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ERSTRACT

In any open pit, some slope instability can be expected, varying
from bench sloughing to large-scale slope movement. Major slope dis-
placements are preceded by small, but measurable, displacements and by
other indicators of instability, suth as tension cracks, rock noise,
and changes in groundwater levels, A comprehensive monitoring pro-
gram, capable of measuring and assimilating displacement related data,
is essential for sound pit operation.

The objectives of a pit slope monitoring program are

1} to maintdin safe operational procedures for the protection of
personnel and eguipment;
. 2) to provide advance notice of instability so that mine plans can
be modified to minimize the impact of slope displacement; and
3) to provide geotechnical information for analyzing the slope
failure mechanism, for designing appropriate remedial measures, and
for conducting future re-design of the slope.

Surface displacement measurement using conventicnal survey eguip-
ment and extensometers has been the most widely used method, and it is
still the most cost-effective. Tiltmeters and borehole inclinecmeters
are also useful tocls, and there are promising developments in micro-
seismic monitering. A monitoring system should have redundancy in
both type and number of measurements, and be capable of rapid and ef-
fective dissemination of displacement information to those affected.

-

INTRODUCTION

In any open pit, some slope instability can be expected, varying
from bench sloughing tc large-scale slope movement. Because of the



inherent variability of rock strength and geclogic structure, the un-
certainties associated with sampling and measuring rock characteris-
tics, and the mathematical and geometric approximations of the stabil-
ity analysis, even a "safe" slope, designed to some customary safety
factor, has a finite probability of instability.

Rather than attempting tec design a permanently stable slope, the
current trend in slepe design is to estimate the probability of fail-
ure by guantifying the variability of the stability analysis input
parameters and to utilize this probability of failure in a cost-bene~
fit analysis in crder to determine econemic optimum slope angles.
Analyses of this type, which compare the cost of stripping to the cost
of slope instability, indicate that the economic optimum slope angle
may, 1in some cases, have probabkilities of instability as high as 30
percent.

Acknowledging that slope instability can occur leads to commitment
to a meonitoring program to ensure safe working conditions. The objec~
tives of any slope monitoring program are

1) to maintain safe operational practices for the protection of
personnel and eguipment;

2) to provide advance notice of instability, thus allowing for the
modification of mine plans to minimize the impact of siope displace-
ment; and

3) to provide geotechnical information useful for analyzing the
slope failure mechanisms, for designing appropriate remedial measures,
and for conducting re-design of the slope.

SLOPE FAILURE

Defining slope failure is not as simple as it would first appear.
From a theoretical standpoint, if the rock is considered to be an
elastic material, any displacement beyond recoverable strain consti-
tutes failure. fThis, however, is not a satisfactory definition for a
mine operator who often successfully mines a pit slope that has
"fajiled" from an elastic standpoint. Displacement of several feat,
which would be failure in a mechanical sense, may or may not cause
difficulties for a mine operation, depending on the rate of movement,
the type of mining operations, and the relationship of the moving ma=-
terial to the mining operation.

In a truck and shovel operation, which has considerable operational
flexibility, a displacement rate of 1 to Z cm/day may present no major
problems because material is removed from the mining area at a faster
rate and any offsets in the haulroads can be smoothed over by routine
maintenance. The real hazard for this type of displacement is not the
existing rate of displacement but the potential of a greatly acceler-
ated rate of movement.

on the other hand, a few cm of displacement of track in a rail pit
or in the foundation of a building adjacent to the pit would require



extensive roelignment and repair.” Thus, it is useful to distinguish

between theoretical and operaticnal "failure.," 'When'the rate of dis-

placement is greater than the rate at which the. sllde material can be
a economically mined, or the ‘movement produces unacceptable éamaqe to a
.permanent fac111ty, 1t 15 an operatlonal fallure. }_=‘

Varnes (l) ‘used a similar economic c0neept'to distinQUiSh'between

-creep and landslides., He restricted the lower llmlt of the rate of
,¢,movement of landslxde material f<..to that actual or patentlal rate oLl
) 'movement whlch provokes correctlon oI, malntenance. o

A .

