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Synopsis

Two types of extreme event, earthquakes and rainfall, potentially affect
open pit slope stability. In the case of earthquakes, there are rather well-
developed analysis procedures and acceptability criteria. The analysis
procedures relate mainly to selection of the dynamic loading either
through design earthquakes and/or pseudo-static seismic coefficients. The
acceptance criteria are typically expressed in terms of a minimum safety
factor in pseudo-static analyses. The acceptance criteria are often
promulgated by governments despite the fact that no open pit slope has
ever been adversely affected by an earthquake. This paper explains why
open pit slopes are seemingly more resistant to dynamic loads than
natural landforms, which can experience catastrophic landslides.

Extreme rainfall events are much more likely to cause open pit slope
problems than earthquakes. Two types of problem are common - slope
erosion and slope instability. Slope erosion is often mitigated by
appropriate surface water controls. Slope instability due to elevated
transient water pressures is more difficult to mitigate. Analysis procedures
and acceptability criteria are rare. This paper will discuss the mechanisms
for rainfall-induced slope instability, as well as analysis methods.
Examples will be discussed and analysis methods are proposed.
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Introduction

Two types of extreme event, earthquakes and
rainfall, potentially affect open pit slope
stability. In the case of earthquakes, there are

acceptability criteria. The analysis procedures
relate mainly to selection of the dynamic
loading either through design earthquakes
and/or pseudo-static seismic coefficients. The
acceptance criteria are typically expressed in
terms of a minimum safety factor in pseudo-
static analyses. The acceptance criteria are

Chile) despite the fact that no open pit slope
has ever been adversely affected by an
earthquake. This paper explains why open pit
slopes are seemingly more resistant to
dynamic loads than natural landforms, which
can experience catastrophic landslides.
Extreme rainfall events are much more
likely to cause open pit slope problems when
compared to earthquakes. Two types of
problems are common - slope erosion and
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rather well-developed analysis procedures and

often promulgated by governments (e.g., Peru,
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slope instability. Slope erosion is often
mitigated by appropriate surface water
controls. Slope instability due to elevated
transient water pressures is more difficult to
mitigate. Analysis procedures and acceptability
criteria are rare, but do exist. In Peru, for
example, slopes are required by law to be
designed for a 100-year storm.

Thus it seems that there is disproportional
design attention given to these two extreme
events. Large slope displacements and even
failure are often preceded by periods of heavy
rainfall, yet little, if any design attention is
paid to rainfall (or in some cases snowmelt). If
nothing else, this paper aims to raise
awareness of the need to consider the impact
of the amount and rate of rainfall in the design
process.

Earthquakes and open pits

Failure of rock slopes is a complex
phenomenon, often involving failure of rock
bridges and sliding on pre-existing joints.
Stress changes are induced in slopes by
earthquake movements. Combined with
existing static stresses, these additional
dynamic stresses may exceed the available
strength along a potential sliding surface
(formed of the rock bridges and pre-existing
joints) and cause failure. These failures can
either be in the form of slides and rockfalls,
where the material is broken into a large
number of small pieces, or coherent slides,
where a few large blocks translate or rotate on
deep-seated failure surfaces. Glass (2000)
notes that while shallow slides and rockfalls
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are quite common during earthquakes (Harp and Jibson,
1995, 1996), the correlation of seismic shaking with open pit
slope failures is much less compelling, and he is not aware of
any large, deep, coherent open pit slope failures that have
been attributed to earthquake-induced shaking. Although
earthquakes apparently pose a low-probability risk to open
pit mines, given their relatively shorter design lifetime in
comparison to natural slopes, and small landslides and
rockfalls cause little disruption to mining operations, a deep
coherent failure could still have a profound effect.

Because mining regulations often require investigation of
slope stability in response to earthquake loading, relatively
simple quasi-static analyses are typically carried out for open
pit mines. It is widely recognized (e.g. Kramer, 1996) that the
quasi-static analysis of the effect of seismic shaking on
stability of slopes is inadequate and incorrect (and usually
too conservative). Thus, open pit mine designers often defer
to empirical evidence when considering seismic hazard in
open pit slope design.

