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GROUND CONTROL IN TRANSVERSE CUT AND FILL MINING
OPERATIONS AT INCO

P. . Oliver!

Abstract

Inco has successfully uwtilized yield and span to
control the effects of a high horizontal field stress
condition on transverse cut and fill mining for forty years
and vield to alleviate rockburst conditons for 35 years,
The approaches used were developed empirically.

Ground conditions associatcd with deeper mining
suggested the existence of high horizontal stresses which
were subsequently confirmed by measurements. A ncw theory
was required to explain the effectiveness of the procedures.
It was found that beam-column theory, as applied to a thin,
tabular and necar horizontal orebody to control high hori-
zontal stress effects in room backs, was similarily appli-
cable to transverse cut and fill mining. The theory
demonstrates the validity of the tcchniques used by Inco
in the Sudbury operations and suggests means to effect
further improvements,

1Super\risor of Rock Mechanics, Mines Engineering, Inco
Copper Cliff, Ontario.
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1. TNTRODUCTION

Cround control in transverse cut and fill miming at
Inco's Sudbury operations, involves yielding pillars and
sequenced headings to alleviatc rockburst conditions.
Yiclding pillars in conjuncticn with stoping spans, control
stress conditions in the immediate stope area. The yield
cffecct is influential in governing the mechanism of strcss
relief in crown pillars. The concepts of sequcnce and
yield were developed over thirty years ago when the
principal strcss was assumed to be vertical and the mining
method was overhand square set with crushed rock fill.

The two concepts have remained virtually unchanged
and are as valid today as they werc thirty years ago, in
spite of the many changes in mining in the interim pcriod
and the ever increasing depth of mining operations. Roofl-
bolts and screen have replaced squarc sets; hydraulic sand-
fill, followed by cemented hydraulic sandfill has rcplaced
crushed rock as the fill medium; scooptrams have replaced
the slusher which had teplaced the hand shovel.

Over thc past decade, it became increasingly apparent
that the accepted theories relevant to the success of
sequence and yield, could not adequately explain many of
the observed conditions. There were strong indications of
high horizontal stresses, but no means to explain the

observed reduction in stresses in the stope backs associated
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with rib pillar yield.

The measurements of the stress state at depth by
Dr. Herget (1) in 1974 confirmed the existence of high
horizontal stresses, and emphasized the necd to develop
new theories to explain why the yielding pillar mining

approach worked.

2. HISTORY

Fill method ground control began with the first lay-
out of transverse stopes and rib pillars at Frood Mine in
the thirties. Stopes were 45 ft. wide and the Tib pillars
35 ft. wide. The primary mining Tecovery factor was 64%.
Cut and fill mining was used and the fill material was
crushed rock.

The sequence consisted of dividing the orebody into
blocks, with each block having a strike length of from
400 to 500 ft. Barrier rib pillars, generally 66 ft. in
width, separated the blocks. Major floor pillars, 50 ft.
thick, were left every second level to control level
subsidence (Figure 1}. Mining on a level began with the
blocks on the extreme ends of the orebody and new blocks
were progressively started, working inwards from the end
blocks.

It was soon found that artificial ground support was

Tequired to control the backs of the stopes and mining was
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GROUND CONTROL AT IMNCO 5

converted from cut and fill to squarc set and fill.

As additional stopes were cpened, increasing the
length of the stoping blocks, heavy ground developed when
mining reached approximately 40 ft. from the level above.
It was found necessary to reduce the width of the stopes
and pillars to 5 sets and 4 sets respectively, which
resulted in stoping widths of 30.5 ft., including overbreak,
with the width of the remaining pillar being 19 [t.

The 5 set stoping width, in conjunction with 4 set
pillars, provided a primary recovery factor of 62%. The
fact that the pillars fractured was observed and it was
noted the [(racturing of the pillars rcsulted in improved
ground conditions in the stopes. The 5 set stoping
width provided optimum ground conditions from the sill to
the ¢rown and was an efficient width for square set mining
with hand mucking., For the reasons outlined above, a span
which suited the mining method and a stope to pillar rela-
tionship which optimized ground conditions, the 5 set stope
and 4 set pillar became the standard for transversc fill
mcthod mining. There was no theory involved in arriving
at this stope-pillar geometry, just the tried and truc
system of observing what works and applying the knowledge
gainfully.

The sequence, mining from the limits of the ore in

towards the center, plus the major barrier tib and crown
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pillars, provided a fevrtile ficld for rtockbursts. The
increased incidence ol rockbursts coincided with the severe
rockburst situation in the Kirkland Lake area and resulted
in the setting up of the Rockburst Committee by the Ontario
Mining Association to investigate ways and means to predict
and control rockbursts and to co-ordinate the invcstipative
studies of the individual mining companies. The key
document resulting from the efforts of the committee was
the report by Morrison (2}, published in 1942, outlining
the doming theory and the importance of sequencing towards
the coalescing and enlargment of domes. The e{fectiveness
of the approach outlined by Morrison has been proven by

the marked reduction in the frequency of rockbursts and
rockburst related injuries beginning in 1941,

Inco has frcely used Morrison's report as a releTence.
Stoping begins on a lead level and progresses outward from
the lead stopc [(Figure 2). No barricer pillars are left and
small rock inclusions are slotted through to avoid the
¢stablishment of Tockburst prone remnants.

The standard stope-pillar geometry, applied above the
4000 lcvel horizon, required modification for mining the
heavy massive sulphide ores at Creighton Mine below the
4000 ft. horizon. Stope widths were reduced to 3 sets for
a mined width of 19.5 ft., including overbreak, and pillar

widths were reduced to 3 sets for an effective 13.5 ft. width.
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8 P, H. OLIVER

The primary extraction ratio was reduced from 62% for
the 5 sct stope, 4 set pillar geometry to 59% for the 3 and
3 gecuetry.

In the early fifties, hydraulically placed classified
tailings and alluvial sand rteplaced crushed rock as the
fi1l medium. Towards the end of the fifties, the increased
application of roofbolts began to spell thc cnd of squarte
set stoping.

In the early sixties, the use of portland ccment to
consolidate hydraulic fill came into universal application
to improve ground conditions during pillar recovery
operations by curtailing fill losses from mined areas and
by rcducing fill recompaction. The improvement of the fill
characteristics was achieved without increasing primary
mining method costs in that expenditures for cement were
offset by the savings in labour and materials required to
construct plank slushing floors and gob fences.

In the mid sixties, mechanization of cut and fill
mining was started by the scooptram. There were no changes
made to the stope-pillar geometries. There was a signifi-
cant change in sequencing in that it became necessary to
change from a sloping scquence line to a serics of steps,

with each step consisting of the 4 or more stopes making up
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a mechanized unit, The lead unit approaches the level above
in an essentially flat multiple stope front {Figurc 3).

In the seventies, in several arteas, the primary
mining recovery factor was increased by increasing the
stoping span or rteducing the pillars or a combination of

the two approaches.
3. OBSERVATIONS

The following observations of ground behavior
associated with transverse and longitudinal cut and fill
mining were made by the author from the year 1960 to the
prescnt time. The observations pertain te a number of
Inco's Sudbury area mines at depths ranging lTom 1500 to
6600 ft. below surface. The term, yield, refers to any
case where pillars undergo non-violecnt stress relief.

1. There 1s somc critical height at which a narraw rib
pillar will fail by yielding.

2. Pillars burst if failure occurs before the critical
height is reached.

3. Back conditions in the stope generally improve when
the adjacent 1ib pillars expericnce initial faijlure.

4. The lead stope in a normal sequcnce experiences the
highest concentration of stress in the crown area and
at a lower elevation than i1s the case with adjacent

stopes (Figure 4).
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11.

P. H. OLIVER

A{ter several stopcs have mined up through the crown,
the effects of high horizontal stresses disappear
provided the footwall to hangingwall dimension exceeds
some critical value.

Where the footwall to hangingwall span is less than
some critical dimension, repetitive crown bursting
occurs as each stope approaches the level.

The addition of cement to the hydraulic fill stiffened
the rib pillars and significantly limited the latecral
expansion of the rib pillars.

Increascd compressive shear arching took place at one
mine following the introduction of cemented sandfill.
Stoping span reductions are necessary for mining
through the critical crown region.

Longitudinal cut and fill stopes could be mined with
low arch where mining widths ranged from 30 to 40 ft.
Reyond 40 ft., increased mining widths meant an
increased frequency of joint oriented unpredictable
ground falls.

In areas wherc multiple stopes are silled simultan-
eously for mechanized mining, all of the pillars fail
at a common height. Failure is by bursting if it
occurs during the mining of the first and second cuts.
Non-violent failure occurs if the onset of pillar

yield does not begin until the third cut is mined.
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The burst type of rib pillar failure in mechanized
mining occurs at depth. At shallower horizons,
failure is by non-violent yield.

The nature of the violent Cailurc of rib pillars in
deep mining can be changed by destressing the ribs

as silling progresses, but the degrecc ol damage to
the tib pillars at the time of failure is almost
identical to thc case where the pillars have not

been destressed.

Where tib pillar failure occurs during the silling
phase of a mcchanized unit at depth, failure is not
progressive with silling. Some critical minimum area
must be silled before failure occurs. The area of
failurc then takes in most of the silled unit, with
the level of damage highcst in the central area and
with little to no damage closc to the abutments,
Damage is confined to the rib pillar walls and
shoulders. There is no back damage,

An incrcase in the stoping extraction ratio, within
limits, leads to a reduction in the height of induced
compressive shear arching of the stope backs.

Wherc the primary stoping extraction ratio 1s close
to the optimum, localized pillar weaknesscs can lead
to the development of horizontal fractures above the
back of the stope and above the pillar. Blocky falls

of ground are liable to occur in the vicinity of



14 P. H. OLIVER

weakened pillars.

17. The lead unit of a mechanized cut and fill scquence
can, under the right circumstances, mine up into the
critical crown failure rcgion in a flat front and
cause the crown to yield rather than burst.

18. The stress level at the center of one pillar was
measured just prior to yield failure and was found
to be in the order of 4000 psi., as opposed to the
20,000 psi. uniaxial compressive strength of the

pillar material.

4. HISTORICAL CONCEPTS OF GROUND CONTROL AS APPLIED TO

TRANSYERSE CUT AND FILL MINING

4.1 Field Stresses

It was assumed the principal stress was vertical and
telated to overburden weight. Somec consideratien was given
towards the possibility of hydrostatic loading te explain

the stresses in the crown pillars.
4,2 Yielding Pillats

Ground control practices revolved around the concept
of using yielding pillars and sequenced mining. Yielding
pillars were weak pillars and incapable of supporting the
superincumbent load; thereforc the major part of the
superincumbent load was transierred to the perimeter of the

mincd area. The yielding rib pillars supported only the
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immediate ground above the stope back.

A yielding pillar was considered to be a narrow
pillar, generally less than 30 ft. wide. Any pillar wider
than 30 ft, was considered to be strong and liable to

burst.
4.3 Sequence

Sequencing controlled the gradual enlargement and
subsequent merging of the individual level stress domcs.
The sloping sequence line limited the volume of ground
contained in the critical crown failure rcgion by creating
a wedge shaped crown with just the tip of the wedge in the
critical crown bursting zone. The tip could ecither yield
or fail in a series of small rockbursts. Small rock rem-
nants were slotted through to eliminate a source of major

rockbursts.

5. THE NEW CONCEPT OF GROUND CONTROL

The historical concepts of ground contrcl offered
satisfactory explanations for parts of the observed pheno-
mena. However, with ever deeper mining, the mechanization
of cut and {ill operations which altered sequencing, and
experimentation with varying stoping widths and primary
extraction ratios, it became increasingly apparent the

concepts were incomplete because of the faulty assumption
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of superincumbent leoading.
5.1 Field Stresses

Deeper mining provided a clue as to the nature of the
ficld stresses through ground behavior in development
openings. Iligh horizontal stresses were inferred and
subsequently verified by stress measurements. The principal
stress 15 near horizontual and in the areas pertinent to the
listcd observations strikes roughly parallel to the errup-
tive contact or normal to the direction of transverse fill
method mining. The lcast stress is near vertical and in
line with superincumbent loading. Details of the study are
covered in the paper by llerget et al (1) which was prepared

for presentation at this Symposium,

5.2 Controlled Sag Alleviates llorizontal Stresses

The established fact of a high horizontal field stress
state explaincd the high stresses encountered in crown
pillars and the behavior of the crowns at various stages of
mining. High horizontal stresscs confuscd the picturc with
respect to the improved stoping conditions associated with
pillar yield until it was rcalized the concepts of back
deflection (sag) related to stope span and pillar yield,
as outlined by J. Parker (3), could be applied to trans-

verse cut and £ill mining. While Parker's (3) concepts
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were developed from observations of the behavior of
openings in a4 toom and pillar mining opecration of a near
flat, tabular deposit, they werc based on guidelines out-
lined by C. L, Emery with respect to thc behavior of beam-
columns.

