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Determining Seismic Risk For Economic Optimum Slope
Design

La détermination du risque sismique pour 1l'optimisa-
tion ctonomique des plans d'une carridre

Die Bestimmung der seismische Cefahr fUr den Bau des

Bkonomisches Optimum im Tagebau

}

ABSTRACT

Regional historical seismicity, regional tectonic
processes, and data on local geologlc structure are
used to assess seismic risk for input into probabi-
liscic slope design methods. Incorporation of earth-
.quake risk into alope design makes economic optimiza-
tion of open pit mine slopes possible in seisnmically
active areas.

In deslgning open pit mines, the economics of
slope design should reflect the trade-off between the
benefits and increased risk associated with steeper
slopes. The large number of landslides generated by
earthquakes indicates that a slope designed to an
acceptable level of risk under static loading condi-
tions may prove to be unacceptable when dynamic load-
ing is considered.

. A Gumbel statistical analysis or similar probabi-
listic techulque may be applied to the maximum yecarly
earthquake magnitudes occurring within seismically
active zones near the site. The results of the Gunbel
analysis are used to estimate earthquake risk within
specified periods of time.

Intensity of ground motion at the site, given that
an earthquake of a specified magnitude occurs within
a given time period, ls derived based on a study of
local faulting and seismic attenuation laws. The re-
sultant ground accelerattons and thefr assoclated
probahtlitice are then used in a Monte Carlo stabllity
analys{s to generate curves which approxinate the

risk of slope {nstability throughout the destpn “life”
of the mine.

INTRODUCT ION

Problem solving {s often attempted tn terms of
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absolutes; an alternative i{s either "safe" or "unsafe,
a decision is "right" or "wrong." However, the way 1
vhich one arrives at such an absolute description of
an alternative or decision is obscure at best. Since
one can never know absolutely all of the parameters
and facts which influence a project, it is more real-
istic to deal in terms of "risk" rather than "safety"
in approaching complex engineering problems (Wiggins,
1973)1. An analysis based on the concept of risk per-
mits a more efficicnt decision-making process and an
opportunity to realistically balance conflicting ob-
jectives that might otherwise create economically dia
advantageous overdesign or underdesign,

In assessing the economic feasibilicy of an open
pit mine, for example, the conflicting objectives of
steep slope angles, which create economic benefits du:
to reduction in waste stripping, should be balanced
against the decreased risk of slope fallure {nharent
in lower slope angles. This balance i3 accomplished
in practice by selecting a "vorking slope" and model-
{ng the mine for a specified perfod of time. This
modeling allows the extraction of information relating
to annual ore and waste tonnages, average yeirly
grades, opecrating costs, and detalled pit geometry
(Kim et al, 1976)2.

Using a base of geotechnical data, probabilities ot
slope inastabfllity are calculated for each sector of
the open pit during each operating pertod by determin-
{ng potential fatlure medes and analyzing thelr sta~
bility (Call ec al, 1976)}. The probablltty of {nsta-
bility 1s then {ncorporated into a bencflt-coat analy-
sls to determine an optimam slope ankle.

Even though examples of selamiially tndured sinpe
fatlures are numerous, sefamic louade are seldom con=-
sidered i{n atudles of the economics of mining opera-

tions. This may largely be due to A common
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misconception that seismically induced landslides
occur only in the immediate epicentral area of large
earthquakes. This misconception has been reinforced
by the Modified Mercalll Intensity Scale of 1931 in
which the first description of induced landslides is
associated with an Intensity of X (Wood and Neumann,
1931)4. The association of seismically induced land-
slides only with violent shaking underestimates the
{mportance of dynamic loads since low levels of ground
motion have triggered landslides at considerable dis~
tances from earthquake epicenters. Table 1 lists
occurrences of scismically {nduced landslides in areas

experiencing low levels of ground motion.