It is important to understand and explain the relatively
good performance of open pit slopes as opposed to extensive
evidence of landslides during historical earthquakes, but also
to determine the conditions when open pit slope stability can
be at risk during the seismic shaking. Damjanac et al. (2013)
provide, based on a mechanistic approach (using numerical
models), a rationale for why field observations indicate
relatively small effects of earthquakes on the stability of open
pit slopes, and also investigate the level of conservatism in
the predictions of the quasi-static analyses as a function of
important ground motion parameters.

Large open pits versus natural slopes

The main differences between large open pit slopes and
natural slopes that are believed to be reasons for better
performance of large open pit slopes during earthquakes are
summarized below (after Damjanac et al., (2013).

a. Infrequent occurrence of strong earthquakes during
the mine’s lifetime. The life of a mine is relatively
short compared to the recurrence periods of large
earthquakes (M,,=6.5). Natural slopes are hit by
numerous strong earthquakes, resulting in damage
accumulation and gradual reduction in the safety
margin

b. Natural slopes exist at a wide range of conditions and
wide range of factors of safety (FoS), with some of
them being metastable (close to FoS = 1.0) under
static conditions. Typically, open pits are designed to
have a static FoS of around 1.2 or greater. As a result,
some natural slopes are likely to fail when subject to
additional dynamic loading from earthquakes

c. Earthquakes cause failure of some of the natural
slopes that are close to static equilibrium. However,
most natural slopes do not fail. In fact, a small fraction
of all natural slopes fail during even very strong
earthquakes.

d. Open pits are typically excavated in relatively strong,
competent rocks. Natural slopes are comprised of rock
and soil with different states of degradation and
weathering and are susceptible to softening
mechanisms.

» 388 MAY 2016 VOLUME 116

e. As explained later, topographic amplification is greater

in natural slopes than in open pits

f. Also, as explained later, wave amplification due to

heterogeneities is much greater in natural slopes than
open pits.

For the reasons described above, natural slopes are at a
disadvantage when subjected to seismic loading, both in
terms of higher additional demand induced by dynamic
stresses and lower extra capacity available in material
strength to meet that demand. In the following sections, these
factors are quantified. For the same magnitude earthquake,
the actual shaking and dynamic stresses induced in the slope
are functions of slope geometry (surface topography) and
geological profile (variation of mechanical properties with
depth). Both these effects are studied using two- and three-
dimensional numerical models as described below.

Induced dynamic stresses caused by seismic shaking

One aspect of the problems caused by earthquakes is the
increased demand due to induced dynamic stresses caused by
seismic shaking. This can be due to either geometric effects
(topographic amplification) or material heterogeneity (e.g.,
softer material underlain by hard rock). Both of these effects
are evaluated in this section by means of continuum elastic
numerical simulations. Damjanac et a/. (2013) investigated
conditions when dominant wavelengths and the characteristic
height of the pit are large relative to any structure in the rock
mass, which can be approximated as a continuum. The finite-
difference software packages FLAC (Itasca, 2011) and
FLAC3D (Itasca, 2012) were used in the study.

Topographic amplification

It has been observed in many earthquakes that the formation
geometry plays a critical role in site response and may lead to
trapping of seismic energy in a certain region or channelling
it away. This can lead to amplification of ground motion in
some areas while moderating it in others (Raptakis et al.,
2000; Bouckovalas and Kouretzis, 2001; Assimaki and
Kausel, 2007). The effect of topography on wave amplifi-
cation is investigated for both two- and three-dimensional
geometries as explained in Appendix A.

