x 1077 e fpec.



, Casing

See table for
shape factor F

Falling head test

Rest water level

Water level at zero time
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AN
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0 1 2 3

Time t -~ hours

q - quantity of water
requi red to main-
tain constant: head

water level
$ing

See table for
shape factor F

Constant head test

End

conditions

Shape factor F

Casing flush with end of bore-
hole in goil or rock of uni-
form permeability. Inside di a-
meter of casing is d ems.

F = 2.75d

Casing f lush with boundary
between impermeable and per-
meable strata. Inside di aneter
of casing is d ems.

F=2.0d

Borehole extended a distance L
beyond the end of the casing.
Borehole di ameter is D.

2nl

Fa — 280
Loge(ZL/D)

for L > 4D

Boreéhole extended a distance L
beyond the end of the casing
in a stratified soil or rock
mass with different horizontal
and vertical permeabilities.

For determination of kh:

where m = (kh/kv)i. L > 4o

2wl
Loge( 2m L/D)

F=

Borehole extended a distance L
beyond the end of the casing
which is flush with an imper-
meable boundary.

fFe 2nL
Log, (4L/D)
for L > 4D

Figure 6. 10 :

Details of falling head and constant head tests for permeability measurement

in soil and rock masses with shape factors for borehole end conditions.



Since the ratio of horlzontal to vertical permeadbl! Ity has been
estimated, from examinatlon of the core, as £, /&, =5, &, =
2.12 x 10~# om/sec,

Laboratory tests on core samples are useful In checkling this
ratio of horlizontal to vertical permeabllity but, because of
the dlsturbance to the sample, It Is unl Ikely that the absolute
values of permeabl |!ty measured In the laboratory wll | be as
rellable as those determined by the borehole tests described.
Laboratory methods for permeabl | 1ty testing are descr {bed In
standard texts such as that by Lambe(180),

Punping tests In boreholes

In a rock mass In which the groundwater flow Is concentrated
within regular Joint sets, the permeabllity wilil be highly di~
rectional. |If the Joint opening e could be measured In sltu,
the permeabiliity In the dlrectlon of each jolnt set could be
calculated dlrectly from equation (33), Unfortunate1 y such
measuraents are not possible under fleld conditions and the
permeab!|lty must therefore be determined by pumpling tests.

A pumping test for the measurement of the permeab | I 1 ty In the
directlon of a particular set of dlscontinultles such as joints
Involves driiiing a borehole perpendicular to these discontinu-
Itles as shown In Figure 6.11. It Is assumed that most of the
flow Is concentrated wlthin thls one Jolnt set and that cross-
f lou through other jolnt sets, past the packers and through the
Intact rock surrounding the hole Is negiligible. A sectlon 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 thls cavity.

A varlety of borehole packers are avaliable commerclial iy{181)
but the authors consider that many of these packers are too
short to eliminate leakage. Leakage past packers Is one of the
most serlous sources of error In pumplng tests and every effort
should be made to ensure that an effective seal has been ach-
leved before measurements are commenced. A simple, Inexpensive
and hlghly effective packer has been described by Harper and
Ross=Brown(182) and the princlipal features are I | lustrated In
Figure 6.12. This packer s manufactured from rubber hosing
which Is normally used In the bul Iding Industry for forming
volds In concrete. It conslsts of Inner and outer rubber tubes
enciosing a diagonally bralded cotton core and thls arrangement
allows an Increase In diameter of approximately 20% when the
hose [s Inflated. Because of Its low cost and simpliclty, long
packers can be used and packer lengths of 10 ft. (3 m) have
proved extremely effective In pumpling tests In 3 Inch (7.6 cm)
diameter boreholes.

The permeabllity of the dlscontinultles perpendicular to the
borehole Is calculated as follows:

¢ Loge (2R/D)
2wl ////'Hz} (37)

k-



Joint set 2

packer

Joint set

Figure 6.11: Pumping test in 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 Clamp
to lifting cable ,

=1
A

AN

|
|

airline coupling

C Ductube or
Petrometallic TBP 3.

Figure 6.12 : Section through the end of a packer for
sealing the bottom end of a pumping test
cavity. The upper packer end has addition-
al fittings for pressure inlet and piezo-
meter cables.




where q Is the pumping rate required to maintaln a constant
pressure In the test cavity
L Is the length of the test cavity
H; Is the tots | head In the test cav Ity
DIls the borehole diameter
Hz Is the total head measured at a dlstance R from the
borehole,

The most satlsfactory means of obtalning the value of A7 Is to
measure It In a borehole paraliel to and at a distance R from
the test hole. Where a pattern of boreholes Is aval | able, as
the result of an Investigation program, thls does not present
serlious problems. Techniques for water pressure measurement
are dealt with In the following section of this chapter.

When only one borehole Is avalliable, an approximate solution to
equat lon (37) can be obtal ned by usl ng the shape factor F for a
stratif led system (Figure 6.10). Substituting thls value Into
equation (36) gives

@ Log, (2m 4/D)

o 2l H,

(38)

where, In thls case, m = (k/kp)*

k Is the permeabl Iity at right angles to the borehole
(quentlty requlred)

l'p Is the permeability parallel to the borehole which, If
cross-flow Is neglected, Is equal to the permeabllity of
the Intact rock

"/c Is the constant head above the or | glnal groundwater
level In the borehole.

The value of the term Log, (2 m L/D) In this equation does not
have a major Inf | uence upon the value of k and hence a crude
estimate of m Is adequate. Consider the example where L = 4D;
the values of Log, (2 m L/D) are as follows:

k1 kp 1.0 10% 104 106 10%2 107 107
m 10 100 10Z 10° 104 105 10¢
Log, (2 m L/D) 21 44 6.7 9.0 113 13.6 15.9

A reasonable value of k for most practical applications Is
glven by assuming ¥/kp = 104, m =107 which gives

. /4g
£ T (35)

In derlving equatlon (39), It has been assumed that the test
cavity of length L Intersects a large number of discontinultles
(say 100) and that the value k represents a reasonabl ® average
permeabllity for the rock mass (In the directlon at right an-
gles to the borehole). When the discontinulty spacing varies



along the length of the hole, water flow wi | | be concentrated
In zones of closely spaced discontlnultles and the use of an
average permeabllity value can glve misieading results. Under
these clrcumstances, It Is preferable to express the permea-
billty In terms of the permeabllity k/ of Indlvidual disconti-
nultlrs where

&
= (#0)

n Is the number of discontinultles uhilch Intersect the test
cavity of length L.

The va | ue of n can be est Imated from the borehol e core log and,
assuming that the discontinulty opening (e In equation 33) re-
malns constant, the varfation In permeabl | Ity along the bore~-
hole can then be estimated.

Before leaving thls question of permeabl |1ty testing It must be
pointed out that the discusslon which has been presented has
been grossly simpl [fed., This has been done de!lberately since
t he literature dealing with thils subject | s coplous, complex
and confusing. A number of technlques, more sophisticated than
those which have been described hero, are avaliable for the ev~
aluation of permeabl { Ity but the authors bel ieve that these are
best left In the hands of experienced speciallist consultants.
The simple tests which have been described are generally ade-
quate for highway stabll Ity and dralnage studles.

Measurement of rater pressure

The Importance of rater pressure In relatlon to the stabll Ity
of slopes has been emphaslzed In several of the prevlious chap-
ters. If a rel table estimate of stabl ity Is to be obtalned or
If the stab1 Ilty of a slope Is to be control led by dralnage, It
Is essentlal that water pressures wlthln the slope should be
measured. Such measurements are most convenlently carried out
by plezometers Instal led In boreholes.

A varlety of plezometer types Is aval lab le and the cholce of
the type to be used for a partlcular Installation depends upon
a number of practical conslderatlons. A detalled dilscusslion on
thils matter has been glven by Terzaghl and Peck(183) and only
the most Important conslderatlons w!li be summar|zed here.

The most Important factor to be consldered In choosing a plezo~-
meter Is the time lag of the complete Instailation., This Is the
t Ime taken for the pressure In the system to reach equ ! | | br 1 um
after a pressure change and It depends upon the permeabl | Ity of
the ground and the volume change assoclated with the pressure
change. Open holes can be used for pressure measurement when
the permeabliilty Is greater than 10~ cm/sec. but, for less
permeable wound, the time lag Is too long. In order to over=-
cane thls problem, a pressure measurling device or plezometer |s
Installed In a sealed section of the borehole. The volume
change within thls sealed sectlon, caused by the operation of
the plezometer should be vrry small In order that the response
of the complete Installatlon to pressure changes In the sur=-
rounding rock should be rapld. |f a device which requires a
large volume change for Its operation Is used, the change In
pressure Induced by thls change In volume may glve rise to
significant errors In measurement.
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Some of the common types of plezometer are br lef |y discussed
below:

a) Open plezometers or observation wells

As discussed above, open ended cased holes can be used to mea-
sure water pressure In rock or sol | In which the permeab 1 | 1ty
Is greater than about 1074 am/sec, Al | that Is required for
these measurements Is a device for measuring water level In the
borehole. A very simple probe conslsting of a palr of elec-
trical contacts housed In a brass welght Is 11 lustrated In the
margin sketch. When the contacts touch the water, the resis-
tance of the electrica!l clircult drops and thls can be measured
on a standard "Avometer™ or similar Instrument. The depth of
water below the co1 lar of the hole Is measured by the length of
cable and It Is convenlent to mark the cable In feet or meters
for thls purpose. Portable water level Indicators, conslisting
of a probe, a marked cable and a small resistance measuring
Instrument, are avallabie from Solltest Inc., 2205 Lee Street,
Evanston, I11lnols 60202, U.S.A.

b) Standpipe plezometers

When the permeab! |ity of the ground In which water pressure Is
to be measured Is less than 10~ om/sec., the time lag involved
In using an open hole w!l! be unacceptable and a standplpe ple-
zometer such as that | | | ustrated In Flgure 6.13 shou | d be used.
Thls device conslsts of a perforated tip which Is sealed Into a
sectlon of borehole as shown. A smal | diameter standplpe pass~
Ing through the seals al lows the water level to be measured by
means of the same type of water level Indlicator a s described
above under open hole plezomaters. Because the volume of water
within the standplpe Is small, the response time of thls plezo-
meter Installation wlil be adequate for most applilications |lke~
ly to be encountered on a highway.

An advantage of the stendplpe plezometer Is that, because of
the small diameter of the standplpe, a number can be Instai led
In the same hole. Hence different sectlons can be sealed off
along the length of the borehcie and the water pressure wlthin
each sectlon monltored, This type of Installation Is Important
when It Is suspected that water flow Is conflned to certain
layers within a rock mass.

¢) Closed hydraullc plezometers

When the permesblility of the ground falls below about 10-¢ cm/
sec., the time lag of open ended boreholes or standplpe ple-
zometers becomes unacceptable. For example, approx Imately 5
days would be requlired for a typlical standplpo plezometer to
reach an acceptable state of equiiibrium after a change of
water pressure In a rock or sol | mass having a permeabl | 1ty of
10~7 om/sec.

An Improved time lag can be obtained by using a closed hydrau-
I1c plezometer such as that described by Blshop, et al(184},
Thils type of plezometer Is completely filled with de-alred
water and Is sultab le for measurement of smal | water pressures.
Such plezometers are generally used for pore pressure measure-
ment during construction of embankments or dams where they can
be Installed durlng constructlon and left In place.
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Note : The two sealing layers (X fin8 sand and silt above the piesometer
section can be replaced by bentonite pellete whichform agel
i n contact with water and form an effective seal . Pelletized
bentonite is available commercially a8 "Peltonite” from Rocktest
Ltd., Lambert, Quebec, Canada.

Figure 6.13 : Typical standpipe piezometer Installation details



Installation of a plastie t ube
standpipe piezometer in a drill
hol e.
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d) Alr actuated plezometers

A very rapld response time can be achleved by use of alr actua-
ted plezometers In which the water pressure Is measured by a
balancing alr pressure scting agalnst a dlaphragn. As shown In
Flgure 6.14, an alr valve allows alr t0 escape when the air and
water pressures on elther side of the dlaphragn are equal(185).
A commercially avallable alr plezometer Is Illustrated In Fig-
ure 6.15. Similar types of Instrument are avallable from other
suppllers and these devices are playlng an Increasingly Impor-
tant role In slope stablility studles.

o) Electrical Iy Indlcating plezometer

An almost Instantaneous response time Is obtained from plezo-
meters In which the deflectlon of a dlaphragm as a result of
water pressure Is measured electrically by means of some form
of straln gauge attached to the dlaphragn. A wlde varlety of
such devices Is aval lable commerclaliy and they are Ideal for
measuring the water pressure within the test cavity during a
pumping test(172), Because of thelr relatively high cost and
because of the possiblilty of electrical faults, these plezo-
meters are less satisfactory for permanent instal lation in
boreholes.

General comments

A frequent mistake made by englineers or geologlsts In examining
rock or soll slopes Is to assume that groundwater Is not pre-
sent 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 signlficant pressure within the rock mass. Re-
member that It Is water pressure and not rate of flow wh I ch s
responsible for Instabl|lty In slopes and It Is essentlal that
measurement or calculation of this water pressure should form
part of site Investigation for stabllity studles. Drainage,
which Is discussed In Chapter 12, Is One of the most effective
and most economical means avallable for Improving the stabl! Ity
of highway slopes. Ratlional design of dralnage systems Is only
possible If the water flow pattern within the rock mass 1s un-
derstood and measurement of parmeadbl | Ity and water pressure
provides the key to thls understanding.
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Pressure gauge
Air supply

Airflow indicator

Plastic tubes

Figure 6.14: Typical circuit for
an air actuated piezometer.

Air valve

Diaphragm
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isFigure 6.15: Model P-100 Pneumatic Piezometer and
Model C-102 read-out unit manufactured by Thor
Instrument Company Inc., Seattle.

Piezometer measures ' x 24" (12mm x 62mm).
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Chapter 7 Plane failure.

For sliding
VE > ¥p > ¢

Release surfaces
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: thickness

71

Introduction

A plane failure is a comparatively rare sight in rock slopes
because it is only occasionally that al | the geometrical con-
ditions required to produce such a failure occur in an actual
slope. The wedge type of failure, considered in Chapter 8, is
a much more general case and many rock slope engineers treat
the plane failure as a special case of the more general wedge
failure analysis.

While this Is probably the correct approach for the experienced
slope designer who has a wide range of design tools at his dis-
posal, It would not be right to ignore the two-dimensional case
in this general discussion on slope fai lure. There are many
valuable lessons to be learned from a consideration of the
mechanlcs of this simple failure mode and it is particularly
useful for demonstrating the sensitivity of the slope to
changes in shear strength and groundwater conditions - changes
which are less obvious when dealing with the more complex
mechanics of a three-dimensional slope failure.

General conditions for plane failure

In order that sliding should occur on a single plane, the fol-
lowing geometrical conditions must be satisfied:

a. The plane on which sliding occurs must strike parallel
or nearly parallel (within approximately + 20°) to the
slope face.

b. The fal lure plane must "day!l ight" in the slope face.

This means that its dip must be smal !er than the dip
of the slope face, i.e.¥ > ¥, .

C. The dip of the failure plane must be greater than the
angle of friction of this plane, i.e.%>¢ .

d. Release surfaces which provide negi igible resistance
to sliding must be present in the rock mass to define
the latera | boundar | es of the sl i de. Alternatively,
failure can occur on a failure plane passing through
the convex “nose” of a slope.

In analyzing two-dimensional slope problems, it is usual to
consider a slice of unit thickness taken at right angles to the
slope face. Thls means that the area of the sliding surface can
be represented by the length of the surface visible on a verti-
cal section through the slope and the vol ume of the sl | d | ng
block is represented by the area of the figure representing
this block on the vertical section.

Plane fal lure analysis

The geometry of the slope considered in this analysis is de-
fined in Figure 7.1. Note that two cases must be considered.

a. A slope having a tension crack in its upper surface.
b. A slope wlth a tension crack in its face.

The transition from one case to another occurs when the tension
crack coincides with the slope crest, i.e. when

Z/H =(7-Col Y . Tart ¥pp) (4/)
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Figure 7. la : Geometry of slope with tension crack in upper slope surface.
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Figure 7. Ib : Geometry of slope with tension crack in slope face.
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The following assumptions are made in this analysis:

3. Both sliding surface and tension crack strike parallel
to the slope surface.

b. The tension crack is vertical and is filled with water
to a depth 2.

c. Water enters the sllding surface along the base of the
tension crack and seeps along the sliding surface, es-
caping at stmospheric pressure where the sliding sur-
face daylights in the slope face. The pressure distri-
bution induced by the presence of water In the tension
crack and along the sliding surface is | | lustrated in
Figure 7.1.

d. The forces W (the weight of the sliding block), U (up-
| 1¢+ force due to water pressure on the sl id i ng sur-
face) and V (force due to water pressure in the ten-
sion crack) al | act through the centrold of the sl i d-
ing mass. In other words, it is assumed that there are
no moments which would tend to cause rotation of the
block and hence tallure is by sliding only. While this
assumption may not be strictly true for actual slopes,
the errors introduced by ignoring moments are smal |
enough to neglect. However, in steep slopes with
steeply dipping discontinuities, the possibility that
toppling failure may occur should be kept in mind.

e. The shear strength of the sliding surface is defined
by cohesion ¢ and a friction angle@ which are related
by the equation Z = ¢ + O Tang as discussed on page
2.4. In the case of a rough surface having a curvi-
linear shear strength curve, the apparent cohesion end
apparent friction angle, defined by a tangent to the
curve are used. This tangent should touch the curve
at a normal stress value which corresponds to the
normal stress acting on the failure plane. In this
case, the analysis is only valid for the slope height
used to determine the normal stress level. The normal
stress acting on a failure surface can be determined
from the graph given in Figure 7.2.

f. A slice of unit thickness is considered and it is as-
sumed that release surfaces are present so that there
is no resistance to sliding at the lateral boundaries
of the failure.

The factor of safety of this slope Is calculated in the same
way as that for the block on an inclined plane considered on
page 2.9. In this case the factor of safety, given by the
total force resisting sliding to the total force tending to
induce sliding, Is

cAr(W-CasYp-t-V-Sinyp)land

F= (42)

w. 51ﬁ%fy'603 Vp

where, from Figure 7.1:
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A= (H-2). Cosec gy )
U= $2%. Zyy(H-2). Cosecd, *)
Vebtw 2% (#5)
For the tension crack In the upper slope surface (Figure 7.1a)
W =3 gH Y- (2/H) ot Y - Cot ¥ ) (#6)

and, for the tension crack In the slope face (Figure 7.1b)

W= YU~ 2/0) ot yp (ot 4 - Tarn ¥y -1)]  (#7)

When the geometry of the slope and the depth of water In the
tenslon crock are known, the calculation of a tutor of safety
Is a simple enough matter. However, it Is sometimes necessary
to compare a range of slope geometries, rater depths and the
Influence of different shear strengths. In such cases, the sol-
ution of equat lons (42) to (47) can become rather tedious. In order
to simplify the calculations, equation(42)can be resrranged In
the following dimensioniess form:

£ (Ze/iH)- Pr{@.Col Yo - R(P+S) ] Torr F
PrrR . Scat Yo

)

where
P.rr-z/#). Cosec ¥ *9)
When the tension crack Is In the upper slope surface:
@ [C1-(2/4)2) ot W - Cot ¥ ) Sin (50)
When the tenslon crack Is In the slope face:
P (012 /H) o5y (Ct W T ¥y - 1)) (51)
);y ZwZ
V4 it 5z)
Z P4 .
S= S50 (%3)

The ratios P, Q, R and $ are all dimensioniess which means that
they depend upon the geometry but not upon the si ze of the
slope. Hence, In cases where the cohesion ¢ = 0, the factor of
safety Is Independent of the size of the slope. The Important
principle of dimensionliess grouping, iilustrated In these equa-
tlons, Is a usetul tool In rock engineering and ® xtonslvo use
will be made of this princlple In the study of wedge and cir-
cular fal lures.,

In a-der to faci | itate the appi ication of those equat lons to
practical problems, values for the ratios P, Q and §, for a
range of slope geometries, sre presented In graphical form In
Figure 7.3. Note that both tenslon crack positions #e included
In the graphs for the ratio Q and hence the values of Q may be
determined for any slope configuration without having first to
check cm the tenslon crack position.
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One point to keep in mind when using these graphs is that the

depth of the tension crack Is always measured from the top of
the slope as illustrated in Flgure 7.1b.

Consider the example in which a 100 ft. high slope with a face
angle ¥ = 60° is found to have a bedding plane runnl ng through
it at a dip = 30°. A tension crack occurs 29 ft. behind the
crest of the slope and, from an accurately drawn cross-section
of the slope, the tension crack is found to have a depth of 50
ft. The unit weight of rock 7 = 160 Ib/ft7 , that of water Is
/w=62.5 I1b/ft 32, Assuming that the cohesive strength of the
bedding plane ¢ = 1,000 I1b/ft.Z and the friction angle & = 30°,
f Ind the inf | uence of water depth Z, upon the factor of safety
of the slope.

The values of P and @ are found from Figure 7.3, for z/H = 0.5
to be:

P = 1.0 and Q = 0.36

The values of R (from equation 52) and S (from Flgure 7.3b),
for a range of values of z,,,/Z, are:

Zy/2 1.0 0.5 0
R 0.195 0.098 0
S 0.26 0.13 0

The value of 2c/7H = 0.125

Hence, the factor of safety for di fferent depths of water in
the tension crack, from equation 48, varies as fol lows:

Zy/Z 1.0 0.5 0

F 0.77 1.10 1.34

These values are plotted in the graph in the margin and the
sensitivity of the slope to water in the tension crack is ob-
vious. Simple analyses of thls sort, varying one parameter at
a time, can be carried out in a few minutes and are useful aids
to decision making. In the example consldered, It would be ob-
viously worth taking steps to prevent water from entering the
top of the tension crack. In other cases, it may be found that
the presence of water In the tension crack does not have a sig-
niflcant influence upon stabl | ity and that other factors are
more important.

Graphlical analysis of stability

As an alternative to the analytical method presented above,
some readers may prefer the following graphical method:

a. From an accurately drawn cross-section of the slope,
scale the lengths H, X, D, A, z and z,, shown In Figure
7.4s.

b. Calculate the forces W, V and U from these dimensions

by means of the equations given In Figure 7.4a. Also
calculate the magnitude of the cohesive force A.c.

c. Construct the force diagram lllustrated In Figure 7.4b
as follows:
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Figure 7.4b : Force diagram for two-dimensional slope stability ® nelysis.




i) Draw a vertical line to represent the weight W
of the sliding wedge. The scale should be chosen
to suit the size of the drawing board used.

1i) At right angles to the |ine representing W, draw
a |l ine to represent the force V due to water
pressure in the tension crack.

111} Measure the angle ¥2 as shown In Figure 7.4b and
draw a line to represent the uplift force U due
to water-pressure on the sliding surface.

iv) Project the Ilne representing U (shown dashed In
Figure 7.4b) and, from the upper extremity of
the I1ne representing W, construct a perpendi-
cular to the projection of the U | ine.

v) From the upper extremity of the U | ine, draw a
| Ine at an angle # to Intersect the | | ne from W
to the projection for the U line.

vi) The length f In Figure 7.4b represents the fric-
tional force which resists sliding along the
fal lure plane.

vil) The cohesive resist | ng force A.c can be drawn
paral lel to f. Al though this step is not essen-
tial, drawing A.c on the force diagrams ensures
that there Is no error in converting to and from
the various scales which may have been used In
this analysis since It provides a visual check
of the magnitude of A.c.

viil) The length of the line marked S on the force
diagram represents the total force tend Ing to
induce sliding down the plane.

Ix) The factor of safety F of the slope Is given by
the ratio of the lengths (f + A.c) to S.

An example of the application of this graphical technique will
be given later in this chapter.

Influence of groundwater on stabllity

In the preceding discussion it has been assumed that It is only
the water present in the tenslon crack and that along the fal |-
ure surface which influences the stabi lity of the slope. Thls
Is equivalent to assuming that the rest of the rock mass Is im-
permeable, an assumption which is certainly not always justi-
fled. Consideration must, therefore, be given to water pres-
sure distribution other than that upon which the analysis so
far presented Is based.

The current state of knowledge in rock engineer Ing does not
permit a precise definition of the groundwater flow patterns in
a rock mass. Consequently, the only possibi ity open to the
slope designer is to consider a number of realistic extremes in
an attempt to bracket the range of possible factors of safety
and to assess the sensitivity of the slope to variations In
groundwater conditions.

a. Dry slopes

The simplest case which can be considered is that In which the
slope Is assumed to be completely drained. In practical terms,
this means that there is no water pressure In the tension crack
or along the sllding surface. Note that there may be moisture
In the slope but, as long as no pressure is generated, it wi |l |
not Influence the stabi | ity of the slope.



Under these conditions, the forces V and U are both zero and
equation (42) reduces to:

c.A

Fe wsinz oty - Tand (42)

Alternatively, equation (48) reduces to:
2c - P
£z oo G reotyp rand (55)

b. Water in tension crack only

A heavy rain storm after a long dry spell can result in the ra-
pid bul Id-up of water pressure in the tension crack which wil |
offer little resistance to the entry of surface flood water
unless effective surface drainage has been provided. Assuming
that the remainder of the rock mass is relatively impermeable,
the only water pressure which wil | be generated during and im-
mediately after the rain wil | be that due to water in the ten-
sion crack. In other words, the up! ift force U = 0.

The up | | ft force U cou Id al so be reduced to zero or near | y zero
if the failure surface was impermeable as a result of clay
filling. In either case, the factor of safety of the slope is
given by

At (W.Cas Y - .- Binn Yp ) lar £

- W. 57 §p * V. CO3 ¥ (%¢)

or, alternatively

Ze Sy H P (P.cot Yy - RS) Zarn &

ok P r R5. Cof ¥ (57)

c. Water in tension crack and on sliding surface

These are the conditions which were assumed in deriving the
general solution presented on the preceding pages. The pressure
distribution along the sliding surface has been assumed to de-
crease linearly from the base of the tension crack to the in-
tersection of the fai | ure surface and the slope face. This
water pressure distribution is probably very much simpler than
that which occurs in an actual slope but, since the actual
pressure distribution is unknown, this assumed distribution is
as reasonable as any other which could be made.

it is possible that a more dangerous water pressure distribu-
tion could exist if the face of the slope became frozen in
winter so that, instead of the zero pressure condition which
has been assumed at the face, the water pressure at the face
would be that due to the full head of water in the slope. Such
extreme water pressure conditions may occur from time to time
and the slope designer should keep this posslbi lity In mind.
However, for general slope design, the use of this water pres-
sure distribution would result in a excessively conservative
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slope and hence the trlangular pressure distribution used In
the general analysts is presented as the basis for normal slope
design.

d. Saturated slope with heavy recharge

If the rock mass is heavi 1 y fractured so that | + becomes re | a-
tively permeable, a groundwater flow pattern simllar to that
which would develop in a porous system could occur (see Figure
6.9 on page 6.11). The most dangerous cond it ions wh i ch wou Id
develop in this case would be those given by prolonged heavy
rain.

Flow nets for saturated slopes with heavy surface recharge have
been constructed and the water pressure distr lbutlons obtained
from these flow nets have been used to calculate the factors of
safety of a variety of slopes. The process involved is too te-
dious to include In this chapter but the results can be summar-
i zed in a general form. It has been found that the factor of
safety for a permeable slope, saturated by heavy ra i n and sub-
jected to surface recharge by continued rain, can be approx i~
mated by equation (42) (or 48), assuming that the tension crack
is water-filled, i.e. Zy = z.

In view of the uncertainties associated with the actual water
pressure distributions which could occur in rock slopes sub-
jected to these conditions, there seems little point in attemp-
ting to refine this analysis any further.

Critical tension crack depth

In the analysis which has been presented, it has been assumed
that the position of the tension crack is known from its visi-
ble trace on the upper surface or on the face of the slope and
that its depth can be established by constructing an accurate
cross-sect ion of the slope. When the tension crack position is
unknown, due for example, to the presence of soi | on the top of
the slope, it becomes necessary to consider the most probable
position of a tenslon crack.

The influence of tension crack depth and of the depth of water
in the tension crack upon the factor of safety of a typical
slope is lllustrated In Figure 7.5 (based on the example con-
sidered on page 7.8).

When the slope Is dry a- nearly dry, the factor of safety rea-
ches a minimum value which, in the case of the example consi-
dered, corresponds to a tenslon crack depth of 0.42H. This
critical tension crack depth for a dry slope can be found by
minimizing the right hand side of equation(54) with respect to
z/H. This gives the critical tension crack depth as:

2/ = /- Vot Yy ran (%8)

From the geometry of the slope, the corresponding position of
the tension crack is:

b/ H= Vo y . cofy, - cotyy (5%)

Critical tension crack depths and locations for a range of dry
slopes are plotted In Figure 7.6.
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A small tension crack on the
bench of a slate quarry
indicating the onset of
instability.

Photograph by Dr. R. E. Goodman.

A large tension crack on an
open pit mine bench In which
considerable horizontal and
vertical movement has occurred.

Figure 7.5 shows that, once the water level 2Z)» exceeds about
one quarter of the tension crack depth, the factor of safety of
the slope does not reach a minimum untli the tension crack Is
water-filled. In this case, the minimum factor of safety Is
given by a water-fi Iled tension crack which is coincident with
the crest of the slope (b = 0).

It is most important, when considering the inf | uence of water
in a tension crack, to consider the sequence of tension crack
formation and water t111ing. Fleld observations suggest that
tension cracks usually occur behind the crest of a slope and,
from Figure 7.5, it must be concluded that these tenslon cracks
occur as a result of movement in a dry or nearly dry slope. If
this tension crack becomes water-filled as a result of a subse-
quent rain storm, the Influence of the water pressure wi | | be
in accordance with the rules laid down earlier In this chapter.
The depth and location of the tension crack are, however, Inde-
pendent of the groundwater conditlions and are defined by equa~
tions (58) and (59).

If the tension crack forms during heavy rain or if It is loca-
ted on a pre-existing geological feature such as a vertical
Joint, equations (58) and (59) no longer apply. In these circum=-
stances , when the tens lon crack position and depth are unknown,
the only reasonable procedure is to assume that the tenslon
crack Is coincident with the slope crest and that it is water-
filled.

The tenslon crack as an indicator of instabil Ity

Anyone who has examined excavated rock slopes cannot have fail-
ed to notice the frequent occurrences of tenslon cracks In the
upper surfaces of these slopes. Sane of these cracks have been
visible for tens of years and, In many cases, do not appear to
have had any adverse Influence upon the stabl | Ity of the slope.
It Is, therefore, interesting to consider how such cracks are
formed and whether they can given any indication of slope in-
stabllity.

In a series of very detailed model studies on the tat lure of
slopes In jointed rocks, Barton(91) found that the tension
crack was generated as a resu | t of smal | shear movements withi n
the rock mass. Although these Individual movements were very
smal I, their cumulative effect was a significant displacement
of the slope surfaces ~ sufficient to cause separatlon of
vertical joints behind the slope crest and to form "tension™
cracks. The fact that the tension crack Is caused by shear
movements In the slope is important because It suggests that,
when a tension crack becomes vislible in the surface of a slope,
it must be assumed that shear failure has Initiated withln the
rock mass.

It is impossible to quantify the serlousners of this failure
since it is only the start of a very complex progressive fall=~
ure process about which very littie Is known. It Is qulte pro-
bable that, in some cases, the Improved drainage resulting from
the opening up of the rock structure and the interlocking of
individual blocks within the rock mass could glve rise to an
Increase in stabl | ity. In other cases, the Initlation of fall~
ure could be followed by a very rapld decrease in stabi | Ity
with a consequent fallure of the slope.




In summary, the authors recommend that the presence of a ten-
sion crack should be taken as an indication of potential insta-
bi lity and that, In the case of an important slope, this shou | d
signal the need for detailed Investigation into the stability
of that particular slope.

Critical failure plane incllnatlion

When a through-going discontinuity such as a bedding plane
exists in a slope and the inclination of this discontinuity Is
such that it satisfies the conditions for plane failure defined
on page 7.1, the fallure of the slope will be controlled by
this feature. However, when no such feature exists and when a
fal lure surface, if it were to occur, would fol low minor geo-
logical features and, In some places, would pass through Intact
material, how could the inclination of such a failure path be
determined?

The first assumption which must be made concerns the shape of
the failure surface. In a soft rock slope or a soll slope with
a retatively flat slope face (¥ < 45°), the tal lure surface
would have a circular shape. The analysis of such fallure sur-
faces will be dealt with In Chapter 9.

In steep rock slopes, the fal lure surface is almost planar and
the inclination of such a plane can be found by partial di{fer-
entiation of equation (42)with respect to V,a and by equating the
resulting differential to zero. For dry slopes this glves the
critical failure plane incl ination ¥, as

Yoc = 5+ 2) 62)

The presence of water In the tension crack wi | | cause the fal |-
ure plane inclination to be reduced by up to 10% and, In view
of the uncertainties associated with this fallure surface, the
added complication of including the Influence of groundwater is
not considered justified. Consequently, equation(60)can be used
to obtain an estimate of the critical failure plane inclination
in steep slopes which do not contain through-going discontin=-
uity surfaces. An example of the application of this equation
in the case of chalk cliff failure will be given later in this
chapter.

Figure 7.7: Two-dimensional model used by
Barton(91) for the study of slope tal lure
In jointed rock masses.
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Ceoretry of under-cut slope

Reinforcement Of a slope

Influence of undercutting the toe of a slope

It Is not unusual for the toe of a slope to be undercut, either
intentlonaliy by excavation or by natural agencies such as the
weather | ng of under lying strata or, in the case of sea cliffs,
by the action of waves. The influence of such undercutting on
the stability of a slope is important in many practical situa-
tions and an analysis of thls stability is presented here.

In order to provide as general a solution as possible, it is
assumed that the geometry of the slope is that i | | ustrated in
the margin sketch. A previous failure is assumed to have left
a face inclfined at % and a vertical tension crack depth z, . As
a result of an undercut of A4, inclined at an angle % , a new
fallure occurs on a plane inclined at ¥, and involves the for-
mation of a new tension crack of depth z; .

The factor of safety of this slope is given by equation (42)but

it is necessary to modify the expression for the weight terms
as follows:

We b K{0HE - 28)Cot o -(HE - 2F) Cot py #(Hy # Hrjom1) (61)
Note that, for &, > 0,
QA = (K = Hy ) lot %, (62)

The critical tension crack depth, for a dry undercut slope, is
given by

c.Cos &

(63)

zz
The critical failure plane inclination is

/ WE-z§
= 4 Zz .
Yo * 2(F +Arc a”//,//f-z;/fof%f—//e//fﬁz/d/% ) @)

The application of this analysis to an actual slope problem is
presented at the end of this chapter.

Reinforcement of a slope

When it has been establ ished that a particular slope is un-
stable, i+ becomes necessary to consider whether it is possible
to stabi | ize the slope by drainage or by the app I | cat lon of ex-
ternal loads. Such external foads may be applied by the instal-
latlon of rock bolts or cables anchored into the rock mass be-
hind the failure surface or by the construction of a waste rock
berm to support the toe of the slope.

The factor of safety of a slope with external loading of magni-
tude T, inclined at an angle8 to the failure plane as shown in
the sketch opposite, is approximated by:

CA+IW.COS5Yp-U-V. 507 Yo # 7. Lo5E)]an &
W. S/ gy V.Cosply - 7. 56 &

(65)
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This equation Is correct for the condition of Iimlting equi |l i~
brium (F = 1) but there are certain theoretical problems in
using it for other values of F. These problems are di scussed
fully in Appendix 3 at the end of this book,

Analysls of fallure on a rough plane

As discussed in Chapter 5, most rock surfaces exhibit a non-
linear relationship between shear strength and effective normal
stress. This relationship may be defined by Ladanyl and Archam=-
bault's equation {21 on page 5.5) or by Barton’s equation (26
on page 5.7). In order to apply either of these equations to
the analysis of failure on a rough surface plane It Is neces-
sary to know the effective normal stress ¢ acting on this
plane.

Consider the slope geometry illustrated In Flgure 7.1. The
effective normal stress acting on the failure surface can be
determined from equations (43)to (47) and is given by:

W.CosYp -~ ¥. S
o- Yo . <@ %o (48)
Alternatively, from equations (49) to(53)

¥
7= 35 (6 oty - #rpr5)) (67)

Having determined the value of &, the shear strength 2 of the
failure surface is calculated from equation (21) or (261 The
factor of safety of the slope Is given by mod!fying equations
(42) and (48) as fol lows:

z-A
& W .Sz 3 V. CoS )y @8/
or
zZP.z
~= JH O R S. ot ¥p) @3)

The application of these equations is best lllustrated by means
of a practical example. Consider a slope defined by H =100
., 2 =50 H,.,;-ﬂ’,_ = 60° and #» = 30°. The unlt weight of the
rock 7 = 160 Ib/ft7 and mat of water )}, = 62.5 I b/ft 2 . Two
cases will be considered:

Case 1: A drained slope In which 2y = 0
Case 2: A slope with a water fll led tension crack def Ined by
Zy * T

The values given by substitution in equations (43) to (46) and (49),
(50} (52) and (53) are as fo | lows:

Case 1: A 100 t+Z/ft., U =0, V =0, W

= 0, 571350 I1b/ft.
P =100 Q = 036, R=0 and S

0.



Case 22 A = 100 ff.zlff., U = 156250 Ib/tt., V = 76125 ib/ft.,
W = 577350 Ib/ft., P = 1.00, Q = 0.36, R = 0.195 and S
= 0.25

Substlitutlon in equations (66) and (67) glves the etfective normal
stress on the fallure plane as 0" = 5,000 tb/$+ 2 for Case 1 and
O . 3,049 Ib/¥t? for Car. 2.

Assume that the shear strength of the surface Is def ined by
Barton’s equatlon {26 on page 5.7) with & = 309, JRC = 10 and
0/ = 720,000 Ib/ft: . Substitutlon of these values gives Z .
6.305 I1b/ft.2 for Case 1 8nd 2 = 4,155 1b/#+# for Case 2.
Substituting these values of Z° Into equatlions (68)or (69)gives:

Case!: F . 216
Case 2: F = 1.17

The application of this analysis to a practical example wil| be
discussed later in this chapter.

Practical example number 1
Stabllity of porphyry slopes In a Spanish open pit mine

In order to assist the mine planning engineers In designing an
extension to the Atalaya open plt operated by Rio Tinto Es-
panola In southern Spaln, an analysls was carried out on the
stabli Iity of porphyry slopes forming the northern side of the
plt (left hand side of the pit In the photograph reproduced In
F igure 7.8). A summary of thls analysis |s presented In this
example.

At the time of this design study (1969), the Atalaya plt was
260 m deep and the porphyry slopes, inclined at an overall
angle of approximately 45® as shown in Figure 7.9 appeared to
be stable. The proposed mine plan called for deepening the plt
to in excess of 300 m and required that, If at all possible,
the porphyry slopes should be left untouched. The problem,
therefore, was to decide whether these slopes would remain
stable at the proposed mining depth.

Since no slope fallure had taken place In the porphyry slopes
of the Atalaya plt, deciding upon the factor of safety of the
existing slopes posed a difficult problem. Geological nappling
and shear testing of discontinuities In the porphyry provided a
useful guide to the possible fallure modes and the range was
too wide to permlt the factor of safety to be determined with a
reasonable degree of confidence.

Consequently, It was decided to use a technique simllar to that
employed by Salamon and Munro(186) for the analysls of coal
pl | lar fal lures In South Africa. This method Involved col lect-
Ing data cm slope heights and slope angles for both stable and
unstable slopes In porphyry In order to establish a pattern of
slope behavlour based upon full scale slopes. The data on un-
stable slopes had to be col lected from other open pit mines In
the Rio Tinto area In which fallures had occurred In porphyry8
Jjudged to be simllar to those In the Atalaya pit. The col lec~
ted slope height versus slope angle data are plotted In Fligure
7.10.
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Figure 7.8: Rio Tinto Espanola‘s Atalaya
open pit mine.

Vs Tens ion crack

Benched slope face

Assumed failure plane

Figure 7.9: Section through e typical porphyry slope in the Atalaya
open pit at Rio Tinto in Spain.
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In order to establish the theoretical relationship between
slope height and slope angle, the fol lowing assumptions are
made :

a. Because the geological mapping had failed to reveal
any dominant through-going structures which could con-
trol the stabll ity of the slopes In question but had
revealed the presence of a number of intersecting
joint sets, it was assumed that failure, If it were to
occur, would be on a composite planar surface inclined
at Yo =1/2 W +#) as defined by equation(60)on page
7.16.

b. From the shear strength data a friction angle ﬂ = 35°
was chosen as the starting point for this analysls.

C. Because of the presence of underground workings, the
porphyry slopes were assumed to be fully dralned and
It was assumed that tension cracks would occur In ac-
cordance with the critical conditions defined In
equat lon (58) on page 7.12. It was assumed that these
tension cracks would occur In al | slopes, including
those with factors of safety In excess of unlty, and
the typical fal lure geometry is illustrated In Figure
7.9.

The factor of safety for a dry slope is def ined by equation (55)

on page 7.10 which, for the purposes of thls analysis, can be
rearranged In the following form:

Z2z.°
yOF - Coly. 7and)

Solving equations (60}, (58}, (49) and (50) for a range of slope ang-
les, assuming 7’ = 2.95 tonnes/m3, gives:

¥ 7 2/H P 0 H

(70)

85 60.0 0.610 0.450 0.238 1.28c/(F - 0.404)
80 57.5 0.474 0.624 0.268 1.58¢/(F = 0.446)
70 52.5 0.311 0.668 0.261 2.25¢/(F = 0.537)

60 47.5 0.206 1.077 0.221 3.30c/(F - 0.641)
50 42.5 0.123 1.300 0.159 5.54c/(F - 0.764)
40 37.5 0.044 1.572 0.007 152c/(F - 0.913)

The problem now is to flnd a value for the cohesion c which
glves thr best fit for a limiting curve (F = 1) passing through
the slope height/slope angle polnts for unstable slopes. The
tro points at 2% = 61° and 66° and H = 40 m and 35 m respec-
tively are ignored In this curve fitting since they were iden-
tified as individual bench failures on through-going disconti-
nuities and they would not, therefore, belong to the same
family as the other slopes.

A number of trial calculations showed that the best fit for the
F = 1 curve to the seven failure points shown In Figure 7.10 Is
given by a cohesive strength ¢ = 14 tonnes/m*.

The shear strength relationship defined by c = 14 tonnes/m? and
@ = 35° has been plotted In Figure 7.11 which also shows peak
and residual strength values determined by shear testing at Im-
peri al College. Note that the shear strength relationship de-
termined by back analysis appears to fall between the peak and
residual shear strength values determined In the laboratory.




Slope helght H - meters

300

250

200

150

100

50

7.22

Factor of Safety

SOOI MN ~ O (a8 @
N oA o ot o ° S
l T
0 Stable slopes
[ ] Unstable slopel
d
o)
oOO
g O
L] Critical slopels ____}
(- D
D
O
0
© Design curve —
o
o) l
O )
[e
Q A EER o d
o %
O
o}
QY =N
o} Py \
C 0 E
30 40 50 60 70 80 85

Slope angle \Vf - degrees

109
Stable sliopes

Number of
observations

54 Unstable s1opts

0 S -,

2.0 1.8 1.6 1.4 1.2 1.0 0.8

Factor of Safety

Figure 7.10: Relationship between slope heights and slope angles
for porphyry slopes in the Rio Tinto area, Spain.
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Care should, however, be exercised not to draw too many conclu-
sions from this figure since the range of normal stresses In
the slope fal lures which were back analyzed was approximately
20 to 50 tonnes/mZ. The scatter of test resu |l ts In th | s stress
range Is foo large to al low a more detal |ed analysis cf the re-
sults to be carried out.

Figure 7.11 illustrates an Important historical polnt In slope
stabl | Ity analysis since It rrf lects the shear testing phl loso~
phy of the late 1960s. The Importance of test | ng at very low
normal stress levels and of the non-|linearity of the shear
strength curve had not been recogn! zed at that time and shear
tests were frequently carried out at stress levels which were
several times higher than the normal stresses acting In actual
slopes. This philosophy was carried over from underground rock
mechanlcs end from studies of Intact rock fracture In which
testilng was usually carried out at high normal stresses. As
discussed In Chapter 5, studies by Patton, Barton, Ladanyi and
Archambault and others have contributed greatly to our under-
standing of shear strength behavior at low normal stresses and
there Is no doubt that the Rlo Tinto snalyslis, presented on the
preceding pages, would follow slightiy dlfferent lines If It
were to be reported today. An example of an analysls using a
curvillnear shear strength retationship Is given later in this
chapter. Incidentally, the authors feel that, In spite of the
crude analysis caerried out on the Rlo TInto slopes, the engi-
neering decisions summarized In Figure 7.10 are stl Il sound and
the overall approach Is stil! valid.
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Figure 7.11: Shear strength characterist ics of porphyry from
Rio Tinto.
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Figure 7.12: Small scale failures of individual benches are not usually
significant in open pit mining unless they cause disruption
of haul roads.

Figure 7.13; The open pit designer is concerned primarily with
minimising the risk of overall slope failure.
(Kennecott Copper photograph published by Broadbent § Armstrong187).
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Substitution of the value of ¢ = 14 tonnes/mZ into the rela-
tionships for the slope height H, listed after equation(7Q),
gives the curves for different factors of safety which have
been plotted In Figure 7.10. By counting the number of polnts
falling between factor of safety increments, it is possible to
construct the histogram reproduced in the lower part of Figure
7.10. This histogram confirms that the seven unstable slopes
are clustered around a factor of safety F = 1 whi le the stable
slopes show a peak between 1.3 and 1.4.

From a general consideration of the anticipated working !lfe of
the slope and of the possible consequences of slope failure
during the mining operatlons, It was concluded that a factor of
safety of 1.3 would be acceptable for the porphyry slopes in
the Atalaya pit and, hence, the design curve presented to the
mine planning engineers Is that shown as a heavy line in Figure
7.10. This curve shows that, for the slope heights In excess
of 250 m under consideration, the factor of safety changes very
| ittle for a change In slope angle. It was, therefore, conclud-
ed that the proposed deepening of the pl + wou | d not decrease
the overal | stab1 | ity of the porphyry slopes, provided that no
major changes In rock mass properties or dralnage conditions
were encountered In this deepening process.

Before leaving this example it is Important to point out that
this analysis deals with the stabllity of the overall plt slope
and not with possible failures of individual benches. 1In a
large pit such as the Atalaya pit, it would be totally uneco-
nomic to attempt to analyze the stability of each bench and, in
any case, smal | bench failures are not particularly important
In large pits provided that they do not influence haul roads.
On the other hand, a tai lure of the wedge il lustrated in Flgure
7.13, Involving approximately 20.000 tonnes/meter of face (from
equat lon (46) assuming 7 = 2.95 tonnes/m?) would obviously repre-
sent a very serious problem which has to be avoided.

Practical example number 2
Investigatlon of the stability of a limestone quarry face

Figure 7.14 shows a hi | Islide | Imestone quarry In the Mendlp
Hi | Is in England, owned and operated by the Amalgamated Road-
stone Corporation*. This photograph was taken in 1968 after a
slope failure had occurred during a perlod of exceptionally
heavy rain.

In 1970, it was decided to expand the quarry facillties and
this involved the instal lation of new plant on the floor of the
quarry. In view of the large horizontal movements of material
which had occurred in the 1968 slope falliure (as shown in Fig-
ure 7.14), It was considered that an Investigation of the sta-
bil Ity of the remainder of the slope was necessary. Thls ex-
ample gives a summary of the most Important aspects of this
stability study, ful | details of which have been publ ished by
Roberts and Hoek( 148).

The 1968 failure occurred after a week or more of steady soak-

| ng rain had saturated the area. Thls was followed by an ex-
cept ionally heavy downpour which flooded the upper quarry

*Now hney Roadstone Corporation




floor, filling an existing tenslon crack in the slope crest.
The geometry of the failure is illustrated in Figure 7.15. As
seen in Figure 7.14, the failure Is basically two-dimenslonal,
the sliding surface being a bedding plane striking parallel to
the slope crest and dipping Into the excavation at 20°. A ver-
tical tension crack existed 41 ft. behind the slope crest at
the time of the failure.

In order to provide shear strength data for the ana | ysis of the
stability of the slope under which the new plant was to be in-
stal led, it was decided to analyze the 1968 failure by means of
the graphlcsl method described in Figure 7.4 on page 7.9. Be-
cause the dimensions of the proposed slope were reasonably sim-
I lar to those of the 1968 fal | ure, it was assumed that a | inear
shear strength relationship, defined by a cohesive strength and
angle of frlctlon, would be sufficiently accurate for this an-
alysis.

Assuming a rock density of 0.08 fons/ff:’ (160 16/¢+? ) and a
water density of 0.031 tons/ft 3 (62.4 Ib/tt? );

Weight of sliding mass W = 1/27(XH - D2) = 404.8 tons/ft.

tlor izontal water force V = 1/23"'.25 = 65.5 tons/ft.
Uplift of water force U = I/Z);r.;y.lk =110.8 tons/ft.

From the force diagram, Figure 7.16(a), the shear strength mo-
bilized In the 1968 fallure can be determined and this is plot-
ted In Figure 7.16(b).

From an examinatlon of the surface upon which failure had taken
place in 1968, it was concluded that the friction angle was
probably 20° + 5°. This range of friction angles and the asso-
ciated cohesive strengths, shown in Figure 7.16(b) are used to
determine the stabi | Ity of the overal | slopes in this lllustra-
tive example.

Having established the range of shear strengths mobi | ized In
the 1968 failure, these values were now used to check the sta~
bil ity of the 210 ft. high slopes under which the new plant was
to be Installed. The geometry of the slope analyzed is i | | v~
strated in Figure 7.17 which shows that, in order to provide
for the worst possible combination of clrcumstances, it was as-
sumed that the bedding plane on which the 1968 slide had occur-
red daylights in the toe of the slope.

Figure 7.18 shows typical force diagrams for dry and saturated
slopes, assuming a slope face angle ¥ = 50° and a friction
angle @ = 25°. A range of such force diagrams was constructed
and the factors of safety determined from these constructions
are plotted in Figure 7.19. In this figure the full | ines are
for a friction angle # = 20°, considered the most probable
value, whi |le the dashed lines define the influence of a 5° var-
iation on elther side of this angle.

It Is clear from Figure 7.19 that 58° slopes are unstable under
the heavy rainfall mndltlons which caused the slopes to become
saturated In 1968. Drainage of the slope, particulariy the con-
trol of surface water which could enter the top of an open ten-
sion crack, is very beneficial but, since it cannot be guaran-
teed that such drainage could be fully effective, It was recom-



Figure 7.14: Air photograph of Amalgamated Roadstone Corporation’s
Batts Combe limestone quarry in Somerset, England.
showing details of the 1968 slope failure (Roberts
and Hoek“8),
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H =210 ft.

Figure 7.17: Geometry of overall slope.
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mended that the slope should also be benched back to an overall
angle of 45°.

2.0,

1.6L Fully drained s1ope

Crnuc‘il slopes

Factor of safety
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Figure 7.19: Factor of safety for dry and saturated slopes
with different face angles.

Practical example number 3
Choice of remedial measures for critical slopes

When a slope above an Important highway or railroad or above a
cl vi | engineer Ing structure such as a dam is found to be poten-
tially unstable, an urgent decision on the ef fect i ve and eco-
nomical remedial measures which can be employed is frequently
required. The following example lllustrates one of the methods
which may be adopted in arriving at such a decision. Al though
thls example is hypothetical, It is based upon a number of ac-
tual problems with which the authors have been concerned.

The first stage In the analysis is obviously to check that the
slope Is actual iy unstable and whether any remedial measures
are required. Sometimes it is obvious that a potential failure
problem exists because failures of limited extent have already
taken place in part of the slope - this was the case In the
quarry stability problem dlscussed in practical example 2. In
other cases, a suspicion may have been created by fal lures of
adjacent slopes or even by the fact that the eng ineer in charge
of the slope has recently attended a conference on slope sta-
b 11 ity and has become al armed about the stab | | ity of the slopes
In hils charge. Whatever the cause, once a doubt has been cast
upon the stab1 | Ity of an important slope, It Is essent | al that



7.31

Figure 7.20a : Batts Combe quarry plan in
1970 showing the location of the 1968
slope failure which destroyed part of

320 ft.el. the conveyor system (see Figure 7.14).

primary erugher

320 ft.el.

Surface drainage to
be provided

Figure 7.20b: Plan of proposed benching
of lower slopes in Batts Combe quarry.
Slopes are to be benched back to an
overall slope of ‘050 with pre-splitting
of final faces. Surface drainage on
upper quarry floor and provision of
horizontal drain holes in bench faces

if piezometers indicate high sub-surface
water levels.
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Its overal | stabi | ity should be Investigated and that approp-
riate remedial measures should be implemented If these are
found to be necessary.

Conslder the following examples:

A 60 m high slope has an overal | face angle of 50°, made up
from three 20 m benches wlth 70° faces. The slope is in reason-
ably fresh granite but several sets of steeply dipping joints
are visible and sheet Jointing similar to that described by
Terzaghi(17) Is evident. The slope is In an area of high rain-
fall intensity and low seismicity. An acceleration of 0.08 g
has been suggested as the maximum to which this slope is |ikely
to be subjected. A smal |l slide in a nearby slope has caused
attentlon to be focused onto thls particular slope and concern
has been expressed in case a major sl Ide could occur and cou | d
result in serious damage to an Important civil engineering
structure at the foot of the slope. The rock slope engineer
called In to examine the problem Is required to assess both the
short and the long term stabi! ity of the slope and to recommend
appropriate remedial measures, shou | d these prove necessary. No
previous geological or engineering studies have been carried
out on this slope and no boreholes are known to exist In the
area.

Faced wlith this problem and having no geological or engineering
data from which to work, the first task of the rock slope engi-
neer is to obtain a representative sample of structural geology
data in ader that the most likely fallure mode can be estab-~
lished. Time would not usually allow a drilling program to be
mounted, even If drl Il Ing equipment and operators of the re-
quired standard were readily available in the area. Consequent-
| y, the col lection of structural data would have to be based
upon surface mapping as described In Chapter 4, page 4.1. In
some circumstances, thls mapping can be carrled out using the
photogrammetric techniques described on page 4.5.

It Is assumed that structural mapping Is carried out and that
the following geometrical and structural features have been
Identified:

Feature dip ° dlp direction °
Overal | slope face 50 200
Indlvidual benches 70 200
Sheet joint 35 190
Joint set J1 80 233
Joint set J2 80 040
Joint set J3 70 325

The stereoplot of this data Is given In Figure 7.21 and a fric-
tlon circle of 30° Is Included on this plot. Note that, al-
though the three joint sets provide a number of steep release
surfaces which would al low blocks to separate from the rock
mass, none of their lines of Intersection, ringed in Figure
7.21, fall within the zone designated as potentlally unstable.
On the other hand, the sheet jolnt great circle passes through
the zone of potential instability and, since its dlp direction
Is close to that of the slope face, it can be concluded that
the most Ilkely fal lure mode is that Involving a planar s! Ide
on the sheet joint surface In the direction indicated In Flgure
7.21.
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Figure 7.21:Stereoplot of geometrical and geological data
for example number 3.
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The stability check carried out in Figure 7.21 suggests that
both the overal | slope and the indlv idual benches are poten-
tially unstable and it is therefore clearly necessary to carry
out further checks on both.

Because of the presence of the three steeply dlpping joint
sets, the possibility of a tension crack formlng in the upper
surface of the slope must be regarded as high. One possible
failure mode is that illustrated as Model | in Figure 7.23.
This theoretical model assumes that a tension crack occurs In
the dry state in the most critical position and that this crack
Is filled to depth Z, with water during a period of exception-
ally heavy rain. A simultaneous earthquake subjects the slope
to an acceleration of 0.08 g. The factor of safety of this
slope Is given by equation (71} in Figure 7.23 derived from equa-
tion (42)on page 7.3 with provision for the earthquake loading.

In deriving equation (71), it has been assumed that the accelera-
tion Induced by an earthquake can be replaced by an equivaient
static force of @, This is almost certainly a gross over-sim-
plification of the actual loading to which the slope Is subjec-
ted during an earthquake(188,189) but it is probable that it
tends to over-estimate the loading and hence it errs on the
side of safety. In view of the poor qual ity of the other Input
data In this problem, there is no justification for attempting
to carry out a more detalled analysis of earthquake loading.

Since no boreholes exist on this hypothetical site, the subsur-
face groundwater conditions are totally unknown. To al low for
the possibi lity that substantial subsurface water may be pre-
sent, an alternative theoretical model is proposed. This is
illustrated as Model Il In Figure 7.23 and, again this model
incl udes the ef fect of earthquake loading.

Having decided upon the most likely fallure mode and having
proposed one or more theoretical models to represent thls fail-
ure mode, the rock engineer is now in a position to substitute
a range of possible values into the factor of safety equations
in order to determine the sensitivity of the slope to the dif-
ferent conditions to which it is likely to be subjected.

Summarizing the available input data:

Slope height H=60m

Overal | slope angle ¥t = 50°

Bench face angle ¥t = 70°

Bench height H=20m

Fallure plane angle Yo = 35°

Rock density Y = 2.6 tonnes/m3
Water density Zw = 1.0 tonnes/m?
Earthquake acceleration a =0.08g

Substituting In equations(71) and(72k

Overall slopes Model |

80.2c+ (1850 - 0.2y - 0.2872,, %) Tars &
) 1529 + 0. 4102, (%)
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Figure 7.23: Theoretical models for example number 3.
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Overall slopes Model Il

102.6¢ +(2/32- 0.436HL)an &

£- 1762 (75)

Individual benches Model |

17.6¢ + (2877 - 8.8z, -0.2872,,°) Tar &
72373 +0.4/0z2

fe /76)

Individual benches Model Il

B4, Gt [428.0 - O.436 H,E) Tan &
f= c* [ ) 77)

253.7

One of the most useful studies which can be carried out with
the ald of equations (74) to (77) is to find the shear strength
which would have to be mobliiized for failure of the overall
slope or for the individual benches. Figure 7.24 gives the
results of such a study and the numbered | ines on this plot
represents the following conditions:

1 - Overall slope, Model |, dry,z, = 0.

2 - Overal | slope, Model |, saturated,z;,y =z = 14 m.

3 - Overal | slope, Model | I, dry, Ay = 0.

4 - Overall slope, Model | |, saturated, Ay = H 60 m.

5 - Individual bench, Model |, dry, z, = 0.

6 - Individual bench, Model I, saturated, z,,, =z = 9.9 m.
7 - Individual bench, Model | I, dry, A4 = 0.

8 - Individual bench, Model Il, saturated,&,= H = 20 m.

The reader may feel that a consideration of all these possibi-
lities is unncessary but it Is only coincidental that, because
of the geometry of thls particular slope, the shear strength
val ues found happen to fal | reasonably close together. In other
cases, one of the conditions may be very much more critical
than the others and it would take a very experienced slope en-
gineer to detect this condition without going through the cal-
culations required to produce Figure 7.24. In any case, these
calculations should only take about one hour with the aid of a
calculator and this is a very reasonable investment of time
when | Ives and property may be in danger.

The el | Iptical figure in Figure 7.24 surrounds the range of
shear strengths which the authors consider to be reasonable for
partially weathered granite. These values are based on the plot
given in Figure 5.17 on page 5.32 and on experience from work-
ing with granltes. Note that a high range of friction angles
has been chosen because experience suggests that even heavi | y
kaolinized granites (polnt 11 in Flgure 5.17) exhibit high
friction values because of the angular nature of the mineral
grains.

It is clear from Flgure 7.24 that simultaneous heavy rain and
earthquake loading could cause the shear strength required to
maintain stability to rise to a dangerous level. Considering
the rapidity with which granite weathers, particularly In
tropical environments, with a consequent reduction in available
cohesive strength, these results suggest that the slope Is un-
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Figure 7.24: Shear strength mobilized for failure of slope
considered in practical example number 3.

safe and that steps should be taken to Increase its stability.

Four basic methods for improving the stabillty of the slope can
be considered. These methods are the following:

Reduction of slope helght.

Reduction of slope face incl ination.
Drainage of slope.

Reinforcement of slope with bolts and cables.

rooTo

'n order to compare the effectiveness of these different meth-
ods, it is assumed that the sheet joint surface has a cohesive
strength of 10 tonnes/m? and a friction angle of 35°. The in-
crease In factor of safety for a reduction In slope helght,
slope angle and water level can be found by altering one of
these variables at a time in equations(71)and(72 The Influence
of reinforcing the slope is obtained by modifying these equa-
tions as in equations(78)and(79) on page 7.39.
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Figure 7.25: Comparison between alternative methods of increasing
stability of overall slope considered in example 3.
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Where T Is the total reinforcing force applied by bolts or ca-
bles and & Is the inclination of thls force to the normal to
the fallure surface, as illustrated in the sketch opposite.

Figure 7.25 gives the results of the comparison between the
different methods which could be considered for | NnCreasi ng the
stabl | 1ty of the overal | slope. In each case, the change Is ex-
pressed as a percentage of the total range of the variable (H =
60 m, - = 50°, Zy/z = 1, Hy = 60 m) except for the reinforcing
load. This is expressed as a percentage of the weight of the
wedge ofrockbeingsupported. In calculating the effect of the
reinforcement, it has been assumed that the cables or bolts are
Installed horlzontally, |.e.6 = 55°. The Influence of the in-
clination & upon the relnforcing load required to produce a
factor of safety of 1.5 Is shown In the graph given In the
margin.

Figure 7.25 shows that reductlon In slope height (lines 1 and
2) only begins to show significant benefits once the height
reduction exceeds about 40%. In many practical situations, a
height reduction of this magnltude may be totally impossible,
particularly when the slope has been cut Into a mountainside.
In any case, once one has reduced the slope height by 40%, more
than 60% of the mass of the material forming the unstable wedge
wi | | have been removed and it would then be worth remov Ing the
rest of the wedge and the remains of the problem. Obviously.
thls solution would be very expensive but It dors have the
merit of providing a permanent solution to the problem.

Reducing the angle of the slope face can be very effective, as
shown by | ine 3, but it can also be very dangerous as shown by
line 4. This wide varisation In response to what is normal iy
regarded as a standard method for improving the stabi | | ty of a
slope raises a very Iinteresting problem which deserves more
detailed examination.

Equations (58) and (46) (Figure 7.23) both contain the term Co*%
and hence both z and W are decreased as the slope face angle 7%
Is reduced. A reduction In tenslon crack depth reduces both
water forces U and V and the final result Is a dramatic in-
crease In factor of safety for a decrease In slope face in=
cl ination. Note that, If the tenslon crack occurs before the
slope is flattened, the tenslon crack z will remain unaltered
at 14 m and the water forces U and V will remain at thelr maxi-
mum values. Under these conditions the factor of safety will
still be Increased for a reduction In slope face incl ination
but not to the sane extent as shown by line 3 In Figure 7.25.

in the case of Model li In Flgure 7.23, It Is only the weight
term which Is altered by the reduction in slope angle and,
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because the upl | ft force term U Tan @ Is greater than the cohe-
sive force cA, the factor of safety actual |y reduces as the
slope face is flattened. As the slope face angle approaches
the failure plane angle, the thin sliver of material resting on
the fal lure plane wi | | be floated off by the excess water force
U. Although many practical arguments could be put forward to
show that this extreme behavior would be very unlikely, the ex-
ample does illustrate the danger of indiscriminate alteration
of the slope geometry without having first considered the pos-
sible consequences. The practical conclusion to be drawn from
this discussion is that, if Model Il in Flgure 7. 23 is repre-
sentative of the conditions which exist in an actual slope,
partial flattening of the slope would achieve no useful pur-
pose. The wedge of rock resting on the failure plane would have
to be removed entirely If it was decided that flattening the
slope was the only means to be used for Increasing the sta-
bility.

Drainage of the slope is probably the cheapest remedial measure
which can be employed and, as shown In Figure 7.25, complete
drainage, if this could be achieved, would increase the factor
of safety to very nearly the required value. Unfortunate1 vy,
complete drainage can never be achieved and hence, In this par-
ticular slope, drainage would have to be supplemented by some
other remedial measure such as bolting In order to produce an
acceptable level of safety. In any event, nothing would be
lost by the provision of some drainage and the authors would
recommend careful consideration of surface water control and
also the drilling of horizontal drain holes to intersect the
potential failure surface.

Reinforcing the slope by means of bolts or cables may create a
useful iltusion of safety but unless the job is done properly,
the result could be little more than an illusion. In order to
achieve a factor of safety of 1.5, assuming the bolts or cables
to be installed in a horizontal plane, the total force requlred
amounts to about 500 tonnes per meter of slope length. In other
words, the complete reinforcement of a 100 m face would require
the installation of 500 one tonne capacity cables. Simultaneous
drainage of the slope, even if only partially sucessful, would
reduce this number by about half but reinforcing a slope of
this size would obviously be a very costly process.

Considering all the facts now available, the authors would of-
fer the following suggestions to the engineer responsible for
the hypothetical slope which has been under discussion in this
example:

a. Immediate steps should be taken to have a ser les of
standplpe piezometers installed in vertical dril |
holes from the upper slope surface or from one of the
benches. The Importance of groundwater has been clear-
ly demonstrated in the calculations which have been
presented and it Is essentlal that further information
on possible groundwater flow patterns should be ob-
talned.

b. If dismond dri Il ing equipment of reasonable qual 1ty is
readily avallable, the vertical holes for the piezome-
ters should be cored. A geologist should be present
during this drifling program and should log the core
immediately upon removal from the core barrel. Parti-
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cular attention should be given to establ ishing the
exact position of the sheet joint or Joints so that an
accurate cross-section of the slope can be construc-

ted. |If adequate diamond dri | | ing equipment Is not
available, the plezometer holes may be percussion
drilled.

c. As soon as the plezometers are in positlon and it has
been demonstrated that groundwater is present in the
slope, horizontal drain holes should be percussion
drilled into the bench face to Intersect the sheet
joints. These holes can be drilied at an inltial spac~
i ng of about 10 m and their effect i veness checked by
means of the plezometers. The hole spacing can be
increased or decreased according to the water level
changes observed in the piezometers.

d. During this groundwater control program, a careful ex-
amination of the upper surface of the slope should be
carried out to determine whether open tension cracks
are present and whether any recent movements have
taken place in the slope. Such movements would be de-
tected by cracks in concrete or plaster or by displa-
cements of vertical markers such as telephone poles.
If the upper surface of the slope is coverd by over-
burden sol I, It may be very difficult to detect cracks
and it may be necessary to rely upon the reports of
persons resident on or close to the top of the slope.

e. Depending upon the findings of this examination of the
upper slope surface, a decision could then be made on
what surface drainage measures should be taken. If
open tenslon cracks are found, these should be filled
with gravel and capped with an impermeable material
such as clay. The existence of such cracks shou | d be
taken as evidence of severe danger and serious consi~-
deration should be given to remedial measures In ad-
dition to drainage.

f. Further geclogical mapping to confirm the geological
structure of the slope, together with evidence on
groundwater and tension cracks, would provide infor-
mation for a review of the situation to decide upon
the best means of permanent stab1 | ization, in addition
to the drainage measures which have already been im-
plemented.

Practlcal example number 4
Chalk clitf failure Induced by undercutting

Hutchinson(156) has described the details of a chalk cliff fal=-
lure at Joss Bay on the Isle of Thanet In England. Thls fail-
ure, induced by the undercutting action of the sea, provides an
interesting illustration of the analysis of undercutting on
page 7.17 and Hutchinson’s data Is reanalyzed on the following
pages.

The failure is lllustrated in the photograph reproduced in Fig-
ure 7.26 and a cross-sectlon, reconstructed from the paper by
Hutchinson, is given In Figure 7.27. Apart from a thin capping
of overburden and the presence of a few f | int bands, the chalk
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Figure 7.26: Chalk cliff failure at Joss
Bay, Isle of Thanet, England.
(Photograph reproduced with permission
pf Dr. J.N.Hutchinson, imperial College,
London. )

(Tension crack

Figure 7.27:Cross section of
chalk cliff failure at Joss
Bay.
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is reasonably unlform, Bedding Is within one degree of hori=-
zontal and two major Jolint sets, both almost vertical, are
present. The cl Iff Is parallel to one of these joint sets.

Measurement of water levels In wel | s near the coast together
wlth the lack of face seepage caused Hutchlnson to conclude
that the chalk mass In uhlch the fallure occurred could be
taken as fully drained. Since the faliure does not appear to
have been assoclated with a perlod of exceptlionally heavy rain,
as was the case of the quarry failure discussed In example
number 2, the possibliity of a water-f I | led tension crack Is
considered to be remote and wi | | not be Included In this an-
alysls. The interested reader Is left to check the Influence
of verious water pressure distributions upon the behavior of
this slope.

Laboratory tests on samples taken from the cl Iff face gave a
density of 1.9 tonnes/m3 and a frictlon angle of about 42° for
the peak strength and 30° for the resldual strength. The cohe~
slve strength ranged fran 13.5 tonnes/m* for the peak strength
to zero for the residual strength. Since this fal lure can be
classed as a fall In uhich retatively tittle movement may have
taken place before tal lure, as opposed to a siide In uhlch the
shear strength on the failure plane Is reduced to Its residual
value by movements before the actual tallure, there Is consi-
derable Justificatlon for regarding the peak strength of the
chalk as relevant for thls analysis. The purpose of this analy-
sis Is to determine the shear strength mobilized In the actual
failure and to compare this with the laboratory values.

Summar|zing the avallable Input data:

H - slope halght (Hy=Hyz) 15.4 m
Zy; -~ orlginal tension crack depth 6.8 m
Zz - new tension crack depth 7.8 m
AM- depth of undercut 0.5 m
Po -~ Inciination of undercut 0°
¥, - slope face angle 80°
¥, - fallure plane angle 67°

The effective friction angle of the chalk mass can be deter-
mined by rearranging equation (64)on page 7.17.

HE - 2§

f.?]{,—Ar:/aﬂ /Hf—zf/&?fyf ~(HptHe )M o)

Substltution gives & = 49.9°,

This value Is significantly higher than the frictlion angle of
42°® measured on laboratory specimens but the Inf | uence of the
roughness of me actual fal lure surface must be taken Into ac-
count In comparing the results. The photograph reproduced In
Fligure 7.26 shows this surface Is very rough Indeed and the
difference between the laboratory value and the friction angle
mobl 11zed In the fal lure lo not surprising.

The cohesion mobliized at failure can be estimated by rearrang-
ing equation (63)on page 7.17:

723 Cos ¥p « Sir (P - )
cos g

(8r)
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1= 264 + g Tan 49.9°

Ladanyi and Archambault's
curve

Data from Hutchinson’s Figure 9.

o

A Joss Bay failure
® Well Ington Gardens failure

® Paragon Baths failure

Shear strength - tonnes/m2
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Normal stress ¢ - tonnes/m?