The deflcction of the back of an opening, if down-
ward, sets up a horizontal tensile stress component which
will, depending on the degrec of de{lection, offsct high
horizontal compressive stresses in the back of the opening.
If there are a serics of openings separated by yielding
pillars, there will be an overall abutment to abutment roof
sag which will effectively Teduce horizontal stresses in
the backs of the openings even though the spans of the
individual openings may be too narrow to provide stress
relief by themselves. The height of the openings 1is
insignificant towards stress relief outside of the relation-
ship between pillar height and yield.

Horizontal stress relief through back sag explained
phenomena related to span and yield. It explained why
stoping ground conditions improved when the pillars yielded;
why sevcre induced arching occurred in narrow openings
while little to no arching was evident in adjacent,
modcrately wide openings; why tensile conditions were
common to very wide openings. It explained why adjusting
the primary stoping recovery factor by slotting out parts

of the ribs could lead to improved back conditions and if
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carried too {Tar to tensile back conditions. It cxplained
the relationship bctwcen local pillar weaknesses and
localized tensile back conditions.

The telationship between sag and the strcss state of
the stope back points out the importance of distinguishing
the nature of the ground problems in a working place.
Induced compressive shear arching can be alleviatcd by
increasing the stoping span, by increasing pillar yield
through veducing pillar width or by a combination of the
two approaches. Tensile back conditions, characterized
by unpredictable, joint oricnted falls of ground, are
indicative of excessive span, excessive pillar yield, a
combination of the two, or the lack of elcvatcd horizontal
field strecsses. Where the condition can be traced to
excessive span or yileld, conditions can he improved by
reducing span, by increasing the pillar width to Teduce
yield, by decreasing pillar yield through improved lateral
suppoTt, or any combination of the above approaches.

A wrong assessment of the nature of the ground
problem can lead to a worscning of the conditieon. The
miner's rtule of thumb approach of reducing span when
difficult back conditions arec encountered is wrong when the
condition 1s characterized by induced comprecssive shear

arching.
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6. YIELD

6.1 A Definitien of Yield

Yield is considered to he any case where moderately
to highly stressed ground undergoes stress relief in a

non bursting manner.

6.2 Yield As A Rockburst Control Mechanism

Inco has been using sequencing to alleviate rockburst
conditions for 34 years. Qbservations noted earlier in
this paper and which pertain to crown pillars indicate that
crown pillars can be made to yield under the correct
circumstances in spite of their being the reverse case to
Tib pillars. Rib pillars have constant width and
increasing height, while crown pillars have constant height
and decreasing width (Figure 5). Under favourable
circumstances, both Tib and crown pillars can be made to
yield and under less favourable circumstances, hoth pillar
types will burst.

It has been concluded that yield is the prime
mechanism of rockburst control and that sequence is a means
to establish conditions favourable towards yield. The
successful application of sequencing at Inco's Sudbury
operations is felt to be due in a large part to the widths
of the orebodies which have contributed a key element to

the yield phenomenon.
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6.3 The Unknowns of Yield

Curtent literature does not offer a suitable
explanation for the vicld phenomenon. [t provides neither
a means of determining the parameters governing yield,
including the influence of latcral restraint, nor does it
provide a means of determining post-yield properties. The
lack of understanding of yield phenomena has deferred
mining improvements as a result of the neccessity to use
trial and error in developing methods for utilizing yiecld.
The problem with trial and error, in the abscnce of theory,
is that once something works, experimentation tends to
stop. The factors which make the system work are not
understood and the effects of subsequently changing one or
more of the factors may not be recognized.

Inco continued with the 5 sect stopc, 4 set pillar
geometry, above the 4000 lt. horizon, through to the end
of the sixties, although the support naturc of the ill
changed twice, to hydraulic fill in the early fifties and
to cemented hydraulic fill in the early sixties. Experi-
mentation with increased stoping spans and primary mining
recovery factors did not begin until the seventies. That
the results were favourable was credited to differences in
conditions between the areas of mining with increased
primary recovery factors and past areas mined with conven-

tional geomctries. The one identifiable uniquc change in
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conditions is that of increased pillar Tigidity associated

with the use of cemented hydraulic fill.

6.4 Sugpgested Parameters Governing the Behavior of

Yielding Pillars

The Inco experience with yield has demonstrated the
importance of yield as a mining tool. It has not, however,
been possible to develop hard and fast rules for the design
of yielding rib and crown pillars. Observations of yield
behavior indicate the accepted means of calculating
critical pillar stress do not apply in the case of yielding
pillars.

It does appear that a yielding pillar might be
defined as one having a width to height ratio of 0.5 or
less. The width to hcight ratio, may in some cases, be
greater than 0.5, but it will never be greater than unity.

Pillars appear to behave in a like manner to columns,
except that in the case of rock pillars in comparison to
stecl columns, the slcnderness ratio effect on instability
is greatly increased; possibly because of the lack of 1in
situ tensile strength.

It is suggested the curves devcloped from the
Generalized Euler or Tangent Modulus Tormula for columns,
plotting critical stress against the slenderness ratio,
may parallel measured values for rock pillars except that

the slenderness ratio at the proportional limit will



GROUND CONTROL AT INCO 23

correspond ta a W/H ratio of between 1.0 and 0.5 (Figure 6).
It is significant that should this hypothesis prove valid,
a yiecldinpg pillar will bec similar te a long column up to
the point of critical stress. The critical stress level
will bhe a [unction of the elastic modulus and the slender-
ness ratio and not a function of the uniaxial compressive
strenpth as is the case with current pillar strength
thcorics.

It 1s hoped the recognition of the importance of
vield with respect to safety and economics will stimulate
research into yield phenomena now that such rescarch has
been made possible through stiff testing machines. The
behavior of pillars should be studied to determine the
rclationship between critical strength and the W/l vratio;
post yicld physical properties; the effect of lateral
restraint on the critical strength and post yield properties
with particular emphasis placed on the role of fill with
respect to rib pillars and yielding tib pillars with

respecl to crown pilllars.
7. FILL

Fill is considered by the majority of mine operators
in Canada to be primarily a working platform and sccondarily
a medium which limits the volume of open ground in a mine,
Inco cxperiences with three types of fill in transversc fill

method mining, backed up by the new understanding of the
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tole yielding pillars play towards controlling stoping
ground conditions suggests the need to review the role
played by f£fill. The parallelism, although somewhat declayed
between improvements in the fill characteristics with
respect to rib pillar support and improvements in fill
method mining economics related to reduced back support
requirements, increased stoping spans and increased primary
recovery factors, is too distinct to be ignored. There is
a possibility the point of diminishing returns has not yet
been reached and further economic benefits may still be

possible through the use of stronger fills.

8. CURRENT AND FUTURE PLANS

8.1 Current Transverse Cut and Fill Layouts

The understanding of the mechanism of roof sag
towards controlling horizontal stoping stresses has been
too recent to have influenced current mining layouts. The
present variations in stope-pillar gecmetriecs, ranging
from stopes 22 feet wide with 14-foot 1ib pillars to
42-foot stopes and 18-feot pillars (the dimensions include
overbreak)}, are being assessed. A {lexible approach is in
order until such time as more specific design parametcrs

become available.
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APPLICATION OF HIGH-SPEED PHOTOGRAPHY TO
ROCK BLASTING AT CANADIAN INDUSTRIES LIMITED
A REVIEW

S. Chungl, B. Mohanty!, L.G. Desrochers?, and I..C. Lang?

Abstract

The Tole of high-speed photographic techniques in
studying and optimizing blasts in open pit mines is re-
vicwed. Among the qualitative data obtained through these
studies are firing sequence, occurrcnce of miss holes, the
degree ol confinement of stemming and nature of muck pile
formation. The quantitative data includes velocity of fly
rock, spalling stress and heave energy required for muck
pile formation. A typical camera and playback system and
Field procedures for photographing blasts are described.
It is found that the wuplifting velocity 'V' on the bench
during the gas expansion stage of a blast obeys a simple
power law for cylindrical charges,

-n
v = K(TTEYJ s, R being the distance and

'W' the charge weight. For blasts in iron ore formation 'n'
is found to be nearly equal to unity. For large open pit
blasts the velocity of fly rocks is about 15 m/s whereas
excessively loaded boreholes may result in fly rock velocity
of 50 m/s or higher.

iResearch Physicist,Explosives Research Lab.,McMasterville
2Research Scientist, Explosives Research Lab.,McMasterville

3Supervisor, Applied Blasting Research, Technical
Matketing Services, Explosives Division, Montreal.Que.
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1. INTRODUCTION

The use of high specd photography in studying
short-lived phenomena is not new and ifs principles are
well establishcd. The range of high speed photography
may vary from a few dozen frames per second with time
resolution of the order of scveral milliseconds to over a
million frames per second with time Tesolution in the
sub-microsecond range. This paper is concerned with the
applications in the medium-high spced range i.e. in the

100~2000 frames per second, in the ficld of rock blasting.

The first comprehensive studies on the usc of a
high-speed camcra in blasting studies were carried out at
the U.S. Bureau of Mines {Blair, 1960). Various photo-
graphic techniques have been in use for over a decade at
Canadian Industries Limited in assessing blast results,
but since the early seventies high-speed photographic
studies have f{ormed an integral part of rock blasting
research at the CIL Dxplosives Research Laboratory. The
Tesults from these studies are routinely used to conflirm
blasting predictions and provide added insight on the
mechanism and geometry of blasting (Lang and Favreau, 1972;
van Zeggeren and Chung, 1973). This paper reviews the
principles, fleld procedures and general applications of
high-spced photographic studies at CIL. This is followed

by & picture show of typical blasts as recorded by the
high-speed camera,
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2. TDESCRIPTION OF EQUITMLNT

As shown in Figure 1, the lilming system consists
of a LOCAM Camera equipped with an automatic exposure
control unit, a junction box and a portablc eclectric
power generator. The camera operates on 115 VAC 60 Hz,
The framc rate is adjustable [or any rate between 10 and
500 frames/second with an accuracy of *1% or =1 frame;
the film used for blasting studies is Kodak high speed
{160 ASA) 16 mm EKTACHROME Type 7241 TCF 449. Accessory
lenses ranging from 16 mm to 150 mm are available to cover

a wide range of field of view.

Also installed inside the camera compartment is a
heating element for usc in cold weather. Since this camera
consumes not more than 300 watts, a lightweight Ilonda
portable generator Model 300F can supply enough power to

run the system,

The function of the junction box is te contrel the
camera operation; to start the camera by breaking the

trigger wire and to switch off by a built-in timer.

At maximum frame rtate (500 fps), the camera will
not consume more than 10 feet (or 400 frames) of film
to accelcrate; therefore at a frame rate of 300 fps it

is sufficient to give 4 seconds for the run up, 6 scconds
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for recording the blast action and about 4 seconds for

taking the panoramic view after blast.

3. FIELD PROCEDURE

To [ilm a blast, thc camera must be properly located
and protected by a shelter. For example, in the case ol
filming the face movement a suitable location would be
on one level above, 600 to 800 fcet away and looking at
an angle of about 30° to the face {Figure 2). At least
four visible targets (.5 x .5 m2) arranged in three groups
are hung over the crcst and rested on the bench face; in
the case of filming the top of the bench, a group of at
lcast nine targets are placed behind the last row or on
the side adjacent to the blast. All these markers, as
well as the camera location, are painted and surveyed
into a blast plan for use as dimensional controls in the

film énalysis.

The trigger wire of the junctieon box 1is connccted
to the blast initiation with no delay while a long delay
{about 4 seconds) is placcd betwcen the trigger and the

blast.

4. APPLICATIONS
Both qualitative and quantitative information can
be obtained from high speed photographic studies. The

qualitative data which may include information on the
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firing scquence of multiple row blasting and correlation
with respective delay periods, location of miss holes,
degree of confinement by stemming and initial rock move-
ment can be of immediate benefit to blast design and
planning. TIn addition, the colour of escaping gases may
also indicate possible deflagration or changes in the

explosive composition.

The high speed photographic technique is particularly
suited to quantitative measurements of a large number of
parameters for improved blast efficiency. The accuracy
of measurement is controlled only by the time resolution
of the camera and the dimensional contrels such as markers
or grids on the bench. The measurements include particle
velocity on the bench face, and hence the spalling strength,
the time of c¢ritical rock movement on the bench face,
velocity of fly rocks, the uplifting velocity on bench top
near adjacent holes, determination of delay time for
optimum rock movement, fragment size, estimation of required
heave energy from the rock mass motion and estimation of
borehole pressure at the instant of ejection of stemming.
The last two parameters are of particular importance in
predicting explosive action and blast patterns in rock

through analytical models.
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5. DATA ANALYSIS

The processed Film is played back through a L-W
Photo-Optical Analyzer (Model 224-A) for visual inspection
of the entire blast. Tor a more critical examination and
measurcment of displacement of a particular target at a
given time, the film is played back [rame by framc. Since
a pre-sct scalec system is set up on the bench and on
bench face by means of markers, tedious methematical con-
version process in obtaining the true displacement values
is largely eliminated. The inclination of the optic axis
due to camera location and the possibility of target moving
off non-parallel to the {ilm plane arc taken into account
in determining displacement; the latter is accomplished
by averaging. 'l'he accuracy of displacement mecasurement is

estimated to be 10%.