Stiffness contrast

Another reason for amplification of seismic waves is the
presence of heterogeneities (e.g., typically softer materials on
top of more competent rock). Seismic waves propagating
downward after reflection at the free surface are trapped
between the free surface and more competent rock, leading to
a very high amplification ratio. In Appendix B, the effect of
both horizontal layering and vertical heterogeneities (e.g.,
orebody) is examined.

Dynamic safety factor

The reduction in FoS due to additional demand induced by
seismic shaking is quantified and correlated with different
earthquake intensity parameters. A suite of real ground
motions was selected with a wide range of peak ground
accelerations (PGAs), peak ground velocities (PGVs),
durations of shaking, and frequency content. The model
geometry is the same as for 2D elastic simulations (Appendix
A) with a slope height of 500 m. The analysis is carried out
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for two different overall slope angles: 45° and 35°. The rock
is modelled as a dry elasto-plastic material using a Mohr-
Coulomb yield criterion with strength values corresponding to
typical values for fractured rock. For the 45° slope, a
cohesion of 0.5 MPa and a friction angle of 45° is used. For
the 35° slope, a cohesion of 0.37 MPa and a friction angle of
37° is used. A Poisson’s ratio of 0.2 is used for both cases.
The lateral stress is initialized using a lateral stress
coefficient of =0.25. These parameters result in a static factor
of safety (FoS;) of 1.5 for both slopes.
To calculate the dynamic factor of safety (FoSy), a
threshold displacement (D,) above which the slope is
considered to have failed is chosen. This chosen displacement
corresponds to shear strains that are expected to cause
significant loss in rock mass strength. Two values are
considered: D, = 0.5 m and D,=1.0 m. A dynamic analysis is
performed using each ground motion (both horizontal and
vertical components) and the maximum displacement on
slope is monitored. If the displacement is less than the
threshold, strength properties (cohesion and friction angle)
are reduced in increments and the analysis is rerun until the
permanent earthquake-induced displacements are greater
than the threshold. This strength reduction factor is denoted
as the FoS, for that ground motion. A typical displacement
contour plot for maximum displacement D,= 1.0 m is shown
in Figure 1. A typical plot of maximum displacement as a
function of strength reduction factor highlighting the
calculation of FoS is shown in Figure 2.
The FoS, is then normalized by the FoS,, and the ratio is
correlated with different earthquake intensity parameters.
The following earthquake intensity parameters are
correlated with the dynamic factor of safety.
1. Peak ground acceleration (PGA): maximum value of
absolute acceleration. The correlation is shown in
Figure 3 for D,=1.0 m

2. Peak ground velocity (PGV): maximum value of
absolute velocity. The correlation is shown in Figure 4
forD,=1.0m

3. Arias intensity (Z,): time integral of square of ground

acceleration (in m/s?):
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Figure 1—Displacement contour plot for peak displacement for D; = 1.0 m
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where g is the acceleration due to gravity and a(¢) is the
acceleration at time instant ¢.
The correlation is shown in Figure 5 for D, = 1.0 m.
4. Power: time integral of square of ground velocity:
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Figure 2—Observed maximum displacement in the numerical model as
a function of strength reduction factor
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Figure 4—Correlation of normalized dynamic factor of safety with PGV
forD;=1.0m
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Figure 5—Correlation of normalized dynamic factor of safety with Arias
intensity for D; =1.0 m

Power = j V() dt

where V(¢) is the velocity at time instant ¢.
The correlation is shown in Figure 6 for D, = 1.0 m.
5. Cumulative absolute velocity (CAV): time integral of
absolute value of acceleration

I,
CAV = ﬂu{:)\ di

The correlation is shown in Figure 7 for D, = 1.0 m.

The correlation of normalized dynamic factor of safety
with both Arias intensity and cumulative absolute velocity
(CAV) is poor. Some correlation is obtained with peak ground
acceleration (PGA), but the scatter increases significantly for
higher levels of PGA. The best correlation is obtained with
PGV and power, with PGV performing slightly better. Good
correlation is obtained for both levels of threshold
displacement (0.5 m and 1 m) when PGV is used. Thus, PGV
is found to be a better indicator of seismic damage to slopes
than PGA, which is used in conventional methods.