Figure 7.28: Relationship between shear strength and normal stress
for chalk cliff failures analysed by Hutchinson!36,
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Figure 7.29: Tension crack depths and under-cut depths required for
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Substituting Zzz = 7.8 m, # = 67° and &£ = 49.9’ glves c = 2.64
tonnes/m4, As would be expected, thls value Is considerably
lower than the value of ¢ = 13.3 tonnes/m? determined by labor-
atory shear tests on intact chalk.

Hutchinson's paper (Figure 9) contalns further data on the
shear strength mobilized In chalk clift fallures at Wellington
Gardens and Paragon Baths and this data Is reproduced In Figure
7.28. The dashed curve, calculated from Ladanyl and Archam-
bault's equation (28 on page 5.22) Is a good fit to this rock
mass strength data and it wi | | be seen that the | Ine defined by
7 = 2.64 +¢'Tan 49.9° Is a tangent to the dashed curve. The
evidence presented In Figure 7.28 suggests that the values of
coheslon and friction angle determined from the fal lure geo-
metry lllustrated In figure 7.27 are reasonable.

Before leaving this example, It Is Instructive to consider what
wiill happen to the Joss Bay cilff as the sea continues to un-
dercut Its toe. The Input data for the next step In the fa {1 =
ure process is now as follows:

H = slope helght (/] =#72) 154 m
27 = original tension crack depth 7.8 m
#F = slope face angle 67°
c = cohesive strength of chalk mass 2.65 tonnes/m*
# = friction angle of chalk 49.9°

The unknowns In thls analysis are

Zz = new tension crack depth
= fallure plane angle
M = depth of undercut

Since there are three unknowns and only two equations (63 and
64) the solution to thls problem {s obtained In the following
manner:

a. From equation (63}, the depth of the tension crack Zzz Is
calculated for a range of possible fallure plane an-
gles (#). The results of this calculation are plot-
ted In Figure 7.29. Since Zz must [le between Z, and
H, Flgure 7.29 shows that the angle of the fal lure
p | ane Vp must | {e . between 67° and 56°.

b. Rearranging equation (64) gives:

PGt 22 S -5
24 24 720 (28 - #)

4

®B2)

Sol v Ing for a range of correspond | ng val ues of Vp and Zz glves
the depth of the undercut shown In Figure 7.31.

It Is clear, from this tigure, that a further cliff failure
wi | | occur when the undercut reaches a depth of approximately
0.9 m and that the corresponding failure plane angle will be %
60° and the new tension crack depth wil | be Zzz = 10.2 m. This
new tallure geometry Is lllustrated In Figure 7.30.

The consequence of the cliff failure lllustrated In Figure 7.30
Is serious for property owners on the cliff-top and, hence, the
problem of stabilization of the cllft face must be considered.
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Previous failure

Geomet ry of new
failure due to
0.9m under-cut

Figure 7.30: Predicted geometry of next cl iff failure due to
undercutting.

In the analysts which has been presented on the previous pages,
it has been assumed that the chalk mass is dry. The presence
of grounowater In tne c11%t, and particulariy In the tenslon
crack, would result in a serious reduction of face stability.
Consequently, the first step in stabiiizing the slope is to
ensure that It remains completely drained. Attention to surface
water to ensure that pools cannot collect near the slope crest
is important and, If possible, horizontal drains should be
dri | led into the face to al low free drainage of any water which
does find Its way into the rock mass which would be involved In
a further failure.

In view of the fact that the stabil {ty of this slope Is so sen=
sitive to undercutting, It Is tempting to suggest that th!s un-
dercutting should be prevented by the prov | s ion of a concrete
wal | along the toe of the cl i tf. in some cases this may be a
practical solution but, in others, It may be Impossible to pro-
vide a secure foundation for such a wal I.

Assuming that the protectlon of the toe of the cl if f 1 | | ustrat-
ed In Figure 7.50 is not possible, the only remaining alterna-
tive is to stablize the cliff face by reinforcement. Since the
mass of material involved in any further failure wli | be rela-
tively small - say 50 tonnes per meter of slope = the stabiliz-
ing force need not be very large.

Because of the di latant nature of the fa | | ure process, It is
suggested that the most effective reinforcement wou | d be pro-
vided by fully grouted bolts or cables lightly tensioned to
ensure that al | contacts were closed. The onset of failure
would induce tension in this reinforcement which would inhibit
further failure. It is suggested that the load capacity of
these bolts or cables should be approximately 25% of the mass
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of the material which could fall and hence a pattern of 20
tonne bolts or cables, each 5 m long, installed In a 5§ m grid,
should provide adequate reintorcement for thls slope. If the
chalk mass is closely jointed so that there is a danger of ra-
velling between washers, the pattern can be changed to a closer
grid of lower capacity bolts or, alternatively, corrosion re-
sistant wire mesh can be clamped beneath the washers to rein-
force the chalk surface.

Practical example number 5
Block sliding on clay layers

In a slope cut In a horizontal bedded sandstone/shale sequence,
sliding of blocks of material on clay seams occurs during per-
iods of high rainfall. The clay seams have a high montmor { | | =
onite content and have been slickensided by previous shear
displacements, consequently very low residual shear strength
values of ¢ = 0 and & . 10° are conslidered appropriate for the
analysis of fallures(114).

f‘—' 3—" The geometry of the block is illustrated In the margin sketch
and it is assumed that the clay sew is horizontal.

H is the height of the block

¥ is the angle of the face of the block

B is the distance of a vertical crack behind the crest of
the slope

Zy is the depth of water in the tenslon crack

W is the weight of the block

V is the horizontal force due to water in the tension
crack

U Is the upl | ft force due to water pressure on the base

g??rmgtzsgiefag;‘::r‘;;:‘ition The factor of safety of the block Is given by:
w-v) 7an &
= V— (53)

Where W = 7BH - 1/27H7Cot YF
U =1/27,248 + H Cotpp
ve1/2y,2,7%
7 is the density of the rock
7y is the density of water

Hence

. (128 - Cot ) -2y 7 2w /- BYH(T # Cot %) ) T &
n/7- (ewsH)¥
This equation has been solved for a range of values of B/H and

Zy/H, assuming # . 80°, 75/ = 0.4 and & = 10°, and the re-
sults are plotted In Figure 7.31.

(#)

The extreme rnsltlvity of the factor of safety to changes In
water level depth in the tension crack is evident in this fig-
ure. This means that drainage, even if it is not very eftici-
ent, should do a great deal to improve the stability of the
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slope. Horizontal holes through the base of the block may be
the most economical drainage system and the effectiveness of
such drain holes can be chocked by monitoring the movement
across a tenslon crack before and after drilling of the hole.

It must be emphas!zed that it Is not the quantity of water
which Is Important in thls case but the pressure of water In
the tenslon crack. Hence, in a low permeabliity rock mass, the
drain may only produce a trickle of water but, If It has re-
duced the water pressure in the tenslon crack, it wi | | stabl-
| 1ze the slope.

As the ratio B/H decreases, the weight of the block W decreases
and hence the factor of safety of the slope decreases, as shown
In Figure 7.31. This Is a factor over which there Is no con-
trol but It would be Interesting to relate the ratio B/H to the
frequency of observed block fallures.

An Increase In the block face angle Y¥ results In an Increase
In the weight of the block and Improvement In slope stabili ity.
This suggests that, for this type of fallure, the face angle
should be kept as steep as possible.

In some cases of block fallure on clay seams, the blocks have
been observed to move up-hll | on seams dippling Into the rock
mass. This requires a combination of a very lou friction angle
in the clay and a relatively high water level in the tension
crack. Since the shear strength of the clay cannot be altersd,
dralnage Is the obvious remedial measure In such cases.

Figure 7.31 : Sensltlvity of factor of
safety to depth of water In tenslon crack
B/H = 1.0 and d) stance of tenslon crack behind slope
crest.
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Chapter 8 Wedge failure.

Introduction

The previous chapter was concerned with slope failure resulting
from sliding on a single planar surface dipping into the exca-
vation and striking parallel or nearly parallel to the slope
face. !t was stated that the plane failure analysis is valid
provided that the strike of the failure plane is within + 20°
of the strike of the slope face. This chapter is concerned
with the failure of slopes in which structural features upon
which sliding can occur strike across the slope crest and where
sliding takes place along the line of intersection of two such
planes.

This problem has been extensively discussed in geotechnical
literature and the authors have drawn heavily upon the work of
Londe, John, Wittke, Goodman and others | isted in references
190-200 at the end of this chapter. The reader who has examin-
ed this literature may have been confused by some of the mathe-
matics which have been presented. It must, however, be appre-
ciated that our understanding of the subject has grown rapidly
over the past decade and that many of the simplifications which
are now clear were not at all obvious when some of these papers
were written. The basic mechanics of failure are very simple
but, because of the large number of variables involved, the
mathematical treatment of the mechanics can become very complex
unless a very strict sequence is adhered to in the development
of the equations.

In this chapter, the basic mechanics of failure involving the
sliding of a wedge along the line of intersection of two planar
discontinuities are presented in a form which the non-special-
ist reader should find easy to follow. Unfortunate1 y the very
simple equations which are presented to illustrate the mechan-
ics are of limited practical value because the variables used
to define the wedge geometry cannot easily be measured in the
field. Consequently, the second part of the chapter deals with
the stability analysis in terms of the dips and dip directions
of the planes and the slope face. In the transformation of the
equations which is necessary in order to accommodate this in-
formation the basic mechanics becomes obscure but it is hoped
that the reader should be able to follow the logic involved in
the development of these equations.

In the chapter itself, the discussion is limited to the case of
the sliding of a simple wedge such as that illustrated in Fig-
ure 8.1, acted upon by friction, cohesion and water pressure.
The influence of a tension crack and of external forces due to
bolts, cables or seismic accelerations results in a significant
increase in the complexity of the equations and, since it would
only be necessary to consider these influences on the fairly
rare occasions when the critical slopes are being examined, the
complex solution to the problem has been presented in Appendix
2 at the end of the manual. The analytical treatment of this
problem, given in Appendix 2, has been designed for use on a
canputer or a programmable calculator. Once the reader has
understood the basic mechanics of the problem, he or she should
have no difficulty in using the complete solution given in Ap-
pendix 2.




Figure 8.1 : A typical wedge failure involving

sliding along the line of inter-

section of two planar discontin-
uities.

Figure 8.2 :

Sets of intersecting discontinuities can
sometimes give rise to the formation of
families of wedge failures.

(Photograph reproduced with permission of Hr. K.M. Pare)
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DefinTtion of wedge geometry

Typlcal wedge faltures are lllustrated In Flgures 8.1 and 8.2
which show, In the one case, the through-golng planar disconti-
nuitles which are normally assumed for the analytical treatment
of thls problem and, In the other case, the wedge formed by
sets of closely spaced structural features. In the latter case,
the analytical treatment would stili be based upon the assump-
tlon of through-golng planar features al though 7+ would have to
be realized that the definitlon of the dlps and dlp directlons
and the locations of these planes may present practica | di f f 1-
cultles. The fallure 1llustrated In Figure 8.2 would probably
have Involved the falrly gradual ravel ling of smal | loose
blocks or rock and 1t 1s un!ikely that thils fal lure was asso-
clated with any violence. On the other hand, the fal | ure 1 | | u-
strated In Figure 8.1 probably Involved a falrly sudden fall of
a single wedge which would only have broken up on Impact and
which would, therefore, constitute a threat to anyone working
at the toe of the slope.

The geometry of the wedge, for the purpose of anal yzling the
basic mechanics of stlding, Is defined In Figure 8.3. Note
that, throughout thls manual, the flatter of the two planes Is
called Plane A wh! le the steeper plane 1s called Plane B.

As In the case of plane fallure, a condition of sllding |ls de-
fined by ¥4 >¥ >@ ,where ¥g 1s the inclination of the
slope face, measured In the view at right angles to the llne of
intersectton, and &' Is the dlp of the line of Intersectlon.
Note the ﬁ/,- would only be the same ask, the true dip of the
slope face, If the dlp dlrectlon of the lIne of Intersection
was the same as the dip direction of the slope face.

Analysls of wedge fallure
The factor of safety of the wedge deflined in Filgure 8.3, assum-

Ing that sllding Is resisted by frictlon only and that the
frictlon angle ¢ s the same for both planes, is glven by

%y +Rg)7an &
~= W. S ¥ (85)

where PA and PB are the normal reactions prov Ided by planes A
and B as lllustrated In the sketch opposilte.

In order to find PA and A’g, resolve horizontally and verticalty
In the view along the Iine of Intersectlon:

Ry.SinfB-5E)= Rg. 5in(B+4E) (B6)
Ry . Los(B-$E)-Ry. Cosf8+% &) W.Cos
Solving tor A4 and Kz and adding:

W . Cosy .Sl
RA f'/?a = 5‘,”;(: (55)

&)

Hence

S 3 7an &
Y SnfE N Tany (8%)
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In other words:

Fuy = K'FP (90)

where 61/ Is the factor of safety of a wedge supported by fr ic-
tion only. /‘;9 Is the factor of safety of a plane tallure In
which the slope face Is Inclined at yf/ and the fallure plane
Is Inclined at %-.

K 1s the wedge factor which, as shown by equation (89), depends
upon the Inc ! uded angle of the wedge and upon the ang | e of +] It
of the wedge. Values for the wedge factor K, for a range of
values ot and £ are plotted In Figure 8.4.

As shown In the stereoplot given In Figure 8.3, measurement of
the angtes 8 and £ can be carrled out on the great circle, the
pole of which Is the polnt representing the 1ine of Intersec-
tlon of the two planes. Hence, a stereoplot of the features
which def Ine the slope and the wedge geometry can provide al |
the Informatlon requlred for the determination of the factor of
safety . It should, however, be remembered that the case which
has been dealt with Is very simple and that, when different
friction angles and the Influence of cohesion and water pres-
sure are al lowed for, the equations become more complex. Rather
than develop these equations In terms of the angles & and £,
which cannot be measured directly In the f 1 e | d, the more com-
plete analysis Is presented In terms of dlrectly measurable
dips and dip dlrectlons.

Before leaving this simple analysis, the reader’s attentlon 1s
drawn to the Important Influence of the wedging actlon as the
Included angle of the wedge decreases below 90°. The increase
by a factor of 2 or 3 on the factor of safety determined by
plane fallure analysis Is of great practical Importance. Some
authors have suggested that a plane fal lure anal ysis 1s accep-
table for all rock slopes because it provides a lower bound
solutlon which has the merit of being conservative. Figure 8.4
shows that thls solution Is so conservative as to be totally
uneconomic for most practical slope designs. It Is therefore
recommended that, where the structural features which are
| Tkely to control the stabllity of a rock slope do not strike
parallel to the slope face, the stabllity analysls should be
carried out by means of the three-dImensionat methods presented
In thls book or published by the authors listed in references
190 to 202 at the end of thls chapter.

Wedge analysls Including cohesion end rater pressure

Figure 8.5 shows the geometry of the wedge which will be consi-
dered In the following analysis. Note that the upper slope
surface In thls analysis can be obliquely Inclined with respect
to the slope face, thereby remov! ng a restr Ict lon which has
been present 1n all the stab1 !1ty analyses which have been
discussed so far In thls book. The total helght of the slope,
defined in Figure 8. 5, 1s the total difference In vertical
elevation between the upper and lower extremit les of the | Ine
of Intersectlion along which sliding 1s assumed to occur.

The water pressure dtstrlbutlon assumed for this analysis Is
based upon the hypothesls that the weage i1tse! f 1s impermeable
and that water enters the top of the wedge along | 1 nes of in-
tersection 3 and 4 and leaks from the slope face along lines of
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Included angle of wedge § - degrees
Figure 8.4 : Wedge factor K as a function of wedge geometry.



Upper slope surface which can be
obliquely inclined with respect
to the slope face.

Plane A Plane B

Slope fare

a) Pictorial view of wedge showing the numbering of intersection
lines and planes.

Assumed water pressure
distribution

b) View normal to the line of intersection § showing the
total wedge height and the water pressure distribution.

figure 8.5 : Geometry of wedge used for stability analysis including the influence
of cohesion and of water pressure on the failure surfaces




8.8

Intersection 1 and 2. The resultlng pressure dlstrlbutlon Is
shown In Filgure 8.5b - the maximum pressure occurring along the
| Ine of intersectlion 5 and the pressure beling zero along | Ines
1, 2, 3 and 4. Thls water pressure dlstributlon is belleved to
be representative of the extreme conditions which could occur
durlng very heavy rain.

The numberling of the lines of Intersectlon of the various
planes Involved In this problem Is of extreme Importance since
total confusion can arjise In the analysls If these numbers are
mlxed-up. The numbering used throughout th | s book Is as
follows:

- Intersectlon of plane A wlth the slope face

- Intersectlon of plane B with the slope face
Intersectlon of plane A wlith upper slope surface
= Intersectlon of plane B with upper slope surface
- Intersectlon of planes A and B

VI BWN
]

It 1s assumed that sllding of the wedge always takes place
along the lIne of Intersection numbered 5.

The factor of safety of this slope Is derlved from the detalled
analysls of thls problem publ Ished by Hoek, Bray and Boyd(201).

F:,%/‘A-X*c‘a- }’)f/A-ZL;,'V'X}Tdﬂﬂﬂ *B- ;’;V y) 7an 25 1)

where

¢4 and ¢g are the coheslve strengths of planes A and B
@4 and @g are the angles of friction on planes A and B
Is the unlt welight of the rock
7w 1 s the unl t wel ght of water
H 1s the total helght of the wedge (see Flgure 8.5)
X,Y,A, and B are dlmenslonless factors which depend upon
the geometry of the wedge.

51 8pq
T Sinm 945 . Cos 5[04

@z)

Sz 9,3
- 51”535. Cosﬁj,,b

(93)

Co8 Yy - COS Yy . COSE0g. b

A= —Gim ¥ - 51 %64, 116 (27)
Los Yy - (oS ¥y . CO5Bny.

8- % #a T2 - 1o (75)

Ser? %— . 51‘02&”4,/75

where 7g and Vé are the dlps of planes A and B respect1 vely and
Vj Is the dip of the llne of intersection 5.

The angles required for the solution of these equatlons can
most convenliently be measured on a stereoplot of the data which
deflnes the geometry of the wedge and the slope.
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Conslder the following example:

Plane dip® dip direction® Propertles
A 45 105 Zy=20°,¢4=500 | b/tt.?
B 70 235 Pg= 30°, cg = 1000 Ib/ft.2
Slope face 65 185 7 = 160 Ib/ft?
Upper surface 12 195 7w 62.5 Ib/ft.2

The total height of the wedge H = 130 ft.

The stereoplot of the great circles representing the four
planes Involved 1n thls problem is presented In Flgure 8.6 and
all the angles requlred for the solution of equations (92) to (95)
are marked In thils flgure.

Great circle
Plane A

Great circle
Plane B

pole of Plane 8

Great circle
of slope face

Great circle of
upper surface

Direction of sliding

Flgure 8.6: Stereoplot of data requlred for wedge stabi | Ity
analysis,




WEDGE STABILITY CALCULATION SHEET
INPUT DATA FUNCTION VALUE CALCULATED ANSWER
- 0 =
¥a = 45 C0S ¥, = 0. 7071 Cosvs - Cosvp.CosOny np  0.7071 + 0.342 x 0.191
vy = 70° Cos wy, = 8.3420 A - a * = 1.5475
¥ = 31.20 Sin y5 = 0. 5180 Sinvs.Sin“0na. nb 0.5180 x 0.9636

fna.nb = 1010

Cos Bpa.nb = -0.191
Sin Bna.nb = 0.982

Cosyp - Cos¥a.C0S8na.nb 0.3420 + 0.7071 x 0.191
B- * = 0.9557
Sinys.Sin20na . nb 0.5180 x 0.9636

0y, = 650

sin 62y = 0.9063

Sing,, 0. 9063
8,5 = 25° Sin8ys = 0. 4226 X - : = 3.3363
bg oy = 500 Cos 03 ng = 0. 6428 Sinbys.C0s02 na 0.4226 x 0.6428
8y; = 620 Singy; = 0.8829 Sin, s 08829
B35 = 310 Sin@3s = 0.5150 Y- — Y —— = 3,4287
o) np = 600 €05 81 1t = 0.5000 SinBss.Cos0) . nb 0.5150 x 0.500
$y = 30° Tan ¢4 = 0.5773 3cp 3cp v -
w
g = 20° Tan ég = 0.3640 F X+ YT'Y + (A« — -X)Tangp + (B - — -Y)Tandg
y =160 1b/Ft3 v/2v = 0.1953 2 z
Yw ®62.5 1b/ft3 3ca/yH= 0.0721
- ! 2 -
cA = 500 1b/ft 3cg/yH= 0.1442 Fow 0.2405 + 0.4944 + 0.6934 - §.3762 + 8.3476 - §.2437 = 1.3562

cp = 1000 1b/fe?
H =130 ft

01



Determination of the factor of safety Is most convenlently car-
rled out on a calculation sheet such as that presented on page
8.10. Setting the calculations out In this manner not only en-
ables the user to check al | the data but It also shows how each
varlable contrlbutes to the overall factor of safety. Hence, If
It Is requlred to check the Influence of the cohesion on both
planes fal ting to zero, this can be done by setting the two
groups containing the coheslon values ¢4 and ¢g to zero, glving
a factor of safety of 0.62. Alternatively, the effect of drain-
age can be checked by putting the two water pressure terms
(1.e. those oonfa!nlngi;‘,) to zero, glving F = 1.98.

As has been emphasized In previous chapters, this abliity to
check the sensitlivity of the factor of safety to changes In
materlal propertles or In slope loading Is probably as Impor-
tant as the &bl ity to calculate the factor of safety Itself.

Wedge stability charts for frictlon only

If the cohesive strength of the planes A and B Is zero and the
slope Is fully dralned, equation(77)reduces to

Fed.7ord)t+ 8. 76 fs (%)

The dimenslonless factors A and B are found to depend upon the
dlps and dip directions of the two planes and values of these
two factors have been computed for a range of wedge geometr les
and the results are presented as a sertes of charts on the
fol lowing pages.

In order to illustrate the use of these charts, consider the
following example:

dip friction
dip® direction® angle®
Plane A 40 165 35
Plane B 70 285 20
Differences 30 120

Hence, turning to the charts headed "Dip difference 30°" and
reading off the values of A and B for a difference in dip di-
rectlon of 120°, one finds that

A =15 and B = 0.7

Substltutlon In equation(96)gives the factor of safety as F =
1.30. The values of A and B give a direct indication of the
contributlon which each of the planes makes to the total factor
of safety.

Note that the factor of safety calculated from equation 96 Is
independent of the slope height, the angle of the slope face
and the Inclination of the upper slope surface. This rather
surprising result arises because the weight of the wedge occurs
in both the numerator and denominator of the factor of safety
[ quatlon and, for the frictlon only case, this term cancels
out, leaving a dimensionless ratioc which defines the factor of
safety (see ® quatlon(89)on page 8.4). This simpl if icationls
very useful in that It enables the user of these charts to
carry out a very quick check on the stability of a slope on the




a. 12

basis of the dlps and dip directions of the discontinuities in
the rock mass into which the slope has been cut. An example of
such an analysis is presented later in this chapter.

Many trial calculations have shown that a wedge having a factor
of safety In excess of 2.0, as obtained from the friction only
stabi | ity charts, is unlikely to fail under even the most
severe combination of conditions to which the slope is likely
to be subjected. Consider the example discussed on pages 8.9
to 8.11 in which the factor of safety for the worst conditions
(zero cohesion and maximum water pressure) is 0.62. Thisis
50% of the factor of safety of 1 ,24 for the friction only case.
Hence, had the factor of safety for the friction only case been
2.0, the factor of safety for the worst conditions would have
been 1.0, assuming that the ratio of the factors of safety for
the two cases remains constant.

On the basis of such trial calculations. the authors suggest
that the friction only stability charts can be used to define
those slopes which are adequately stable and which can be ig-
nored in subsequent analyses. Such slopes, having a factor of
safety in excess of 2.0, pass Into the stable category in the
chart presented in Figure 1 .5 (page 1.8). Slopes with a factor
of safety, based upon friction only, of less than 2.0 must be
regarded as In the potentially unstable category of Figure 1.5,
1 .e. these slopes requlre further detailed examination.

In many practical problems involving the design of the cut
slopes for a highway, it wi | | be found that these friction only
stability charts provide all the information which Is required.
It is frequently possible, having identified a potentially dan-
gerous slope, to eliminate the problem by a slight re-alignment
of the benches or of the road al ignment . Such a solution is
clearly only feasible if the potential danger is recognized
before excavation of the slope is started and the main use of
the charts is during the site investigation and preliminary
planning stage of a slope project.

Once a slope has been excavated, these charts wi I | be of | Imi~-
ted use since it will be fairly obvious if the slope is unsta-
ble. Under these conditions, a more detailed study of the slope
wi |l | be requlred and use would then have to be made of the
method described on pages 8.5 to 8.10 or of the analytical sol-
utlon presented in Appendix 2. In the authors’ experience rela-
tively few slopes require this detailed analysis and the reader
should beware of wasting time on such an analysis when the sim-
pler methods presented in this chapter would be adequate. A
full stabllity analysis may look very impressive in a report
but, unless it has enabled the slope engineer to take positlve
remedial measures, {t may have served no useful purpose.

Practical example of wedge analysis

During the route locatlon study for a proposed highway, the
engineer responsible for the highway layout has requested guid-
ance on the maximum safe angles which may be used for the de-
slgn of the slopes. Extensive geological mapping of outcrops
on the slte together with a certain amount of core logging has
estab! ished that there are five sets of geological discontinui-
ties In the rock mass through wh ich the road wi | | pass. The
dips and dlp directlons of these discontinuities are as fol-
lows:
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Discontinulty set dip“ dip direction“
1 66 + 2 298 + 2
2 68 + 6 320 + 15
3 605 16 360 + 10
4 58 + 6 76 + 6
5 54 % 4 118 2

Note that, because this mapping covers the entire site which
extends over several acres, the scatter in the dip and dip di-
rection measurements is consi derab | e and must be tuken into
account In the analysis. This scatter can be reduced by more
detailed mapping in specific locations, for example, Figure
3.10 on page 3.25, but this may not be possible because of
shortage of time or because su | tab ! e outcrops are not avai |-
able.

Figure 8.7 shows the pole locations for these five sets of dis-
continuities. Al so shown on this figure are the extent of the
scatter In the pole measurements and the great circles corres-
ponding to the most probable pole positions. The dashed figure
surrounding the great circle Intersections is obtained by rota-
ting the stereoplot to find the extent to which the intersec-
tion point is influenced by the scatter around the pole points.
The technique described on page 3.11 is used to define this
dashed figure. The intersection of great circles 2 and 5 has
been excluded from the dashed figure because it def i nas a | ine
of intersection dipping at less than 20° and thls is considered
to be less than the angle of friction.

The factors of safety for each of the discontinuity intersec-
tions is determined from the wedge charts (some interpolation
Is necessary) and the values are given in the circles over the
intersection points. Because al | of the planes are re | at i vel y
steep, some of the factors of safety are dangerous!y low (as-
suming a friction angle of 30°). Since it is unlikely that
slopes with a factor of safety of less than 0.5 could be eco-
nomically stabilized, the only practical solution is to cut the
slopes in these regions to a flat enough overall angle to el i-
minate the problem.

The construction given in Figure 8.8 is that which is used to
find the maximum safe slope angle for the slopes on either side
of the highway. This construction involves positioning the
great circle representing the slope face for a particular dip
direction in such a way that the unstable region (shaded) is
avoided. The maximum safe slope angles are marked around the
per imeter of this figure and their positions correspond to the
orientation of the slope.

Figure 8.9 shows the suggested slope angles as presented to the
highway engineer by the rock slope engineer. The slopes on the
east side can be cut at 72° but on the west side, it is neces-
sary to cut them back to 30°. Note that as the highway contin-
ues to curve In the direction shown in the diagram, it wi { | be
necessary to flatten the east slope because more unstable
wedges wil | become adversely oriented on the slope as shown In
Figure 8.8.
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Notes:

a. Black trlangles mark most likely position of poles of five
sets of discontinuities present in rock mass.

b. Shaded area surrounding pole position defines extent of
scatter in measurements.

c. Factors of safety for each combination of discontinulties
given In itallecs In circle over corresponding intersection.

d. Dashed {ine surrounds area of potential Instability.

Figure 8.7: Stereoplot of geological data for the preliminary
design of the highway slopes.
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UNSTABLE

32°

Mote : Figures around the perimeter are the recommended stable
slope angles for the corresponding position on the
s lope.

Figure 8.8: Stereoplot of great circles representing stable slopes
above the highway in a rock mass containing the five sets
of discontinuities defined in Figure 8.7.
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SECTION A - A
Figure 8.9: Design of highway slopes according to safe

angles defined in Figure 8. 8.
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Chapter 9 Circular failure,

9.1

Introduction

Although this book is concerned primarily with the stability of
rock slopes, the reader will occasionally be faced with a slope
problem involving soft materials such as highly weathered rock
or rock fills. In such materials, failure occurs along a
surface which approaches a circular shape and this chapter is
devoted to a brief discussion on how stability problems involv-
Ing these materials are dealt with.

In a review on the historical development of slope stability
theories, Golder(210) has traced the subject back almost 3
hundred years. During the past half century, a vast body of
| iterature on this subject has accunulated and no attempt w i I |
be made to summarize this material in this chapter. Standard
soil mechanics text books such as those by Taylor(174),
Terzaghi(211) and Lambe and Whitman{212) all contain excel lent
chapters on the stabi | ity of sol | s lopes and it i s suggested
that at least one of these books should occupy a prominent
place on the bookshelf of anyone who is concerned with slope
stability. In addition to these books a number of important
papers dealing with specific aspects of soil slope stability
have been published and a selected list of these is given under
references 213 to 233 at the end of this chapter.

The approach adopted in this chapter i s to present a ser | es of
the slope stabllity charts for circular failure. These charts
enable the user to carry out a very rapid check on the factor
of safety of a slope or upon the sensitivity of the factor of
safety to changes In groundwater conditions or slope prof i le.
These charts should only be used for the analysis of circular
failure In materials where the properties do not vary through
the soll or waste rock mass and where the conditions assumed in
deriving the charts, discussed in the next section, apply. A
more elaborate form of analysis is presented at the end of this
chapter for use in cases where the mater ial properties vary
within the slope or where part of the slide surface is at a
soi l/rock interface and the shape of the fai lure surface dif-
fers significantly from a simple circular arc.

Conditions for circular failure

In the previous chapters it has been assumed that the fai | ure
of rock slopes is controlled by geological features such as
bedding planes and joints which divide the rock body up into a
discontinuous mass. Under these conditions, the failure path
is normally defined by one or more of the discontinuities. In
the case of a soi l, a strongly defined structural pattern no
longer exists and the failure surface is free to find the line
of least resistance through the slope. Observations of slope
failures in soils suggests that this failure surface generally
takes the form of a circle and most stability theories are
based upon this observation.

The conditions under which circular fai lure wi |l | occur arise
when the individual particles in a roll or rock mass are very
small as compared with the size of the slope and when these
particles are not interlocked as result of their shape. Hence,
broken rock in a large fill will tend to behave as a "soi!" and
large failures will occur in a circular mode. Al ternatlvely,
soil consisting of sand, silt and smaller particle sizes will
exhibit circular fallure surfaces, even in slopes of only a few




circular sliip

Figure 9.1 : Shallow surface failure in large waste
dumps are generally of a circular type.

Figure 9.2 : Circular failure in the highly
altered and weathered rock forming
the upper benches of an open pit
mine.




NOTE:

Circular failure charts are
optimized for density of 120
pcf. Densities higher than
this give high factors of
safety, densities lower than
this givelow factors of
safety. Detailed circular
analysis may be required for
slopes in which the material
density Is significantly
different from 120 pcf.
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feet in helght. Highly altered and weathered rocks wil | also
tend to fall In thls manner and It Is approprilate to deslgn the
sol | slopes on the crest of rock cuts on the assumpt lon that
fallure would be by a clrcular failure process.

Derivation of circular failure chart

The following assumptlons are made In derlving the stabi I Ity
charts presented In thls chapter:

a) The materlal forming the slope Is assumed to be homogen-
eous, l.e. Its mechanlcal properties do not vary with
direction of loading.

b) The shear strength of the mater | al Is character Ized by a
cohesion ¢ and a frictlon angle@ which are related by
the equatlon 2 = ¢ +0° - Tang.

c) Faliure Is assumed to occur on a circular fallure sur-
face which passes through the toe of the slope*.

d) A vertical tension crack Is assumed to occur In the up-
per surface a In the face of the slope.

e) The locatlons of the tenslon crack and of the fal lure
surface are such that the factor of safety of the slope
Is a minlmum for the slope geometry and groundwater con-
ditlons consldered.

f) A range of groundwater condltlons, varying from a dry
slope to a fully saturated slope under heavy recharge,
are consldered In the analysls. These cond It lons are
defined later In thls chapter.

Deflning the factor of safety of the slope as

£ = shear strength avallable to resist sliding

shear stress mobli)ized along fallure surface

and rearranging thls equatlon, we obtain

¢ o7
Tt = £+ LF22 (%7)

where Z’”m Is the shear stress mobl | 1zed along the fal lure sur-
face.

Slnce the shear strength avallable to resist sliding Is depen-
dent upon the distrlbution of the normal stress ¢ along thlis
surface and, since thls normal stress dlistrlbutlon Is unknown,
the problem Is statical |y Indetermlnate. In order to obtaln a
solutlon It Is necessary to assume a speclf Ic normal stress
distributlon and then to check whether thls distribution glves
meaningful practical results.

®  Terzaghl(211l, page 170, shows that the toe fal lure assumed
for this analysls glves the lowest factor of safety provided
that &> 5°. The @ = 0 analysls. Involving fallure below the
toe of the slope through the base material has been discussed
by Skempton(234) and by Blishop and Bjerrum(235) and Is applic=
able to fallures which occur durlng or after the rapld con-
struction of a slope.



The Influence of varlous normal stress distributlons upon the
factor of safety of sol | slopes has been examined by Froh-
| 1ch(216) who found that a lower bound for al | factors of
safety which satlsty statics Is glven by the assumptlion that
the normal stress Is concentrated at a single polnt on the
fal lure surface. Simliarly, the upper bound Is obtal ned by
assuming that the normal load Is concentrated at the two end
points of the fallure arc.

The unreal nature of these stress dlstrlbutlons Is of no con-
sequence since the object of the exerclse, up to this point, Is
simply to determine the extremes between which the actual
factor of safety of the slope must | le. In an exampie consid-
ered by Lambe and Whitman(212), the upper ad lower bounds for
the factor of safety of a particular slope corresponded to 1.62
and 1.27 respectively. Analysls of the same problem by Blshop's
simplifled method of sllces glves a factor of safety of 1 .30
which suggests that the actual factor of safety may | le reason-
ably close to the lower bound solutlon.

Further evidence that the lower bound solution Is also a mean-
Ingful practical solution Is provided by an examination of the
analysls which assumed that the fal lure surface has the form of
a logarlthmlc splral{227). In thls case, the factor of safety
Is Independent of the normal stress distribution and the upper
and lower bounds colnclde. Taylor(174) compared the results
from a number of logarithmic spiral analyses with results of
lower bound solutions®* and found that the difference Is negl I~
gible. On the basls of this comparison, Taylor concluded that
the lower bound solution provides a value of the factor of
safety whilch Is sufflcliently accurate for most practical
problems Involving simple circular fal lure of homogeneous
slopes.

The authors have carried out similar checks to those carried
out by Taylor and have reached the same conc | us lons. Hence,
the charts presented In thls chapter correspond to the lower
bound solution for the factor of safety, obtalned by assuming
that the normal load Is concentrated a a single point on the
fal lure surface. These charts differ from those publ Ished by
Taylor In 1948 In that they Include the Influence of a critical
tenslon crack and of groundwater In the slope.

Groundwater flow assumpt lons

In order to calculate the uplift force due to water pressure
acting on the tailure surface and the force due to water In the
tension crack, It Is necessary to assume a set of groundwater
flow patterns which colnclde as closely as possible with those
condltions which are belleved to exlst In the field.

In the analysls of rock slope fallures, discussed In Chapters 7
and 8, It was assumed that most of the water flow took place In
dlscontinuitles In the rock and that the rock Itself was prac-
tical iy Impermeable. In the case of slopes In sol | or waste
rock, the permeabl | Ity of the mass of mater la | Is genera | | y

%The lower bound solutlion discussed In this chapter Is usually
known as the Frictlion Circle Method and was used by Taylor(174)
for the derlvation of his stabi!lty charts.
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several orders of magnitude higher than that of Intact rock
and, hence, a general flow pattern will develop In the material
behind the slope.

Flgure 6.9s on page 6.11 shows that, within the soil mass, the
equlpotentlals are approximately perpendicular to the phreatic
surface. Consequently, the flow | Ines wi |l | be approximately
parallel to the phreatlc surface for the condltion of steady
state drawdown. Flgure 9.3s shows that thls approximation has
been used for the analysls of the water pressure distribution
In a slope under condltions of normal drawdown. Note that the
phreatic surface Is assumed to colncide with ground surface at
a distanceX, measured In multiples of the slope helght, behind
the toe of the slope. Thls may correspond to the posltion of a
surface water source such as a river of dam or It may simply be
the point where the phreatic surface Is judged to Intersect the
ground surface.

The phrestic surface Itself has been obtalined, for the range of
slope angles and values of X considered, by a computer solution
of the equations proposed by L. Casagrande(236), dlscussed In
the text book by Taylor(174).

For the case of a saturated slope subjected to heavy surf ace
recharge, the equlpotentlals and the assoclated flow |ines used
In the stabl Ity analys)s are based upon the work of Han(237)
who used an electrical resistance malogue method for the study
of groundwater flow patterns In Isotropic slopes.

Production of clrcular fallure charts

The circular fal lure charts presented In thls chapter were
produced by means of a Hewlett-Packard 9100 B calculator with
graph plotting faciilties. This machine was programmed to seek
out the most critical combination of fallure surface and ten-
slon crack for each of a range of slope geometrles and ground-
water conditions. Provislon was made for the tension crack to
be located In elther the upper surface of the slope or In the
face of the slope. Detal led checks were carried out In the
region surrounding the toe of the slope where the curvature of
the equlpotentlals results In local flow which dlffers from
that Illlustrated In Figure 9.3a.

The charts are numbered 1 to 5 to correspond with the ground-
water condlitlons deflned In the table presented on page 9.6.

Use of the clrcular fallure charts

In order to use the charts to determine the factor of safety of
a particular slope, the steps outllned below and shown In Fig-
ure 9.4 should be followed.

Step 1: Declide upon the groundwater condltlons rhich are be-
| Teved to exlst In the slope and choose the chart
which Is closest to these condltlons, using the table
presented on page 9.6.

Step 2: Calculate the value of the dimensionless ratlo
c

7//. 7or? B
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Slope face

Assumed flow lines

Fai lure surface

Slope angle

a) Groundwater flow pattern under steady state
drawdown conditions where the phreatic surface
coincides with the ground surface at a distance
X behind the toe of the slope. The distance x
is measured in multiples of the slope height H.

Surface recharge due to heavy rain

v v Vv \ v

Tension crack

Failure surface

Assumed equipotentials

Assumed flow lines

b) Groundwater flow pattern In a saturated slope
subjected to heavy surface rechdrgc by heavy rain.

Figure 9.3 Definition of groundwater flow patterns used in circular failure
analysis of soil and waste rock slopes.
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Tan ¢

P
yHF

Figure 9.4 : Sequence of steps involved in using circular failure
charts to find the factor of safety of a slope.

Find thls value on the outer clrcular scale of the
chart.

step 3: Follow the radlal line from the value found In step 2
to Its iIntersection with the curve which corresponds
to the slope angle under consldwatlon.

Step 4: FInd the corresponding value of Tang/F or c/yHF, de-
pending upon which Is more convenlent, and calculate
the factor of safety.

Consider the following example:

A 50 ft. high slope with a face angle of 40° Is to be excavated
In overburden sol | wIth a density 77 = 100 | b/tt2 , a cohesive
strength o f 800 Ib/t++£ and a friction angle of 30°. Find the
factor of safety of the slope, assuming that there Is a surface
water source 200 ft. behind the toe of the slope.

The groundwater condltlons Indlcate the use of chart No. 3. The
value of c/yH.Tan@ = 0.28 and the corresponding value of Tang/
F, for a 40° slope, is 0.32. Hence, the factor of safety of
the slope Is 1.80.

Because of the speed and simpliclty of using these charts, they
are ldeal for checklng the sensltlvity of the factor of safety
of a slope to a wlde range of cond)tions and the authors sug-
gest that thls should be their main use.
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GROUNDWATER FLOW CONDITIONS

CHART NUMBER

SATURATED SLOPE SUBJECTED TO
HEAVY SURFACE RECHARGE

1
FULLY DRAINED SLOPE

2
SURFACE WATER 8 x SLOPE HEIGHT
BEHIND TOE OF SLOPE
SURFACE WATER 4 x SLOPE HEIGHT
BEHIND TOE OF SLOPE

4
SURFACE WATER 2 x SLOPE HEIGHT
BEHIND TOE OF SLOPE

5
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CIRCULAR FAILURE CHART NUMBER 1
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CIRCULAR FAILURE CHART NUMBER 2
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CIRCULAR FAILURE CHART NUMBER 3
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CIRCULAR FAILURE CHART NUMBER 4
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CIRCULAR FAILURE CHART NUMBER 5
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Locatlon of critical fallure circle and tension crack

During the production of the clrcular failure charts, presented
on the previous pages, the locations of both the critical fall-
ure clrcle and the critical tension crack for limiting equlil~
brlum (F = 1) were determined for each slope analyzed. These
locations are presented, In the form of charts, In Figures 9.5a
and 9.5b.

It was found that, once groundwater Is present In the slope,
the locations of the criticai circle and the tension crack are
not particularly sensitive to the position of the phreatic
surface and hence only one case, that for chart No. 3, has been
plotted. It wlll be noted that the location of the crltical
clrcle centre given In Flgure 9.5b differs signlf icantliy from
that for the drained slope plotted in Flgure 9.5s.

These charts are useful for the construction of drawings of
potentlal slides and also for estimating the friction angle
when back-analyzing existing circular slides. They al so pro-
vide a start for a more sophlsticated circular fallure analysis
in which the location of the circular fallure surface having
the lowest factor of safety Is found by iterative methods.

As an example of the appllcation of these charts, conslder the
case of a slope having a face angle of 30° In a drained sol |
with a friction angle of 20°’. Flgure 9.5a shows that the criti-
cal fal lure clrcle centre is located at X = 0.2H and Y = 1.85H
and that the critical tension crack Is at a distance b = 0.1H
behind the crest of the slope. These dimensions are shown In
Flgure 9.6 below.

X-0. 2H p—

1 ro—b"OJH

Figure 5.6 : Location of critical failure surface and
critical tension crack for a 30° slope in
drained soil with a friction angle of 20°.
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Practical example number 1
Chlna clay pit slope

Ley(i53) has Investigated the stablility of a Chilna clay pit
slope which was consldered to be potentlally unstable. The
slope proflle Is lllustrated In Flgure 9.7 below and the Input
data used for the analysis Is Included In thls flgure. The
materlal, a heavily kaclInlzed granite, was carefully tested by
Ley and the frictlon angle and coheslve strength are consldered
reliable for this particular slope.

Two plezometers In the slope and a known water source some
distance behind the slope enabled Ley to postulate the phreatic
surface shown In Figure 9.7. The chart which corresponds most
closely to these groundwater condltlons Is consldered to be
chart number 2.

From the Informatlon glven In Figure 9.7, the value of the
ratio c/7H.Tang@= 0.0056 and the corresponding value of Teng/F,
from chart number 2, Is 0.76. Hence, the factor of safety of
the slope Is 1.01.

Ley also carried out a number of trilal calculations using
Janbu's method(238) and, for the critical siip clrcle shorn In
Flgure 9.7, found a factor of safety of 1.03.

These factors of safety indlcated that the stabl | Ity of the

slope was Inadequate under the assumed conditlons and steps
were taken to dea | with the prob | em.

Input data for analysis:

\ Slope height H = 252 ft.

\ Slope angle Yt = 3°
Unit welght . &~ 137 ib/tt,
Frictlon angle g = 37
Cohesion c = 145 Ib/ft.

measured water
level N

Critical failure
circle for Janbu— ~
analysis ~

Figure 9.7 : Slope profile of China clay pit slope considered in
example number 1.
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Practical example number 2
Projected highway slope

A highway plan calls for a slope on one side of the highway to

have an angle of 42°. The total helght of the slope will be

200 ft. when completed and It Is required to check whether the

slope wlil be stable. A slte visit enables the slope engineer
to assess that the slope Is In weathered and altered material

and that fal lure, If It occurs, wil | be of a circular type. In~
sufficlent time Is aval lable for groundwater levels to be ac~
curatel y estab | Ished or for shear tests to be carr led out. The

stablllty analysis Is carrled out as fol lows:

For the conditlon of limiting equl | Ibrium, F = 1 and Tan@/F

=TanfX For a range of frictlon angles, the values of Tan@ are
used to flnd the values of c/rH.Tan¢, for 42°, by reversing the
procedure outlined In Flgure 9.4. The value of the coheslon c
which Is mobillzed at fal lure, for a glven frictlon angle, can
then be calculated. Thls analysls Is carrled out for dry
slopes, using chart number 1, and for saturated slopes, using
chart number 5. The resultlng range of frictlon angles and
cohesive strengths which would be moblllzed at fallure are
plotted in Flgure 9.6.

The shaded clrcle Included In Flgure 9.8 indlcates the range of
shear strengths which are considered probable for the mater lal
under conslderatlon, based upon the data presented In Flgure
5.17 on page 5.32. It ls clear from this figure that the avall-
able shear strength may not be adequate to maintaln stabillty
In this slope, particularly when the slope Is saturated. Con-
sequently, the slope engineer would have to recommend that,
elther the slope should be flattened or, that Investigations
Into the groundwater conditions and material propertles should
be undertaken In order to establ Ish whether the anal ysls pre-
sented In Figure 9.8 Is too pessimistlic.

The effect of f lattening the slope can be checked very quickly
by finding the value of c/)'H.Tanﬂfor a flatter slope, say 30°,
In the same way as It was found for the 42° slope. The dashed
line In Flgure 9.8 Indicates the shear strength which would be
mobll 1zed In a dry slope with a face angle of 30°.

4
3
2 Figure 9.8: Comparison between shear strength
mobllized and shear strength av-
allable for slope consldered In
example number 2.
1 A - saturated 42° slope.
B = dry 42° slope.
C - dry 30° slope.
D - probab Is shear strength range
o for material In which slope

0 10 20 30 40
Friction angle ¢ - degrees

0 Is cut.



Practical example number 3
Stability of waste dumps

As a result of the catastrophic slide in col | iery waste mate-
rial at Aberfan in Wales on October 22nd 1966, attention was
focused on the potential danger associated with large dumps of
waste material from mining operations(239). Since 1966, a num
ber of excel lent papers and handbooks deal i ng w | th waste dump
stability and with the disposal of finely ground waste have
become available(241-243) and the authors do not feel that a
detailed discussion on this subject would be justified in this
book. The purpose of this example is to illustrate the appli-
cation of the design charts for circular failure, presented
earlier in this chapter, to waste dump stability problems.

McKechnie Thanpson and Rodin(240) have shown that the rela-
tionship between shear strength and normal stress for colliery
waste material is usually non-linear as shown in Figure 9.9. In
view of the discussion on shear strength presented in chapter
5, this finding is not particularly surprising and the authors
suspect that most waste materials exhibit this non-linearity to
a greater or lesser degree. Consequently, the methods used in
this example, although applied specifically to colliery waste,
are believed to be equally appl icable to most rock waste
dumps.

In order to apply the circular failure charts presented earlier
in this chapter to the failure of a material which exhibits
non-linear failure characteristics, it is necessary to deter-
mine a number of instantaneous friction angles and cohesive
strengths for different effective normal stress levels. This
is done by drawing a series of tangents to the Hohr envelope,
each tangent touching the envelope at the normal stress level
at which cy and @, are to be found.

In the case of the failure curve for col | iery waste, shown in
Figure 9.9, the instantaneous cohesion and the friction angles
given by the three tangents are as follows:

Tangent Cohesion Friction angle
nunber kN/m degrees
l 0 38
2 20 26
3 40 22

The relationship between slope height and slope angle for the
condition of limiting equilibrium, F =1, will be investigated
for a dry dunp (using chart No. 1) and for a dump with some
groundwater flow (using chart No. 3).

Tangent number 1

Since the cohesion intercept is zero for this tangent, the
value of the dimensionless ratio c/;H.Tan¢= 0 and hence, the
slope angle at which the face would repose is given by the
slope angle corresponding to the value of Tan 38° = 0.78 on the
Tang/F axis (noting that F = 1), Fran chart No. 1, this inter-
cept is 38’ and for chart No. 3 it is approximately 25’.
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Figure 9.9 : Shear strength of typical colliery waste material.
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Dump height H - meters

Drained dumps
(chart no,1)
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Dumps with water
(chart no. 3)

Figure 9.10 :
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Dump face angle Vf = degrees

Relationship between slope height and slope angle for a
typical colliery waste dump with different water conditions.
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Note that, for zero cohesion, the dump face angle would be In-
dependent of the slope height. It Is normal | y assumed that the
ang la of repose of a waste dump | s Independent of the helght of
the dump and Is equal to the angle of frictlon of the materlal.
Figure 9.10 shows that this assumptlion Is only correct for a
dry slope of Iimlted helght. Any bulld~up of water pressure
within the dump causes a serlous reduction In the stable face
angle and, once the normal stress across the potential fal lure
surface becomes hlgh enough for the next tangent to become op-
erative, the high Initial frictlon angle no longer appl les and
the dump face assumes a flatter angle.

Tangent number 2
For c =20 kN/m?Z y =18 kN/m? and & = 26°,

c 20 2.28
7H-Tan@ " /8. 7an 26 H = H

and’ Jarn @/F = Jov? Z6° = O. 49

Hence H [ Slope angle®
meters rﬁ.lan¢ Chart | Chart 3
20 0.114 50 39
40 0.057 39 25
60 0.038 34 20
80 0.029 32 18
100 0.023 3 17

Plotting these values on Flgure 9.10 glves the curves numbered
2 for the dralned and the wet dumps.

Tangent number 3

c=40 kN/mz, =18 kN/m3 and & = 22°, hence
c/,H.Tanﬁ = 5.5/H and Tan@/F = 0.4

H C Slope angle®
meters 7ﬁ.|ana Chart 1 Chart 3
20 0.215 61 56
40 0.138 34 N
60 0.092 b3 22
80 0.069 18

100 0.055 30 16

The relatlionshlps between dump face angie and dump helght, for
both dralned and wet dumps, are glven by the envelopes to the
curves der | ved from tangents 1, 2 and 3. These envelopes,
shown In Figure 9.10, lllustrate the danger In continulng to
Increase the height of a dump on the sssumption that It wi | |
remain stable at an angle of repose equal to the frictlion
angle. The dangers arsoclated with poor dump dralnage are also
evident In thils flgure.

The reader who attempts thls type of analysi s for hl mse | f , and
It Is strongly recommended that he should, wi |l | find that the
slope helght versus slope anglie relationship Is extremely sen-
sitlve to the shape of the shear fallure curve. This emphas!zes
the need for rellable in sltu shear test methods such as those




described by McKechnle Thompson and Rod1n(240) and Schultze and
Horn(244) to be further developed for application to waste dump
problems.

Blshop's and Janbu’s methods of slices

The clrcular fal lure charts presented earl ier In thils chapter
are based upon the assumptions that the materlal forming the
slope has un | form properties throughout the slope and that
fallure occurs along a circular fal lure path passing through
the toe of the slope. When these conditions are not satisfled
Is Is necessary to use one of the methods of sllices publ ished
by Blshop(213), Janbu(217), Nonvelller(224), Spencer(228),
Morgenstern and Price(222) or others. WIith the wide avallabli~
ity of programmable calculators and computers, the 1terative
procedure required In obtalning a factor of safety by one of
these methods of sl Ices Is no longer as tedlous as It once was
and there Is no excuse for not using one of these methods If It
Is approprlate for the problem under consideration.

The slope and fallure surface geometries and the equations for
the determination of the factor of safety by the Bishop simpli-
fled method of slices(213) and the Janbu modlf led method of
slices(217) are glven In Figures 9.11 and 9.12 respectively.
Bishop’s method assunmes a clrcular fal lure surface whl le that
of Janbu assumes that the fal lure surface can be of a general
shape. As pointed out by Nonvel|ler(224), Janbu's method glves
reasonable factors of safety when applied to shal low s!| Ip sur-
faces (which are typical In rocks with an angle of friction In
excess of 30°) but It Is serlousiy In error and should not be
used for deep siip surfaces In materials with low frictlon
angles.

The procedures for using Blshop's md Janbu's methods of slices
are very similar and It Is convenient to discuss them together.
Note that the form of the equations glven In Flgures 9.11 and
9.12 has been deslgned to tacli!itate programming on a calcula-
tor such as a Hewlett-Packard 67.

Step 1: Slope and fallure surface geometry

The geometry of the slope Is defined by the actual or the
deslgned proflle as seen in a vertical sectlon through the
slope. This profile should be reproduced as accurately as
posslible on a drawing to a convenlently large scale. In
the case of a circular failure, the charts glven In fig-
ures 9.5a and b can be used to estlmate the center of the
clrcle with the lowest factor of safety. In the Janbu an-
alysls, the failure surface may be defined by known struc-
tural features or weak zones within the rock or sol | mass
or It may be estimated In the same way as that for the
Bishop analysis. In elther case, the tailure surface as-
sumed for the first analysis may not glve the lowest fac-
tor of safety and the user shou Id be prepared to repeat
the entire calcutation a number of times In order to find
the fallure surface wlth the lowest factor of safety.

Step 2: S | Ice parameters

The siliding mass assumed In slice t Is divided Into a num-
ber of siices. Generally, a minlmum of five slices should
be used for very slmple cases. For complex slope profiles
or a large number of different matertais In the rock or
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Centre of rotation

" b"'/Tension crack

'_Phreat ic
surface

~ Typical slice

Fai lure through toe of slope

A Z A
Note : Angle a is negative when
P sliding is uphill.
P4
’
7
!
///
lyh
h
h Factor of Safety :
.
X, Y
+ Y/
. Fa I F)
+
%‘ . ‘
:! \0, where
, - Ax
X= (¢ + ( yh = yshy) Tane') /Cosu
Y = Tan a Tan ¢'
Z = vyhaxSina
Q - *Yw zZ a/R
The following conditions must be satisfied for each slice :
- . ¢'Tana
1) o' = Yh Ywhw /F > 0
v+ Y/
2) Cosa(1+Y/]>oz
F .
Figure 9.11 : Bishop’s simplified method of slices for analysis of circular

failure in slopes cut into materials in which failure Is
defined by the Mohr-Coulomb failure criterion.




9.24

Tension crack

_- Phreatic
surface

Typical slice

Note : Angle a is negative when
sliding is uphill.
4”’
-

Factor of Safety :

foz X/(l + Y/F)
ZZ+Q

R where

x = (c' + (yh - ywhw)Tano')H + Tan2a)ax
Y = Tan a Tan ¢'

7 = yhaArTana

*szz

fam}
[]

Approximate correction factor fo

fom 1 + k(970 - 1.4(9/0)2)

for ¢' = 0 ; K = 031,
¢c' > 0, ¢' > 0; K = 050

Figure 9.12 : Janbu's modified method of slices for the analysis of
non-circular failure in slopes cut Into materials in which
failure Is defined by the Mohr-Coulomb failure criterion.
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soll mass, a larger number of sl Ices may be requlred In
order adequately to define the problem. The par ameter s
which have to be def Ined for each silice are the angle & of
the base of the slice, the vertical stress on the base of
the silce glven by the product of the vertlical helght h
and the unlt welght 2 of the rock or soll, the uplift
water pressure glven by the product of the helght h, to
the phreatic surface and the unit weight&of water and the
width of the sl ice 4x.

Step 3: Shear strength parameters

The shear strength acting on the base of each siice is re-
qulred for the stablilty calculation. In the case of a
unlform material in which the fallure criterlion Is assumed
to be that of Mohr-Cou lomb (equation (10)on page 5.2 ), the
shear strength parameters c' and &' wl | | be the same on
the base of each slice. When the slope Is cut Into a rock
or sol | mass made up of a number of mater | a | s, the shear
strength parameters for each slice must be chosen accord-
Ing to the materlalln which It |ies. When the shear
strengths of the materials forming the slope are def Ined
by non-linear fallure criterla such as that given by
equation {30)on page 5.25 It Is necessary to determine an
Instantaneous cohesion ¢y and an Instantaneous fr ict lon
angle ¢,‘ for each slice. This determination requires a
knowledge of the ef fecti ve normal stress act Ing on the
base of each sl Ice and thls problem wil | be dlscussed
later In this chapter.

Step 4: Factor of safety Iteration

When the slice parameters and the shear strength param-
eters have been defined, the values of X, Y, and Z are
calculated for each slice. The water force Q 1 s added to

22Z, the sum of the components of the welght of each sllce
acting parallel to the fal lure surface. An Initlales-
timate of F = 1.00 for the factor of safety Is used In the
solutlon of the factor of safety equatlons glven In Fig=-
ures 9.11 and 9.12. If the difterence between the cal-
culated and the assumed factors of safety Is greater than
0.001, the calculated factor of safety Is used as a second
estimate of F for a new factor of safety calculation. This
process Is repeated untl | the dIf ference between succes-
slve factors of safety Is less than 0.001. For both the
Blshop and the Janbu methods, approximately 7 lteration
cycles will be requlred to achieve thls result for most
slope and fallure surface geometries.

Step 5: Condltlons and correctlons

Figure 9.11 lIsts two condltlons which must be satlsf led
for each siice In the Blshop analysis. The flrst condl~-
tlon ensures that the effect!ve normal stress on the base
of each slice Is always posltive. If this condlitlon Is
not met for any slice, the Incluslon of a tenslon crack
Into the analysls should be conslidered. If It 1s Iimpos-
slble to satlsfy thls condltlon by readjustment on the
groundwater condltlons or the Introduction of a tenslon
crack, the analys)s as presented In Figure 9.11 should be
abandoned and a more elaborate form of analysls, to be
described later, adopted.
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Condltlon 2 In Flgure 9.11 was suggested by Whitman and
Balley(233) and It ensures that the analysts Is not In-
val ldated by condltlons rhich can sometimes occur near the
toe of a slope In which a deep fal lure surface has been
assumed. If thls condlition Is not satlsf led by al I si Ices,
the slice dimenslons should be changed and, If this falls
to resolve the problem, the anaiysls should be abandoned.

Flgure 9.12 gives a correctlon factor which Is used In
calculating the factor of safety by means of the Janbu
method. Thls factor al lows for Interslice forces result-
Ing from the shape of the fallure surface assumed in the
Janbu analysis. The equation for fo given In Figure 9.12
has been derlved by the authors from the curves published
In Janbu(217).

of non-~llnear fallure criterlon

When the material In which the slope Is cut obeys the non-
linear failure crlterlon defined by equation(30)on page 5.25
the Bishop simplified method of slices as outlined In flgure

9.13
lowin
defln
ses:

1)

2)

3)

4)

5)

6)

7)

8)

Gene
requl

can be used to calculate the factor of safety. The fol~-
g procedure Is used, once the slice parameters have been
ed as described eariier for the Blshop and Janbu anaiy-

Calculate the effective normal stress o’ acting on the

base of each s! Ice by means of the Fel lenlus equation
given In Flgure 9.13.

Using thils value of 0’ , calculate Tan¢, and Cz/ from
the equations glven In Figure 9.13.

Substltute these values of Tan¢,‘/ and ci’ Into the
factor of safety equatlon In order to obtaln the first
est imate of the factor of safety.

Use thils estimate of F to calculate a new value of o’ on
the base of each slice, using the Bishop equatlon glven
In Flgure 9.13.

On the basis of this new value of 0", calcuiate new
values for Tan®;’ and e !

Check that condlitions 1 and 2 (Flgure 9.13) are satis-
fled for each slice.

Calculate a new factor of safety for the new values of
./ s

Tanﬁz and ¢l

If the difference between the flrst and second ffactors

of safety Is greater than 0.001, return to step 4 and

repeat the analysls, using the second factor of safety

as Input. Repeat this procedure until the difference

between successive factors of safety Is less than 0.001.

rally, about ten iterations wi i | be required to achleve the
red accuracy In the calculated factor of safety.
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Centre of rotation

I' b"—/Tension crack

« Phreat ic
-
\ / - surface

Typical slice

Failure through toe of slope

*M*

y Note : Angle a is negative when
P sliding is uphill.
&
)//
’// | Factor of Safety :
s Ax
h ==
Y . I{c;' + o'Tan ¢;Cos a
h ‘ IyhaxSina + hwzz.alk
w
| where
'
c'= yh Cos?a -vyuh, (Fellenius solution)
1
and

ci' Tana
vh - b, - RS |
a = ; (Bishop solution)
Tan ¢4’ Tan a
1 + —_—
F

The instantaneous friction angle ¢;' and the instantaneous cohesion c;' are given by :
o - _ B-I
Tan ¢4 AB( /°c T)

O/U

cg' = Aac( ¢ - T)B = o' Ten ¢;'

The conditions which must be satisfied for arch slice are :

1)o'>0, where o'ls calculated by Bishop’s method

2) Cosa(l + TanaTané;' spy> 0.2

Figure 9.13 : Bishop’s simplified method of slices for the ® nelysls of circular
failure in slopes cut into materiels in which fallure is defined
by the non-linear failure criterion given in equation(30)on page 5.26,
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Example of the use of Bishop's and Janbu's methods of
analysls

A slope Is to be excavated In a highly weathered granltlic rock
mass. The slope, | | lustrated In the margin drawlng on page
9.26, Is to consist of three 15 m high benches with two 8 m
wlde berms. The bench faces are Incl Ined at 75° to the hori-
zontal and the top of the slope Is cut at 45° from the top of
the third bench to the natural ground surface.

A classliflcatlon of the rock mass and the use of the resulting
Index to estlmate the materlal propertles from Table IV on page
5.26 glves the fol lowing values for the constants def Ined In
equatlon (30)on page 5.25:

A = 0.203, B = 0.686 and T = -0.00008.

The unlaxlal compressive strength Oz of the intact rock pleces
Is estimated at 150 MPa from polnt load testing. The unit
welght of the rock mass Is assumed to be 2 = 0.025 MN/m? and
the unlt weight of water y,, = 0.010 MN/m?.

In order to estimate the posltlon of the critical fallure sur-
face and to carry out a Blshop and Janbu analysis, a tangent to
the curved Mohr envelope Is drawn at a normal stress level es-
timated from the slope geometrv. This tanaent Is deflned by a
triction anale & = 45° and a cohesive strength ¢ = 0.14 MPa,

Slice parameters for all cases Mohr-Coulomb values| Non-linear failure criter-
for Bishop & Janbu ion values for Bishop
analyses analysis (8th iteration)

Slice Angle a Vertical Uplift Stlice | FPriction Cohesion | Normal  Inst. Inst.

nwnber atress width | angle stress Frict. Cohesion

degrees yh MPa  y h, MPa Ax m ¢' degs. c' MPa g' MPa Qi'° c;' MPa
1 62 0.663 0.075 4.0 45 0.14 0.176 48.6 0.111
2 55 0.769 0.125 6.5 45 0.14 0.251 45.6 0.135
3 44 0.794 0.150 8.5 45 0.14 0.327 43.3 0.158
k 36 0.625 0.140 4.0 45
5 31 0.544 0.125 8.0 45 044044 02730253 49456 04420136
6 25 0.438 0.095 4:0 45 0.14 0.224 46.6 0.127
7 20 0.313 0.060 8.0 45 0.14 0.174 48.7 0.111
8 12 0.188 0.002 4.0 45 0.14 0.145 50.2 0.101

Using the sl Ice parameters and shear strength values tabulated
above, the factor of safety for the slope under conslderation
have been calculated by three methods. The successive factor
of safety estlmates are:

Blshop sIimplifled method of sllces for Mohr-Coulomb tal iure
1.000, 1.237, 1.353, 1.402, 1.421, 1.428, 1.430, 1.431

Janbu modif led method of sllces for Mohr-Coulomb fal lure

1.000, 1.207, 1.315, 1.364, 1.385, 1.393, 1.397, 1.398, 1.399
Blshop simplified method of siices for non-l Inear fal lure
1.271, 1.353, 1.396, 1.413, 1.420, 1.422, 1.423, 1.423

Of these three analyses, the last which utillizes the non=-| Iinea:

fallure criterion, Is regarded as correct for thls particular
appllcation,
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Chapter 10: Toppling failure
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Suggested toppling failure
mechani smof the nortk face
of the Vajont slide. After
Muller?S,

Deep vide tension cracks are
associated with toppling failure
i N hard rock slopes.

Phot ogr aph by R. Z.Goodman.

Introduction

The failure modes discussed in previous Chapters of this book
are all related to the sliding of a rock or soil mass along an
existing or an induced failure surface. On page 2.13 brief
mention was made of a different failure mode - that of top-
pling. Toppling failure involves rotation of columns or blocks
of rock about some fixed base and the simple geometrical con-
ditions governing the toppling of a single block on an inclined
surface were defined in Figure 2.5 on page 2.14.

Toppling failures in hard rock slopes have only been described
in literature during the past few years. One of the earl iest
references is by Mul ler(245) who suggested that block rotation
or toppling may have been a contributory factor in the failure
of the north face of the Vajont slide. Hofmann(246)carried
out a number of model studies under Muller's direction to in-
vestigate block rotation. Similar model studies Wer e carried
out under the authors’ direction at Imper i al Col lege by Ashby
(247), Soto(248) and Whyte(249) while Cundal 1(250) made one of
the earliest attempts to study the problem numerically. Burman
(251), Byrne(252), and Hammett(253), all of the James Cook
University of North Queensland in Australia, made significant
contributions to the understanding of this problem and to the
incorporation of rotational tailure modes into computer analy-
sis of rock mass behavior. An excellent descriptive paper on
toppling failures in the United Kingdom by de Freitas and
Watters(254) is recommended reading and Wyl | ie(255) has discus-
sed examples of toppling associated with railroads. Most of the
discussion which follows in this chapter is based on a paper by
Goodman and Bray(256) in which a formal mathematical solution
to a simple toppling problem is attempted. This solution, which
is reproduced here, is believed to represent a basis for the
development of methods for designing rock slopes in which top-
pling is present. Several years of development work will be
necessary before these methods Can be used with the same degree
of confidence as other methods of stabi |l ity analyses described
in this book.

Types ot toppling failure

Goodman and Bray have described a number of different types of
toppling failures which may be encountered in the field and
each of these types is discussed briefly on the following
pages.

Flexural toppling

The process of flexural toppling is illustrated in Figure 10.1
which shows that continuous columns of rock, which are separa-
ted by well developed steeply dipping discontinuities, break in
flexure as they bend forward. An example of this type of fail-
ure is illustrated in the photograph in the margin on page 2.13
which shows a large flexural topple in the Dinorwic siate
quarry in North Wales. The example illustrated in Figure 10.1
is in the Penn Rynn slate quarry in North Wales.

Sliding, undermining or erosion of the toe of the slope al lows
the toppling process to start and it retrogresses backwards
into the rock mass with the formation of deep, wide tension
cracks. The lower portion of the slope is covered with dis-
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Figure 10.1 Flexural toppling occurs in hard rock slopes

with well developed steeply dippirg discontinuities.
Photograph by R.E.Goodman.

Figure 10.2

Interlayer sliding between toppling columns
results in a series of back facing or
obsequent scarps in the upper surface of
the rock slope.

Photograph by R.E.Goodman.



Computer generated model of

toppling failure by Cundall?S0,
Solidbiocks are fized in space.
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oriented and dlsordered blocks and It 1s sometimes very dif-
f lcult to recognize a toppling fal lure from the bottom of the
slope.

The outward movement of each cant1 levered column produces an
Interlayer sllp and a portlon of the upper surface of each
plane Is exposed In a series of back facing or obsequent scarps
such as those lllustrated In Flgure 10.2.

Block toppling

As lllustrated in Flgure 10.3, block toppiing occurs when Indi-
vidual columns of hard rock are dlvided by wldely spaced ortho-
gonal Jjolnts, The short columns forming the toe of the slope
are pushed forward by the loads from the longer overturning
columns behind and this s!iding of the toe allows further top-
pling to develop hlgher up the slope. The base of the fal lure
Is better defined than that In a flexural topple and i+ gener-
ally consists of a stairway rising from one cross joilnt to the
next.

Block-flexure toppling

As shown In Figure 10.4 thls type of toppling fallure Is char-
acterized by pseudo-continuous flsxure along long columns which
are divided by numerous cross jolnts. Instead of the f | exura |
fallure of contlinuous columns, resulting In flexural toppling,
the toppiing of the columns In thls case results from accumu-
lated dispiacements on the cross jolnts. Because of the large
number of small movements In this type of topple, there are
fewer trnslon cracks than In flexural toppl Ing and fewer edge-
to-face contacts and volds than In block topp! Ing.

SECONDARY TOPPLING MODES

Figure 10.5 lllustrates a number of possible secondary toppling
mechanlisms suggested by Goodman and Bray. In general, these
fallures are Inltlated by some undercutting of the toe of the
slope, either by natural agencies such as erosion or weathering
or by the activitlies of man. In all cases, the primary fallure
mode Involves sllding or physical breakdown of the rock and
toppl Ing Is Induced In some part of the slope as a resu It of
this primary fal lure.

ANALYSIS OF TOPPLING FAILURE

Goodman(24) has publ Ished a detal led discusslon on the base
friction modelilng technique which Is an Ideal tool for simple
physical model studles of toppl Ing phenomena. As 1 | lustrated
In Flgure 10.6, the apparatus consists of a base and frame to
hold a palr of wilde rollers over whlch a sanding belt runs.
This sending belt applies a frictlon force to the underside of
the model resting on the belt and, If the base of the model Is
prevented from moving, the base friction forces wll | simulate
the gravitatlonal loads of the Indlvidual blocks which make up
the model. Block toppling In models made from cork, plaster,
plastic blocks or wooden blocks can be studied by means of this
technique and the type of behavior | | | ustrated In the computer
generated margin drawing can be simulated very easlly.

Whi le this method Is Ideal for demonstration and teachling pur-
poses, its value as a deslgn tool for rock slope englnsering
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Figure 10.3 : Block toppling can occur in a hard rock mass with
widely spaced orthogonal joints.
Photograph by R.E.Goodman.

Figure 10.4 : Block flexure toppling is’characterised by pseudo-
continuous flexure of long columns through accumu-
lated motions along numerous cross joints.

Photograph by R.E.Goodman.
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a) St ide toe toppl ing when
steeply dipping beds of
hard rock are loaded by
instability higher up the
slope.

b) Slide base toppling when
steeply dipping beds are AR
dragged along by instability
of overlying material.

c) Slide head toppling when
movement lower in the slope frees
block to topple.

— %

d} Toppling and slumping
of columnar rock by c -~
weathering of underlying material.