A cross-section of the bench with markers (M) is
shown in Fig. 3, A typical blast pattern lor an open pit
mine in hematite ore formation is shown in Fig. 4. The
corrcsponding displacement vs. time curves are shown in
Fig. 5. 1In this particular case the velocity of free face
is considerably larger than that on top of the bench. The
initial large scale rock movement on the bench face occurs
at about 100 mscc. after blast initjation and at about
200 msec. on top of the bench for the pattern and delay

shown in Fig. 4.
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Fig. 6 shows variation of uplifting velocity on the
hench top vs. scaled distance (R/WY?2) in another iron
ore mine. 'R' is the distance (m) [rom the centre of
gravity of the explosive column and 'W' is the total charge
weight (kg). It is seen that the data can be fitted
empirically by the following:
r O

Vo= K ——l
Wk 2.

where K = 2.24 and n = 0.93, The

E

constants 'K' and 'n' are characteristic parameters for the
particular explosive-rock combination and include atten-
uation and geometrical spreading factors. Thus {rom a set
of data cbtained from film analysis the particle veclocity
at any point on the bench may be calculated. An important
blast design parameter which can be estimated from these
velocity values is the absolute maximum permissible delay
time for the nearest delayed shot. This is the time for
maximum extension which a section of detonating cord in
the delayed borehele can sustain before failure. Illowever,
caution must be exercised in estimating particle velocity
from the bench top to that of the bench face as different

conditions prevail for the two geometrics as shown in Fig. 5.

Typical flyrock velocities for an iron ore mine are
shown in Fig. 7. These velocities are much higher than
normally encountered in blasts of proper design. These

figures also show subsequent increase in Flyrock velocity
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due to multiple collisions.

6. CONCLUSIONS

The high-speed photographic technique is a simple
and direct means of studying blast results in open pit
mines. In current open pit practices, frequently involving
over 100 ktons of rock per blast, proper selection of
explosive and optimum design of blast patterns is of
crucial importance. High-speed photographic studies
provide both qualitative and quantitative data for greater
blasting efficiency and avoiding costly errors. As a
research tool such photographic studies can provide
important data on explosive energy partition, determination
of optimum delay between rows and general verification

of theoretical blast predictions.
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SLOPE MONITORING AT BRENDA MINE

LES PROBLEMES POUR SURVEILLER DES PENTES DE LA MINE BRENDA

G. Blackwell®*
D. Pow**h
M. Kecast#®##%

Abstract

The problem of monitoring slopes at a particular mine
are discussed. Methods of measuring wall movement are
examined and the combination of electronic distance
measurement and theodolite angular measurement chosen. To
decreasc the requircd manpower, an electronic geodimeter
combining both functions was bought.

In its simplest form of operation, the distances are
mcasured to *6 mm and angles to *5 sec. By using more
sophisticated techniques, distance errors can be reduced to
+2 mm. The cost of good reflecting targets is such that a
method of utilizing inexpensive short range reflectors was
developcd.

" %Mine Engineer
**Junior Mine Engineer
#%ATechnician
Brenda Mincs Ltd., Box 420, Peachland, B.C. Canada
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The accuracy of the machine is found to bec quite
adequate for monitoring failing areas.

Resumé

Les problémes pour surveiller les pentes d'une mine
particulidre sont discutés. Les méthodes pour mesurer le
mouvement des parois sont examinécs. La combinaison de la
mesure electronique de distance ct de la mesure angulaire
avec theodolite a été choisie. Pour diminuer la main
d'ocuvre requise, un géodim&tre incorporant les deux mesures
fut achcté.

Dans sa forme la plus simple d'opération les dis-
tances sont mesurées 4 *6 mm et & des angles de *5 sec. En
utilisant des techniques plus sophistiquées les marques
d'erreur peuvent &tre réduites de *2 mm, Le colt de cibles
qui réfletent bien est tel qu'une méthode utilisant des
reflccteurs & courte distance et peu cofiteux fut
développée.

La précision de cette machine fut trouvée suffisante
pour surveiller les zones instables.
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1. IN_TROIEUCTION
1.1 Brenda Mine

The Brenda open pit is located 26 miles west of
Kelowna in the southern interior of British Columbia. The
mine elewvation is 5000 feet above sea level. Temperatures
range from a minimum of -30°C to 30°C with freezing con-
ditions experienced from mid-September to mid-April during

which an annual snowfall of 400 - 800 cm is experienced.

A low grade copper-mclybdenum core is mined at the
rate of about 27,000 tons per day with a similar amount of
lower grade and waste material being stockpiled. A frac-
tured quartz diorite rock gives a competent north wall and
good east and west walls, The low grade nature of the
deposit dictated a mine plan consisting of several pits
inside each other. Pit One is nearing completion. Its
north and east walls are being removed as Pit Three deepens.
Pit Four has just commenced and will eventually produce new

walls all around as shown in Figure 1.

1.2 Slope Monitoring Considerations

With wall heights in the order of 1000 feet planned
for the future, management thought it wise to have a simple
yet effective method of monitoring these walls, to dctermine

if movement is occurring and if failure was imminent.
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An investigation of the different methods available,

their costs and manpower requirements when applied to the
Brenda operation was made. Basically there are threce
methods available:

a4) Deformation in a borehole

b) Photogrammetry

¢) Surveying

The costs of any system are roughly proportional to
the degree of accuracy required. Figure 2 shows the relat-
ionship between cost and the amount of movement easily
detected. This data only applies to the Brenda operation
and does not go into details of capital and operating

Costs.

For an unlimited sum of money, any movement can be
detected. Published litcraturel,? indicates a wide range,
from inches per month to inches per day, of movement during
a slide. Some movement must occur due to the blasting and
removal of vast volumcs of rock which is of no immediate
concern. However, unstable movements must be detccted
early enough to give management sufficient time to alter
the mining plan or preferably, time to consider stabiliz-

ation of an area,
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The system selected should require a minimum of man
hours for the collection and analysing of data. It would
be bencficial if the direction of movement was detectable,
as this might indicate which fault plane should be strength-

ened if stabilization was to be carried out.

The choice of a system is limited by the mining
method., Only the final wall can be adeguately monitored
using boreholes. This increases the cost and accuracy but
gives no indication of how earlier pit walls are standing.
Photogrammetry would not previde instant information unless
the analysing system were installed at the mine. Even so,
it would probably take considerable survey time to obtain
the co-ordinates of set up and target peints. This leaves
survey methods as the final choice.

1.3 Survey Monitoring

As a simple example, the movement of a pcint around a
one feot cube was simulated by sightings from three points
3000 feet away. Neither triangulation nor trilateration
would indicate all movement. However, a combination of the
two metheds would indicate a cne inch movement relatively
easily. If instrument stations were set up to the best
advantage, the amount of movement detected would be limited

only by the machine accuracy.
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The most inexpensive approach was to use the theodol-
ites already available at the mine in conjunction with an
electronic distance measuring unit (EDM). Many EDM's were
examined and several were tested at the mine site. The
helium-neon type was not thought to be better or worse than
any other, but was relatively inexpensive and utilized a

visible red light beam.

Manpower requirements {or this system would be largce
because of the number of readings required with the theodol-
ite. To measure distances the EDM is then mounted on the
tri-brach and further readings taken. Data analysis would

be an equal problem in terms of man hours.

AGA suggestcd that their Geodimetcr 710 would all-
eviate these problems, but at a greater initial capital
expense. Looking to the future it would be reasonable to
assume that Toutine mine surveying would be automited to pro-
vide maps, etc. directly from recorded instrument data. A
combination of the AGA Geodat 700 punch tape recorder and
the 710 Geodimeter would reduce manpower Tequirements and
instrument time. Monitoring and routine survecy work would
be a combined operation with data and maps presented in

complete form from the Geodat punchtape.
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A telephone conversation with Dr. D.G.F. Hedley at
the Department of Energy, Mines and Resources confirmed
that the instrument would meet the manufacturers specific-

ations in most respects.

Management then decided to purchase the 710 Geodi-

meter after demonstration.
Z. A_BASIC MONITORING SYSTEM
2.1 Stations

Having concluded that surveying would provide most of
the slope monitoring information rcquired, concrele survey
stations were installed around Pit 3 in the summer of 1974,
These stations wcre made of weld mesh, rebar and old
grinding rod. "Ready Rod" was welded to the rebar to hold
an instrument platform. Concrete was poured into a 3 foot
diameter cardboard mold around the reinforcing structurc.

A brass platform and forced centering bolt were added

later. Figurc 3,

Five main stations were sct around the pit walls, and
a further station outside of the influencc of the pit was
added to provide a stable backsight for all five main
stations. With the arrival of the Geodimcter in December
18974, basic monitering commenced with the surveying of the

main stations.
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2.2 Using the Geodimeter 710

Table 1 gives a brief description of the instrument.
There are two main parts, the measuring and display units,
joined by an electrical cable, Figure 4. A [ull descrip-
tion is available from AGA3’4. Bricfly, angles are meas-
ured by means of horizontal and vertical pulse discs. The
relative position of tracks on the discs is converted

electronically to angular position.

Distance measurcment is accomplished by determining
the phasze difference between transmitted and reflccted
light heams. Frequency (1) finds the nearest 5 metre,
frequency (2) the nearest 0.001 metre. Frequency (3) is

used to solve units of 250 mectres up to 5000 metres.

The beam is reflected from either a cube corner glass
prism (§50 - $200 each) or a plastic reflector ($2 - §5 each).
Alignment of the prism can be 20° off, but the plastic
reflector loses range quickly as the face is turned away
from the beam. Returning signal strengths can be cstimated
using the meter on the display unit. Adjusting the angular
verniers and beam expander to give maximum signal strength

15 a useful aid when measuring distances.

The display unit automatically gives various combin-
ations ol slope, horizontal and vertical distances with

horizontal and vertical angles as required.
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TABLE 1

AGA 710 Geodimeter

Cost $22,000
Weight (including carrying casc) 25 kg (55 1bs)
Power 12 v. DC

Distance Measuremcnt

Expandable 1 miW He Nc gas laser

Modulation Frequencies Fj 299.7 K Hz

L2 29570 K Hz
Fz 30000 K Hz

Range 1 AGA prism 1700 m (1 mile)
1 plastic reflector 200 m (600 ft)
Resolution 1 mm

Anpular Measurement
Erect Tmage 30X magnification

Resolution Horizontal Circle 1 sec
Vertical Circle 3 secc

55
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Since the machine utilizes the laser principle, cye
safety must be considered. The one milliwatt laser emits
an average power of 0.125 milliwatt per square centimetre
and should not be stared at from a close range. The normal
human reflex is to turn away from the visible beam and
therefore the machine is considered safe when used as

directed?.

Safety precauvtions are incorporated in the machine
and Brenda has undertaken others:

i} The laser beam is turned off when not
required, e.g. when first sighting a nearby
target through the telescope.

ii) There is a filter which is used when
operating at short Tanges.

iii} All mine operating personnel have been
given a safety talk on the machine.

iv} Survey personnel are provided with safety
goggles which do not transmit the Ted
light.

v) Warning signs are present which tell the

reader not to stare at the beam.

2.3 TFactors Affecting Machine Accuracy

The beam is affected by the density of thc medium in

which it travels. A correction is therefore necessary for
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the variations of air pressure, temperature and humidity.

The correction factor is obtained from a table and dialed

ditectly into the machine. Over a distance of 1000 metre,
about 1 mm error would be causcd by an error in the temp-

erature reading of 2°C, at constant pressure., Humidity

chanpges have very little effect on red light.

Patches of warm and cold air over the beam path pro-
duce erroneous results whereas overcast windy mornings or

nights produce the best results.

Measurements of pressure and temperaturc present
problems. In most stability work measurements over the
beam path are not always possible. The most practical
system would be to place a maximum/minimum thermometer on
a pole near the target and use an average of the target and

instrument conditions for calculating the correction factor

Temperatures arcund the pit vary by 2°C at any time
during the morning. Pressures vary due to elevation by
t]1 mm Hg. The error caused by these changes is in the *2

mm range, but does not greatly affect monitoring data using

the same stations.

At Brenda it has been found that other climatic con-
ditions, wind, c¢loud, snow and freezing Tain have an effect
on the machines operations. The cloud level occurs at the

mine elevation during the winter months.
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Dense fog can remain at the mine level for several
days. Generally a teflection from a cube corner prism can
be obtained although the target itself may have just dis-

appeared from view.

Wind tends to disturb the instrument, but the spread
of the beam is such that suitable distance measurements can
be obtained. Snow and rain tend to give a greater spread

of readings about 2 mean.

A major winter problem was the coating of the
reflectors in ice, up to 1/2 inch thick. This problem was
solved on a temporary basis by use of an insulated shield
with an open freont face. A 12V lamp bulb heated the inside
of the shield and kept the reflector from freezing. The
complete winterization of the system will be completed in

75/76.