Conventional pseudo-static approach

The results from numerical analysis are compared with the
pseudo-static approach commonly employed for determining
the dynamic factor of safety for slopes. The pseudo-static
method involves running a static analysis with a horizontal
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component of acceleration ay, = k,g where &, is the seismic
coefficient and is correlated with earthquake magnitude
(Pyke, 2001) and peak ground acceleration. To compare the
results directly, pseudo-static analyses were carried out and
the factor of safety was calculated for different seismic coeffi-
cients. The results are shown in Figure 8.

For every earthquake motion used in numerical analysis
in the previous section, a dynamic factor of safety was
determined. Using the chart in Figure 8, a seismic coefficient
that would give the same factor of safety in pseudo-static
analysis for that earthquake was determined. These seismic
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Figure 6—Correlation of normalized dynamic factor of safety with
power for D; = 1.0 m
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Figure 7—Correlation of normalized dynamic factor of safety with
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Figure 9—Comparison between numerical results and recommen-
dations by Pyke (2001) for normalized seismic coefficient as a function
of earthquake magnitude for D; = 1.0 m

coefficients are normalized by PGA and plotted against the
earthquake magnitude. The cases with very low PGA are
excluded as they are prone to large errors when normalized.
The results are compared with recommendations by Pyke
(2001) as shown in Figure 9.

The results indicate that there is no significant correlation
between the seismic coefficient and earthquake magnitude.
However, for the most part, the recommendation by Pyke
(2001) corresponds to the upper bound and is conservative.
While this approach may work fine for low-magnitude
earthquakes, it can lead to an over-conservative design for
larger-magnitude earthquakes. As discussed in the next
section, using another ground motion parameter such as PGV
instead of magnitude may help in better estimation of the
dynamic factor of safety for such cases. It is logical that PGV
might be better because velocity relates directly to stress.

Improved pseudo-static approach

As discussed above, Damjanac et al. (2013) reported results
for a two-dimensional fully dynamic study involving
homogeneous slopes 500 m high at 35° and 45° slope angles
for 20 recorded ground motions (for earthquakes covering
ranges of magnitudes, durations, and epicentre distances).
The study showed that reduction in the dynamic factor of
safety (FoS,) does not correlate well with the PGA and event
magnitude. Consequently, the charts and empirical formulae
for calculation of pseudo-static seismic coefficient currently
used in industry for pit design and assessment of the seismic
hazard are inadequate. The study also showed that currently
used seismic coefficients typically overestimate the seismic
hazard for the pit slopes. However, in a few cases, that
hazard is underestimated. Full dynamic analyses indicate
that reduction in the FoS due to dynamic loading best
correlates with PGV, which is one of the earthquake intensity
measures. The pseudo-static seismic coefficients that result
in the same FoS as calculated from full dynamic analysis for
the considered ground motions are shown in Figure 10. as
functions of PGV. Clearly, the correlation is very good. More
research is needed to generalize the process into a more
accurate and rigorous, but simple, methodology for
calculating seismic coefficient to be used in the pit design and
assessment of the earthquake hazard.
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Extreme rainfall and open pits

Extreme rainfall events are among the most common causes
of slope instability in open pits. As discussed in this section,
extreme rainfall can adversely affect both soil and rock
slopes, although the mechanisms are different.

Soil slopes

Soil slopes are affected by extreme rainfall in one of two
ways - erosion and/or loss of apparent cohesion (suction).