Figure 10.5 : Secondary toppl i ng

mechanisms suggested by Goodman
and Bray.

e) Tension crack toppling in cohesive
materials.
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Low speed electric motor ,

fixed barrier for model base
block model —

Frame and bearing support —>

Figure 10.6 : Base friction model apparatus which can be used for demonstrating
toppling effects in block models.

Incipient toppling failure in a
steeply jointed hard rock slope.
Photograph by R. E. Goodman.

Is |imited because studles on the sensitivity of the slope to
small changes In geometry become very tedious. In addltlon,
the range of physlcal properties which can be Incorporated Into
the model Is |imited by avallale modelling materials.

Attempts to overcome these problems by modelllng toppiing pro-
cesses numerlcally have been made by Cundail(250), Byrne(252)
and Hammett(253) and, whlle the results of these studles have
been very promising, the numerical techniques are demanding on
computer storage and time and these methods are not yet suit=-
able for general engineering use. The authors belleve that
these numerlcal methods wlil eventually become practical design
tools, particularly the computer graphics technlques being ex-
plored by Cundall at the Unlvwslty of Minnesota.

The method of analysis described below utilises the same prin-
cliples of limlting equl |ibrium which have been used throughout
the remainder of this book and, whi le the solutlon Is limlted
to a few simple cases of toppling failure, it should provide
the reader with a basic understanding of the factors whlch are
Important In toppling sltuatlons.

Limit equillbrlum analysis of toppling on a stepped base

Conslder the regular system of blocks shown In Flgure 10.7 In
which a slope angle 6’ Is excavated In a rock mass with layers
dipplng at 90-a. The base Is stepped upwards with an overal |
inclination®. The constants a;,a, and b shown In the f igure
are glven by

a; = 5x. 7an (8- ) (78
ap =5x. Tan & (9%)
b = Ax. Jan (B-&) (7o)

where Ax Is the width of each block.

In this ldeallzed model, the helght of the nth block In a posi-
tlon below the crest of the slope Is

Sn = nfay -4) (101)
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whl le above the crest
Yn=Yp-; —@r-5 (/02)

When a system of blocks, having the form shown In Figure 10.7,
commences to fal I, It is generally possible to distinguish
three separate groups according to their mode of behavior:

a) a set of sllding blocks In the toe reglon,

b) a set of stable blocks at the top, and
¢) en Intermediate set of toppling blocks.

With certain geometries, the sliding set may be absent In which
case the toppling set extends down to the toe.

Figure 10.8a shows a typlcal block (n) with the forces develop-
ed on the base (Pﬂ,s-,) and on the Interfaces wlth adjacent

b locks ¢ pﬂl p/]r -1, 97'1)’

When the block Is one of the toppling set, the polnts of appli-
catlon of all forces are known, as shown In Flgure 10.8b.

If the nth block 1s below the slope crest:
Mn =y (103)
ln=Yn-ar (704)

Figure 10.7 : Model for limiting equillbrium analysis of

toppling ona stepped base.
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b) Toppling of nth block

Pa(M, - 8x.Tang) + (W,/2) (yn.Sina - ax.Cosa)

tn

€) sliding of nth block

W,(Tan¢.Cosa - Sina)

n-1= "o ~
1 - Tan2y

Figure 10.8 : Limiting equilibrium conditions for toppling and for
sliding of the nth block.
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If the nth block Is the crest block:

M=y - ap 2
Lp 2dp- (708)
If the nth block Is above the slope crest:
Mp = Y -z (“07)
lp =Yn (/ﬂj)

In all cases A, =0

For an lIrregular array of blocks, yﬂ,lﬂ and A4, can be deter-
mined graphically.

For Iimi*ing friction on the sldes of the block:
Gn=Fp.7an &
Grr-r = Fp-y - 707 &

By resolving perpendicular and parallel to the base,
B = Wy LOSOC (B - By_y) Tan & 270)
Sp =ty Sin & +(P - 1) 2s7)

Conslidering rotational equl tibrium, It Is found that the force
App-y which Is just suff iclent to prevent topp | Ing has the
value

By (M- X Tar B)+(W [2)/ 3y . SinaC-Ax. Los )

Py, 4=
rn-1,¢
’ ‘n 212)
When the block under cons1 derat lon Is one of the sl Id Ing set,
S, =Ry Tan & zs3)

However, the magnltudes and polnts of appl Icatlon of al | the
forces appl led to the sldes and base of the block are unknown.
The procedure suggested here Is to assume that, as In the top-
pling case, conditions of Iimlting equllibrlum are established
on the slde faces so that equations (110} and (111) apply.
Taken In conjunction with (113), these show that the force
’aﬂ-l which Is Just sufficlent to prevent sllding has the value

W (Tan d. Cos oC- Sina) (114)
7 -Torég

The assumptlon introduced here Is qulte arbitrary, but a iittle
conslderation wili show that It has no effect on calcutations

of the overall stabllilty of the slope. Any other reasonable
assumptlon would produce the same results.

Pﬂ-/,s = /0/7

Calcutation procedure

Let 72, = uppermost block of the topp | Ing set,
/7, = uppermost block of the sllding set.

a) To determine the value of ﬁfor limiting equlllbrium.

1) Assume a reasonable value ofﬂ, such that ﬁ)O( .
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2) Establish /7 by determining the uppermost block of the
whole group which satlsfles the condition

Yp/8x > Cot &

3) Starting wlth +his block, determline the lateral forces

Pf]-[,t requlred to prevent toppl Ing and P G-1, 5 to pre-
vent sl Iding.

V't #-1,¢ >/%.s, s . the block Is on the polnt of top-
pling and A,_, Is set equal to 2, 71,2

V't Appet s >/ -z, ¢, the block Is on the polnt of sllg-
Ing and #,_, Is set equal to P_, P

For thls particular block, and al | other tal | blocks of
the system, It wi | | be found that the toppl Ing mode Is
critical, and thls check Is purely a matter of routine.
It Is required at a later stage to determlne 7, which
deflnes the upper limi* of the sliding sectlon. Further
checks should be carried out to ensure that

o, >0
/15,1 <Rp.T7an g

4) The next lower block (n,-[) and al | the lower blocks
are treated In success ion, using the same procedure.

5) Eventually a block may be reached for which Z,_, 5,87
#7-7,¢- This establishes block 7z, and for this and
al 1’ lower blocks, the critical state Is one of sliding.

If the cond It lon Pﬂ -7,6 > -7, ¢ s not met for any of
the blocks, the sllding se+ Is ‘absent and topp lIng ex-
tends down to block 1.

6) Considering the toe block 1:

P > , the slope Is unstable for the assumed value
of ﬂ. It Is necessary to repeat the calculations for
an Increased value of &,

If ? <@, repeat the calculations with a reduced value
of

When /4 Is sufficlentiy small, the corresponding value
of & can be taken as that for | Imlting equl | Ibrlum.

b) To determlne the cable force required to stablllse a slope.

Suppose that a cable Is Instal led through block 1 at a
d | stance £; above Its base. The cable Is Inclined at
an angle6 degrees below horizontal and anchored a safe
distance below the base. The tenslon In the cable re-
qulred to prevent toppliing of block 1 Is

(W /2); . Sirol - Ax. Cos o)t By, -AX. Tand)
Ly . Clos(x +d) (715)
whi le the tenslon In the cable to prevent sllding Is
Py l1-Tan?d)- ny(Tand. tos o - Sirac)
7and. S/ +d) oA +d) @16)

7=

7_;-:




10-11

The norma | and shear force on the base of the block are
respectively:

R, =P Tand+7. Sinfa +8) + Wy . Losee  (117)
5, =5 ~T.Co5(ar8) t Wy. 51 e @'%

The procedure In thls case Is identical to that descri-
bed above apart from the calculations relating to block
1. The rrqulred tenslon Is the greater of f: and 75
deflned by equatlons (115) and (116).

EXAMPLE

An ideallzed example Is lllustrated In Flgure 10.9. A rock
slope 92.5 m high Is cut on a 56.6° slope In a layered rock
mass dlpping at 60° Into the hl 1 I. A regular system of 16
blocks Is shown on a base stepped at Im In every 5 (angleﬂ-a’
= 5.8°). The constants are &, = 50 m, & = 52 m, b =1 .0
m, dx = 10.0 m and 7 = 25 kN/m?. Block 10 Is at the crest
which rises 4° above the horlzontal. Since CotOX =1.78,
blocks 16, 15 and 14 comprise a stable zone for al | cases In
which @>30° (Tang > 0.577).

In thls example, Tan@lis set as 0.7855, /o/g Is then equal to 0
and P,, calculated as the greater of P/Z-t and P/r,s glven by
equations (112) and (114) respectively. As shown In the table
glven on page 10.12, Pﬂ-]': turns out to be the larger unt I | a
value of n = 3, whereupon P”.I,; remalns larger. Thus blocks 4
to 13 constitute the potential toppling zone and blocks | to 3
constlitute a sliding zone.

The force requlred to prevent sliding In block 1 tends to zero
which indicates that the slope Is very close to limiting equl i~
Ibrlum. The Instal led tenslon requirrd to stablllse block 1 Is
0.5 kN per meter of slope crest length, as compared with the
maximum value of P (in block 5) equal to 4837 kN/m.

If Tan¢ Is reduced to 0.650, It wi | | be found that blocks 1 to
4 In the toe reglon will siide while blocks 5 to 13 wi | | top-
ple. The tenslon In a bolt or cable Installed horlzontally
through block 1, requlred to restore equlllbrlum, Is found to
be 2013 kN/meter of slope crest. Thls Is not a large number,
demonstrating that support of the “keystone” Is remarkab | y
effective In Increasing the degree of stability. Conversely,
removing or weakening the keystone of a slope near fal lure as a
result of topp!ing can have serlous consequences. The support
force required to stablllze a slope from which the flrst n toe
blocks have been removed can be calculated from equations (115)
and (116), substituting A4,,, for A .

Now that the distrlbutlion of P forces has been deflned In the
toppiing reglon, the forces Ry and S, on the base of the
columns can be calculated using equatlons (110) and (111); and
assuming @y, =F);-; .Tangd, R, and Sz can also be calculated for
the sliding reglon. Flgure 10.9 shows the distrlbutlon of these
forces throughout the slope. The conditions deflned by Rp> 0
and /5,,/< R, . Jar? are sat1sfled everywhere.
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The limitations of pre-shearing are that it is difficult to
determine results until primary excavation is complete to the
finished wall. Since pre-shearing is done before primary blasts
are made, it is not possible to take advantage of the knowledge
of local rock conditions that is gained in the primary blasts.
Also, the hole spacings in cushion blasting can usually be
greater than in pre-shearing, thus reducing drilling costs.

Buffer Blasting

The following description of buffer blasting is taken verbatim
from the Pit Slope Manual(272).

Buffer blasting, possibly the most simple method of control
blasting involves a modification to the last row of the main
blast pattern. Modifications are | imited to reduced burden,
spacings, and explosive loads.

The aim is to | imit the load of ground shock from the blast.
The method is usually employed in conjuntion with some other
control blasting technique, such as pre-shearing, and its re-
sults are quite economical. Buffer blasting can only be used by

itself when the ground is fairly competent. It may produce
minor crest fracturing or backbreak. However, the amount of
damage is still less than that which would be produced by the

main production blast if no control blasting was used at all.

Buffer blasting is the cheapest form of control blasting. The
powder factor is essential ly the same as for product ion blast-
ing so explosives costs are the same. Drilling costs in buffer
blasting ar € slightly higher because of the reduced burden and
spacing which is used. Coupled charges produce high borehole
pressures (usually greater than 300,000 psi) but breaking of
the rock is desirable for buffer blasting.

CONTROLLED BLASTING: CONSTRUCTION PRACTICES AND ECO-
NOMICS

Controlled blasting has been used on a wide range of construc-
tion projects and this experience has been used to draw some
conclusions on the type of construction problems that may be
encountered, and the cost savings that may be ach ieved(273,
274, 275). The following is a summary of these conclusions.

1) Typical blasting problems, their probable causes and
solutions are listed on Table IX.

2) Borehole pressure, and hence backbreak, can be reduced
by decoupling or decking charges. Charges are decoupled
when they do not touch the borehoile wal | (see margin
sketch). The ratio of the charge radius to the hole
radius is a measure of the decoupling of the charge.

3) The comments earlier in this chapter relating to the
correct burden dimensions and delay sequencing for the
main blast, are equally applicable to control led blas-
ting.

4) Doubling the hole diameter doubles the rupture radius
(assuming that the coupling ratio, D explos/D hole, is
kept constant). Hence, small diameter drill holes will
create less damage to final wal Is than larger holes.




Problem

backbreak throughout wall
(no boreholes showling)

backbreak aound boreholes

backbreak between boreholes

Jolnting Interfers
between blast holes

Very poor fragmentat lon at
excavation limlt, or blast
fal Is to break to prespl It
IIne

crest fracture

TABLE 1X

SOLUT IONSTO CONTROLLED BLASTING PROBLEMS

(after PIt Slope Manual

Probable Cause

a) buffer row overloaded or
too close

b) control blast may be over-
| oaded

borehole pressure greater than
I n slty dynamlc compressive
rock strength

buffer holes too close

a) spacing too great

b) burden Insufflclent

c) delays between perimeter
holes too large

buffer row too far from ex-
cavation limit

stemming Insufflclent or rock
exceptlonal ly weak (e.g. wea-
thered) at crest

(Chap. 1}, 1976)

Solutions

a) move buffer row further from excavation | Imlt,
reduce borehole pressure of buffer charge, use 15
msec. delay between buffer charges (1f not already
belng done)

b) Increase hole spacing or decrease powder load (by
decoupling or decking) of cushlon or prespllt
holes

decouple or deck charges

Increase spaclng, decouple or deck charges

a) reduce spacing and powder load
b) make burden larger than spac Ing
c) detonate holes on perimeter row simultaneously

decrease the dlstance from buffer row to pre-
split or ilne drl |led holes

Increase the height of collar, el iminate subgrade
In drl I | holes over Iylng the crest of a berm, use
spacers In the upper port lon of the exp 1os Ive
column, drii | smal | diameter gulde holes.

6T 11
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Pre-shear holes on normal spacing

Guide hole
S

IPattern when excavation is inside of pre-shear ]
| olane. |

Pre-shear holes on normal spacing,
Rock to be \'\Lined r

excavated.
- Loaded holes. ; 2
0 Unloaded holes.
AT TN )
e b o ¢ ‘
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e :
-
-
- ~
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Pattern when excavation is outside of
Pre-shear planes.

Figure 11.14: Pre-shearing non-linear faces.
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Al | loaded pre-shear holes should be stemmed completely around
and between charges to prevent gas venting It weak strata are
present. However, like cushion blasting, in more solid
homogeneous formations It is preferable to have decoupled
charges and to only place stemming in the top 2 or 3 ft. of
the hole. Also, !lke cushion blastlng, it is desirable to
increase the charge in the first few feet of hole to about two
or three times that used in the upper portion. Thls promotes
shearlng at the bottom where it is more difficult to break
the rock.

Pte-shearing loads are placed and detonated in the same manner
as described for cushlon blasting. The staggering of charges
in adjacent holes is also recommended for pre-shearing to give
better overall load distribution.

The depth that can be pre-sheared at one time is agaln
dependent upon the abi | ity to maintain good hole alignment.
Deviation greater than 6 inches trom the desired plane of
shear will give inferlor results. Generally, 50 ft. is the
maximum depth that can be used for 2 to 3-1/2 inch diameter
holes without significant deviation of alignment.

Theoretically, the length ot a pre-shear shot is unl Imited.
In practice, however, shooting far in advance of primary
excavation can be troublesome if the rock characteristics
change and the load causes excessive shatter in the weaker
areas. By carrying the pre-shear only one-half shot in
advance of the primary blasting (see Figure 11.121, the
knowledge gained from the primary blasts regarding the rock
can be applied to subsequent pre-shear shots. In other words,
the loads can be modified it necessary, and less risk is
Involved as compared to shooting the full length of the neat
excavation line before progressing with the primary blasts.

Pre-shearing can be accomplished during the primary blast by
delaying the primary holes so that the pre-shear holes wi Il
fire ahead of then (see Figure 11.13).

In many cases, especially when shooting non-linear cuts, pre-
shearing in combination with Iine drilling will give good
results. For example, when it is desirable to maintain a
corner of solid rock, line drilling the corner may be used to
prevent breakage across It (see Figure 11.14). Guide holes
to promote shear along the deslred plane are as advantageous
in pre-shearing as they are In cushion blasting.

When pre-shesring in unconsolldated formations and line
driliing between the normally spaced holes, the line drilled
holes may vary in depth from the top few feet to the ful |
depth of the pre-shear holes. Backbreak Is more likely at the
top ot a bench or | ift; consequent1 y, | i ne dr i | | i ng between
pre-shear holes for the top few feet reduces the chance of
over-break In al | types of formations. In very unconsolidated
material, the exploslve loads/tt. in the upper portion of the
hole should be reduced by 50 percent to minimize overbreak at
the crest ot the finished wall.

The main advantage of pre-shearing is that it is not necessary
to return to blast the remaining portion of the cut after
primary excavation.
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The theory of pre-shearing Is that when two charges are shot
simultaneously in adjoining holes, collision of the shock
waves between holes places the web in tension and causes
cracking that gives a sheared zone between the holes. With
proper spacing and charge, the fractured zone between the
holes wi | | be a narrow sheared area to which the subsequent
primary blasts can break. This results In a smooth wall with
little or no overbreak.

The pre-sheared pl ane ref lects some of the shock waves from
the primary blasts that follow preventing them from being
transmitted into the finished wall, minimizing shattering and
overbreak. However, the pre-sheared plane does not reduce
vibrations from the primary blast in the surrounding rock.

Description

Pre-shear holes are loaded similarly to cushion blast holes;
that is, either heavy core load detonating cord or string
loads of full or partial cartridges of 1 to 1-1/2 inch
diameter by 8 inches long, spaced at 1 to 2 ft. centers.

Like cushion blasting, holes are usually fired simultaneously
using a detonating cord trunkline. If excessively long lines
are shot, portions can be delayed with MS Delays.

In extremely unconsolidated rock, results are improved by
using guide or relief holes between loaded holes to promote
shear along the desired plane. Even in harder formations,
guide holes between loaded holes give better results than
increasing the explosive charge per hole.

The average spacings and charges per foot of hole are given
in Table VI I I. These loads are for normal rock conditions and
can be obtained using partial or whole conventional cartridges
of dynamite spaced on detonating cord downlines. In an
extremely unconsolidated formation, poor results were obtained
until the load was reduced to a column of 400 grain detonating
cord In holes drilled on 12 inch centers. There is also a
case on record where it was necessary to reduce the column
load to 2 strands of 50 grain detonating cord in order to
prevent excessive shatter Into a very unconsolidated flnished
wall. Therefore, the loads and spacings given in Table VIl
can only be used as a guide.

TABLE _VIIL_
PRE-SHEAR BLASTING

Hole Diameter Spacing* Explosive Charge**
Inches tt. b/ tt.
1-1/2to 1-3/4 1-1 /2 0.08 - 0.25
2 to 2-1/2 1-1/2 to 2 0.08 - 0.25
3 to 3-1/2 1-1/2 to 3 0.13 - 0.50
4 2 to 4 0.25 - 0.75

« Dependent upon formation being shot. Figures given are an
average as provided by Du Pont of Canada (1964).

e * ldeally. dynamite cartridge diameter should be no longer
than 1/2 the diameter of the hole.
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Where only the top of the formation is weathered, the guide

holes need be dr i I | ed only to that depth and not to the fu I |
depth of the cushion holes. This procedure is common on the
first | ift or bench, since backbreak is more probable there

than on lower benches.

Satisfactory results have been obtained in homogeneous
formations by stemming only the top 2 or 3 ft. of the hole and
not between charges. In this case, the air between the
charges and the borehole wal 1 serves as the protective
"cushion." When stemming is not used between charges, the
gases formed by the explosion can find any weak zone in the
formation and tend to vent before the desired shear between
holes is obtained. Similarly, the gases may find areas of
weakness back into the finished wall and produce overbreak.
If the formation is weak, highly fractured, or contains
faults, complete stemming between and around individual
charges is recommended. Also, though not generally practiced
in the field, staggering of discrete charges between holes as
shown in Figure 11.11 improves powder distribution and gives
better results.

Advantages and Limitations
Cushion blasting offers certain advantages including:
- Increased hole spacings to reduce drilling costs.
~ Better results in unconsolidated formations.
- Possible t o take full advantage of geological

information gained from shooting the main cuts when
loading cushion holes -less guesswork.

[}

Results can be observed on first shot, which permits
adjustment ot loads if necessary before proceeding.

- Better hole alignment with large diameter holes permits
deeper holes.

There are situations where cushion blasting should not be
considered. Among these are:

- Not practical for cutting 90 degree corners without
also using Line Drilling or Pre-shearing.

- Sometimes overbreak from primary blasts completely or
partially removes berm to be cushion blasted, thus
requiring several load adjustments for different holes.

PRE-SHEAR BLAST | NG
Basic Principles

Pre-shearing, sometimes referred toss pre-splitting, involves
a single row of holes drilled along the neat excavation |ine.
The holes are usually the same diameter (2 to4 inches) as the
main blast holes, and in most cases a | | are | oaded. Pre-
shearing differs from line drilling and cushion blasting in
that the holes are fired before any adjoining main excavation
area is blasted.




11.23

Cushion_ ‘

holes

Line drilled holes

- )
Cushion holes

Unloaded—
Loaded
e ™o

~—g—
Cushion holegﬁ

Loaded .

iy

Figure 11.10: Cushion blasting non-linear faces.

Stemming not
required unless
rock is weak or

l highly fractured.

Z

Figure 11,11: Staggered spacing of discrete charges for
optimum powder distribution.
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spacing must always be less than the width of the berm belng
removed as indicated In Table VII.

TABLEVI'|

TYPICAL LOADS AND ROLE PATTERNS

Role Diameter Spacing* Burden* Explosive Charge**
Inches R & ft. b/ t+.

2-21/2 3 4 0.08 to 0.25

3-31/2 4 5 0.13 to 0.50

4 - 41/2 5 6 0.25 to 0.75

5-51/2 6 7 0.75 to 1.00

6 -6 1/2 7 9 1.00 to 1.50

Dependent upon formation being shot. Figures given are an
average as by Du Pont of Canada (1964).

* ldeally, dynamite cartridge diameter should be no larger
than 1/2 the dismeter of the hole.

Cushion blasting can be practiced by benching or by pre-
dri | ling the cushion holes to ful | depth of the excavation.
When benchi ng is used, a minimum 1 ft. offset per bench Is
usually left since it is impossible to position the dril |
flush to the wall of the upper bench.

The maximum depth that can be successfully cushion blasted
depends on the accuracy of the hole alignment. With larger
diameter holes better hole alignment can be maintained for
greater depths. Deviations of more than 6 inches from the
plane of the holes generally gives poor results. Holes90 ft.
deep have been successfully cushion blasted. The penetration
rates of the drill should also be considered when determining
the depth to be cushion blasted. If, for example, the
penetration beyond a given depth becomes excessively slow, It
may be more economical to bench In order to keep penetration
rates and drilling costs at acceptable levels.

When cushlon blasting around curved areas or corners, closer
spacings are required than when blasting a straight section.
Also, guide holes can be used to advantage when biasting
nonlinear faces. On 90 degree corners, a combination of
control ied blasting techniques will give better results than
cushion blasting alone (see Figure 11.10).

In very unconsolidated sedimentary formatlons where It is
difficult to hold a smooth wall, unloaded guide holes between
cushion holes are recommended. General ly, smal | diameter
guide holes are employed to reduce drilling costs.
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core load)

Figure 11.9:

Detonating cord downline

Collar Stemming

sriTrgap is preferable
between charge and
blasthole wail unless
rock is weak or highly
fractured in which case
stemming should fill
entire hole.

Finished Wal |

2 to 3 times charge/ft.
in bottom to insure
shear at floor

Finished wall

Alternative charge placements for cushion blasting.



11.20

CUSHIONBLASTING
Basic Principles

Cushion Blasting, sometimes referred to as trimming, smooth
wall or slashing, is similar to line drilling in that it
Involves a single row of holes along the neat excavation | ine.
Although cushion blasting as originally practiced involved
holes of 4 to 6-1/2 Inches diameter, this‘technlque is also
used with smaller diameter holes of 2 to 3-1/2 inches.
Cushion blast holes are loaded with light, well-distributed
charges and fired after the main excavation is removed. The
stemming or air-gap “cushions” the shock from the finished
wall as the berm Is blasted thus minimizing fracturing and
stressing of the finished wall. By firing the cushion holes
wlth minimum delay between holes, the detonation tends to
shear the rock web between holes giving a smooth wall with
minimum overbreak. Obviously, the larger the hole diameter
the more “cushioning” effect realized.

Description

In cushion blasting, the main cut area is removed, leaving a
minimum buffer or berm zone in front of the neat excavation
line. The cushion holes can be drilled prior to the primary
blasting in that area.

The burden and spacing will vary with the hole diameter being
used. Table VII provides a guide for patterns and loads for
different hole diameters. Note that the numbers shown are an
average range because of variations experienced with the type
of formation being shot.

Alternative blasting agents for cushion blasting include heavy
core load detonating cord extended the full hole depth or
dynamite cartridges (full or partial) spaced along a
detonating cord downline (see Figure 11.9). To promote
shear | ng at the bottom of the hole, a bottom charge 2 to 3
times that used In the upper portion of the hole is generally
employed. For maximum “cushioning,” the charges should be
decoupled; that is an ai r-gap shou Id be present between the
charge and the wal | of the blasthole. If cartridges are used,
they can be taped to the detonating cord at a spacing of 1 to
2 tt. The top 2 or 3 ft. of the hole Is completely stemmed
and not loaded. The length of top stemming required varies
with the formation being shot.

Minimum delay between cushion holes gives best shearing action
from hole to hole; therefore, detonating core trunkl ines are
normally employed. Where noise and vibration control are
critical, good results can be obtained with millisecond (MS)
delay caps.

The burden-t-spacing relationship will vary with different
formations but, to obtain maxImum shearing between holes, the
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the normal burden. A common practice is to reduce the spac ings
of the adjacent blast holes the same amount with a 50 percent
reduction in explosive load. The explosives should be well dis-
tributed in the hole using decks and Primacord downlines.

Best results with | ine dri | ling are obtained in homogeneous
formations where beddling planes, joints and seams are at a
minimum. These irregularitlies are natural planes of weakness
that tend to promote shear through the | ine dr i | led hoi es into
the finished wail. Therefore, th | n-bedded sedimentary and more
unconsoildaed metamorphic formations are not well suited to
line drilling for overbreak control unless dri ii Ing can be done
perpendicular to the strike of the formation. This, however, is
not practical in most excavation work.

Figure 11 .8 shows a typical pattern and procedure for line
drliiing In open work. Best results are obtained when the pri-
mary excavation is removed to within 1 to 3 rows of the neat
excavation line. The last two rows of holes are then si ebbed
away from the line dri | | holes using delay caps or "Primacord"
connectors. This procedure glves maximum relief In front of
the finlshed wall, al low Ing the rock to move forward thus crea-
ting less back pressures which could cause overbreak beyond the
llne drilling. As Indicated in Figure 11.8, reduced spacing and
burden are used on the row next to the excavation | ine .

In thin-bedded sedimentary and unconsolidated metamorphic for-
mations, results with line drilling can usually be improved by
| Ight loading some of the line dri li holes. This procedure led
to the development of Cushlon Blasting. Also, it was found that
line drilling results could be improved in some formations by
| ight loading and firing the line dri | | holes in advance of the
primary blast, and this led to the introduction of the techni-
que known as Pre-Shearing or Pre-Splitting. These modifications
of line dril ling al | promoted additional weakness along the
neat excavation | ine by using explosive force to shear the rock
between the holes.

Advantages and Limitations

Llne drl iiing Is applicable in areas where even the | ight ex-
plosive loads associated with other controlled blasting tech-
nlques may cause damage beyond the excavation limit.

When used with other controlled blasting techniques, line dril-
| ing between the loaded holes promotes shearing to improve re-
suits.

There are a number of limitations of line drilling which must
be recognized:

- Line drilling Is rather unpredictable except in the
most homgeneous formations.

- Due to the close spacings required, dri Il ing costs are
high.

- Because line drll ling requires a large number of holes
on rather close spacings, dri | | ing becomes tedlous and
results are often unsatisfactory due to poor hole
alignment.
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Slopes excavated after pre-splitting

the final faces on a site for a
hydro-electric project in Austria.

Photograph reproduced with permission

of Atlas Copco. Sweden.
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Examples of controlled blasting.
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An 18m high rock face created by pre-split
blasting. Note the clean fracture running
between parallel holes in the face, in spite
of the variability of the rock through which
these holes have been drilled.

Photographreproduced with permission of
Atlas Copco. Sweden.
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e) Delays should be used to control the maximum Instan~-
taneous charge to ensure that rock breakage does not
occur In the rock mass which Is supposed to remalin
Intact {see Flgure 11.16).

f) Back row holes should be drilled at an optimum dis~
tance from the final digline to permit free digging
and yet minimize damage to the wall. Experlence can be
used to adjust the back row positlons and charges to
achieve this result.

Controlled Blasting

On permanent slopes where even smal | slope tal | ures are not ac-
ceptable, the use of controlled blasting methods Is often eco-
nomically Justifled. The principle behind all these methods Is
that closely spaced holes are loaded with a relatively light
charge so that this charge Is well distributed on the flnal
face. The detonatlion of these holes, often on a singie delay,
tends to shear the rock between the holes while doing little
damage to the surounding rock. The following Is a discussion on
varlous methods of controlled blasting, and thelr advantages
and dl sadvantages, which Is taken from a publication by du
Pont(273). Examplesof controlled blasting are shown In Flgure
11.7.

A general comment on the design of control led blasts Is that It
Is often necessary to carry out a number of tria! blasts at the
start of a project to determine the optimum hole layout and ex-
plosive charge. Thls requlres flexIbility on the part of the
contractor and the specifications. It is also advisable to have
the program under the direct lon of an engineer exper lenced In
control led blasting.

Line Drllling

Line Drllling requires a single row of closely spaced, unload-
ed, small-diameter holes along the neat excavation line. This
provides a plane of weakness to which the primary blast can
break. It also causes some of the shock waves created by the
b | ast to be ref lected wh Ich reduces shatter | ng and stressing of
the finlshed wall.

Description

Line drit!l holes are generally 2 to 3 Inches In diameter and
are spaced from 2 to 4 t Imes the hole diameter apart along the
excavation line. Holes larger than 3 Inches are seldom used In
line drilling since the higher drllling costs cannot be offset
by Increased spacings.

The depth of line drl Il holes Is dependent upon how accurately
the alignment of the holes can be malntalned. For good results,
the holes must be on the same plane; any wander or dri f+ by at-
tempting to drill too deep will have an adverse effect on re-
sults. For holes of 2 to 3 Inches diameter, depths greater
than 30 ft. are seldom satisfactory.

The blast holes directiy adjacent to the line dri | | holes are
generally loaded lighter and are more closely spaced than the
other holes. The distance between the !ine drl Il holes and the
directly adjacent blast holes Is usually 50 to 75 percent of
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Similar test sequences could be carried for each of the other
factors which are relevant In a particular sltuatlon.

a) Ratlionallizatlon = Document present powder factors on an
equivatent energy basis using the weight of the exptosive
In current use. MWelght strength data should be obtalned
from the explosives manufacturer If these are not already
avallable.

b) Evaluation = For a blast with the exploslve currently {a
use, document the behavior of the blast during initlation
and the condltion of the resulting muck pl le.

c) Document rate and conditlons of digging.

d) Document fragmentat lon based upon the rat fo of oversl zed
materlal requiring secondary blasting to the total blast
tonnage.

e) Document drilling and blasting costs.

f) Experlmentatlon = Select a similar area of ground and
carry out a blast with a higher powder factor which Is
obtalned by usling a higher energy explosive.

g’ Evaluatlon = Document the results as for steps (b} to
(e).

h) Carry out a cost-benefit study.
Repeat the experiment to determine its validity.
| | CONTROLLED BLASTING TO IMPROVE STABILITY

Based upon the assumption that the damage caused by a blast In-
creases In proportion to the weight of explosive used, It fol-
lows that any reduction In exploslve consumption will lead to a
reduction tn damage to the rock. Slope Instabllity is often
related to blast damage to the rock which can be minimized by
optimization of the production blast as well as using control-
led blasting methods such as line drilling, buffer, pre-split,
and cushlon btasting.

The followlng condltlons should be satisfied if the production
blast Is to be optimized and damage to the rock behind the face
minimized.

a) Choke blasting Into excess!ve burden or broken muck
plles should be avolded.

b)} The front row charge shou | d be adequately des 1 gned to
move the front row burden.

¢) The maln charge and blasthole pattern should be opti-
mized to glve the best possible fragnentation and dig-
ging conditions for the minimum powder factor.

d) Adequate delays shou Id be used to ensure good movement
towards free faces and the creation of new free faces
for followlng rows.
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Evaluation of a blast

Once the dust has settled and the fumes have dispersed after a

bl ast, an inspection of the area should be carried out. The
main features of a satisfactory blast are illustrated in Figure
11.6.

The front row should have moved out evenly but not too far. Ex-
cessive throw is unnecessary and very expensive to clean up.
The heights of most benches are designed for efficient loader
operation; low muck piles, due to excessive front row movement,
represent low loader productivity.

The main charge should have lifted evenly and cratering should,
at worst, be an occasional occurrence. Flat or wrinkled areas
are indicative of misfires or poor delaying.

The back of the blast should be characterized by a drop, indi-
cating a good forward movement of the free face. Tension cracks
should be visible in front of the final digl ines. Excessive
cracking behind the final digiine represents damage to the
slopes and wastage of powder.

The quality of a blast has a significant effect on components
of the rock excavation cost such as secondary dri | | ing and
blasting of oversize boulders, digging rate, the condition of
the haul roads, and loader and truck maintenance. Therefore,
careful evaluation of the blast to determine how improvements
could be made to the design are usually worthwhile.

Oversized fragments, hard toes, tight areas and low muck p i les
(caused by excessive throw) have the most significant detrimen-
tal effect on the digging rate and digging conditions. A study
of loader performance and of complaints from loader operators
helps to maintain an awareness of these problems among blasting
personnel. An attempt should be made to NMeasure d igging rate
by noting the time required to fill trucks or by comparing av-
erage daily production rates. Similarly, loader wear and tear
should be noted since this may reflect difficult digging con-
ditions.

Poor fragmentation of the toe due to an excessive toe burden
can lead to poor digging and uneven haul road condition. Uneven
haul roads lead to suspension wear on the trucks and also spil-
lage which can give rise to high tire wear. An attempt to cor-
rect this problem by additional subdrilling rather than by cor-
recting the front row charge can lead to excessive sub-break
which can give rise to blast hole instability and also to poor
bench crest conditions if a deeper bench is to be removed.

Modification of Blasting Methods

When it is evident that unsatisfactory results are being ob-
tained from a particular blasting method and that the method
should be modified, the engineer may have to embark on a series
of trials in order to arrive at an optimum design. As with any
trials, careful documentation of each blast is essential and,
whenever possible, only one variable at a time should be
changed. The following sequence of test work is an illustration
of the type of experiment which would be carried out to evalu-
ate the cost effectiveness of using a higher energy explosive.
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grounds to support this suggestion and the optimum blasting di-
rection is usually established by carefully controlled trlals.

The importance of blasting to a free face has already been
stressed and it Is equally important to plan the blast so that
suitable free faces are created for the next blast . When free
faces are not available, e.g. when the face changes d | rect ion,
there Is a danger that the blast may become choked and It may
be necessary to use delays in order to work In such a situa-
tlon. A typlcal firing sequence for a choked blast situation
Is lllustrated In Figure 11.3 (iv).

The use of de | ays In a blast Is one of the most power f u | wea-
pons in the fight against excessive blast damage and slope In-
stabllity. Thls subject will be dilscussed more fully In a
later section of this chapter.

Blast Design

Nine factors which influence the effectiveness of a blast have
been discussed on the preceding pages. In order to design a
blast it Is necessary to select values for al 1 these parameters
and determine the optimum explosive load. Usually the hole dia~
meter is decided by the size of aval lable drllls and the bench
helght by the dimensions of the cut. The bench height should
not exceed 20 to 30 ft. since it becomes difficult to control
hole devlatlon at depths greater than this. The bench helght
should not exceed the vertical reach of the load Ing equlpment
by more than about 5 ft. This gives the operator protection
from sudden col | apses of the face.

The basic parameter for measuring explosive charge Is the "pow-
der factor” which is the weight of explosive requlred to break
a unlt volume of rock, e.g. lb/yd.® or kg/m3. It Is also neces-
sary to relate the powder factor to the type of explos | ve used
because the amount of energy for a g | ven wel ght of exp los Ive
varles with the explosive type (see Table VI). The selection
of an appropriate powder factor and dr 1 1 | hole pattern, because
these two factors are directly related, is usually based on the
blasters’ experience. However, thl s exper ience has been used to
draw up some guldel ines to determine powder factors. For exam-
ple, Broadbent relates the powder factor to the sel smic vel-~
oclty of the rock (Figure 11.4) and this may be useful Informa-
tion in hlghway construction when seismic studies have been
carried out to determine overburden thickness.

An slternative approach is to use theoretical equations which
have been developed, and extensively tested In the fleld, by
Langefors and Kihlstrom(257) and others. These equatlions take
Into account all parameters governing blast deslgn and could
serve as a starting polnt In blast design.

Blast design charts are Included In Chapter 2 of Langefors and
Kihistrom's book. One of these design charts Is shown In Flgure
11.5 which relates the powder factor (q) to the burden and the
boulder size (sleve slze through which 95 percent of the blast
will pass). The unbroken | ines represents the powder factor to
just loosen the rock. Thls chart may be useful In designing a
blast to produce rock of a certain size for rlprap, for exam-
p le. Other equations, using a different approach have been
developed by Bauer(272).
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i) Normal row by row delaying

ii) ‘Vee' cut and en echelon
delaying

_iji#) Along row delaying

iv) delaying a choked blast

Symbols :

g Firing sequence and ———7 Initiating line

direction of rock

movement Note - safety lines are
omitted f or clarity.
~—8— 35 millisecond del ay

—4— 17 milligsecond delay

Figure 11.3 : Typical firing sequences.



locating a smsl | "pocket" charge centrally within the stem-
ming(269).

(8) Inltlatlon Sequence for Detonatlon of Explosives

Having drliled and charged a blast It Is then necessary to tle=
up the pattern. This Involves layling out detonating cord along
the "rows" to form trunk | Ines which are then t led to the down-
| ine of each charge. The rows are normally parallel to the free
face but, as shown in the margin sketch on page 11.6, may be
Inclined to It. Safety lines are used In large patterns to en-
sure complete detonation and reduce the ril sk of cut-offs. A
perimeter or "ring" | ine Is then tled around the pattern to
provide a further safeguard.

The firing or Initiating Iine will normally be connected to the
middle of the front row trunk line. Other firing sequences are
Illustrated in Figure 11.5. The blasting sequence, after the
inltiation of the first row, Is controlled by the use of delays
as dlscussed In the next ssctlon.

(9) Delays Between Successive Hole or Row Firing

A typical blast for a highway cut may contain as many as 100
blast holes which In total contain several thousand pounds of
explosives. Simultaneous detonation of this quantity of explo-
sive would not only produce very poorly fragmented rock, but
would also damage the rock in the walls of the excavation and
create large vibrations in any nearby structures. In order to
overcome this situation, the blast Is broken down into a number
of sequential detonations by means of delays.

Recent research(270) has shown that there can be considerable
error In the timing of delays. Thls can produce incorrect
sequencing of blast holes and poor blasting results. |If thls
problem is suspected the performance of the detonator shou Id be
checked with the manufacturer.

When the front row Is detonated and moves away from the rock
mass to create a new free face, It is important that time
should be allowed for thls new face to be establ Ished before
the next row Is detonated. Typically, delay intervals of 1 to
2 mil | Iseconds per ft. of burden are used. A typical blast
with a burden of 10 ft. would have about |15 msec. delays be-
tween rows.

Normal row by row delaying is the simplest and general ly the
most satisfactory firing sequence. Delay patterns can become
quite complex and should be planned and checked carefully. The
number of rows should not exceed 4 to 6 as choking occurs with
deeper blasts and vertical craters may be formed above the back
rows which do not have sufficlent room to move laterally.

An alternative Is to use an echelon delaying and to initiate
the firing sequence with a vee cut to create the flrst free
face. This type of firing sequence can be useful when blasting
In strongly jointed rock where near vertical joints strike ac-
ross the bench at an angle to the face. Some blasting engineers
suggest that the row line should bisect the angle between the
strike of the jolnts and the face or the strike of two joint
sets. There does not appear to be very strong theoret ical
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should exercise caution in applying thls pattern since Its suc-
cess depends upon rock of good qual Ity. Joints running across
a line of holes In a row could al low exploslive gases to vent
and reduce the effectiveness of the blast.

(5) Subdrill Depth

Subdrl 1l Ing or drl Il Ing to a depth below the required grade, Is
necessary in order to break the rock on the f loor of the cut.
Poor fragmentation at this level wii |l form a series of hard
"toes™ which can lead to expensive loader operation due to dif=-
ficult digging conditlons and breakdowns. Excessive fragmenta-
t ion probably means that the rock behind the face and below the
grade Is damaged and thls means a reduction In stability.

As Il lustrated In the margin sketch, breakage of the rock usu-
ally projects from the base of the bottom load In the form of
an Inverted cone with sides Incl ined at 15 degrees to 25 de-
grees to the horizontal, depending upon the strength and struc-
ture of the rock. In multi-row blasting, the breakage cones
interact and link up to glve a reasonably even transition from
broken to undamaged rock. Experience has shown that a subdrlll
depth of 0.2 to 0.3 times the distance between ad]acent blast
holes Is usually adequate to ensure effective digging to grade.
It is particularly important that subdrlll depths should not be
exceeded In the front and back rows otherwl se unstable crest
and toe condltlons can be created in the new bench. In fact,
there Is good justificatlion for reducing or even eliminating
subdrilling in the front and back rows If bench stabllityls
critical.

(6) Blast Hole Inclination

As pointed out in the discussion on burden, the front row bur-
den varles with depth If vertical blast holes are used and the
bench faces are Inc! ined. Inclined blast holes are obviously
advantageous for the front row and, by dr | |1 | Ing the blast holes
parallel to the bench face, a constant front row burden Is ach-
ieved. In order to maintain a constant burden with depth for
the remainder of the blast, It follows that al | the blast holes
should be Inclined. Some blasting engineers would argue that
the use of blast holes dr i | | ed at between 10 degrees and 30
degrees to the vertical will glve better fragmentation(268),
greater displacement and reduced back-break problems(269).

(7) Stemming

The use of stemming consisting of drl | | cuttings Is a generally
accepted procedure for directing explosive effort Into the rock
mass. The same arguments as were used in the discussion on
burden apply in the case of stemming. Too littie stemming will
al low the explosion gases to vent and wil | generate flyrock and
alr blast problems as well as reducing the effectiveness of the
blast. Too much stemming will glve poor fragmentation of the
rock above the top load.

The optimum stemming length depends upon the properties of the
rock and can vary between 0.67 and 2 times the burden. If un-
acceptably large blocks are obtained from the top of the bench,
even when the minimum stemning column consistent with flyrock
and airblast problems Is used, fr agnentat lon can be Improved by
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a) Square pattern Burden/spacing ratio 1:1

b) Staggered pattern Burden/spacing ratio 1:1.15

c) Swedish pattern Burden/spacing ratio 1:4
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d) Use of easer holes (E) to move front
row burden.

Figure 11.2 : Various blasthole patterns used in open pit
production blasting.
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Too small a burden will allow the radial cracks to extend to
the free face end this will give rise to venting of the explo-
sion gases with a consequent loss of efficiency and the gener-
ation of flyrock and air blast problems. Too large a burden
will choke the blast and wi! | give rise to very poor fragmen-
tation and a general loss of efficiency. Experience has shown
that the explosive charge Is most efficient when the burden is
equal to approximately 40 times the hole dlameter.

The ef fectlve burden B¢ and t he ef fective spacing Se¢ depend not
only upon the blast hole pattern but al so upon the sequence of
firing. As lllustrated in the margin sketch, a square blast
hole pattern which is fired row by row’ from the face glves an
effective burden equal to the spacing between successive rows
parallel to the face. On the other hand, an ldentical pattern
of blast holes can be fired en echelon resulting In completely
different burdens and spacings as shown In the margin sketch.

One of the most Important questlons to be consldered in design-
Ing a blast Is the choice of the front row burden. |f vertical
blast holes are used and the bench face Is inclined as a result
of the digging angle of the loader in clearing the previous
blast, the front row burden wi | | not be constant but wl 11 vary
with depth as lllustrated In the margin sketch. Al lowance can
be made for this variation by using a higher energy bottom load
In the front row of holes. Alternatively, the blast hole can
be inclined to glve a more uniform burden as wi | | be dlscussed
later in ths section. When the free face Is uneven, the use of
easer holes to reduce the burden to acceptable limits Is advis-
able (see Figure 11.2d).

Since the effectiveness of the fragmentation process depends
upon the creation of a free face from which a tensile strain
wave can be generated and to which the burden rock can move,
the design of the front row blast Is critical. Once this row
has been detonated and effectively broken, a new free face Is
created for the next row and so on untl | the last row is
flred.

(4) Effective Spacing

When cracks are opened parallel to the free face as a result of
the reflected tensi le strain wave, gas pressure enter Ing these
cracks exerts an outward force which fragments the rock and
heaves It onto the muck pile. Obviously, the lateral extent to
which th Is gas can penetrate Is limited by the size of the
crack and the volume of gas available and a stage will be
reached when the force generated Is no longer large enough to
fragment and move the rock. If the effect of a single blast
hole Is relnforced by holes on either side at an effective
spacing Sg, the total force act Ing on the str | p of burden mate-
rial will be evened out and uniform fragmentation of this rock
will result.

Experience suggests that an effective spacing of 1.25 times the
effective burden gives good results. However, work by Lundborg
of Nitro Nobel in Sweden, mentioned In the paper by Per-
sson(267) shows that Improved fragmentation may be obtalned by
Increasing the spacing to burden ratio to as much as 4, 6 or
even 8. This finding has been Incorporated Into the “Swedish”
blast hole pattern 11 lustrated In Flgure Il .2c. The reader
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TABLE VI’

PROPERTIES OF EXPLOSIVES’

Explosive Grade Strength’
Atlas Power Primer .- 75%c
Atlas Powerdyn -- 52%¢c
Atlas Gelodyn No 52%c

No. 5 3%%c
Hercules Hercomix -- 65%w
Hercules Gelamlte 1, 1-x 67%w
5, 5-x 62%w
D 708w

Dupon?3 Dynam | te A 70%
B 40%

B 752

Dupont Tovex 2000 SD-A -

5000 SD -

C.l.L. Forclte o 40%
o 80%

Vélocity of

Detonation Specific Water

(t+/sec) Gravity Resistance
17,000 - 18,000 1.36 Excel lent
10,000 - 14,000 1.29 Falr
10,000 - 14,000 1.29 Fair
10,000 - 12,000 1.03 Fslr

10,700 - 15,750

11,500
10,000
15,000

10,700
11,000
15,700

14,800
14,200 - 14,700

to.200
17,700

0.80 -~ 0.95 Very Poor

1.15
1.15

1.49
1.30

Good
Falr
vVeéry Good

Falr
Good
Good

Fair
Fair

Good
Good

1. Informatlon on selected explosives obtained from manufacturer's product

information.

2. c¢ = cartridge strength; w = welght strength as indicated by menutacturer.
3. Dupont products now supplied by Explosives Technologies Internationatl Inc.



dynamites are rated according to the percentage by weight of
nitroglycerin they contain. However, the relative strengths
are not proportional to the relative amounts of nitroglycerin
because this is not the only energy-producing ingredient in the
formulation. For example, 60 percent dynamite is not twice as
strong as 30 percent dynamite.

One measure of the strength of an explosive is its velocity of
detonation; the higher the velocity the greater the shattering
effect. However, the strength, density and degree of confine-
ment are also factors that should be considered in selecting an
explosive for a specific purpose. Table VI lists the velocity
of detonation, specific gravity and water resistance of some
common Dupont(261) and C.l.L. explosives(263).

Explosive strength is also detined by weight and bulk stren-
gths. Weight strengths are useful when comparing blast designs
In which explosives of different strengths are used, and also
when canparing the cost of explosives because explosives are
sold by weight. The bulk (or volume) strength is related to
the weight strength by the specific gravity, and this figure is
Important in calculating the volume of blast hole required to
contain a given amount of explosive energy. A higher bulk
strength requires less blast hole capacity to contain a re-
quired charge.

The sensitivity of an explosive is a characteristic which de-
termines the method by which a charge is detonated, the mini-
mun diameter of the charge and the safety with which the explo-
sive can be handled. Highly sensitive explosives will detonate
when used In smaller diameter charges and as the sensitivity of
the explosive is decreased, the diameter of the charge must be
increased.

(2) Blast Hole Diameter

Blast hole diameter on highway construction work ranges from
about 1-1/2 inches for hand held-drills to 2-1/2 inches and 4
| nches for "a i r-trac" and wagon dri | Is. Al | these dri | Is are
rotary percussive and are powered with compressed air.

Persson{267) shows that the cost of dri | | ing and blasting de-
creases as the hole size increases. This is because the hole
volune per foot of hole increases with the square of hole size
so that the same volune of explosive can be loaded into fewer
holes. This cost saving is offset by the greater shattering of
the rock that is produced by the more highly concentrated ex-
plosive which can result in less stable slopes.

(3) Effective Burden

In order to understand the inf | uence of the effective burden
(the distance between the row of holes under consideration and
the nearest free face) It is necessary to understand the mech-
anism of rock fracture described earlier in the chapter.

The blast Is most efficient when the shock wave is reflected in
tension from a free face so that the rock i s broken and dis-
placed to form a well-fragmented muck pi le. This efficiency
depends to a large extent on having the correct burden.
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Within about one borehole radius, the pressure exerted by the
shock wave is suff iclent to shatter the rock and form a crushed
zone around the hole. As the wave moves outwards, the tangen-
tial stress becomes tensile. Because rock Is much weaker In
tenslon that compression, the rock breaks to form a pattern of
radial cracks around the hole. When the shock wave reaches a
free face, the rock is able to expand and slabs of rock break
from the face. The shock wave is also ref lected from the face
In tenslon and this aids in rock breakage.

From thls description, It can be seen that explosives wil |
break rock at distances of between 10 and 20 hole diameters
from the point of detonation. To prevent damage to rock behind
the face, the zone of crushed rock and radial cracking around
the holes in the flnal row is control led by reducing the explo-
sive charge in the holes. As the shock wave travels beyond the
timit of rock breakage into the surrounding rock, it sets up
vibratlons both within the rock and at the ground surface.
Structures through which these vibration waves pass wi ! | be
subjected to a twisting and rocking motion which may be suffi-
client t0 cause damage. Allowable levels of vibration for dif-
ferent structures, and methods of control ! ing vibrat ions, are
discussed later In this chapter.

Productlion Blasting

The basic economics of rock excavation usling explosives is
shown In the margin sketch which is taken from a paper by
Harrles and Mercer(266). The production of a well-fragmented
and loosely Decked muck plie that has not been scattered around
the excavatlon area facilitates loading and hauling operatlons.
This condition Is at the minimum total cost point on the graph.
However, close to the final face, drilling and blasting costs
wi | | increase because more closely spaced and carefully loaded
holes will be required. In order to achieve the optimum results
under both condltions, a thorough understanding of the fo!low~
ing parameters is required:

1} Type, weight, distribution of explosive

2) Blast hole diameter

3) Effective burden

4) Effective spacing

5$)  Subdri | | depth

6) Blast hole incl inatlon

7 Stem i ng

8) Initiation sequence for detonation of explosives

9) Delays between successive hole or row firing.
Factors 2 to 7 are introduced in Figew 11.1 and are described
in the foiiowlng sections.

Each of the factors listed above will be considered in relation
to its influence upon the effectiveness of the blast and its
Influence upon the amount of damage inf | icted upon the remalin-
Ing rock.

(1) Type, Welght end Distribution of Explosive

The strength of an explosive is a measure of the work done by a
certain weight or volume of explosive. This strength can be ex-
pressed In absolute units, or as a ratio relative to a standard
explosive such as dynamite. Thus nitroglycerin or straight




Chapter 11 Blasting.

Introduction

The excavation of rock slopes usual ly involves blasting and it
is appropriate that the subject receive attention in this man-
ual on rock slope engineering. The fragmentation of rock by
means of explosives is a major subject in its own right and the
fundamentals have been dealt with in a number of excellent text
books {257-260), while most of the practical aspects have been
described in handbooks published by manufacturers of drilling
equipment and explosives (261-264),. The first part of this
chapter reviews the principles of production blasting and dis-
cusses methods of evaluating the results.

Detailed design of blasting operations are usually the res-
ponsibility of the contractor, while the principle duty of the
owner’s representative is to ensure that the desired results
are being produced. This requires that the owner understands
blasting methods so that he can review alternative procedures
and propose modifications if necessary. The owner should also
ensure that accurate records are kept of each blast so that the
results obtained can be related to the method used. The records
are also useful for cost control purposes.

Rock excavation for highway construction often requires the
formation of a slope that will be stable for many years, and
that will also be as steep as possible to minimize excavation
volume and land use. While these two requirements are contra-
dictory, the stability of slopes will be enhanced, and the max-
imum safe slope angle increased, by using a blasting method
that does the least possible damage to the rock behind the
final face. The second part of the chapter describes proven
methods of minimizing blasting damage which are included in the
general term "control led blasting”. The techniques are des-
cribed in sane detail because they may not be standard practice
for the contractor and the design engineer is often involved
with writing the specifications and supervising the work.

The third part of the chapter describes methods of control | ing
structural damage due to blast vibrations and minimizing haz-
ards of flyrock, airblast and noise. A glossary of blasting
and excavation terms is included in the Appendix 5.

| PRINCIPLES OF BLASTING
Mechanism of Rock Failure by Explosive

The mechanism by which rock is fractured by explosives is fun-
damental to the design of blasting patterns, whether for pro-
duction or control led blasting. It also relates to the damage
to surrounding structures and disturbance to people | i ving in
the vicinity. The following is a description of this mechan-~
ism(265).

When an explosive is detonated, it is converted in a few thou-
sandths of a second from a solid into a high temperature gas.
If the explosive is confined in a drill hole, this very rapid
reaction causes the gas to exert pressure in the rock immedi-
ately around the hole. Th is pressure can exceed 100,000 atmo-
spheres, and the energy is dissipated into the surrounding rock
in the form of a shock wave that travels with a velocity of
several thousand feet per second. It is the passage of this
shock wave that breaks rock by the mechanisms shown in the
margin sketch.
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FACTOR OF SAFETY FOR LIMITING EQUILIBRIUM ANALYSIS OF
TOPPLING FAILURES

The factor of safety for toppl Ing can be deflned by dlviding
the tangent of the frictlon angle belleved to apply to the rock
layers (7277¢,,.4//0b/2)by the tangent of the frictlon angle
required for equliibrium with a glven support force T

7er74 Fen,
e regura) 1B, s
F= avariable (779)
7ar7 arega/'re/

If, for example, the best estlmate of Tan@ Is 0.800 for the
rock surfaces sliding on one another, the factor of safety In
the example, with Tan@ ez /res = 0.7855 and with a 0.5 kN sup-
port force In block 1, Is equal to 0.800/0.7855 = 1.02. WIth
Tan@regyiraer = 0.650 and a support force of 2013 kN, the
factor of safety Is 0.800/0.650 = 1.23.

Once a column overturns by a smal | amount, the frictlon re-
qulred to prevent further rotat ion Increases. Hence, a slope
just at timiting equlllbrlum Is meta-stable. However, rotation
equal to 2(8-a) wil | convert the edge to face contacts along
the sides of the columns Into continuous face contacts and the
frictlon angle requlred to prevent further rotation wi |l | drop
sharply, possibly even below that required for Initial equilib-
rturn. The choice of factor of safety, therefore, depends on
whether or not some deformatlon can be tolerated.

The restoration of contlinuous face-to-face contact of toppled
columns of rock Is probably a very important arrest mechanism
In large scale topplting fal lures. In many cases In the f leld,
large surface displacements and tenslon crack formation can be
observed and yet the volumes of rock wh Ich detach themse lves -
from the rock mass are relatively modest.

GENERAL COMMENTS ON TOPPLING FAILURE

The anal ys I s presented on the preced Ing pages can be app | led to
a few speclal cases of toppling fal lure and It Is obviously not
a rock slope deslgn tool at this stage of development. How-
ever, the baslic princlples which have been Included In this
analysis are generally true and, with sultable addltions, will
probably provide a basls for further developments of toppling
fallure analysis.

The reader Is strongly advised to work through the example
glven for himself and to try examples of his own since thls can
be a very Instructive exercise. The calcuiations are rela-
tlvely simple to program on a desk top calculator or a computer
and the avaliablllty of such a program will enable the user to
explore a number of possiblilities, thereby galning a better
understanding of the sensitivity of the toppl Ing process to
changes In geometry and materlal properties.
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CALCULATION OF FORCES FOR EXAHPLE SHOWN IN FIGURE 10.9
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6)

7)
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The use of small diameter blast holes also means using
smaller hole spacings. However, smal | holes are more
subject to wander, or to caving In Incompetent ground.

The concentration of charge at the wal | should be as
low as possible by using a closer hole spacing and loa~
ding density than for normal production blasting. Use
of a larger number of smal ler charges decreases the
radlus of fracture around blast holes. This lessens the
I1kel thood that large volumes of explosive gases from a
single charge wil | be channel led Into a jolnt or frac-
ture, causing serious backbreak.

Accurate drllling Is Important In control led blasting
to ensure an even distributicon of the charge on the

face. Some applications requlre that holes be dri | led
at an angle corresponding to that of the final wall.
Hence, some form of equipment which can drii | back
under Itself (e.g., smal |l dlameter percussive dri|l |)

would probably be required.

Depth of subgrade dr I I | Ing and stemming both affect
crest fracturing. Crest fractur Ing can be caused dl-
rectly by the natural tendency of an explosive column
to crater or break out towards the free surf ace. The
depth of stemming var les from 30 + Imes the charge dia-
meter for hard competent rock to 60 times the charge
d lameter for soft Incompetent rock. Subgradedr|l1ing
may fracture the rock at the toe of the slope as wel |
as the crest of an underliyling bench, thereby, weakenlng
i+ and making Is susceptibte to rock falls.

Speclifications should always contaln provision for ex=-
perimentation to determine the correct combinatlon of
hole dlameter, burden and charge for each project and
each change of rock type.

Because the design of the productlon blast has an effect on the
performance of the control led blast, the fol lowlng aspects of
production blasting should be considered.

1)

2)

3)

4)

Charge the upper half of the last few | ines of produc-
tion blast holes lighter than normal to prevent exces-
slve damage beyond the preshear | ine.

Besldes offering safer working condltlons, Inclined
driiling of production blast holes leads to less back-
break near the collar of the hole and resistance of the
rock to blasting appears to be reduced.

Reduce the shock transmitted to the back slope, by re-
duclng the delay perlod between the next to last and
last rows of production holes by about 40 to 50 mi | | I~
seconds.

Reduce backbreak by having proportionally fewer produc-
tlon blast holes exposed to the final slope face. This
can be achleved by adopting an elongated drl | | Ing Rat-
tern, i.e. the spacing of the blast holes Is much grea-
ter than the burden.
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5) Drill the last line of productlon blast holes about
half the normal burden from the preshear line to ensure
the production blast holes backbreak to the preshear.

The cost savings achieved by controlled blasting cannot be mea-
sured directly but it is generally accepted(275) that these
savings are greater than the extra cost of drl I | Ing closely
spaced, carefully aligned holes and loading then with speclal
charges. The savings that are achleved are the result of being
able to cut steeper slopes and reduce excavation vol ume. This
in turn means that less land adjacent to the highway is distur-
bed. It is also found that less time Is spent scaling loose
rock from the face after the blast and the resu lting face is
more stable and requires less maintenance In the future. From
an aesthetic point of view, steep cuts have a smal ter exposed
area than flat slopes. However, some people may f Ind the trace
of drill holes on the face to be objectlionable, even If the
rock is less hlighly fractured than would be the case In conven-
tional blasting.

111 BLAST DAMAGE AND ITS CONTROL

Highway construction is often carr led out in populated areas
and in these cases blasting operations must be control led to
ensure that damage and disturbance is minimited. Four types of
damage caused by blasting are as fol lows(267):

1 ) Structural damage due to vibrations induced in the rock
mass.

21 Damage due to fly rock or boulders ejected from the
blast area.

3) Damage due to air blast.
4) Damage due to nolse.

Further consideration Is that ground vibratlons are perceptible
well outside the zone wlithin which the vibratlons may cause
damage. This can cause people living In the area to complain
about the vibratlon and possibly put in claims for damages not
caused by vibrations. Thls problem can often be overcome by
informing people before blasting starts about the vibrations
that they will feel. WiIthin the zone where damage may possibly
occur, a survey should be carr led out to record al | ex | st 1 ng
cracks, with photographs where possible. The Office of Surface
Mining(277) has drawn up a standardized system of recording
structural damage that helps to accurately survey bulldings, an
example of which is shown in Flgure 11.15. Finally, vibratlons
should be measured, at least during the initlal blasts, to en-
sure that vibration levels are within al lowable limlts and to
determine the maximum explosive weights that can be detonated
per delay. |If these precautions are followed, It 1s unlikely
that a successful claim for blast damage wil | be made.

The fol lowing Is a discussion on the types of damage and what
steps can be taken In designing the blast to prevent damage
from occurring. A complete review of blast damage mechanlisms
is beyond the scope of this manua | and the interested reader 1s
referred to the excellent {1terature on the subject(257, 258,
260, 276-289).
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Structural Damage

The fragmentation of rock by detonation of an explosive charge
depends upon the effects of both strain induced in the rock
and upon the gas pressure generated by the burning of the
explosive. Structural damage resulting from vibration is
dependent upon the strains Induced in the rock.

When an explosive charge is detonated near a free surface, two
body waves and one surface wave are generated as a result of
the elastic response of the rock. The faster of the two waves
propagated within the rock is called the primary or P'wave,
while the slower type is known as the secondary or S wave.
The surface wave, which Is slower than elther the P’or § wave,
is named after Rayleigh who proved its existence and is known
as the R wave. Ladegaard-Pedersen and Dally{276) suggest
that, in terms of vibration damage, the R wave is the most
important since it propagates along the surface of the earth
and because its amplitude decays more slowly with distance
travelled than the P’or S waves. While this may be true for
damage to surface structures, rock remalning In the final
slopes Is also of concern and hence the effects of all three
waves should be considered.

In the review by Ladegaard-Pedersen and Dally it is concluded
that the wide variations in geometrical and geological
conditions on typlcal blasting sites preclude the solution of
ground vlbration problems by means of elastodynamic equations
and that the most reliable predictions are given by empirical
relationships developed as a result of observations of actual
blasts. Of the many empirical relationships which have been
postulated, the most rellable appears to be that relating
particle velocity to scaled distance.

The scaled distance is def ined by the function 2/V# where R
is the radial distance from the point of detonation and W is
the weight of explosive detonated per delay. The U.S. Bureau
of Mines has established that the maximum particle velocity
V is related to the scaled distance by following relationship:

ve k (RINW)Z (124)

where # and & are constants which have to be determined by
measurements on each particular blasting site.

Equation 124 plots as a straight | ine on log-log paper and the
value of £ is given by the V intercept at a scaled distance
of unity while the constant & is given by the slope of the
I ine. A hypothetical example of such a plot is given in
Figure 11.16.

In order to obtain data from the constructlon of a plot such
as that given in Figure 11.16, some form of vibration
measur | ng instrument must be available. Typical
specifications for selsmographs and geophones, with which to
measure vibration levels, are summarized in Tables X and XI.
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Hypothetical plot of measured particle velocity versus
scaled distance from blast.

Typical values of k end B quoted by Oriard2®* are :

Down hole blasting :@ k = 26 to 260. B = -1.6
Coyote blasting . k= 5 to 20, g = -1.1
Pre-splitting . k= 800, g = -1.6
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TABLE X

TYPICAL SPECIFICATIONS FOR SE | SMOGRAPHS*

Property

Frequency response

Ranges :

0 Seismic Particle Velocity
0 Sound overpressure

Trigger Levels

0 Seismic
o Sound

Record Times

Total Weight of Instrument

Unit

HZ

in/sec

in/sec
d8

sec

Range

2- 250

05 - 8
100 - 140

.04 - 2
110 ~ 123

1 to 7

<40

e From Instantel Inc. product specifications.

TABLE XI

TYPICAL SPECIFICATIONS FOR GEOPHONES*®

Standsrd Natural Frequency
Maintains Specifications

Cl ean Band Pass

Standard Coil Resistance @ 20°C

Intrinsic Voltage Sensitivity with

395 ohm coil

Sensitivity at 70% damping

Normalized Transduction Constant

(V/in/sec)

Moving Mass

Typical Case to Coil Motion P=p"

Harmonic Distortion with driving

velocity of .7 in/sec P-P

10 Hz ¢ .5 Hz
Up to 20°Ti It
To 25 x Natural Frequency

395 ohms * 5%

.70 V/in/sec

.50 V/Iin/sec

.03% VRc
.388 oz

.06 in

.2% or less at 12 Hz

e From Geo Space Corporation product specifications.
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Langetors and Kihlstrom(257), Duval and Fogetson{283) and
others(272) have examined the reiationship between maximum
particle velocity and structural damage and the following
threshold values have been suggested:

In/sec Damage

0.08-0.2 Vibrations Perceptible

0.5 Rigidly mounted mercury switches trip out

1.0 Maximum vibration for green concrete*

1 .s-2.00 Vi’brations Objections1

2 Limit below which risk of damage to structures.
even old buildings, is very slight (less than 5§
percent)

5 Minor damage, cracking of plaster, serious
complaints

9 Cracks in concrete blocks

12 Rock falls in unlined tunnel

15 Horizontal offset in cased drill holes

25 Onset of cracking of rock

40 Shafts misaligned in pumps, compressors

60 Prefabricated metal buildings on concrete pads:

metal twisted and concrete cracked
100 Breakage of rock

e Varies with strength gain of concrete, see Konya and
Walter(290)

A range of these threshold values have been plotted in Figure
11.17 for different combinations of distance R and weight of
exploslve charge W. In plotting this figure, values of & =
200 and & = -1.5 have been used in solving equation 124.
These values are based upon an average range derived from a
paper by Oriard(289) and this plot should only be used for
very general guidance. When damage is a serious potent is |
problem, values of 4 and & should be determined from a plot
of measured particle velocities, such as that presented in
Figure 11.16 plotted for these values.

Figure 11.17 shows that 1000 Ib. ot explosive detonated per
delay will cause minor cracking ot plaster in houses at
distances less than 500 ft. from the blast, while the
vibrations wi | | be felt at distances of about one mile.
Halving of the welght of explosive detonated per delay wil |
reduce these distances to 300 ft. and 1/2 mile respectively.
Thus, the use of delays to limit the weight of explosive
detonated per delay is a very important method of controlling
both damage and reactions by the public to the blasting
operations.

Control of Flyrock

When the tront row burden is inadequate or when the stemming

column is too short, a crater is tormed as illustrated in the
“margin sketch. Under these conditions, rock is ejected trom
Flyrock problems are caused by the crater and it may be thrown a considerable distance. In a
cratering a.9 a result of inade-

quate stemming or too small a

front row burden.




11.38

Typical vibration record.
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study by the Swed i oh Deton Ic Research Foundat lon(287), the
maximum distance whlch boulders were thrown was studled for a
range of powder factors and the results are plotted In Flgure
11.18. This plot shows that, for the particular rock mass and
blasting geometry tested, the flyrock problem could be el imina-
ted by reducing the powder factor to 0.2 kg/m®. A low powder
factor such as that requlred to e! iminate f lyrock may not gl ve
adequate fragmentat lon and hence blast Ing mats wou | d have to be
used to cover the blast.

An alternative to changlng the powder factor would be to In-
crease the front row burden and/or the length of the stemming
column but, as pointed out earller In thls chapter, this could
give rise to choking the blast and to poor fragmentation of the
rock above the top load. A stemming column length of 40 blast
hole diameters is recommended by the Swedish Detonlc Research
Foundatlon for the control of fiyrock and thls Is In |Ine with
the optimum stemming column length of 0.67 to 2 times the bur-
den which Is recommended by Hagan(269).

A relatlonshlp between the blast hole diameter and the throw
distance for a boulder of glven slze was established by the
Swedish Detonlc Research Foundation(287) and Is plotted In Fig-
ure 11.19. From this flgure It can be seen that a 1 m granlite
boulder would be thrown 40 m (130 ft.) by the cratering of a 50
mm (2 Inches) dlameter charge. Thils result should provide ample
Inducement for the blasting engineer to elther do something
about control | Ing f lyrock or el se stand a long way from the
blast.

Alrblast and Nolse Problems Assoclated with Productlon
Blasts

These two problems are taken together because they both stem
from the same cause. Alrblast, which occurs close to the blast
Itself, can cause structural damage such as the breaking of
windows. Notre, Into which the alrblast degenerates with dls-
tance from the blast, can cause discomfort and wil |l almost
certainly give rise to complaints from those living close to
the construction site.

Factors contributing to the development of an alrblast and
nolse include overcharged blast holes, poor stemming, uncovered
detonating cord, venting of developing cracks In the rock and
the use of Inadequate burdens glv | ng r | se to crater Ing. The
propagatlon of the pressure wave depends upon atmospheric con=-
ditlons Including temperature, wind and the pressure-altitude
relatlonshlp. Cloud cover can also cause ref lection of the
pressure wave back to ground level at some distance from the
blast.

Flgure 1.20 gives a usefu | guide to the response of structures
and humans to sound pressure level. Leglsiation In the USA now
restricts blast nolse to 140 dB which corresponds to the ™no
damage” threshold shown In Figure 11.20.

The decrease of sound pressure level with distance can be pre-~

dicted by means of cube root scaling. The scallng factor with
distance Kp Is glven by:

Kp = R/3NW (725)
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Decibels 1b/in?
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e OSM = Office of Surface Mining Reclamation and Enforcement,,

see Skelly and Loy (291)

Figure 11.20: Human sma structural response to sound

pressure level.
After Ladegaard-Pedersen and Dally 272,

where R Is the radlal distance from the explosion
W Is the wel ght of charge detonated

Flgure 11.21 gives the results of pressure measurements carried
out by the U.S. Bureau of Mines In a number of quarries (repor-
ted by Ladegaard-Pedersen and Dal ly(276)). The burden B was
varied and the length of stemning was 2.6 ft. per Inch diameter
of borehole. For example, If a 1,000 | b. change Is detonated
with a burden of 10 ft., then the over-pressure at a distance
of 500 ft. Is found as follows:

/3w = 500/3 /7000
= 50

B3/w = /03 /l000
=1

From Figure 11.21, over-pressure equals about 0.006 psi.
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Chapter 12 Stabilization and protection measures

Introduction

Expenditure of funds for slope stabilization programs is often
justif led because unstable slopes can rarely be tolerated on
h Ilghways, and because weathering of the rock tends to cause
deterioration of slopes with time. This chapter descr i bes a I-
ternative stabilization methods and the conditions in which
they can be used. Design of the stabilization work is carried
out by the methods described in Chapters 7 through 10 for the
appropriate type of slope failure; references to these design
methods are included with each of the stabilization procedures.
Note that each design method is particular to the type of slope
failure, i.e. planar, wedge, circular or toppling, and it is
essential that the type and cause of failure be identified.