DETERMINATION OF EARTHQUAKE RISK

Numerous techniques have been used in earthquake
englneering practice to generate design seismic param-
eters. The most common practice is to design struc-
tures to withstand shaking from a postulated "max {imum"

earthquake. The concept of a "maximum credible earth-

"o "on

quake, maximum expectable earthqyake, safe shut~
down earthquake," "design basis earthquake," "operat-
ing basis earthquake,” or "maximum prcb&ble earth~

quake," can be justiffed {n civil engineering con~

struction where the potential for life loss may be

high. The "maximum earthquake,”

however, may actually
have a very low probability of occurrence during the
periad of time for which a scructure {s deslgned. For
this recason an analysis based oo ground motions from a
postulated "maximum earthquake” can lead to excessive-
ly consecvative deslgn for mining operacions, An
analysis to determine an economic optimum mlne slope
design should conslder the prebabiilty of oceurrence
for different mapnitude earthquakes, the macimum
ground acceleration at the aite trom these earthquakes,

the probab{lity of expnriencing a gtven uscceleration

at the site within a given period of years, and the
predominant period of the accelerogram. )

The probability distributions of maximum site ac-
celeration and predominant period are calculated fror
Gumbel extreme value scatistics. This probability
distribution {s then sampled using a Monte Carlo tech
nique in a benefit~cost model to determine if an
earthquake acceleration occurs during a specified
mining perifod., If the sampling indicates an earth-
quake acceleration at the mine, a dynamic slope sta-
bility analysis based on equations developed by
Newmark (1965)13 is then used to calculate a proba-
bility of slope instability schedule for that time
period.

Extreme Value Technique

The theory of extremes developed by Gumbel (1958f
provides a convenient method for obtaining estimates
of earthquake risk. This technjque treats earthquake
as a stochastic process F(x,t) where x is the vari-
able of interest for design. For example, x may cor-
respond to ecarthquake magnitudes recorded within a
specific region, or to earthquake accelerations or
intensity values at a particular site. Often the en-
gineering design dependa less on an accurate knowledy
of F(x,t) than on the largest value that x can assumc
within a given design period, If the entire earth-
quake catalogue [F(x,t)] {8 accurately known, then
the maximum values of x are likewise known. However,
the complete data nceded for preclse deflnitton of
F(x,t) are gencrally unavallable for most reglons.
Since the larger events are uadually recorded, cven {(r
reglons having poor instrumcntation, the extreme valun
technique, which usea these maximum valuea, provides
a useful tnol for such stochastic processes,

Firat, a time scale {s divided ftato equally space
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intervals. Only the extreme value y which the vari-
able x reaches within each interval is considered in
the analysis., The extreme value y forms a regular
point process within the original process F(x,t).
Gumbel found only four mathematically distinct dis-

tributions of y. His "Type 1" distribution takes the
form:

G(y) = exp(-ae™®) - (1)

wvhere a and 8 are found from a least squares fit
(Lomnitz, 1974)15.

When the parameters o and 8 have been determined,
the probabilities of occurrence of an earthquake with
a8 magnitude greater than the extreme valuc y are cal-

culated from:

Ply) = 1~exp(-uDe-By) 2)

wvhere D {s the number of years over which the proba-
bility is to be assessed.

The intensity distribution of ground motion at the
site is estimated by applying representative attenua-
tion relatlonships (Seed and Idriss, 196916; Cornell,
197017) either to (1) the magnitude distribution de-
rived from the Gumbel analysis, or to (2) cach indi-
vidual earchquake in the earthquake catalogue and per-
forming a Gumbel analysis on the resulting intensity
distributrion,

Examples of risk parameters useful In gseveral open
plt mine slope analyses performed recently include:

1) Exceedence Probability {n One Year = The prob-

ability thar a gtven magnltude y «i1l be ex-

ceeded during any given year (Ficure 1).

Prob (Y > y) =« 1 -G(y)

2) HNumber of Shocka per Year - The vearly number

of earthquakes above magnitude O is a. The

expected number of shocks above an arbiirary

magnitude M in a year i{s (Figure 2):

N = -BM
y ™ exp(-8M)

3) Mean Return Period - If N {s the expected num-

‘ ber of earthquakes per ycar, T = 1/N {s the
mean return period in years (Figure 3).

4) Probability of Earthquake Occurrence - The
probability of occurrence of an earthquake of
magnitude greater than y in a D year period {ic
(Figure 4):

P(y) = 1- exp(-aDe-ey)

5) Probability of experiencing a given accelera-
tion at the site within a given period of
years (Figure 5).