Erosion

Soil erosion due to rainfall is probably the most common
consequence of an extreme rainfall event. An example of soil
erosion is shown in Figure 11. Erosion is probably best
handled by providing an effective surface water management
system.
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Figure 10—Correlation between peak ground velocity (PGV) and
equivalent seismic coefficient for use in pseudo-static analyses

Figure 11—Erosion effects of extreme rainfall, before (above) and after
(below). Photographs courtesy of John Read
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Stability in unsaturated conditions

The presence of capillary pressure in unsaturated soils can
have a major impact on the stability of a slope. Capillary
forces hold fine particles together and can impart additional
cohesion to the soil. The apparent cohesion provided by the
capillary forces usually decreases as the soil saturation
increases. With saprolites and other granular soils, strong
negative pore pressures (soil suction) are developed when the
moisture content is below about 85%. This behaviour
explains why many saprolite slopes remain stable at slope
angles and heights greater than would be expected from
typical effective stress analysis. It also explains why these
slopes may fail after prolonged rainfall even without the
development of excess pore pressures or reaching 100%
saturation (Fourie and Haines, 2007). While a rainfall event
of low intensity and long duration may under certain
conditions be beneficial to the stability of the slope, a high-
intensity, short-duration event may promote a buildup of
saturation and induce slope failure. Detournay and Hart
(2008) provide the theoretical background and use numerical

simulations with FLAC (Itasca, 2011) to illustrate the
relationship between rate of infiltration from precipitation
and stability in a silty slope. They used a simplified
framework, based on Mohr-Coulomb model for the soil,
generalized Bishop effective stress (Nuth and Laloui, 2007;
Wang et al., 2015), and van Genuchten laws relating
capillary pressure and permeability to saturation (van
Genuchten, 1980) to show the impact of intensity and
duration of a rainfall event on the stability of a slope. Generic
geometry and material properties were used for the slope. It
was shown that a rainfall event of low intensity and long
duration was not detrimental to slope stability, provided that
the additional cohesion imparted to the soil by the capillary
forces was sufficient. On the other hand, a rainfall event of
high intensity and short duration was responsible for slope
failure (see Figure 12). In this case, the behaviour was
explained by an increase in soil saturation (see Figure 13)
accompanied by a decrease in the capillary forces, intensity,
causing an apparent decrease in soil cohesion. A similar
discussion and example is provided by Garcia et al. (2011).
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Figure 12—Velocity vectors after the high-intensity, short-duration rainfall event, showing slope failure
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Predicting rainfall-induced slope instability using
simplified methods

Numerical analyses, such as shown in the previous section,
are complex due to the nonlinearity of the hydraulic and soil
constitutive behaviour at play. In addition, the actual
geometry of the slope may add another level of complexity. A
simplified approach to handle the problem is desirable, if
practical guidance is to be the outcome of the analysis.

One possibility is to simplify the geometry of the problem,
without compromise to the established hydraulic and soil
behaviour. For example, the case of an infinite slope has
been adopted by several authors, including Fourie (1996),
Iverson (2000), Collins (2004), and Tsai et al. (2008), to
name a few.

Fourie (1996) provides a methodology based on
statistical rainfall records together with a simplified method
to simulate the rate of infiltration. The methodology includes
rainfall intensity, duration, and antecedent conditions in
assessing slope stability based on Pradel and Raad’s (1993)
approximate method. The process starts with the rainfall data
expressed in terms of rainfall intensity, duration, and return
period (Figure 14).

The next step is to determine the minimum rainfall
intensity (Z,;,) that exceeds the infiltration rate of the soil
and must last long enough (7,,,) to saturate the soil to a
depth z,, measured perpendicular to the slope.

},. . (6.~'_9“) _ ._[S‘l‘ :n']
2 NS
-’ min .‘. |: :“._+ s :|

where 6, and 6, are the saturated and i situ volumetric water
content respectively, £ is the coefficient of hydraulic conduc-
tivity of the soil in the wetted zone and S is the wetting-front
capillary suction (metres of water).

The relations are shown for a hypothetical example in
Figure 14 where all rainfall events with an intensity and

duration that plot within the box in the top right-hand corner
will be sufficient to saturate soil to a depth z,,. The final step
is to compute the safety factor of the slope for the saturated
soil depth, z,,. Within the saturated depth, the matric suction
(capillary pressure) should be reduced to a minimum value.