The first step In planning a stabilization program is to iden-
tify potentially hazardous slopes which usually requires accu-
rate observations of slope stability conditions and the main-
tenance of records over a considerable time period. These re-
cords, which can be kept by maintenance personnel, should con-
tain the following information.

- Location of slope.

~ Weather conditions, particularly during 24 hours pre-
ceding failure.

- Volume of failed material and height of fal I.

- Time taken to clear rock and stabilize slope.

- Belays to traffic and damage to highway and vehicles.
- Stabilization work carried out with time and costs.

- Warning received of failure from prior falls, or move-
ment monitoring instruments (see Chapter 13).

These reports should be supplemented with photographs to record
changes in conditions of the slope and the progress of stabili-
zation work. Photographs in stereo pair are particularly useful
for planning stabilization work. They can be taken with a regu-
lar 35 mm camera by taking two photographs from positions which
are separated by a distance equal to about 2 to 5 percent of
the distance of the camera from the slope. For more detailed
work, terrestial or oblique aerial photogrammetry can be used
from which contour maps and cross-sections can be drawn up.
This information is usually required in making detailed sta-
bility studies and calculation of excavation volumes. High al-
titude aerial photographs rarely provide information suffi-
ciently detailed for rock slope engineering.

By relating these records to the geological data contained on
stability assessment sheets(11) discussed previously (see Fig-
ure 1.6). information will soon be developed on the most haz-
ardous areas and the consequences of the failure. This can then
be used to schedule stabilization work, keeping in mind that
slopes that have already failed are | ikely to be more stable
than similar slopes that have not yet failed.

The selection of an appropriate stabi | ization method depends
not only on the technical feasibility, but a Iso costs and the




Installing rock bolts from
a crane and basket.

ease of Instal latlon. For example, the least expenslve con-
struct lon cost for rock bolt Instal | at lon may be to use a crane
to put In a few, high capaclty anchors. However, If the use of
the crane wiil dlsrupt traff Ic because the shoulder Is too nar-
row to accommodate the crane, then It would be preferable to
have men on ropes dr | | | Ing holes for a greater number of sma | ~
{er anchors because they can work Independently of the traffic.
Another conslderation Is that stablllzatlon work should be ef~
fective over a long time period and corners should not be cut
to save costs. For example, anchors should be protected against
corrosion, and blasting should be control led to ensure that the
rock In the new face Is not fractured by the exploslives.

The design of stabll Izatlon work should be carried out by ex-
per lenced personnel who can draw on thel r know ledge of prev lous
fai lures to estimate such factors as rock strength and ground-
water condltlons. They wil | also know which stabli Ization meth-
ods are best suited to the physical constralnts at the slte.
Highway personnel with geotoglcal englneering fraining who are
famillar with local conditlons should be assigned to both the
design and construction supervision tasks so they obtain feed-
back on the appllication of thelr designs. Consultants who
specialize In rock slope englneering may also be required, on
occaslion, to asslst highway personnel with unusual problems.

Rock slope stabllizatlon work should usually be carrled out by
speclalist contractors who have experlenced men and appropriate
equlipment. For scaling and rock bolt Instal latlon, equipment
would Include compressors, hand-held percussion dri{ Is, a loa-
der to clear broken rock from the hlghway and assorted ropes,
hoses, plpes, dril | steel and grout pumps. The men will elther
use clImblng ropes to access the face or work off an alr-winch
operated platform ("spider™), For larger excavation jobs,
cranes and track-mounted dr I | Is and dozers may be requ | red.
Rock work that requires men to cl Imb on steep slopes Is hazard-
ous when snow and Ice cover the slope so these projects shou Id
not be scheduled for the winter In areas where such cl imatic
condltlons exist*. However, rock excavation work using heavy
equlpment can proceed In almost all weathers. The types of
contracts which are sultable for rock excavation and stablllza-
tion work are discussed In Chapter 14.

STABILIZATION METHODS

Slope stabllization methods can be divided Into three categor=
les as follows:

| Methods which reduce or el iminate the drlving forces,
e.d., reduction In water pressure or excavation.

Il Methods which Increase the resisting force, e.g., in-
stal latlon of support.

I 1 | Methods which protect the highway from rock fa | Is, or
warn of hazardous condltlons, e.g.. rock sheds, warning
fences .

The followlng sectlions of this chapter describe these stabl!l-
2ation methods, and the condltlons In which they are appl f¢c-
able.
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| STABILIZATION METHODS THAT REDUCE DRIVING FORCES
Dralnage

As dlscussed In Chapter 6, groundwater pressures usually have a
signif Icant effect on stabl | Ity. Thl s Is shown by the great
number of slope fal lures that occur after heavy rainfai I, dur-
Ing snow-melt perlods and during the winter when the face free-
zes and water pressures Increase. Consequently, stabl | 1ty con-
ditions can often be Improved by reducing water pressures, If
they exist, by Installlng dralnage systems. Furthermore, draln-
age Is often an inexpensive method of stabllization.

The Installatlon of dralnage, as the primary stablllzatlon me-
thod, should only proceed after careful Investigation because
one must be certal n that water pressures are the pr | mary cause
of Instabl | Ity. Also, It can be difficult to produce effective
dralnage of the slope, and ensure that the dralnage system Is
etfective over the full tife of the slope. To overcome these
problems, plezometers should flrst be Installed to measure the
actual pressure In the slope and calculate Its effect on sta-
bif{ity, These plezometers can be used In the future to monltor
the drawdown produced by the dralns. Another problem Is that
the water Is contalned In the fractures In the rock so that the
dralns wiil only be effective If they Intersect these water
carrylng fractures. Also, the dra Ins may eventua | ly become
blocked with Ice or si It and the pressures w!ll Increase.

If the stabllity studles show that dralnage Is the best stabi-
| I1zat lon method to use, then there are number of al ternat | ves
from whlch to select (see Flgure 12.1). Thls Influence of
water pressure on plane fallures Is calculated using the design
charts In Figure 7.31 and similar calcutations can be carrlied
out for c¢lrcular tal lures using the deslgn charts on page 9.8
through 9.13. Appendix 3 shows the analysls method for wedge
tal lures.

Surface drains: If water Is flowlng down the slope and Into
tenslon cracks, dltches can be dug along the crest to dlvert
the water and prevent pond | ng, and the tenslon crack can be
coverrd with clay or plastic sheets. |If plas*ic sheets are
used, they should be as strong as poss | b fe and covered with
sand to prevent damage from wind and vandal Ism. The sldes of
ditches can be relinforced with burlap bags fl | led with a sand/
cement mixture, and If It Is suspected that water Is leaking
from the ditch, It could be !ined with shotcrete, asphalt, or
other means.

Horlzontal dralns: If there Is no surface water to remove,
then, It Is necessary to drill holes to draln the subsurface
water. The simpiest method Is to drill horlzontal holes Into
the face to Intercept the water table behind the potential
tallure surface, with a minimum depth of about 1/3 of the slope
hefght., The spacing between holes depends upon the permeabllity
of the rock, with closer spacing requlired In less permeable
rock. Spacing may range from 20 to 100 ft. The direction of the
holes shou | d be chosen so that the max Imum number of water car-
rylng fractures are Intercepted, and they are usually Incl ined
sl ightly above the horizontal. |If there Is any danger that the
holes wili cave, then they should be |ined with a perforated
plastic plpe with the discharge In the ditch so that the flow-
I ng water does not erode the face.
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Drain holes can be drilled with a standard track-mounted driil,
and holes can be fanned out from one locatlon to save moving
and setting up *ime. Drill cuttings should be thoroughly
cleaned from the hole to ensure that these f Ine particles do
not Inhibit dralnage. In particularly soft ground, an Aardvark
drill can be used which carries the casing Into the hole as It
Is drllled. When the hole Is complete, the blt Is dropped off
and the rods are removed from inside the casing.

It should be kept In mind that the volume of water contalned In
the fractures can be very smal | so that the dralns may be pro-
duclng effective drawdown In the slope desplte there belng a
very low discharge. In fact, no water may be vislble at all If
It evaporates as It reaches the face. Thls shows the Importance
o f monlitoring drawdown with plezometers.

Pumped wells: pumped wells conslist of vertical driil holes
about 6 Inches In dlameter, |Ined with a perforated casing and
with a submersible electric pump at the bottom. The dlameter
of the cone of drawdown produced by the pump Increases as the
permeabi | [ty Increases and the wel Is shou | d be spaced accord=-
Ingly(294).

It Is unl tkely that pumped wells would be a permanent stabl | |-
zatlion measure because of the necessity of supplylng power and
malntalning the pumps. However, they cou | d be used as a tem-
porary measure, or durlng constructlon, to stabllize the slope
while horlzontal drains or anchors are belng Installed.

Dralnage gal leries: dralnage gal lerles can be the most effec-
tive, but most expenslve method of dralning a slope. The effec-
tive diameter of this gallery can be Increased by dritting fans
of dritl holes around the gallery; holes may also be required
to plerce layers of low permeabi!lty rock which are Inhlblting
downward f low of the groundwater (295).

Dralnage gal lerles are usually only justified to stabl |lze
large fallures where the forces Involved are so great that It
Is uneconomical to unload the slope by excavating materlal from
the crest. The gallery can be driven without interrupting traf-
flc on the highway, and the cost of excavation may be lower
than that of a large excavatlion project, unless the rock Is
very soft and extensive support Is required. The marg In sketch
shows the optimum poslition for a gallery(296).

Excavatlon

The principle of stabllizatlon by excavation Is that removal of
materlal from the upper portion of the slope reduces the driv=~
Ing force. Alternatlvely, In the case of smal | fal lures, the
entire loose rock Is removed. The following Is a description
of alternatlve excavation stabl!|lzatlon measures.

Scaling and Trimming

Loose, overhanglng or protruding rock on the face of the slope
can be removed by scaling or trimming (see Flgure 12.2 8,b).
Scalling Involves the use of hand scaling bars, hydraulic spli+-
ters or | Ight explosives to remove Isolated pleces of loose
rock, while trimming Involves the removal of overhanglng and
potentially unstable rock. These operatlons are usually carried
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out, for high slopes, by men working from ropes or on cable
susponded platforms ("spliders") and, for lower slopes, from
cranes or hydraul Ic booms. If a crane Is used the basket must
be tied to the slope to prevent It from swinging away from the
face. Scaling and trimming are slow operations because moving
on the face Is slow and only light, hand-held equlpment can be
used.

Careful Inspections of all scaling operations should be carried
out to determine the rock to be removed and ensure that the new
face Is stable. For example, In Flgure 12.2(a) hand scaling of
the loose rock wl | | form an overhang that wl | | have to be tr Im
med with light blasting. AIll blastingthat Is carried out
should be of sufficlent strength to break the rock and not
damage the remaining slope. Thls requlres the driiling of
carefully al Igned, closely spaced holes and the use of tight
charges. See Chapter 11 for detal Is of control led blasting
procedures.

The frequency of scal Ing may vary between 2 and 20 years and
depends upon the rate at which the rock weathers and the In-
f luence of such factors as lce-jacking, root growth and traff Ic
use.

The trimming operation shown in Figure 12.2(b) has created a
unlfon slope face without benches. It is the recommendation
of the writers that Intermediate benches on slope faces
should be avolded because they rarely have the width to act
as effective rock catchment areas; it is preferable to form a
wide ditch at the toe of me slope. The actual width of
benches Is usually less than the design width due to loss of
rock along the crest and tallure to remove rock at the toe of
the upper cut. Furthermore, small rock falls mat do accumu-
| ate on the benches, further reduce their wi dth and eventu-
ally form "ski jumps" which project fal | ing rocks outwards to
the highway. Cleaning of accumulated rock falls on benches
Is rarely carried out because of the danger of working on
high rock faces, and Is Impossible if a substantial fall cuts
the access on to the bench.

Intermediate benches may be effective if they have widths of
at least 30 ft. as shown in Figure 12.3, where the crest of
the slope has been raved. The required wi dth of the bench
should be checked on the ditch deslgn chart (Figure 12.10a)
which shows the required width and depth for the slope dimen-
sions. If the width is Insufflclent, a berm or gabion should
be constructed along the outside edge to trap rol | Ing rock,
but only If the crest is stable.

Unloading

Where overal | tal lure of the slope Is occurring, rather than
fal Is of Individual blocks of rock, stab1 lization can be
achieved by excavating (unloading) the crest to reduce the
driving force (Figure 12.3). The volume of material to be
removed Is determined by stabllity anatysis methods described
earlier in the manual. The procedure for a back analysis Is
as follows. The position of the fallure surface Is estimated
from the position of the tension crack, the geology, and
possibly drllling.
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The type of slope failure and the causes of failure are
Identified and a stability analysis is carried out using a
factor of safety of 1 .0 to determine the rock strength
parameters. Then, using the same strength parameters and
groundwater level, additional analyses are carried out to
determl ne how much mater 1 al must be un | oaded to i ncrease the
factor of safety to an acceptable level. Stability of all four
types of slope failures - planar, wedge, circular and toppting
- depend upon the slope height, which is reduced by unloading.

Si nce it may be necessary to unload as much as 1/3 of the
failure in order to stab1 lize it, thls work wi | | have to be
done with earth-moving equipment except in the case of minor
sl ides. For this equipment to have sufficient working space,
the cut wi Il have to be at least 20 ft. wide and preferably
30 to40 ft. wide. |If blasting is required, vibrations should
be kept to a minimum by reducing the charge weight per delay
as much as possible (see Chapter 11 ), because large vibrations
may be sufficient to cause the slope to fai I. If the slope
is moving during excavation, movement monitoring systems
(Chapter 13) should be set up to provide a warning of
deteriorating stability conditions. This wi Il ensure, if
fal lure were to occur, that men and equipment wi | | have time
to evacuate the slope.

Resloplng

This stabilization method is applied in similar conditions to
the unloading method when overall slope failure is occurring.
If i+ appears doubtful that unloading will achieve long-term
stabi | ity because extensive movement and rock breakage have
occurred, then It would be necessary to excavate the slope at
a flatter slope angle-"restoping" (see Figure 12.4). Much the
same design and excavation methods and precautions are
applicable in both unloading and resloping. The new slope
should have a face angle that produces a satisfactory factor
of safety based on the strenqth and groundwater values
determined from back analysis: In designing the cut
dimensions, sufficient space must be left at the toe of the
slope for equipment to operate which means that a triangular
shaped excavation (in section) cannot be made. Intermediate
benches should not be incorporated in the slope design unless
a significant width, say 30 ft., can be accommodated.

In both unloading and resloping, additional practical matters
to consider are property ownership of the land along the crest
and available areas for the disposal of the excavated
material. Long hau Is may be expensive, al though there is
always the possibility that the material could be used for
111 elsewhere at some cost savings over quarried materlal.
Finally, controlled blasting should be used to minimize rock
damage.

I REINFORCEMENT AND SUPPORT STABILIZATION METHODS

The following is a description of stab1 lization methods in
which the forces resisting fal lure are increased by instal ling
either reinforcement or support.

Re 1 nf orcement cons ists  of instal ling bolts or cables
across the failure surface to 1 ncrease lts strength,
whi 1e support consists of instal | ing dowels, wal Is,

gebions o r buttresses at the toe of the failure.
Usually, reinforcement Is used for smaller failures where
the forces are not great and the tension that can be
applied to the anchors Is sufficient to produce a significant
increase in the factor of safety. However, very high
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Figure 12.5: Rock bolt installations.
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capacity, multistrand cables are available to reinforce large
rock masses.

Support ranges from dowels to hold small blocks In place, to
buttresses that provide monolIthic support under large unstable
blocks. The following is a description of the alternative sta-
bilizatlon measures.

Rock Bolts and Cables

If there Is potential for a block to slide down a plane, the

resistance forces can be Increased by Increas | ng the norma |

load on the plane. Thls can be achieved by Instal | ing rock
bolts or cables, anchored in stable rock behlind the failure
surface, and epplying a tension (see Figure 12.5). The reac-
tions within the rock to this tension are normal and shear
forces acting across the fallure plane, the relative magnitude
of which depend upon the orientation of the bolt with respect
to the fallure plane. These forces have a much greater Inf luy-
ence on increasing stabl | ity than the shear strength of the

steel across the fallure plane. Anchors can be used to stabi-
| {ze both Indlvidual blocks and slopes ranging In helght from

about 10 ft. to several hundred feet. Detail of design methods

for anchor support are given in Chapter 7 (page 7.17) by Litt le-
John and Bruce(297), the Post Tensioning institute(298) and

other authors(299-303). Different types of rock anchors are
discussed below.

Rock Bolts

Rock bolts are rlgld steel rods ranging In size from abou+ 5/8
Inch to 2 inches in diameter and up to about 100 ft. in length;
long bolts are usually coupled together In 20 ft. sections. The
surface of the bar is often corrugated, like reinforcing steel,
to improve the steel /grout shear strength. Rock bolts are
elther grouted into the hole without tensioning and subsequent
movemen* of the rock tenslons the bolt (Figure 12.5(8)), or
they are tensloned at the time of installation (Figure 12.5
(b)),

Untensioned bolts (sometimes referred to as dowels) can be In-
stalled from the floor of a bench so that subsequent removal of
this bench and slight movement of the rock wi |l | activate the
support provided by the steel. If the bolt was tensloned, move-
ment of the rock as a result of excavation may overstress the
bolt. The technique shown In Flgure 12.5(a) should be used
whenever possible because, by minlmizing movement of the rock
on the failure planes, the maximum rock strength is reta | ned.
Also the cost of Install Ing the bolts is much less than Instal-
lIng tensioned bolts when the excavatlion is complete and a
crane would be requlred for drilling. Untens loned bolts are
Installed by driliing a hole to the required depth, partially
f Il I ing it with cement or epoxy grout, and pushing in the an-
chor so that it Is grouted over Its ful | length. Sufflclent
time should be al lowed for the grout to set before sett | ng off
the next blast, and vibratlons In the relnforced wall should be
kept to acceptable levels (see Chapter 11).

Tensioned bolts are installed in blocks and slopes which are
already showlng signs of Instabil Ity and Immediate support Is
required. Any additional movement of the rock may decrease the
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shear strength ot the failure surface. Methods of installing
and tensioning these bolts are discussed below:

Tensioned bolts are made from high tensile strength steel and
have threads on the exposed end for a bearing plate and nut.
The different types of anchors that can be used Include
mechanical expansion shells, cement grout and epoxy grout.
Both mechanlcal and epoxy grouts allow tensioning to be
carried out soon otter installation which is an advantage If
access to the site Is difficult. Mechanlcal anchors are
usually some form of wedge which is expanded by turning or
driving the bolt. Two component epoxy resins are packaged in
plastic tubes and are mixed by rapidly rotating the bolt. By
using resin with different settling times, the anchor wiil set
in a few minutes and the remainder will set after the bolt has
been tens ioned.

Cement or epoxy grout is usual | y used in soft rock where
mechanlcal anchors could slip, and cement grout Is used tor
all high capacity, permanent anchors. Cement grout should
have a non-shrink agent added, and hi-early strength cement
should not be used because it is brittle and sometimes
contains reagents that accelerate corrosion. The length of
the anchor zone Is ca lcul ated us | ng the assumption that the
shear stress Is unitormiy distributed along the periphery of
the hole. Therefore, the required bond length (£) Is
calculated from the following equatlon:

-
‘) 7

where T is the applied tenslon and d is the hole diameter.
The working rock/grout interface shear strengths (Z7)used for
design varies from about 50 psi in weak rock to 200 psi In
strong rock. In general, the working bond strength is about
1/20 to 1/30 of the uniaxial compressive strength of the rock.
It is also found that the steel/grout shear strength is
usually greater than the rock/grout shear strength.

Tensloning is carried out by pulling on the bolt with a
hydraulic jack to a load of about 50 percent of the yield load
and locking in this tenslon by tightening the nut.
Alternatively, a torque wrench can be used tor tensioning. but
this is likely to be less reliable than using a hydrauylic
jack.

After tensioning, al | bolts should be fully grouted to provide
corrosion protection and to "tock In” the tension. Mechanical
anchors should only be considered temporary means of
malntalning tension because corrosion of the anchor and creep
in the highly stressed rock around the anchor can lead to loss
of load. The bolt manufacturers’ recommended installation
procedure should be carefully followed.

Cables

Cables can be used to relntorce rock slopes in a similar
manner to rigld bolts as described above. However, cables
have a greater strength than rigld bolts of the same diameter
and so can be used to stabilize particularly large rock
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masses (304-306). For example, a 1 inch diameter rigid bolt
may have a working tensile strength of 25,000 Ib. while a
1/2 inch, 7-wire strand cable has strength of 40,000 Ib. If
greater strengths are required, then bundles of as many as 50
cables can be used. A further advantage of cables is that
their flexibility allows them to be coiled which facilitates
installation where space is limited and rigid bars could only
be used if they were coupled together in short lengths.
Cables can be either tensioned or untensioned in identical
applications to rigid bolts and the same design methods (see
Chapter 7) are applicable.

Because of the high tension on cables, cement grout anchorage
is usually used which must be allowed to set for several days
before tensioning. Before installation begins, the hole
should be tested to see if fractures have been intersected
through which grout cou Id flow out of the hole and prevent
fu I | embedment. If the hole cannot be filled with water,
then it should be fi | led with a low slump grout to seal the
fractures and re-drilled when the cement is partially set
(299).

The anchor is formed by pumping grout down a grout | ine so
that the hole is filled from the bottom, with particular
attention being paid to ensuring that the head is fully pro-
tected from corrosion with grout and anti-corrosion agents.
When the grout has set, the tension is applied with a
hydraulic jack using load/deformation monitoring procedures
as specified by the Post Tensionary Institute (298). The
applied tension is maintained by securing the cables with
tapered wedges which are pushed into tapered holes in the
bearing plate. When the grout has set, the tension is
is applied with a hydraulic jack. The applied tension is
maintained by securing it at t he collar with tapered wedges
by using a bearing block with a tapered hole through which
the cable passes. The pair of tapered wedges are fitted
around the cable and pushed into the tapered hole so that
they grip the cable and hold the tension. The slze of the
bearing plate should be sufficient to distribute the load
without fracturing the rock under the plate.

Dowels

Dowels are lengths of reinforcing bars, or blocks of relnforced
concrete, Installed at the toe of potentlally unstable blocks
to provide passive support agalnst sliding (see Figure 12.6).
This support Is provided by the shear and bend Ing strength of
the relnforcing steel, or the shear strength of the relnforced
concrete. The number of dowel s required t 0 support a block Is
calculated as follows (see margin sketch).

Factor of Satety, F = Wops Up JanBrR (126)

”(s/'ﬂ %a

where: W 2 weight of block

#o = Inclination of sllding plane

& = sliding plane friction angle
= support provided by dowel

R

The design methods described In Chapter 7 can be used to de-
velop equations which Include the effects of cohesion and water
pressure.
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The support provided by the dowel Is the lesser of elther Its
bending strength or Its shear strength, as follows:

Bending, Ry = G-l (rz7)
rod
Shear, Rg = 2. 7.r? [7z28)

where: Jf= tenslle strength of steel
J = moment of Inert | a of bar
- = radius of bar
& = moment arm of load on dowel
Z = shear strength of steel.

These equatlons show tha* the support Is Increased by increas-
| ng the diameter of the bar, and that the bending resistance Is
decreased by having the block load the dowel above the embed-
ment polnt In the rock. This fllustrates the Importance of
Installing the dowel tight against the face of the block.

If extra shear reslistance Is required, then a number of dowels
can be placed In a group which Is then encased In concrete
poured against the rock face.

Commonly, dowels are ! Inch to 1-3/8 Inch dlameter reinforcing
bar. Holes for thls size dowel can be readliy drl lled with
hand-held equipment. The depth of embedment Is between 1 and 2
ft. depending on the quallty of the rock. The dowel Is fully
grouted Into the hole and a concrete cap can be cast over the
dowel to protect It agalnst corrosion and make sure the support
Is In contact with the rock. |If It Is not possible to drl Il
the hole at the toe of the block, then the dowel can be bent
agalnst the face after Installatlon.

Trial calculations of dowel support using equations (126)to (128)
and typical rock slope parameters show that a [-3/8 Inch diame-
ter bar wil | hold a block with a volume of about 5 to 15 cu.yd.
Therefore, dowels should only be used to support smal I, Isola-
ted blocks where scal Ing would not produce permanent stabl | i-
zation and bolting would be more expenslvr. As noted above,
stronger dowels can be constructed from blocks of relnforced
concrete.

Buttresses and Retaining Walls

Buttresses and retaining walls are usually reinforced concrete
structures constructed at the toe of slopes, or beneath over-
hanging pieces of rock to provide support and resistance to
sliding (see Figure 12.7(a)). Concrete buttresses are used to
support overhangs that are difficult to remove because of
access problems, or the danger that more rock higher up the
slope may become unstable. The concrete buttress shou | d have
sufficient mass and strength to resist the weight of rock and
also be securely tied to the face with reinforcing tie-backs
grouted into holes dril led In the rock. The tie-backs wi |l |
ensure that the buttress does not ti It outwards if the force
applied by the rock is not coincident with the axis of the
buttress.

The required strength of the buttress is the difference between
the component of the weight down the failure plane and the re-
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sistence produced by the strength of this plane, with an appro-
priate factor of safety applled. The actual design used wil |
depend upon the type of fal lure.

The top of the buttress must be In continuous contact with the
underside of the block to prevent movement from occurring be-
fore the support becomes effective. In some cases, |t may be
necessary to use a nonshr | nking agent In the last concrete pour
to ensure good rock/concrete contact. To prevent bul | d-up of
water pressure behind the buttress, draln holes should be let
through the concrete.

An alternative form of buttress to stablillze a sllding fal lure
Is to place a sufflclent mass at the toe to support the slope
(see Figure 12.7(b)). Thls can often be achlieved by placing
plles of free-dralning rock, or InstailIng gablons. Gablons
are rock-f |1 | led wire baskets that can be jointed together to
form walls that are strong and less expensive to construct than
reinforced concrete. The dimensions of the baskets are usually
cubes with 3 ft. side lengths. An advantage of a toe buttress
Is that the slope can be stabliized without providing access to
the crest of the slope. A disadvantage of gablons Is that they
can be readily damaged by vandals.

Toe buttresses can usually on!y be used to stablllize small
sl 1des because the quantity of rock required can be substant!al
which requires considerable space between the toe of the slope
and the highway. However, some relocation may provide suffi-
clent space for a toe buttress.

Retalnlng walls are another means of stabi|lzing sliding
slopes. They are usually concrete, or sometimes timber, struc-
tures designed to resist the Inclined thrust of the slope. Met-
hods of designing gravity type walls are described In the solls
mechanics [iterature(307) and will not be discussed further
here. In stablllzing rock slopes, particularly where there is
l1t+tle space between the hilghway and the toe of the slope, It
Is usually necessary to use tle-backs to prevent overturning.
Tle-backs are rock bolts or cables that are anchored In stab le

rock behind the fal lure surface. The concrete wal | Is then
bullt so that It forms a large reactlon block to the tension
generated In the anchors. The foundat lon of the wa | | shou Id

also be securely attached to sound rock with dowels to Increase
Its resistence to sliding. Draln holes should be let through
the concrete to prevent bul Id-up of water pressures.

In some cases, a series of concrete pl | lars, Instead of a con-
tinuous wall, may provide sufflclent support and save on the
quantlty of concrete required.

Cable Lashing

Isolated blocks of loose rock that cannot be removed, can be
secured In place with cables tensloned across the face of the
block and anchored In sound rock on elther side (see Flgure
12.8). Tenslon can be apptied by means of turn- buckles or
"come-a-long" winches and then cable clamps are used to hold
the tenslon. Care should be taken to ensure that each component
of the system, l.e., cables, clamps, eye-bolts and rock anchors
are equally strong and can wlthstand some Impact loading In the
even? of sudden tal lure. Where the cable Is In contact with
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Design methods that quantify the impact loads of rock fal Is and
avalanches are not well developed. However, recent work on snow
avalances using fluld mechanics principles can be app!ied to
the design of rock sheds(314),

Tunnels are the most positive method of protectlon from rock
fal Is. The cost of driving and supporting a tunnel may be less
than the cost of construct Ing a shed, depend Ing on how much
support Is required(315).

Relocation

In cases where a large lands!ide Is occurring, It may be more
economlcal to relocate the highway rather than to try and
stabli | 1ze the sllde. The feaslbl | 1ty of relocation wi | | depend
on such factors as property ownershlp and al Ignmen?, and care
should be taken to ensure that *he new locatlon Is on s*able
ground and no+ an extenslon of *he original slide.

EXAMPLE OF SLOPE STABILIZATION PROJECT

The following Is a descrip*ion of a project that was undertaken
to reduce a rock fa! | hazard on a rallway and highway. It In-
volves blasting for a ditch excavatlon, control of blasting
damage and rock bolting.

Slite Description

The rallroad and highway are located on benches cut In a 250
ft. high, 40 degree slope above a river In 3,000 ft. deep can-
yon (see Flgure 12.15). In constructing the bench for the rafl-
road, It had been necessary to construct about 100 ft. of re-
talning wal | and cu* a slope that was about 900 ft. long and
varled In helght from 20 ft. at elther end to about 100 f+. at
the center. A slope had also been excavated for the construc-
tion of the highway.

A hazard to traff Ic had developed due to rock fal Is from the
upper slope and It became necessary that some remed!a | work be
carried out. Thls hazard was particularly acute because the
track curvature restricted visibllity and tralns dld not have
sufficlent time to stop In the event of a rock fal I. Further-
more, even a minor deralIiment could cause rall cars to fal |
onto the highway below. The rock falls varied In slze from less
than 1 cu.yd. to as much as 10 cu.yds. and were most | ikely to
occur In the spr Ing and fal | dur | ng freeze-thaw cycles when Ice
formed In cracks and loosened blocks of rock on the face. Dur-
Ing the winter, the temperatures can drop to -30°F and Ice can
be a problem desplte the area belng semi-arid with a rainfall
as low as 6 Inches annually.

The rock falls were occurring because, although the Intact rock
was moderately strong, It was Intersected by a number of frac-
ture planes (jolnts) with continuous lengths of several tens of
feet. The length, orlentation and spacing of these fractures
controlled stab!l lity conditlons and the slze of the rock fal Is.
Flgure 12.16 lllustrates that these fractures occur In three
sets which were orlented such that they formed roughly cublc
shaped blocks. The two near vertical sets would form the sldes
of blocks, which would stide if the third fracture was inclined
out of the slope. Weathering of the rock on these join+ sur-
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Figure 12.8: Cable lashing to hold loose

block.
Overhangs formed by
erosion of softer rock
Closely fractured
Shotcrete
(a) (b)

Figure 12.9: Shotcrete.
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row weathered zones shou Id be deepened so +hat there Is some
sound rock on elther side to which the shotcrete can adhere. I*
Is also Important that water and Ice pressures do not bulld up
behind the shotcrete. Dralnage can be achleved by dritling
holes Into cracks In the rock, putting a dralnplpe In +he hole
and applying ?he shotcrete around +he plpe. Alternatively,
| nsu | ated dral ns can col lect seepage water beh | nd the shotcrete
and dlscharge It in a sump(310).

The strength of the shotcrete is improved, and the amount of
rebound reduced, by pre-moi stur i zi ng dry-m ix shotcrete to
about 3 per cent to 6 per cent moisture before it reaches the
nozzle. The maximum distance that shotcrete can be pumped Is
about 500 ft. horizontally and 100 ft. vertically depending
upon the equipment available. Dry-mix shotcrete, i.e. the
water is added at the nozzle, can be pumped further than wet
mix shotcrete.

Control of shotcrete thickness Is difflcult on Irregular rock
surfaces. Probably the most practical control method Is to mea-
sure the area of the face covered and the volume used and en-
sure that the materlal Is belng evenly applled, keeping In mind
that the amount of rebound may vary be*ween 50 and 100 percen*.
Some coring with a small dlamond drii! may be carrled out after
the shotcrete has set to check *hickness and cement/rock bond,
and obtalin samples for testing. Another *hickness tes* Is to
probe the shotcrete before It sets.

Detal Is of shotcrete practice and speclf ications have been
drawn up by the American Concrete Institute(311). Sample spec-
Iflcatlons are provided In Chapter 14.

Il PROTECTION MEASURES

Condltlons may exis* where stabllizatlon of a slope Is elther
so expenslve, or disruptive to tratflc, that It Is more eco-
nomlcal to protect the highway from rock falls. Protectlve
measures could also be used where It Is difficult *o achleve
permanent stablllzatlon and continual malntenance wil | be re-
qulired In the future. A number of different protection meth-
ods are dlscussed below.

Ditches

Ditches at the toe of slopes are an effective means of catching
falling rock and they can often be excavated at relatively low
cost compared to the cost of stabl | 1zation. The requlired width
and depth of a dltch depends upon +he angle and helght of the
slope, and the design chart In Figure 12.10(a) shows the rela-
tlonshlp between +hese four factors(312). The chart shows tha+*
the ditch dimensions are minimized where the slope angle Is
steep because rocks tend to fall vertically rather than bounce
outwards off the face (Figure 12.10(b)). The effectlveness of
the ditch Is also Improved by having a vertical, rather than
rounded slope on +he hilghway slde. Thls can be achieved by
careful blasting of thls slope If +he rock Is competent, or by
constructing a concrete or gablon wall. A gablon wal | has the
advantages over a concrete wall of belng better able to with-
stand the Impact of fal ling rock because of Its f lexlbl I Ity,
and belng less expenslve to construct and repalr. However, i*
can easlly be damaged by vandalism.
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The effective depth of the di*ch can be Increased by construct-~
Ing wal Is along the cutside edge rather than excavating mate-
rlal from the base of the ditch. Where posslble, the base of
the ditch should be covered with loose gravel or sand to reduce
the tendency of rocks to bounce. Al so, access shou Id be left
for equipment to clean fallen rock that has accumulated In the
ditch and reduced Its effectiveness.

An Important aspect of dltch design Is to ensure +hat excava-
t+ion at the toe of the slope for the dltch does not oversteepen
the slope and cause It to fal I.

Fences

Fences can be used to Intercept rocks rolling down slopes with
angles less than about 40 degrees, l.e. talus slopes. On slopes
steeper than th | s, rolling rocks tend to accelerate as they
fall and a more substantial structure Is requlired. Fences can
also be used In narrow gul lles where the path of the fal | Ing
rock Is well defined.

Fences can consl st of wire mesh or Inter | aced wire rope suspen-
ded from cables anchored to pins or posts In the rock face. The
fence should be flexible so that It can absorb the Impact of
falling rock, and have the bottom open so that rocks do not
accumulate In It. Fences of thl s type are unl kel y to stop
bou lders larger than about 1 ft. across.

Fences have been used extenslvely on slopes above rallroads In
Japan(313). To stop boulders less than about 3 ft. In dlameter,
pliles are sunk Into the slope and ) Inch dlameter steep cables
are strung horizontally between the plles. The helght of the
fence Is about 10 ft. (see Flgure 12.11). To stop larger boul-
ders 10 ft. diameter relnforced concrete pl les are cast Into
the slope and very strong mesh Is placed between the pl les.
Some of these pl les are protected from the Impact of fal |l Ing
rock by 18 ft. dlameter corrugated steel sheathlng with the
annular space fi lled with rock.

Mesh
Wire mesh suspended down the face of a slope wi | | Intercept
fal ting rock and direct It Into a ditch or catchment area. It

Is usual ly suspended from pins and cables on the crest of the
slope and draped down the face (see Flgure 12.12). The mesh can
consist of 9 or 11 gauge galivanized chain~| Ink mesh or gablon
wire mesh. Geb lon mesh has the advantage that It has a doub | e
twlst hexagonal weave which does not unravel, | lke chain-l Ink
mesh, when It Is broken. The bottom of the mesh blanket should
be left open so that falllng rock does not catch In the mesh.

Mesh Is not sultable where +he boulder size Is greater than
about 1 ft. 4 lameter and the slope Is steeper than about 40 de-
grees. On these slopes, the Impact of rol | Ing boulders may be
sufficlent to break the mesh. This can be overcome by securing
the larger boulders with rock bolts and anchoring *he mesh to
the face with plns so that rocks are prevented from galining
momentum when they come loose. However, eventua | | y these rocks
may accumulate behind the mesh and have suff iclent weight to
break It.
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Figure 12.11: Fence to catch rolling
rock.

Figure 12.12: Wire mesh on slope to trap falling
rock.

Photograph courtaay of Canadian
Pacif ic Railway.

Figure 12.13: Rock slide protection fence
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Warning Fences

Where +*he cost of stabl!lizatlon Is very hlgh and rock falls are
Infrequent, warning fences can be constructed. These fences
contain wires *ha*+, when broken by a rock fal I, acti vate stop
Ilghts on *he highway. Warn ing fences are often used on ral | =
roads where the warning ligh*s are Incorporated Into the slignal
system. The fences cons Is+ of a row of poles a+ the toe of the
slope with horlzonta! wires s*retched between +hem at a vertl-
cal spacing of between 1 and 2 ft. Overhead wires, which are
supported on members cantl levered out from the top of the pole,
are often required where +he face Is steep and close +o the
right-of-way (see Flgure 12.13).

Dlsadvantages of warning fences are +hat false alarms, due to
mlnor rock falls or vandalism, can seriousily disrupt traffic.
Also In cold climates, Icicles and mlnor snow s!ldes can set
off +*he warning llghts. I+ may be posslble *o overcome these
problems by modifylng the locatlon and spacing of the wires to
sul? par*icular condltlons. Another problem Is that rock fa | Is
can occur after a car has passed *he stop | Ight so the driver
wll 1l obtaln no warning of the fal 1.

Rock Patrols

Another warning method *ha* can be used where the cos+ of sta-
bif ization Is high, Is to use rock patrols along dangerous sec-
+ions. Patrols have the advantages of rellabiiity and flexibi~
| Ity since thelr frequency can be adjusted *o the demands of
traffic and weather conditlons. The frequency of patrol s shou Id
be Increased after heavy ral nfal | and dur Ing the spr 1 ng and
fal | In climates where frost action wi | | loosen rocks on the
face. Patrols do have the dlsadvantage tha+ they cannot glve
100 percent* coverage and fal Is can occur between patrol s. Al so,
there Is *he cont | nu Ing cost of the patrol s and +he requ irement
to fInd rellable personnel who are wilting to work In Isolated
and sometimes hazardous condltlons.

The patroilmen should have some means of removing minor rock
falls and have radio contact wilth maintenance crews In the
event of a large fal I.

Rock Sheds and Tunnels

In cases where the hazard from rock fa! s Is high and stabliliz-
atfon Is no+ feasible, It may be necessary to construct a con-
crete shed over *he hlghway, or *o relocate the hlghway Into a
tunnel (Figure 12.14). WhI te *he constructlon cost of both
these protectlion measures can be slignificant, malntenance costs
are llkely to be minimatl.

Concrete sheds should be deslgned with *he roof incllined so
+ha+ rocks roll across the shed with minimum Impact. The con-
crete should also be protected with a layer of gravel, parti-
cularty If *he slope |Is so steep that rocks can land directly
on +*he roof. Much of the Impact load wil | be taken In the col-
umns on +he ou*er s | de of the shed. On steep mountalinsides, It
may be difflcul+ to found *he columns on sound rock In which
case It may be necessary to sink pl tes, Instal | relnforcement
or, If no adequate foundatlons exis+, to construct a cant!lev~-
ered shed. Wing walls will often be required about the portals
to prevent fal Is spllling on+o the highway.
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Rock sheds.

Photographs courtesy of
Canadian National Railway

Original road

Figure 12.14: Rock sheds and tunnels.
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Design methods that quantify the impact loads of rock fal Is and
avalanches are not well developed. However, recent work on snow
avalances using fluld mechanics principles can be app!ied to
the design of rock sheds(314),

Tunnels are the most positive method of protectlon from rock
fal Is. The cost of driving and supporting a tunnel may be less
than the cost of construct Ing a shed, depend Ing on how much
support Is required(315).

Relocation

In cases where a large lands!ide Is occurring, It may be more
economlcal to relocate the highway rather than to try and
stabli | 1ze the sllde. The feaslbl | 1ty of relocation wi | | depend
on such factors as property ownershlp and al Ignmen?, and care
should be taken to ensure that *he new locatlon Is on s*able
ground and no+ an extenslon of *he original slide.

EXAMPLE OF SLOPE STABILIZATION PROJECT

The following Is a descrip*ion of a project that was undertaken
to reduce a rock fa! | hazard on a rallway and highway. It In-
volves blasting for a ditch excavatlon, control of blasting
damage and rock bolting.

Slite Description

The rallroad and highway are located on benches cut In a 250
ft. high, 40 degree slope above a river In 3,000 ft. deep can-
yon (see Flgure 12.15). In constructing the bench for the rafl-
road, It had been necessary to construct about 100 ft. of re-
talning wal | and cu* a slope that was about 900 ft. long and
varled In helght from 20 ft. at elther end to about 100 f+. at
the center. A slope had also been excavated for the construc-
tion of the highway.

A hazard to traff Ic had developed due to rock fal Is from the
upper slope and It became necessary that some remed!a | work be
carried out. Thls hazard was particularly acute because the
track curvature restricted visibllity and tralns dld not have
sufficlent time to stop In the event of a rock fal I. Further-
more, even a minor deralIiment could cause rall cars to fal |
onto the highway below. The rock falls varied In slze from less
than 1 cu.yd. to as much as 10 cu.yds. and were most | ikely to
occur In the spr Ing and fal | dur | ng freeze-thaw cycles when Ice
formed In cracks and loosened blocks of rock on the face. Dur-
Ing the winter, the temperatures can drop to -30°F and Ice can
be a problem desplte the area belng semi-arid with a rainfall
as low as 6 Inches annually.

The rock falls were occurring because, although the Intact rock
was moderately strong, It was Intersected by a number of frac-
ture planes (jolnts) with continuous lengths of several tens of
feet. The length, orlentation and spacing of these fractures
controlled stab!l lity conditlons and the slze of the rock fal Is.
Flgure 12.16 lllustrates that these fractures occur In three
sets which were orlented such that they formed roughly cublc
shaped blocks. The two near vertical sets would form the sldes
of blocks, which would stide if the third fracture was inclined
out of the slope. Weathering of the rock on these join+ sur-
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Unstable rock wedge formed by intersecting
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faces, Infilling with soll, and root growth had accelerated
loosening of the blocks. However, the Intact rock Itself was
sufflclently strong that It dld not usually break up on Impact
wlth the track.

Alternative stabiilzation methods

The flrst method used to a*+tempt to control the rock fal Is was
to use hand scal Ing and tight explosives to remove the looses+
rock from the face, and *o secure other potential ly loose rocks
In place with the rock bolts. However, frost actlion on the
slope cont inued to produce occaslona | rock fal Is and It was de~
clded that a more extenslve and longer term stablllzatlon pro-
gram, than perlodic scalling and bol+ing, was requlred. The
followlng alternatlives were consldered:

a) Install rock bolts on a regular pattern to relnforce
the rock, and then cover the face with w Ire mesh and
app | y shotcrete to reduce the rate at wh | ch the rock
was weather Ing. Thls alternatlve was rejected because
It was bel leved that frost act lon and contlnued wea-
thering of the rock behind the face wou | d soon cause
the shotcrete *o deter lorate. Furthermore, It wou Id
have been expenslve to install rock bolts sufficlently
long to ensure that they were anchored In sound rock.

b) Relocate the raliroad In a *hrough-cut behind the face.
Th Is wou Id have the advantages of be | ng ab | e to exca-
vate slopes In less weathered rock, and to work contin-
uously with li++tie Interruption to traffic. However,
the disadvantages were that the volume of excavated
rock would be substantial, the maxImum slope helght
would have approached 200 ft. and snow removal In
through-cuts tends to be dlfflcult.

c) The stabl | | zation program adopted was to excavate rock
to form a ditch at the toe of *he s | ope that wou | d be
of sufficlent slze to catch rock fal Is. Rock bolts
would be instal led, as requlred, *o secure potential iy
unstable rock. The major disadvantage of this alter-
native was that excavation work would be restricted to
a few hours a day to minimize Interruptions to both
rall and highwaltl traffic.

Di+ch design

The requlred depth and wldth of a ditch that wli | | be effective
In catching rock falls depends upon both the helght and angle
of the slope; the principles of deslgning an effective ditch
are lliustrated In Flgure 12.10(b). Thls dlagram shows that
the dimenslons of an eftective ditch are minimized If the slope
Is cut as steep as posslble. Of course a steep slope also
minimizes the excavation volume, although care should be taken
to ensure that the excavation does not over- steepen the slope
and cause It to fal I.

The relationship between the requlred ditch dimenslons and the
helght and angle of the slope are shown In fFlgure 12.10(a).
This Information was used to deslgn a ditch, the dimenslons of
which vary along the slope as the slope helght Increased from
20 ft. a+ elther end to 100 ft. at the center. Thus the minimum
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wlidth and depth were 13 ft. and 4 ft. respectively while at the
center, the ditch had *o be 7 ft. deep and 23 ft. wide. In
order to achleve thls maxImum depth, It was found that the mos*
economical design was to excavate a ditch to a 4 ft. depth and
then erect a 3 ft. high gablon barrier along the outslide of the
edge of the dlitch. Thls saved *he excavation of an extra 3 ft.
thickness of rock over +he full 23 ft. wldth. An advantage of
the gab | on, which Is a box shaped, wire basket fll led with
loose rock, Is that It formed a vertical face which helps to
prevent fal ling rock from rol | ing out of the di*ch and reaching
the track. The gablon Is also flexible so that It can with=-
stand Impact from fal | ing rock and can be read | iy repaired If
damaged. It Is also less expens lve to construct than a con-
crete wall.

The plans required for the dés | gn, and survey control dur Ing
excavation, were obtalned by terrestrial photogrammetry from a
palr of survey statlons on the opposite slde of the river. From
these photographs, a topographic plan and cross-sections were
prepared. The dimenslions of the ditch were def Ined by offsets
from the centerline of the track at 20 ft. section Intervals
along the slope.

Excavat lon method

The two Important objectives of the excavation program which
had to be achlieved by the contractor were as follows:

a) Steep slopes had *o0 be cut In thls moderately weathered
rock. This required the use of very carefully control-
led blasting to ensure *hat the explosive loads were
just strong enough to break the rock but not damage the
rock behind the face.

b) There had to be minimal interruptlions to traffic both
on the highway and the rallroad. Thls required the use
of a blasting method *hat would not damage either the
rall or the retaining walls, and would also minimlze
the amount of rock thrown onto the ral | road and highway
so that clean-up *Imes would be minimized. The traffic
closure schedule that was drawn up al lowed a f | ve hour
closure on the raliway and a 45 minute closure In every
hour on the highway.

The excavatlon method adopted by the contractor was as fol lows.
The minimum ditch excavation was too narrow at the top of the
cut to allow equlpment access, so a 20 ft. wide bench was first
developed along the entire length of the slope just below the
slope crest. This access bench was developed by working a face
at both ends of the cut, drilling horlzontal holes parallel to
the face with tank and alr-track drl | Is. A dozer then pushed
the blasted rock onto the track. Prior to each blast, *he
length of track under the blast was protected with about a 4
ft. thickness of reject ballast. Once the top bench had been
developed across the ful | length of the slope, It was then pos-
sible to excavate the remaining benches In 15 ft. |{f*s using
vertical holes. By cutting each bench vertically and drl I | Ing
the back row of holes 4 ft. from the toe of the previous bench,
an overall slope angle of about 75 degrees was achleved.
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A number of trlal blasts were required to determine the optimum
dritl pattern and explosive load required to minimlze damage to
the rock behind the face. The blasting method flnal iy adopted
was as follows:

5 tt. x 5 tt,
2-1/2 Inches
9 Ib/hole, 0.5 lb/yd.2

Productlon Holes - hole pattern
hole dlameter
exploslve load

2 £+,

Holes on face = hole spacing 2
3 Ib/hole, 0.04 Ib/f+s

explos!ive load

Wooden spacers 18 Inches long were used between 5 Inch long ex-
ploslve sticks to distribute the load evenly In +he rock.

The delay sequence was set up with each row perpendicular *o
the face so as to minimlze the volume of rock that+ was thrown
onto the track. The row of closely spaced holes along the bench
face was flred last In sequence to ensure *hat they had a free-
face to which to break. Fligure 12.17 shows the completed slope
with drl | | Ing In progress for the excavation of the di+ch.

Control of blast damage

As the excavation approached track level, the blas* vibratlions
had to be control led to ensure that *here was no damage *o
elther the structure, or to the retalning walls outslde the
track. Damage to structures from blast vibratlons Is related
to the peak particle velocity of these vibratlons. Experlience
has shown that masonry retalning walls such as the ones a+ thls
slte were unilkely to be damaged If the peak particie velocity
does not exceed 4 Inches per second. The magn!ltude of these
vibratlons depends upon the maxlmum charge welgh* detonated per
delay. In order to determine what weigh* of explosive could be
detonated per delay, a number of vibration measurements were
taken for the initlal blast and from these measurements a blast
control chart was drawn up (see Flgure 12.18). Thils chart re-
lates the dlstance of the blas* to the maxlmum permissible
charge welght that can be detonated on a single delay. By
keeplng withln these guldelines, the excavat lon was completed
without damaging the wal Is.

When the excavation had been completed, selective rock bolting
was carried out where natural fractures were or lented to form
potentially unstable blocks. The driliing and bolt Installation
was carrled out In a basket suspended from a crane located In
the ditch. Thls method was adapted Instead of Installing bolts
from each bench as the excavation proceeded, because use of the
wagon drlll for bolting would have slowed the excava*lon pro-
gram. Also the blast vibratlons may have damaged the grout
around the bolts. The bolts used were 1 Inch diameter hollow
bolts elther 8 ft. or 14 ft. long. Each was tensloned to 25,000
Ibs. and fully grouted to both lock In the tenslon, and to pro-
tect the bolt from corrosion.

The flnal step In the excavatlon program was to construct a 3
ft. square gablon, 500 ft. long on the outside edge of the
ditch where a 7 ft. depth was required. Flgure 12.19 shows a
photograph of thls gablon and the completed dl+ch.
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Figure 12.17: Completed slope with drilling
in progress for ditch
excavation.

Figure 12.19:

Ditch after construction
of gabion.



12.30

Contracts

A target type contract was used for this project to give the
contractor incentive to control costs, while providing f lexi-
bi I ity in the event of changed quantities or more traffic in-
terruptions than set out in the contract. Each bidder supplied
the owner with an Original Target Estimate based upon the de-
sign value of rock to be excavated, and a lump sum price for
access construction. This estimate was adjusted upon job com-
pletion, for changes in quantities or work type, to become the
Final Target Estimate. A penalty clause for over excavation
beyond the design line was also included to encourage the con-
tractor to reduce over-break from blasting and to excavate the
minimum amount of rock. Since payments to the contractor were
based upon actual costs, each bidder was requested to supply
|ists of rates for labour and equipment, and to provide back-up
calculations for the Original Target Estimate.

The fee or profit to the contractor was quoted separately in
t he tender and could be adjusted to reflect the difference in
the Final and Original Target Estimates. To provide an incen-
tive, the fee was on a sliding scale: if the actual cost of the
work was greater than the Final Target Estimate then the fee
payable would be reduced by x percent of the difference; if it
were less than the Final Target Estimate then the fee would be
increased by y percent of the difference. Both these percen-
tages were bid items and were 10 percent and 40 percent respec-
tively.

Several contract problems developed during the course of the
project; the following are suggestions on how they might be
avoided.

a) A lunp sum payment was to be made for a I | access con-
struction and rock excavated outside the ditch design
| ines. This matter was discussed at the pre-bid site
meeting, but later disagreements arose over the defini~-
tlon of rock that was to be paid for in the lump sum
payment, and that which was to be paid at cost. It is
suggested that these two classes of rock be very clear-
ly defined and that records of pre-bid meetings be in-
cluded in the contract.

b) Trains delayed work on 50 percent of the working days,
interrupting the coordinated rai Iway-highway closure
schedule. Production losses due to delays should be
estimated and spelled out in the contract so that the
contractor can include this item in his bid calcula-
tion.

¢) The blds should be analyzed to ensure that the con-
tractor is not "low-balling" his bid and that his
quoted rates are out-of-pocket costs and do not include
profit.

d) The contract should include an "upset price" to ensure
that the contractor does not prolong the job for which
he is paid cost plus the minimum fee.
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Chapter 13 Slope movement monitoring.
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Introduction

Circumstances can arise when it is not possible to stsbi | ize
potentially hazardous slopes and it is necessary that some met-
hod of detecting deteriorating stability conditions be instal-
led. Stabilization of a slope may not be possible when weather
conditions such as ice and snow make work hazardous for scal-
ers, or when funds are not available. Other circumstances could
be where a potential slope failure Is identified but it is un=-
certain as to how close it is to failure, or when stabi |ization
work is unlikely to produce long-term improvement in stabi |-
ity.

Warning of deteriorating stabi | ity conditions can be obtained
by measuring the rate at which the slope is moving and detect-
ing the period of accelerating movement which always precedes
failure. A typical movement/time plot of a failing slope is
shown In the margin sketch. This chapter describes methods of
monitoring slope movement, and recording and interpreting the
results. These methods have been used successfully to predict
the time of failure of a number of siopes(316-318), and they
are presently widely used to monitor slopes adjacent to high-
ways and ral!ways. Details of installation methods are aval |-
able from the equipment suppliers and equipment originally de-
veloped for soil slopes is usually suitable for rock slopes.

Movement monitoring can be used in a wide range of conditions;
for example, on large slides which are moving at rates as groat
as several feet a month, on individual blocks which are suscep~
tible to sliding or toppllag, and on bridge abutments where it
is important that very small movements be detected. The method
of monitoring depends upon such factors as the type and size of
the failure, the magnitude and rate of movement and the warning
system employed. In genera |, the successful application of
movement monitoring depends upon carrying out three important
steps:

1) Recognizing the type of failure and the probable causes
of failure.

2) Making accurate and unambiguous movement measurements.

3) Correctly interpreting the results to determine when
acceleration occurs.

The following is a discussion of these factors.
1. Type and cause of failure

The four types of slope failure discussed in Chapters 7 through
10 have a particular direction in which movement occurs and
this should be considered when designing a monitoring system.
Thus, planar and wedge type failures slide in a direction par-
allel to the inclination of the failure plane, circular fail-
ures show tension cracks and slumping at the crest and heaving
at the toe, and toppl ing fai lures show hor lzontal movement at
the crest with little movement at the toe (see margin sketch).
The monitoring system that Is installed should be able to de-
tect movement in the direction which it Is most {ikely to oc-
cur. Conversely, the measured direction of movement will pro-
vide information on the type of failure that is occurring. De-
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termining the cause of failure Is Important in order to obtaln
the earliest possible warning of failure. For example, if high

groundwater pressures are the main cause of Instabl | Ity, then
the installation of plezometers to monltor increases in pres-
sures wlll provide an earlier warning of fallure than measuring

movement. Other possible causes of failure are vibrations from
nearby blasts(319) and excavation at the toe of the slope for
road or ditch widening.

2. Accurate and unambiguous measurements

The monltoring system Installed should be sufficiently accurate
to detect movements that are significant to stability. For ex-
ample, a circular failure with a helght of a hundred feet may
move several feet before coliapsing. Therefore, a monltoring
system that can detect movements of 1 /2 inch to 1 inch is pro-
bably sufficlently accurate. However, on a bridge abutment,
movements as small as i/2 inch may have a significant effect on
stabl | ity so the mon Itor Ing system should be able to detect
movements as smal | as 0.1 inch. In making these measurements,
one shou Id be sure that the survey resu Its are an accurate re-
presentatlon of the movement of the slope. In this way, one
can draw confident conclusions as to whether or not hazardous
conditions exist.

3. Interpretation of results

Rapid md reliable interpretation of the results Is important
to ensure that one is able to identify movement conditions that
are indicative of potential failure. The first step Is to plot
the measurements as graphs of movement against time because
these graphs wil | | much more readl |y show any change In the rate
of movement than | ists of figures. Also, the graphs shou Id be
brought up to date as soon as the measurements are made. Other
methods of recording data, such as acceleration time plots,
vectors and velocity contours, which asslst in interpreting re-
sults, are discussed later in this chapter.

METHODS OF MEASURING SLOPE MOYEMENTS

Methods of measuring slope movement can be dlvided Into two
general classes:

1) Surface methods - surveying, crack width measurements,
tiltmeters.

2) Subsurface methods - "sonds", inclinometers, extenso-
meters, shear strips, straln gauges.

Information on instrumentation systems is provided by manufac-
turers and such publications as Highway Focus(320).

The selection of the most appropriate method wi | | depend upon
such factors as:

Access to the slope - some slopes may be too steep or
too hazardous for personnel to climb In order to make
measurements, in which case remote methods of measure-
ment are required.
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Size o f fallure -on large failures It Is preferable
to use surveylng methods to measure long dlstances
rather than measure widths of individual cracks uhich
may not be open Ing at the same rate at uhlch the over-
all silide Is moving.

Magnitude and rate of movement - slopes that are mov-
Ing slowly need a more precise monitoring system than
slopes uhlch are moving fast.

Frequency of readings =~ the frequency at rhich read-
ings are taken depends upon the rate of movement and
the consequence of fat lure. The frequency should be
Increased as the slope starts to accelerate, particu~-
larly If the road has not been closed to traffic. |If
readings are made more frequently than about once a
week over extended periods, then It may be preferable
to Instal I an automatic system of recording the mea-
surements, rather than a manual system, In order to
save on manpower time and costs.

Warnlng systems = In particularly hazardous condi-
tlons, It may be necessary to Instal | an automatic
warning system that closes the hlghway If sudden move-
ments occur. Extensometers are particulariy woll sul-
ted for Incorporation with warning systems.

Weather conditlons ~ If measurements have to be made
at night and In poor weather condltions, then survey-
Ing methods whlch rely on good visibl [ ity would not be
sultable. Under these conditlons, extensometers, in-
clinometers or tlltmeters would be more approprlate.

Vandal Ism - all movement monltoring systems can be the
ob ject of vandallsm unless access Is particulariy dif-
ficult. It might be necessary to Instal | secure pro-
tective housings If vandallsm becomes a problem.

Data hand | Ing = If there are only a few statlons which
are Infrequently measured, the movement graphs can be
plotted by hand. However, If there are many stat lons
which are frequently read, then automatic methods of
t-ecording the results and updating graphs should be
considered.

In general, the measur Ing system used shou Id be free of opera-
tor blas and capable of producing consistently reliable results
over the full time perlod In which It Is likely to be In opera-
tlon.

The fol lowlng Is a description of methods of monli tor Ing slope
movements.

SURFACEMETHODS

Crack Width Measurements

In almost al |1"stldes, the opening of tenslon cracks on the
crest of the slope Is the first sign of instabl I1ty. Measure-

ment of the wldth of these cracks wl | | often be representative
of the movement of the slide Itself.
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The slmplest means of measuring crack width Is to set palrs of
steel pins, one on elther silde of the crack, and measure the
dlstance between the plns with a steel tape or rule as shown In
Figure 13.1. The advantages of thl s system are that the equip-
ment Is readlly avallable and can be set up quickly, and that
readings can be made and results analyzed immedlate!y. The dis-
advantages are that the movement measured Is not absolute be-
cause It Is difficult to locate the back pin on stable ground;
this timlts the system to small fallures. Furthermore, verti-
cal movement Is not readily measured. Also, safe access to the
crest of the slope must be posslble In order to make measure-
ments, and this wll | probably become dangerous when the width
of the crack Is several feet.

Extensometers

As the slide becomes larger and It Is no longer posslble to use
palrs of plns across the cracks, tensioned wire extensometers
can be used to measure movement over a greater dlstance as
shown In Figure 13.2. In thls method, a wlre Is stretched ac-
ross the tenslon cracks between a measurement stat lon estab-
| Ished on stable ground and an anchor Is secured on the crest.
Relative movement between the statlon and the anchor Is ind}-
cated by an adjustable block threaded on the wire which moves
along a steel rule. This type of equlpment can readily be manu-
factured from pleces of scrap metal and need not take the exact
form shown In Flgure 13.2.

Wire extensometers have much the same advantages and disadvan-
tages as crack wldth measurements. The main advantage Is that
It Is easler to measure movement over longer distances so that
the measurement statlon can be established some distance behind
the tenslon cracks. In addition, the wire can be extended over
the crest so that movement of the toe of the slope can a | so be
measured. However, If thls Is done, correct lons for therma |
expanslon and contractlon of the wire may have to be made. The
accuracy of this system Is of the order of +0.25 Inches.

Another feature of the wlre extensometer Is that It can Incor-
porate an alarm device that can close the highway In the event
of sudden movement of the slope. In Flgure 13.2, the alarm de-
vice shown conslsts of a switch mounted on the measurement sta-
tlon which Is tripped by the movement of a second block thread-
ed on the tensloned wlre. In order to prevent false alarms when
the slope Is moving slowly and steadlly, it Is necessary that
the trip block be set back from the trlp switch at regular in-
tervals. The set-back distance should be carefully selected to
prevent false alarms and to ensure that adequate warning of
fal lure Is obtained. A set-back distance of about 3 to 4 times
the movement that Is occurring between read | ngs cou Id be used
as a guldellne when setting up the Inltial system and thls can
be modlfied as movement data Is collected.

Where more precl se movement measurements are requ | red, It may
be necessary to purchase commerclal Instruments. For example,
a tape extensometer consists of a steel tape wlth flttings at
the ends which allow the tape to be attached to reference
polnts on elther slde of the tenslon crack (see Flgure 13.3).
The tape Is tensloned to the same tenslon every time a reading
Is made by means of a proving ring. The accuracy of a tape ex~
tensuneter Is about +0.003 Inches.
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Where precise, continuous monltoring of a slope crest Is re-
quired, a multiwire extensometer can be Installed. Thls con-
sists of a number of wires of different lengths with one end of
each attached to an anchor grouted into the slope (see Figure
13.4). The other ends of the wires pass through a reference
point so that movement can be measured between the anchor and
the reference polnt. Measurements can be made elther with a
mlcrometer or, If continuous, remote readlngs are required, a
| Inear potentlometer is used. The readilngs from the potentio-
meters can be transmitted to a central recording statlon so
that a number of extensometers can be monitored simultaneocusliy.
Methods of transmitting the data from the monitoring Instrument
to the recording statlon Include electrical cable, radlo trans-
mitters and telephone | Ines(321).

Surveying

As the s!ide becomes larger, crack width measurements wi | | pro-
bably not be possible because a stable reference polnt wi | | be
ditflcult to flnd. Therefore, remote measurement using standard
surveying techniques wi | | be required. The selection of the
most appropr late method wi | | depend upon the degree of accuracy

requlred and the physical constraints at the site.

The general princliplies of any surveylng technlque are shown In
Figure 13.5. Instrument stat lons are establ Ished below the
slide, and their positions are determlned from a reference sta-
tion on stable ground some distance from the slope. It Is es-
sentlal that the poslition of the Instrument stations be checked
against the reference, because the slope beneath the instrument
stations may also be moving. Monitoring points are established
on the silde and by regularly determining their posltions, the
movement of the whole s! | de can be found. These polnts should
also be established behind and to either slde of the expected
extent of failure, so that the !Iimits of instabllility, as well
as any increase In its slze, can be determined.

The different surveying methods that can be used for slope mon-
Itoring are described below.

Electronic Dlstance Measurement

Electronic distance measurement (EDM) equipment can measure
displacement to an accuracy of better than 1/2 Inch over slght
dlstances of more than one mile. The measurements are made In a
few seconds so that an almost contlnuous record of movement can
be obtalned. The Instruments also have built-in correctlons for
variations in temperature and barometric pressure, and can be
used at nlght If targets are | | luminated. The targets them-
selves consist of reflector prlsms costing aout $150 each and
can be mounted on pleces of relnforcing bar drlven Into the
ground or grouted Into dri I | holes. Most Instruments employed
in surveylng work use an Infrared beam which Is adequate for
most applicetions. Over extreme distances, a laser Instrument
may be requilred. One disadvantage of the surveylng technlque
Is that it is not possible to make readings durlng heavy rain-
storms or snowstorms, or when clouds obscure the targets, and
thus a back-up system of extensometers may be usefu | during
extended per lods of poor weather. Access to the slope to in-
spect prisms or change thelr orientations Is also desirabie.
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The simplest method of surveying Involves measuring the dis-
tance between the Instrument station and pr Isms on the slope,
as can be seen In Flgure 13.6. For thls method to be accurate,
it |s essentlal that measurements be made parallel to the ex-
pected direction of movements otherwise only a component of the
movement wi || be measured. This is Illustrated in Figure 13.5
where the northern half of the slide, which Is moving north-
east, Is monitored from station 1 and the southern part, which
is moving southeast, is measured from station 2. Information
on the spproximate vertical movement can be obtalned by mea-
suring the vertical angle to each statlon as well as the slope
dlstance. This will give an Indication of the mode of tallure,
as discussed on page 13.1.

Triangulation, Offsets, Tr!lateration

More precise Informatlon on the direction of movement and the
fallure mechanlism can be obtalned by finding the coordinates
and elevation of each station, from which vectors of movement
between successive readings can be calculated. A number of
ways In which thls can be done are lllustrated in Figure 13.5.
If there Is only one Instrument statlon, angles can be turned
from the reference station to each prism, and the dlstance
measured with EDM equlpment (offsets). |If there are two in-
strument statlons, the positlon of each prlsm can be determined
either by trlangulation, or by triiateration using EDM equip-
ment. Best results are obtained if the three points form an
equl lateral triangle, and this should be taken Into account
when setting out the basel Ins between the Instrument stations.

Another alternative, which does not require the measurement of
any angles, Is to determine the distance of the prisms from
three statlons forming a tetrahedron(322).

EOM measurements are rapld and accurate, and surveying Is use-
ful in that it gives the three-dimenslonal posltlon of each
prism. Surveylng does have the disadvantage that the measure-
ments and the calculations are time-consuming and results are
not Immedlately aval lable. Trlangulation, under Ideal condi-
tlons, using a 1 second theodolite with all angles doubled, and
an EDM measuring to + 0.05 Inch over sight distances of 1,000
ft. can glve errors In coordlnate poslitlons of as |1ttle as
0.12 inches(323). However, It is likely that highway surveyors
doing rout Ine measurements In all weather condltions using
equlpment In less than perfect adjustment wi | | obtain average
errors of + 4 Inches to * 6 Inches. For this reason, coordinate
determinations should onl y be carr led out when the expected
movement distance between readings Is greater than the magn |-
tude of error.

Leveling

Information on the rate and extent of subsldence of an area can
be obtained by making leveling measurements of a network of
stations on the crest of the slope. This method Is only app!l-
cable where access to the slope crest Is posslblie and where the
terraln permlts reasonably long sight distances. Of course, it
Is also important that a stable reference statlon be available.
Leveling can be used in conjunction with EDM transit measure-
ments to determine coordinate positlons where the terrain does
not allow set-up of Instrument statlons below the sl lde as
shown in Figure 13.5.
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TiVimeters

Tl |tmeters are Instruments that, when mounted on a ceramic
plate rigidly attached to the ground, record the angular t}It
of the plate. Changes In tilt of the plate of about +10 sec~-
onds can be measured by the t! Itmeter and the readings are
highly reproducible. This Instrument can elther be left In
place to continuously record tilting or can be carried around
the site and set up on each plate each time a set of readings
Is made. The unlt weighs about 6 Ibs. and Is easlly portable
on rough terrain,

Tittmeters should only be used when It Is certain that measure-
ment of t1It+ will be an accurate representation of slope move-
ment. Usually, tilitmeters would be used In conjunction with
other monitoring methods. One possible appl Ication for tl 1t~
meters would be on brldge abutments and pilers where continuous
and precise measurement of t1lting Is requlred.

Photogrammetry

On some large siides where It Is not possible to survey the
whole moving area, the use of photogrammetry may be consldered.
It Is |ikely that the mIinlmum error In coordinate position that
can be obtalned with thils method Is 6 Inches. Whl le wide cov-
erage wl | | be obtalned, results wil! not be aval |lable for sev-
era | days or even weeks, and photographs can only be taken on
cloud-free days.

SUBSURFACE SURVEYING METHODS

It Is often useful to know the posltilon of the fal lure surface,
If It Is not clearly deflned by the geologlcal structure, so
that the volume of the sliding mass can be calculated, the type
of fal lure ldentifled, and stabl | Ity analyses carrled out. Al |
the methods of obtalning this intormation require drl | | holes
and remote readings cannot be made as readl Iy as they can with
surface measurements. The following Is a description of methods
that could be used on fransportation routes.

Sond

The "sond™ method consists of drilling a hole to below the ex-
pected depth of the fallure, casing the hole, and then lowering
a length of steel on a plece of rope down the ho le. As the
slope moves, the casing will be bent, and eventual Iy It wil |
not be possible to pull the steel past the dilstortlon. This
will indlcate the base of the failure plane. In a similar
manner, a sond lowered from the surface wi | | show the top of
the fal lure (see margln sketch).

Inc| inometers

If the posltlons of several fat lure surfaces and the rate of
movement Is requlred, an Inclinometer can be used. Thls In-
strument precisely measures small movements over the length of
the hole and also glves the plan direction of movement. How-
ever, If the movement rate Is great, the casing wi | | bend at
the fal | ure surf ace, and the Instrument may be lost In the
hole.
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The Instrument operates In an Identical manner to the ti!tmeter
described previously in that It makes preclse measurements of
the t11t of the borehole. By making measurements at fixed In-
tervals up the casing, a plot of the Incl Inat lon of the bore-
hole Is obtalned (see margin sketch). The casing has grooves
cut In the wal Is to prevent the instrument from rotat Ing as It
Is pulled up the hole. This enables the directlon of movement
to be determined. The casing Is a speclal Item that must be
purchased from the manufacturer of the Inclinometer.

Boreho | e Extensometer

The multiwire extensometer described previous!y (see Flgure
13.4) can readlly be Instal led In a borehole (hole diameter
2-1/2 to 3 Inches) with the wlres anchored at d!fferent posi-
tlons down the hole. The relat lve movement of the rock between
anchor positions and the collar of the borehole Is Indicated by
movement of the ends of the wires at the col | ar . The longest
wire should extend beyond the tallure surface so that It forms
a stable reference polnt as the collar moves.