Unfortunately there was no target housing available
that was 100% satisfactory for mine purposes. For this
reason a housing was made in the mine shop consisting of a
2 1/2" pipe coupling, welding road and a 5/8" bolt.

Figure 5. This housing is now standard at Brenda, and ful-

fills all requirements.
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3. IMPROVING THE SYSTEM

3.1 Routine Surveying From Main Stations

The initial system employed involved setting up on a
main station. Readings werc taken to the main stations,
and reflectors mounted in 3" holes drilled in the rock
[aces were monitored. It was found that operators tended
to bias their distance readings instead of reading the
first reasonably stable number. At this stage the
manufacturers stated accuracy of 10.02 feet was not being
attained. To overcome these problems, a regression
analysis procedurc was adopted. Readings were taken at
various correction factors instead ol dialing in the
correct one. Using the various cerrection factors and
distanccs a lcast squares equation was used to obtain the
correct value of slope distance. This reduced errors
significantly and gave the operators a better feelinp for

the drift in readings.

At AGA's suppestion, the instrument was converted to
display metric distances. This solved the problem of
accuracy because 1t removed on electrical circuit and
stopped truncation of the last decimal of distance. An
examination of the data showed that four readings, two face
left and two face right, would be sufficient. The regress-

ion method was abandoned in favour of dialing the correct-
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ion factor as beforce. A plot of typical data is given in

Figure 6; a spread of *G mm is evident.

Angular mcasurcments werc taken using the reiteration
method® on one gquadrant. The instrument did not display
the positive action of the normal theodolite. Consequently
care had to be taken not to disturb the instrument after
sighting a target, e.g. pulling on the cable to the read

out unit. Typical data 1s given in Figure 7.

All angles are meaned to about *5 second. The
scatter and standard deviations agree with those published?

for a 0.1 second theodolite.

It should be noted that vertical angles are corrected
internally by an electronic plumb which is sct during the
initial machine calibration process. Face left and face
right angles must be taken since the instrument does not

hold its adjustment.

3.2 Normalizing Data to a Known Backsight

The error in day to day readings is Trom two main
sourccs, atmospheric conditions and intcrnal machine error.
The atmospheric correction dialed into the machine may not
have bcen correct since temperature and pressure readings
cannot conveniently be taken at targets all around the

compass. Present practice is to use the tcmperature and



540.06 —

A A
N Az 'lJ A )
~ - L Unstable Station
A--A= A 1
540.04 __ i O  Backsight Station
\
SLOPE * & 0.006 (stable)
DISTANCES '
§
(Metres) A
!

546.62 — k

___________ i___________ +2aq
o \

546.60 . ) A 0 A 0O
—O — s @Hﬁ X O © o= *
0 ° O & "A&-pA

O A~

546.58 | l

| 0 5 10 DAYS
FIGURE 6 TYPICAL SLOPE DISTANCE DATA

INIW VONIHE LY ONIHOLINOW 340718

£9



-9°24 139" 4}_‘H¥3 A vVertical Angle Unstable Station
— e —A [] Horizontal Angle
-ge241 40" A A A () Vertical Angle Stable Backsight
- \ o 5 seconds
90241501'! ' 64:38'00”
R \ D’ .
o t "
gea500m A___*A - - 64°37750
e ""-...g -
iy 64°37 40"
0o } HH[]*nhzs
DD, | 'm_,__hff°37‘30"
0 - - A
0 —
-
seapvzov 0o _D - a0
13 O O O
sear0n_ O O 0Q . © O 0O _ . i
C O 0O
5°40'00" . @ ——— = — - o_ ____O_ — -2g
0 |5 IlO DAYS

FIGURE 7 TYPICAL ANGULAR MEASUREMENTS

k9

'D

13aIMAIYTE

'W ONVY MOd 'd

15¥3aA



SLOPE MOMITORING AT BRENDA MINE 65

pressure correction at the instrument only.

Readings are taken from one main station to monitor-

ing points and the main backsite. As all main stations are
surveyed regularly, they can be considered stable. Any
error in backsite slope distance is applied to all other

distances measured from that particular set up.

Atmospheric corrections are proportional to the
measured distance, and the instrument error can be con-

sidered to be constant for a particular set up.

The application of the correction could be made con a
distance proportional basis or as a constant if all dis-
tances are of the same order. Limited experiments did not
prove the '"distance proportional" correction to be any
better than the constant, so the simpler constant method
was adopted. To obtain the best results it would be
advisable to use a backsight distance approximately equal

to the target distance.

The improvement in using this method is shown in
Figure B.
3.3 Forced Centering With a Reference Reflector

A procedure recommended by AGAS.

The instrument uses three frequencies to resolve the
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target distance. The final 5 metre resolution utilizes a
10 metre wave length. The phase difference does not acc-
ount for negative or positive parts of the wave form. The

effective range of this final wave form is 10/2 or 5 metre.

Errors in the wave form would be eliminated 1f read-
ings to a known backsight used the same part of the wave

form,

If readings were taken quickly from monitor to tef-
erence to monitor etc., etc., the drift in readings would
cease to have a great effect, and other internal machine

errors would be reduced.

The only problems remaining are atmospheric correct-
ions, If the reference and monitor are at the same dis-
tance and in the same area, then the atmospheric correction
need not be considered. The computation of the monitor
distance will always be corrected Tegardless of what is

dialed into the machine,

It is more convenient to use a short reference
distance. In this case the atmospheric correction is not
dialed in, but computed and added to the final result later.
Only the distance to the monitor is found using all three
frequencies. From this point on, the machine is left in
the 10 metre wavelength, and only the last two digits

change for each reading. An example of the calculations
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required is given in Table 2.

The data plotted in Figure §, shows that T2 mm can be
obtained without much effort. We feel that night surveys
with great attention paid to setting of reference refllector
and atmospheric data could reduce this to *1 mm. The
method is a littlec tedious, but would have an application

where a fine degree of accuracy was required.

3.4 Using Inexpensive Plastic Reflectors

To adequately monitor a pit slope, a reflector would
be required for about 50,000 square feet of face. A pit
one mile wide would need about 200 reflectors. Problem

areas would use as many again.

The variation in cost of using $2 plastic or $50
glass reflectors is $800 to $20,000. The best system would

usc mainly plastic reflectors.

Unfortunately the range of these units is not suff-
icient for sighting across an open pit. The instrument

must then be brought close to the reflector.

In an operating pit a temporary station is not the
answer. A method must be established to accurately find
any instrument position and transfer this to the target.

As benches are mined, the instrument position changes.
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TABLE 2

Tabulation of Forced Reference Method

SLOPE DISTANCE

FACE LEFT FACE RIGHT
Station Reference Station Reference
676.099 676.092 676.096 676.091
85 85 93 86
96 g8 80 83
96 86 89 88
87 _ 9z ___ 86 . 85
676.0954 676.0886 676.0928 676.0866

Mean Station 676.0841
Refcrence 676.0876 (16.0876)

As only frequency (2) used, readings to reference station
are H76. Actual distance is 16.

Mean Temp. 49°F Pressure 24.73 ins

Carrection Factor 68.5 (AGA Table)

Corrections
Station  » 676.0941 x 6B.5 x 10 0 = 0.0463
Reference - 16.0876 x 68.5 x 10 © = 0.0011
Corrected for Atmospheric Effects
Station 676.0941 + 0,0463 = 676.1404
Reference 16.0876 + 0.0011 = 16,0887

But the reference station distance is 16.03%00
Correction = 16.0500 - 16.0887 = + 0.0013
Station Distance = 676.1404 + 0.0013 = 676.1417
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SLOPE MONITORING AT BRENDA MINE /1

Step one is to sight as many main stations around the
plt as possible and use all the information to give a mcan
instTument position. As bhoth angles and distanccs are
measured, combinations of triangulation and trilateration
can be uscd. The numher of calculations and sclutions are

such that a computer program was written for the purpose.

A triangle comprising two main and one instrument
station has two cosine rule and up to cight sinec rule
solutions for latitudc and departure. Further main
stations increase the sclutions factorially. Elevations

are simpler.

Instrumcnt positions found from three stations
generally have a spread of 3 to 10 mm in latitude and
departure. Elevations have about half the spread. Errors
in the system include computer error (*2 mm), atmospheric
conditions (f2 mm). The mcan co-ordinates are probably in

the *5 mm range.

Transferring the co-ordinates from instrument to

plastic reflector is quite simple.

As with every other system, an excessive amount of
data is collected at the start. Presently four sightings
are made onto all stations, using 0° and 90° quadrants,
Readings are read into a tape rtecorder and cards punched

directly. Eventually wc hope to decrease the sightings
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to two per station on one quadrant enly. Figure 10 shows
typical data. As movement is known to be occurring in this

arca, the standard deviations arc high.

A series of ten sct ups would probably find a move-
ment of 5-10 mm in any direction. At present a set up

takes about 2 hours including keypunching cards.

The system is also useful in monitoring the main
stations. Any movement of a main station affects the
instrument co-ordinates. Experiments have shown that the

moving main station can be casily isolated from the data.
4. A CASD HISTORY

The south wall at Brenda has two main jointing
patterns. Analysed by photogrammetric methods these are:

a) strike 085/265 *25°, dip 45° North 15°

b) strike 075/255 *10°, dip 72° South *5°

The 45° dipping pattern is not continuous.

A study was undertaken to find the mechanical proper-
ties of the 45° North dipping set. A Hoek shear box was
used for this purpose. Normal loads of 0 - 350 psi and
shear of 0 - 250 were used. Cohesion intercept values
varied between 0 and 20 psi, and friction angles of 25° -
35° found. A vertical hole was drilled to check water

levels in the area.



2140.78

Latitude
{meters)

2140.76

53180.52
Departure
(meters)

3180.50

5142.69

Elevation
(meters)

5142.67

O

N

A

O

[]

value

0.008%

0.011

0.005

FIGURE 10

LATITUDE, DEPARTURE AND ELEVATION OF PLASTIC REFLECTOR
FROM TEMPORARY STATION

INIW YANIYE LY SNIHOLINOW 340715

4



74 G, BLACKWELL, D. POW AND M, KEAST

A basic analysis was carried out using methods given
by HoekS. This showed the area to be very stable when dry.
A high water table decreased the stabilities. A plane
failure on the 45° joint system was assumed with tension

cracks formed on the 72° plane.

The south wall area is shown in Figure 11. Stabil-
ization of the area was not carried cut, as the cost and
time spent was not warranted. The haul reoad will not be
used after Pit (1) is completed this year (1975). Further

it would be possible to reroute traffic through Pit 3.

There are three main causes of instability in this
case,

a) Natural jointing patterns.

b} Water pressure.

c)] Blasting shocks.

The natural jointing pattern causes the bench face to
break as a series of steps. The failure mode would be a
combination of toppling and plane failure, Cable bolting
would strengthen both planes, and has been well documentedlq
Water pressure would be a problem in spring, when pit pump-
ing volumes increase from the normal ¢ - 100 gal/min to up

to 2000 gal/min for a few weeks. Theoretically, any weak-

ness in the area would have appeared at this time.
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Any slope dewatering system would have to be designed
for the spring peak, and consequently this might not prove

feasible with gravity flow from boreholes,

The effects of blasting in the area eventually caused
a small movement on a 'nese' on the south wall. Cracks
appearcd on the haul road. A more complete monitoring
system was then installed to show the extent of the move-

ment. Figure 12 shows the movement to date.

With water in the water monitoring borehole slowly
dropping, the area should become more stable. DBlasting
immediately below the area and the resulting movement are
shown for one station in Figure 13. The slope distances
were measured from a station oblique to the movement,
Despite this, the advantages of measuring distances rather

that angles can be seen.

Some measure of stability would be attained by
decreasing blast pattern sizes or increasing the number of
delays used, This would decrease the scaled distance
{(distance from blast/weight of explosivel/zj and decrease

vibrationll.

The sinking cuts necessary to take out the next level
gave D/Wl/z ol about 3-4 ft/lblj2 in the failing area. The
Telation between blasting and movement confirmed that the

post shear trim blasting technique now in use for three
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yecars should be continued. (Loading 4 inch cardboard tubes
inserted in the 12 inch drill holes. Spacing is 15 ft and

subgrade 3 ft).

The area is now monitored using the plastic reflect-

ors as in Section 3.4.
5. CONCLUSION

The LDM/Theodolite system is adequate for monitoring
known problem areas. It also has the abilitics to detect

movements which apparently are of no immediate concern.

The calculation and display of data can be automated
using an electronic gecodimeter with a punch tape recorder,
As a pit enlarges and workloads increase, manpower Tequire-

ments can be kept at a minimum,.

The use of inexpensive plastic reflectors and poor
quality prisms would offset the high capital cost of the

system.
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SUPER SCALE RESOURCE DEVELOPMENT

E. W. Brooker, P.Eng.1

D, W. Devenny, P.Eng3
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1. INTRODUCTION
Large-scale Tesource development provides one of the

most challenging fields open to geotechnical or earth

science engineering.