Rock slopes

The behaviour of rock slopes is significantly different from
that of soil slopes during extreme rainfall events. Whereas
soil slopes may fail due to loss of apparent cohesion, rock
slopes generally fail due to high transient water pressures in
open fractures, particularly tension-induced fractures
(tension cracks) as described below. Transient pressures
equivalent to 40 m of water have been measured at some
mines.

Transient water pressure in tension cracks

Consider, for example, the steady-state condition shown in
Figure 15. Under steady-state conditions, the pressure at any
point along a structure is approximated by the product of the
vertical depth below the groundwater table and the unit
weight of water. Under transient conditions, a tension crack
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Figure 14—Example of relationship between rainfall intensity, duration,
and return period (after Fourie, 1996)
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Figure 15— Steady-state situation with a groundwater table (blue line)

The Journal of The Southern African Institute of Mining and Metallurgy

VOLUME 116 MAY 2016 393 <«



Designing for extreme events in open pit slope stability

may quickly fill with water, producing the condition shown in
Figure 16. The water pressure in the tension crack in Figure
16 is significantly higher than in Figure 15. In this particular
case, the slope in Figure 15 had a safety factor of 1.18,
whereas the slope in Figure 16 had a safety factor of 1.01.

Seasonal infiltration effects

In most cases when we consider extreme rainfall events, we
think about durations of days or weeks. However, extreme
rainfall events can also be seasonal, with rainfall occurring
over months. This section discusses the effect of seasonal
rainfall on a slope simulated as an equivalent continuum.
The effect of seasonal infiltration in a rock slope was
examined by Hazzard et al. (2011) by alternating the rate of
infiltration between zero for six months, and twice the
average infiltration rate for six months. Example pore
pressure histories are shown in Figure 17 for models with
k=10-6m/s and £ = 10-8 n/s. It is clear that the high-
permeability model is affected greatly by the seasonal
variations, whereas the low-permeability model is not. To
examine the effect of the seasons on FoS, four different
scenarios were simulated to consider different offsets for the
start of the wet season. The FoS for the different seasonal
simulations in one model are shown in Figure 18. Factors of
safety were calculated nine months after each excavation.
Depending on the start of the wet season, this may or may
not correspond to peak transient pore pressures. However, it
is possible to construct an envelope encompassing the
minimum FoS for the four different scenarios; then it is
possible to pick the peak pressure state for each excavation
stage. Next, it is possible to calculate the average FoS over
stages 1 to 6 for this minimum envelope and compare the
results to the FoS calculated for a constant infiltration rate.
Such an analysis clearly shows that the seasonal variations
essentially have no effect on the FoS for low permeabilities
and/or high excavation rates. However, for high
permeabilities and/or low excavation rates, the seasonality
may result in a decrease in FoS of up to 8%. Similar results
are obtained for the other infiltration rates, except that as ¢
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Figure 17—Example pore pressures for seasonal infiltration variation
compared with constant rate for the model with k = 10-6 m/s (upper)
and k = 10-8 m/s (lower). n = 1%. The history point is located 400 m
below the ground surface and 150 m from the slope face
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Figure 18 —Factors of safety for different seasonal simulations in the
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Figure 16 —Transient water pressure distribution in tension crack
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decreases, the effect of seasonality becomes even less severe.
For ¢ = 0.3 m/a, the maximum decrease in FoS caused by
seasonality is only about 2.5% compared to constant ¢.