Most types of extensometers requ | re that the wires be tens loned
to a standard tenslon each time readings are made. Thls re-~
qulres the use of a speclal tensloning/reading Instrument that
must be kept In good adjustment and that careful measurements
be made by qualifled personnel. However, extensometers are now
available In whichthe wires consist of 1/4 Inch dlameter
strands that are sufficlent!y rigld not to require tensloning.
Measurements can be made with a standard dlal gauge which Is
not as subject to error as the tenslon J ng Instrument.

When desligning an extensometer system one should be sure that
the Instrument Is Installed parallel to the direction of move-
ment because it can only reglster tenslon or compression.
Therefore, extensometers are Ideal for measuring the depth of
movement In a toppling fallure. In a clircular fallure where
shear displacements are occurring on the failure surface, a
“shear str Ip" movement Ind Icator Is more appropr late. This In-
strument conslists of a strip of electrical conductor that is
broken by movement on the failure surface; this wi | | show the
depth down the borehoil e of the surface, but not the rate of
movement.

Rock Bolt Load Calls

In conditlons where rock bolts are a critical part of a stabl-
lizatlon program, it may be required that the tension In the
bolt be monitored to determine If creep, or loss of anchorage
Is occurring. Tenslon can be measured by plac Ing a load cel |
between the nut and the plate on the face of the slope, or by

attaching straln gauges to the bolt. If straln gauges are
used, It Is useful to have access to the gauge after instal-
lation In the event that the gauge has to be rep | aced. If a

load cell Is used, this may requlre the design of a speclal nut
and plate arrangement to avold untensloning the bolt in the
event that It Is necessary to change the cel | .

INTERPRETING MOVEMENT RESULTS
In order to use monltoring to successfully decide whether trat-

f Ic may, or may not, continue to travel below a falling slope,
the movement data must be correctly and raplidly Interpreted.
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The most useful method of displaying movement data Is to plot
cumulat!ve slope movement against time as lllustrated In Flgure
13.7. This graph wli | readl ly show any Increase In the rate of
movement that Is Indicatlve of deterlorating stabl | ity condl-
t lons. Slince the appearance of the graph Is dependent on the
scales chosen for the axes, these dimenslons should be care-
fully selected to ensure that acceleration Is clearly ldentifi-
able. Thls means that monitoring should start when Instab)!iity
f Irst becomes apparent so that the steady rate of movement can
be establ Ished.

The frequency of measurements wi | | depend upon traff Ic condl-
t lons. On low volume roads monthly readlngs may be sufflclent,
but on major highways hourly readings may be necessary If rapld
movement Is occurring. Figure 13.7 shows that sometimes several
cycles of acceleration may occur before fal lure and that the
total displacement Is usually substantiai. Also, the accel-
eration period will often have a duratlion of several days or
weeks, thus produclng an adequate warning of failure. However,
It should be noted that planar type fal lures may occur with
much less warning.

Further informatlon on stability can be obtained by plotting
movement veloclty against time, where the gradlent of the graph
Indicates the acceleration of the slope (see Flgure 13.8). In
thls figure, the slope accelerated for the flrst five days and
then moved at a constant veloclty. If 1t were necessary to halt
traffic during the acceleration period, It may be possible to
reopen the road If the slope contlnues to move with zero accel-
eratlon. Frequent mon itor Ing wou | d be requ Ired under these
circumstances.

Monltoring data can also provide Information on aerlai extent,
mechanism, and depth of fal lure. In Flgure 13.9, contours of
slope veloclty plotted on plan show the size of the sllde and
the fastest moving areas. These contours can be used to declde
hor stablilzatlon work should be scheduled to minimize traff Ic
closures. For example, for the slope fal lure shown In Figure
13.9, stabllizatlon should start In the south end of the sllide
uhlch Is the fastest moving area.

Plan plots of dlsplacement vectors obtained from trilangulation
wll | show the direction of movement. Also vectors plotted on
section often have dlp angles paral lel to the fal lure surface
beneath them, uhlch may indicate the geometry and mechan)sm of
fallure, as lllustrated In Figure 13.10. Thus, In a clrcular
fal lure, prisms near the crest wiil tend to have movement vec-
tors with steep dlp angles, while prisms at the toe wl | | move
approximately horlzontally, or even sl Ightly upwards.

If monltoring of a large silde continues for some time, a con-
siderable amount of data wl Il soon be accumulated and the plot-
ting of movements and vector wiil become most tIme-consuming.
In fact, 1t may become dlfflcult, In circumstances that require
a rapld assessment of stabl | Ity condltions, to make quick re-
liable Interpretations of large volumes of data. Fortunately,
storage of survey data, calculation of vectors, and plotting of
movement graphs Is an Ideal applicatlion for computers. In thls
way, movement plots of many statlons over any time span can be
prepared In a few minutes.
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Figure 13.9: Contours of slope movement show extent and relative
movement rates of slide.
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Figure 13.10: Dip angle of movement vectors
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failure.
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Chapter 14 Construct ion contracts and specifications.

Introduction

Contracts between owners and contractors are legal documents
and must comply with federal and state laws. Standard genera |
provisions are usually available to the owner, and federal and
state agencies have well established procedures. Many sources
are available to assist in contract preparation, including ref-
erences 261 and 324 through 328. This chapter wi | concentrate
on the types of construction contracts and the writing of spec-
ifications for rock slope engineering.

SELECTING THE TYPE OF CONSTRUCTION CONTRACT

Many types of construction contracts are used for rock excava-
tion and stabilization on highways, and we can look to the
United States highway construction requirements as a broad
class of contracts for this type of work. The Federal Procure-
ment Regulations(324) describe all the types of contracts and
point out that contracting can be done either by formal adver-
tisement or negotiation. Since most highway work has many po-
tential contractors and enough lead time to allow for formal
advertising, this is the preferred method of contracting. This
is very fair because cost is the selection criteria and the
government (owner) has the work accomplished for the least
cost.

In drawing up any type of contract for rock work, it is impor-
tant that sane flexibility in quantities, timing and methods be
incorporated in the specifications. This is necessary because
it is rarely possible to precisely define the scope of work,
especial ly on a slope stabi |l ization program where the exact
nature of the problem may only become apparent when access has
been provided to the slope face and work has started. Because
of the possibi | ity of these “changed conditions" occurring,
sane flexibility should also be allowed in the budget alloca-
tions so that more or less money can be spent at each location.
In genera | , this can be handled by obtaining bid prices on unit
quantities (e.g. cu.yd. of rock, | inear foot of rock bolt) and
having provision for changing the estimated quantities as con-
ditions demand.

Much rock excavation and stabil ization work requires special
skills such as control led blasting, high scaling and rock bolt
installation. Therefore, It is advantageous i f both the con-
tractor, and the engineer supervising the work, have experience

in the procedures involved. If bids are invited from al | con-
tractors and the lowest bidder is accepted, then it is possible
that the work wi I | not be carried out to the required stan-

dards. This can be overcome by sending bid documents to selec-
ted, experienced contractors only, or by specifying the type of
experience that the successful bidder must have obtained on
previous projects. If there are no experienced contractors or
inspectors aval lable, then ful I-time supervision and "tight"
specifications are required.

As discussed previously in Chapter 12 on slope stabilization
methods, the supervising engineer should be involved with both
the design and construction programs so that he obtains feed-
back on the SUCCE€SS and applicability of his designs under dif-
ferent conditions. Because it may take several years to acquire
this experience, and because methods used in one geological
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environment may not be applicable In another, it Is usually
worthwhl |e to maintaln an in-house staff of exper lenced rock
work engineers. |If they are not avallable, or a-e overcommit-
ted, then speclallist consulting services can be hlred.

SELECTING ME TYPE OF CONSTRUCTION CONTRACT

The fol lowing Is a description of the varlous types of con-
tracts that can be used on rock slope work, and typical con-
ditlons In which they may be appilicable. Any particular con-
tract may be a combination of the types dlscussed.

Table XIlI summarizes the content of these discusslons and glves
examples of the uses of the types of contracts for rock slope
englneering. Keep in mind that most U.S. hilghway requlrements
w | | | be performed under advertised unlt pr Ice contracts.

Unlt Price Contract

The most frequently used contract In the United States highway
system Is the advertlsed "unit-price" contract. The terms of
thls contract provide that the owner w! | | pay to the contractor
a speclfled amount of money for each unlt of work completed In
a project. The unlts of work may be any Items whose quantltles
can be determined, such as cubic yards of rock. Payments are
usual 1y made by the owner to the contractor at speci f led inter-
vals during the period of constructlion, w Ith the amount of each
payment depending on the value of the work completed during the
prior perlod of time. The Federal Procurement Reguiations call
thls a flxed-price contract with adjustable unlt prices. It Is
most frequently used for rock slope englneering because often
neither the exact anount of common or rock excavation, nor the
amount of requ | red rock support Is known.

The types of work that can be speclfled as unlt quantltles are
as fol lows:

«mobllization/demobli | }zatlon

. access road construct lon

«cublc yards of sol |

.cubic yards of rock

-| inear feet of rock bolts

-square feet of pre-shear face

.scall ng manhours

-equipment rental, standby and operating
*standby tlme for highway openings when no work Is pos-
sible

-cubic yards of shotcrete

The speclf Ications should glve an estimate of the quant Ities
Involved so that the contractor knows the magnitude of the
project. It should also be clear that the quantitles may be
changed during the course of the work. Figure 14.1 shows a typ-
ical speclficatlon sheet for a unlt price stabliization con-
tract.

Thls type of contract would be used for slope stabi | | zation
work where the full extent of the work requlred Is usually only
determined as the work progresses. For example, the estimated
number of bolts may decrease If It Is declded that loose rock
should be scaled down rather than bolted.
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Lump Sum Contract

If the owner (government) knows exactly the quantities of work
to be accompl ished, It wl | | advertise a “Lump Sum" contract.
The terms of thls contract provide that the owner wi |l | pay to
the contractor a speclt led sum of money for the completion of a
project conforming to the plans and specliflcatlons furnished by
the englneer. It Is common practice for the owner to pay to
the contractor a portion of this money at specifled Intervals,
such as monthly, with the amount of each payment depend Ing on
the value of the work comp leted during the pr lor per lod of
t Ime, or according to some other schedule.

Lump sum contracts can be used on routlne excavation projects
where the volumes are clearly specifled by accurately surveyed
cross-sectlons and the owner has confidence In stabil!ty of the
designed slope angles. Controlled blasting on final slopes Is
usually speclfied ad the contract should state that the con-
tractor pay for al | excavation outside the deslgn | Ines. The
lump sum bld by the contractor may Include the Insta | | at lon of
slope stabl |1zatlon measures such as rock bolts, or these may
be bld on a unlt price basls if the quantitles cannot be de-
flned until the excavation Is made.

Lump sum contracts can al so be used on stabl | Izat lon work when
the quantlties are well def Ined, e.g. the constructlon of a
retalning wall or concrete buttress.

Filxed Price with Escaiation Contract

A minor variation of the tixed-price contract used for con-
tracts of long duratlon are advertised flixed-prlce contracts
with escalation. An example would be for the owner to agree to
pay for any Increases In fuel costs that the contractor must
pay. Thls can al low for a lower bld price, thus a savings to
the taxpayer, because the contractor Is free of the risk of ol |
price Increases md does not need to add a margin to hls price.

Indefinite Dellvery Type Contract

If the exact time of dellvery Is not known at the time of the
contracting, the government can use several forms of what the
Federal Procurement Regulatlons cal | Indef Inite del Ivery type
contracts. These are sometime called "open- ended” contracts
or “day-rate” contracts and can be In force for up to a year to
do such work as clearing dltches or scaling rock on a day-by-
day, or as-requlred basls. These contracts are sometlimes used
to allow work to be done by smal I, local contractors and are
sulted to small budgets where It Is not worthwhl le setting up
another type of contract.

Cost-Plus-A-Fixed-Fee Contract

If for some reason, such as emergency, the government cannot
advertlse, they may negot late any of the above type of con-
tracts. Alternatively, they may award a cost-reimbursement type
contract of several forms, the most common of which Is the
cost-plus-a-fixed-fee contract. Under the terms of thls con-
tract the owner agrees to reimburse the contractor for speci-
fled costs, usually on-site costs, Incurred by the contractor
In carrying out the work, plus an additional fee. The fee Is a
prof It plus a management fee to relmburse the contractor for
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6 x 14 ft. long rock bolts
(2 shown)

Clean out and widen dit:ch

STABILIZATION REQUIRED

1. Scale loose rock from slope to a height of
about 80 ft. Only blocks of rock larger
than 0.25 cu.yd. should be removed. There
are at least three loose blocks with volumes
up to 6 cu.yd. Remove trees and apply weed
killer to stumps.

2. Install 6 x 14 ft. long rock bolts in loose
block at east end at a height of about 30
ft. above track level. Other bolts to be
installed as directed by the Engineer.

Estimated total bolt footage = }30 ft.

3. Excavate a 180 ft. long, ditch at toe of

slope; some blasting required at west end.
Approximate back line shown on photograph.

Figure i4, 1 : Typical specification sheet for slope stabilization work.
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the costs incurred at his head office resulting from the con-
struction of the project. Items of expense covered by the fee
include, but are not limited to, salaries, rent, taxes, insur-
ance, interest on money borrowed to finance the project, the
cost of trips made by persons to the project, expediting the
delivery of materials to the project, etc.

Emergency situations where cost-plus-fixed-fee contracts could
be used would be where a rock fall has blocked the highway and
men and equipment are needed immediately to clear the rock and
stabilize the slope.

Cost-Plus Converted to Lump Sum

In some emergency situations, it may become apparent after work
has started that the required remedial work can be clearly de~
fined so that the contractor can make a f i rm bid on the tota |
project. The previously negotiated cost-plus contract can then
be converted to a lump sun payment to cover a | | the required
work. This provides the owner with protection against overruns
which is not the case with cost-plus contracts.

In order to avoid delays in the start of emergency work because
the owner and contractor cannot agree on the fee for the job,
it is worthwhile making some prior arrangements with local con-
tractors in the event of an emergency call-out. These arrange
ments would include equipment availabilities, mobilization
times and fee scales.

Guaranteed Maximum Cost

Just as a contractor approaches a | unp-sum agreement with many
misgivings, so too will most owners contemplate any cost-plus
arrangement. Indeed, many owners feel, perhaps not entirely
unreasonably, that an unlimited cost-plus agreement destroys
any real incentive to hold costs down and usually results in a
large increase In the cost of construction. The issue can, of
course, be debated, but the fact that this feeling is prevalent
cannot be denied. To combat this threat, owners will often
insist that the contractor agree to a guaranteed maximum price.
Typically, this type of provision will fix a maximum amount,
often referred to as an upset price. The contractor agrees that
he is to be reimbursed by the owner for al | the costs of the
work up to a fixed amount, and the contractor further agrees
that any cost of the work beyond that fixed amount wi | | be h is
responsibility. The Federal Procurement Regulations ca | | this
a cost-plus-incentive-fee contract.

Shared-Savings Provisions

This type of agreement provides flexibility to cope with
changed conditions, but also provides the owner with some pro-
tection against overruns by giving the contractor an incentive
to control costs. It is, in one way, the reverse of the maxi-
mum price provision. Here, an amount is fixed by the agreement,
often referred to as the "target" price. This target price is
made up of the actual cost to the contractor for doing the job
plus a variable fee for head office, related business expenses
and profit. This fee varies according to whether the final
cost is over or under the target est Imate cost. That is, if
the cost i s greater than the target the fee i s reduced, and i f
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the cost Is less than the target the fee Is Increased. The
factor by which the proflt Is varied Is a bid Item.

An example of a target price contract Is as follows:
Target estimate = $550,000
Fee = $110,000
Reductlon In fee for overruns = 5% of overrun
Increase In fee for underrun = 20% of underrun

Case a) If actual price Is $680,000, then total cost to owner

Is:
Actual cost = $680,000
+ Fee = 5110,000
- Decrease In Fee = ($680,000 - 1550,000) x 5% =% &,500
Total Cost §783,500
Case b) If actual cost Is $500,000, then the total cost to the
owner lIs:
Actual cost = 1500,000
+ Fee = $110,000
+ Increase In Fee = ($550,000 - 1500,000) x 20% = { 10,000
Total 6ost $670,000

The Federal Procurement Regulations call this a contract with
performance Incentives.

In some cases, a maxilmum and minimum fee can be specified so
that there Is some control on the range of costs wh Ich may be
Incurred . It Is also worthwhlle putting In an upset price
clause to ensure that costs do not exceed this limit. Other-
wlse, the contractor can exceed the target est | mate by a wlde

margin and although his fee Is minimal, he wil | stil | generate
revenue whlle keepling hls men and equlpment busy and have | 1t-
tle Incentlve to finish the Job. In this respect, one should

keep In mind that the target estimate may bear |ittle relation-
shlp to the actual cost.

Target estimate contracts are sulted to projects where the ex-
act scope of the work Is uncertaln. Thls makes It difficult
for the contractor to bld on a lump sum basis, while the owner
wants to avold a cost-plus contract In which there wl | | be
I 1ttle Incentive to control costs. An example of such a project
would be excavation work where It Is necessary to halt work at
frequent Intervals to allow traffic through. |If the closure
times cannot be precisely def | ned then the contractor cannot
calculate hls costs accurately. An example of thls type of
contract Is described In Chapter 12.

WRITINGSPECIFICATIONS

The baslic rule of writing speclficatlons Is for the owner to
tell the contractor what he wants, not how to do the work,
while protecting the Interest of the owner. Protect lon of the
owner's Interest requires judgement md experlence. An Impor-
tant rule Is that each job Is dlfferent and the type of con-
tract selected, based on the factors discussed above, Inf luen-
ces the speclfications and method of payment. Standard or typ-
ical speclfilcatlons can be helpful In the early stages of con-
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tract preparstlon, but shou Id never be used In a contract with-
out careful review to determine appliicability, The cholce of

an appropriate type of contract and the preparatlon of spec I=-
f Icatlons wil | depend upon such factors as:

Slze of project

Degree of owner superv Is ion

Degree of detall In design

Project locatlion, l.e. urban or rural

Geologlcal conditions, l.e. strong, competent rock or
weak weathered rock

For example, speclficatlons for blasting must ensure that an
excavation Is produced that meets the design requirements as to
slope angle and long-term stablilty, and that no blasting dam-
age Is done to any surrounding structures. It must also al lou
f lexibll Ity to ensure that the best method Is used to sult
changing rock condltlons end excavation requirements. However,
It should also be kept In mind that restrictlve speclficatlons
may result In the blasting operatlon belng very expensive. It
Is good practice to require trial blasts at the start of the
work to determine the optimum technique. Thus, speci f Icatlons
should provide general guldelines and required results with the
cholce of the actual methods belng left to the contractor. This
method Is usually satisfactory If the contractor Is experlien-~
ced. The engineer should stl | | have the authority to review
the methods and results end request changes If necessary.

The fol lowing typical speclficatlons cover many of the areas
that need to be Included In contracts that Involve rock slope
excavation.

TYPICAL SPECIFICATIONS”

*These speclificatlons are for 1llustration purposes only; spec~
Iflc speclificatlons should be prepared for each project to
sult condltlons. DIimenslons (e.g. rock bolt lengths and dia~
meters) should be determined from design calculations.
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Name
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JABLE XII

TYPES OF CONTRACT

GOVERNMENT {OWNER) VIEWPQINT

Advantages

Cost plus a fixed
fee

Letter Contract

Cost plus incen-
tive fee

}
Fee

\ [Hax.
c

cost plus a
fixed fee

cost plus
converted

to lump
sum

Guaranteed
Max {mum

ost

Contract with
performance
incentive

Fee

Target

Fixed Price with
Adjustable Unit
Prices

Fin Fixed Price

Fixed Price with
Escalation

Indefinite De-
livery Type
Contract

Shared sav-
ings provi-
sions or
target es-
timate

Cost ——p

Unit Price

Lump Sum

Unit Price
or Lump sum
with Esca-
lation

Open ended
or Day rate

Good ownerYcontractor

team work. Quick
start. Easy to make
changes.

Immediate start. Easy
to administer after
conversion to Tump
sum,

Contractor will try to
reduce costs through
initiative to grin
larger fee. Calling
price fixed. Good
owner/contractor team
work.

Contractor will try to
reduce costs through
inftiative to gain
larger fee. Good
owner/contractor term
work.

Easy to make adjust-
rents. Easy to dater-
mine final price. Low
cost = pay for what
you get.

Fixed price good for
budgeting, financing.

Same plus possible
lower costs because
of reduced contractor
risk.

Can award contract
prior to requirement.
Easy to control costs.
Responsive to quick
requirements.

Disadvantages Advantages

CONTRACTOR YIEWPOINT

Disadvantages

No risk on
costs.
Higher
chance of
profit.

Higher costs. Lacks
contractor initia=
tive. No budget
control.

Potential overruns. Can negoti-
ate Job
after con-
ditions
known. In a

strong nego-

tiating pos-

ition,

Good sell-
ing point
for good
contrrctor.

Claims possible.

Good sell-
ing point
for oood
contidctor.
Risk/profit

Possibility of
serious overrun.

shared by

owner and

contractor.
Unbalancing, i.e. Easy esti-
contractor puts mating.
high cost on items E£liminates
it expects will loss due to
increase. Disputes quantity
and claims on quan-  varjation.

tities performed.

Claim if contractor Good profit.

runs into problems. Clean cut,

Contractor may cut easy book-

costs and do low keeping.

quality job. Adver=

sary status between

contrrctor and owner.

Same plus increased Same plus

administration. less risk
of loss due
to uncon-
trolldble
costs.

Higher cost. Good fill
in between
Jjobs.

Low fee and
profit.

Risk on con-
tractor for
tota?! cost.

Low fee if
costs high.

Units my not
be in relation

to costs. Po-
tential unbal-
ancing.

High risk if
conditions
change such

as poor wea-
ther, unstable
slopes.

Same plus in-
creased admi-
nistration.

Difficult to
schedule.

EXAMPLES

Emergency work or
projects not well
defined such as re-
pairing existing
retaining walls.

Emergency work
(flood damage. rock
falls. bridge fail-
ure, etc.).

Can be used if ow-
ner 15 using new
construction tech-
niques.

For larger Jobs
where quantities
are not precisely
known but Incentive
is required to con-
tain costs.

Highway Jobs where
excavation or rock
support quantities
are not exactly
known. .. cubic
yards of rock e x-
caution; dowels;
rock bolts; shot-
crete; linear yards
of ditching.

Excavation where
quantities are well
defined, slope can
be cut to specified
angle, quantities
of support well
specified. Con-
struction of con-
crete buttress
where anchoring.
reinforcement quan-
tities are well de-
fined.

Large job requiring
long periods of
time.

used for small jobs
that canbe started
or stopped readily
such as ditching.
sealing, clean-up
of rock falls. etc.
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1.0 LIMITS OF EXCAVATI ON

All excavaton shall be to the lines and grades ehown in the
drawings. ANY excavation beyond these lines and grades, which
I'S performed by the Contractor for any meason whatsoever, ehall
be at the expense of the Contractor. Surveying during execava-
tion, for ezeavation control purposes, shall be the respongi~
bitity of the Contmctor.

All quantities shall be measured and claeeified in place to the
lines ehovn on the drawings. SUrvVeyi Ng for the purpose of pay-
ment shall be the responsibility Of the Engineer.

2 .0 CLASSIFICATION OF MATERIALS

Except as otherwise provided i N these epecificatione, material
will be claeeified for payment as follows.

2.1 Rock Eaxavation

For purposes of classification Of execavation, rock ie defined
ax sound and solid msses, layers, or ledges of mineral matter
in place and of such hardneee and texture that:

1) It cannot be effectively looeened or broken down by
ripping in a single pass with a late model tractor-
mounted hydraulic ripper equipped with one digging
poi nt of standard manufacturer’s deeign adequately
eixed fOr wuse with, and propelled by a crawler-type
tmctor with a net flywheel power mting between 210
and 280 horsepower. operating in low gear.

or

2) In areae where it is impracticable t0 classify by use
of the ripper deseribed above, rock excavation ie de-
fined ae sound mterial Of such hardness and texture
that it canmot be loosened or broken down by a 6 Ib.
drifting pick. The drifting pick shall be Class D,
Pederal Specification CCC-H-506d with a handle not lees
than 34 inches in length.

All bouldere or detached pieces of solid rock more than 1 cubic
yard in volume will be classified ae rock excavation.

2.2 Common Excavation

Common excavation includes all material other than rock exea-
vation. All boulders or detached pieces of solid rock teee
than 1 cubic yard in volune will beclassified as common ex-
cavation(328).

3.0 ROCK EXCAVATION SPECIFICATIONS

In order to excavate the site to the required elevations, rock
blaeting will be neceeeary.

The stability of the final cut elopes and foundations will de-
pend to eome degree upon the existing jointing cmd crack system
in the rock, and will be influenced great Zy by the procedures
of blasting that are used. Consequently. the Contmctor shall
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carefully control all blasting by limiting the size and type of
the charges i n accordance with t heee specifications, varying
the size and spacing ofdrill holes, using del ays, and such
other controls a8 maybe reagonably required by the eireum-
stance8 in onder to preeerve the rock strength beyond the re-
quired mninmumlines and gradee i n t he soundest possible con-
ditions.

Trial blaste ehall be conducted a8 required by the Engi neer at
the atart of the work, and at other tine8 when the rock and/ or
the dimensions of the blaete change, to deternins the optinmm
drill hole |ayout, explosive | 0cad8 and del ay sequences. The
epecifications below shall be used a8 a guideline in determ n-
ing the optinmm pwaedure.

3.1 Experience of Contractor

The foremanwho provi des on-site supervision Of the work des-
eribed i n thie Contract shall have a mininumof two yeare ex-
perience i N controlled blasting. Before starting operation8
the Contractor shall submit to the Engineer a resume Of the
qualifications and experience of the foreman.

3.2 Alterationsby Contractor

Not | a88 than thr88 (3) day8 prior to commenci ng excavation in
the specified area8, and at any tine the Contractor proposes to
alter hi8 nethods Of exeavation, he shall submit to the Engi-
neer for review full detail8 of the drilling and blasting pat=-
tern8 and eontrols he proposes t0 use i n the specified areas.
The Contractor ehall not commence excavation in the88 arseas or
change hi 8 net hod8 ofozcavation until hi8 drilling and blast-
ing patterne, contwl e, and hi 8 method8 have been reviewed by
the Engineer.

[f, in the opinion of the Engineer, the method8 of ezcavation
adopted by the Contractor are unsatisfactory in that they re-
sul't in an excessive amount Of excavation and/or rock damage
beyond the mininmumline8 and grmades or that they fail to sat-
iafy the requirement 8 speci fi ed elsewhere i n theee specifica-
tionme, t hen, notwithstanding the Engi neer' 8 prior review of
such methode, the Contractor shall adopt such revised met hods,
techni que8 and procedures a8 are necessary to achieve the re-
qui red results.

3.3 Exoavation X Slopes

To ensure that final el opes are stable, controll ed blasting
ehal | be used to minimize the damage to the rock behind the
faces. Thef ol | owi ng specifications deseribe t he genenl method
of blasting to be used on final slopes. he optimwn procedure,
which may vary at different location8 on the site, shall be
determined f WM trial blasts.

The maximem bench hei ght when excavating on the final slopes
shal | be (for bench hei ght8 see Chapter 111; this ie t0 ensure
control over drill hole direction 80 that the holes onthe
final slopes are evenly spaced.

Control | ed Blasting Terminology

These specifications, in part, provide for the use of final
line holes, buffer holes, production holes, maximumchar ge8
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and bl asting delaye t 0 achieve the specified blaeting eontrol
for the slopes.Explanation f t k888 terms are as follows:

3.3.

3.3

3.3

3.3

1
1)

21

3)

1)

21

4

1)

Pinal Line Blasting

Blast holes and tining in detomation sequence - "Con-
trolled Blasting” 18 T NEe technique of ecarefuliy dril -
ling tke final tine of holee on the plane of the final
cut slope required.Each hole of the final line ise
| oaded with an explosive charge "decoupl ed" fromthe
bl ast hol e wall wth a centering sleeve.The hol e8 are
fired simultaneouely, and firet Or last in the del ay
sequencet 0 create a crack along the plane of the final
rock surface.

Ali gnment and depth of holes in the final line - The
Final 1ine of holes ehall be on tk8 Tine of the final
face and the epacing shall be as uniform ae poesible,
and the diameter of these holes shall not be greater
than (for hol e diameters 884 Chapter 11). The bottonB
O final |ine holes shall not be positionad at a higher
® |8vation than tk8 bottonB of adjacent production blast
holes. Thedepth of tk8 final |ine holes shall be
limited to (for hole lengthe 888 Chapter 11).

loeives - The hole spacing and anount of explosive
in the final line of holes may require adjusting, de-

pending on surface qual ity and integrity of the exposed
r ook surface and condition8 encountered during the pro-
grees Of the work. \Water resistant explosivee nay be
required for some of the work.

Buffer Row

Buffer holes and charges - Tke tine of buffer holes
ehall be paralle: ‘vo tke Tinal line of holees and shall
be the same diameter a8 in the holes of the final tine.
The anmount of explosives per hol e shall be less than
the explosive used per production hole contained in the
maln pattern. he purpose of the88 holes i S to protect
tke final face by momuniformly distributing the ex-
plosive within tke rock adjacent to the face.

Production Holes

Hole pattern and | oadi ng -~ The main production blasting
shall use (Tor hol e diameters see Chapter 11) di aneter
holes | aid out to detonate in a delay sequence employ-
i ngt ke eriteria of loading and maximum charge per de-
tonation gtven i n Maximum Chargee and Delays, Section
3.3.4, following. Detonation ghall be toward a free
face.

Maximam Charges and Delays

Maximum charges - Vi bntione generated by detonation of
charqee 1.0 got h tke final Iine and nain pattern blast-
i ng ehall be oontrol |l bd by use of delays to minimize

¢ t0 the surrounding rook. TheContractor shall
advi 88 tke Engineer in sufficient tine prior to sack
blast to provide tke Engineer with an opportunity to
noni tor tke vibrations fromthe blast i f desired.
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21 Design of delays - Delay sequencing for multiple shots
may be accomplished through the use of short period
delay8 of the type appropriate to the method of fusing
adopted.

3.4 CORTROL OF FPLYROCK

Precaution8 shall be taken to ensure that flyrock from the
blasting operations does not reach the location8 designated on
the drawings.

3.5 SCALING

The objective of scaling ehall be to remove looee block8 of
rock and to emnsure that the new face i8 stable.

3.5.1 Method

Scaling shall be conducted under the supervision of the Engi-
neer who 8shall determine the area8 to be scaled, the scaling
method to be employed, and shall inspect the new faces. Hand
scaling shall be employed except where other means, such a8
hydraulic splitters or light blasting is approved by the Engi-
neer. Secaling shall start at the top of the slope and work
dowmwards, to roadbed level. After scaling, the new face ehall
be inspected by the Engineer to determine whether or not scal-
ing ie complete.

3.5.2 Blasting

When blasting is required, the force shall be sufficient to re-
move the block but not damage the surrounding rock. If a erack
exists between the loose block and the slope, the explosive can
be placed in this omck.

3.5.3 Drilling

If drilling ie required, the hole8 ehall be parallel, drilled
in straight lines, and have the spacing equal to about 10 time8
the hole diameter. They 8hall be loaded with sufficient explo-
eive to break the rock between the hole8 but not damage the new
face. All blasting shall be conducted by an experienced powder
man, with blasting patterme subject to review by the Engineer.

3.6 Ditching of Hook Slope8

The excavation of ditches along the toe of certain slopes ig
required to prevent falling rock from reaching the roadbed.

3.6.1 The area8 to be ditched ehall be specified by the Engi-
neer.

3.6.2 Near vertical slopes close to the roadbed shall not be
ditched where the Engineer determine8 that excessive rock exca-
vation will result.

3.6.3 The dimensions of ditchee are specified on the draw-
ings; care shall be taken to ensure that the excavation does
not undercut the roadbed.
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3.6.4 The ditch shalt havevertiecal sides and a horizontal
base to enmsure tkat rock8 fall vertically and do not bounce
outwards towards the roadbed. | f poseible, a € inch thick layer
of fine, broken rock, or sand, shall be | eft in the bottom of
the ditah t O absorb the impact of falling roek.

3.6.5 Trim b&sting techniques shall be used such that per-
manent vertical slopes are produced and tkat damage to the wck
behind the faae i8 minimized. Any excavation kyond the mini-
mum lines epecified by the Engineer, which i8 performed by the
Contractor for any purpose whatsoever, shall be at the expense
O the Comtractor, unlees it hag received the prior approval of
the Enginger. The Contmctor 18 mutioned to engure that the
final line drill holee conform with the planned excavation
limits.

3.6.6 The holes for the trim line shall be parallel to each
otherand to the eide of the ditch. Hole epacing shall be about
10 timee the hole diameter.

3.6.7 The explosive toad 1in the back line shall be sufficient
to break the wak along the minimum eéxcavation line and shall
be equivalent to about (for explosive load8 see Chapter 11).
The trim line shall be detonated on a single delay.

3.6.8 The broken wck ekall be removed from the ditch witk
loading equipment working i N the excavation, pushing the mats-
&l to ome point for disposal. Tkie i8 to ensure tkat the toe
of the cut 8lope i8 a8 near vertical as posetble and to mini-
mize damage t O the pavement from loading equipment. Cam shall
aleo be exercised not to wundermine tke roadbed.

3.6.9 The ditah shall be graded such tkat drainage will occur
and water does not collect at |ow points.

3.6.10 At the completiom of excavation, the cut slope8 shall
be inspected by the Enginseer and roek bolts and dowels shall be
installed au required to stabilize potentially wunetable rock.

4.0 SUPPORT OF ROCK SLOPES
4.1 Dowels

Natuml fractures in the mock slope may produce potentially wn-
stable blocks of wak that must be supported. Locatias on the
elopet kat require support W || be determined by the Enginaer.
Dowels coneisting of reinforcing steel (for length and diameter
8¢e Chapter 12) fully grouted into holes drilled into the face.

The grout shall b8 Type 1 Portland cement. Plates and nuts on
the face of ths slope shall not be required. The dowel 8 shall
be inetalled during excavation from the current working bench.

4.2 Rook Bolts

The fun&ion Of rock bolt8 is to exert permanent normal force
across potential failure planes. This tink.7888 the frictional
forceand resists sliding.

4.2.1 All rock bolte to be installed in this Work shall be
products of a mowfacturer regularly engaged in the momufacture
of rock bolts. Bolte shall be fabrioated from deformed bare and
tensionable. Permiseable types8 are:
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1) A mechanically-anchored, hollow, groutable bolt.

2} N 3-stage-setting resin-embedded bolt.

3) A plastic-covered bolt (approved by the Engineer) with
grout anchor.

1.2.2 The length of each bolt to be installed shall be deter-
mined from measurements to be made at the time of stabiliza-
tion. Unlese specified herein, the length of each bolt in the
rock shal 1 be approximately twice the thickness Of the slab or
block to be stabilized.

1.2.3 Rock bolte shalt be fully corrosion-protected. All
part8 of the bolt, bearing plate, and nut on the surface of the
cut, shall either be encased in ehotcrete or painted with a
corrogion protective print.

1.2.4 The cement grout used fOor rock bolt types (1) or (3)
deseribed above shall be a non-ehrink type grout and achieve a
strength of 3,000 pound8 per square inch i N not more than &
days. Fondu cement shall not be used. Resin may be epoxy or
polyester in bulk or cartrige form, but shall be a make ap-
proved by the Engineser.

4.2.5 When the end of the bolt is anchored in place (either
mechanically o r chemically), each bott shall be tensioned to
(for mequired tension 8ee Chapter 7) with a hollow-ram hydrau-
lic Jack. Load/extension measurements shall be made during
tensioning. If the Load ecarmot be maintained for 10 minutes.
or the extension (after shell tightening) exceeds the elastic
strain of the bolt by 20 percent, the bolt shall be replaced or
a further bolt installed in a separate hole.

1.2.6 After tensioning and approval by the Engineer, the full
Length of the bolt shall then be grouted with non-shrink grout
to ensure that teneion is maintained permanently along t he
length of the bolt. One or nvre representative rock bolte shall
be pulltested to failure if 8o requested by the Engineer.

4.2.1 The hydraulic jack and pressure gauge used for teneion-
ing shall be ealibrated by a registered calibration agency, a
maximum of 1 month prior to the tensioning operation, and a
copy Of the mlibmtion certificate shall be shown to the Engi-
neer &fore tensioning begins.

4.2.8 A bearing plate, a hardened flat washer and a nut shall
be used to tmansfer the temsion in the bolt to the rock. The
plate shall be in uniform contact with the rock surface. |f
the rook face i8 not perpendicular to the axis of the bolt, or
the rock under the baaring plate i8 not sound, a bearing pad
approved by the Engineer shall be constructed 8o that the bolt
i8 not bent when the tension is applied. Bevelled washers may
also be usad to level a bearing plats. Where the rock surface
i8 generally weak or weathered, extra Large bearing plates
{euch as 8 inch square) shall be used.

4.2.9 The installation of the corrosion protection, the in-
stallation method and the teneioning, should all be carried out
according to the mmufacturer’s specifications.
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4.3 Shotarata

The function8 of ehotcnta ara to eliminate eroaion ef f ects,
prevant blocke on the face from beaonting Zooee, ond to hold in
place blockse that can slide on advereely oriented joint or
fault surfaces.

4.3.1 Pergommel

The formeman shall have good personal experience, including not
teas than two yearsas a ahotcrate noszleman.The noszleman
ahatt have aarved at least six monthe appmmti caahip a simlar
applicationa and sehall be able to demonatrate by teeting his
ability to perform eatisfactorily hie duties and to gun ghot-
crate of the required quality.

4. 3.2 Materials

Materials uead ahatt be a pra-mix ehotcrete product manufac-
turad by a mowfacturer regularly engaged in the maufacture Of
aoncrata produate. Clases “A” aggregate ehall ba used which
shall eonform to ACI Standardsﬁr f(lgne aggregate. The water
ueed for mixing ond curing shall be clean and free from sub-
stances whiah might be deleterious or corrosive to concrete or
steel, and shall ba fumished by the Contractor. The Contrac-
tor, if ao maqueetad by the Engineer, shalt aubmit reports of
taete nude by a oompetent laboratory, On samples of the water
which ha propoeae to uea or ie using.

Admixtures such as acceleratore, air antraining admixtures OF
retarders, if ueed, shall be approved by the Engineer.

4.3.3 Strength

Tha ehotcrata shall achi eve a minimum 28-day strength of 3,500
pounds par square inch.

Tha responeibility for the design of all mixes f or the mortar
and for the quality of the mortar placed in the Work shall mat
with the Contmator.

No cement/sand mixture ahatt be uaad i f allowed to etund for ¢5
m nut es or more before uee.

4.3.4 Equi pment Requirements

The mizing equipment ehall be ocapable of thoroughly mixing tha
epeaified materiale in auffiaiant quantity to tmintain contin-
uous placing.

In order to aneura that the cement/sand premix will f Zow at a
uniform mte (without slugs) through the matn hopper, delivery
hoee, and dry-mix nozsle to form uniform ahotarata (free of dry
pockets) on tha r ook surface, predampening (also referred to as
premoigturizing) equipment shall be used to bring the moisture
content from essentially zero, in sealed transporting bags, tO
within the mnga of thme percent to six percent. Prodampening
shall be carried out prior to flow into the main hopper, and
immediately after flow out of the bags.

The air compressor ahatt be capable of supplying clean air ade-
quata for nuintaining sufficient nozazle veloeity throughout all
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phases O the work, a8 well a8 for the simultaneous operation
of a blow pipe for clearing away rebound.

4.3.5 Quality Control

In order to satiefy himeelf a8 to the quality of the mortar
being placed in the Wrk, the Engineer will inspect all aspects
of the manufacture and placement of mortar and carry out guch
tests on the nvrtar and it8 constituent nmaterial 8 ag he may
deem necessary. The Contractor shall coopente fully and pro-
vide all necessary assistance to enable the Engineer to carry
out such inspections and tests.

Test cylinders Of nvrtar shall be shot with the same air pree-
eure, nosale tip, and hydntion a.8 the nvrtar being placed at
the point in the Wrk where the cylinder8 are taken.

436 Surface Preparation

Prior to the application of nortar, all nud, loose, shattered
and rebound material, and al| ot her objectionable mxtter ehall
be removed from the surface agai nst which the mortar i8 to be
pl aced. Sand bl asting procedure8 ehall be used to effect the
neceseary cl eaning of the surface against which the nortar ie
to be placed, a8 and where directed by the Enginger. The sur-
faae ghall be washed clean irmediately prior to shotereting,
using alternate jete of air and water. Care ehall be taken
that key bl ock8 are not renoved.

137Mesh Rei nf or cement

Areas that are to be covered with mesh reinforcement chal|l be
determined by the Engineer. The mesh shall conei et of wel ded
wire mesh 4 inches by 4 inchee opening size which ehall be
securely attached to the rock surface with pin8 grouted into
hots8 not lese than 12 inches deep at a m ni num spacing of 5
ft. The exposed portion of the pine shall be threaded go that
a nut and washer don be used to place the mesh in eontact with
the eur f ace. The location of mesh pin8 shall be approved by
the Engineer. At all asplices the wire fabric shall be Zapped a
m ni mum of 8i nches.

4.3.8 Application

he area of each mook face to be shotereted ehal|l be determined
by the Engineer. On conpetent mock el opes where only cmacks are
to be covered, the shotcrete shall extend at least 12 inchee on
either side of the emack. A nini mwn thickness of 1~1/2 inches
and @ avenge thickneee of three inchee shall be applied, and
reinforcing nesh shall be completelyencaged. The ehotarete
shal | be applied from the bettom of the slope upward8 80 that
rebound doee not accunul ate on mock that ha8 still to be cov-
ered. Surface8 to be shot shall be damp but have no free Stand-
ing titer. No ehotarete shall be placed on dry, dusty or froety
surfaces. The noszazle shall be held at a distance and at an
angle fwm the perpendicular to the working face 80 that re-
bound mterial will be minimal and compaction will be maxi nal;
thie distance i s usually between two and five feet.

A nozaleman's hel per equipped with an air blow out jet shall
attend the nossleman, at all timee during the placenent of
nortar, to keep the working area free from rebound.
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Mortar chalt emerge from the noxxle in a steady, wrinterrupted
flow. When for any reagon the flow becomes intermittent, the

noxxlo ehall be diverted from the work until steady flow re-
sumas .

Where a layer of ehoterete is to be covered by a succeeding
layer, it shall first be allowed to take it 8 initial eet. Then
all laitence, looee material and rebound ehall be removed by
brooming. In addi ti on, the surface should be thoroughly eounded
with a harmer f Or dmammy areae resulting from rebound pockets
or lack of bond. Drwmmy areas, age, or other defects shall be
carefully cut out and replaced with a succeeding layer.

Rebound shall not be worked back into the construction by the
nozsleman; if it doee not fall clear Of the work it must be
removed. Nor shall the rebound be ealvaged and included | n
later batches because of the danger Of aontantimtion.

Construction joints shall be tapered over a minimum distance of
12 inches to a thin edge, and the surface Of such jointe ehall
be thoroughly wetted before any adj acent action of mortaris
placed. No equare joints shall be permitted.

Shoot i ng shallbetemporarilysuspendedi f :

- High wind prevents the nozzleman from proper applica-
tion of the material.

-  The temperature ix below 35°F and the work oannot be
protected.

- Rain occurs which my waxh cement out of tho freshly
plaaed material and cause sloughe i N t he wor k.

4.3.9 Drainage

Dmimge holes shall be provided 8o that water preeeuree do not
build up behind the shotecrete. The draing shall be produced by
driving wooden plugs into cracks designated by the Engineer
prior to ehotcreting. After the shotcreto hae obtained ite in-
itial eet, the plugs shall be removed.

4.3.10 curing

Either the shoterete surface ehall be kept continuously wet for
at teaet xeven &ye or membrane curing shall be used. Thealr
in contact with ehotarete surfaces shall be mintained at tem-
per at ume above freexingf Or a mi Ni MUM of eeven days.

4.3.11 Testing

At @ach eite and T Or each new batch Of ehotamte. small, unre-
inforcedtestpanelsatl leastone f 0Ot square and three inches
thick shall be gunned, i f required by the Engineer. Thess
panels will be inspected by the Engineer and periodiaalty oored
for testing purposes.
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Appendix1 : Analysis of laboratory strength test data

Introduction

The choice of the shear strength of a failure surface or zone
is a critical part of any slope stability analysis. (Conse-
quently, the analysis of laboratory strength test data is

an important component of any slope design.

This appendix presents a number of simple statistical re-
gression analyses which can be used to determine the angle
of friction and the cohesive strength or the constants which
define the non-linear failure characteristics of rock or

soil. These analyses are presented in O form which is design-
ed to facilitate programming on a programmable calculator or
computer.

Determination of the angle of friction and cohesive strength
for a Mohr-Coulomb failure criterion

T T Tm = 3(o; - ¢3)
c

c3 4 Cm'§(01 "'03) g1

The tlohr-Coulomb failure criterion may be expressed in the
following forms :

T = ¢ + oTan¢ 1

Tn = c.Cos¢ + onp.Sing 2
oy = 2c. Cos ¢ + 03 i + Sing¢ 3
1-Sin¢ { = Sing¢
These equations may be expressed in the general form :
y= a + bx 4

The constants a and b and the coefficient of determination
rZ can be determined by linear regression analysis as follows:

b - Ixy - Ixly/n
& - (Zz)2/m

a = (ty/m - b. Lx/n) 6
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(zzy - ExIy/n)?

2 5
r (222 - (z2)2/m) (zy? - (Zy)7/m) 7

where x, y are successive data pairs and n is the tota)
number of such pairs.

The angle of friction ¢ and the cohesive strength ¢ 3re
calculated as follows

a. For input1 - T and y-o
¢ = Arctan b 8
c=ga 9
b. For input £ = T, and y = Om
¢ = Arcsin b 10
c=a/Cos ¢ 1"

C. For input * = oy and y = 0,

$ = Arcsin H 12
e 2 (1 - Sing)
c
2 cos ¢ 13

Determination of material constants defining non-linear
failure criterion

The non-linear failure criterion defined by equation 29:
o= o3 + mz 29

may be rewritten as :

¥y = moc.x + 50,2 14
where y = (g, - 03)2 and x = g3
Intact rock

For intact rock, s =1 and the uniaxial compressive strength
6c and the material constant m are given by :

Ixl
2. W B e 15
OC n - 812 _ (XJZZ n
n
_ txly
m = ]_ r';y n 16
T . ()2
oc | gx2 - (EL
”n

The coefficient of determination r2 is determined from
equation 7 above. The closer the value of r2is to 1.00, the
better the fit of the empirical equation to the triaxial test
data.



Broken or heavilyj oi nted rock

For a broken or heavily jointed rock mass, the strength of
the intact pieces of rock is determined from the analysis
presented on the previous page. The value of m for the
broken or heavily jointed rock is found from equation 16 and
the value of the constant s is given by :

- 1| iz
s o2 |m Mo 17

The coefficient of determination r? is found from equation 7.

When the value of the constant § is very close to zero,
equation 17 will sometimes give a small negative value. In
such cases, put s = 0 and calculate m as follows :

- Iu
m ooz 18

Vhen equation 18 is used, the coefficient of determination
r? cannot be calculated from equation 7.

Mohr envelope

The relationships between the shear strength 1 and the normal
stress 0 and the principal stresses o) and o3 are defined by
the fol lowing equations * :

2
4
c = o3+ e 19
Tm+ MIc/e
T o= (0 - o03)/1 + moc/lty, 20

By substituting successive pairs of 0) and 03 values into
equations 19 and 20, a complete Mohr envelope can be generated.
While this process is convenient for some applications, it

is not convenient in slope stability calculations in which

the shear strength is required for specified normal stress
values. A more useful expression for the Mohr envelope

is given by equation 30 on page 107 :

T o= Ao 9y - 1)" 30

where A and B are empirical constants which are determined
as follows

Rewriting equation 30

y = axr + b 31
where = log?/a,
= log(0/ce - T)
- B

= log A
= §(m - /mZ + Ls)

Hoo B<

*
BALMER, G. A general analytical solution for Mohr's envelope.
Amer. Soo. Tasting Materials, Vol. 52, 1952, pages 1260-1271.
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The values of the constants A and B are given by :

e
— &r 32

B =

log A = ZL _ s%

" 33

Values of A and B are calculated for values of o and t
given by substituting the following values of o3 into equa-
tions 29,19 and 20 :
Gams O3m/25 O3m/us O3m/8, O3m/16, O3m/32, O3m/6u  O3m/128,
O3m/256, V/u, T/2, 37/4 and T

where oyn is the maximum value of o3 for the data set being
analysed and T =3(m - vmZ + bs).

The instantaneous friction angle °i and the instantaneous
cohesive strength < for a given value of the normal stress
0 are given by :

¢; = Arctan AB( %/o. - 1)B-! 34

€; = T -0 Tan g 35

Practical example of non-linear analysis

The following set of data was obtained from a series of
triaxial tests on intact samples of andesite :

269.0 206.7 503.5 586.5 683.3
0 6.9 27.6 31.0 69.0

Analysis of the data, using o3, = 69 MPa, gave

Oc =265.5 MPa, m = 18.84, s = 1. r2 = 0,85, A = 1.115 and
B = 0.698.
Carefully drilled 154mm diameter cores of heavily jointed

andesite were tested triaxially and gave the following set
of data :

6.07 8.96 12.07 12.82 19.31 20.00
0.35 0.69 1.24 1.38 3.45 3.45

Analysis of these data, using O3y = 3.45 MPa, gave

m=0.277, s = 0.0002, T =-0.00072, r2=0.99, A = 0.316
and B = 0.700.
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Appendix 2 : Wedge solution for rapid computation

Introduction

The solution of the wedge problem presented in reference 201
was designed for teaching purposes rather than for conve-
nience of calculation. In this appendix, two solutions
designed for maximum speed and efficiency of calculation
are given. These solutions are :

1. A short solution for a wedge with a horizontal
slope crest and with no tension crack. Each plane
may haveadifferent friction angle and cohesive
strength and the influence of water pressure on
each plane is included in the solution. The influence
of an external force is not included in this solu-
tion.

2. A comprehensive solution which included the effects
of a superimposed load. a tension crack and an
external force such as that applied by a tensioned
cable.

The short solution is suitable for programming on a pocket
calculator such as a Hewlett-Packard 67 or a Texas Instru-
ments SR52. It can also be used with a non-programmable
calculator such as a Hewlett-Packard 21 and a typical
problem would require about 30 minutes of calculation on
such a machine.

The comprehensive solution is 4 to 5 times longer than the
short solution and would normally be programmed on a desk
top calculator or in a computer.

SHORT SOLUTION
Scope of solution

The solution presented is for the computation of the factor
of safety for translational slip of a tetrahedral wedge
formed in a rock slope by two intersecting discontinuities,
the slope face and the upper ground surface. It does not
take account of rotational slip or toppling, nor does it
include a consideration of those cases in which more than
two intersecting discontinuities isolate tetrahedral or
tapered wedges of rock. In other words, the influence of
a tension crack is not considered in this solution.

The solution allows for different strength parameters and
water pressures on the two planes of weakness. It is
assumed that the slope crest is horizontal, ie the upper
ground surface Is either horizontal or dips in the same
direction as the slope face or at 180° to this direction.

When a pair of discontinuities are selected at random from
a set of field data, it is not known whether :

a) the planes could form a wedge ( the line of Intersec-
tion may plunge too steeply to daylight in the slope
face or It may be too flat to intersect the upper
ground surface )
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b) one of the planes overlies the other (this affects
the calculation of the normal reactions on the planes)

c) one of the planes lies to the right or the left of
3 the other plane when viewed from the bottom of the
Y slope.

In order to resolve these uncertainties, the solution has
been derived in such a way that either of the planes may be
labelled 1 (or 2) and allowance has been made for one

plane overlying the other. In addition, a check on whether
the two planes do form a wedge is included in the solution
at an early stage. Depending upon the geometry of the
wedge and the magnitude of the water pressure acting on
each plane, contact may be lost on either plane and this
contingency is provided for in the solution.

Notation

The geometry of the problem is illustrated in the margin
sketch. The discontinuities are denoted by 1 and 2. the
upper ground surface by 3 and the slope face by 4. The
data required for the solution of the problem are the unit
weight of the rock Y, the height H of the crest of the
slope above the intersection 0, the dip ¢ and dip direction
a of each plane , the cohesion ¢ and the friction angle ¢
Plane 1 overlies plane 2 for planes ! and 2 and the average water pressure u on
each of the planes 1 and 2%. |If the slope face overhangs
the toe of the slope, the index nis assigned the value of

-1; if the slope does not overhang, n= +1.
Other terms used in the solution are :
F = factor of safety against wedge sliding calculated as
’ the ratio of the resisting to the actuating shear forces
- A = area of a face of the wedge
QL W = weight of the wedge
@ N = effective normal reaction on a plane

t | z H

-

S = actuating shear force on a plane

x,¥,Z = co-ordinate axes with origin at 0. The z axis is
directed vertically upwards, the y axis is in the
dip direction of plane 2

-
a = unit vector in the direction of the normal to plane 1
with components (ax,ay,az)

>

b = unit vector in the direction of the normal to plane 2
with components (bx,by,bz)

? = unit vector in the direction of the normal to plane &
with components (fx,fy,fz)

-

g = vector in the direction of the line of intersection
of planes 1 and 4 with components (gx,gy,gz)

+
2 =wmvector in the direction of the line of intersection
of planes 1 and 2 with components (ix,iy,iz)

*If it is assumed that the discontinuities are completely
filled with water and that the water pressure varies from
zero at the free faces at a maximum at some point on the
line of intersection, then uy=uj; = YWHW/G where Hw is the
overall height of the wedge.
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- iy
- -
= component of g in the direction of b

-+ -+
= component of a in the direction of b

k=|3|2ei24 i+ if

1= WA,

p = Aj/A;

nm= Ni/Az

na= Na/A, Assuming contact on both planes

[212]//k = sA,;

mi- Ny /A;
denominator of F = §,/A,
ma= Ny/A,
denominator of F = $3/A;

} contact on plane 1 only

} contact on plane 2 only

Sequence of calculations

The factor of safety of a tetrahedral wedge against sliding
along a line of intersection may be calculated as follows :

1.

2

10.

(@x,ay,3z) = {Siny).Sinlar-az), Siny,.Cos(a;-a,), Cosy,}

(Fx,fy,fz) = {Sinyy.Sin(ay az), Siny,.Cos(ay ay), Cosyy}

. by = Siny;

bz - COSWz

L1o= axby

-9, = fxay - fyax

q = by(fzay ~ fa,) + byo,
If ng/i>0,0r if n(fz-q/i) Tanys> d—mfa¥ and

og3=a, * (1 -~ n) ®/2, no wedge is formed and the
calculations should be terminated.

r = ayby + ajgb,
k =1 -r2

1 = (yHa)/(3g,)

12. p =-b, f /9,

13. ny = {{2/k) (‘a, -rb,)-pu}.p/|p|

14. ng= {(Z/k} (b, - raz) - up}

15.

m = (Zaz - rus; -~ pul).P/Ipl

16. my = (sz - rpul - Uz)

17.

a) If n > 0 and ngy > 0, there Is contact on both planes
and

F - (nl.Tnnol + ny.Tané; + lp‘Cl "Cz)“:)|li|

b) If ng < Oand my > 0, there is contact on plane 1
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only and

. ml.Tan¢1 + IDICI

{12(1 - a;) + kug + 2(ra, - bz)Zu2}§

cl If nj <0 and my3 > 0, there is contact on plane 2
only and

m,.Tan¢, + ¢,

F =
{Z"’by2 + kp2u12+ 2(rbz-az)plu1—}{

d) If m, < 0 and my < 0, contact is lost on both planes
and h1e wedge floats as a result of water pressure
acting on planes 1 and 2. |n this case, the factor
of safety falls to zero.

Example

Calculate the factor of safety against wedge failure of a
slope for which the following data applies :

Plane [ 2 3 4
v° 47 70 10 65
o’ 052 018 045 045

9.

10.
1.
12,
13.
14,
15.

16.

Y =25 kN/m¥ , H = 20m , c; = 25 kN/mZ , ¢, = 0
61 = 30°, ¢, = 35%, u;= uy = 30 kN/mZ, n = +1

(a x+3y,3,) =(0.40897, 0.60632. 0.68200)

(fx.fy.fz) = (0.41146, 0.80753. 0.42262)

by =0.93969

b, = 0.34202

i = 0.38431

g, =-0.08078

q = -0.12981

“qli <0; n(fz-qli) Tan w3 - V1 - fz2 ¢ 0.

A wedge is formed. continue calculation sequence.
r = 0.80301

k = §.35517

1= 265.969

p = 4.78639

ny = 161.456

n, = -183.988

m; = 13.7089

my = -54.3389
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17. n € 0 and m; > 0, hence there is contact on plane 1
only ;

c) gives F = 0.626 and hence the slope is unstable.

Note that water pressure acting on the planes has a signi-
ficant influence upon the solution to this problem. If
Uy = up; = 0, F = 1.154.

COMPREHENSIVE SOLUTION
Scope of solution

As in the previous solution, this solution is for computa-
tion of the factor of safety for translational slip of

a tetrahedral wedge formed in a rock slope by two inter-
secting discontinuities, the slope face and the upper ground
surface. In this case, the influence of a tension crack

is included in the solution. The solution does not take
account of rotational slip or toppling.

The solution allows for different strength parameters and
water pressures on the two planes of weakness and for

water pressure in the tension crack. There is no restriction
on the inclination of the crest of the slope. The influence
of an external load E and a cable tension T are included in
the analysis and supplementary sections are provided for

the examination of the minimum factor of safety for a given
external load (eg a blast acceleration acting in a known
direction ) and for minimiring the cable force required for
a given factor of safety.

Part of the input data is concerned wlith the average values
of the water pressure on the failure planes (u1 and u2)
and on the tension crack (us). These may be estimated from
field data or by using some form of analysis. In the
absence of precise information on the water bearing fissures,
one cannot hope to make accurate predictions but two simple
methods for obtaining approximate estimates were suggested
in Appendix 1 of this book. In both methods it is assumed
that extreme conditions of very heavy rainfall occur, and
that in consequence the fissures are completely full of
water. Again , in both methods, It is assumed that the
pressure varies from zero at the free faces to a maximum
value at some point on the line of intersection of the two
failure planes. The first method treats the case where no
tension crack exists and gives the result uy= up = Ywﬂw/6,
where H is_the total height of the wedge. The second
method allows for the presence of a tension crack and gives
U =uy = ug = Y, Hs./3, where Hg, is the depth of the
bottom vertex of the tension crack below the upper ground
surface.

As in the short solution, al fowance is made for the follow-
ing :

a) interchange of planes 1 and 2

b) the possibility of one of the planes overlying the other

c) the situation where the crest overhangs the base of
the slope {in which case n=~-1)

d) the possibility of contact being lost on either plane.
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In addition to detecting whether or not a wedge can form,
the solution also examines how the tension crack intersects
the other planes and only accepts those cases where the
tension crack truncates the wedge in the manner shown in
the margin sketch.

Hotation

The geometry of the problem is illustrated in the margin
sketch. The failure surfaces are denoted by 1 and 2, the
upper ground surface by 3, the slope face by 4 and the
tension crack by 5. The following input data are required
for the solution

¥, o = dip and dip direction of plane or plunge and
trend of force
Hy = slope height referred to plane 1

L = distance of tension crack from crest, measured
along the trace of plane 1

v = average water pressure on face of wedge

0

= cohesive strength of each failure plane

¢ = angle of friction of each failure plane
Y = unit weight of rock
Yo = unit weight of water

= cable or bolt tension

m -

= external load

S

= -1 if slope is overhanging and
+1if slope does not overhang

Other terms used in the solution are

F = factor of safety against sliding along the line
of intersection or on plane 1 or plane 2

A = area of face of wedge
w = weight of wedge
v = water thrust on tension crack face
Na = total normal force on plane 1
hen contact is
S = shear force on plane 1 w X i !
a maintained on
Qa = shear resistance on plane 1 plane 1 only
Fy = factor of safety
Py
Nb = total normal force on plane 2
S = sh f | 2 when contact is
b shear torce on plane maintained on
Qb = shear resistance on plane 2 plane 2 only
Fa = factor of safety
N;,N, = effective normal reactions 3
when contact is
S = total shear force on 1,2 maintained on
Q = total shear resistance on 1.2 ¢ both planes 1
and 2
Fj = factor of safety
-
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Ny' , Np' = values of Ny, N,, S ® tc when T =0

$', ttc

Ny' , N2' = values of N;, N, S etc when E = 0

S”, etc

; = unit normal vector for plane 1

; = unit normal vector for plane 2

a = unit normal vector for plant 3

t = unit normal vector for plant 4

?5 = unit normal vector for plant §

E = vector in direction of intersection lint of 1,4
35 = vector in direction of intersection lint of 1,5
-{ = vector in direction of intersection lint of 1,2
J? = vector in direction of intersection lint of 3.4
}5 = vector in direction of intersection Tlint of 3,§
-l: = vector in plane 2 normal to :

‘7’_ = vector in plane 1 normal to -;,

R = magnitude of vector -1:

G = square of magnitude of vector 3

Gs = square of magnitude of vector ;

Note 1 : The computed value of V is negative when the
tension crack dips away from the toe of the
slope but this does not indicate a tensile force.

2 : The expressions for @., @ 1y, Q.o, Qe3, Ggl, Gy2 603
which occur later in %he %O‘Ullon are normally
evaluated by ATANZ of Fortran, or by “Rectangular
to Polar” operation on desk top calculators. For
this reason. =v should not be cancelled out in
equation 47 for a;.

Sequence of calculations

1. Caleulation of factor Of safety when the forces T and E
are either zero or conpletely specified in magnitude
and direction.

a. Components of unit vectors in directions of normals
to plants 1 to §, and of forces T and E.
(a,.ay.az) = (Siny;Sinay, Siny;Cosa;, Cosy;) 1
(bx,by,by) = (SinvzSinaz, SinyzCosaz, Cosyz)
(dx,dy,d,) = (Siny3Sinaz, Siny3Cosa;, Cosys)
(fx,fy,fz) = (SinpySinay, SinyyCosay, Cosyy)
(f5x,fsy,fSZ)-(SlanSinas, SinygCosas, Cosvs)
(tx,ty,tz) = (Cosy.Sina,, Cosv,Cosa,, -Siny,)

~N oMW EwN

(ex,ey,ez) = (CosygSina,, CosvgCosa,, -Sinye)
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b. Components of vectors in the direction of the lines of
intersection of various planes .

(95:9y+95) = (fyaz - faay), (fay - fxaz), (fyay - flax) 8

(95x-95y'951) = (fsyaz‘szay)-(fSZax’fo“z)-(foay'fSyax) 9

(Txstyiig) = (bya; - byay), (ba, - byaz), (b,ay - boa,) 10

(jxrjy-jz) - (fydz-fzdy),(fzdx-fxdz),(fxdy-fydx) 1

(sxrdsyrdsg) = (fsydy=fsydy), (F5pdu-fs,dz), (fsxdy=Fsydy)12

(ko ky s kg) = (Zyby - T,by), (Zbx = iybg)  (xby = iyby) 13
(Ix:ly.5) = (ayiz - az7y), (87ix ~axiz) . (axly -ayix) 1 4
c¢. Numbers proportional to cosines of various angles

m = gxdy + 9ydy + 9,4, 15
ms = gg,dy + gsydy + 95292 16
nomb jx+ byjy+ bziz 17
ng=byjsx + byj Sy + bzisz 18
P =iydx + iydy + 1pd; 13
q = bxgx + bygy + bz9, 20
95 = bxgsx + bygsy + bz9sz 2l
roEaxb,+ aby,+ a,b, 22
S maly+ ayty+ Azt 23
v bty + byty + bpt, 24
womixtx + Tyty + 1ty 25
Se = axex + ayey + 88 26
Ve = bxex + byey, + be; 27
wWe ® iyex t iye, + Z,e; 28
sg = ayfsg, + ayfsy + azf52 29
Ve = byfs, + byfsy 4 byfsy 30
ws = Ixfsx + tyfsy + 1,fs, 3
A= Ixgy + TyGy + 1797 32
Ag = 195y * Ty9sy * 12952 33
€ = fxfox + fyfsy s fofs, 3

d. Miccellaneous factors

v = % . f%u 338

G = gy + 9y2 + 952 39
G5 = 9sx” + 95y2 + 9-‘122 a0
M = (Gp2 -2 mpa+ mzkz)i i
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Mg = (Ggp2 - 2 mgp Ag + mssz)i

h = Hy/|ozl

hg = (Mh - [p|L)/Mg

B = (TanZ¢, + TanZ¢, - 2(ur/p)Tans,Tang,)/R2

42

43
44

45

e. Plunge and trend of line of intersection of planes 1 &2

Yy = Arcsin{viy)

a; = Arctan (-\aix/°\:iy)

f. Check on wedge geometry

No wedge is formed, 1f piz <0 or
terminate computation.

if nqiz <0
i€ enqgi,< 0, or

if hg < 0 , or
Tension crack invalid,

terminate computation. if ’2222 > 1, or
mh
it Aqgmghe -

nsth

g. Areas of faces and weight of wedge

Ay = (|mq]h? - |msqs|hs?)/2!p]

Ay = ({a/n|m2h2 - |qs/ng|mg2hs?)/2]p]

Ag = |meqglhg?/2{ng|

W o= y(@2m?h3/|nl - qs?mg2hs¥/ng|)/6]p]

h. Water pressures

i) With no tension crack
ur = uz = yhlmi |/6]p|

ii) With tension crack
up = uz = us = v hg|ms|/3d,

= usAgne/|e]

i. Effective normal reactions on planes ! and 2 assuming
contact on both planes
N = piWky + T(rv-s)+ E(rve-se)+ V(rvg - s5)) - ujAy

Ny = w{Wl, + T(rs-v) + Elrs, -vy)+ V(rss-ve)} - uzh;

). Factor of safety when Ny <0 and N2 <0 (contact
is lost on both planes)

F=0

46
47

48
49

50
51

52

53

S4
55
56
57

58

59
60

61

63
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If N; > 0 and N; < 0, contact is maintained on plane 1
only and the factor of safety is calculated as follows:

= Wa, - Ts - Es, - Vs5 = upApr 64
=-(Tt, + Ee, + Ngay + VFs, + upAzb,) 65
==-(Tty + Eey + Nja , + Vfg, + upAzb,) 66
=-(Tt, + Ee, + Ngaz + Vfg, + upAzb,) + W 67
= (5,2 + 8,2 + 5,2 68
= (N, - ujA))Tand; 4 c1A) 69
= Q,/s, 70

If Ny <0 and N, > 0, contact is maintained on plane 2
only and the factor of safety is calculated as follows:

= Wb, - Tv - Ev, = Vvg = ujAyr 71
= -(Tt, + Ee, + Npby + Vfg, + ujhja,) 72
=-(Tty, + Eey + Nbby + Vfs + uihya,) 73
=-(Tt, + Ee, + Nbb, + Vfg, + ujAja,) + W 7 4
= (5,7 + 5,2+ 5,2) 75
= (Np - uzAz)Tand; + crA, 76
= Qp/Sy 7

If N, > 0 and N; > 0, contact is maintained on both
planes and the factor of safety is calculated as follows:

= v(Wi, - Tw - Ew, - Vwg ) 78
= NITBI"OI + N2T3n02 + ClAl + C2A2 79
= QIS ad

¥inime= factor of safety produced when Zoad E ¢f given
maznitude | S applied in the worst direction.

a) Evaluate Nj'', Ny'', 8", Q", F3' by use of equations
61. 62. 78, 79 and 80 with E = 0.

b) If N;''< 0 and N'' <0, even before E is applied, then
F = 0, terminate computation.

¢)D = { (Nln)z + (Nzu)z + zﬁ_r N]”Nz”f )i 81
H ‘ " "
we - Arcsm( -E(}EI'NX a; + I%I'Nz bz)) 82

m n
mt N1 ax 17 N2k

83
m " Do Nt
|m] N1"ay My N2 bvj

= Arctan
ue t

If E>D. and E is applied in the direction , a,,

or within a certain range encompassing this direction,
then contact is lost on both planes and F = 0.
Terminate computation.
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d) If N;' > 0 and Ny'' < 0, assume contact on plane }
only after application of E.

DeterminexS",Sy": Sz“,Sa",Qa",Fl"from equations
65 to 70 with E = 0.

If Fy'' < 1, terminate computation.

If Fof' > 1

sa”Qa” - g (Qan)Z + ((Sau)Z - Ez)Taan]}*

Fl = 84
(sa')? - EZ

Ve1 = Arcsin(S;'/S.") - Arctan(Tan¢,/F,) a5

aej = Arctan(S,"/s,'") + 180° 86

e) If N;'" < 0 and N,'" > 0, assume contact on plane 2
only after application of E.

Determine S,',S,', Sz", Sp'', Qb" and F,'" from equations
72 to 77 with E = 0.

If Fp'*" <1, terminate computation.

If Fpt > 1

sbquu -E ( (Qb..)z + ((Sb..)z - E2)Tan2°2]!

F2 = ar
(Sbn)z - 52

Vez = Arcsin(S,'/Sy'") - Arctan(Tand,/Fj) 88

Ge2 = Arctan(Sx"/Sy") + 180° 89

f) If Ny'' > 0 and N'' > 0, assume contact on both
planes after application of E.

If F3'"" <1, terminate computation.
If Fq' > 1

sQr - €{ (Q..)z + B((S")2 - E2)}*

F = 0
3 (Sn)z - EZ 3
X = /B + Fj? 91
ex = -(F3vi, - pk,Tang) - ul,Tan¢;)/x 92
e, = -(F3viy - okyTanol - uZyTanoz)/x 093
e, = ~(F3vi, - ok, Tand, - ul,Tané,)/x 94
Ve3 = Arcsin(-e;) 05
ag3 = Arctan(e,/e,) 96
Compute Se and v, using equations 26 and 27
N o= Ny" o+ Eplrvg - s,) 97
N, = Np"' + Eulrse - vg) 98

Check that Nj2 0 and Ny3 0
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3. Minimam cable or bolt tension Tmin required to raise
the factor of safety to some specified value F.

a). Evaluate Nj',N;',S', Q' by means of equations 61,62,
78. 79 with T = 0

b} If Ny’ < 0, contact is lost on plane 2 when T = 0.
Assume contact on plane 1 only, after application of T.
Evaluate Sx', 5./, S;', Sa' and Qa‘ using equations
65 to 69 with T = 0.

Ty = (FSy' = Qy')/Y F2+ TanZs, 99
¥r1 = Arctan(Tan¢,/F) - Arcsin{(S,'/S,"') 100
ag] = Arctan(Sx'/Sy') 101

¢) If N;'< 0, contact is lost on plane 1 when T = 0.
Assume contact on plane 2 only, after application of T.
Evaluate S,',S,',5,', Sy'and Q' using equations
72 to 76 with T = 0.