The growing world demand for energy, water, and other

raw materials has resulted in accelerated exploitation of

1 President, EBA Engineering Consultants Ltd., Edmontcn

N
2 Senior Geotechnical Engineer, EBA Engineering Consul-
tans Ltd., Edmeonton

3 Senior Hydrogeologist, EBA Engineering Consultants Ltd.,
Edmonton
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the natural resources through what may be termed "super-
scale" projects. The term "superscale" is applicd to pro-
jects of the magnitude of Syncrude, the Arctic Gas pipe-
lines, the James Bay project, and others of similar multi-

biilion dellar scope.

Because of the large scale of today's developments,
they have the potential of interacting with nature on a
scale previcusly unknown to man. The speed with which these
projects arc initiated may lead to adverse development
features before the effects on environment or project
operations can be recognized. After inception, so much
funding will have been committed to the project that the

developer might be unable to stop or change direction.

With the advent ol superscale projects, there is a
greater need for appreciation of natural site conditions.
Immediate and long term effects of natural conditions on
the project as well as the Teverse effect must be consider-

ed in all phases of development.

2. SUPERSCALE PROJECTS

A comparison of conventional and superscale projects
is considered in Pigure 1. Whereas there have been many

projects within Alberta and the Northwest Territories



SUPER SCALE RESOURCE DEVELGOPMENT

PRCJECT TYPE

CONVENTIONAL

SUPER SCALE

SCOPE Smali — $50-100 Million Large — $1 Billion up
-Gag Plants — Syncrude
-Compressor Stations — Arctic gas, oil lines
-Commerclal complexes — James Bay
IMPACT Local Yast — MNational & Interna-
tlonal
Not Igrga . . Paolitical
Relativaly litlle disturbance Socislogical
Economic

Environmental

MAMAGEMENT &

Cluse ta problem & site

Remots — National

ENGINEERING Dirggt Communication International
Complex Communications
Often Third Parly
REGULATION Open & Flexible DHficult o Assess
Rezady implementation & Modify
of Changes Inflexible
Existing regulations Existing regulations may
workable be ineflective
APPRAISAL Cpsn Obscure & Complax
INTERACTION OF
PROJECT .
COMPONENTS Slight extreme
FIG. 1 CONVENTIONAL vs SUPER SCALE PROJECTS

83



a4 E. BROOKER, D, DEVENNY AND P. HALL

involving the expenditure of up to one hundred million dol-
lars, there is a recent trend to rapid development of multi-
billion dollar projects. Within these projects, there are
profound differences in the range of impact on geological
and environmental conditions. Management and engineering

of such projects are also substantially different and the
regulation of the development poses new problems for govern-

ment.

Superscale projects require well planned advance
studies and evaluation of all factors involved in the pro-
ject, The cconomics of the development may be threatened

if this 1s not done.

The development of tarsand is an outstanding example
of the care with which superscale developments must be
treated, As demonstrated in Figure 2, tarsand is a unique
material affected by a variety of factors. There aTte sev-
eral geotechnical fields which must be intensely considered
in tarsand development. These include geology, ground water,
material properties, climate, and other site resources.
Each of these areas interact and has an impact con the im-

portant development components consisting of:
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1. the mine,

Z. the plant site,

3. waste disposal,

4. product storage, and
S. site reclamation.

The manapgement of this complex relationship provides
a significant challenge to the areas of engineering, indus-

try, and government.

3.  SHORTCOMINGS OF THE PRESENT DEVELOPMENT FORMAT

Superscale development of natural resources in Alberta
is in early formative stages; as a result, there is a gen-
eral lack of experience or guidelines for developers, the
engineering profession, and government to follow. 1t is
desireable that an approach to project evaluation be devel-

oped which provides the most effective and economical solu-

ticn.

Although geotechnical and ground water considerations
are among the primary factors controlling development of
large leases, the application of appropriate expertisc to
provide baselinc information, and effective cvaluation of

that information, 1s occasionally overlooked.
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In considering the nature of the baseline information,
it is important to delincatc the significant facters in
quantitative tecrminolegy. Whereas the implications of this
aspect of development are of limited impact in conventional
projects, the problem may be profound in superscale projects

as indicated in Figure 1,

4, SIGNIFICANCE OF DEVLGLOPMENT APPROACH

Concerns relating to development format manifest them-
selves in a dominant fashion in the field of earth science
engineering. As outlined in Figurc 2, the various natural
conditions will have an impact on each element of the pro-
ject and vice versa. The excavation of a large scale open
pit mine may alter the Tegional ground water pattern to a
significant degree. This alteration may be further compoun-
ded by the development of vast tailing retention areas.
Failure to optimize both mining and tailing disposal devel-
opment elements will result in a less than optimum economic

development.

It is the goal of industry to extract rcsources with
a minimum of expenditure. This is most likely to be accom-
plished il mining, plant, and wastc disposal schemes are
selected which interact most favourably with natural

conditions. Failure to recognize and work with natural
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conditions may give rise to adverse circumstance in the

planning and cxecution of:

1. minc layout,

2. plant location,

3. excavation equipmcnt, and

4. waste disposal {method and location).

The optimum size, orientation, and depth of a mine
will depend on the natural conditions present con site and
on the equipment selected to mine the ore. If the site is
highly structured, its cffect becomes more signiflicant and
mining operations will work with or against nature depending
on the layout selected. Mining operations are expensivc and
therefore, rvecognition of the above interacting factors is

impertant i{ optimization is to be achieved.

Optimum selection of mine equipment is a function of
tarsand properties, stable slope configuration, conditions
in the mine, layout required for optimum performance of that
equipment, and finally the efficiency of the equipment it-
self. Appreciation of these interactions is important
because equipment costs are significant on superscale pro-
jects and lead times to secure a replacement of unique equip-

ment are long.
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Excavation of the Athabasca tarsands will intercept
aquifers &t various elevations. The pressurcs and quanti-
ties of water invelved arc critically important to slope
stability and minec pit conditions., Therc are areas where
cxtensive depressurization of the aquifers is necessary
belorc mining can take place. Consistent with this depres-
surization 1s the need to dispose of substantial quantities
of water that may be saline. The appropriate method of
handling this water involves an evaluation of both local and

regional hydrogcological conditions.

Large waste disposal areas must be developed to accom-
modate the large quantities of tailings which are produced
by tarsand processing. The development ol these tailings
ponds has an impact on local hydrogeclogical conditiens
which must he cvaluated. The failure of a disposal arca has
the potcntial of discharging silts and sludges which may
ultimately pollutc the entire downstrcam drainage system.
This could have {ar rcaching cffects since the tailings arc
inherently toxic. Notwithstanding the environmental aspect
of a dam or mine pit slope failurec, there is the critical
consideration of project econemy. Either failure could re-
sult in plant shut down with losses measured in multiples
of millions of dollars. This aspect has an effect on the
economy of the project itselil and on the surrounding commun-

ity. It i1s desircable, thcrefore, that a4 systematic and
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effective method of appraising project components to be

implemented.

5. A METHOD OF APPRATSAL

An appropriate method of appraising geotechnical and
envircnmental circumstances must consider all aspects of
project development. The fcllowing suggested methods apply

to superscale projects,

Secondary aspects, although still important, include
indirect changes in the biosphere. These changes can only

be predicted after the physical environment is understocd.

The evaluation process, which of necessity is multi-
disciplinary in nature, should encompass all natural condi-
tiens and planned activities. The purpose is to appraise
the effect of each factor on the site development and to
adjust the development so that an optimum relatiomnship

exists.

All areas should be investigated bearing in mind the

ultimate goal of reclamation.
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6. TIIE OBSERVATIONAL APPROACII

Farly this century, one of the most ocutstanding civil
enginecers, Dr. Karl Terzaghi, evolved what i35 now referrcd
to as ''the Obscrvational Approach'. This approach was orig-
inally designated by Terzaghl as pertinent to geotechnical
matters. It is equally applicable to envirommental matters
and to large scale natural rcsource development. Details

are cutlined in Figure 4.

The obsecrvational approach involves lormulation of an
initial project concept on the basis of expericnce and
judgecment. Work proceeds on this basis, but research is
initiated teo explore areas of uncertainty (laboratory test-
ing, analysis, and field exploration) and development pro-
ceeds under close observation. As Information and experi-
ence develop, the initial concepts can be reappraised and

design modifications madc as necessary.

The observational appreach is an iterative one that
permits optimum development. It i1s superior to mcthods that
attempt to cover every aspect of dcvelopment in detail
before start up but that have no mechanism to ohserve and
learn from operations in progress. _Thc most effcctive area
in which to apply this tcchnique is in the field of the

earth sciences, where a total understanding of site condi-
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tions or intcraction 1s never possible. Major resourcce

development lalls within this catcgory.

Collection and interpretation of pertinent baselinc
data is the first step. The initial data need not be all
inclusive but only sufficient to support or lay the basis
for amendment of the initial project concept. Part of the
underlying philosophy in implementing the observational
approach is the development of a working hypothesis does not
require design for worst possible conditions provided the
flexihility of recycling information into the stream of

cxperience and judgement remains possible.

One ol the potential downfalls in the management of
superscale projects is that this (lexibility may not cxist.
Flexibility must be present 1f the project is to beneflit

from the observational approach.
7. COORDINATION OF_EFFORTS
1n order to achieve full bcnefit of the obscrvaticnal
apporach, it is necessary that three primary conditions pre-

vail. These conditions are:

L. functional coordination of all development aspects,
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2. the interaction of engineering efforts with the devel-
opment industry and govcroment agcencies, and
3. continuity of effort from planning through construc-

tion and opcration.

The functional coordination of civil engineering as-
pects is shown diagramatically in Figure 5. All phases of
site development should be subjected to similar scrutiny if
impacts are to be lully appreciated and effective optimiza-

tion with nature achicved.

The interaction of the engineering, industry, and
government functions is demonstrated in Figure 6. An open
relationship must exist between these bodies in order to
optimize the proposed devclopment. The tasks of each seg-
ment are shown. Some arcas of industry tacitly include an
engineering function as well. It is this latter area which
has lcd to the implementation of secrecy. However, with thc
exception of highly specialized and patentable processing
techniques, it is suggested that secrecy in regard to geo-
technical and envircnmental matters which impact on a re-
gional basis is lnappropriate. The functional coordination
as demonstrated in Tigure 5 is oriented dominantly to geo-

technical and earth sciences areas.
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Figures 4, 5 and 6 demonstrate that an interaction and
iterative procedure is necessary in order to achieve the
desired goals and this can only be achieved by the coopera-
tive use of multidisciplinary teams. The need for contin-

uity in the review process 1s obvious.

The function of government within the areas ol devel-
opment deserves special mention. Regulations on environ-
mental protection are a natural function. Less obvious is
the granting of permits, which 15 necessary bccause of the
massive socio-economic impacts of these superscale projects,
Continual monitoring of the environment and reassessment of
development assumptions should also be carried out in close

cooperation with government agencies.

8. RECOMMENDATIONS

The foregoing text suggests that the relationship
between project development and natural environmental con-
ditions must be effectively integrated on a logical basis in
order to provide optimum development. The relationships
have been shown and a mcthod has been outlined for achieving

this desirable goal.

Emphasis has been placed on the collection of rational

baseline data necessary for appraisal leading to optimum
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development. The foregoing suggestions relate primarily to
superscale projects which dilfer significantly from conven-
tional projects. The significant features related to super-
scale projects are illustrated in Figure 1. Useful con-
clusions may be drawn from this figure in regard to neces-
sary engineering activities. The following recommendations
are suggested in order to optimize development of our

natural resources.

1. A policy of recognizing and working with natural con-
ditions cun provide the basis for selecting optimum

development schemes and should be implemented.

2. Appropriate studies to identify and appraise these
natural conditions should be carried out prior to,

during, and subsequent to development.

3. There should be effective coordination and integra-

tion of various site studies.

4. Project development should include design that recog-
nizes environmental protection, reclamaticn and long

term geotechnical effects.

5. Optimum use of Canadian professicnal capability should

be encouraged and integrated to its maximum extent
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so that cur human Tescurces may grow as our natural

resources decline.

6. Licensing agencies should issue guidelines for proper
development, review applications, and then monitor
work in progress. Submissions for development should
be reviewed on an economic basis and also on a tcch-
nical basis that considers pertinent geotechnical and
environmental factors. Several public hearings would

be required to accomplish this.

7. The povernment and its various regulatory agencies
should encourage coordinated cooperative studies of
resource potential and development proposals. In-
formation obtained could be used to monitor projects

underway and also applied to future developments.

8. The observational mcthod of approaching geotechnical
and related environmental problems should be an under-
lying working philosophy in all developments which

relate to the rearrangement of natural conditions.

It is concluded that no other development area is
more amenahble to the foregoing procedure than the exploita-

tion of the Athabasca tarsands. The unique nature of this
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development tequires a unique approach to deal with the
problems. The approach recommended is a coordinated obser-

vational approach carried out by multidisciplinary teams.