Probabllistic Analysis Utilizing Entire Earthquake
Catalopue - Maximum Likelihood Technique

Most probabilistic earthquake analyses that utiliz
the entire earthquake catalogue partition the region
surroundi{ng the site into seismogenic zones (Algec-
missen and Perkins, 197018; Cornell, 197017). However
instead of selecting only the maximum yearly magnitudc
all earthquakes within a zone are considered, Averag
occurrence rates are calculated, then assigned to eac
zone. These occurrcnce rates are assumed to be sta-
tistically indcpendent for catculation of the proba~
bility distribution Ny (the number of earthquakes
causing Rite mocion with a gliven (ntensity y). Fi-
nally, the total probability ac the mine siece i3 cal-
culated by summing the probabil{tics from each iIndi-
vidual zone.

The earthquake riak analyses dctermine the proba-
bility nf exceeding a given level of ground motisn {n

a spccified period of years at a mine site (Fipure 35)
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The maximum ground velocity, or acceleration, is the
most frequently used measure for slope design. How-
ever, current work at the University of Arlzona sug-
gests the importance of the entire time-history of
motion, particulérly in the relationship of fatigue
to dynamic slope failure.

Regardless of the probabilistic analysis preferred,
thorough geclogical studies of regional and local
faulting should be conducted. Remote sensing, geo-
physics, and surface and sub-surface mapping should
be used to supplement the historical earthquake

catalogue.

OPTINUM SLOPE DESIGN

A benefit-cost analysis developed for CANMET as
part of the recently completed pit slope design
manual i3 used to evaluate the economic effects of
slope instability on pit designs (Kim et al, 1976)2.
In the benefit-cost package, Monte Carlo s{mulation
is used to model the mining sequence of the pit. For
the slope design the pit 13 divided into desipn scc-
tors based on pit geometry, lithology, structure, rock
and fracture strength properties, ore distribution,
and operational congiderations. Each design sector is
evaluated during each mining period to acquire the
costs of possible bench,

stabiliey.

intercamp, and full slope fn-
The occurrence of these {nstabilities is
predicted by a probability of {nstability schedule for
each sector (Table 2).

The probabtlity of instakility s developed from
the stability analyscs on potential fatlure mwodes (n
each pit sector, When earthquake probah{llty la con=-
sldercd, a probabflity of fnutability schedale fs de=
termined for each earthquake accelerat{on in addition

to a schedule for the non-seismic cond{tion,

The earthquake étobabili:y of occurrence distribu-
tion is sampled during each mining period to deter~
mine 1f an earthquake has occurred. 1f so, a proba-
bility of instability schedule based on loading con-
ditions corresponding to that earthquake motion is
used. When an earthquake occurs, our analyses indi-
cate that the probabilities of {nstability increcase,
resulting in a higher cost of instability during that
mining period. The earthquake simulation is eventu-
ally applied to all pit sectors for that mining
period.

A Monte Carlo simulation is also used to determine
probability of instability. By sampling the distri-
bution of the input geotechnical parameters a safety
factor is determined from stability equations for the
specific fallure modes to be analyzed. Numerous
iterations through the stability equation result in
a distribution of safety factors. The logic used to
determine the influence of earthquakes on stabilicy
is based on the application of the maximum accelera-
tion associated with a given maznitude earthquake.

If the slope withstands the expected maximum acceler-
ation, the resulting safety factor is placed in the
distribution of safety factors, If displacement
occurs due to the application of the maximum acceler-
ation, the shear strength {s assumcd to be immediate-
ly reduced by the displacement from an tnttial shear
This -

a conservative asaumption since the reduction of

atrength to a lower reafdual shear strengrh,

shear strength {s actually a functtion of displacemsnt

Uatng the post-displacement reduced shear strengt!
a new safety factor {8 caleulated withour the eacth-
quake load to dctetmine the post-carthquake stahilfe:
1f the slope falls under these reduced shear strenge:
condi{tions, the resulting safety f{actor is less than

1 and is placed in the safety factor distribution,
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If the post-carthquake slope shows stability, the
earthquake causes displacement, but the slope has
stabllized after the earthquake.