Ty, = (FSp' = Qu')/Y FZ + TanZg, 102
¥r2 = Arctan(Tang)/F) - Arcsin(S,'/Sp') 103
atz ™ Arctan(S,'/s.') 104

d) All cases. No restriction on values of N;'and Ny'.
Assume contact on both planes after application of T.

x = (F2 + 8)? 105
T3 = (FS' - Q')/x 106
ty = (Fviy - okyTand) =~ wul,Tand,)/x 107
ty = (Fviy - pkyTang; = ul,Tand,)/x 108
tz = (Fvi, - okyTand; - ul,Tanéy)/x 109
Ye3= Arcsin(-ty) 110
op3= Arctan(t,/t)) 111
Compute s and v using equations 23 and 24

Ny = Np' + Tap(rv - 5) 12
Ny = Np' + Tau (s = v) 113

If Nj< 0 or N3< 3, ignore the results of this section

| f Nl'> 0 and Nz‘ >0, T

If Np'> 0 and N' <0, T i =smallest of Ty, T3

I'f Nj'< 0 and N' > 0, Tpip = smallest of Ty, T3
T

If Nj'< 0 and Nyp' < 0, min ®smallest of T;,T,, T3

Example

Calculate the factor of safety for the following wedge :

1 5
Pl¥ne L1 70 32 &5 70
a 105 235 195 185 165

H: = 100, L= 40" , ¢; = 500 1b/ft2, c; = 1000 1b/ft2
$1 = 20%, ¢, = 30° , y = 160 Ib/ft3.

n = +1
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la) T =0, E=0, wu; = u; = ugfrom equation 59,

(ay,a y+32) = (4.68301, - 0.18301. 0.70711)
(bx,by,bz) = (-§.76975. -0.53899, §.34202)
(dy.dy,dz) = (-9.05381, -0.20083, 0.97815)
(fx.fy.f2) (-0.07899, -0.90286, #.42262)
(fsx,Fsy.fsp)m (0.24321. -0.90767, §.34202)
(95:9y192) = (-0.56107. ©.34451. 9.63112)
(95x+95y,95z)= (-0.57923, 0.061627. 0.57544)
(T xi%ysT;) = (-0.31853, ©.77790. 0.50901)
(xidysdz) = (-0.79826, 0.05452. -0.03272)
(Jsx»isyssz)=(-0.81915, -0.25630, -0.09769)
(kyo kyokp) = (0.54041, -0.28287, 0.77847)
(1x,ly,12) = (-0.64321, -0.57289, 0.47302)
m = 0.57833

ms = (.58166

n = §.57388

ns = §.73527

P = (.35880
= 0.46206

95 = 0.60945

r = -0.18526

S5 = (.57407

“« 5 =0.41899

W5 = _0.60945

A = (.76796

As = §.52535

€ = D0.94483

R = 0.98269

p = 1.03554

v = 1.03554

v = 1.01762
6 = 0.83180
0.67044
0.33371
0.44017
158.45
s = 87.521
B = 0.56299
Vi = 31.20°
a, = 157.73°

T > XX ©
w [
" I |
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P, >0
nqz, > 0
cnqsiz >0 ]
hg > 0

|mghg|/imh|=0.55554 <1
|nq5m5h5|/|n5th| = 0.57191< 1
Ay=5565.0 ft?

Ay®»6428.1 ft?

} Wedge is formed

Tension crack valid

A = 1846.6 ft?

W =2.8272 x 10’ Ib

U; = up = ug » 10843 Ib/ft2 ; v = 20023 x 106 1b
Ny =1.5171 x 107 1b Both positive therefore contact
N, =5.7892 x 106Ib}

1.5886 x 107 Ib

1.8075 x 10’ Ib

on planes 1 and 2.

m o o
L I ]

1.1378 - Factor of safety.

This value can be compared with the value of
1.10 obtained in case ¢ of Appendix 1 = note
that small differences in calculated areas
and water pressures account for the difference
in the factors of safety.

Ib) T- 0, E = 0, dry slope,u; = u; = ug = 0.

As in la) except as follows:

v -0

1.3853 x 107 Ib
1.4644 x 107 1b

Ny =2.2565 x 107 1b Both positive therefore contact
on both planes 1 and 2

w =
N
" [}

2.5422 x 10’ Ib
fy = 17360 - Factor of safety

Compare this value with the value of 1.73 obtained

in case b of Appendix 1.

2) As in Ib) except E = 8 x 10 Ib. Find the value
0f Frin-

Values of Ny'', Np", 8", Q", F3' as given in Ib),

Ny >0, Np' >0 Fy > 1, continue calculation.

B = 0.56299

Fy =1.04 Fmin ( Minimen factor of safety)
= 1.2790

. = 0.12128

e, = -0.99226

Y
e, =0.028243
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Ves3
ue3
Ny

N2

3).

-1.62° - Plunge of force (upwards)
173.03° - Trend of force
19517 x 10 Ib Both positive therefore contact

9.6793 x 108 Ib maintained on both planes.

As in la) except that the minimum cable tension Ty
required to increase the factor of safety to 1.5
is to be determined.

2'»5'and Q' - as given in la)

=1.6772

3.4307 x 108 b - T

min (Minimer cabl e tension)

-0.18205

0.97574

0.12148

-6.98° - Piunge of cabl e (upwards)
349.430 ~ Trend of cable

Note that the optimum plunge and trend of the
cable are approximately :

Ye3 = wy + 180° - d(; +¢5) = 312 + 180 - 25
=-6.2° (upwards)

and apg3 = o, * 180° = 457.73 + 180 = 337.730

In other words, a practical rule of thumb for the
best direction in which to iinstall the cables to
reinforce a wedge is :

The cabl e should be aligned with the line of
intersection of the two planes, viewed from
the bottomof the slope, and it shoul d be
inclined at the average friction angle to
the line of intersection.

Tensioned cakble

Qavemge

Optiman cable direction for reinforcement of a wedge.
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Appendix 3: Factors of safety for reinforced rock slopes

Throughout this book, the factor of safety of a reinforced
rock slope (for both plane and wedge failure) has been
defined as :

Resisting force

Disturbing force - T.Sin 8

where T is the force applied to the rock by the
reinforcing member.

In other words, the force T is assumed to act in such a
manner as to decrease the disturbing force. Pierre Londe*,
in a personal comnunication to the authors, suggested that
a second definition is equally applicable

- Resisting force + T 2

Disturbing force

In this definition, the force T increases the resisting
force.

Which definition should be used ? Londe suggests that
there is some justification for using equation 1 when T
is an active force, ie the cable is tensioned before any
movement of the rock block or wedge has taken place. On
the other hand, If T is a passive force, applied by un-
tensioned bars or cables, the resisting force can only be
developed after some movement has taken place. In this
case, Londe suggests that equation 2 is more appropriate.

In fact, since one never knows the exact sequence of loading
and movement in a rock slope, the choice becomes arbitrary.
However, in considering this problem, a second and more
significant problem arises and this relates to the degree

of confidence attached to the values of the shear strengths
and water pressures used in the stability analysis. The
method of solution described below, based upon a suggestion
by Londe, is designed to overcome both of the problems raised
here.

If, for the moment, it is assumed that the frictional and
cohesive strengths of a rock surface are known with a high
degree of precision and the water pressures have been
measured by means of piezometers, one M8y be led to believe
that a high degree of confidence can be attached to the
calculated driving and resisting forces and hence the factor
of safety of the slope. While this confidence would be
justified in the case of an unreinforced slope. that same
could not be said of a reinforced slope. This is because
the response of the various elements to displacement in the
slope is not the same. The development of the full frictional
strength, due to ¢, and the cohesive strength c require a
finite displacement on the sliding surface and this dis-
placement may be incompatible with that imposed by the
application of the cable tension T. Similarly, water
pressures in the fissures are sensitive to displacement and
may increase or decrease. depending upon the manner in which
the cables are installed. Consequently. it cannot be assumed
that the cable tension T, the frictional strength due to ¢,
the cohesive strength ¢ and the various water pressures are
all fully mobilised at the same time.

Technical director, Coyne & Bellier, Paris. France.
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Londe suggests that, instead of using a single factor of
safety to define the stability of the slope, different
factors of safety should be used, depending upon the degree
of confidence which the designer has in the particular
parameter being considered. High factors of safety can be
applied to ill-defined parameters { such as water pressures
and cohesive strengths) while low factors of safety can be
used for those quantities (such as the weight of a wedge)
which are known with a greater degree of precision. For

a typical problem, Londe suggests

¢ = 1.5 for cohesive strengths (c)

¢ 1.2 for frictional strengths (¢)

u = 2.0 for water pressures

e I s
n

w 1.0 for weights and forces.
Using these values, the conditions of limiting equilibrium
expressed in equation 12 on page 77 , for a block sliding
down a plane, can be expressed as :

. cA . AR
W.Siny + 2V - T.Cos = 5=+ (W.Cosy - 2U + T.Sin8)3R%
Note that the factors of safety (given in italics) for the
parameters corresponding to the resisting forces { ¢ and ¢)
are decreasing factors while they are increasing factors
for the driving forces ( U and V).

3

Solving equation 3 for T gives

. W(Siny - 0.83.Cosy.Tang) + 2V + 1.67UTand - 0.67cA 4

T
0.835in8.Tang + CosB

This is the cable tension required to satisfy the factors
of safety assigned to each of the components of the driving
and resisting force terms.

Consider the practical example discussed in Case d) of

Appendix 1 of this book. It was required to determine the
cable tension T needed to increase the factor of safety
of a rock wedge to 1.5. In this case, the factor of

safety was applied uniformly to cp, cg, TarwA and Tangpg
while & factor of safety of 1 was applied to Uy, UB,‘I
and W. The required value of T was found to be 4.64 x 10%1b.

Using the alternative method proposed by Londe and substitut-
ing the factors of safety suggested by him, equation A4S
of Appendix 1 can be rewritten as :

1
T..S(CAAA + cphg) + (qW + 2rV + st - ZUA)T?':';°

+(xW . Tanep | . 5
(xW + 29V + 2T - 20p)-55" = mysW amysV = mogT

Solving for T, using the same values as in case d) of
Appendix 1, gives T = 9.8 x 106 1b.

This value is approximately twice that obtained by using

a single value of F = 1.5 and Londe considers it to be more
realistic In view of the uncertainties associated with the
water pressures and the simultaneous mobilisation of T, ¢
and ¢. The reader should not be alarmed unduly by the
discrepancy between the two calculated values of T since



550 | F LEN{WATBR$)=0 THEN 520 ELSE WATER =VAL(WATERS)

560 | F WATER = O THEN FLAG2=1

570 FLAG3=0:LOCATE13. 12

580 INPUT "Are shear strengths uniformthroughout slope (y/n) ? ",STRENGTHS
590 | F LEFT$(STRENGTHS, 1)="q" OR LEFT$(STRENGTHS,1)="Q" THEN 6980
600 | F LEN(STRENGTH$)=0 THEN 570

610 | F LEFT$(STRENGTHS,1)="Y" OR LEFT$(STRENGTHS$,1)="y" THEN FLAG3=1
620 N=NUM+1:GOTO 1950

630 °

640 ® Data epotry from a disk file

650 °'

660 CLS: LOCATE 8,L.PRINT STRINGS$(8Q A5)

670 PRINT: PRINT "Sarma data files on disk ";

680 PRINT: FILES "A:SARMAX.DAT":PRINT:PRINT STRING$(80,45):PRINT
690 INPUT "Enter fil ename (W thout extension): ",FILES
700 CLS:OPEN "A:"+FILE$+".DAT" FOR | NPUT AS #1

710 LI NK INPUT#1, TITLES: INPUT#1,N: INPUT#1,WATER

720 RAD=3.141593/180: F=1:M=]1:NUM=N-1

730 INPUT#1,FLAG2: INPUT#1,FLAG3: INPUT#1, FLAGA

740 FORK = 1 TO N:FOR J=1 TO 39: INPUT#1,A(J,K):NEXT J:NEXT K
750 INPUT#1,ACC: INPUT#1,ACC(2): INPUT#1, FOS

760 CLOSE #):F=1:FLAG6=1:STATU$="e":GOTO 1950

770 °

760 * Display O data array

790

800 CLS:LOCATE 1,1:PRINT "Anal ysis no. ";TITLE$

810 LOCATE 3,1:COLOR 15,0:PRINT "Si de number":COLOR 7, 0
820 LOCATE 4, 1:PRINT "coordinate xt"

830 LOCATE 5,1:PRINT "coordi nate yt”

&0 LOCATE 6,1:PRINT "coordi nate »xw"

850 LOCATE 7,1:PRINT "coordi nate yw"

860 LOCATE 8,1:PRINT "coordi nate xb™

870 LOCATE 9, 1:PRINT "coordi nate yb"

880 LOCATE 10,1:PRINT "friction angle"

890 LOCATE 11, 1:PRINT "cohesi on"

900 LOCATE 12,1:PRINT "unit weight of water = *

910 LOCATE 12,23:PRINT WATER

920 LOCATE 13,1:COLOR 15.0

930 PRINT "Sli ce number™":COLOR 7.0

940 LOCATE 14,1:PRINT "rock unit weight"

950 LOCATE1S,1:PRINT "friction angle"

960 LOCATR 16,1:PRINT "cohesion”

970 LOCATE 17, 1: PRINT "force T ":LOCATE 18.1

980 PRINT "angle theta"

990 GOSUB 1040

1000 | F STATU$="i" THEN GOSUB 1140:RETURN ELSE RETURN
1010

1020 ' Swbroutiome for slice mumber display

1030 °*

1040 COLOR 15,0: LOCATE 3,22:PRINT M: LOCATE 13,27:PRINT M
1050 LOCATE 3,32:PRINT M+1:COLOR 7, 0: | F N=M+]1 THEN RETURN
1060 COLOR 15,0: LOCATE 13,37:PRINT M+1:LOCATE 3. 42

1070 PRI NT M32:COLOR 7, 0: | F N=M+2 THEN RETURN

1080 COLOR 15,0: LOCATE 13,47: PRINT M+2: LOCATE 3. 52
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Length

Area

Volume

Mass

Density
Unit weight
Force

Pressure or
stress

A4-1

Conversion factors

Imperial

1
1
1

- = -

[ G QT Gy

- -

1
1
1
1
1

mile
ft
in

mile?
acre
ft2
in2

yd3

ftd

ftd

Imperial gallon
US gallon

ind

ton
Ib
oz

1b/ft?3
1b€/fe?

ton f
b f

ton f/in?
ton f/ft?
Ib f/in2
Ib f/ft2
standard

atmosphere
14.435 Ib f/in?

1
1

ft water
in mercury

Metric

1.609 km
.3048 m
.54 cm

N ©

.590 km?
.4047 hectare
.0929 m?
.452 cm?

oo omN

0.7646 m3
0.0283 m3
28.32 litres
4.546 litres
3.785 litres
16.387 cm3

1.016 tonne
0.4536 kg
28.352 gm
16.019 kg/m3
16.019 kgf/m3

1.016 tonne f
0.4536 kg f

157.47 kg f/cm?

10.936 tonne f/m?

0.0703 kg f/cm?
4.882 kg f/m?

1.033 kg f/m?

1.015 kg f/cm?
0.0305 kg f/cm?
0.0345 kg f/cm?

SI

1.609 km
0.3048 m
25.40 mn

2.590 km?
4046.9 m?
0.0929 m?
6.452 cm?

0.7646 m?3
0.0283 m?
0.0283 m?3
4546 cm3
3785 cm3
16.387 cm?

1.016 Mg
0.4536 kg
28.352 gm

16.019 kg/m3
0.1571 kN/m?

9.964 kN
4.448 N

15.44 MPa
107.3 kPa
6.895 kPa
0.04788 kPa

101.325 kPa

1 bar
2.989 kPa
3.386 kPa

Permeability 1 ft/year @.9659 xlO-echs 0.9659 x IO-Bm/s
Flow rate 1 ft3/s 0.02832 m3/s 0.02832 m¥/s
Moment 1 Ibf ft 0.1383 kgf m 1.3558 Nm
Energy 1 ft Ibf 1.3558 J 1.3558 J
Frequency 1 cls 1 cls 1 Hz
ST unit prefixes

Prefix tcra giga mega kilo milli micro nano pico

Symbo1 T G M k m u n p

Multiplier 1012 10° 106 103 1073 1076 1079 10712

SI symbols and definitions

N = Newton = kg m/s?
Pa = Pascal = N/m?

J = Joule = m.N
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GLOSSARY OF BLASTING AND EXCAVATION TERMS

Accoustical Impedance - The mathematical expression for charac-
terlzing a material as to Its energy transfer properties (the
product of Its unlt density and Its sound veloclty (pV)).

Adit = A nearly hor | zonta | passage from the surface by which an
underground mine Is entered, as opposed to a tunnel.

Air Gap - A blasting technique wherelin a charge Is suspended In
a borehole, and the hole tightly stemmed so as to al low a time
lapse between detonation and ultimate fallure of the rock (no
coup! Ing real ized).

Anfo =~ Ammonlum Nltrate - Fuel Oil Mixture. Used as a blasting
agent.

Astrol Ite ~ A family of two-component explosives, usually
quld, with variable detonating velocitles.

Back = The roof or top of an underground open Ing. Also, used
¥o specify the ore between a level and the surface, or that
between two levels.

Back Break = Rock broken beyond the Iimits of the last row of
holes.

Bench = The horizontal ledge In a face along which holes are
driTled vertica!ly. Benching Is the process of excavating
whereby terraces or ledges are worked in a stepped shape.

Blast = The operation of rending (breaking) rock by means of
explosives. Shot Is also used to mean blast.

Blasﬂng Agent - Any mater lal or mixture, conslsting of a fuel
and ox 2er, Intended for blasting, not otherwlse classif led
as an explosive and In rhich none of the Ingredients are clas-
sif led as an explosive, provided that the finlshed product, as

mixed and packaged for use or shipment, cannot be detonated by
means of a No. B test blasting cap when unconf Ined.

Blast Hole -A hole drillled In rock or other material for the
placement of explosives.

Block Hole = A hole drilled Into a boulder to allow the place-
ment of a smal | charge to break the bou | der .

Booster = A chemical compound used for Intenslfylng an explo-
sTve react lon. A booster does_not contaln an initiating device
but must be cap sensitive. —_

Boot-Leqg - A slituation In which the blast falls to cause total
fallure of the rock due to Insuff Iclent exp loslves for the
amount of burden, or caused by Incomplete detonatlon of the
explosives. That portion of a borehole that remains relatively
Intact after having been charged wlth explosive and fired.

Bridging - Where the continuity of a column of explosives In a
borehole Is broken, el ther by Improper p Iscement, as In the
case of slurries or poured blasting agents, or where some for-~
elgn matter has plugged the hole.
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Bulk Strength - Refers to the strength of a cartridge of dyna-
mife In reia?ion to the same sized cartridge of stralght Nitro-

glycerine dynamlte.

Burden - generally considered the distance from an explosive
charge to the nearest free or open face. Technically, there
may be an apparent burden and a true burden, the latter belng
measured always in the direction In which displacement of
broken rock will occur following firing of an expiosive
charge.

Centers - The distance measured between two or more adjacent
bTast holes wlithout reference to hole locations as to row. The

term has no association with the blast hole burdens.

Chamber Ing - More commoniy termed Springing. The process of
enlarging a. portion of a blast hole (usually the bottom) by
flring a serles of smal | explosive charges.

Col lar = The mouth or opening of a borehole, dri |l | steep, or
shaft. Also, to col lar In drl | ling means the act of starting a
borehole.

Condensor-Discharge - A blasting machine which uses batterles
to energlze a serles of condensors, whose stored energy Is
released into a blasting circuit.

Connecting Wire - Any wire used in a blasting clrcult to extend
the length of a leg wire or leading wire.

Connector -Refers to a device used to Initlate a delay In a
Primacord circult, connecting one hole in the circuit with
another, or one row of holes to other rows of holes.

Couplling - The act of connecting or joining two or more dis-

nct parts. In blasting the reference concerns the transfer
of energy from an explosive reaction Into the surrounding rock
and is considered perfect when there are no losses due to ab-
sorptlon or cushloning.

Coyote Blasting = The practice of drilling blast holes (tun-
nels), horizontally into a rock face at the foot of the shot.
Used where it Is impractical to drill vertically.

Cushion Blasting - The technlque of flring of a single row of
holes along a neat excavation | Ine to shear the web between the
closely dri | led holes. Fired after productlon shooting has
been accomplished.

cut -More strictly It is that portion of an excavation with
more or less specific depth and width, and continued in like
manner along or through the extreme limits of the excavation. A
ser ies of cuts are taken before complete removal of the excava-
ted materlal is accomplished. The speclflc dimenslons of any
cut Is closely related to the material's properties and re~
qulred productlon levels.

Cut-Off = Where a portion of a column of explosives has failed
to detonate due to bridging, or to a shifting of the rock for-
mat lon due to an improper delay system.



Deck - In blasting a smaller charge or portion of a blast hole
loaded with explosives that Is separated from the maln charge
by stemming or air cushion.

Deflagraﬂon - An explosive reaction that consists of a burning
a high rate of speed along which occur gaseous forma-
tion and pressure expansion.

Deiay Eiement ~ That portion of a blasting cap which causes a
mn the instant of impressment of electrical energy
on the cap and the time of detonation of the base charge of the
cap.

Detonating Cord - A plastic covered core of high veloclty ex-
plosives used to detonate charges of exploslves in boreholes
and under water, e.g. Primacord.

Detonation - An explosive reaction that conslsts of the propa-
gation of a shock wave through the exp los i ve accompan led by a
chemical reaction that furnishes energy to sustain the shock-
wave propagation in a stable manner, with gaseous tormatlon and
pressure expansion following shortly thereafter.

_[f)_lz ~ The angie at which strata, beds, or veins are Inclined
rom the horizontal.

Drop Ball - known al so as a Headache Ba I | . An iron or stee |
Hﬁeld on a wire rope that is dropped from a helght onto
large boulders for the purpose of breaking them into smaller
fragments.

Ex?loslon - A thermochemical process whereby mixtures of gases,
) - @ liquids react with the almost instantaneous forma-
t lon of gaseous pressures and near sudden heat release. There
must always be a source of ignltion and the proper temperature
timlt reached to Initiate the reaction. Technically, a boller
can rupture but cannot explode.

Explosive = Any chemical mixture that reacts at high speed to
T%Tgas and heat and thus cause tremendous pressures. The
distinctions between Hlgh and Low Explosives are twofold; the
former are designed to detonate and conta | n at least one high
explosive ingredient; the latter always deflagrate and contain
no ingredients which by themselves can be exploded. Both High
and Low Explosives can be Inltiated by a single No. 8 blasting
cap as opposed to Blasting Agents which cannot be so initia-
ted.

Face - The end of an excavation toward whlich work is progress-
-or that which was last done. It is also any rock surface
exposed to air.

Fire - In blasting it Is the act of Initiating an explosive re~
action,

Floor - The bottom horizontal, or nearly so, part of an excava-
¥Ton upon which haulage or walking Is done.

Fragmentatlion - The extent to which rock is broken Into smail
pleces by primary blasting.



Fracture - Literal ly, the breaking of rock without movement of
the broken pieces.

Fuel - In explosive calculations it is the chemical compound
used for purposes of combining with oxygen to form gaseous
products and cause a release of heat.

Galvanic Action - Currents caused when dis-similar metals con-
tact each other, or through a conductive med i urn. This action
may create sufficient voltage to cause premature firing of an
electric blasting circuit, particularly in the presence of salt
water.

Ga | vanometer - A device containing a silver chloride cell which
is used to measure resistance in an electric blasting circuit.

Grade - In excavation, it specifies the elevation of a roadbed,
eecisls, foundation, etc. When given a value such as percent or
degree grade it is the amount of fall or inclination compared
to a unit horizontal distance for a ditch, road, etc. To grade
means to level ground irregularities to a prescribed level.

Gram Atom - The unit used in chemistry to express the atomic
weight of an element in terms of grams (weight).

Hardpan - Boulder clay, or layers of gravel found usually a few
feet below the surface and so cemented together that it must be
blasted or ripped in order to excavate.

Highwal | - The bench, bluff, or ledge on the edge of a surface
excavation and most usually used only in coal strip mining.

Initiation - The act of detonating a high explosive by means of
a mechanical device or other means.

Joints ~ Planes within rock masses along which there is no re-
sistence to separation and along which there has been no rela-
tive movement of the material on each side of the break. They
occur in sets, the planes of which are generally mutually per-
pendicular. Joints, like stratification, are often called par-
tings.

Jumbo - A machine designed to contain two or more mounted dril-
ling units which may or may not be operated independently.

Lead Wire -~ The wires connecting the electrodes of an electric
blasting machine with the final leg wires of a blasting cir-
cuit.

LEDC - Low Energy Detonating Cord. Used to initiate non-elec-
tric caps at the bottom of boreholes.

Leq Wires = Wires, leading from the top end of an electric
blasting cap; used to couple caps into the circuit.

Mat - Used to cover a shot to hold down flying material; usu-
ally made of woven wire cable, tires or conveyor belt.

Millisecond Delay Caps ~ Delay electric caps which have a
built-in delay element, usually 25/1000th of a second apart,
consecutively. This timing may vary from manufacturer to
manufacturer.
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Misfire - A charge, or part of a charge, which for any reason
has failed to fire as planned. AIll misfires are to be consi-~-
dered extremely dangerous unti | the cause of the mist ire has
been determined.

Mole - A unit in chemical technology equal to the molecular
weight of a substance expressed in grams (weight).

Muck Pile - The pile of broken material or dirt in excavating
that is to be loaded for removal.

Mud Cap - Referred to also as Adobe or Plaster Shot. A charge
of explosive fired in contact with the surface of a rock after
being covered with a quantity of mud, wet earth, or similar
substance, no borehole being used.

Open Pit - A surface operation for the mining of metallic ores,
coal, clay, etc.

Overbreak - Excessive breakage of rock beyond the desired exce-
vation limlt.

Overburden - The material lying on top of the rock to be shot;
usually refers to dirt and gravel, but can mean another type of
rock; e.g. shale over | imestone.

Oxidizer - A supplier of oxygen.

Permissible - Explosives having been approved by the U.S. Bur-
eau of Mines for non-toxic fumes, and allowed In underground
work.

Powder - Any of various solid exploslves.
Premature - A charge which detonates before it is Intended to.

Prespl itting - Stress relief involving a single row of holes,
drilled along a neat excavation | ine, where detonation of ex-
plosives in the hole causes shearing of the web of rock between
the holes. Prespl it holes are fired in advance of the produc-
tion holes.

Primary Blast - The main blast executed to sustain production.

Primer - An explosive unit containing a suitable firing device
that is used for the initiation of an entire explosive charge.

Quarrcy - An open or surface mine used for the extraction of
rock such as limestone, slate, building stone, etc.

Riprap - Coarse sized rocks used for river bank, dam, etc.,
stab®lization to reduce erosion by water flow.

Round - A group or set of blast holes constituting a complete
cut in underground headings, tunnels, etc.

Seam- A stratum or bed of mineral. Al so, a stratification
plane in a sedimentary rock deposit.

Secondary Blasting - Using explosives to break up larger masses
of rock resulting from the primary blasts, the rocks of which
are generally too large for easy handling.
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Selﬂ‘}gragh = An Instrument that measures and suppl les a per~
manent record of earthborne vibrations Induced by earthquakes,

blasting, etc.

Sensitlizer - The ingredient used In explosive compounds to
promote greater ease In Inltlatlon or propagation of the reac~
tions.

Shot Firer = Also referred to as the Shooter or Blaster. The
person who actually fires a blast. A Powderman, on the other
hand, may charge or load blast holes with explosives but may
not flre the blast.

Shunt = A piece of metal connecting two ends of leg wires to
prevent stray currents from causl ng acc Idental detonat lon of
the cap. The act of deliberately shorting any portlon of an
electrical blasting clrcult.

Slope = Used to deflne the ratio of the vertical rlse or helght
to horlzontal distances In describing the angle a bank or bench
face makes with the horizontal. For example, a 1-1/2 to 1 slope
means there would be a 1-1/2 ft. rlse to each 1 ft. or horlzon-
tal distance.

Snake Hole = A hole drl | led or bored under a rock or tree stump
for the placement of explosives.

Spacing In blasting, the dlstance between boreholes or
charges In a row.

Stemming - The Inert material, such as drlil cuttings, used In
Fhe ooliar portlon (or elsewhere) of a blast hole so as to
confine the gaseous products formed on exp losion. Also, the
length of blast hole left uncharged.

Strength - Refers to the energy content of an explosive In re-
TafTon Yo an equal amount of nltroglycer ine dynamite.

Stratlficatlon = Planes within sedimentary rock deposits formed
by Interruptlons In the deposition of sediments.

Strike = The course or bearing of the outcrop of an Inc | Ined
bed or geologlc structure on a level surface.

Sub-Drilll =~ To drl I | blast holes beyond the planned grade lines
or below floor level.

Swell Factor -The ratio of the volume of a material In Its

T Td state to that when broken.

= The process of compressing the stemming or explosive
Last hole.

Toe - The burden or dlstance between the bottom of a borehole
¥o the vertical free face of a bench In an excavation.

Yeloclty - The measure of the rate at whlch the detonation wave
¥ravels through an explosive.
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Appendix 6 Geotechnical data collection manual

PART 1 - INTRODUCTION

A natural rock mass is never a continuous, homogeneous, iso-
tropic material but is intersected by a great variety of dis~
continuities such as faults, joints, bedding, foliation or
cleavage. In addition, there may be a number of rock types, and
these may be subjected to varying degrees of alteration by wea-
thering. Itis clear that the behavior of such a material, sub-
jected to external loading, cannot be analyzed or predicted un-
less these structural features are taken into account.

When subjected to Toading the rock mass will preferentially
fail along the weak discontinuities rather than through stron-
ger intact rock. In order to establish the mechanism by which
movement may occur, and also the resistance to that movement, a
geotechnical appraisal of the rock mass is required. Ideally a
complete description should be obtained of the Tocation and
orientation of all discontinuities and also the nature of the
intact rock which may affect the stability of the underground
opening or slope under study. Such a complete study is rarely
efther technically possible and/or economically justifiable and
a compromise is usually required.

Once the spatial relationship of the discontfnuities has been
approximately determined, a "model" can be formed. The analysis
of these models, when the stress distribution and strength pro-
perties are also known, enables a prediction of the performance
of the slope to be made.

Part 2 of this manual outlines the parameters which are consi-
dered important in structural analysis. Parts 3 and 4 detail
the techniques for obtaining structural information from sur-
face and underground exposures, and from boreholes, respective-
ly. Parts 5, 6, and 7 describe associated techniques and equip-
ment which are used to collect the geological and geotechnical
data and provide additional information.

Attempts have been made to standardize mapping and Togging me-
thods and the format of the recording sheets. However, the
diversity of site conditions and different uses of the data
often require that some modifications be made to the methods to
suit the needs of each project. The purpose of geological in-
vestigations for slope designs is to identify and make proper
record of those parameters that are most T1ikely to influence
the stability of a particular slope. Experience is important
in the identification of controlling parameters and the deci-
sion as to methodology must remain with the project engineer.

The end product of an investigation is the presentation of data
in such a way that it graphically illustrates the field situa-
tion and contains data in a form compatible with any intended
analytical procedures. Typically, this may include a set of
maps or plans, a complete data Tisting with selected stereo
plots, and drafted versions of some field sheets.

To this end, the investigation will always start on a recon-
naissance basis, with the emphasis on observation and general-
ized sampling method; in short, rapid efficient development of
a picture of general geological site conditions. Detailed
sampling techniques including definitive joint mapping, in situ
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materials testing, structural drilling, and hydrological test-
ing can then be undertaken in places where specific information
is required for analytical purposes.

It is, therefore, important to establish the objective of an
investigation early in the program and direct all data collec-
tion toward that objective. This will lead to maximum utility
of the data and will ensure that a minimum of time is spent
detailing non-important characteristics.
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PART 2 - PARAMETERS

The basic parameters to be considered when collecting struc-
tural geological data related to discontinuities for stability
studies in rocks are:

1; Mapping Tocation.

2 Classification of discontinuities by type.

3) Orientation of discontinuities. and division into
"sets" having similar orientations.

4 Infilling of the discontinuities.

5 Surface properties.

6) Spacing of discontinuities within sets.

7) Persistence of fractures.

8) Rock mass parameters.

Parameters 4 and 5 define the strength properties of the dis-
continuities while parameters 6 and 7 define the geometry of
the blocks forming the rock mass. The following sections give
details of coding notations to assist in filling out the forms
and logs explained in parts 3 and 4 of this manual. Coding no-
tations are used to simplify input to a variety of data handl-
ing and processing computer programs. Specific notations may
be changed provided that a detailed record is kept of their
meanings.

1) HAPPING LOCATION

The location of the area being mapped is recorded as Data Unit
information and in columns 1 to 4 of the logging sheets shown
in Figures 9 and 11 for surface mapping and-core logging re-
spectively. The data unit is the traverse or borehole number
and the Tocation is the distance along the unit at which the
intersection of the discontinuity occurs.

2) CLASSIFICATION OF DISCONTINUITY TYPES

A discontinuity in the context of engineering geology can be
defined as any natural fracture in the rock mass; in addition,
it may be a piane marking the change in geological or geotech-
nical characteristics. The discontinuity type notation is
placed in columns 5 to 7 on the logging sheets (Figures 9 and
11). Common types of discontinuity and their notations in-
clude:

Contact

The boundary between two distinct rock types. Contacts are not
always regular and well defined, nor do they necessarily form
the site of a discontinuity, particularly in metamorphic and
igneous rocks. Notation C.

Fault or Shear

A fault or shear is a discontinuity along which movement can be
demonstrated to have occurred, either by the relative displace-
ment of marker horizons, or by the presence of slickensides or
gouge. The magnitude and direction of movement may be measur-
able. The fault may be represented by a zone of breccia/gouge,
rather than a single discontinuity surface, or shear plane. The
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notations used are F for fault, and S for shear. In certain
cases faults may be rehealed or cemented by subsequent geo-
logical processes.

Joint

A joint is a natural discontinuity which is generally not par-
allel to Tithological variations and which shows no signs of
shear displacement. Such features are often impersistent.
Notation J.

A 2rou of joints having the same general orientation is termed
a .

Bedding

Lithological Tayering in sedimentary rocks is very often a pro-
minent weakness direction. Such features can be very persistent
and be traced for hundreds of feet. Bedding features carry a B
notation.

A bedding feature which is not separated is termed a "Bedding
PTane Trace".

Flow Banding

Igneous equivalent of bedding; where directional movement of a
fluid causes mineralogical or textural banding. Not necessarily
a discontinuity. Equivalent to B for igneous rocks.

Foliation, Schistosity and Cleavage

Metamorphic Tayering which should be treated in the same way as
bedding, and coded as L.

These features may be closely spaced, and may result from or-
ientation of platy minerals, e.g. micas and hence represent a
preferred direction of weakness.

Vein

A tabular feature of finite thickness composed of material
which differs from the surrounding rock either in grain size or
composition or both. Notation V.

"Healed" joints can be classified as veins, and as such are not
necessarily planes of weakness.

3) ORIENTATION

The orientation of a planar discontinuity is a unique measure-
ment. Figure 1 shows how the orientation of a plane may be
described by a vector. The dip direction of the plane from a
reference direction and the dip angle from a reference plane
describe its orientation. In normal field circumstances the
reference direction is True North and the reference plane is
horizontal. These references may be changed when mapping in
magnetic environments or when 1logging oriented core from
inclined boreholes, see below.

Orientation data is placed in columns 8-12 of the Togging
sheets.
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Refersnce line
(usually true north)

Dip direction angle

Horizontal component

of moax. dip vector

Maximum dip vector

Figure 1: Orientation of a discontinuity.
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Surface Happing

Rock discontinuities are often not planar and the surfaces may
be curved or irregular on a large or small scale. This factor
causes inaccuracy in the determination of orientation.

A mean orientation can be established for a particular surface
area by two methods:

1) A large number of individual measurements on a single
surface may be Tocated mathematically and a mean vec-
tor computed. This mean vector may then be regarded
as the orientation of that discontinuity. Unfortunate-
ly this method may require more than 50 measurements
per surface.

2) The estimation of a mean plane may be done by eye.
This is the most practical method but can be of doubt-
ful validity when only a small area of the joint sur-
face is exposed.

Orientation in Magnetic Environment

Where there is a strongly magnetic environment it will not be
possible to use a compass to measure the spacial azimuths (dip
directions) of the geological discontinuities. It is therefore
proposed that a tape be used, stretched out parallel to the
bench face as the basic azimuth against which orientations are
recorded. The true orientation of this tape should be surveyed
and recorded.

A11 mapping should be performed in the same direction when fac-
ing the slope face, and the end of each tape traverse towards
which mapping is progressing should be referred to as azimuth
@@@“ for that unique tape traverse. It is suggested that all
mapping proceed from left to right when facing the slope in
which case the right hand end of the tape would have an arbi-
trary azimuth of 008" for each traverse.

Azimuths relative to the tape can be measured with a standard
carpenter's rule.

Core Orientation

When Togging oriented core the orientations recorded are shown
on Figure 2 and described below.

The core dip angle,o¢, is between the discontinuity plane and
the core axis, and can be measured with a core goniometer, see
Figure 3.

Core dip direction,#, is the angle around the core from a ref-
erence line, usually top of core, to the Towest intersection of
the discontinuity plane with the core. ATl measurements are
made clockwise around the core when looking in a downhole di-
rection using a Tinear protractor, see Figure 4.

Where the dip direction cannot be determined due to loss of
orientation for the run, the dip angle with respect to the core
axis is recorded, and "999" is noted as the dip direction on
the form shown in Figure 11.
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Orientation is generally Tost across a broken or lost core in-
tersection in the run. However, if the core contains a unique
constant foliation orientation, e.g. bedding or banding, this
can be used to continue the orientation if its orientation has
already been ascertained.

4) DISCONTINUITY INFILLING

The nature and thickness of the infilling of faults and joints
may give important information regarding groundwater condi-
tions, e.g. preferential iron staining on particular joint sets
will indicate directions of predominant water flow. Also a weak
material infilling will indicate that the infilling and not the
host rock will govern the shear strength of the discontinuity.

Common types of infilling with their notation symbols are:

1 Clay = montmorillonite, kaolin, etc; A
2 Iron minerals = limonite, etc; F

3) Calcite; W

4) Chlorite; K

5) Quartz; Q

6) Pyrite; P

This system can be expanded to suit the needs of specific pro-
jects, with a record being kept of the symbols used.

Clean discontinuities can be distinguished by C.

In some instances water may be seen issuing from a particular
discontinuity and this should be noted separately. If more
than one type of infilling is present each should be recorded
in order of priority.

The type of infilling in placed in columns 13 to 15 of the
logging sheet, the thickness code letter in column 16 and the
presence of water by a W(wet) or D(dry) in column 17.

5) SURFACE PROPERTIES

The surface properties affect the shear strength of discon-
tlnuities, and should be assessed subjectively in the mapping
program. The assessment may be divided into two factors: shape
and roughness.

Shape Roughness
P Planar P Polished
C Curved K Slickensided
U Undulating (Wavy) S Smooth
S Stepped R Rough
I Irregular V Very Rough

Alternatively, the roughness can be classified according to the
Joint Roughness Coefficient (JRC) described in Chapter 5 of the
manual.

Figure 5 shows the distinguishing features of shape and rough-
ness of joints as seen in drill core and in surface exposures.
The code letters or numbers describing roughness are entered in
columns 18 and 19.
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O\

S i
Planar (P) Curvrd (C) Undulating (V) Stepped (S) Irregular (1)
SHAPE
ooV WL LN
Polished (P} Smooth(S) Rough (R} V. Rough(V)
Stickensided(K)
ROUGHNESS
EXAMPLES OF ROUGHNESS PROFILES
———50 cm 500 cm
B
~ C —

A. Rough undulating - tension joints,

rough sheeting, rough bedding. JRC = 20

B. Smooth undulating - smooth sheeting,
non-planar follation, undulating JRC = 10
bedding.

C. Smooth nearly planar - planar shear
joints, planar foliation, planar JRC = §
bedding.

Barton’s definition of Joint Roughness Coefficient JRC.

Figure 5: Shape and roughness of joints in drl 11 core.
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6) SPACING

The true spacing is the distance between discontinuities in a
set, measured in the direction normal to the planes. Apparent
spacing is the spacing between planes measured along a line or
traverse at an angle to discontinuity sets. Traverses can be
along boreholes, adits, bench faces or exposures. The relation-
ship between true and apparent spacing is shown in Figure 6.
The spacing between fractures can be recorded by the code let-
ters shown on Figure 9 which is entered in colunn 20. The same
system can be used to record the number of fractures which is
entered in column 21.

7) PERSISTENCE

Persistence is the Tength or areal extent of a discontinuity
which can be seen or inferred from mapping procedures. This is
the most difficult to assess of all the parameters important to
geotechnical mapping. Unfortunately persistence is often criti-
cal to the design of slopes and underground openings, since it
provides an assessment of the amount of intact rock which sep-
arates joints of a similar set occurring down or up dip. The
areas of intact rock are known as "rock bridges".

Exposure Flapping

Persistence may be simply assessed in up to four categories
relating to each type of discontinuity when mapping exposed
structures, and recorded as a suffix to the notation for dis-
continuity type (e.g. J1, B2, etc.). The categories are also
related to the size of underground opening or exposure height
as shown below, and in Figure 7.

Category Measurement
1 Greater than 3 m in two directions
2 Greater than 3 m in one direction
3 Less than 3 m in one direction
4 Less than 1 m in one direction (normally

only mapped in critical structures such as
bridge abutments).

5 Healed discontinuity

In some instances it may be simpler to scale the measurements
to the size of the underground opening or bench. This data is
entered in colunn 22 of the Togglng sheet.

The other factor which is used to assess the persistence of
discontinuities is the termination, i.e. the visibility of the
ends of the fracture. The following three code numbers, which
are entered in column 23, can be used to define termination.

@ = neither end of fracture visible
1 =~ one end visible
2 =~ both ends visible
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Core Logging

Persistence cannot be measured from drill core but the relative
importance of discontinuities may be estimated using the fol-
Towing scheme:

Category Measurement
1 Pre-existing open fracture in rock mass

which is continuous across the core.

2 A drilling induced fracture which occurs
along a pre-existing plane of weakness in
the rock.

3 A drilling induced fracture which is not
related to any plane of weakness in the
rock mass.

5 A pre-existing open fracture in the rock

mass which is not continuous across the
core or an intact feature which has been

healed.

9 A trace of a geological feature which does
not represent any inherent weakness in the
rock mass.

A conservative approach would be to assume that a discontinuity
is pre-existing if there is any doubt as to its origin.

8) OTHER PARAMETERS

The following are not quantitative measurements recorded di-
rectly from mapping or logging techniques on discrete discon-
tinuities, but are used as indecies to assess rock mass char-
acteristics, derivations are described where not self-explana-
tory:

Rock Type

Weathering and Alteration
Strength or Hardness
Recovery or Loss of Core
R.Q.D.

) Fracture Frequency or Index

AN B WN—
— ——

This data is either recorded as back-up data to the structural
mapping program, or in a drilling program, forms part of the
core log shown in Figure 11.

Rock Type

Depending on the format chosen for geological data presentation
different rock type descriptions are used. The codes used
should be recorded during the field mapping program to ensure
that maximum usage of the data is possible.

When using written descriptions in geological or engineering
logs it has been found that the system described below presents
a uniform approach, allowing continuity of description from
location to location, and project to project. The following
standard sequence of systematic description is proposed:
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Weathered state, structure, colour, grain size, rock material
strength, ROCK TYPE.

It is considered that the qualifications are more important in
core descriptions than the actual rock name and, for this rea-
son, the name is placed Tast. Such a system is appropriate to
an engineering description where classification by mechanical
properties is more significant than classification by mineral-
ogy and texture. The following examples are provided for il-
lTustrative purposes:

1) Fresh, foliated, dark grey, coarse, very strong, horn-
blende GNEISS.

2) Moderately weathered, thickly bedded, cream, medium-
grained, strong dolomitic LIMESTONE.

3) Completely weathered, thinly flow-banded, mid-grey,
very coarse, porphyritic, kaolinized, weak tourmaline
GRANITE.

Various of the qualifying types are detailed in sections below.
Weathering
The following system of weathering classification is proposed:

Fresh (FR) no visible sign of weathering

Fresh jointed (FJ) weathering limited to the surface of
major discontinuities

STightly weathered (SW) penetrative weathering developed on
open discontinuity surfaces but only
slight weathering of rock material

Moderately weathered weathering extends throughout the rock

(M) mass but the rock material is not fri-
able

High weathered (HW) weathering extends throughout rock
mass and the rock material is partly
friable

Completely weathered rock is wholly decomposed and in a

(CW) friable condition but the rock texture

and structure are preserved.

It will be noted that this scheme is broadly based on that
development for the Snowy Mountains Authority (Moye 1955), but
has been adapted for a general range of rock types rather than
simply for granitic rocks for which it was originally devised.
In the case of weathered rocks with a significant clay content,
the material may exhibit plasticity rather than friability; in
consequence, some care may be required in assessing the wea-
thering state of such rocks.

A comparative table of mineralogical, mechanical and appearance
characteristics is included as Table 2.1, where it should be
noted that various states of weathering are defined by the al-
teration products of primary constituents of the rock fabric.
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Alteration and weathering are both included in the weakening
assessment.

Strength

The rock strength classifications used, either by code or term,
have been derived from a number of sources and are presented
with reference to simple field hardness tests shown in Table
2.2. Different mapping and logging requirements will dictate
which method of presentation will be used, and the uniaxial
compressive strengths appear as a guide for order of magnitude
analyses only.

Core Recovery or Loss

This index should be recorded on all core logging forms either
as recovery or loss depending on the requirements of the pro-
ject. Core recovery is determined as the ratio of core recov-
ered to the total drilled run length expressed as a percentage;
the value may be recorded on a run by run basis or over a nor-
malized core length. Occasionally core loss is plotted in order
to highlight zones of weaker core. From the point of view of
most geotechnical drilling it is the core that is hardest to
recover which will indicate most clearly the weakest parts of
the rock fabric.

R.Q.D.

A refinement of the core recovery system is proposed following
the work of Deere et al (1967). It defines the fraction of
solid core recovered greater than 4 inches in length as the
Rock Quality Designation. It is calculated as the ratio of the
sum of the length of core fragnents longer than 4 inches to the
total drilled footage per run. expressed as a percentage. The
core is measured along the cent&line from fracture to frac-
ture. Fractures parallel to the core axis should be ignored as
sampling errors.

In certain cases the index can be recalculated over a normali-
zed footage (for example a bench height) for interpretive use.

R.Q.D. may be used to classify the rock mass following Deere's
scheme:

RQD Rock Classification
0 - 25% Very poor
25 = 50% Poor
50 - 75% Fair
75 - 90% Good
90 -100% Excellent

Fracture Frequency or Fracture Index

This is an invaluable index of a rock mass and may be recorded
in a number of ways:

1) When mapping exposures, either a cut slope or in a
tunnel, it should be measured as the ratio of the
number of fractures per foot of true spacing. It can
be measured either per joint/bedding set, or for a
rock mass.
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2) For engineering Togging it is almost invariably re-
corded as the number of natural fractures per unit
length of core recovered. Depending on the 1logging
requirement, the fracture frequency may be measured
for each run or over a normalized footage, and rep-
resentative sections of core only may be measured in
certain circumstances.

It has been found from experience that fracture frequency/index
is of most use for surface investigations whereas R.Q.D. holds
similar prevalence for underground analyses. It is usual to
record only natural fractures in the above assessments and
departure from that specification should be recorded.
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PART 3 - HAPPING SURFACE AND UNDERGROUND FEATURES

The principles for mapping surface and underground exposures
are generally similar, although the underground openings may
provide better three dimensional information.

The basic methods should be suitable for all rock types, but
the mapping procedures are subdivided into three basic stages:

1) Major Feature Mapping.
2) Detailed Mapping.
3) Specific Mapping of Critical Features.

A11 attempts to strictly delineate the boundaries of these
stages are doomed to failure and these recommendations should
only be used as general guidelines. The objective is to in-
itiate procedures which define, and then successively refine,
information on those features which will be critical to sta-
bility.

MAJOR FEATURE MAPPING

The first step is to prepare a plan of the area with grid and
magnetic north, if plans at a suitable scale are not available.
A scale of 1:500 is the most useful general purpose scale but
1:1000 or 1:250 may be required for certain projects. It is
most convenient to record information directly on to a working
plan and transfer it to the master plan in the office.

In order to record the location of each feature it is necessary
to use a system of reference points with known coordinates.
These may be already available from surveys. If not, a special
survey will be required, if pacing from known locations is
found inadequate.

The Tocation of each feature is measured from a tape stretched
between reference points. In an underground opening two tapes
may be used, one on either side of the opening. Intersections
of major features with the tape(s) can thus be measured and
recorded.

The major features should include the following:
1) Faults.

2) Rock type contacts, including weathering and altera-
tion.

3) Fold axes.
4) Typical prominent bedding planes or joint sets.

In all cases the orientation should be measured using a compass
or conventional surveying. The nature of infilling and the
orientation of any slickensides or displacement of marker beds
associated with faults should also be recorded.

The features are relatively large scale in relation to the
slope and should be recorded on plans and sections on the same
scale as the highway layout plans and sections. The use of
transparent overlays is recotnnended for this purpose to avoid
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Figure 8: Symbols for geological features.
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confusion by detail. The symbols recommended for recording the
major features are shown in Figure 8.

In order that the construction personnel can readily make use
of this data, significant geological contacts and major zones
of weakness should be marked in the field with colour coded
stakes or spray painting.

This general scale of mapping will delineate the structural
domains. In the case of metamorphic or volcanic rocks, major
faults and contacts will be the main boundaries. Sedimentary
rock types may show, in addition, distinct structural domains
due to folding.

DETAILED MAPPING

Once the major features have been delineated it is possible to
decide which areas should be mapped in detail. The Tocations
of features can be determined from a tape using the same refer-
ence points discussed above.

Experience has shown that it is not necessary to map every fea-
ture. Indeed, it is often a mistake since it becomes difficult
to distinguish major features from minor ones.

This stage of mapping should define the location and the orien-
tation of fold axes. Where tight folding has occurred the amp-
Titude and wavelength of folds should be measured. Since joint-
ing will be associated, in most cases, with the folding, all
joints should be related to representative bedding orienta-
tions.

The location, orientation, persistence, infilling and surface
roughness should be recorded on a simple code form of the type
shown on Figure 9. This code form fits into a field note book
and enables the data to be easily punched onto cards which can
then be read into computer data as input to programs for spher-
ical projection analysis.

The presentation of detailed mapping data can be done in two
ways:

1) The more important discontinuities, persistent cate-
gories 1 and 2, can be plotted on the same structural
plans as the major features (see "Major Feature Hap-
ping") using the symbols presented in Figure 8.

2) Oriented data can be plotted on an equal area projec-
tion with different symbols being used for different
features.

In general, both methods should be used since they complement
one another. The plan shows the spatial relationship while the
projections define the angular relationships.

Wherever possible, color photographs should be taken of the

exposure mapped, regardless of mapping method, as a useful ad-
junct to the structural data.

Three different methods of detailed mapping are suggested, and
detailed below. The particular technique should be pertinent
to the specific project.
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STRUCTURAL MAPPING CODING FORM
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Record all mnemonics and their full proper descriptions on a reference sheet.
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Figure 9: Structural mapping coding form.
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Joint Set Happing

In each structural domain typical discontinuity sets should be
mapped for the following parameters (see Part 2).

1; Discontinuity Type
2 Orientation

3; Infilling

4 Surface Properties
5; Spacing

6 Persistence

In the case of typical joint and bedding sets at least 58 sam-
ple measurements should be taken per set. In some rock types
and locations definitive sets may be difficult to delineate,
under these circumstances only those features which will affect
the stability of the slope should be mapped. This would
include those features which are more Persistent, and those of
adverse orientation.

Window Mapping

The "window" mapping technique involves the detailed mapping of
representative segments or "windows" of a fixed size, spaced at
fixed intervals in the exposures. The intervening areas are re-
viewed for similarity of structure with the adjacent "windows",
and any variations or major structural features are mapped in
detail. This form of mapping can be combined with standard
geological (rock type/grade) mapping with 1ittle additional
time requirements.

In each "window" the mean orientation for each discontinuity
set is recorded, either as several individual joint measure-
ments, or as the mean of several measurements. The character-
istics of the discontinuities of the sets visible within the
window are also noted.

The sizes of the window and the intervening section of unmapped
rock face should be chosen to suit the project. The following
examples are taken from recent projects where window mapping
was used:

1 Slopes 3@ ft. windows every 158 ft.
2 Tunnels 10 ft. windows every 5@ ft. on both walls

Line Uapping

An alternative for isolating sample areas to be mapped is to
use the Tine sampling method. This involves recording every
structural feature which intersects a scan line which may be
painted on a rock face or be represented by a tape stretched
along a face or tunnel wall.

One advantage of this technique is that 1ine sampling correc-
tions may be applied to the data should detailed statistical
analysis be required. However, it can be a tedious routine for
mapping large areas.

SPECIFIC MAPPING OF CRITICAL FEATURES

In some instances it will be necessary to further refine the
information if preliminary analysis has shown a particular
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set(s) of features to be critical to stability. Each joint set
should be treated indeoendentlv. In addition to all the factors
outlined in the previous sections, the apparent spacing between
the joints of the same set should be measured with a minimum,
mean and maximum value. The true spacing can be computed from
the apparent spacing along a particular direction if the orien-
tation of the mapping Tine is known (see Figure 6 in Part 2).

In order to estimate the shear strength of critical discontinu-
ities, it may be necessary to make detailed shape and roughness
measurements on the surfaces, and strength tests of infilling
materials may be required.

PRIORITY IN GEOTECHNICAL MAPPING

The preceding sections are a guide and each geologist or engi-
neer should realize that some flexibility is required. In many
cases it may be possible to merge various stages.

The following factors should be regarded as the order of prior-
ity:

1) The orientation and location of major faults and weak
zones and the infillings.

2) The orientation and Tlocation of contacts of major rock
types.

3) The orientation of persistent discontinuities.
4) The spacing of persistent discontinuities.
5) The infilling of discontinuities.

6) The surface properties of features.
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PART 4 = GEOTECHNICAL MAPPING FROM DIAMOND DRILL HOLES

Diamond core drilling is one of the most expensive forms of
geological data collection, and generally forms the major ex-
penditure in an exploration program. In consequence, it is
essential that the maximum amount of data is obtained from the
drill core, in addttion to putting the resulting hole to maxi-
mum USE, e.g. by measuring water levels, and permeability; in-
stalling piezometers, etc.

Drill core can be a valuable source of geotechnical and engi-
neering information pertaining to rock conditions at depth. The
amount and type of geotechnical detail recorded will vary de-
pending on the project and the individual hole. As a result,
data recording can vary from a summary 1og indicating the basic
generalities of the rock characteristics, to a detailed log of
the orientation and nature of every discontinuity.

It is valuable to photograph each core box (35 mn color slides
are preferred). These photographs provide a permanent record
of core condition from which considerable information of geo-
technical value can be obtained Tater.

A11 logs should be filed with a cover sheet, see Figure 10,
giving relevant drill hole data such as collar coordinates,
borehole orientation, borehole survey data, length, core size,
etc., plus any relevant information from the driller's logs.

Accurate discontinuity orientation is only possible when the
logged orientations are corrected for hole deviation at close
intervals along the hole. This is bestperformed by a computer
program which interpolates absolute hole orientation between
survey points, and corrects individual readings accordingly.
Hole surveys should be taken every 100 to 200 ft.

Drilling Information

Problems encountered in the drilling of the hole frequently
tell more about the ground conditions than can be obtained from
logging of the recovered core. Thus, a geotechnical logging
method should contain the following information, in addition to
a record of geological features.

A summary of the drilling events, based on verbal conversation
with the drillers, should be noted. This summary enables a re-
construction of events that allows the engineer to see exactly
what occurred in the drilling of the hole and also may aid in
the interpretation of core condition. Itemssuch as the use of
bentonitic mud; the rods becoming stuck or hard to turn; re-
quirement for replacement of core catcher or bit, including
specific type; deviations in usual drilling techniques; etc.,
all add to this documentation and serve to produce a log that
can be used in the interpretation of the ground conditions.

This information should be recorded on a driller's sheet. If
and when zones of water loss are encountered, the specific
depth should be noted and shown on the log; a general statement
should be made if none are encountered. Driller's data sheets,
with water Tevels. can be used on each core hole to provide
additional information.
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PAGE__| _oOf 23
BASIC DRILL HOLE DATA
PROJECT, BOREROLE wo.:
PALABORA COPPER FIT LK - /150
LOCATION: +24105,8¢4 X [/ -14284,06 Y
CLIENT:
DRILLING CONTRACTOR : PMC Ol
DRILLING METHOD: MACHINE:
Diomond Coring Longyeor 38
CORE BARREL B BIT DESIGN: ORIENTATION Of MOLE. ]
8 89° 52’ 50"
“DATUN: ELEVATION o f COLLAR:
MSL + 387,5/m
OVERBURDEN THICKNESS: DATE HOLE STARTED:
12.0m 5/7/75
DEPTH DRILLED INTO ROCK: DATE HOLE COMPLETED:
1440.90.n 12/8/ 11
TOTAL DEPTH Of HOLE: REFERENCE NO.:
1472.90m
LOGGED BY: CASING RECORD:
TAH.
NOTES :
Circulating medium - water
Inclination surveys (GVYRO):-
Colilor - 64’ 39' 14*
Z50m - @0° 14 zZo*
500 m -55’ 05' 23’
750 m -53’ JO’ 08"
o000 m - 52° 09 3/ .
1230m -50° 35’ 41"
1470 m -48’° Of 52

Figure 10: Drill hole cover sheet.
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Rubblized zones within the hole that cave should be given spe-
cial emphasis and noted on the log. If the caving ground is
brought to the surface in the barrel, a description of it
should also be noted (sand size, gravel size, etc.).

Areas that require grouting in order to c¢ontinue coring should
be noted and the log should indicate the specific zones
grouted, how much grout was used, and the hardness and descrip-
tion of the grout core.

GEOTECHNICAL LOGGING

The objective of a geotechnical log is to record information
from the drill hole that reflects the condition of the ground
penetrated. This information comes both from the drilling
process and from the recovered core.

The data recorded should be relevant to the scope of the pro-
ject; the logging detail and format for a tunnel should reflect
the problems of underground excavation and support; data ob-
tained from holes drilled for slope investigations should re-
flect the larger scale of a slope.

The information should also be directly useful in the inter-
pretation of either the mechanical or hydrological properties
of the rock mass. Geologic information (that which enables
interpretation of the spatial variability of the several para-
meters) should be recorded and handied in the manner preferred
by the responsible geologist(s). There is an overlap in that
alteration, for instance, will affect the strength of the rock
materials. Probably the most important aspect of the entire
geological/geotechnical investigation is the definition of the
fault population as faults frequently control water migration
and strength properties. Typically geotechnical problem areas
or failure situations in rock materials will directly relate to
the occurrence of faults.

The following sections describe oriented core and geological
engineering logging methods and show typical logging sheets.
The parameters that are recorded are all described in detail in
Part 2 of this manual.

ORIENTED CORE LOGGING

Where the core can be successfully oriented, valuable informa-
tion can be obtained on the spacial relationships of the natu-
ral discontinuities in the rock. Because of the complexity of
reducing the resulting orientation for the orientation of the
drill hole, it is recommended that the oriented data is record-
ed in a format suitable for direct key-punching. This will per-
mit data reduction and subsequent analysis usually by stereo-
graphic projection.

A Structural Mapping Coding Form (Figure 11) permits recording
of details regarding the orientation and nature of the discon-
tinuities. The data are recorded as follows:

1) Job Number
This is unique to the project.
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STRUCTURAL MAPPING CODING FORM
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| EXAMPLE ONLY |

Oriented core logging format.

Figure 11:
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Datal Unit
U plo 7 characters to detail, for example, borehole
number DD77803.

Location

Recorded to the nearest @.1 ft. in columns 1 to 4. All

other columns are filled with details of parameters
described in Part 2 of this manual.

GEOLOGICAL ENGINEERING LOGGING

This logging technique is often performed immediately the core
is recovered and, consequently, usually requires full-time rig
supervision. It can be carried out with oriented core logging.

Most of the logging form (Figure 12) is self-explanatory, the
details of wrameters recorded being included as Part 2 of this

manual.

1)

2)

4)

5)

6)

Other information is detaiied below.

Type of Drillin

usually '"Rotary Core" followed by the qualifying dril-
1ing medium "Mudflush® or "Waterflush".

Reference Elevation

Definition of the datum from which down-hole depths
are measured, e.g. drill floor.

Drilling Progress

A Tine to indicate the end of run footage, with the
down-hole depth recorded above the T1ine. Data and
shift (AM or PM) should also be recorded below the
footage Tine at shift changes.

Rate of Advance

Time per unit length of hole drilled. Filled in as a
histogram, and shaded to highlight runs of slow dril-
ling.

R.Q.D. and Core Recovery

Plotted graphically for better definition of possible
weak zones. These are calculated for the core run
interval shown.

Depth

The short lines usually represent 1/2 ft. increments;
each 5 ft. 1line should be Tabelled. Down-hole depths
at major rock type contacts should be included as ac-
curately as possible and a line drawn across the rest
of the Tog.

Reduced Level

After the hole has been surveyed this column can be
completed with details of elevations, rather than
down-hole depths, for major contacts.

Water Level

K Tine is drawn to indicate shift change hole depth
and a record made of the fluid level-in the hole,
measured from the reference elevation.
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10}
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Test Results
Details of sample Tocation, sample type, Atterberg

test results, penetration tests, etc. are included in
this column.

Bed/Fol
epresentative inclinations of bedding or foliation
with respect to the core axis are recorded.

Instrumentation and Legend

Both columns are for graphic representation of data.
The former is used to represent in-hole installations,
for example piezometers, with details of grout, fill,
cave, etc. The Tatter is a geologlcal legend, and
should comply with a standard, either local to the
project or following A.G.I. recommendations.

12) Description
e escription follows the procedure outlined in Part

13)

2, Section'l with major reck unit descriptions running
across the whole column, and minor details, with foot-
ages, being indented 1cm from the Teft.

Remarks

his space is used for indications of casing depths,

hole surveys, zones of caving, etc.



A6-28

Type or DRILLHOLE No. 77-852
dnilling . ACTARY, CORE WUD FLUSH, Coordmates 7. ... Sheet )1 of 15
........ LEP2 L} N S
RUG ... AoGrear sewinteine D *°. LocMon __ SUIOEAREA. . . ...
B MODLAMOND Anmuth Reference elevaton paiLL FLOoM . ..
» 3l e € 2
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28 | advance | RO D |Recovery] Depth 7 (oo [ Lover [Resuits i ° E; s Description
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Date tmished 23 ya 78 Oate 22 s A, Golder Associates et
Figure 12: Geological engineering logging format.
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PART 5 - GEOTECHNICAL SAMPLING

Most field programs undertaken for the collection of geological
data also provide an ideal opportunity to assemble geotechnical
data required for slope design projects or other engineering
problems. Various mechanical indices can be derived and samples
can be taken for laboratory testing at a later date. This part
of the manual briefly describes techniques that can be used to
collect samples for laboratory testing.

GEOTECHNICAL SAMPLING

Some. but by no means all, of the samples used for strength
testing are obtained from borehole core. The special drilling
techniques required to recover these samples are discussed in
Part 8 but no mention is made of the preservation of the core
for testing.

The information recorded on the geotechnical log becomes very
useful when the classification can be "calibrated" with labora-
tory-determined strength parameters. Thus, enough core samples
suitable for testing should be preserved, representative of
each rock type, alteration state and rock quality class. If
these are carefully described (photographed if possible), pre-
served and stored, there is no immediate requirement to do the
testing.

In addition to the categories above, samples should also be
taken of core sections separated by gouge zones.

The sample length should be at least 2-1/2 times the core dia-
meter.

When clean joints in hard rock specimens have been collected
for shear testing, it is probably satisfactory to transport
these to the Taboratory or testing station in a normal core
box. If it is considered that excessive movement may damage
the surfaces, the two pieces of core can be taped or wired
together.

For the weaker materials, and the sections of harder core with
gouge zones, it is useful to retain the sample's natural mois-
ture content. For this reason careful preservation of the sam-
ple must be ensured. At each stage of the wrapping procedure
the sample should be labelled with:

Sample number, including drill hole identification;
Depth interval, and Down-hole direction.

In addition an index card, preferably in duplicate or tripli-
cate, should be filled in with all of the above information
plus a geological description.

The selected samples should be wrapped in two layers of Saran
wrap (or similar), and two layers of aluminum foil. They may
be waxed should particular conditions indicate that the sample
will further dry out. The lengths of wrapped core can then be
placed in a core box, with suitably placed spacers, for trans-
portation.

The samples in the core box can be protected from desiccation
and damage in transit by pouring a suitable quantity of mixed,
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two-part expanded polyurethane foam to completely enclose each
individual sample in the box. This method preserves both the
sample's condition and moisture content for later testing in
the Taboratory.

Index cards should be tied to each sample in the foamed core
box, and copies kept on site and sent to the Tlaboratory. In
this way the sample does not have to be exposed in order to
identify Its various characteristics.

Samples for shear testing are also collected by methods other
than core drilling. The most obvious of such methods is to use
a geologist's hammer to chip the required sample out of the
rock mass. This will sometimes work but a great deal of time
and energy can be expended in attempts to collect an "undis-
turbed" sample.

In soft materials such as coal measure rocks, the National Coal
Board in England has successfully used a chain saw fitted with
a tungsten-carbide ttpped chain to remove samples for shear
testing.
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PART 6 - PHOTOGRAPHIC TECHNIQUES

Color photographs are an invaluable aid to the interpretation
of geological and geotechnical data. A clear scale should
always be included in the picture since one project may require
photography of the geology in varying detail, e.g. pit faces
and core, or underground drifts and stopes.

It 1s preferable to use a diapositive transparency film for 35
mm color slides. The use of electronic flash or photoflood

units permits the photography to be independent of external
Tight conditions.

The color slides should be indexed and filed in suitable trays
or boxes. When required, they can be projected on a screen or
alternatively examined with a hand lens on a 1light table. For
scale measurements the photos can be projected onto the rear of
a ground-glass sheet, e.g. through a light table, and the size
adjusted to natural scale, see Figure 6.1.

EXPOSURE PHOTOGRAPHY
Slopes

Geological interpretation from slope photography may be carried
out in varying detail depending on the complexities of the pro-
ject.

Aerial photography is often used at the beginning of a project
in an attempt to delineate large-scale structures, such as
folds, major faults and major rock contacts.

Photography can be used by the engineer to show rock contacts
and some joint set orientations. In addition, areas of poten-
tial stability problems can often be isolated from a detailed
study of such photographs.

Photographs should be taken as a routine compliment to face
mdpping. It is often useful to carry a wide-angle Tens for use
when berm widths restrict the amount of space available. The
section of face to be photographed should be marked with spray
paint to delineate, for example, windows or fracture sets map-
ped, and should also show some reference information to assist
in filing the photograph. A suitable scale may also be worked
directly into the rock. Close-ups of critical dreds may also
be warranted using geological hammers, pocket knives or coins
for scale depending on the detail in the photograph.

Tunnels

A different set of conditions are encountered when photograph-
ing exposures underground. Often the tunnel walls are covered
in dust or mud and, prior to mapping or photography, an attempt
must be made to clean off the rock. For drifts and ddits less
than about 15 ft. wide, & short focal length lens should be
used, e.g. 28 mn. In this case it should be borne in mind that
most standard flash units will not illunlnate a&s wide an angle
as the lens will cover and suitable adaptations, 1like photo-
floods, may be needed. The wall should be marked to show the
area mapped, its Tocation and sometimes each discontinuity
plane mapped.
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The most successful technique for underground photography is to
mount the camera on a tripod and then use the flash a number of
times to evenly illuminate the face from different positions.
Experience will give indications as to the correct exposure
settings.

CORE PHOTOGRAPHY

Color photographs of drill core provide a permanent record of
the core condition upon recovery, and hence can be an invalu-
able aid to the interpretation of ground conditions. The photo-
graphs show detail which cannot be easily recorded on drill
logs and they can be filed for ready reference by both geo-
lTogists and engineers.

Even with a good camera, where possible core should not be
split until the film has been developed and satisfactory photo-
graphs obtained.

A11 core photos should include ample, clear identification of
hole number, footage, and the core direction (way up). In ad-
dition, it is essential that core be photographed dry.

A 28 mm, wide-angle lens has proved to be most convenient when
photographing core. A suitable frame can be constructed of
dimensions to suit the size of the core boxes and the width to
height ratio of the 35 mm transparency. A title block should
be included to indicate project number and name, drill hole
number and footage interval. A meter scale should also be
shown.

Subdued daylight provides the best 1ighting for core photo-
graphy and direct sunlight should not be used. Flash or photo-
floods may be needed in adverse natural 1ighting conditions in
which case different film requirements must be observed with
regard to flash or floodlamp type. Regardless of the lighting
system used, consistency is of the utmost importance for inter-
pretation of the core slides, as similar colors will be record-
ed differently in varying lighting conditions.

PHOTOGRAMMETRY

Although not yet in wide use, photogrammetric methods offer
considerable advantages in the interpretation of photographs of
exposed surfaces.

Various different methods can be used to produce a stereoscopic
model from which coordinates may be measured to an accuracy of
about 1 in 5,008. The field set-up requires that the rock face
has targets painted on it for photogranxnetric measurement.

For simpler stereoscopic viewing of slope or underground expo-
sures there Is a stereo attachment for a Pentax camera which
splits the field of view and produces a negative with a double
image.
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PART 7 = CORE ORIENTATION AND HOLE SURVEYING

A variety of borehole techniques and drilling equipment may be
used to gain further data useful in the engineering assessment
of a particular site. They include methods of recovering the
maximum amount of intact core, methods of absolute orientation
of that core, and down-hole logging techniques as described
below:

lg Triple tube core barrel

2 Craelius core orientation

3; Christensen-Hugel orientation
4 Sperry Sun Single Shot camera
5) Borehole periscope and camera
6) Down-hole geophysics

Manufacturers should be referred to for greater details.
STRUCTURAL DRILLING

The requirements for structural drilling are somewhat more
stringent than those for normal exploratory drilling. The aim
is not only to recover a sample of the rock material but to
recover a sample of the rock mass complete with discontinui~-
ties. This means that each piece of core must be recovered in
its correct order.

It is essential for detailed logging to Tay out the core in a
V-shaped guide rail. The core can be fitted together and depths
marked at regular intervals. The time taken to do this will be
amply repaid by speed of mapping.

Positive incentives for skill and motivation of the drillers
are required and for this reason footage bonuses must be avoid-
ed.

The absolute cost of this type of drilling will be somewhat
higher than that of exploration drilling. However, the cost
must be viewed in the light of the additional information ob-
tained.