The major challenge to the engineering profession at
this time is the implementation of rational procedures which
permit safe economical resource exploitation involving
mining, extraction, waste disposal, and reclamation on a
scale unique in the world. Major contributions toc overall
project development can be achieved by utilizing the organ-
ized philosophy of the observational approach which has been
used in the field of geotechnical engineering for a number
of years. Indeed, it is questionable if rational and
economical projects can be accomplished without implementa-

tion of this process.
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MOMITORING OF THE HOGARTH PIT HIGHWALL, STEEP ROCK MINE
ATIKOKAN, ONTARIO

Cc. 0. Brawnerl
P. F, Stacey2
R. Stark3

Abstract

The development ol unstable conditions in the
Hogarth Pit highwall at Steep Rock is described. The basis
for the Companvy's decision to continue mining after insti-
tution of a detailed monitoring system 1s reviewed. The
monitoring system included both triangulation and Elec-
tronic Distance Measuring surveying, extensometers, move-
ment pins and seismograph and a visual guard. Mining
operations were restricted to daylight hours and were
revised to give the pit crews maximum protcction.

Movements are described and thec operational charac-
teristics of cach of the monitoring system elements are
discussed.

1Presidcnt, Golder Brawner § Associates Ltd., Vancouver,
E.C.

2Senior Engineer, Golder Brawner § Assoclatcs Ltd., Van-
couver, B.C.

3Senior Mining Engincecr, Steep Rock Iron Mines Ltd.,
Atikokan, Ontario (Part A was prepared by C. O. Brawner
and P, F. Stacey and Part B by R. Stark).
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Mining was completed in March 1975, with more ore
than anticipated being recovered.

In early May, movements startcd to accelerate, and
the major failure occurred in the predicted toppling mode.

Finally, the paper describes the program from the
Mining aspect. Reasons for choosing a monitering approach
are given, and the effects of the revised mining procedures
discussed. The Company policy of continual communication
with its employees played a big part in the success of the
program, and the choice of pit crew members to form the
visual guards had several advantages.
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PART A - GEOTECHNICAL ASPECTS

INTRODUCTION

This paper describes the monitoring program
dcveloped to study movements in the highwall of the liogarth
No. 1 Zone af Steep Rock Minc at Atikokan, Ontarioc. As
such, it forms a case histery of a successful monitoring
program which permitted rcmoval of the reccoverable ore
reserves from that area of the mine, while at the same time
providing a control safety for the operating crews.

The papcr describes a case history of successful
cogoperation between a mining company and a consultant. This
success was cnhanced by the effective communication between
the Company and its employces, and the use, where possible
of all levels of Company personnel in the program.

It must he stressed that the aim throughout was to
provide a practical solution to the practical problem of

the safety of the mine crews.

HOGARTH NO. 1 ZONE

The Steep Rock ore zone is composed of a goethitic,
soft iron ore horizon, which dips steeply to the west, and
is overlain by ash rock, and underlain by paint rock and
carbonate. The total Steep Rock Complex is divided by
regional faults into three major sections, each of which

originally outcropped under an arm of the Steep Rock Lake.
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The section ol the orebody currently mined by
Steep Rock [ron Mines lLtd. is termed the Middle Arm Ore-
body, refcrring to its respective arm of the lake, This
orebody is separated into several sectiens by faulting and
folding. The major divisions from south to north are
termed the LErrington Zone, the Roberts Zone, and the Hogarth
Zone. At the north end of the Hogarth Zone the ore ter-
minates against the Bartley Fault, which strikes northeast-
southwest and dips to the southeast at 85°. Northwest of
the fault the original lakeshore was formed by a steep 300
ft, high wall comprised of a2 hornblende-biotite metadiorite.

The diorite contains sheared basic dykes which
parallel the Fault. It also contains two well developed
vertical joint sets which strike recspectively parallel to
and perpendicular to the major fault direction. It was
these joint sets which controlled the development of the
pre-mining lakeshore, and which also controlled the failure
to be described. The entire failure was restricted to the
diorite highwall, although the monitoring program covered
the possibility of the onset of Cailurc in the iton for-
mation below.

The crest of the pit in the area of movement was
covered by loose blocks from the cxcavation of a cut for
the railway line to the pellet plant. This line rTuns
approximately 150 ft. behind the movement area. The loose

blocks caused initial problems in lecating cracks, and sub-



MONITUORING OF THE HOGARTH PIT HIGHWALL 107

sequently added to the difficulty of traversing the area.
A plan of the Hogarth No. 1 Zone is shown in Fipure

1 and an air photo of the highwall is shown in Figure 2.

ONSET OF TATLURR

A crack behind the crest of the diorite highwall
was first noticed in October 1973 and bccame the subject
of weekly observation. Further signs ol instability
developed in April, 1974 when an attcmpt was made to access
the foot of the diorite wall at the 975 level on a berm
containing the Bartley TFault ocutcrop. This level approxi-
mates to the ore outcrop below the original lake floor.

A small blast on the hangingwall sidc of the berm resulted
in the failure of a small wedge of diorite bounded by
vertical joints. Talus spilled over thec orc berm and down
the iron formation face below.

As a result of the crack on the crest opening and
extending, the Company installed a simplec monitoring pin
system, which was read on a daily basis.

In mid-August 1974 a second crack was noticed,
approxlmately 150 ft. behind the crest, when craters
appeared in the debris from the rock cut. At this point
the pin monitors were supplcmented by triangulation
stations and three celementary wire extensometers con-
structed of drill steel and clothes line. On August 20th,

movements increased after a period of hcavy rain. At this
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point the advice of Golder Brawncr § Associates was sought.

REVIEW OF ALTERNATIVES

It was apparent that a serious slope instability
situation was developing. Accordingly, a temporary halt
was called to mining operations in the No. 1 Zone while the
movements wcre reviewed., A 5 mph Slow Order was placed on
trains operating on the track behind the highwall.

The review indicated increasing movement involving
betweecn 200,000 and 250,000 cu. yds. of dioritc. The
safest procedure would have been to discontinue mining in
the area. However, since the Tlogarth No. 1 Zone was the
ocnly major short term source of orc, two alternatives which
would allow ore production werc considered. Attempts could
be made to [ail the slope by flooding the cracks, or
blasting, after which the orc could be mined following a
delay for clean-up of the debris; or a comprchensive moni-
toring system could be installed to provide warning of
potential failure to the pit crews working below. The
former course carricd with it the risk of only partial
failure, possibly resulting in a less stable slope which
would terminate all mining activities. The latter course
was felt to be a safe approach, since geologic evidence,
existing monitering data and the author's past experience,
Brawner (1968, 1970, 1970, 1971, 1974) indicated a

"toppling" mode of movement would be expected which would
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give ample warning of failure in the form of ravelling and
an increasing rtate of movement. This, combined with the
requirement to maintain committed pellet shipments, influ-
enced the Company's decision.

To assess whether c¢left water pressurces may be con-
tributing to instahility a piezometer was installed in a
holc drilled from behind the crest. This indicatcd no
water in the diorite behind the toe at the 875 fr. lcvel.
This hole remained dry until the standpipe was finally

shearcd by movement along the back crack.

MONITORING SYSTEM
When the decision was made to go ahead with a mining
and monitoring approach, the monitoring system established
by Steep Rock staff was expanded to include scven further
pin monitors (Figurc 3), seven further wire extensometers
mounted on tripods {Figure 4) rather than drill steels,
and an increascd number of triangulation stations. The
wire extensometers were tensioncd with 40 1b. weights so
wind, contact with bushes, etc. would not influence rcadings.
The results of the monitoring of the 14 triangula-
tion stations indicated a "toppling' mode of failure, with
cssentially horizontal movement of the crest towards the
east-northeast, and ncgligible movement at the diorite or
iron formation toes. Daily triangulation by the pit survey

crew was both slow and impractical as a long term program,
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it was decided to use a laser Elcctronic Distance Mecasuring
device (EDM) (Figure 5) shooting across the pit along the
approximate line of movement. It should be moted that even
il the line of sight is off line of the ditection ol move-
ment by as much as 45° the scale of the time-movement

graph is only reduced by about 30 per cent and warning of
impending instability is still readily available. Initially
10 EDM reflector prisms were installed on the crest, on the
675 ft. berm and on the Iron Formaticn face. Tigure 6
shows typical EDM data which confirmed the toppling
mechanism. This general system Temaincd in operation until
completion of mining, with three further prisms being added
on the 712 bench. The EDM monitoring was supplemented by
periodic triangular surveys to obtain 3-dimensional vectors
ol movement.

Beside the overall '"remote'™ EDM - triangulation
monitoring system, movement of major individual blocks
within the mass was monitored on a daily basis by the
network of extensometers. Limit switches connected to a
warning system involving sirens and flashing lights were
attached to stratcgic lines, and a light on the tripod
indicated that power was on and that the switch had not
been operated.

At a later date, at the request of second opinion
consultants emploved by the Ontario Department of Mines,

twelve extensometers equipped with limit switches and a
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micro-seismograph were added. Throughout the mining
operation the limit switches were set for a predetermined
movement and were adjusted daily. Prior to the onset of
winter conditions this tolerance was 1/2 inch.

During the initial stages of the monitoring program
the movements on the two major cracks were monitored at
seven individual ppints using a three pin system. However,
by mid-winter the movement at several points had made this
goperation toc dangerous to continue.

An extremely important element of the moniteoring
system was a 24 hour visual guard by pit crew mcmbers. A
heated shack was installed on the 1050 bench of the hang-
ingwall. Two guards per shift had a complete view of the
highwall as well as the warning lights and sirens. Radio
and visual contact was maintaincd with the crews working
in the pit below. This included an hourly radio check with
each drill and shovel in the area. All events noted by
the guards were recorded in a logbook which was initialled
daily by the Mine Superintendent and by the Golder Brawner
representative. DBased on past experience it was envisioned
that any major {ailurc would be preceded by rtavelling of
rock blocks too small to be detected by the monitoring
system, the guards were intended as the first line of
warning to the pit crews.

The Kinemetrics VR-1/55-1 seismograph system

requested by the Department of Mines was installed in
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December. The seismograph head was installed in the centre
of the failure area, and the remote drum recorder was
located in the guard shack.

The daily monitor reading and compilation werc
performed by a Golder Brawner field Engineer, who rcported
the results to the Steep Rock Senior Engineer and to Van-
couver by Telex. Movement plots were posted daily in the
Mine Dry Room.

In summary, the total system installed covered all
levels of monitoring from thce EDM direct measuremcint system
and triangulation vectorial system, through the extenso-
meters, which monitored major blocks within the mass, down
to the visual watch for the failure of small pieces. Oper-
ational characteristics of each of the monitoring systems
and the sclection and psychological cffect of the guards

are discussed later.

MINING SEQUENCL

The monitoring system was complemented by a planned
mining segquence. At the toe of the Highwall a 40 ft. wide
berm with rock pile was left on the 712 level. This Dberm
was intended to catch only the initial ravelling since a
more desireable, wider berm would have grecatly reduced ore
reserves in the Zone. Below the 750 level, overall slopes
in the Iron Formation were designed at 40° instead of the

usual 42-1/2°.
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Prior to the mining of each bench, a 100 ft. wide
slot was drilled, blasted and mincd along the foot - or
hangingwall contact of the ore up to the proposed Highwall
toe. At the same time a 100 ft. wide zonc was drilled off
along thc base of the Highwall, pcrpendicular teo the slot.
The holes in the zone had a maximum loading of 1,200 1b.
of cxplosive per delay and were fired inte the slot. This
approach was aimed at reducing the exposure of men and
machines by relieving any stress in the toe and/or initi-
ating any unheralded failure while the opcrating equipment
was still well back from the lighwall. For want of a
better word the procedure was termed "De-stressing".

At the same time a "Green line™ was defined 300 ft.
from the Highwall toe on each bench. This line, which was
indicated in the field, hecame highly rcvered by the mining
crews. It formed an inner boundary for all nighttime and
bad weathcr operations. Turther, no operations were per-
mitted within the Green line for 48 hours after a de-
stressing blast and for 12 hours aflter a production blast.
It is interesting to notc that when the slope failed,
little, if any, material passed this line.

It was recognized that time was an important fac-
tor. Accordingly, a series of six high-powered lights
wore installed to illuminate the entirc face, thereby
providing conditions under which the initial daytime

operations could be safcly extended to a 24 hour basis,
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This move was not acccpted by the Union, and opcrations
were restricted to good visibility conditioens during day-

light.

MOVEMENTS TN THE PERIOD SEPTEMBER - JANUARY

The "toppling"” movement pattern established in
carly Scptember continued until January 9th. Movement was
restricted to the diorite above the ore berm with the two
sets of vertical cracks opening up and propagating down-
wards., A small "wedge" on the east side of the main mass
showed more rapid movement, and on several occusions loose
material was scaled from this arca by Stcep Rock scaling
CTEWS .,

The cxtensometer and LDM data showed that there
were periods of constant movement Tates sepurated by
periods of more accelerated movement. The acceleration of
movement appeared to correlate with heavy rainfall, there
being a time lag in the order of 1 day. It is not certain
whether blasting also had a contributing elfect.