, Most tEChanUES used to calculate slope Stablllty are statlc, rlg«'f
-id block 11m1t1ng equlllbrlum analysxs.: If the derlng forces exceed
the re51st1ng forces, the slope is consldered unstable.

These analyses cannot be used to predict post- fallure deformatlon
‘ecause the dynamlc energy relationships of a moving block are not
con31dered in thls type of analysis. Therefore, dur knowledge of the
'hav10r of " unstable slopes is largely empirical. Broadbent and Ko
{2 postulated a.’ rheologlc model whHich shows a good fit to observed
isplacement; partlcularly the cycllc dlsplacement shown in Flgure 1.
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Survey Ne_twdr_fk
A survey network consists of targets on the plt slope -and 1nstru~-
" ment statlons from wnlch angles and distances to the targets are meas- o
ured (Flgura 2. th‘mer triangul atlon with a theodollte or trilatera—
tlon w:.th an EDM can be used.. - | ST T
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- 2) 1t provldes a’ duuazlrd novement hlstory in terms of dlsplacement

directions and rates in unstable areas; and 4
3).1t'def1nes uhe,extent of the fa;lure_aréas; g

The observatlon'\instrument) statlons snOle have s;able bases be-
cause deviations in survey data can result. from the lnablllty.to re-
‘peatedly set up exactly in the same position at the stations. Stable
bases are best established with concrete. or metal monuments.  An in-
strument Lase plate is afflxcd *o the top.of the monument to serve as

an 1nstrument platrorm. R L

: Prlmary burvey poznts, at.e-d Lo tle the observation statlons to Eho e e
‘mine’ grld baseline, should be: located on stable ground beyond the in--"-~ .7
_fluence of pit éxcevition. - These relatively permanent stations (solid
'monnments) are nheeded to determine whether movement of the observation

‘statlons has occurred as a result of slope 1nstab111tg. .

,rlsm‘targets should He attachod to bench faces, if possible. ' A
locatlon &: o 8, ft above the bench toe is usually preferred. . Minor
If

_gAmay dlslodqo -the prlsm if it is located near the crest.
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tached te a warnlng light. Conversely, tlltmeters can
mon:.tox angular alsplacement.




Borehole inclindméters

A borehole 1ncllnometer that measures the angular deflectlon of the'
-hole will glve the derormatlon normal to the hole. '

Boréhole ExténsometeIS'

Borehole extensometers w1ll glve the deformatlon parallel ‘to the
borehole., But, because they are costly and difficult to use in lo-’
catlng the hole to effectively measure’ dlsplacement borehole extenJ
someters are usually speclal appllcatlon devices. .
]

‘Plézometers

7 .The correlatibn between pore pressure and slope stability is well
' established, both in theory and in practice. Measuring groundwater
levels is an 1mportant part of meonitoring, and simple standpipe pi-
ezometers . ‘are usually suff;c;ent.‘ There are situations, however,
where low,permeablllty or confined aaulfers require pneumatic or elec-

flrst. Surface dlsplacement is’ the '



‘day{

4 Redundancy is requlred No. single device'or'ﬁeChniade'tells
_the complete story “A single extensometer or. survey pOlnt cannot in-
‘dicate the area 1nvolved ‘in the 1nstab111ty, and lf 1t is: destroyed,
the cont;nulty of the record is lost. ' e RN '

5) Timely reportiﬁg is eesential.' The data collectlon and analy—
sis must be rapid enough to provlde 1nformat10n in tlme to make dec1—-
: - sions. . Reducing last week's ‘survey data and telllng the mlne superin-
-f-“ tendent that the slope was mov1nq Thursday when a shovel wasg’ burled o
: .jSunday does not lead to. gay ralses.:iﬁf-_ L 5o o

el o - : MONITORING SCHBDULE

. A @efinite monitoring schedule should be established If shooting
in the monltorlng points is left up to the mlne sSurveyor to do when he
gets the tlme, chances are nothlng will be done. :

frequency of mon;torlng is' a functlon of the pre0151on of the

the rate of movement, and how critical the area is. ‘Table 1

'suggested schedule._ If there 45 a heavy raln or a large blast
"'ddltlcnal measurements should be made. :