TRIPLE TUBE CORE BARREL

On all engineering/geotechnical drilling programs, maximum in-
tact recovery of core is essential. It is often the soft or
broken zones which will play a major role in stability prob-
lems, and it is these zones that are most difficult to recover.
The Longyear Q-3 series triple tube wireline core barrel has
been found, after extensive field proving, to be the most ef-
fective and reliable coring method.

Regular Q series wireline barrels can easily be converted to
triple tube core barrels and all necessary parts can be ordered
in either 5 or 10 ft. sizes. Instead of a simple double tube
set-up, in which the core is usually hammered from the core
tube, a third tube is added, split lengthwise and nested in the
inner tube. ItSinside surface is plated with hard, Tow-fric-
tion chrome for smooth core entry. Coring with the triple tube
barrel proceeds in the usual manner and the core laden inner
tube assembly is retrieved through the drill string. The core
Tifter and spring case is removed and the split tube is hydrau-
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1ically pumped from the inner tube. One-half of the split tube
is carefully lifted off and the core can be inspected in a vir-
tually undisturbed condition prior to transfer to the core box.

The combination of a step-type lifter case and face discharge
diamond coring blt helps eliminate core erosion particularly
when drilling In soft conditions. A special brass piston with
an 0-ring seal is used to extrude the split tube, incorporating
a pump-out group designed to utilize the rig's grout pump.

The split tubes are manufactured in paired sets and matched
numbers should always be used together. The walls of the tubes
are fairly thin and, as they can easily be damaged through
negligence, spare sets of splits should always be available and
securely stored. Damaged splits are useful for carrying core
which can then be transferred from split tube to core box with
Tittle or no disturbance.

CORE ORIENTATION

The dip and dip direction of discontinuities are most important
in slope stability evaluations. Consequently, however success-
ful a drilling program has been in terms of core recovery, the
most valuable information of all will have been Tost if no ef-
fort has been made to orient the core.

Relative Orientation

One approach to this problem is to use inclined boreholes to
check or to deduce the orientation of structural features. For
example, if surface mapping suggests a strong concentration of
planes dipping at 30° in a dip direction of 130°, a hole dril-
Ted in the direction of the normal to these planes, i.e. dipp-
Ing at 60" In a dip directlon of 310°, will intersect these
planes at right angles and the accuracy of the surface mapping
prediction can be checked. This approach is useful for check-
ing the dip and dip direction of critical planes.

Alternatively, if two or more non-parallel boreholes have been
drilled in a rock mass in which there are recognizable marker
horizons, the orientation and inclination of these horizons can
be deduced using graphical techniques.

Absolute Orientation

A second approach is to attempt to orient the core itself and,
while the techniques available abound with practical difficul-
ties which are the despair of many drillers, these methods do
provide some of the best results currently obtainable. In
fact, the greatest possible service which could be rendered to
the rock engineer by the manufacturers of drilling equipment
would be the production of simple core orientation systems.

Craelius Core Orientator

One of the best core orientation devices is the Craelius Core
Orientator manufactured by Atlas Copco. It consists of a metal
holder, of the same diameter as the core, which contains six
movable pins. It is clamped in the front of the core barrel
and lowered into the hole. Its orientation is fixed by the
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orientation of the rigid core-barrel or by a simple marker
within the device. When the six pins come into contact with
the end of the hole, where the core will usually have broken
off or parted on an inclined surface, these pins take up the
profile of the core stub. The pins are locked in place and the
device released to move up the core-barrel as drilling pro-
ceeds. When the core is removed, the core orientation tool is
matched to the upper end of the core and the first piece of
core is oriented with respect to the known orientation of the
device at the time of the fixing of the pins. Provided that
good core recovery has been achieved, it should then be possi-
ble to reconstruct the core which is then oriented with respect
to the first piece.

A technique currently being tested as a means of eliminating
shortened drilling runs and drilling difficulties is to Tower
the craelius on the wireline overshot, take the impression of
the core stub on the pins, and then remove the craelius prior
to drillina the run. In this wav a auick check can be mage to
ensure the-device has operated correctly and the drilled run
can then be of the standard % or 18 ft. This is most useful
for taking further orientations since the drill rods may be
broken at the same place each run without pulling the diamond
bit back from the end of the hole too far.

For a detailed review of both the overall planning of an orien-
ted coring program and step-by-step procedures for inspecting,
maintaining, adjusting and using the craelius core orientator
the reader is referred to the Craelius Manual.

Christensen-Hugel Orientation

An alternative method is used with the Christensen-Hugel core
barrel. Three tungsten carbide points scribe the core con-
tinuously while coring. The reference marks are then oriented
absoluteiy by a magnetic, or gyroscopic survey instrument moun-
ted in the core barrel. This technique is most successful when
the ground being drilled is hard and non-magnetic.

The Christensen-Hugel manual should be referred to for details
of this orientation method.

HOLE SURVEYING

An integral part of any oriented core logging program is hole
surveying. It is essential that the plunge and trend of the
hole are known at enough intervals to interpolate the exact de-
viation of any depth. Golder Associates has developed a com-
puter program which will handle this deviation interpolation.
The most commonly used survey tools are the single- or multi-
shot camera magnetic surveYing instruments, (Eastman and Sperry
Sun are most commonly used} the Tro-Pari Surveying instrument,
and the acid test.

Sperry Sun Single Shot

As an example of the photographic methods available a descrip-
tion of the Sperry Sun single shot is given. This system can
conveniently be used for hole surveying when the Craelius core
orientator is being used for core orientation.
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The single shot is a magnetic survey instrument which is used
to obtain records, on film, of the inclination and direction of
inclination (or plunge and trend) at various depths in a bore-
hole. The presence of steel will obviously affect the compass,
and non-magnetic rods are used to hold the instrument below all
casing and drill rods. The inclination unit is a form of inver-
ted plum bob which is combined with the magnetic compass into a
single unit available for a number of angles of plunge. The
borehole orientation indicated by the compass-angle unit is
recorded on a film disc when a preset timer illuminates 2 small
lamps in the body of the instrument. Special loading and de-
veloping tanks permit handling of the photographic discs with-
out the necessity of a darkroom.

It has been found from extensive field experimentation that
hole surveys should be taken every 10@ to 308 ft. and more fre-
quently when the deviation exceeds 1° in 108 ft. The delay
caused in taking the survey, usually about 38 minutes per shot,
is easily compensated by the additional information available
from a well surveyed hole.

The single shot camera must be retrieved and reloaded after
every shot. This feature is the only major difference compared
to the multi-shot camera which is preloaded with four film
discs, preset at different time intervals to allow hole sur-
veyings at several depths without removal of the instrument.

Tro-Pari Surveying Instrument

The Tro-Pari Borehole Surveying Instrument comprises a unit
mounted in gimbals and is provided with a clockwork mechanism
to clamp a compass to indicate trend and simultaneously to
clamp the unit in its plumb position to indicate plunge.

By means of a timing ring suitably calibrated in five-minute
divisions, the unit may set to lock after a Tapse of time suf-
ficient to allow the placing of the instrument at the desired
point in the drill hole where readings are to be taken. The
maximum time lapse obtainable with the instrument designed for
use in E or A size holes is 1hour 30 minutes which is con-
sidered to be ample time to Tower to the greatest depths that
may be drilled with this size of equipment. A Tlarger adaptor
has been developed for larger diameter holes such as B and N
sizes and a correspondingly greater time lapse provided for.

Acid Test

This method is the most basic of all surveying techniques and
will give a measure of hole inclination only. It is taken as a
standard practice in most drilling companies and all drillers
are familiar with the test.

Surveying drill holes for inclination is based on the solubili-
ty of glass in hydrofluoric acid. A glass vial or bottle is
partially filled with a 4 percent solution of dilute hydro-
fluoric acid and lowered to the desired position in the hole in
a special case, called a clinometer. The clinometer must have
joints that are water-tight under heavy pressure, otherwise the
glass tube will be crushed.
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By leaving the clinometer in position for the proper length of
time a line is etched along the surface contact of the acid and
inside wall of the tube. The angle of this etched line with the
long axis of the tube, read with a protractor, gives the incli-
nation of the drill hole at the depth tested. The angle, as
read, must be corrected for error due to capillary attraction
within the tube.

Several tests may be made at the same time by inserting clino-
meters at the desired intervals in the string of drill rods.
Tests are ordinarily made at intervals of 30 m to 100 m, de-
pending on depth of hole.

As soon as the clinometer is removed from the hole, the bottle
is emptied and washed. A tag showing job number, hole number,
depth of test and date should be inserted in the bottle for
later reference.

OTHER BOREHOLE METHODS

The following types are available but due to a number of fac-
tors, are at best only reliable when used as an adjunct to core
logging for geological data collection purposes.

Borehole Periscope

This is an optical device which transmits an annular image of
the borehole wall through a series of lenses and prisms to the
surface. It is located in a series of connected rigid pipes.
This instrument is limited to 2 depth of 30 m but has the ad-
vantage that no electronics are involved and orientation is
directly measured from a reference line on the rigid pipes.

Borehole Cameras

Both the television and colour multiple shot types are avail-
able. Our experience is that these instruments are generally
unreliable and difficult to maintain. The capital cost is
currently in excess of $50,000 and a further disadvantage lies
in the difficulty of obtaining absolute orientation (by either
magnetic or gyroscopic methods). However, it must be admitted
that, in the hands of specialist operators, these instruments
can provide very valuable information. It seems more than
1ikely that, with developments in the field of electronics,
better and more reliable instruments of this type will become
available in the years to come.

Impression Packer

The impression packer is an inflatable rubber tube, the outside
of which is coated with a soft, wax-like film. The tube is
Towered down the hole on the wireline and inflated against the
side of the hole so that fracture lines in the rock are impres-
sed on the wax film. The tube is deflated and pulled from the
hole and the orientation of the instrument is determined from a
compass set in its base. The dip and strike of fractures can
be determined from the inclination of line in the film, This
is a simple and relatively inexpensive means of orienting
fractures in drill holes.
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Geophysical Methods

These methods were largely developed for the oil industry but
have varied applications within other fields of mining. They
are found to be most useful when "calibrated" by comparing the
geophysical signature with the drill core and logs from some
holes. Geophysical surveying is usually handled by the client
directly and sub-contracted to a Togging outfit.

The methods currently used Include:

Gamma Ray nheutron logging

Density logging

Resistivity and Self-Potential Tlogging
Seismic Tlogging

The civil engineering profession has a great deal to learn from
the o0il industry in this area of borehole interpretation, and
other well logging devices such as the Televiewer are bound to
find greater applications in site investigation in the future.



Appendix 7

APPENDIX 7

Computer program for slope stability analysis

a) General two-dimensional analysis (BASIC)

PREFACE

SARMA NON-VERTICAL SLICE STABILITY ANALYSIS

Copyright = Evart Hoek, 1985. This program is one of
a series of geotechnical programs developed as working
tools and for educational purposes. Use of the program
is not restricted but the user Is responsible for the
application of the results obtained from this program.
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GENERAL TWO-DIMENSIONAL SLOPE STABILITY ANALYSIS

By Evert Hoek
Colder Associates. Vancouver, Canada

INTRODUCTION

The following analysis, originally published by Sarma (1979) and modified
by this author, is a general method of limit equilibrium analysis which can
be uaed to determine the stability of slopes of a variety of shapes.
Slopes with complex profiles with circular, non-circular or planar sliding
surfaces or any combination of these can be analysed using this method. In
addition, active-passive wedge failures such as those which occur in spoil
piles on sloping foundations or in clay core dam embankments can also be
analyaed. The analysis allows different shear strengths to be specified for
each slice aide and base. The freedom to change the inclination of the
slice sides also allows the incorporation of specific structural features
such as faults or bedding planes. External forces can be included for each
slice and submergence of any part of the slope is automatically
incorporated into the analysis.

The geometry of the sliding mass is defined by the coordinates
XTi,YT1, XBi,YBi, XTt+1,YTie1 and XBi( «1,YB1 +1 of the corners of a number
of three— or fouraided elements as shown in figure 1. The phreatic surface
is defined by the coordinatea XWi,YW: and XWi.1,YWi+, of its intersection
with the slice aides. A closed form solution is used to calculate the
critical horizontal acceleration Kc required to induce a state of limiting
equilibrium in the sliding mass. The static factor of safety F is then
found by reducing the shear strength values Tan¢ and c to Tan ¢/F end c/F
until the critical acceleration Kc is reduced to zero.

In order to determine whether the analysis is acceptable, a check is
carried out to aaaeaa whether all the effective normal stresses acting
across the bases and sides of the slices are positive. If negative stresses
are found, the slice geometry or the groundwater conditions must be changed
until the stresses are all positive. An additional check for moment
equilibrium is described but it has not been incorporated into the program
listed at the end of the paper because it involves a significant increase
in computational effort and because it is seldom required for normal slope
stability problems.

GEOMETRICAL CALCULATIONS
The geometry of the ith slice is defined in figure 1. Note that the value

of the «k coordinate should always increase from the toe of the slope.
Assuming that ZW; , 6 1 and di are available from the previous slice:

dier = {(XT1ex = XBis1)2 + (YTie1 ~ YBro1)2}172 (1)
Sier = Arcsin{(XTie1 - XBi+1)/die1} (2)
b1 = XBiex - XB: (3)

a; o Arctan{(YBs «1 - YBs )/bs1 } (4)



We = 2 /aye | {(YBi=YTioa }(XTi-XBis1 )+ (¥YTs-YBi o1 ) (XTi+1-XB1)}|  (5)
ZWie1 = (YWior - YBie1) (6)

where Yr is the unit weight of the material forming the slice and Wi is the
weight of the slice.

CALCULATION OF WATER FORCES
In order to cover all possible groundwater conditions, including
submergence of any part of the slope, the four cases defined in figure 2
have to be considered. In all cases, the uplift U acting on the base of
the slice is given by:

Ui = 1/2vu| (YWi-YBi+YWi <2 -YBi<1).bi /Cos ail (7)

where Yw is the unit weight of water.
Case 1 — po submergence of slice

YT: > YWi and YTis: > YWiey

Pwi = 1/2Yu| (YW - YB )2/Cos 81 (8)

PWier = 1/27-](““.1 - YBi+1)2/Cos 8l (9)
Case 2 - sulwergence of side i anly

YTi < YWi and YTier > YW

PWi = 2 /2Yu] (2YW, ~YT( -YB: ) (YTi-YBi )/Cos 6] (10)
PWier = 4 /aYu| (YWier - YBi+1)2/Cos 610l (11)
W o 1 /2%l (YW =YTE )2 (XT1 e =XT4 )/ (YTi o1 -YTS ) (12)
WHi = 1 /2Yu(YWs - YT )2 (13)

where WW, and WH; are the vertical and horizontal forces applied to the
surface of the slice as a result of the submergence of part of the slice.
Note that the horizontal force WH: acts in a positive direction when
YT:1+1>YT1 and in a negative direction when YTi+1<YT¢.

Case 3 — submergence of side i+l anly

YTi>wi and YTier < YWier

PWi = 1/2vu| (YWi - YB( }2/Cos 5| (14)
PWier = ‘/zYw'(2Y\'l|o|-Y‘l'|n—YBnl)(YTnl'YBln)/Co. Sier} (15)
Wi = 2 /2| (YWia1-YTie1)2(XTie1-XTy Y/(YTie1-YT1)| (16)

WH: = ‘/zYu(Wl0| ~ YTie1)2 (17)
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Case 4 - camplete subsergepce of slice |

XTy < XW; and XTier < XWiea

PW. = ! /2w | (2YWi YT\ -YB, ) (YTs ~YB, ) /Cos &, | (18)
Piier = 1/2vu] (2YWio1 —YTie1=YBi o1 ) (YTi o1 =YBie1)/Cos Sianl (19)
Wi = 1 /zyw | (YWs—YTi4YWi 02 =YTi 02 ) (XTi o1 =XT1 ) | (20)
WHe = /2y ] (YW =YTi #YWi 01 -YTi00 ) (YT1+1-YTs ) | (21)

WATER FORCES ON THE FIRST AND LAST SLICE SIDBS

Although the water force PW, acting on the first slice side and the force
PWn.: acting on the n+l th slice side (which could be a tension crack) are
calculated by means of the equations listed above, these force8 are not
normally used in the calculation of critical acceleration. These forces can
be important when the slope toe is submerged or when a temsion crack is
filled with water and the simplest way to incorporate these forces into the
analysis is to treat them as external forces. Hence, the vertical and
horizontal components of these forces are given by:

TV, = PW. .Sin & (22)
TH, = PW .cos & (23)
TVa o PWne1.Sin Snea (24)
THn = PWne1.CoS &nes (25)

where n is the total number of slices included in the analysis.
CALCULATION OF CRITICAL ACCELERATION Kc

The critical acceleration Kc required to bring the slope to a condition of
limiting equilibrium is given by

Kc = AE/PE (26)
where

AE = am + @n-1.en + 8n-2.€n.€n-1 + . . + Bi.en.en-1..€3.€2 27

PE = pn + pn-1.€n ¢ Ppn-2.@n.€n-1 + . . + pPi1.&n.Cn-1..&.€2 (28)

at o Qi {(W+TV; ).Sin(¢e1—a1 )~THi .Cos(¢si-a; ) +Ri1 .Cos ¢si
+Si¢1.8in(%ei 16441 )-8y .Sin(de1a1-6¢) (29)

Pi = Qi .Wi.Cos(émi - ay) (30)

e = Qi (Cos(Pai— a4 + ¢35y — §1)/Cos ¢35 (31)

Qi = Cos $si+1/Con(¥ni ~ @1 + P3141 — 8;14y) (32)
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Si = csi.di - PW; .Tan ¢si (33)
Ste1 0 csier.dier = PWie1.Tan 5501 (34)
RI= at .bi/Cos @5 - Ui.Tan ¢»i (35)

CALCULATION OF FACTOR OF SAFETY

For slopes when the critical acceleration Kc is not equal to zero,
the static factor of safety is calculated by reducing the shear strength
simultaneously on 811 sliding surfaces until the acceleration Kc,
calculated by means of equation 26. reduces to zero. This is achieved by
substitution, in equations 29 to 35. of the following shear strength values

c»i/F, Tan ¢81/F, at'F. Tan ¢34 /F, csi+1/F and Tan ¢si+1/F

CHECKE ON ACCEPTABILITY OF SOLUTION
Having determined the value of K for a given factor of safety, the forces
acting on the sides and base of each slice are found by progressive
solution of the following equations, starting fra the known condition that
El = 0.
Bied = a1 - p1.K + Bi.es (36)
Xl = (Bi ~ PWi)Tan ¢si + csi.di 3N
Ni = m¢c o TVi + Xie1.Co8 6141 + X1 .Cos 64
~ Bie1.8in 8101 + Ei.Sindi + Ui.Tan ¢»i.Sina
- csi.bi.Tan a1 )Cos ¢si/Cos(dni - ai) (38)
TSt = (Ni ~ Ui)Ten ¢si + Coi.bi/Cosa, (39)

The effective normal stresses acting across the base and the sides of a
slice are calculated as follows :

Op1' = (Ni = Up).Cos 61/bs (40)
osi' = (Bi - PW }/di (41)
Ogie1’ = (Bie1 ~ PWie1)/di o2 42)

In order for the solution to be acceptable, all effective normal
stresses must be positive.

A final check on to determine whether -t equilibriusm conditions
are satisfied for each slice is recommended by Sarma. Referring to figure 1
and taking moments about the lower left hand comer of the slice :



Nili = Xis1.bi.Cos(a, + 8§41 )/Cos a; -~ E1Zs +

Et+1{Zier + bi.Sin(ay . 8j+1)/Cos @)} -

Wi (XGt = Xs1 ) + KcWi (YGi ~ Ys1) = TV (X1 - XG( ) +

THi (Y1 = YGi ) =0 (43)

where XGi,YG: are the coordinates of the centre of gravity of the slice and
Xi,Y: are the coordinates of the point of action of the force T:.

Starting from the first slice at the toe of the slope, where Z: = O,
assuming a value of i , the moment arm 2; «1 can be calculated or vice
versa. The values of Zi and Zi+1 should lie within the slice boundary,
preferably in the middle third.

COMPUTER SOLUTION FOR SARMA ANALYSIS

A listing of a computer program for the analysis presented above is given
in appendix 1 at the end of this paper. This program has been written in
the simplest form of BASIC and great care has been taken to ensure that
there are no machine-dependent commands in the program. Hence, it should be
possible to key this program into any computer which runs Microsoft or
equivalent BASIC and to modify it for any other form of BASIC. The program
has also bees carefully prepared 8o that it can be compiled into machine
language wing a BASIC compiler. The compiled program will run about six
times faster than the program listed in appendix 1.

A graphics option is built into the program which allows the user to
view the geometry of the slope being analysed. This option assumes that
BASICA or an equivalent fotn of BASIC which supports graphics is available
and that the computer has IBM compatible graphics capability. If these
facilities are not available the graphics option can be disabled as
described in appendix 1.

A critical component of the program is the factor of safety iteration
in which the shear strength values are progressively reduced (or increased)
until the static factor of safety (for K = 0) is found. Experience has
shown that this iteration can be a very troublesome process and that severe
numerical instability can occur if inappropriate values of F are used. The
iteration technique used in the listed program is described below.

Figure 3 gives a plot of factor of safety F versus acceleration K for
a range of friction angles for a typical slops analysis. This plot reveals
that the curve of F vs K closely resembles a rectangular hyperbola and
this suggests that a plot of 1/F vs K should be a straight line. As shown
in figure 4, this is an acceptable assumption within the range of interest,
ie from K 2 Kc to K = O although. for significantly larger or significantly
smaller velues of K. the curve is no longer linear. This observation has
been found to be true for a wide range of analyses.

Sarma and Bhave (1974) plotted the values of the critical
acceleration Kc against the static factor of safety F for a large number of
stability analyses and found an approximately linear relationship defined
by

F=1+ 3.33 Kc (44)

While this relationship does not provide sufficient accuracy for the very
wide range of problems encountered when applying this analysis to rock



mechanics problems, it does give a useful point close to the K = 0 axis on
the plot of 1/F vs K as shown in figure 4. A linear interpolation or
extrapolation, using this point and the value of Kc (at F = 1), gives an
accurate estimate of the static factor of safety. This technique has proved
to be very fast and efficient and has been incorporated into the program.
For critical cases, in which it is considered essential to plot the
complete F v8 K curve, an optional subroutine has been provided in the
program to enable the user to produce such a plot.

PROBLEMS WITH NEGATIVE STRESSES

The effective normal stresses across the sides and base of each slice are
calculated by means of equations 40 to 42 and, in order for the solution to
be acceptable, these stresses must all be positive. The reaaons for the
occurrence of negative stresses and some suggested remedies are discussed
below.

Negative stresses CM occur near the top of a slope when the lower
portion of the slope is lass stable and hence ten& to slide away from the
upper portion of the slope. This is the condition which leads to the
formation of tension cracks in actual slopes and the negative stresses in
the numerical solution can generally be eliminated by placing a tension
crack at au appropriate position in the slope.

Negative stresses at the toe of a slope are sometimes caused by an
excessively strong toe. This can occur when the upward curvature of a deep-
seated failure ® #0x'%5% becomes too severe in the toe region. Flattening the
curvature or reducing the shear strength along the base will generally
solve this problem.

Excessive water pressures within the slope can give rise to negative
stresses, particularly near the top of the slope where the normal stresses
ara low. Reducing the level of the phreatic surface in the region in which
negative stresses occur will usually eliminate these negative stresses.

Inappropriate selection of the slice geometry, particularly the
inclination of the slice sides, can give rise to negative stress problems.
This is au important consideration in rock mechanics when preexisting
failure surfaces such as joints and faults are included in the analysis. If
a potential failure path with a lower shear strength than that of the pre-
existing surface exists in the sliding mass, negative stresses can occur
along the pm-existing surface which has been chosen as a slice side. Sarma
(1979) has shown that the wst critical slice side inclinations are
approximately normal to the basal failure surface. In the case of a
circular failure in homogeneous soil, these slide sides are approximately
radial to the centre of curvature of the failure surface.

A rough or irregular failure surface can also give rise to negative
stress problems if it causes part of the sliding mass to be significantly
more stable than an adjacent part. During the early stages of development
of this program, the author compared answers against solutions for the same
problem obtained froa Bishop circular failure analyses. It was found that,
in order to obtain absolute agreement between the solutions. the
coordinates of the failure surface had to be calculated to ensure that the
slice base inclinations were identical in the two analyses. Consequently,
for critical problem, reading the slice base coordinates from a drawing
may not be adequate and it may be necessary to calculate these coordinates
to ensure that undulations are not built into the analysis.



DRAINAGE OF SLOPES

Three options for analysing the influence of drainage upon the stability of
slopes have been included in the prograa listed in appendix 1.

The first option involves inserting a value for zero for the unit
weight of water during initial entry of the data. This will activate an
automatic routine in the progrem which will set all water forces to zero
and give the solution for a fully drained slope.

The second option providaa the user with the facility for changing the
unit might of water during operation of the program. This results in a
pore-pressure ratio ( ru) type of analysis such as that c-nly used in
soil mechanics (see Bishop and Morgenstern (1960)). This analysis is useful
for sensitivity studies on the influence of drainage on slope stability
since it provides the user with a very fast means of changing the water
pressures throughout the slope.

The final method of snelyaing the influence of drainege is to change
the phreatic surface coordinates on each slice boundary. This B ethod is
rather tedious but it probably represents the actual field conditions more
realistically than the rv analysis described above.

The water pressure distributions assumed in this analysis are
illustrated in figures 1 and 2 and these distributions are considered to be
representative of those wst commonly occurring in the field. There are,
however, situations in which these water pressure distributions are
inappropriate. The but example of such a situation is a dam foundation in
which the water pressure distribution is modified by the presence of grout
and drainage curtains. The simplest way to account for such changes in the
analysis presented here is to calculate the change in total uplift force on
the base of each slice influenced by drainage and grouting end then to
apply this change as a stabilizing external force acting normal to the
slice base.

INCORPORATION OF NON-LINEAR FAILURE CRITERIA

Hoek (1982) has diacuaaed the question of non-linear failure criteria for
heavily jointed rock masses and has given an example of the analysis of a
large open pit mine slope in such materials. Since the Sarma analysis
calculatea the effective normal stresses on each slice side and base, these
values can be used to determine the instantaneous cohesion and friction
angle acting on these surfaces. An iterative technique is used to change
these shear strength values until the difference between factors of safety
calculated in successive iterations is acceptably small. Three or four
iterations are usually sufficient to give an acceptable answer.

The iterative process described above is relatively easy to build into
the analysis presented in appendix 1 but, in the interests of space, this
has not been done in this paper. In addition, non-linear analyses are
generally only carried out for fairly complex problem and only after a
large nuder of sensitivity studies using linear failure criteria have been
performed. In such cases. the user is generally seeking a fundamental
understanding of the wmechanics of the slope behaviour and it is
advantageous to carry out the non-linear analysis manually in order to
enhance this understanding.
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RECOMMENDED STEPS IN CARRYING CUT AN ANALYSIS

When applying this analysis to an actual slope probla s great deal of tir
can be wasted if too detailed an analysis is attapted at the beginning of
the study. )

The first step in any analysis involves a determination of the most
critical failure surface. EBxcept where this surface has been clearly pre-
defined by existing geological weakness planes or observed failure surface,
some form of search for the critical failure surface ® ust be carried out. A
good starting point for such a search is a set of charts such as those
devised by Hoek and Bray(1981) and reproduced in figures 5 and 6. These
give a first estimate of the location of the centre of rotation of a
critical circle and the position of a tension crack in a homogeneous slope.

Based upon some estimate or educated guess of the critical failure
surface location, the sliding mass is divided into slices, using the fewest
possible number of slims to approximate the geometry. Usually three or
four slices will suffice at this stage since only a very crude analysis is
required to check the critical failure geometry.

A number of trial analyses with differant failure surface locations
should then be carried out. It will be found that a set of critical
conditions will quickly be found and a sore refined model can then be
constructed. Unless the slope geometry is extremely complex, five to ten
slices will generally be found to give an acceptable level of accuracy for
this refined analysis.

Sarme (1979) suggests that the optimum inclination of the slice sides
should be determined by varying the inclination of each slice side while
keeping the others fixed. The optimium inclination for each slice side is
that which gives the minimum factor of safety for the complete slope. In
relatively simple slopes in which the range of shear strengths is fairly
limited, the factor of safety is relatively insensitive to slice side
inclination and. in such cases, it is generally acceptable to set the slice
side inclination normal to the failure surface.

BRXAMPLE 1 - SPOIL PILE ON A WBAK FOUNDATION

A common problem which occurs in the strip ( ining of coal involves failure
of spoil (waste material) piles placed on weak inclined foundations. One
such problr has been studied in considerable detail by Coulthard (1979)
and the results which he obtained am reproduced below by means of the
Sarma non-vertical slice wthod.

The failure geometry. reconstructed from field wmeasurements by the
Australian CSIRO, is illustrated in figure 7. This shows that the failure
involves downward movement of an “active” wedge and outward movement along
the weak inclined base of the “passive” wedge. The shear strengths on the
inclined base and on the two internal shear failure surfaces are based upon
laboratory strength test results.

In order to demonstrate the negative stress probla discussed above,
the first analysis carried out is for a waste pile with a high groundwater
table - a situation which would be most unlikely to occur in an actual
spoil pile. The results of the analysis carried out for these conditions
are listed in table 1 and a plot of the graph of factor of safety versus
acceleration is given by the dashed line in figure 8. Note that negative
stresses occur on both internal shaariog surfaces in this analysis and the
calculated factor of safety of 0.26 is unacceptable. It is also important
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to note that the plot of F vs K has an asymptote of F = 0.428 and that
factors of safety of less than this value are neani ngl ess.

This example demonstrates that, under certain circumstances, the
iteration technique used in the progras (and all other iteration techniques
tried during the development of the progras) will choose the incorrect
solution. As shown in figure 8. the factor of safety for K = 0 is 0.48
whereas the second root of 0.26 has been chosen by the iteration technique.
Fortunately, this problem is very rare and, as far as the author has been
able to ascertain, is always associated with negative stresses which
generate the message that the solution is unacceptable. Nevertheless, for
critical problems, it is recommended that the curve of factor of safety
versus acceleration be plotted out to ensure that the correct solution has
been chosen.

The second solution is for a drained spoil pile. A factor of safety of
1.20 is obtained for this case and all the effective normal stresses are
positive. The plot of factor of safety versus acceleration, given as the
solid line in figure 8, shows that the value of 1.20 is well above the
asymptote of 0.428 which. interestingly, is the same as for the previous
analysis.

A third analysis, using the same geometry as illustrated in figure 7
but with the slope drained and the cohesion on side 2 reduced to zero,
produces a factor of safety of 1.00. This limiting equilibrium condition is
identical to that obtained by Coulthard (1979) using a two-wedge analysis
similar to that proposed by Seed and Sultan (1967) for sloping core
embankment dams.

EXAMPLE 2 — OPEN PIT COAL MINK SLOPE

Figure 9 illustrates the geometry of a slope problem in a large open pit
coal mine. A thin coal seas is overlain by soft tuff and existing failures
in the slope show that sliding occurs along the coal seam with the toe
breaking out through the soft tuff. In the case illustrated, a reservoir
close to the crest of the slope recharges the sl ope with water and results
in the high groundwater surface illustrated. Laboratory tests and back
analysis of previous failures give a friction angle of 18 degrees and a
cohesion of zero along the coal seas and a friction angle of 30 degrees and
cohesion of 2 tonnes/sq.m for failure through the soft tuff. The unit
wight of the tuff is 2.1 tonnes/cu.m and the unit weight of water is 1.0
tonne/cu.m.

A printout produced by the progras listed in appendix 1 is reproduced
in table 2 and this shows that the factor of safety for the slope
illustrated in figure 9 is 1.17. A sensitivity study of drainage shows
that 50X drainage (reducing the unit wight of water to 0.5 tonnes/cu.m)
increases the factor of safety to 1.41 while complete drainage of the slope
gives a factor of safety of 1.65. In the actual case upon which this
example is based, the reservoir above the slope was drained but in adjacent
slopes long horizontal drain holes wre used to reduce the water pressures
in the slopes.

EXAMPLE 3 - PARTIALLY SUBMERGED ROCKFILL SLOPE

Figure 10 illustrates the geometry of a rockfill slope placed underwater
onto a sandy river bottom. The rockfill is partially submerged and the
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failure surface (determined by a critical failure search using a
conventional vertical slice analysis) involves both the rockfill and the
sand base. A printout of the slope geometry, material properties and
calculated factor of safety is given in table 3.

It is interesting to note that the critical acceleration for this
slope is 0.2106. This means that, for a pseudo-static analysis of
earthquake loading, a horizontal acceleration of 0.21g would be required to
induce failure in the slope. Factors of safety corresponding to different
pseudo-static horizontal acceleration levels can be found by using the
optional subroutine, included in the program, to produce a plot similar to
that illustrated in figure 8. In the actual case upon which this example
was based, a more complete dynamic earthquake analysis was performed but in
many cases a pseudo-static check on stability under earthquake loading is
acceptable.
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Figure 1: Definition of geometry and forces acting on ith slice.
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Figure 2: Definition of water forces.
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Figure 3: Factor of safety versus acceleration for a typical slope.
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Figure 4: Plot of reciprocal Of factor of safety versus acceleration.
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Figure 5: Approximate locations of the centre of curvature of a circular
failure surface and a tension crack in a drained homogeneous

slope.
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Pigure 6: Approximste locations of tha centre of curvature of a circular
failure surface and a tension crack in a homogeneous slope with
groundwater present.
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Figure 7: Geometry of a spoil pile on a weak foundation analysed by
Coulthard (1979).
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Figure 8:” Plot of factor of safety versus acceleration K for a spoil pile
on an inclined weak foundation.
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Figure 9: Geometry for an Open pit coal mine slope.
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Table 1: Printout for analysis of stability of spoil pile on a weak
foundation (figure 7).

SARMA NON-VERTICAL SLICE ANALYSIS
Analysis no. 1 - Spoil pile on a weak foundation

Unit weight of water = 10

Side number 1 2 3
Coordinate xt 0.00 83.00 111.40
Coordinate yt 0.00 57.00 76.50
Coordinate xw 0.00 83.00 128.00
Coordinate yw 0.00 57.00 67.00
Coordinate xb 0.00 108.00 128.00
Coordinate yb 0.00 6.40 67.00
Friction angle 0.00 42.00 0.00
Cohesion 0.00 100.00 0.00
Slice number 1 2
Rock unit weight 15.70 15.70
Friction angle 6.00 42.00
Cohesion 10.00 100.00
Force T 0.00 0.00
Angle theta 0.00 0.00
Effective normal stresses
Base 147.15 -14.13
Side 0.00 -130.64
Acceleration o o DOIDROS Factor of Safety = 0.26

Negative effective normal stresses - solution unacceptable
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Table 2: Printout for analysis of stability of open pit coal mine slope
(figure 9).

SARMA NON-VERTICAL SLICE ANALYSIS
Analysis no. 2 - Olpen pit coal mine slope with tuff overlying coal seam.

Unit weight of water = 1

Side number 1 2 3 4 5 6
Coordinate xt 4.00 17.00 29.00 30.00 50.00 68.00
Coordinate yt 17.00 26.00 26.00 24.00 25.00 37.00
Coordinate xw 4.00 17.00 29.00 30.00 50.00 70.00
Coordinate yw 17.00 23.00 22.00 22.00 24.00 33.00
Coordinate xb 4.00 17.00 29.00 30.00 50.00 80.00
Coordinate yb 17.00 12.00 10.00 10.00 8.00 11.00
Friction angle 0.00 30.00 30.00 30.00 30.00 18.00
Cohesion 0.00 2.00 2.00 2.00 2.00 0.00
Slice number 1 2 3 4 5 6
Rock unit weight 2.10 2. 10 2.10 2.10 2.10 2.10
Friction angle 30.00 30.00 30.00 30.00 30.00 30.00
Cohesion 2.00 2.00 2.00 2.00 2.00 2.00
Force T 0.00 0.00 0.00 0.00 0.00 0.00
Angle theta 0.00 0.00 0.00 0.00 0.00 0.00
Effective normal stresses

Base 29.91 37.07 22.52 29.22 44.54 27.92
Side 0.00 23.69 41.25 48.08 60.63 63.72
Side number 7 8 9 I0

Coordinate xt 140.00 165.00 178.00 204.00

Coordinate yt 88.00 90.00 99.00 103.00

Coordinate xw 146.00 166.00 180.00 204.00

Coordinate yw 80.00 89.00 96.00 103.00

Coordinate xb 155.00 173.00 186.00 204.00

Coordinate yb 65.00 80.00 89.00 103.00

Friction angle 18.00 18.00 18.00 0.00

Cohesion 0.00 0.00 0.00 0.00

Slice number 7 8 9

Rock unit weight 2.10 2.10 2.10

Friction angle 30.00 30.00 30.00

Cohesion 2.00 2.00 2.00

Force T 0.00 0.00 0.00

Angle theta 0.00 0.00 0.00

Effective normal stresses

Base 18.89 11.90 6.64

Side 14.41 11.11 3.25

Acceleration Kc = 0.1008 Factor of Safety = 1.17
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APPENDI X | - BASI C COVPUTER PROGRAM FORSARMANON-VERTICAL SLI CB ANALYSI S.

The BASI C program listed on the following pages has been written for use on
microcomputers which run Microsoft or equi val ent BASI C. In order to utilize
the graphics option (lines 6410-6970) it is necessary to use BASICA or an
equivalent BASIC which supports graphics commands and to run the program on
a computer fitted with an IBM or compatible graphics card. If no graphics
facilities are available, the graphics subroutine may be disabled by
deleting line 1800 and the function kay display can be removed by deleting
lines 4750 and 4760.

The program can be compiled using a BASIC compiler and this produces a
machine language program which runs about six times faster than the BASIC
program. The compiled program may not drive printers fitted with serial
interfaces (RS232C) and the printer manual should be consulted for
instructions on initializing the printer. If it proves impossible to drive
the printer from the compiled program it W || be found that the BASIC
program will drive almost any printer.

The function keys for the main program execute the following
operations:

F1 - Print : prints the tabulated data and calculates critical
acceleration and factor of safety as shown in tables 1 to 3.

F2 - Calculate : recalculates the critical acceleration and the
factor of safety using the displayed data.

F3 - fos vs k : activates a subroutine to calculate values of the
acceleration K for different factors of safety. A new display is used
for this subroutine.

F4 - drain : enables the user to edit the line which displays the
unit weight of water. This is used to change the unit weight of water
in sensitivity studies using a portpressure ratio (ru) approach.

F5- file : displays the data files already stored on the disk and
requests a new file name. Stores the displayad data on & disk file.

F6 - restart : returns to the first page display which asks various
questions before the data array is displayed.

F7 - quit : exits the program and returns to BASIC. The program may
be reactivated by tying RUN and pressing enter.

FB8 - view : activates the graphics display if a suitable graphics
card is fitted.
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TABLE 4 - DEFINITION OF ARRAY A(J,K) FOR SARMA ANALYSIS

Side number 1 k ktl
coordinate xt AL, L) AL, %) A(l,k+1)
coordinate yt A(2,1) A(2,k) A(2,k+])
coordinate xw A(3,1) A(3,k) A(3,k+1)
coordinate yw A(4,1) A(4,k) A(4,k+])
coordinate xb A(5,1) A(5,k) A(5,k+1)
coordinate yb A(6,1) A(6,k) A(6,k+1)
friction angle ¢ A(7,1) A(7.k) A(7,k+1)
cohesion o A(8,1) A(B,k) A(B,k+1)

Slice number 1 k

rock unit weight Yr A(l0,1) A(10,k)
friction angle 4s A(ll,1) A(ll,k)
cobeaion cs A(12,1) A(12,k)

force T A(15,1) A(15,k)
angle theta 8 A(16.1) A(16,k)

side length d A(17,1)  AQ17,k)  A(17,k+1)
side angle § A(18,1) A(18,k) A(18,k+1)
base length b A(19,1) A(18,k)

base angle a A(20,1) A(20,k)

slice weight W A(21,1) A(21,k)

uplift force U A(22,1) A(22,k)

water force PW A(23,1) A(23,k)  A(23,k+])
base cohesion al/F A(24.1) A(24,k)

base friction TM ¢s/F A(25,1) A(25,k)

side cohesion cs/F A(26,1) A(26,k) A(26,k+1)
aide friction Tan ¢s/F A(27,1) A(27,k) A(27 ,k+1)
calculated R A(28,1) A(28,k)
calculated S A(29,1) A(29,k) A(29,k+1)
calculated Q A(30,1) A(30,k)
calculated e A{31,1) A(31,k)
calculated p A(32.1) A(32,k)
calculated a A(33,1) A(33,k)
calculated E A(34,]) A(34,k) A{34 ,k+1)
calculated x A(35,1) A(35,k)
cslculated N A{36,1) A(36,k)
calculated TS A(37.1) A(37,k)
calculated 0@ A(38,1) A(38,k)
calculated Og A(39,1) A(39,k) A(39,k+1)
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10 ' SARMA — NON-VERTICAL SLICE METHOD OF SLOPR STABI LI TY ANALYSIS
20 ' Version 1.0 - Witten by Dr.B.Hoek, Colder Associates, January 19686
30 ' Reference : Sarma, S.K. (1979), Stability anslysis Of embenkments

40 °* and slopes, ). Geotech. Bogg. Div., ASCE., Vol. 108,
50 ' No. CT12. pages 1511-1524.

60’

70 * Dimensiopiog of variables

80’

90 STATU$="1":RAD=3.141593/180:F=1:M=1

100 DI MA(39,50) ,WW(50) ,WH(50) ,ACC(10),ACL(100)

110 DI MPB(50),Ps(50) ,PHALP(50),ZW(50),FL(100)

120 DI MTHETA(50),TV(50), TH(50) ,ZwWT(50)

130

140 * Defioitiw of Sfunmctioo keys

150 *

160 KEY OFF:FOR| = 1 T0 8:KEY I,"":NEXT |

170 KEY 1,"a":KEY 2,"b":KBY 3,"c":KEY 4,"d"

180 KEY 5,"e":KEY 6,"f":KEY 7,"g":KEY 8,"h"

190 *

200 * Display of first page

210’

220 SCREEN 0,0:WIDTH 80:CLS: LOCATES,17:COLOR 0. 7:

230 PRINT "™ SARMA NUN-VERTI CAL SLICK STABILITY ANALYSIS =

240 COLOR7,0:LOCATE 11. 12

250 PRINT "Copyright - Bvert Hoek, 1985. Thi s programis one of”
260 LOCATE 12. 12

270 PRINT "a series of geotechnical prograns developed as working”
280 LOCATE 13.12

290 PRINT "tool s and for educational purposes. Use of the program™
300 LOCATE 14.12

310 PRINT "is not restricted buttheuseri s responsible forthe"
320 LOCATE15. 12

330 PRINT "application ofthe results obtained fromthis program.®
340 LOCATE 18,25:PRINT “Press any key to conti nue"

350 | F LEN{INKEY$) = 0 THEN 350

360

370 ' Display of second page

360 °

390 CLS:LOCATE 25. 12

400 PRINT "to terminate input enter ";

410 LOCATE 25,37:COLOR 0,7:PRINT " q ";:COLOR 7.0

420 LOCATE 25,41:PRINT “i N response to any question”;

430 LOCATE10,12

440 INPUT "Do you wish to read data from adiskfile (yn)? : ~,DISK$
450 | F LERFT$(DISKS,1)="q" OR LEFT$(DISKS$,1)="Q" THEN 6930

460 | F LEN(DISK$)=0 THEN 430

470 | F LBFT$(DISKS,1)="Y" ORLEFT$(DISKS,1)="y" THEN 660

480 LOCATE 11,12

490 | NPUT “Number of slices to beincluded in analysis : ", NUMS
500 | F LEFT$(NUMS$,1)="q"” OR LEFT$(NUM$,1)="Q" THEN 6980

510 | F LEN(NUM$)=0 THEN 480 BELSE NUM=VAL(NUMS)

520 FLAG2=0: LOCATE 12.12

530 INPUT "Unit weight of water = " ,WATERS
540 | F LEFT$(WATERS, 1)="q" OR LEFT$(WATERS,1)="Q" THEN 6980




550 | F LEN{WATBR$)=0 THEN 520 ELSE WATER =VAL(WATERS)

560 | F WATER = O THEN FLAG2=1

570 FLAG3=0:LOCATE13. 12

580 INPUT "Are shear strengths uniformthroughout slope (y/n) ? ",STRENGTHS
590 | F LEFT$(STRENGTHS, 1)="q" OR LEFT$(STRENGTHS,1)="Q" THEN 6980
600 | F LEN(STRENGTH$)=0 THEN 570

610 | F LEFT$(STRENGTHS,1)="Y" OR LEFT$(STRENGTHS$,1)="y" THEN FLAG3=1
620 N=NUM+1:GOTO 1950

630 °

640 ® Data epotry from a disk file

650 °'

660 CLS: LOCATE 8,L.PRINT STRINGS$(8Q A5)

670 PRINT: PRINT "Sarma data files on disk ";

680 PRINT: FILES "A:SARMAX.DAT":PRINT:PRINT STRING$(80,45):PRINT
690 INPUT "Enter fil ename (W thout extension): ",FILES
700 CLS:OPEN "A:"+FILE$+".DAT" FOR | NPUT AS #1

710 LI NK INPUT#1, TITLES: INPUT#1,N: INPUT#1,WATER

720 RAD=3.141593/180: F=1:M=]1:NUM=N-1

730 INPUT#1,FLAG2: INPUT#1,FLAG3: INPUT#1, FLAGA

740 FORK = 1 TO N:FOR J=1 TO 39: INPUT#1,A(J,K):NEXT J:NEXT K
750 INPUT#1,ACC: INPUT#1,ACC(2): INPUT#1, FOS

760 CLOSE #):F=1:FLAG6=1:STATU$="e":GOTO 1950

770 °

760 * Display O data array

790

800 CLS:LOCATE 1,1:PRINT "Anal ysis no. ";TITLE$

810 LOCATE 3,1:COLOR 15,0:PRINT "Si de number":COLOR 7, 0
820 LOCATE 4, 1:PRINT "coordinate xt"

830 LOCATE 5,1:PRINT "coordi nate yt”

&0 LOCATE 6,1:PRINT "coordi nate »xw"

850 LOCATE 7,1:PRINT "coordi nate yw"

860 LOCATE 8,1:PRINT "coordi nate xb™

870 LOCATE 9, 1:PRINT "coordi nate yb"

880 LOCATE 10,1:PRINT "friction angle"

890 LOCATE 11, 1:PRINT "cohesi on"

900 LOCATE 12,1:PRINT "unit weight of water = *

910 LOCATE 12,23:PRINT WATER

920 LOCATE 13,1:COLOR 15.0

930 PRINT "Sli ce number™":COLOR 7.0

940 LOCATE 14,1:PRINT "rock unit weight"

950 LOCATE1S,1:PRINT "friction angle"

960 LOCATR 16,1:PRINT "cohesion”

970 LOCATE 17, 1: PRINT "force T ":LOCATE 18.1

980 PRINT "angle theta"

990 GOSUB 1040

1000 | F STATU$="i" THEN GOSUB 1140:RETURN ELSE RETURN
1010

1020 ' Swbroutiome for slice mumber display

1030 °*

1040 COLOR 15,0: LOCATE 3,22:PRINT M: LOCATE 13,27:PRINT M
1050 LOCATE 3,32:PRINT M+1:COLOR 7, 0: | F N=M+]1 THEN RETURN
1060 COLOR 15,0: LOCATE 13,37:PRINT M+1:LOCATE 3. 42

1070 PRI NT M32:COLOR 7, 0: | F N=M+2 THEN RETURN

1080 COLOR 15,0: LOCATE 13,47: PRINT M+2: LOCATE 3. 52



1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1238
1248
1250
1260
1270
1260
1290
1300
1310
1320
1330
1340
1350
1360
1370
1360
1390
1400
1410
1420
1430
1449
1450
1460
1470
1460
1490
1500
1518
1520
1530
1540
1550
1560
1570
1580
1590
1600
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PRINT M+3:COLOR 7,0: IF N=M+3 THEN RETURN

COLOR 15,0: LOCATE 13,57:PRINT M+3: LOCATE 3.62

PRINT M+4:COLOR 7,0:IF N=M+4 THEN RETURN

COLOR 15, 0: LOCATE 13,67: PRINT M+4: LOCATE 3.72

PRINT M+5:COLOR 7,0: RETURN

LOCATE 20.13

PRINT “Note: coordinates must increase from slope toe to crest”
LOCATE 22.13

PRINT “To edit title or data array, use direction keys to move”
LOCATE 23.13

PRINT “highlighted window. Factor of safety calculation will”
LOCATE 24.13

PRINT "commence autcaatically when all data has been entered.”;
RETURN

*Entry and display of title

IF FLAG6=1 OR STATU$="e" THEN 1300

LOCATE 1,1:COLOR 0,7:PRINT "Analysis no.":COLOR 2.0
LOCATE 1,14: LINE INPUT "",TITLES

IF LEN(TITLE$)=0 THEN TITLE$=PREVTS

LOCATE 1,1:PRINT “Analysis no. "

I F STATU$="r" THEN LOCATE 1, 14:PRINTSTRING$(66," )
LOCATE 1,14:PRINT TITLES

PREVT$=TITLE$: RETURN

' Subroutine for estry of data into array a(Jj,k)

IF STATU$="i" THEN FLAG6=0

IF FLAG20=1 THEN FLAG6=1:FLAG20=0 ' 1st column

IF FLAG21=1 THEN K=M:J=PREVJ-]:FLAG21=0 "l ocete cursor

IF FLAG23=1 THEN K=M+4:J=PREVJ-1:FLAG23=0 * locate cursor

IF FLAG2=0 THEN 1440 'water present

IF J=3 AND FLAG2=} THEN J=5 ' drained

IF FLAG2=1 THEN A(3.K)=A(5,K):A(4,K)=A(6,K) ' vivsyd

IF J=7 AND K=1 THEN J=10:GOTO 1500 "first slice

IF FLAG3=0 THEN 1500 ‘variable strength
IF J=7 “THEN A(7,K)=A(11,1):FLAG6=1 "uniform strength
IF J=8 THEN A(8,K)=A(12,1):FLAG6=1

IF J=9 AND FLAG12=0 THEN J=10 ' ski p space

IF J=10 THEN A(10,K)=A(10,1):FLAG6=]

IF J-9 AND FLAG12=0 THEN J=10 " ski p space

IF K=1 OR FLAG3=0 THEN 1540 *variable strength
IF J=11 THEN A(l1l,K)=A(}1,1):FLAG6=1 ' uniform strength
IF J=12 THEN A(12,K)=A(12,1):FLAG6=1

IF J=13 THEN J=15 ' ski p space

IF J=16 AND A(15,K)=0 THEN J=0:K=K+]:RETURN "no forces

IF J=17 THEN J=0:K=K+]1:RETURN ' pext column

IF J<=8 THEN X=18+(10%(K-M)):Y=J+3 "cursor |ocation
IF J>=10 AND J<=12 THEN X=23+(10%(K-M)):¥=J+4

IF J>=15 AND J<=16 THEN X=23+(10%(K-M)):Y=J+2
IF FLAG6=1 THEN GOSUB 1880 ELSE GOSUB 1650 ' cursor operation

1610 RETURN
1620°
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1630 * Subroutine for cursor movement and display Of array 8(Jj.k)

1640 °*

1650 FLAG10=0: FLAG11=0: FLAG12=0: FLAG13=0

1660 FLAG14=0:GOsuUB 1900

1670 Q$=INKBY$:IF Q¢=" " THEN 1670

1680 IF LEN(Q$)=2 THEN Q$=RIGHT$(Q$,1)

1690 | F Q$="K" THEN GOSUB 1870:FLAG10=1:RETURN
1700 IFQ$="M" THEN GGSUB 1870: FLAG11=]1:RETURN
1710 | F Q$="H" THEN GOSUB 1870: FLAG12=1: RETURN
1720 | F Q$="P" THEN GOSUB 1870: FLAG13=1: RETURN
1730 IF Q$="a" THEN GOSUB 1870:FLAG14=1:RETURN
1740 | F @$="b" THEN GGSUB 1870: FLAG15=1: RETURN
1750 | F @¢="¢" TURN GGSUB 1870: FLAG16=1: RETURN
1760 IFQ$="d" THEN GGSUB 1870: FLAG25=1: RETURN
1770 | F Q$="e" THEN GOSUB 1670: FLAG17=1: RETURN
1760 | F Q$="f" THEN FLAG26=1:RETURN

1790 | F Q$="g" OR Q$="q" THENFLAG18=1: RETURN
1800 IF Q$="h" THEN FLAG27=1:RETURN

1810 | F Q$="0" THEN 1890

1820 IF Q$="-" THEN 1890

1830 | F Q$="." THEN 1890

1840 IF VAL(Q$)<1 OR VAL(Q$)>9 THEN 1670

1850 LOCATE Y,X:PRINT VAL(Q$)

1860 LOCATE Y,X+2: INPUT "",IN$:A(J,K)=VAL(Q$+INS)
1870 LOCATE Y, X: PRINT ™ "

1880 LOCATEY,X:PRINT USI NG "####%.2#";A(J,K) :RETURN
1890 LOCATE Y,X:PRINT ™ “;:PRINT Q$:GOTO 1860
1900 LOCATE Y,X:COLOR 0,7

1910 PRINT * ":COLOR 7,0:RETURN

1920 *

1930 * Date entry Wi display of arrey a(j,k)
1940 *

1950 F=1:M=1:GOSUB 800:GOSUB 1260

1960 FOR R=1 TO 6:FOR J=1 TO 17

1970 | F FLAGl=1 THEN 2140

1980 | F FLAG23=1 THEN FLAG6=0:GOTO 2000

1990 | F FLAG22=]1 THEN FLAG6=1:GOTO 2140

2000 | F FLAG10=1 THEN GGSUB 2500

2010 | F FLAGl1l=1 THENGOSUB 2610

2020 IFFLAG12=1 THEN GosuB 2720

2030 IF FLAG13=1 THEN GOSUB 2840

2040 | F FLAG14=) THEN GOSUB 5710

2050 IFFLAG15=1 THEN F=1:GoT0 3050

2060 IF FPLAG16=) THEN 5130

2070 | F FLAG17=1 THEN 6310

2080 | F FLAG18=1 THEN 6980

2090 IF FLAG19=1 THEN 2190

2100 | F PLAG25=1 THEN FLAG25=0:GOSUB 2950
2110 | F FLAG26=1 THEN 2120 ELSE 2130

2120 FLAG26=0:STATU$="i":TITLEB$="":GOTO 390
2130 | F FLAG27=1 THEN 6440

2140 IF K<KN THEN 2160

2150 | F J=7 THEN 3040

2160 | F K=6 AND J=9 THEN 2180

‘scan keyboard

*left

‘right

] up

' down

"print
'calculate
‘f.o.s VS K
"drain

"file

' restart
‘quit

‘view

"enter zero
"enter minus
"enter period
* enter nuder

"display entry

"screen display

"left
‘right

13 up

' down
"print

' calculate
‘*f.o.s VS K
"file

" qui t

' next page
"drain

"restart

* view

* check end
' end input
"first page
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2170 GOSUB 1370:NEXT J:NEXT K ‘cursor operation
2180 FLAG1=0: IF STATU$="e" THEN 4240 "display 1st page
2190 M=M+5:GOSUB 800 * renumber columns
2200 FOR K=M TO M+5: FOR J=1 TO 17 * second page

2210 IFSTATUS="e" THEN 2230

22201 F K=M AND J<=8 THEN FLAG20=1:GOTO 2460
2230 IFFLAG19=1 THEN FLAG6=1:GOTO 2430

2240 | F FLAG21=1 THBN FLAG6=0:GOTO 2460
2250 IF FLAG22=1 THEN FLAG6=1:GOTO 2430

2260 | F FLAG23=1 THEN FLAG6=0:GOTO 2460

2270 | F FLAG10=1 THBN GOSUB 2500 tleft

2280 | F FLAG11l=] THENGOSUB 2610 ' right
2290 | F FLAGl2=] THEN GOSUB 2720 ‘up

2300 | F FLAG13=1 THEN GOSUB 2840 ‘dam

2310 | F FLAG14=1 THEN GOSUB 5710 "print
2320 | F FLAG15=1 THEN F=1:G0TO 3050 "calcul ate
2330 | F FLAG16=1 THEN 5130 *f.o.s vs K
2340 | F FLAG17=1THEN 6310 'file
2350 | F FLAG18=1 THEN 6980 ‘quit

2360 | F FLAG25=1 THEN FLAG25=0:GOSUB 2950 "drain
2370 | F FLAG26=1 THEN 2360 ELSE 2390

2380 FLAG26=0:STATU$="i":TITLE$="":GOTO 390 'restart
2390 | F FLAG27=1 THEN 6440 "view

2400 | F FLAG19=1 THEN K=M:J=1:GOTO 2190

2410 | F FLAG22=1 AND M=6 THEN M=1:GOTO 1950

2420 | F FLAG22=1 AND M>=11 THEN K=M: J=1:M=M-10:GOTO 2190

2430 |F KNTHEN 2450 > check end
2440 | F J=7 THEN 3040 “end input
2450 | F K=M+5 AND J=9 THEN 3040

2460 GOSUB 1370:NEXT J:NEXT K

2470 °

2460 * Subroutipe t 0 move cursor |eft

2490

2500 | F K=2 AND J=8 THEN K=K:GOTO 2560 "limt o Jeft
2510 I F K=2AND J=9 THEN K=K:GOTO 2560 "limt  left
2520 | F K=1THENK=1:GOTO 2560

2530 | F M>=6 AND K=M THEN 2570 ' previous page
2540 | F K>XM THENK=K- 1 ' left

2550 | F J=17 AND A(16,K)=0 THEN K=K+1:GOTO 2560 'blank cell
2560 J=J-1:FLAG10=0: RETURN "keep line
2570 FLAG22=1:PREVJ=J:FLAG10=0:RETURN

2580 *

2590 ® Subroutine to move cursor right

2600 °*

2610 | F K=M+5 AND J<=9 THEN 2680 * next page
2620 | F K=M+4 AND J>9 THEN 2680 ' next page
2630 | F KKNTHEN K=K+l ‘right

2640 | F J=17 AND A(16,K)=0 THEN K=K-1:GOTO 2670 ‘blank cell
2650 | F J¢<=7 AND K=N THEN K=N "limt right
2660 | F J>7 AND K=N THEN K=NUM “limt right
2670 J=J-1:FLAG11=0: RETURN "keep line
2680 FLAG19=1:PREVJ=J:FLAG11=0:RETURN

2690 °

2700 ' Subroutipe to move cursor up
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2710
2720 | F J=2 AND K-1 THEN 2730 ELSE 2740
2730 STATU$="r":GOSUB 1270:STATU$="e":J=1:K=1:GOTO 2800 'edit title

2740 | F J=2 THEN J=1:GOTO 2800 “limt up
2750 IFJ=6 AND FLAG2=1 THEN J=2:GOTO 2800 ' drained
2760 | F K= AND J=I| THEN J=6:GOTO 2800 ' Ist column
2770 | F J=11 THEN J=8:GOTO 2800 ' ski p space
2780 | F J=16 THEN J=12:GOTO 2800 ' ski p space

2790 | F J>=3 AND J<=17 THEN J=J-2:FLAG12=0:GOTO 2800 ‘up
2800 FLAG12=0: RETURN

2810 °*

2820 ' Subroutipe to move cursor down

2830 °*

2840 | F K=N AND J=7 THEN J=6:GOTO 2910 ' last column
2850 ‘IFJ=1 AND K=1 THEN J=2:K=2:G0T0 2830 "exit title
2860 | F FLAG2=1AND J=3 THEN J=5:GOTO 2910 ' ski p space
2870 | F J- 9 THEN J=10:GoTo 2910 "skip space
2880 | F J=13 THEN J=15:G0T0 2910 ' ski p space
2890 I F J=16 AND A(J,K)=0 THEN J=15:G0TO 2910 ' dam lisit
2900 | F J=17 THEN J=16:GO0TO 2910 *down | imt

2910 FLAG13=0:RETURN

2920 °*

2930 * Subroutine t 0 draip by changing unit weight of water
2940

2950 LOCATE 12,1:PRINT STRING$(30," "):COLOR 0.7

2960 LOCATE 32,1:PRINT "unit wei ght of water"

2970 COLOR 7,0:LOCATE 12,23: INPUT "= " ,WATER

2980 LOCATE 12,1:PRINT STRING$(30," "):LOCATE 12,1

2990 PRINT "unit weight of water = ";WATER

3000 J=J-1:RETURN

3010

3020 * Calculation of slice paraweters

3030 °

3040 | F STATU$="e" THEN 4240

3050 GosuB 3320: FOR K=I TO N:GosUB 3430: NEXT K 'd & delta
3060 FOR K=| TO NUM: GOSUB 3490: NEXT K 'b,alpha,w & U
3070 WAT=.5%WATER:GOSUB 3580 *water forces
3080 FOR K=I TO N:A(24,K)=A(12,K)/F:A(26,K)=A(8,K)/F ' cb/F,cs/F
3090 PB(K)=A(1l,K)*RAD:PS(K)=A(7,K)*RAD 'deg {0 radians
3100 A(25,K)=TAN(PB(K))/F * tanphi/F

3110 A(27,K)=TAN(PS(K))/F * tanphi/F

3120 PB(K)=ATN(A(25,K)):PS(K)=ATN(A(27,K)) "effective phi
3130 PHALP(K)=PB(K)-A(20,K): THETA(K)=A(16,K)SRAD ' phi-alpha
3140 TV(K)=A(15,K)*SIN(THETA(K))+WW(K) "TV

3150 | F A(16,K)=90 THEN TH(K)=0:GOTO 3180 'vertical

3160 IF A(16,K)=270 THEN TH(K)=0:GOTO 3180 "force

3170 TH(K)=A(15,K)*COS(THETA(K)) *TH

3180 TH(K)=TH(K)+WH(K):NBXT K

3190 TV(N-1)=TV(N-1)~A(23,N)SSIN(A(18,N)) ‘water in

3200 TH(N-1)=TH(N-1)~A(23,N)*COS(A(18,N)) ' tension crack
3210 TV(1)=TV(1)+A(23,1)*SIN(A(18,1)) "subnerged toe
3220 TH(1)=TH(1)+A(23,1)%COS(A(18,1)) ' submerged t 0O€
3230 °

3240 * Calculation Of Kc
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3250 °

3260 FOR K=2 TO N:GOSUB 3880:NEXT K 'S

3270 FOR K=1 TO NUM:GOSUB 3890: NEXT K *R,Q,e,P,a.Kc
3280 GOTO 4050

3290 °

3300 ' Subroutipe for display of “calculating”

3310 °

3320 IF FLAG15=0 THEN LOCATE 20,7:PRINT STRING$(70," ")

3330 LOCATE 22,7:PRINT STRINGt(70,” ™)

3340 LOCATE 23,7:PRINT STRING$(70," ™)

3350 LOCATE 24,7:PRINT STRING$(70," ");

3360 LOCATE 22,28:COLOR 0,7

3370 PRINT"CALCULATING ":COLOR 7,0

3380 FOR J=17 TO 39:FOR K= 1 TO N

3390 A(J,K)=0:NEXT K:NEXT J: RETURN

3400 °

3410 ' Suwbroutines for caslculation of slice geometry

3420

3430 IF A(4,K)<A(6,K) THEN A(4,K)=A(6,K):A(3,K)=A(5,K) ' check water
3440 DSQ=(A(1,K)-A(5,K))"2+(A(2,K)-A(6,K))"2

3450 |F DSQ=0 THEN A(17,K)=0 ELSE A(17,K)=SQR(DSQ) ‘d
3460 IF A(2,K)-A(6,K)=0 TREN A(18,K)=0:RETURN

3470 A(18,K)=ATN((A(1,K)-A(5,K))/(A(2,K)-A(6,K))) 'delta
3480 RETURN

3490 A(19,K)=A(5,K+1)-A(5,K) ‘b
3500 IF A(19,K)=0 THEN A(20,K)=0:GOTO 3520

3510 A(20,K)=ATN((A(6,K+1)-A(6,K))/A(19,K)) ' alpha

3520 A{21,K)=(A(6,K)-A(2,K+1))*(A(L1,K)-A(5,K+1))

3530 A(21.K)=A(21,K)+(A(2,K)-A(6,K+1))%(A(),K+1)~A(5,K))
3540 A(21,X)=.5%A(10,K)*A(21,K): RETURN

3550 °*

3560 * Subroutine for calculation of water forces

3570 '

3580 FOR K=1 TO NUM:ZW(K)=A(4,K)-A(6.K)

3590 ZW(K+1)=A(4,K+1)-A(6,K+1)

3600 A(22,K)=WAT*(ZW(K)+ZW(XK+1))2*A(19,K)

3610 A(22,K)=ABS(A(22,K)/COS(A(20,K))):NEXT K ‘U

3620 FOR K=1 TO N:ZWT(K)=A{4,K)~-A(2,K)

3630 IF ZWT(K)>O0 THEN 3650

3640 A(23,K)=WAT®ABS(ZW(K)"2/COS(A(18,K))):GOTO 3670 ' PW

3650 A(23,K)=WAT*(ZWT(K)+ZW(K)) ' submerged
3660 A(23,K)=A(23,K)*ABS({(A{2,K)~A(6,K))/COS(A(18,K))) ' PW

3670 NEXT X

3680 FOR K=1 TO NUM

3690 |IF ZWT(K)>=0 AND ZWT(K+1)>=0 THEN 3700 ELSE 3740

'W

3700 WW(K)=WAT*(ZWT(K)+ZWT(K+1)) ‘mw full,
3710 WW(K)=WW(K)$ABS((A(1,K+1)-A(1,K))) * subner ged
3720 WH(K)=WAT*(A(2,K+1)-A(2,K))*(ZWT(K)+ZWT(K+1)) ' WH

3730 IF A(2,K+1)<A(2,K) THEN WH(K)=-WH(K):GOTO 3840
3740 IF ZWT(K)>=0 AND ZWT(K+1)<=0 THBN 3750 ELSE 3790

3750 WW(K)=WATSZWT(K)" 2%(A(1,K+1)-A(1,K)) ‘W side i
3760 IF A(2,K+1)-A(2,K)=0 THEN wwW(K)=0:GOTO 3780
3770 WW(K)=ABS(WW(K)/(A(2,K+1)-A(2,K))) :suh-erged

3780 WH(K)=WAT*ZWT(X)"2:GOTO 3840 hw
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3790 IF ZWT(K)<=0 AND ZWT(K+1)>=0 THEN 3800 ELSE 3840
3800 WW(K)=WAT*ZWT(K+1)"2x(A(1,K+1)-A(1,K))

3810 IF A(2,K+1)-A(2,K)=0 THEN WW(K)=0:GOTO 3830

3820 WW(K)=ABS(WW(K)/(A(2,K+1)-A(2,K)))

3830 WH(K)=—WAT*(ZWT(K+1))"2

3840 NEXT K:RETURN

3850 °*

3860’ Subroutines for calculation of S,R,Q,e,p and &
3870 ’

3880 A(29,K)=A(26,K)*A(17,K)-A(23,K)*A(27,K): RETURN
3890 A(28,K)=A(24,K)*A(19,K)

3900 A(28,K)=A(28,K)/COS(A(20,K))~A(22,K)*A(25,K)
3910 A(30,K)=COS(PB(K)-A(20,K)+PS(K+1)-A(18,K+1))
3920 A(30,K)=COS(PS(K+1))/A(30,K)

3930 A(31,K)=A(30,K)*COS(PB(K)-A(20,K)+PS(K)—-A(18,K))
3940 A(31,K)=A(31,K)/COS(PS(K))

3950 A(32,K)=A(30,K)*A(21,K)*COS(PB(K)-A(20,K))

3960 A(33,K)=(A(2)1,K)+TV(K))SSIN(PHALP(K))

3970 A(33,K)=A(33,K)+TH(K)*COS(PHALP(K))

3980 A(33,K)=A(33,K)+A(28,K)*COS(PB(K))

3990 A(33,K)=A(33,K)+A(29,K+1)*SIN(PHALP(K)-A(18,K+1))
4000 A(33,K)=A(33,K)-A(29,K)*SIN(PHALP(K)-A(18,K))
4010 A(33,K)=A(33,K)*A(30,K): RETURN

4020 °*

4030 ' Calculation of Kc and FOS

4040 '

4050 GOSUB 4540

4060 IF FLAG7=1 OR FLAGB=1 THEN 4090

4070 IF F<>) THEN 4160

4080 IF (Z22+A(32,NUM))=0 THEN ACC(1)=0:GOTO 4230

4090 ACC(1)=(Z3+A(33,NUM))/(Z2+A(32,NUM))

4100 |IF FLAGB=1 THEN 4190

4110 ACC=ACC(1):IF FLAG7 = 1 THEN 5290

4120 F=1+3.33%ACC(1l)

4130 IF F<=0 THEN F=.1

4140 |IF F>5 THEN F=5

4150 GOTO 3080

4160 ACC(2)=(Z3+A(33,NUM))/(22+A(32,NUM))

4170 Y=1/F:FS=1-ACC(1)%(1-Y)/(ACC(1)-ACC(2)):FOS=1/FS
4180 F=FOS: FLAG8=1: GOTO 3080

4190 FLAG8=0:FLAG4=0: FOR K=1 TO NUM:GOSUB 4810:NEXT K
4200 FOR K=I TO NUM:GOSUB 4840:NRXT K

4210 |IF FLAG15=1 AND M>=6 THEN 4220 ELSE 4230

438 Lokt STATUg ;g™ FLAGEG) FLAG15=00To 1550
4240 WSUB 5020: LOCATE 22,7:COLOR 15,0

4250 LOCATE 22,7:COLOR 15.0

4260 PRINT “Acceleration Kc =";

4270 LOCATE 22,27:PRINT USING "##. 888#",ACC;

4280 LOCATE 22,47:PRINT "Factor of safety = ”;

4290 LOCATE 22,66:PRINT USING "##.##";FOS;:COLOR 7.0
4300 IF FLAG4=0 AND ABS(ACC(2))>.1 THEN 4310 BLSE 4340
4310 LOCATE 23,7:COLOR 15

*wW side 1+1

" subner ged

'S
'R

‘o

* Ke

* FOS estimte

'recalculate X
‘new K
' FOS

' normali Stresses

4320 PRINT “Large extrapolation - plot of fos vs K suggested”;
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4330 LOCATE 23,59:PRINT "t O check fos”;:COLOR 7,0
4340 | F FLAGA=0 THEN 4410 ELSE LOCATE 23,7:COLOR 15.0