The triangulation survcys showed an interesting
vectorial picture. The material between the face and the
original "front" crack showed a horizontal:vertical move-
ment ratio in excess of 3:1, with no appreciable movement
at thec toe, indicating toppling ol this block. The block
between the front and back cracks showed a horizontul:ver-

tical movement vatio ol approximately 1:1, indicating an
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outward slumping behind the front block. Monitoring of
survey stations on the 975 Ore Berm and Iron Formation face
below indicated no movement.

All major movement continued to be on an east-
northeasterly azimuth, i.e. in the general dircction of the

EDM unit.

WINTER MONITORING

On January 9th prolonged sub-freezing winter con-
ditions, commenced with a blizzard. These conditions
generally persisted until aftcr March 10th when mining was
completed.

The sub-freezing conditions required variations in
the monitoring techniqucs. Rapid temperature fluctuations
from +30°TF to -20°F experienccd over a few hours would
result in rapid contraction of the extensometer wires Dby
as much as 7/8 inch, with resultant tripping of the alarm
system. The maximum daily permissible movement on an ex-
tcnsometer limit switch was therefore increased ta 1 inch
to accommeodate this phenomenon.

Buring extrcmely cold conditions the EDM readings
across the pit were affected by the temperaturc gradients
developed in the air. As a result therc could be a dif-
ference of 2 cm. between a reading made in the early mor-
ning, and one taken in the late afternoon, particularly on

still, clear days. This problem was overcome partially by
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rcferencing measurements to a stable station on the crest
of the railway cut.

Blizzards or poor visibility resulted in the tem-
poraTty cessation of operations, while the onsect of thawing
conditions rcsulted in a mandatory withdrawal behind the
"Green Line'.

Snow made ncgotiation of the boulders and cracks on
top of the movement area a trcacherous operation. Accor-
dingly the cross-crack pin measuremcnts were halted, and,
by the time the snow had melted, many of the cracks were

too wide to measure safely.

MOVEMENTS JANUARY - MARCH

Contemporaneously with thc onset of permanent sub-
freezing conditions major movement esscntially ceased.
Failure was still rtestricted to the area in front of the
original back crack, and the main mass was now divided into
a series of slabs by the opening of vertical fractures.

Although daily movement dectcctable by the exten-
someters and EDM had ceased, and variations in the trian-
gulation survey data werc generally within the limits of
accuracy, thcre was evidence that the slope was still
active. Particularly in cold weather water vapour was
cmitted from the major cracks. During the night shift when
no equipment was operating in the zone, accasional small

signatures appeared on the seismograph trace. In the day-
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time however, seismic indications of this type were masked
by mine cquipment signatures$ so that warning was not avail-
able [tom the seismic instrumentation. This confirms the
expericence of Kennedy (1972) on thc practical limitations
of the seismic monitoring technique.

Much of the movement in this period was restricted
to a slight opening of the forward cracks on the face, and
later to thc occasional loosening of debris on the slope

hy frceze-thaw action.

COMPLETION QF MINING

The planned ultimatc depth of the No. 1 Zeone at the
600 level was reached in late February. With movement on
the Highwall negligible, and horizontal drain holes drilled
into the face indicating no water within 50 ft., cirvcular
arc analyses were performed on the Tron Formation to assess
the effect of taking an additional 1ift. The analyses
showed only a miner influcnce on the Factor of Safety.
Accordingly an additional 20 ft. bench was mined. At the
completion of this level there was just sufllicient width
of orc cxposed in the floor to make an additional 20 foot
deep scram or tob cut feasible.

With continuous monitoring the scram was drilled up
to the toc of the previous bench and fired in one blast
using a maximum loading of 1,200 1b/delay. An intensified

monitoring system involving daily triangulation of 4 criti-
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cal stations, twice daily extensometer readings and three

daily EDM surveys was instituted, and, after a delay of 48
hours during which no movement was detected, mining recom-
menced.

It was planned to drill a series of exploration
holes from the floor of the Hogarth Zone on the footwall
side; the original plan to mine in at 40" slopes on all
sides and double-bench on the way out for maximum ore rTe-
covery was modified to include double-benching on the
hangingwall and highwall faces only.

Mining of the scram cut to the 560 level was com-
pleted on March 10th. In total, 970,000 tons of ore weTe
recovered from the Hogarth No. 1 Zone compared with an
original estimate of 933,000 tons, in spitc of an ore loss
on the footwall side. Part of this gain was due to the

mining of the two additional 20 ft. benches.

MOVEMENTS MARCH - FAILURE

Two levels of highwall monitoring were established
after completion of mining, one to cover drilling in the
No. 1 Zone, and a second level aimed at monitoring for
mevements which could affect the safety of the railway.

Drilling started immediately after completion of
mining operations, but shortly thereafter the onset of per-
manent thawing conditions, with resultant ravelling and

small failures in the ash rock led to the temporary removal
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of the drill to a safer location.

By early May weekly reading of the extensometers
and monthly triangulation of 12 selected survey points by
Steep Rock personnel indicated a marked increase in move-
ment on the Highwall. This coincided with a heavy rainfall.
Increased activity was also noted on the seismograph. The
moveméent follewed the original pattern, with the vertical
fractures opening from the top in a toppling mode, and the
back block slumping behind the front block.

On May Z1st a slab from the front of the main mass
of about a hundred cu.yds. termed the Maple Leaf after the
shape of its bounding crack, failed. Most of the material
from this failure was contained on the 975 Ore Berm, none
of it reaching the pit floor. This failure was preceded by
minor ravelling, and was followed by accelerating movement,
accompanied by increased seismic activity and constant
ravelling particularly from the wedge area.

On June 10th the Wedge failed involving several hun-
dred cu.yds., followed on June 11th by a further section
from the front of the main mass. By this time both the 975
Ore and the catch berm at the 712 level were choked with
debris, and large amounts of material started to reach the
pit floor.

As movement continued both sets of joints opened to
divide the mass into a series of vertical columns. The

pattern still remained that the front columns toppled for-
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wards, while the back columns tipped forward and slumped.
Most of the extensometers and EDM targets were destroyed in
the period June 10th to 11th, but immediately prior to this
date extensometers and laser targets in the centre of the
mass were recording movements in excess of 1 ft./day
(Figure 7). On June 23rd, 5 hours before failure, a trian-
gulation point on the front of the old front crack was mea-
sured to have had a cumulative movement of 30.5 feet hori-
zontally and 4.8 feet vertically since August 1974,

Heavy rainfall on June 20th induced renewed heavy
activity, and by June 23rd the face was showing signs of
major distress. The remaining mass was keyed in by a block
on the west side. This was seen to be cracking badly, and
ravelling was general over the whole face. At 9:00 p.m.
the back mass slumped, pushing out the front columns.
Finally at 9:15 p.m. the remaining material failed in three
portions commencing in the east. The largest, westernmost
column, estimated at about 50,000 cu.yds. failed in a
typical toppling mode, whereas the remainder broke up and
ravelled. See Figure 8 for failure sequence photos.

The results during the final days prior to failure
indicated that even if failure had occurred while the
mining operations were still in progress, the monitoring
systems would have given ample warning. Thus, the decision
to proceed with the mining under a controlled monitoring

system was justified. Also, the instrumentation installed
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during August proved totally adcquate and the time delay
and mine shutdown period required {or additional instrumen-
tation installation proved to be unwarranted.

Finally, the chcice of a 300 ft. Green line was up-
held, since little, if any, material extended beyond the

marks Temaining on the benches in the Iron Formation.

PART B - MINING ASPLCTS

The decision to strip and mine the No. 1 Zone of
the Hogarth Pit was not made until August, 1973. An expan-
sion into the No. 1 Zone was not included in the original
planning because the stripping ratio was fairly high and
thc ore zone was not as well explored as the other 3 zomnes
of thc pit. In addition, a hangingwall failure immediately
adjacent to the highwall had terminated mining fourtecn
years previously, thereby making stripping much more dif-
ficult.

However, because of a shortfall in net excavation
in 1972, thc decision was made to strip and mine the area
as part of the Hogarth pit design. Stripping in the No. 1
Zonc began in Septcmber, 1973,

A crack had been detected as early as October, 1973
along the north wall of the No. 1 Zone, Hogarth Pit, out-
side the planned pit limits. Movement along the crack was
not detected however, until April of 1974. Movement was

of a minor nature and was not expected to have any adverse



MONITORING OF THE HOGARTH PIT HIGHWALL 129

effects on the stripping and mining operation. In early
August, when the stripping programme was almost completed
and the mining programme was just beginning, movement ac-
celerated. The ore resulting from the mining programme was
required within two months to maintain a continual supply
of ore to the pellet plant. 1In achieving this goal, the
safety of men and equipment working in the arca must be
assured.

Steep Rock Iron Mines personnel have had consider-
able experience in dealing with wall stability problems,
mainly associated with the hangingwall ashrock and footwall
paint rock. However, because of inexperience in the
diorite, and the tight mining schedule at that time, the
decision was made to consult an engineering group who had
had experience in this type of stability problem. Golder
Brawner § Associates were approached because of their diver-
sified mine stability experience and professicnal reputa-
tion throughout the world.

Golder personnel suggested two ways of dealing
with the problem. These were:

a} to induce a failure, clean it up and recsume mining,
and

b) to continue to mine, after instituting a detailed
monitoring system.

Two methods of inducing failure were considered.

The first was to drill a series of diagonal holes undcr the
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area and blast them, thereby unloading the slope. The
second was to [lood the cracks with watcr.

The system of drilling diagonal holes was not con-
sidered practical under the circumstances. The holes would
be expensive to drill and considerable time would be Te-
quired to complete the programme. Of a greater importance
was the fact that the cracks were openling continuously, and
it would be extremely di{{icult, i{ not impossible, to com-
plcte the holes.

If the alternate method of flooding the area was
used, approximately one month would be required to remove
the failed material from the pit bottom. Costs over and
above the extra cost to remove the failed material would be
incurred in handling the large blocks of rock normally
associatcd with wall failure, and in cleaning up the watetr
afterwards.

If the lailure did not occur when the area was
flooded, it was reasonable to assume that the wall would be
stable and would praobably not fail for some time. However,
if only a partial Failure occurred, the situation would be
worsencd rather than solved.

Because of the unknown [lactors assoclated with
failure induction, and the assurance that advance warning
of any impending failurc would be given, the decision was
made to monitor and mine. There were limitations on this

solutien, as mining would be governed on the basis of
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monitoring resuits and daylight hours only. It was esgi-
mated that mining in this manner would still provide ade-
quate ore to assure us of a continual supply of ore to the
pellet plant. Should movenent increase and a failurc
occur, it was anticipated that the clecan-up could bec com-
pleted and mining resumed with little or no disruption in
the pellet plant operation.

The decision to monitor and mine was made on the
basis that it was the most reliable system which could be
adopted to achieve a continual ore supply to the plant.

Considering the economics involved, the decision
was also the best alternative. The actual cost of moni-
toring the wall including a resident Golder reprcsentative
and two guards full time was §163,300.00. The breakdown
of this total is $23,700.00 for diamond drilling,
$63,300.00 for consultant fees and $76,300.00 for operating
costs including the cost of monitor installations, guards,
etc. This cost was well below the estimated cost of the

other alternatives.

RESTRICTION OF MINING SPiQUENCE

The mining scquence as Tecommended by Golder
Brawner had some adverse affects on the mining programme in
one zone,

First of all, the slot typc approach limited us to

one shovel carlier in thc programme than we had anticipated.
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Because of the confined area, a two shovel operation was
not very eflfective under normal circumstances. With the
slot type approach it eliminated any chance to operate two
shovels cffectively.

The destressing blast limit of 1,200 1lbhs. per delay
necessitated in a very low powder factor for thc material
aguinst the wall. As a rtesult, the material was not well
broken and tough digging conditions were expericnced.

The 48 hour waiting periocd after the destressing
blast delayed the mining programme to some cxtent, par-
ticularly near the end of the programme. On the wider
benches sufficient material could be left outside the 300
ft. limit to accommodatc the shovel during thesc periods.
However when the benches became narrower, this flexibility
was lost.

It was obvious to us after the mining programme
was completed, that the mining sequences as recommended by
Colder Brawner were not only justified but well thought
out. Although it dclayed the mining programme to some
extent, wc feel that it was a major factor contributing to

the successful completion of thc programmec.

RESTRICTION ON NIGHTTIME OFERATION

The restriction of daylight opecration only was
initiated originally because the visual monitoring could

not be carried out at night time. It was rccognized, how-
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cver, that we were dealing with a moving mass and that
failure would occur with time. 1t was the opinion of all
the consulting people that we should complcte the mining
as quickly as possible so that we would be out of the arca
in the shortest possible time. The daylight hours only
restriction would result in lengthening the timc inveolved
in completing the program and also result in many lost
equipment hours and an overall incfficicnt mining opera-
tion. Steep Rock personnel installed a system of metal
hilite lamps to illuminatc the wall so that mining could
be carried out on a twenty-four hour basis. Six 1500
watt lamps were used and wcrc positioned such that the
entire wall would be iliuminated. Golder personnel in-
spected the area after installation and agrecd that the
lighting was adequate to monitor the wall visually and to
operate on a twenty-[lour hour basis.