When post earthquake slopes are stable the dis-
placement caused by the earthquake acceleration {s
congidered in more detall based on an engineering
estimate of earthquake displacement presented by
Newmark (1965)13. He describes cmpirical relation-
ships derived from laboratory displacement modeling.
The approximate earthquake displaccment is equal to

the minimum of the following two functions:

v2.
disp = : 3)
2gN
6v2
- 4
disp = 3 pre (4)
where V = max{mum ground motion velocity during the
earthquake

a = maximum earthquake acceleration in percent
g

N = acceleration the slope can withstand in

percent g R

g = gravitational constant

If the earthquake displacement is less than a
specificd cutoff, the stable post-ecarthquake safecy
factor {8 added to the distribution. If the dis-
placement exceeds the specified cutoff, the siope is
considered to be at Impending fallure and a safety
factor of 1 is added to the distribution.

The probab{lity of {nstability {s the number of
safety factors less than | expressed as e percentage
of the total number of {terations, Uf the safety
factors are normally distributed, the probabtlity of
faflure can be repreaented by the area under the nar-

mal curve that represents safety factare leas than 1,

SUIPARY

In assenrning the economic feaulbility of an open

pit mine the conflicting objectives presented by the
economic benefits and increased risk of slope faflur
inherent {n steep slope angles should be balanced.
In areas of moderate to high seismicity the occurren
of earthquake-generated dynamic loads may profoundly
affect the economics of a mining operation. In
assessing the risk due to seismic loads, probabilis-
tic techniques such as Gumbel's theory of extremes,
ot maximum likelihood methods coupled with regional
and local geological studies provide a convenient ar
appropriate input into a probabilistic slope stabil-
ity analysis. Realistic techniques for analyzing tt
dynamic response of slopes are being perfected whic!
should result in realistic economic optimization of

open pit mine slopes in seismically active areas.
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Table 1.

List of Seismically Induced Landslides

Location

Dat

e

Magnitude

Comments

Reference

Alaska

Long Beach, Calif.

Olympia, Wash.

Hebgen Lake, Wyo.

Alaska

Hope, British
Columbia

Peru

San Fermando,
Calif,

Ferndale, Calif.

Guatemala

Friuli, Italy

10 Sep

10 Mar

13 Apr

17 Aug

27 Mar

9 Jan

31 May

9 Feb

7 Jun

4 Feb

6 May

1899

1933

1949

1959

1964

1965

1970

1971

1975

1976

1976

8.6

6.3

7.1

7.

8.

1

3

6.6

5.2

7.

6.

5

5

Triggercd avalanche 690 km
from epicenter

Triggered landslide as far as
160 km from epicenter

Landslides at distances up to
160 km away, in nearby moun-
tains, large landslide near
Tacoma

Large landslide 8 km from epi-
center, 3 large landslides be-
tween 27 km and 35 km from
epicenter, numerous rock falls
240 km from epicenter

Generated thousands of land-
slides throughout south cen-
tral Alaska with radius 240 km
from epicenter

May have caused landslide of
130 x 10% metric tons

Caused many rockfalls through-
out Callejon de Huaylas region,
+ 160 km from epicenter

Initiated or reactivated over
1000 landslides

Induced landslides in Rio Dell
and Fortuna areas, 15 to 20 km
from epicenter

"Numerous landslides through-
out central Guatemala." Ex-
tensive landsliding in Lake
Attipau region, 200 km from
epicenter and 100 km from end
of fault rupture

Numerous landslides in the
foothills region of Friuli

(5)
(6)

(6)

(19)

(N

(8)

(9

(10)

(11)

(12)




Table 2. Example Probability of Instability Schedule for a Pit Sector

Slope Angle Slope Height (meters)

(degrees) 10 25 45 90 180 340
10 .001 .001 .001 .001 .001 .001
32 .001 .003 .003 .004 .004 .006
38 .001 .003 .004 .009 011 .015
43 .001 .204 .162 .173 .311 .499
58 .001 <447 .733 .950 .950 +950

64 .001 .609 .823 .950 .950 .950
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