4350 PRINT "Negative effective normal stresses
4360 LOCATE 23,50:PRINT "sol ution unacceptable”
4370 COLOR 7.0

4380 °

4390 ’* Cootrol of screen displays

4410 STATU$="e":FLAG15=0:GOSUB 4610

4420 | F STATU$="e" THEN 4440

4430 FLAG6=1:STATU$="e":GOTO 1950

4440 IF FLAG1S=1 THEN 4450 ELSE 4460

4450 FLAG21=1:FLAG3=0:FLAG19=0:GOTO 2200

4460 IF FLAG22=1 AND K=7 THEN 4470 BLSE 4480
4470 FLAG23=1:FLAG3=0:FLAG22=0:GOTO 1960

4480 IF FLAG22=1 ANDK>=11 THEN 4490 ELSE 4500
4490 FLAG23=1:FLAG3=0: FLAG22=0:GOTO 2200

4500 FLAG6z0:FLAG3=0:J=1:K=1:M=1:GOTO 1960

4520 * Subroutipe for calculatioo of X
4530 °*

4540 Z1=1:Z2=0:23=0

4550 FOR K=NUM TO 2 STEP-1

4560 Z1=Z1#A(31,K):22=22+A(32,K-1)*Z1
4570 Z3=Z3+A(33,K-1)%Z)1:NEXT K:RETURN

4590 * Display of functioo key

E-N
(=2
o
o

-

4610 LOCATE 25 1:PRINT "1";

4620 WCATE 25,3:COLOR O,7:PRINT "print";
4530 COAR 7.0:LOCATE 25.10:PRINT "2";

4640 LOCATE 25,12:COLOR 0,7:PRINT "cal cul ate";
4650 COLOR 7,0: LOCATE 25,23:PRINT “3”;

4660 WCATK 25,25:COLOR 0,7:PRINT "fos VS K”;
4670 COMR 7,0: LOCATE 25,35:PRINT "4";

4680 LOCATE 25,37:COLOR 0,7:PRINT"drain";
4690 COLOR 7,0:LOCATE 25,44:PRINT "5";

4700 WCATE 25,46:COLOR 0,7:PRINT "fil e";
4710 COLOR 7,0:LOCATE 25,52: PRINT “6”;

4720 LOCATR.OA SALCOLOR P, 7-PRINT "restart”;
4730 COLOR 7,0:LOCATE 25,63:PRINT "7";

4740 LOCATE 25,65:COLOR 0,7:PRINT "quit";
4750 COLOR 7,0: LOCATE 25,70:PRINT “8”;

4760 LOCATE25,72:COLOR 0,7:PRINT "view';
4770 COLOR7,0:RETURN

4780 *

' next page
' previous page

' previous page

4790 * Subroutipe for calculation of effective normml stresses

4800 °

4810 A(34,K+1)=A(33,K)+A(34,K)*A(31,K)~ACC(]1)*A(32,K)
4820 A(35,K)=(A(34,K)-A(23,K))*A(27,K)+A(26,K)3A(17,K)
RETURN

4830

4840 A(36,K)=A(21,K)+TV(K)+A(35,K+1)3COS(A(18,K+1})

4850 A(36,K)=A(36,K)-A(35,K)*C0OS(A(18,K))
4860 A(36,K)=A(36,K)-A(34,K+1)sSIN(A(18,K+1))

'KBi+l
* Xi
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4870 A(36,K)=A(36,K)+A(34,K)*SIN(A(18,K))
4880 A(36,K)=A(36,K)+A(22,K)*A(25,K)*SIN(A(20,K))
4890 A(36,K)=A(36,K)-A(24,K)*A(19,K)*TAN(A(20,K))

4900 A(36,K)=A(36,K)3%COS(PB(K))/COS(PHALP(K)) ' NI
4910 A(37,K)=(A(36,K)-A(22,K))*A(25,K)

4920 A(37,K)=A(37,K)+A(24,K)*A(19,K)/COS(A(20,K)) ' TSi
4930 A(38,K)=(A(36,K)-A(22,K))*COS(A(20,K))/A(19,K) ‘sigma b

4940 | F A(17,K)=0 THEN A(39,K)=0:GOTO 4970

4950 | F K=1 THENA(39,K)=0:GOTO 4970

4960 A(39,K)=(A(34,K)-A(23,K))/A(17,K) ‘sigms S
4970 | F A(38,K)<0 OR A(39,K)<0 THEN FLAG4=1

4980 RETURN

4990 °

5000 * Suwbroutipne for display of normal stresses

5010

5020 LOCATE 19,1:PRINT "base stresses"

5030 LOCATE 20,1:PRINT "side stresses"”

5040 MEND=M+5:1F MENDKN THEN 5050 ELSEMEND=N

5050 J=38:FOR K=MTO MEND-1:X=23+(10%(K-M)):Y=19

5060 LOCATEY,X:PRINT US| NG "####82.88";A(J,K):NEXT K
5070 J=39:FOR K=M TO MEND:X=18+(10%(K-M)):Y=20

5080 LOCATE Y,X:PRINT USING "#####.2#":A(J,K):NEXT K
5090 RETURN

5100

5110 * Calculation of acceleratioo | for differeat safety factors
5120

5130 CLS:L=1:GOSUB 1300

5140 LOCATE3,13:PRINT "pl ot of factor ofsafety versus accel eration K"
5150 LOCATE 5,19:PRINT “f.o.s";

5160 LOCATE 5,32:PRINT "acc.K";

5170 LOCATES,44:PRINT "1/f.o.s":PRINT

5180 LOCATE 25,2:PRINT "to terminate cal cul ation press *;
5190 COLOR 0,7:PRINT "ENTER"; :COLOR 7,0

5200 PRINT "™ in responset O pronpt fora newval ue";
5210 Y=7:X=18

5220 LOCATE Y,X:COLOR O,7:PRINT " ",:COLOR 7,0
5230 LOCATE Y,X:INPUT " ",F$

5240 | F LEN(F$)=0 THEN 5350

5250 | F F$="0" THEN F$=".01"

5260 F=VAL(F$):FL(L)=F

5270 LOCATEY,X:PRINT USING "##.#8£#" ,FL(L)

5280 FLAG7 = 1:G0oTO 3080

5290 ACL(L)=ACC(1):L=L+]

5300 | F FLAG30=1 THEN 5510

5310 LOCATE Y,31:PRINT USING "##.#88#";ACC(1)

5320 LOCATEY,42:PRINT US| NG "###. s#82";1/F

5330 Y=Y+1:IF Y=24 THEN Y=7

5340 FLAG/ = 0:GOTO 5220

5350 FIN=L: LOCATE Y, X:PRINT " "

5360 LOCATE 25,2:PRINT STRING$(78," ");

5370 LOCATE 25,3:PRINT "Fl1";:LOCATE 25,6:COLOR 0,7

5380 PRINT "print fosvs K";:COLOR 7.0

5390 LOCATE 25,22:PRINT "F2";:LOCATE 25,25:COLOR 0.7
5400 PRINT “return t0 display of slice data™;:COLOR 7.0



5410 LOCATE 25,59:PRINT "F3";:LOCATE 25,62:COLOR 0.7
5420 PRINT “"restart”;:COLOR 7.0

5430
5440
5450

5490

LOCATE 25,71:PRINT "F4"; : LOCATE 25,74:COLOR 0,7
PRINT “quit”™; : COLOR 7,0: FLAG16=0

Q$=INKEY$: IF Q$=" " THEN 5450

IF Q$ = “a” THEN GOSUB 5550:GOTO 5450

IF Q$ = “b” THEN 5500

IF Q¢ = "c” THEN 390

IF Q¢ = “d” THEN 6980 ELSE 5450

n g

5500 F= 1: FLAG30= 1: GOTO 5280

5510 FLAG30=0: FLAG7=0:STATU$="e": FLAG6=1: F=1:M=1:GOTO 1950
5520 °*

5530 * Subroutine for printing fos vs X

5540 °*

5550 LPRINT: LPRINT: LPRINT: LPRINT

5560 LPRINT TAB( 13) “Analysis no. "; :LPRINT TITLES

5570
5580

LPRINT TAB(13) “Plot of factor of safety”;
LPRINT TAB(38) "versus acceleration K”

5590 LPRINT:LPRINT TAB(19) "f.o.s";

5600

LPRINT TAB(32) "acc. K”;

5610 LPRINT TAB(44) "1/fos™: LPRINT

5620 FOR L= 1 TO FIN-1

5630 LPRINT TAB(18) USING "##.####" FL(L);

5640 LPRINT TAB(31) USING "##.8##8", ACL(L);

5650 LPRINT TAB(43) USING "##.###2";1/FL(L):NEXT L
5660 LPRINT: LPRINT: LPRIRT: LPRINT

5670
5680
5690
5700
5710
5720
5730
5740
5750
5760
5770
5780
5790
5800
5810
5820
5830
5840
5850
5860
5870
5880
5890
5900
5910
5920
5930
5940

RETURN

' Subroutive for printing array ad results

PREVJ=J: PREVK=K: PREVM=M: FLAG14=0

LPRINT: LPRINT: LPRINT: LPRINT: LPRINT: LPRINT

LPRINT TAB(23) "SARMA NON-VERTICAL SLICE ANALYSIS": LPRINT
LPRINT “Analysis no. ";: LPRINT TAB(14) TITLES
LPRINT:LPRINT “Unit weight of water =";

LPRINT TAB(23) WATER: XI-I: X2=N

IF X2>6 THEN X2=X1+5

TI1-20: LPRINT: LPRINT “Side numsber™;

FOR X=X1 TO X2: LPRINT TAB(T1); : LPRINT USING "##"; X;
T1=T1+10:NEXT X:X3=X2

IF X2=N THEN LPRINT

T1=16: LPRINT “Coordinate xt";:J=1:GOSUB 6220

T1=16: LPRINT “Coordinate yt";:J=2:GOSUB 6220
T1=16:LPRINT “Coordinate xw";:J=3:GOSUB 6220

T1=16: LPRINT “Coordinate yw"; : J=4:GOSUB 6220

T1=16: LPRINT “Coordinate xb";:J=5:GOSUB 6220

T1=16: LPRINT “Coordinate yb”; : J=6:GOSUB 6220

T1z16: LPRINT “Friction angle”; : J=7:GOSUB 6220
T1=16: LPRINT “Cohesion”; : J=8:GOSUB 6220

T1=25: LPRINT: LPRINT “Slice number";

IF X2=N TREN X3=N-1 ELSE X3=X2

FOR X=X1 TO X3:LPRINT TAB(Tl);:LPRINT USING "##";X;
T1=T1+10:NEXT X

IF X2=N THEN LPRINT
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5950 T1=21:LPRINT “RockUNit weight";:J=10:608UB 6220

5960 T1=21:LPRINT"Fricti onangle";:J=11:G0osuB6220

5970 T1=21:LPRINT "Cohesion";:J=12:GOSUB 6220

5960 T1=2):LPRINT"ForceT";:J=15:G0SUB 6220

5990 T1=21:LPRINT" Angl etheta™; :J=16:G0SUB 6220: LPRI NT
6000 LPRINT "Effective normal Stresses "

6010 T1=21:LPRINT "Base™;:J=38:G0SUB 6220

6020 T1=16:LPRINT"Si de"; :J=39:GosuB 6220, LPRI RT: LPRI NT
6030 | F X2=N THEN 6100

6040 | F X2<NTHEN X1=X1+6:X2=N

6050 IF X2<X1+5 THEN 6060 ELSE X2=X145

6060 IFX1=13OR X1=27 THENG6080

6070 LPRINT: LPRINT:GOT05780

6080 LPRINT:LPRINT: LPRINT: LPRINT: LPRINT

6090 LPRINT: LPRINT: LPRINT: LPRINT:GOT05780

6100 LPRI NT TaB(7) "Accel eration Kc =";

6110 LPRINT TAB(27);:LPRINT USING "##.2##3";ACC;

6120 LPRI NT TAB(47) “Factorof Safety = =;

6130 LPRI NT TAB(66); : LPRINT USING "##.##"; FOS

6140 | F FLAG4=0 THEN 6170

6150 LPRI NT TAB(7) “Negativtef f ective normal stresses™;
6160 LPRINT TAB(45) ™- sol ut i onunacceptable”:GOTO6200
6170 | F FLAG4=0 AND ABS(ACC(2))<.1 THEN 6200

6180 LPRINT TaB(7) "Large extrapol ation - plot of fos™;
6190 LPRI NT TAB(44) "vs K suggested to check fos™

6200 J=PREVJ~1:K=PREVK:M=PREVM

6210 LPRINT: LPRINT: LPRINT: RETURN

6220 FORK=X1 TO X3:LPRINT TAB(Tl);:G0sUB 6240

6230 T1=T1+10:NEXT K: LPRINT: RETURN

6240 IF A(J,K)=0 THEN 6260

62501 F ABS(A(J,K))>99999! OR ABS(A(J,K))<8.999999E-03 THEN 6270
6260 LPRI NT USING "###8#. 88" ;A(J,K); : RETURN

6270 LPRINT US| NG "##.##~~~~";A(J,K); : RETURN

6260 °*

6290 * Storage ofdata an disk file

6300 °*

6310 CLS: LOCATE 8, 1: PRINT STRING$(80,45)

6320 PRINT: PRINT “sarma data files on disk ";

6330 PRINT:FILES "A:SARMA%.DAT": PRINT: PRINT STRINGS(80,45) : PRINT
63401 NPUT “Enterfilename (W t hout extension): ",FILE$
6350 OPEN "A:"+FILE$+".DAT" FOR OUTPUT AS #2

6360 PRINT#2,TITLRBS:PRINT#2,N:WRITE#2,WATER

6370 WRITE#2, FLAG2: WRITE#2, FLAG3:WRITE#2, FLAG4

6380 FOR k=1 TO N: FOR J=1 TO 39:WRITE#2,A(J,K):NEXT J:NEXT K
6390 WRITE#2,ACC:WRITE#2,ACC(2):WRITE#2, FOS:CLOSE#2

gzl(l)g FLAGS=1:STATU$="e": F=1:M=1:FLAG17=0:G0T01950

6420 ' Graphical display of geawetry

6430 °*

6440 SCREEN 1,1:COLOR 8,1:XA=0: XB=0: YA=0: YB=0

6450 JMIN=1:JMAX=5:DJ=2: KMIN=1:KMAX=N

6460 DK=N-1:GOSUB 6830: XMIN=MIN ‘min X
6470 JMIN=1:JMAX=5:DJ=2: KMIN=1:KMAX=N

6480 DK=N-1:GOSUB 6910: XMAX=MAX ‘max x
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6490 JMIN=2:JMAX=6:DJ=2: KMIN=1: KMAX=N

6500 PK=1:GOSUB 6830: YMIN=MIN

6510 JMIN=2:IJMAX=6:DJ=2:KMIN=1:KMAX=N

6520 DK=1:GOSUB 6910: YMAX=MAX

6530 XSC=270/(XMAX-XMIN):YSC=160/( YMAX-YMIN)
6540 | F xsc<YsC TREN 6560

6550 SC=YSC:GOTO 6570

6560 sc=xsc

6570 LNY=199

6580 XADJ=(319/SC~(XMAX-XMIN))/2

6590 YADJ=(199/SC~( YMAX-YMIN))/2

6600 XMIN=XMIN-XADJ: YMIN=YMIN-YADJ

6610 FOR k=1 TO N-|

6620 XA=(A(1,K)-XMIN)#*SC:YA=LNY-(A(2,K)-YMIN)%SC
6630 XB=(A(1l,K+1)-XMIN)*SC: YB=LNY-(A(2,K+1)~-YMIN)*SC
6640 LI NE (XA,YA)~(XB,YB),3

6650 XA=(A(5,K)-XMIN)%SC:YA=LNY-(A(6,K)-YMIN)&SC
6660 XB=(A(5,K+1)~XMIN)*SC: YB=LNY-(A(6,K+1)-YMIN)3SC
6670 LI NE (XA,YA)-(XB,YB),3

6680 XA=(A(),K)~XMIN)*SC:YA=LNY-(A(2,K)-YMIN)*SC
6690 XB=(A(5,K)-XMIN)%SC: YB=LNY-(A(6,K)-YMIN)*SC
6700 LI NE (XA,YA)-(XB,YB).3

6710 XA=(A(3,K)-XMIN)*SC: YA=LNY-(A(4,K)-YMIN)sSC
6720 XB=(A(3,K+1)-XMIN)*SC: YB=LNY-(A(4,K+1)~-YMIN)%SC
6730 LINE (XA,YA)-(XB,YB),1

6740 NEXT K

6750 XA=(A(1,N)-XMIN)%SC:YA=LNY-(A(2,N)-YMIN)*SC
6760 XB=(A(5,N)-XMIN)*SC:YB=LNY-(A(6,N)-YMIN) *SC
6770 LI NE (XA,YA)-(XB,YB),3

6780 LOCATE25,9:PRINT "press any key to return”
6790 | F LEN(INKEY$)=0 THEN 6790

6800 FLAG27=0:SCREEN 0,0,0:WIDTH 80

6810 STATU$="e": FLAG6=1:F=1:M=1:GOTO 1950
6920 '

6830 ' Subroutine to find MIN in range
6840 '

6850 MIN=A(JMIN,KMIN)

6860 POR J=JMIN TO JMAX STEP DJ
6870 FOR K=KMIN TO KMAX STEP DK
6880 | F MIN>A(J,K) THEN MIN=A(J,K)
6890 NBXT K:NEXT J:RETURN

6900 °*

6910 * Swbroutipe to find MAX i n range
6920 *

6930 MAX=A(JMIN,KMIN)

6940 FOR J=JMIN TO JMAX STEP DJ
6950 FOR K=KMIN TO KMAX STEP DK
6960 | F MAX<A(J,K) THEN MAX=A(J,K)
6970 NEXT K:NEXT J:RETURN

6980 CLS:END

‘min y

"max y

"scale factor

* center plot

' top surface

* failure surface

*slice sides

"water surface

‘nth slice side

'reset screen
' return
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LIST OF PRACT |QUMS

Stereo plots of structural geology data

Stability evaluation related to structural
geology

Analysis of direct shear strength test
resul ts

Analysis of point load tort results

Influence of geology and weather conditions
on groundwater levels

Calculation of permeability from fatting
head test resu Its

Plane tailure - analysis and stabilization
Wedge failure analysis

Clrcular failure analysis

Toppling failure analysis

Blast design

Design of controlled blasting pattern
Control of damage from blast vibrations

Plotting and interpretation of movement
monitoring results

2

14

16

16

19
20
25
26
29
31
52
33

54



Given:

Required:

(a)

(b)

(c)

(d)

(e)

(f)
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PRACTICWM |

Stereo plots of structural geology data

A structural geology mapping program for a proposed highway pro-
duced the following results for the orientation of the fractures
(format-diD/dio direction).

40/080
45/090 )
20/ 160 , O
80/3 10 @, : . -
83/312 A

82/305 v

23/175 S //

43/078 —€E—<+§ p
37/083 . N
20/ 150 W -
21/151
39/074 -
70/300
75/305
15/180
80/010
317081

e
T
=

s >

NIONWAY

Plot the orientation of each fracture as a pole on a stereo-net
using the equal area net and tracing paper provided.

Estimate and plot the position of the mean pole of each set of
fractures.

Determine the maximum concentration of each set of poles using the
Denness type B cell counting net.

Determine the angle between the mean poles with the steepest and
shal lowest dips.

Draw great circles of the three mean poles on a separate piece of
tracing paper.

Determine the dip and trend of the | ine of intersection between
the joint sets with the steepest and intermediate dip angles.



manual,

(a)

(b)

(c)

(d)

(e)

(f)
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PRACTICUM | - SOLUTION
Stereo plots of structural geology data

Methods of plotting stereo plots are described in Chapter 3 of the

The poles of the 17 planes are plotted on Figure I-l which shows
that there are three sets of fractures.

The mean pole of each of the three fracture sets Is as follows:

Set 1 - 78/305
set 2 - 40/081
set 3 - 20/163

There is one pole (80/010) that does not belong to any of the
three fracture sets.

The maximum concentration of each set of poles Is found using
Figure 3.6 in the manual.

set | = 4 poles out of 17 poles = 24%
set 2 - 5 poles out of 17 poles = 29%
Set 3 - 4 poles out of 17 poles = 24%

A computer plot of this data is shown in Figures i-2a, b, c.

The angles between the mean poles of joint sets | and 3 is deter-
mined by rotating the stereo-net until both mean poles | ie on the
same great circle. The number of divisions on this great circle is
94 degrees as shown by the dotted | ine on Figure I-l.

The great circles of the three mean poles are plotted on Figure
1-3.

The dip and trend of the line of intersection of joint sets 1 and
2 is also shown on Figure I-3. The values are as follows:

Dip, - 27
Dip direction, e = 029°



Practicum 1 - Solution

N Stereoplot

®

20/163

aMe]

270

4o/081

78/305

e Poles (17) |
OMeanpole of set

Figure 1.1: Plot of poles of structural mapping data.
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0 MsBUSH 80215860 -- FENE WAL MIGMWAY -- GEOLOGY DATA,

TRAVERSE -- ALL ULATA

HISTOGHAMS OF THE POLE ANGLES

T | P IP L I IEE BN TRR T T T TR N RS ]
RANGE NUMHKER PERCENT CUMULATIVE CUMULATIVE
(CEGRLES) OF PULES OF TOVAL ~0, OF POLES PERCENT
0~ 10 ] 0.00 0 0.00
11« 20 3 17,68 3 17,85
21 « 30 e 11,76 L] 29.41
31 e au q 23,53 9 52,94
41 « 50 2 11,76 11 b1.71
S1 = 60 ] 0.00 11 64,71
bl « 70 1 5.88 12 70,59
71 « 80 3 17,45 15 es.24
81 « 90 2 11,76 17 100.00
DI PsD]IRELCTION A B B B )
RANGE NURBER PENCENT CumuLAaTIvVE CUMULATIVE
(DEGREES) OF POLES OF YOVAL ™D, OF POLES PERCENT
0 e 10 1 5,88 1 .08
11 0.00 1 5.08
21ae 30 ] 0.00 1 s,08
A} « a0 ) 0.00 1 5.88
Siee &0 ) 0.00 ! 5,88
0 0.00 1 5.08
b1 e 70 0 0.00 1 5,08
T 17.0% 4 23.53
8ise 90 3 17,65 7 41,18
91 « 100 0 0.00 7 0,18
191 = 110 ) 0.00 7 a1,18
111 = 129 g 0.00 7 0,18
121 » 130 g 0.00 7 81,18
131 = 149 ) 0,00 7 41,18
1 5,08 b 47,06
151 = 160 2 11.76 10 58,82
161 = 170 ) 0.00 10 58,82
171 = 180 2 11,76 12 70,58
1bl = 190 g 0.00 12 70,59
191 = 200 g 0.00 12 70,59
201 e 210 ] 0.00 12 70,59
211 = 220 g 0.00 12 70,59
221 = 230 g 9.00 12 70,59
23) o 280 ) 0.00 12 70,59
241 e« 250 0 0.00 12 70,59
251 = 200 ) 9.00 12 70,59
261 - 270 [} 0,00 12 70,59
271 = 280 ) 0,00 12 70,59
281 « 290 g 9.00 12 70.54
1 5,48 13 To,.47
391 « 310 3 17,85 Ib 94,12
311 « 320 1 5,88 17 100,00
321 « 330 0 0.00 17 100,00
331 « 3a0 [ 0.00 17 100.00
34t = 350 [ 0.00 17 100.00
351 = 380 [ 0.00 17 100.00
Practicum | - Solution

Stcreoplots

Figure I.2a




eonSTEREDsoe 80215860 == FEDERAL NIGHmAY <= GLOLOGY DAYTA,
THAVERSE == ALL DLATS
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N
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X . .
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Practicum | - Solution

Stereoplots

Figure I.2b
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20nSTEREORae
TRAVERSE =« ALL DATA

17 GRIGINAL

80215800 ==~ FEDERAL HICHWAY we GLULOGY DATA,

POLES

sos8BBeY

1

X
ee
X,
]
X
X XTI T 11T TN
PIITIITY 2N
[ E XX N
» X
x
PEYY 1T I 1YY N
X cs®tPte
(X X ]
3
X
DENSITY AT
CONTOUR PR LT T PO
LEVELS sttt boe,
(PERCENT)
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CQUAL AREA PROJECTION

Practicum | - Solution

Stereoplots

Figure I.2c¢c
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Practicum 1-Solution

Stereoplots

270

L ;=029 180

Figure 1.3: Great circles of mean poles. .
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TABLE 2 (Continued)

ROCK MASS CLASSES OETERMINED FROM TUNNELLING
QUALITY INDEX {Q)

Description

Less than .01 Exceptionally Poor
0.01 to 0.1 Extremely Poor
0.1to1 Very Poor

l1to4 Poor

4 to 10 Fair

10 to 40 Good

40 to 100 Very Good

100 to 400 Extremely Good
More than 400 Exceptionally Good

VYU.S.GOVERNMENT PRINTING OFFICE11989=717=-180/10641
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TABLE 2 (Continued)

NGI CLASSIFICATION SYSTEM

cl Squeezing rock, plastic flow of incompetent
rock under the influence of high rock pressure.

SRF
Mild squeezing rock pressure 5-10
Heavy squeezing rock pressure 10-20
d) Swelling rock, chemical swelling activity
dependIing on presence of water
Mild swelling rock pressure 5-10
Heavy swelling rock pressure 10-20

ADDITIONAL NOTES ON THE USE OF THESE TABLES

When making estimates of the rock mass quality (Q) the following guidelines
should be followed, in addition to the notes listed in the tables:

1.

When borehole core is unavailable, RQD can be estimated from the number of
joints per unit volune. in which the number of joints per metre for each
Joint set are added. A simple relation can be used to convert this number
to RQD for the case of clay free rock masses:
RQD = 115 - 3.3Jy (approx.)
where Jy = total number of joints per m
(RQD = Y00 for Jy < 4.5)

The parameter Jn representing the number of joint sets will often be af-
fected by foliation, schistosity, slaty cleavage or bedding etc. If strongly
developed, these parallel "joints" should obviously be counted as a complete
joint set. However, if there are few "joints" visible, or only occasional
breaks in the core due to these features, then it will be more appropriate
to count them as "random joints" when evaluating Jn.

The parameters Jp and Ja (representing shear strength) should be

relevent to the weakest significant joimt set or clay filled discontinuity
in the given zone. However, if the joint set or discontinuity with the
minimum value of (Jp/da) is favourably oriented for stability, then

a second, less favourably oriented joint set or discontinuity may sometimes
be more significant, and its higher value of Jp/da should be used

when evaluating Q. The value of Jp/Jg should in fact relate to the

surface most likely to allow failure to initiate.

When a rock mass contains clay, the factor SRF appropriate to loosening
Toads should be evaluated. In such cases, the strength of the intact rock is
of 11ttle interest. However, when jointing is minimal and clay is completely
absent the strength of the intact rock may become the weakest 1ink, and the
stability will then depend on the rock-stress/rock-strength. A strongly ani-
sotropic stress field is unfavourable for stability and is roughly accounted
for as In note 2 in the table for stress reduction factor evaluation.

The compressive and tensile strengths (O and 07 ) of the intact rock should
be evaluated in the saturated condition If this is appropriate to presentor
future In situ conditions. A very conservative estimate of strength should
be made for those rocks that deteriorate when exposed to moist or saturated
conditions.
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TABLE 2 (Continued)
NGI CLASSIFICATION SYSTEM

JOINT WATER REDUCTION FACTOR dw approx. water
pressure (Kgf/cm)

Dry excavations or minor inflow,

i.e. < 51it/min, locally. 1.0 < 1.0

Mediuwm inflow or pressure, occa-

sional outwash of joint fillings 7.66 1.0 - 2.5

Large inflow or high pressure in
competent rock with unfilled

joints g.5 2.5 -10.0
Large inflow or high pressure,

considerable outwash of fillings g.33 2.5 -10.0
Exceptionally high inflow or pres-

sure at blasting. decaying with

time. g.2 -0.1 > 10

Exceptionally high inflow or pres-
sure continuing without decay 0.1 - 0.05 >10
STRESS REDUCTION FACTOR

al Weakness zones are intersecting excavation, which may
cause loosening of rock mass when tunnel is excavated.

SRF
Multiple occurrences of weakness tones containing
clay or chemically disintegrated rock, very loose
surrounding rock (any depth) 10.0
Single weakness zones containing clay, or chemically
disintegrated rock (excavation depth < 50 m) 5.0
Single weakness zones containing clay, or chemically
disintegrated rock (excavation depth > 5@ ml 2.5
Multiple shear zones in competent rockiclay free),
loose surrounding rock (any depth) 7.5
Single shear zones in competent rock (clay free),
(depth of excavation < 50 m} 5.0
Single shear zmsIn competent rock (clay free),
(depth of excavation > 5@ ml 2.5
Loose open joints, heavily jointed or 'sugar cube'
(any depth) 5.0
b. Competent rock, rock stress problems

SRF
Low stress, near surface >200 >13 2.5

Medium stress 200-10 13-0.66 1.0
High stress, very tight structure
(usually favourable to stability,
may be unfavourable for wall

stability 10-5 0.66-0.33 §.5-2
5-2.5 0.33-0.16 5-10

<2.5 <0.16 16-20

Mild rock burst (massive rock)

Heavy rock burst (massive rock)

1. Factors C to F are crude

estimates. Increase
Jyw If drainage mea-
sures are installed.

2. Special problems caused

by ice formation are not
considered.

1. Reduce these values of SRF

by 25 - 50% If the relevent
shear zones only influence,
but do not intersect the
excavation.

. For strongly anisotropic

virgin stress field (if
measured): when 5= 07 /O3
=< 10, reduce Gz to 0.8¢¢
and 0y to 0.80, . When
;105 > 10. reduce gz and
o, to 0.6¢0z and 0.6 ,
where Oz = unconfined com-
pressive strength, and &p =
tensile strength (point
load) and g; and Oz are
the major and minor princi-
pal stresses.

3. Few case records available

where depth of crown below
surface is less than span
width. Suggest SRF Increase
from 2.5 to 5 for such
cases (see H).
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TABLE 2 (Continued)

NGI CLASSIFICATION SYSTEM

JOINT ALTERATION NUMBER
a. Rock wall contact.

Tightly healed, hard, mnon-
softening, impermeable filling

Unaltered joint walls, surface
staining only

STightly altered jolnt walls non-
softening mineral coatings, sandy
particles, clay-free dlsintegrated
rock, etc.

Silty-, or sandy-clay coatings,
small c]a{-fraction {non-
softening

Softening or low friction clay
mineral coatings, I.e. Kaollnlte,
mica. Also chlorite, talc, gypsum
and graphite, etc., and small
?uant1t1cs of swelling clays.
Discontinuous coatings, 1-2 mm
or Tess in thickness.)

b} Rock wall contact before
10 cms shear.

Sandy particles, clay-free
d1sIntegrated rock, etc.

Strongly over-consolidated, non=-
softening clay mineral f1111ngs
(continuous. < 5 mm thick).

Medium or low over-consolidation
softening, clay mineral fillings
(continuous. < 5 mm thick).

Swelling clay f1111ngs, 1.e. mont-
morillonite (continuous, <5 mm
thick). Values of Ja depend on
percent of swelling clay-size par-
ticles, and access to water.

¢) No rock wall contact
when sheared.

Zones or bands of disinte gated
or crushed rock and clay {see 6,
H and J for clay conditions).

Zones or bands of silty- or
sandy-clay, small clay fraction,
(non-softening).

Thick, continuous zones or
bands of clay (see G, H, and

. J for clay conditions).

Ja

0.75

1.0

2.0

3.0

4.0

4.0

6.0

8.0

8.0 -

@r(approx.)

(25° - 35°)

(25° - 30°)

(20° - 25°)

(8 - 16*)

(25° - 30°)

(16° - 24°)

(12° - 16°)

2.0 (6 -12°)

8.0 - 12.0 ( 6° - 24°*)

13.0 - 20.0 ( 6° - 24°)

1.Values of Or, the
residual friction angle,
are intended as an appro-
ximate guide to the min-
eralogical properties of
the alteration products,
If present.
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TABLE 2

NGI CLASSIFICATION

SYSTEM

Description

ROCK QUALITY DESIGNATION
Very Poor

Poor

Fair

Good

Excellent

JOINT SET NUMBER

Massive, no or few joints

One joint set

One joint set plus random

Two joint sets

Two joint sets plus random
Three joint sets

Three joint sets plus random

Value
RQD
0-25
50
75
90

25 -
50 -
75 -

90 - 100

Jn
0.5 - 1.0

9

12

Four or more joint sets, random,

heavily jointed'sugar cube', etc.

Crushed rock, earthlike

JOINT ROUGHNESS NUMBER
a) Rock wall contact and
b) Rock wall contact before
10 cms shear.
Discontinuous joints
Rough or irregular, undulating
Smooth, undulating
Slickensided. undulating
Rough or irregular, planar
Smooth, planar
STlickensided, planar

¢) No rock wall
when sheared.

contact

Zone containing clay minerals
thick enough to prevent rock
wall contact.

Sandy, gravelly or crushed zon
thick enough to prevent rock
wall contact

15
20

Jr

1.5
1.5
1.0
0.5

1.0
e

1.0

Notes

1. Where RQD is reported or measured as
<10 (including 0), a nominal value
of 10 is used to evaluate Q.

2. RQD intervals of 5, i.e. 100, 95, 90,

etc., are sufficiently accurate.

1. For intersections use 13.9 x Jp)

2. For portals use (2.0 x Jp)

1. Add 1.8 if the mean spacing of the
relevant joint set is greater than
3 m.

2. Jdr = 3.5 can be used for planar,
slickensided joints having lineations
provided the Tineations are orientat-
ed for minimum strength.
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A. CLASSIFICATION PARAMETERS AND THER RATINGS

CSIR GEOMECHANICS CLASSIFICATION OF JOINTED ROCK MASSES

PARAMETER RANGES OF VALUES
For this low ro
n Point lood - - - I’ ; "?'
3";301 a*r noex )8 WMPo 4-8 MR 2-4 MPo 1-2 MPo 'M.‘:‘m::nd
{ | intoct rock Unioxiol 0-25! 3-10 | 1-3
motericl wﬁ:‘ ) 200 MPo 100 - 200 MPa 50 - 100 MPo 25 - 50 MPo MPo | MPo | MPo
Rating -] 12 7 4 2 ! [¢)
2 Oril core quality RQD 90% - I00% 75% -90% S0%-T5% 25%-50% (25%
Rating 20 (14 13 [} 3
s Spocing of jarts Nm 1-3m 0.3-1m 50 - 300 mm <S0Omm
Roting 30 25 .o} 10 S
ichenmded surfoces
Vor':;ough um:as Sightly rough surfaces [Sikghtty rough <5 men thick Foﬂw oouge > Smm thek
Condition of joims uou Seporotion < mm Seporation (1 mm gzm
4 No separation | ord soue woll rock | Soft e woll Jonts open |- Sme | JO/NS open ) Smm
Hord joint wall rock e woll roc pet rock Cnmnmu s jorts Continuous joints
Roting 25 20 1”2 3 0
'""07 rr';ql?hm None (25 litres/min 25-125 htres /min Y128 litres/mn
Ground ressere. o o R
5 | water Ratio o picow o] 00-02 Q2-05 0.8
4 o* * Mois! only 8:1 or
1 c oist onl o under moderate Severe
General rons Ietely dry (inferstitio! woter) pressure wier  protiems
Rating 0 7 4 0
B. RATING ADJUSTMENT FOR JOINT ORIENTATIONS
0'3::‘;:"“0:0“‘:'“ Very favourabie Fovourabie Fair Unfovourable Very unfovourable
Tunnels 0 -2 -5 -10 =12
Rotings Foundations 0 -2 -7 -15 - 25
Siopes 0 -5 -25 -50 -60
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Roting 00— 8 80—61 60— 4| 40—2! <20
Closs No | " m \% v
Descriphion Very good rock Good rock Foir rock Poor  rock Very poor rock
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the orientations of many types of excavation can be, and
normally are, adjusted to avoid the maximum effect of un-
favorably oriented major joints. However, this choice is
not available in the case of tunnels, and more than half
the case records were in this category. The parameters Jn,
Jr and Ja appear to play a more important general role than
orientation, because the number of joint sets determines
the degree of freedom for block movement (if any), and the
frictional and dilational characteristics can vary more
than the down-dip gravitational component of unfavorably
oriented joints. If joint orientation had been | nc | uded,
the classification would have been less general, and its
essential simplicity lost",

The general relationship of qualitative rock classes to the
value of Q are presented on Table 2.
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several times this size and the smallest fragments less

than half the size. (Clay particles are of course ex-
cluded.)

The second quotient (Jr/Ja) represents the roughness and
frictional characteristics of the joint walls or f i I | ing
materials. This quotient is weighted in favor of rough,
unaltered joints in direct contact. It is to be expected
that such surfaces wi | | be close to peak strength, and that
they will therefore be especially favorable to tunnel sta-
bi | ity. When rock joints have thin clay mineral coatings
and fillings, the strength is reduced significantly. Never-
theless, rock wall contact after small shear displacements
have occurred may be a very important factor for preserving
the excavation from ultimate failure. Where no rock wal |
contact exists, the conditions are extremely unfavorable to
tunnel stability. The “friction angles" given in Table 2

are slightly below the residual strength values for most
clays, and are possibly downgraded by the fact that these
clay bands or fillings may tend to consolidate during
shear, at least if normally consolidated or if softening
and swelling has occurred. The swel | ing pressure of mont-
morillonite may also be a factor here.

The third quotient (Jw/SRF)} consists of two stress para-
meters. SRF Is a measure of:

(1) loosening load in the case of an excavation through
shear zones and clay bearing rock,

(2) rock stress in competent rock, and
(3) squeezing loads in plastic incompetent rocks.

It can be regarded as a total stress parameter. The para-
meter Jw is a measure of water pressure, which has an ad-
verse effect on the shear strength of joints due to a re-
duction in effective normal stress. Water may, in addition,
cause softening and possible outwash in the case of clay-
filled joints. It has proved impossible to combine these
two parameters in terms of interblock effective normal
stress, because paradoxically a high value of effective
normal stress may sometimes signify less stable conditions
than a low value, despite the higher shear strength. The
quotient (Jw/SRF) is a complicated empirical factor des-
cri bing the "active stresses”.

It appears that the rock tunnel | ing qual ity Q can now be
considered as a function of only three parameters which are
crude measures of:

(1) block size (RQD/Jn)
(2) interblock shear strength (Jr/Ja)}
(3) active stress (Jw/SRF)

Undoubtedly, there are several other parameters which could
be added to improve the accuracy of the classification sys-
tem. One of these would be joint orientation. Although
many case records include the necessary information on
structural orientation in relation to excavation axis, it
was not found to be the important general parameter that
might be expected. Part of the reason for this may be that




A9-1

Append ix 9 Rock mass classif ication systems

Introduction

Rock mass classification systems have been developed in order
to relate the performance of excavations made in different rock
masses. These empirical systems quantify those factors which
affect the performance of rock which are then combined to pro-
duce a rating number. The relationship between this rating
nunber and the strength of the rock mass is given in Table IV
on page 5.26.

The two most widely used classification systems are those de-
veloped by the Council for Scientific and Industrial Research
(CSIR) in South Africa and the Norwegian Geotechnical Institute
(NG!). These systems are described on the following pages:

CSIR Classification

The CSIR Geomechanics Classification for jointed rock masses,
by Bieniawski, considers the strength of the intact rock, RQD,
joint condition, and groundwater conditions. It recognizes
that each parameter does not necessari ly contribute equa | ly to
the behavior of the rock mass. Bieniawski therefore applied a
series of importance ratings to his parameters. A number of
points or a rating is allocated to each range of values for
each parameter and an overal |l rating for the rock mass is ar-
rived at by adding the ratings for each of the parameters.
Table 1 presents the CSIR system including the rating adjust-
ment for joint orientation (Part B) and qualitative descrip-
tions for each rock class (Part C).

In applying data to the CSIR system, the following parameter
classifications are used:

Intact rock strength
Joint spacing
Effect of joint orientations

NGI Classification

Barton, Lien and Lunde of the Norwegian Geotechnical Institute
(NG!) proposed an index (Q) for the determination of the tun-
nelling quality of a rock mass from an evaluation of a large
nunber of case histories. The numerical value of this index Q
is defined by:

Q = R0 x Jr x Jw
Jn Ja SRF

and the definition of these parameters is presented in Table 2.

In explaining how they arrived at the equation used to deter-
mine the index Q, Barton, Lien and Lunde offer the following
comments:

"The first quotient (RQD/Jn), representing the structure of
the rock mass, is a crude measure of the block or part it le
size, with the two extreme values (100/0.5 and 10/20) dif-
fering by a factor of 400. |If the quotient is interpreted
in units of centimeters, the extreme “particle sizes" of
200 to 0.5 cm are seen to be crude but fairly realistic
approximations. Probably the largest blocks should be
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Figure XI¥.1:
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PRACTICUM XIV
Plotting and interpreting movement monitoring results

In order to obtain a warning of failure of a potentially unstable
slope, a surface movement monitoring system has been set up using EDM
equipment. The distances between the base station and the fastest moving
prism measured at monthly intervals with this equipment on the slope are as
fol lows:

Month Distance
822.83

2 822.51
3 821.52
4 820.54
5 819.92
6 818.82
7 818.24
8 814.63
9 814.30
10 813.65
" 812.34
12 810.37
13 796.59

Required:

Plot the slope movement against time to determine the months in which ac-
celeration occurs and the onset of slope failure.

PRACTICUM XIV - SOLUTION
Plotting and interpreting movement monitoring results

The data for the cumulative slope movement against time is as

fol lows:
Month Distance
1 0
2 0.32
3 1.31
4 2.29
5 2.91
6 4.01
7 4.59
8 8.20
9 8.53
10 9.18
1" 10.49
12 12.46
13 26.24
A plot of this data is shown on Figure XIV-lI. This plot shows

that acceleration occurs in months 8 and 12 and that the onset of fai lure
occurs in month 13.




Given:

Required:

(a)

(b)
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PRACTICUM Xill
Blast damage control

A rock slope for a highway is to be excavated by blasting. An un-
| ined railroad tunnel runs parallel to and 150 ft. from the center
of the rock to be blasted and it is imperative that there be no
damage to the tunnel. At one end of the tunnel there is some sen-
sitive electrical switching equipment that must also be protected
from blast vibration damage.

Determine the maximum allowable charge weigh? per delay to assure
that the blast vibrations are below the damage threshold values
for the tunnel and the electrical equipment.

If the blast hole diameter is 51 mm (2 inches), would it be nec-
essary to protect the electrical equipment from flyrock damage?

PRACTICWM XIIl - SOLUTION
Blast damage control

Methods of control | ing blast damage are described in the third

part of Chapter 11.

(a)

(b)

Allowable charge weights per delay are determined from damage
threshold vibration levels for different structures listed on page
11.37 and from equation (124) on page 11.34. me equation for the
allowable charge weight per delay is:

Ve k(R/VW)P
If k = 200 and,& = -1.5 and the threshold for » v¢k fal Is in un-
lined tunnels is 12 in/sec., then at R = 150 ft., the al lowable
instantaneous charge is:

W = 530 Ib/delay

If the threshold for damage to the electrical equipment is 0.5
in/sec., the allowable Instantaneous charge is:

W = 7-1/2 lb/delay

Note: Figure 11.16 can also be used to determine allowable charge
weights.

Fran Figure 11.18 boulders as big as 3 ft. (1 m) in diameter could
be thrown 150 ft. (45 m) when using a 2 inch (51 mm) diameter
drill hole. Therefore, the electrical equipment should be pro-
tected from flyrock with blast mats.



Given:

Required:

(a)

(b)

(c)

(a)
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PRACTICUM XI |
Control led blasting design

A 20 ft. high slope has been excavated for a highway by blasting
and in one section, where the rock is weak, it is required that
the face be trimmed back by 8 ft. It is necessary that control led
blasting be used for this trimming operation to ensure there is no
overbreak and that the new face is stable.

What is the most appropriate type of controlled blasting for this
operation?

If the diameter of the blast holes is 2-1/2 inches, what hole spa-
cing and explosive charge (ib/ft, of hole) should be used for the
final | ine of holes?

If the only explosive available has a diameter of 1 inch and a
specific gravity of 1.1, determine how the exp los i ve can be d i s-
tributed in the hole to achieve the required change.

Is it necessary that a second row of blast ho | es be dr i | led bet-
ween the present face and the fi na l |l ine? |If this is necessary,
how far should this row be from the final line and what detonation
sequence should be used?

PRACTICUM Xii1 - SOLUTION
Controlled blasting design

Methods of controlled blasting are described in the second part of

Chapter 11,

(a)

(b)

(c)

(d)

Cushion blasting should be used to remove the 8 ft. thick slice of
rock. In highway construction, it is rarely necessary to use line
drilling because it is expensive and is only used where very high
qual ity slopes are required. Preshearing would be used where the
burden is about equal to the cut height. Refer to Figures 11.8,
11.10, and 11.12 for typical hole layouts.

For a hole diameter of 2-1/2 inches in weak rock, a spacing of 3
ft. and an explosive load of 0.1 Ib/ft. should be used (see Table
Yil).

The weight per foot of the diameter explosive is calculated as
fol lows;

Weight/ft. density x area
1.1 x 62.4 x 7 (diameter)2/4
0.37 Ib/tt,

Because the required charge is 0.1 | b/f t., spacers must be used
between sticks of explosive to distribute the charge uniformly up
the hole. A suitable charge would be 4 inch long sticks separated
by 8 inch long spaces.

Table VI | shows that the burden between the final | ine and the
next row of holes should be 4 ft. Therefore, a row of holes should
be drilled midway between the face and the final line. This row
would be detonated before the final line and the final line would
be detonated on a single delay.
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PRACTICUM XI
Blast design

Given: A 20 ft. high rock bench is to be excavated by blasting. The blast
holes will be 2-1/2 inches in diameter and the explosive to be
used has a specific gravity of 1.3 and is available in diameter of
1-1/2 inches and 2 inches. The broken rock wi I | be mucked by a
front-end loader with a maximum vertical reach of 16 ft.

Reouired:

(a) Determine a suitable blast hole pattern, i.e. the burden spacing
and length of the holes.

(p) Determine the depth of subgrade drilling required.

(c) Determine a suitable specific charge (lb/ydB), from Figure
11.5 in the manual, and the required explosive load per hole.

(d) Determine the length of explosive column so that the length of
unloaded hole is approximately equal to the burden.

PRACTICUM XI - SOLUTION
Blast design
Methods of blast design are described in Chapter 11.

(a) This bench can be blasted in a single lift because most percussion
drills can drill to a depth of 20 ft. with good directional con-
trol and penetration rate and it would not be dangerous for the
loader to dig a 20 ft. high muck pile.

From Figure 11.5 a burden of about 7 ft. will produce maximum
boulder sizes of about 3 ft. which can be readily handled by a
loader. If the spacing/burden ratio is 1.25, the spacing is:
Spacing = 7 x 125
=9 f+,

(b) The subgrade depth is usually about one-third of the burden, so
the holes should be drilled about 2.5 ft. below the required first
grade. Therefore, the required hole depth is 22.5 ft.

(c) From Figure 11.5, a powder factor of 0.6 Ib/yd3 will produce
the required fragmentation at a burden of 7 ft. The explosive load
per hole is calculated as follows:

Volume of rock per hole =20 x 7 x 9/27
= 46.7 cu.yd.
Explosive per hole = 46.7 x 0.6
= 28 |Ib.

(d) The weight of explosive per foot of drill hole is calculated as
fol lows:

Weight/ft. density x area

=

=1.3 x62.4 x 7 (explosive diameter)2/4
=1.77 Ib/ft.=- 2 inch diameter explosive
1.0 Ib/ft. =1-1/2 inch diameter explosive

The length of explosive column is calculated as follows:

Column length = explosive weight/weight per ft.
16 ft. = 2 inch diameter explosive
28 ft. - 1-1/2 inch diameter explosive

Because the required length of unloaded hole is 7 ft., i.e. equal
to the burden, the 2 inch diameter explosive would be used. The
unloaded length for 2 inch explosive is 22.5-16 = 6.5 ft.



10.

(a)

(b)

(c)

(d)
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PRACTICUM X - SOLUTION
Toppling failure analysis

Methods of analysis of toppling failure are descr | bed in Chapter
The factor against sliding is determined by the methods described
in Chapter 7; the equation for a dry slope is:

F = CA + W coseC. tan @
WsineC
=2.0

where: A = base area of block
= 6 ft
W = weight of block/ft.
= 150 x 6 x 20
= 18,000 Ib/ft.

Fran the dimensions given on Figure X-l, the following values are
obtained to test stability conditions.

Y/ax = 3,3
eol /5= 3.7

The block is just stable because 3.3 < 3.7.

If a further 0.4 ft. of erosion of the fault occurs, toppling is
| ikely to occur because Y740x = 20/5.6 = 3.6.

Stabilization measures which could be used on this slope include:
Filling the tension crack with clay to prevent infiltration
of water and bui Id-up of water pressure both in the tension
crack and on the fault at the base.

Appl ication of shotcrete to the fault to prevent further
erosion.

Blasting to flatten the slope angle and reduce the dimension
Y.




Given:

Required:

(a)

(b)

(c)

(d)

AB-29

PRACTICUM X
Toppling failure analysis

A 20 ft. high natural slope with an overhanging face at an angle
of 75 degrees exists above a highway. There is a fault, with a
dip angle of 15 degrees towards the highway, at the toe of this
slope which is weathering and undercutting the face. A tension
crack has developed behind the crest of the slope indicating that
the face is marginally stable (Figure X-1). The friction angle
(@) of the fault is 20 degrees and the cohesion (C)is 500 psf.
The slope is dry.

lY-ZOft.

o=

Figure X.1: Toppling failure.

Calculate the factor of safety of the block against sliding if the
density of the rock is 150 Ib/cu.ft.

Is the block stable against toppling as defined by the relation:

Y/dx < cote< - stable

How much more erosion of the fault must occur before failure oc-
curs?

What stabilization measures would be appropriate for this slope?



(d)
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This shows that the slope height must be reduced by 22 ft. by un-
loading the crest to increase the factor of safety from 1.0 to
1.3. Note that this would only be correct if the groundwater level
dropped by an equivalent amount.

The critical failure circle and critical tension crack for a slope
with groundwater present are located using the graphs in Figure
9.5b,

For a slope angle of 60 degrees and a friction angle of 30 de-
grees, the coordinates of the center of the circle are:

x = 0.35.H
= -24.5 ft., i.e. 24.5 ft. horizontally beyond the toe
Y=H

=70 ft. i.e. 70 ft. above the toe
The location of the tension crack behind the crest is:

b/H =0.13
b = 91 ft

This critical circle is shown in Figure |X-2.

X=-24 5f¢t.
b=9 ,1f¢t.

N

\

Critical

y=70ft.
circle

Figure IX-2 Position of Critical Circle and Critical Tension Crack



(a)

(b)

(c)
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PRACTICUM IX - SOLUTION
Circular failure analysis

Method of analysis of circular failures is described in Chapter

The groundwater level shown in Figure IX-l corresponds to ground-
water condition 3 on page 9.9 in the manual, so chart number 3 on
page 9.11 is used in the analysis.

When & = 30’ and F = 1, tan &/F = 0.58

The intersection of this value for tan@/F and the curve for slope
angle of 60 degrees gives:

C/7HF = 0.086

Limiting cohesion, C = 0.086 x 160 x 70 x 1.0
= 963 psf

If the slope were completely drained, failure chart 1 would be
used for the analysis.

C/7.H tan @ = 963/160.70.tan 30
= 0.15

The intersection of this inclined line with the curved | ine for a
slope angle of 60 degrees gives:

tan @/F = 0.52

F = tan 30
0.52

= 1.1
This factor of safety is less than that usually accepted for a
temporary slope, i.e. F = 1.2, so draining the slope would not be
an effective means of stabilization.

WhenF= 1.3 and @ = 30°, then tan &/F = 0.44

On chart nunber 3 the Intersection of this horizontal | ine with
the curved line for a slope angle of 60 degrees gives:

C/JHF = .096

963
H = 160 x 1.3 x 0.096

= 48 ft.



Given:

Required:

(a)

(b)

(c)

(d)
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PRACTICUM I X
Circular failure analysis

A 70 ft. high rock cut with a face angle of 60 degrees has been
excavated in highly weathered granitic rock. A tension crack has
opened behind the crest and it is | i kel y that the slope is on the
point of failure, i.e. the factor of safety is approximately 1.0.
The friction angle of the material is estimated to be 30 degrees,
its density is 160 Ib/cu.ft., and the position of the water tabl e
is shown on the sketch of the slope (Figure I1X-1), The rock con-
tains no continuous joints and the most | ikely type of failure
mode is a circular failure.

Do a back-analysis of the failure to determine the | imiting value
of the cohesion when the factor of safety is 1.0.

Using the strength parameters calculated in question (a), deter-
mine the factor of safety for a completely drained slope. Would
drainage of the slope be a feasible method of stabilization.

Using the groundwater level shown in Figure IX-1 and the strength
parameters calculated in question (a), calculate the reduction in
slope height, i.e. amount of unloading of the slope crest required
to increase the factor of safety to 1.3.

For the slope geometry and groundwater level shown in Figure IX-I,
find the coordinates of the center of the critical circle and the
position of the critical tension crack.

Groundwater
level
—

'/Tens fon crack

~—

-\
\\'

\\\'. .'_-_:'
Estimated
failure surface//\\\\.:.'

Figure IX. 1 : Slope geometry for circular failure.
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PRACTICUM VI I |
Wedge failure analysis

Given: A rock cut has been excavated with a face angle of 55 degrees in
rock containing two major joint sets which form a wedge and are
oriented as follows:

Set A = dip (Fp) =50°, dip direction ©A) = 140’
Set B = dip () = 60°, dip direction (g} = 250’

The friction angle of set A is 30 degrees and of set B is 45 de-
grees, and there is no cohesion on either set. Assume that the slope is
drained.

Required:

(a) Determine the factor of safety of the wedge using the friction-
only design charts (pages 8-13 to 8-20). |Is this a potentially
unstable wedge?

(b) Calculate the dip (V") and dip direction (a(/‘) of the line of in-
tersection of the wedge and determine if the slope face undercuts
the wedge.

Tan Y = 7an ¥ . Cos [« —o(; )= Jar Y. Cos (g -o<;) (i)
7an LCOSCq - 777 Y. COS X, .
Tears ol 22 YA Z b:C27%s (i)
7an Yy - Sinog — Tan Yy . Sirnog
This equation gives two solutions 180 degrees apart; the correct
value | ies between% and -(3
PRACTICUM VI | | = SOLUTION
Wedge failure analysis
Analysis of wedge failures is discussed in Chapter 8 and Appendix
1.
(a) The factor of safety for friction only and a drained slope is:

F = A tan ¢4 + B tan ¢5 (lll)

Constants A and B are obtained from the charts on page 8.14 for a

dip difference of 10 degrees, and a dip direction difference of 110 de-
grees.

A = 10, B = 057

Itan 35 + 0.57tan 50
1.38.

This is a potentially unstable wedge because water pressure could
reduce the factor of safety to below 1.0.

(b) Solution of equation (ii Jgivesa = 7.6’ or 187.6°. Because «
must be between '[A and .(,, the correct value is 187.6.. Substitu-
tion of this value in equation (i) gives ¥, = 38.8. If the face is
cut at 55 degrees, the slope wi | | undercut the wedge and sl id ing
could occur. The stereoplot on Figure 8.3 i | lustrates the rela-
tionship between the slope angle, the dip of the line of interseo
tion and the friction angle, i.e. V;—¢>J‘}'- stable.
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Slope reinforcement with rock bolts

(a)

(§))

(c)

The factor of safety of planar slope failure reinforced with rock
bolts is calculated using equation (65) on page 7.17. In this case
where the slope is drained and the cohesion is zero,

cC=u=yv=po0

Therefore: F = (Wecos # + T cosd) tangd
Wsin® - T siné®

Where W is the weight of the sliding block. Using (46) on page
7.5 with

H =40', % =35°, $ = 60°,Z/H = 0.38
W = 132,000 (0.86 cot 35 = cot 60)
= 85913 |b/ft.

The factor of safety of the reinforced slope with T = 25,000 |b/ft
and6 =0 is:

F = {(85913.cos 35 +25,000 cos 0O) tan 37
85913.sin 35 = 25,000 sin 0

71,870
39,277

=1.46

If the bolts are installed at a flatter angle so that & = 40, then
the factor of safety is:

F = (85913 cos 35 + 25,000 cos 40) tan 37
85913 sin 35 =~ 25,000 sin 40

* 67,463
33,207

= 2.03

This shows the signiflcant improvement that can be achieved by in-
stalling bolts at an angle flatter than the normal to the failure
surface. The optimum angle is when:

& =V-g see page 2.10
90-37
53° and factor of safety = 2.21

n

The rock bolt pattern should be laid out so that the distribution
of bolts on the slope is as even as possible. If four bolts are
installed in each vertical row and each row is 8 ft. apart, then
the bolts are on an approximate 8 ft. square pattern and the bolt
load per foot of slope is 25,000 Ib.

Slope stabilization by unloading

ure 7.3.

The factor of safety is calculated using the design charts on Fig-
The following values are obtained for the four constants:

P = 1.74 when ¥, = 35, z/H = 0, ¥ = 60
Q0 =o0.46
R=0
s =0
F =2(0.42) + (0.46.cot 35).tan 3 7
0.46
=0.92
0.46
"0

Note that in case (c) the factor of safety for a 40 ft. high drain-

ed slope with cohesion = 500 psf was 1.56.




(c)

(d)

(e)
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= 1.05 - this indicates that the slope is close to failure.

If the slope was drained so there was no water in the tension
crack, i.e. Zw= 0, then factors R and S become zero while factors
P and Q remain unchanged. The new factor of safety is:

F = (0.17) + (0.35 cot 35) tan 37
@.35

= 156 = this is usually an adequate factor of safety

The plot of factor of safety against depth of water in the tension
crack (Zw) is nearly linear which shows that a significant de-
crease in the water level is required to improve the factor of
safety. It also shows that the slope must remain drained if it is
to be stable with an adequate factor of safety.

1.6 l
A AN
hd ~N
LY.
w ~N
» ~N
o 12 \\
o ~
) s ~
o
©
[V
0.8 | J
0 10 15
Zw

If the slope is drained and the cohesion on the failure plane is
reduced from 500 psf to zero by blast vi brations, then the new
factor of safety is:

F =0 + (0.35 cot 35) tan 37
@.35

= 1.08

Note: Factors P, Q, R, S are the same as in case (c).

(f)

The loss of cohesion reduces the factor of safety from 1.56 to
1.08 which illustrates the sensitivity of the slope to the cohe-
sion on the failure plane.

Figure 7.6a shows that the critical tension crack depth is 14.7
ft. (i.e.z/H = 0.37) which is close to the present position of
the tension crack.
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PRACTICUM VIl - SOLUTION
Plane tailure - analysis and stabi | ization

Analysis of plane failure is described in Chapter 7.

(a) Factor of safety calculations: the factor of safety is calculated
using equation (48) on page 7.5. The constants P, Q, R and S in
this equation are obtained from the design charts in Figure 7.3.
For this practicum the following values were obtained for the con-

stants.

P = 1.1 when ¥, = 35°, 2/H = 0.38

Q=0.35
R=Jw . 2w . 2
7 T H
= 624 . 10 . 15
165 1 40
= 0.09

S = 0.16 when # = 35*, W/H = 0.25

F = (2 x 500/165 x 40) 1.1 t (0.35 cot 35 = 0.09 (1.1 + 0.16)) tan 37
0.35 + 0.09 x 0.16 x cot 35

= (0.17) + (0.39) tan 37

= 1.24 - This is usually a marginal factor of

safety.
(b) If the tension crack is completely fi | led with water, i.e. Zw =
15, the parameters R and S wi | | change, but parameters P and Q
w ill be unchanged. The new values of R and S are as fol lows:
R = 624 A5 15
165 1 4
=0.14.

S = 0.22 wheny(p = 35: Zw/H = 0.38

The new factor of safety is:

F= (0.17) + (0.35 cot 35 ~ 0.14 (1.1 + 0,22)) tan 37
. +0.14 x 0.22 x cot 35

= (0.17) + (0.32) tan 37
0.39
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(b) Calculate the new factor of safety if the bolts are installed at a
f | atter angle so that the angle & is increased from 0 to 40°,

(c) If the working load for each bolt is 50,000 Ib., suggest a bolt
layout, i.e. the number of bolts per vertical row and the hor i-
zontal and vertical spacing between bolts to achieve a bolt load
of 25,000 !b/ft. of slope length.

Slope Stabilization by Unloading

Calculate the factor of safety for a drained slope with cohesion =
500 psf if the slope height is reduced from 40 ft. to 25 ft. by excavating
the crest of the slope to the level of the base of the tension crack.

13 ft.

Figure YIT.1: Plane failure geometry.



Given:
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PRACTICUM VI |
Plane failure - analysis and stabilization

A 40 ft. high rock slope has been excavated at a face angle of 60
degrees. The rock in which this cut has been made contains con-
tinuous fractures that dip at an angle of 35 degrees into the ex-
cavation. The 15 ft. deep tension crack is 13 ft. behind the crest
and is filled with water at a height of 10 ft. above the failure
surface (Figure VII.I). The strength parameters of the fa i | ure
surface are as follows:

cohesion ¢ = 500 psf
friction angle @& = 37°

The unit weight of the rock is 165 |Ib/cu.tt. and the unit weight

of water is 62.4 I1b/ft.3,

Required:

Assuning that a plane slope failure is the most likely type of failure,
determine the following:

(a)

(b)

(c)

(d)

(e)

(f)

Calculate the factor of safety of the s{ope for the conditions
given in the sketch. Use design charts on Figure 7.3 in the man-
ual.

Determine the new factor of safety if the tension crack was com-
pletely filled with water due to run-off collecting on the crest
of the slope.

Determine the new factor of safety if the slope was completely
drained.

Plot the relationship between the factor of safety and the depth
of water in the tension crack.

Determine the new factor of safety if the cohesion was to be re-
duced to zero due to excessive vibrations from nearby blasting
operations, assunling that the slope was still completely drained.

Determine whether the 15 ft. deep tension crack is the critical
depth. Use the charts on Figure 7.6a in the manual.

Slope Reinforcements Using Rock Bolts

(a)

It is proposed that the drained slope with zero cohesion be rein-
forced by installing tensional rock bolts anchored into sound rock
beneath the failure plane. |If then rock bolts are installed at
right angles to the failure plane, i.e.8 =0, and the total load
on the anchors per lineal foot of slope is 25,000 Ib., calculate
the factor of safety.
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PRACTICUM VI
Calculation of permeability from falling head test results

Given: A Falling Head Permeability Test is carried out in a rock of uni-
form permeabi | ity. The borehole diameter is 3 inches and the in-
side diameter of the drill rods is 2.36 inches. The drill rods

are lifted from the bottom of the hole and a packer is installed
(to create a seal to prevent water seepage up the annul us between
the outside of the rods and the borehole) such that the test zone
is 40 inches long.

The water level in the rods at rest is 164 ft. below the hole
collar and water is added raising the water level to 115 ft. below the hole
col lar. After 30 seconds (t; ) and 150 seconds (tz) the water levels in the
rods have fallen by 16 ft. and 32 ft. respectively.

Required:

Calculate the coefficient of permeabi | ity of the rock assuming that the
borehole is vertical and that the tests carried out below the water level.

PRACT ICUM V | = SOLUTION
Calculation of permeability from falling head test results

Methods of interpreting fal | ing head tests results are described
in Chapter 6.

Coefficient of permeability can be calculated using:

= - . /4
—ch‘z-t,) [ay’ //z (equation 35 in manual)

The first step in this analysis is to calculate the shape factor,
F fran the equation given in 3rd case (page 6.13 in manual).

_ Z27L

" loge (24/0)
2.7 &0

= loge 7 #2/3)

= 76.5

V-

The second step is to calculate cross-sectional area A of the
water column in the rods.

from A =7 d2/4
A = 4.4 inches?

The third step is to calculate the water levels HI and H2 at dif-
ferent times &y and Zp .

164-(1 15 + 16)

HI (after 30 seconds) &
= 33 ft, = 396 inches
=

164-(115 + 32)

H2 (after 150 seconds)
17 ft. = 204 inches

Substituting in equation 35.

k = 4.4 | 0ge 396/204
76.5(150-30)

= 3.2 x10"%4in/sec.

= 8 x 1074 cm/sec.
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PRACTICUM V -~ SOLUTION
Influence of geology and weather conditions on groundwater levels

Methods of evaluating groundwater conditions in slopes is describ-
ed in Chapter 6.

Figures V.2 a, b, ¢ show the positions of the phreat ic | i ne under
the various conditions.

In genera I, the rock near the surface of the slope has been dis-
turbed by blasting and has undergone stress relief so it will have a higher
permeability than the undisturbed rock. When the permeabi ity is high, the
rock drains readily and the phreatic line has a relatively flat gradient.

If the face freezes and the water cannot drain from the slope then
phreatic line will rise behind the face. The same situation arises when
heavy infiltration exceeds the rate at which the rock will drain.

Infi Itration

ground surface
Original
phreatic line

Original T T
—_—

.-/CDrawn- down phreatic line

v

Figure V.2a Position of the phreatic line before
and after excavation.

Infiltration
. H [} M

"Phreatic line for large inflow-

/ low k value.

+ ——

L .<Phreatic line for small inflow-

high k value.

Figure V.2b Relative positionsof the phreatic
line for variations of inflow
and permeab i lity.

Infiltration

Joints plugged wit

Heavy rainstorm —

Figure V,2¢ Hypothetical positions of the

phreatic line in a jointed rock slope.
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Infiltration
' .

yu vy —y

Original
ground surface- -~
O r i g i n a |l -

phreatic line

Figure V.la Position of the phreatic line before
and after excavation.

Infiltration

T

Figure V.1b Relative positions of the phreatic
line For variations of inflow
and permeabi | i ty.

Infi Itration

. ¥ v e % ¥ v
lgher/ Lower o
K K

/ LArbitrary boundary

Figure V.lc Hypothetical positions of the
phreatic line in a jointed
rock slope.
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PRACTICUM IV
Analysis of point load test results

Given: A series of point load tests on pieces of core 2.4 inches in dia-
meter gave an average point load strength index of 10.2 when the
core was loaded diametrically.

Required:

Determine the average uniaxial compressive strength of the samples.

PRACTICWM IV - SOLUTION
Analysis of point load test results

Methods of analysis of point load test results are given in Chap-
ter 5.

The relationship between point load strength index (1s) and uni-
axlial compressive strength (Q) for 2.4 inch diameter core is:

e = 24.5x1s
where & is in MPa

Oy =245 x 10.2
= 250 MPa

= 56,245 psi

PRACTICUM V
Influence of geology and weather conditions on groundwater levels

(a) On the cross-section shown in Figure Wladraw the approximate posi-
tion of the phreatic line after excavation of the slope.

(b) On the cross-section shown in Figure ¥1b draw the approximate posi-
tlons of the phreatic line for two conditions:

n large inflow, low permeabillity
(2) small inflow, high permeability

(¢c) On the cross-section shown in Figure ¥1¢ draw the approximate posi-
tions of the phreatic line for the following conditions:

(N joints on slope face plugged with ice
(2) immed iately following a heavy rainstorm
(3) wet season

(4) dry season
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Figurem‘.l!Plot of shear strength against shear displacement
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PRACTICUM I 1]
Analysis of direct shear strength test results

Given: The following table of results was obtained from a direct shear
box test or a planar discontinuity in a sample of weathered gran-
ite. The average normal load on the sample was 30 psi .
Shear Displacement
Shear_Stress (psi (0.001 inches)
23 2
29 47
35 142
33 177
3 335
30 370
29 457
28 496
26 673
26 780
Required:
(a) Plot a graph of shear stress against shear displacement with shear
stress on the vertical axis.
(b) From the graph determine the peak shear strength and peak friction
angle of the surface.
(c) From the graph determine the resi dua | shear strength and res i dua |
friction angle of the surface.
PRACTICUM Il - SOLUTION
Analysis of direct strength shear test results
Methods of evaluating shear strength test results are described in
Chapter 5.
(a) The graph of shear stress against shear displacement is shown on
Figure IO-1.
(b) The peak strength is 35 psi from which the peak friction angle

(c)

is:

¢P = ten~! (Shear stress)

(normal stress)

= tan~! (35)
%0)

= 49°

The residual strength is 26 psi and the res i dual friction angle
is:

4. = tan-! (26)

(30)

= 1°
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Practicum II - Solution

0 Stability evaluation

/ 7

/ " s0/360
! A

/

270

40/081
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y 2 180

Figure 11.4: Stability conditions on north dipping slope-
wedge failure on joint set 1 and joint set 2.
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Practicum TI - Solution

N Stability evaluation

270

50/090

e

Figure IT. 3: Stability conditions on east dipping slope-
sliding failure on joint set 2.



A8-11

Practicum IL - Solution

N Stability evaluation

Great circle of
slope face

Friction
circle

270

180

Figure II. 2: Great circle of slope and friction circle.
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Practicum IT -

Stabili ty evaluag©®”

Lo’ §0
EERR SN
Cut slope/#‘(

Geological structure:

—— Strike
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940
80 70" 60
Figure 11.1: Cut slope and geological structures

above highway.




Given:

Required:

(a)

(b)

(c)

(d)

(a)

A8-9

PRACT I CUM!I
Slope stability evaluation related to structural geology

In order to make a 90 degree curve in the highway a 50 ft. nigh
rock cut has been excavated that follows the curve of the highway.
The slope is 50 ft. high and the face is cut at an angle of 50 de-
grees.

The joints in the rock at the site form three sets with the fol-
lowing orientations:

Set 1 78/305
Set 2 40/081
Set 3 20/ 163

Figure JJ-1 shows the alignment of the highway and the orientation
of the three sets in the slope.

The friction angle of the joint surfaces is 25 degrees.

On a piece of tracing paper dr aw a great circle representing the
50 degree slope face and a 25 degree friction circle.

Determine the most likely mode of failure, i.e. planar, wedge or
toppling, on the following slopes:

(1) East dipping slope.
(2) Worth dipping slope.

State the joint set or sets on which sliding would occur on each
slope.

Determine the steepest possible slope angle for these two slopes
assuming that only the orientation of the fractures and the fric-
tion angle of the surfaces have to be considered.

PRACTICUM Il - SOLUTION
Slope stability evaluation related to structural geology

Methods of evaluating slope stabi |l ity are described in Chapter 3.
Figure I1-2 shows the great circle of the slope at a face angle of
50 degrees. Note that there is no reference direction on this
great circle because it wi I | be rotated to follow the curvature of

the slope.

A 25 degree friction circle is plotted on the same diagram as the

great circle.

(b) The stability evaluation is carried out by placing first the trac-
ing of the great circles (Figure I=-3) and then the tracing of the
slope face and friction circle (Figure IJ-2) on the equal area
net. The tracing of the slope great circle is rotated to the cor-
responding orientation of the slope face to give the following re-
sults:

East dipping slope: Sliding failure possible on joint set (Figure IT-
3). Sliding could be prevented by cutting the slope
at 40 degrees coincident with the joint surfaces.
If the friction angle had been greater than 40
degrees then sliding would not occur on these
planes.

North dipping slope: Wedge failure possible on joint sets 1 and 2 (Fig-

ure II-4), Sliding could be prevented by cutting
the slope at an angle of 27 degrees so that the
wedges are not undercut by the slope.