The plan was cxplained to a delegation from the
union who visited the wall at night to inspcct the lighting.
They decided to take the request back to the members, and
the majority of the membership voted not to work in the
area at night time. As a result, mining inside the Green
Line (300 foot 1imit) was carried out during day-light
hours only to the end of the program.

0f all the restrictions imposed, this decision had
the greatest economical impact. As estimate of 600,000

cubic yards of net excavation was lost throughout the
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opcration hccause of the inelficicent use of eguipment
resulting from the restricted operation in the Zone. Tt
was necessary to use the largest shovel on the property in
the No. 1 Zone becausc of its dependability and its ele-
vated cab. Consequently, the shovel could not be used
elscwhere and was 1idle during nighttime, i.e. for 15 hours
per day. In terms of direct cost dollars, it is diflFicult
to put a value on it. Indirect costs resulting from the
600,000 cubic yards shortfall, would be significantly
higher than the dircct costs, when the long term ore supply

outlook is considered.

UNION INVOLVEMENT

Steep Rock lron Mines Limitcd have cstablished a
policy over thc years of keeping all employees informed
continually of any changes or decisions which affect them
directly or indirectly. This information is prescnted to
them on the job by supervisors, by technical pcople, and
through their union.

Becausc of the seriocusness of the situation, an
even greater emphasis was placed on following this policy
in all aspects of the No. 1 Zonc problcm. When the wall
movement initially accelerated in August 1974, and mining
in the area was temporarily suspended, the union represen-
tatives were notified and the situation was explained to

them.
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Golder Assoclates completed thelr evaluation and
the monitoring system was installed. When the recommen-
dations werc all mct, the union cxccutive attendced a
briefing session with the company and Golder's represen-
tatives. Subscquently, all open pit emplovees on cach
shift were briefed on the monitoring and mining system.

One union member was selected daily as a guard to visually
inspect the wall. At the request of the union, a second
guard was added to each shift to reducc the monotony and to
improve the visual inspcction by allowing the puards to
spell each other off alter various time periods.

To further inform the cmployees, the monitor
results were posted daily on the bulletin beoard in the mine
dry area, Comments werc also added to explain any abnormal
movement recorded. The top of the wall was also inspected
daily by the scalers and their comments were posted on a
blackboard in the dry area.

Considering all aspects of the No. 1 Zone problem
and subscquent solutions, we are convinced that the policy
of keeping all employccs informed is well worthwhile. We
fecl that our emphasis on communications has paid off with
hetter employce rclations, better union-management rela-
tions, and a greater desire on thc part of most employces

to complete the job successfully.
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CHOICL OF PERSONNEL_AS WALIL GUARDS

The decision to use hourly ratcd employees as
guards on the wall had an interesting psychological cffcct
on those working in the area.

As mentioned previously, two puards were selected
from each shift. However, the guard duties werc rotated so
that most employees working in the area took their turn.
Only one guard was changed each day so that at least one
of the guards had cxperience at all times. ‘The guards
were selected at the discretion of the operating foremen.

There were threc advantages in using hourly Tated
personnel and rotating them. First of all, monotony was
not a problem because of the rotation. Secondly, we
created a situation where hourly employees were taking
responsibility, to some extent, for the safety of their
fellow workers. Thirdly, most employees had the oppor-
tunity to experience the difficulties and responsibilities
of those guarding. This gave cach of them a better appreci-
ation of what was going on.

Stecp Rock Management was concerned about factors
which could afflect the efficiency of the puards. Most of
the guarding was required in winter weather, and therc was
a tendency to keep the window c¢losed, thereby eliminating
sound as a monitoring tool. A light was required in the
shack, but it had a tendency to cut down on the effective-

ness of visual monitoring. It also allowed the guards to
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read, which had an adverse affect because their eyes had to
adjust to the distance change. The installation in the
guard shack of the seismograph recorder had both positive
and negative effects on the guards. The fact that it was
located there, gave the men more confidence that any indi-
cation of movement would bec noticed immediately. However,
there was a tendency for the guards to watch the recorder
rather than the wall, thus reducing the visual monitoring.
The seismograph was not meant to replace, in any way, the

visual monitoring system.
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WRITTIM DISCUSSION OF TECHNICAL PAPERS

DISCUSSION OF: ‘“"Monitering of the Hogarth Pit Highwall,
Steep Rock Mine, Atikokan, Ontario' by
C. 0. Brawner, P. F. Stacey and R. Stark.
Presented at the 10th Canadian Rock Mechanics
Symposium, Kingston, Ontario, September
1975,

SUBMITTED BY: P. N. Calder, Associate Professor, Depart-
ment ol Mining Engineering, Queen's
University, Kingston, Ontario, K7L 3N6.

In this paper, the authors state, "During the night
shift when no equipment was operating in the zonec, occa-
sional small movement signatures appeared on the seis-
mograph trace. In the daytime however, seismic indications
of this type were maskcd by mine equipment signatures so
that warning was not available from the seismic instrumen-
tation. This confirms the cxperience of Kcnnedy (1972) on
the practical limitations of the seismic monitoring tech-
nique."

I was involved in the monitoring of the Hogarth
Pit Highwall, having Deen cngaged for this purpose by the
Ontario Ministry of Natural Resourccs. It was upon my
recommendation that the seismograph unit was employed as a
monitoring instrumcent, however, I was not involved in the
vperation of the scismograph or the intecrpretation of the
data.

My main purpose in recommending the seismograph was

to provide a continuous sensitive warning system. The sur-
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face cxtensometers would only trigger thce warning systecm
following a total pre-set movement. In my opinion, if an
amount of movement less than the magnitude required to
trigger the warning system occured suddenly, the mass could
fail. For example, if within a fiftcen minute period the
mass moved 1/4 of an inch, this would be very significant,
but would not necessarily trigger the system.

Regarding the masking of the seismic noise generated
by the moving mass, in the paper referred to (Reference 6)
by Kennedy, he states, "With experience, it is possible to
recognize with ease the cultural noise generated in the pit
by drills, trucks, shovels, lccomotives, etc. T[Rarthquakes
arc also easily identifiable with a very definite wave form
cnvelope. The rock noises emanating from an unstable zonc
arc identifiable by their characteristic cnvelopc shape, a
frequency usually between six and nine Hertz, and a charac-
teristic irregular amplitude."

I also felt that thec seismograph would provide suf-
ficient confidence in the ability to know the state of
movemcnt to permit night operations, and still feel this
should have been possible. My feedback on the usc of the
seismograph in this instance was that it was a practical
method of providing continuous monitoring and was accepted

by the people involved on sitc as such.
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DISCUOSSION OF: '"Rock Performance Considerations for
Shallow Tunnels in Bedded Shales with High
Lateral Stresses' by J. D. Morton, K. Y, Lo
and D. J. Belshaw. Presented at the 10th
Canadian Rock Mechanics Symposium, Kingston,
Ontario, September 18975, '

SUBMITTED BY: J. H. L. Palmer, Geotcchnical Section,
Division of Building Rescarch, National
Research Council of Canada, Ottawa, Ontario,
K1A 0RO

The authors have presented many aspects ol a con-
plex problem. This discussion concerns one facet only, the
mcasured horizontal stresses.

Relerence has been made to in situ stress measure-
ments performed by the writer at Thorold, Ontario. Unfor-
tunately, one of the results cited in the text is misquoted
and the error is rathcr significant. At Thorold, the major
principal stresses varied from 1200 to 2100 psi (8.3 to
14.5 MPa) and the minor principal stresses varied from 760
to 1750 psi (5.2 to 12.1 MPa). There were no tensile
stresses. The 200 psi tension attributed to the Thorold
tests was, in fact, measured in the Collingwood formation.
Every test in two different members of the Lockport for-
mation and in the upper member of the Clinton group at
Thorold indicated very high horizontal stress, on the
average about 1400 psi (9.6 MPa) compression (i.e. about 20
timcs the overburden stress).

The Dundas and Collingwood shales are laycred

deposits characterized by distinctly different physical
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properties in some of the layers. Overcoring tests in
such deposits generally have indicated high stresses in
the "soflt" layers and low (or temnsile) stresses in the
"hard" layers. The 200 psi tcension was attributed to a
particularly competent portion of the Collingwoocd for-
mation. The writcr agrees with the authors that it is
difficult to cxplain completely thc abrupt stress changes
from 1000 psi compression to 200 psi tensicn, but there is
no reason to doubt the test results. The magnitude of the
tensile stresses might be questioned, since that is a
matter of interpretation of the mecasured deformations and
in situ deformation modulus; there is no doubt that the
tests indicated high compressive stresses and tensilc ot
essentially zero stresses in close proximity.

More data similar to those presented by the authors
are required to permit full assessment of the extent and
engineering significance of this phenomenon of high in-situ
horizontal stress. The writer strongly urges anyone who
has the opportunity to support more detailed geotechnical
investigations of future tunnelling projects to include in
contract specifications carefully planncd monitering pro-

cedures, and to publish the data.
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CORRECTIONS TO VOLUME 1 OF SYMPOSIUM PROCEEDINGS
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ADDENDA

1. Substitute the figures bclow for the figurcs on pages
173 and 175 Tespectively.
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FIGURE 3 PREDICTED SETTLEMENT DUE
TO CONSOLIDATION OF TAILINGS FINES
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FIGURE 4 TIME RATE OF CONSOLIDATION
FOR VARIOUS LENGTHS OF DRAINAGE PATH
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ADDENDA 161

Linc 19 on page 418 delete the word 'strength'.

End of sentence line 7, page 420, add '{(Morgenstern
and Dusscault, 1975)'.

l.ast linc page 424 add '(Bjerrum 1961)'.
Line 6, page 246 change 'figure 13' to 'figure 2'.
Line 12, paragraph 2, page 438 delete word 'result'.

Add the [ollowing set of referenccs below. Note that
these references are to replace thosec presently tabu-
lated on pages 445-446,

REIFERENCES

Allen, A.R., Sanford, L.R.; 1973; "The Great (Canadian
011 Sands Operation; in, Guide to the Athabasca
0il Sands Area, Information Series 65; Published
by the Alberta Research Council, Tdmonton,
Alberta; pp 103 - 122.

Bjerrum, L. (1961); "The Shear Strength of a Fine
Sand™; Norwegian Geotechnical Institute Publica-
tion No. 45.

Brooker, BE.W., Ireland, M.0. (1964); "Carth Pressure
at Rest and Stress History™; Canadian Geotech-
nical Journal, Vol. 11, No. 1, 1965.

Carrigy, M.A. (1973); "Introduction and General Geco-
logy"; in, Guide to the Athabasca 0il Sands Area,
Information Series 65; Published by the Alberta
Research Council, Cdmonton, Alberta; pp 1 - 14.

Carrigy, M.A. (1973); '"Mesozoic Geolegy of the Fort
McMurray Area"; in, Guide to the Athahasca 0il
Sands Arca, Information Series 65; Published by
the Alberta Research Council; Edmonton, Alberta;
pp 77 - 102,

Carrigy, M.A. (1972); Personal Communication regarding
the amount and duration of pre-existing sediment
load.

Casagrande, A. (1973); Personal Communication
regarding the origin and strength in dense sands
subjected to geological aging.
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11.

1z,

13.

14.

15.
16.

17.

ADDENDA

Dusseault and Morgenstern (1975); Personal communti-
cation regarding the origin and strength in oil
sand decposits and of natural slope measurements,

Hardy, R.M. (1974); Personal communication regarding
failures 1in oil sand slopes.

Hardy, R.M., Hemstock, R.A. (1963); '"Shear Strength
Characteristics ol the Athabasca 0il Sands';
K.A. Clark Volume, Tnformation Series No. 45;
Published by the Alberta Research Council,
Edmonton, Alberta, pp 109 - 122.

Hoek, E., Lorde, P. (1974); "Surface Workings in
Rocks'; Proceedings of Third Congress of the
International Socicty for Rock Mechanics Denver,
Colorado, September, 1974,

Hoek, [., Bray, J.W. (1974); "Rock Slope Enginecring";
Institute of Mining and Metallurgy, London.

Mollard, J. (1562); Personal communication regarding
measurements of natural slopes in the Athabasca
0il Sands Arca.

Patton, F.D., Deere, DN.V. (1970)}; "Signiflicant Geo-
logical Factors in Rock Slope Stability",
Planning Open Pit Mines; South African lnstitute
of Mining and Metallurgy, Johannesburg, Sceptcmber
1570.

Peck, R.B., (1962): "Art and Science in Subsurface
Engineering'; Geotechnique, March.

Sinclair, 5., Brooker, E.W., (1967)}; Procecedings of the
Geotcchnical Conference, Oslo.

Terzaghi, K. {1936); "Presidential Address to the
First International Conference on Scil Mechanics
and Foundation Engineering, Harvard University.
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