,TABLEnl;Z Suggested Monitoring Schedule

: Vi-ua! - . . .
Co/0ay - Inspection - Extansion Crack Map Survéy)  Plazometers
Lo patlyl B Monthly Manthly Honthly
B L A : Dailyl ) pailty? Woekly Monthly Heakly
“1.5 - 5.0  Each shiftl zach snhife?  patly Weekly - paily
§/6 = 10,0 - 2 x Shift 2 x Shift paily paily pally
" Monthly " . Monthly guartsrly  Monthly:
e ‘  Menthly = Menthiy :Monthly
Jviweekly . o Weekly | CWeekly

...batiy - - 2 % Week . | bally
Tpaiiy <. 72 xipay’ o Delly

each‘eﬁift.
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and e

6) rates of horlzontal _vertical, and resultantl(total) displace-
ments. ' - ' S

Both - 1ncxemental and cumulatlve dlsplacement values should be deﬂ Lo -
T ' térmlned._ Calculatlng the cumulative dlsplacement from lnltlal values o
.rather than from summing lncremental ‘displacements’ minimizes the ef-.

‘fects of occasional survey aberrations.

S 'f;.w_ Slope dlSplacements are best understood and analyzed when the monl-. EEE

IS torlng data are graphlcally dlsplayed i For englneerlng purpcses, the - o
most useful plots are

i) horlzontal p051tlon (Flgure N '4="' RO ’f ‘3"'ffh
QT 2) vertical position (elevation vs. change in horizontal posxtlon,

plottad on a section oriented ln the mean direction of horlzontal dig~-
placement, ‘Figure 8)

3Y dlsplacement vectors (Flgure 9} ;
4) cumulatlve total dlsplacement vs, time;
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VELOCITY

‘con-
lsted in Table 2 This ensures that mine management
"rlate 1nformatlon and prov1des the dlSClpllnE to




PIT PERIMETER

TABIE 2. Monitoring Data Presentation

Graphs

Cumulative Displacement vs. Time
Velocity vs. Time {am/day, Log Plot)
Precipitation vs. Time

Water Levels vs. Time

Mining vs. Time

Maps & Sections

Pit Map with Location of Unstable Areas {Figure 11)

Location of Monitoring Points with Displacement
Vectors

Tension Crack Map

Horizontal Plot of Location with Time
Vertical Plot of Location with Time
Inclinometer Displacement

Map of Pliezometric Surface

Cross—Section of Unstable Arsa

iR NEW AREA

OLD AREA ACTIVE
OLD AREA INACTIVE

DATE: JUNE 1, 1980

Slope Instability Location Map.
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Dip
DIRECTION

Fig. 12 {cont.}. Sterecgraphic Plot of Displacement Directions.

external disturbance is removed; and a progressive stage, where the
failure will progress to the point of total collapse unless active
control measures are taken {3). The dispiacement record appears to be
of an exponential form such that the velocity plots as straight line
segments en seismology graph paper with a change in slope at the onset
of the progressive stage {(Figure 13}. )

Assuming T = 0 at the onset of the progressive stage, the equation
for the progressive stage would be

vV = VoeSt;
where
V = velocity;
S = siope of line;
t = time; and

Vo = velocity at T (onset of progressive stage}.

They postulated that the velocity of the collapse point could be



(cmrday)

VELOCITY

35 a9

TIME {(days}

Fig. 13. Extensometer Displacement - Regressive and Progressive
Stages

estimated by

where K is an empirical constant. From the slope failures they ob-
tained K values ranging from 4.6 to 10.4, with a mean of 7.21.

As can be seen in Figure 13, there may not be an abrupt collapse
point but a contained acceleration. The projections of velocity are
still useful estimators of future displacement rates, particularly if
nevw projections are made as new data points are obtained,

Consideration must be given to the geometry of the failure. For an
unstable area to continue to accelerate, there must be freedom to dis-
place (a failing slope will stop if it hits the appropriate side of
the pit). Thus, the predictors of slope behavior must be made on the
basis of geometry and the potential changes in the forces acting on
the unstable mass, as well as the velocity record.
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