Concluding remarks

When it comes to earthquakes, it appears that stability
analyses are largely unnecessary unless required by law.
Possible exceptions might include mined slopes on the sides
of steep, elevated topography where amplification affects may
be important. If dynamic analyses are performed, time-
domain numerical analyses are preferred over pseudo-static
analyses due to their inherent ability to reproduce transient
seismic forces. If pseudo-static analyses are performed,
consider selecting seismic coefficients using peak particle
velocity (PPV) rather than peak ground acceleration (PGA).
Designing for extreme rainfall events starts with
designing stable slopes for ‘normal’ conditions such that
tension cracks are minimized to the extent practicable and
thus limiting the opportunities for water to enter cracks. The
next step is to provide good surface drainage so that water
does not erode and/or infiltrate slopes. Even with these
mitigation measures, there is a need to consider the
possibility that extreme rainfall may adversely affect slopes.
Selection of appropriate acceptability criteria for extreme
rainfall depends on risk tolerance, but it seems that a safety
factor of at least unity under extreme rainfall conditions (e.g.,
24-hour duration and 100-year return period) is a reasonable
starting point. Stability of soil slopes can by evaluated using
an approximate method described in the paper or numerical
models. For hard rock slopes, the rainfall-induced transient
pressures should be considered either in an equivalent
continuum rock mass and/or in explicit discontinuities.
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Appendix A - Effect of topography on dynamic wave
amplification (from Damjanac et al., 2013)

A.1 Two-dimensional effects

Based on typical configurations of open pit mines and natural
slopes, three simplified slope geometries, shown in Figure 19,
are studied using two-dimensional (2D) numerical analyses.
These are (a) a single slope model that is representative of a
natural slope or a wide pit, (b) a pit model representative of
open pits, and (c) a hill model representative of most natural
slopes. These models can be expressed in terms of following
parameters:

1. Height of slope (H), assumed to be 500 m for the
simplified geometry

2. Angle of slope (), assumed to be 45 degrees for the
simplified geometry

3. Width of basin (&) or ridge crest (d), varied from 0.0
to 2.0 times the slope height.

To simulate seismic excitation, single pulses are used as
input motion. The pulses are characterized by their duration
Tas

(a)

where V(¢) is the particle velocity at time ¢.

The signal contains frequencies in the range 0 to 2/7 Hz.
Figure 20 shows the time history for two pulses with 7'= 0.4
seconds and 2.5 seconds. The motion is applied at the base of
the model as a shear stress time history to simulate an
incoming wave. Quiet boundaries are used at the base to
avoid any reflection of outgoing waves back into the model.
Appropriate forces obtained from one-dimensional site
response are applied at the lateral boundaries to simulate
free-field behaviour correctly. A density of 2500 kg/m3 and
shear wave velocity of 1000 m/s are assumed for the rock.

The simulations are carried out for pulse durations
ranging from 0.1 to 10 seconds. The results are compared in
terms of peak velocity obtained at the surface. Two
parameters are recorded for each simulation, the first being
the peak velocity on the slope surface, and the second being
the peak velocity at the ground surface throughout the model.
For short duration pulses, both parameters are the same as
maximum velocity is obtained on the slope surface itself.
However, for longer duration pulses, the maximum velocity is
obtained behind the crest of the slope as shown in Figure 21.

()

Figure 19—Idealized geometries studied: (a) slope geometry, (b) pit
geometry, and (c) hill geometry
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Figure 20—Two pulses of duration 0.4 and 2.5 seconds in time domain
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Figure 21 —Peak ground velocity amplification ratio in the model for (a) 2.5 s pulse and (b) 0.4 s pulse
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The results for slope and pit geometries were found to be
almost identical, irrespective of the width parameter (b). This
is due to the fact that incident waves travel up the slope and,
given the shape of pit geometry, are reflected away from the
pit. As a result, there is no interaction between the waves
incident on two sides of the pit. Therefore, when comparing
results, only the slope geometry results are shown and are
taken to be representative of pit geometry as well.

The results are presented as the amplification factor (i.e.,
the ratio of PGV observed to the PGV for the incoming
motion). The results are plotted as a function of the inverse
of pulse duration, which is indicative of the frequency
content of the ground motion. The frequency can also be
normalized and written in dimensionless form as A/ V,T,
where V; is the shear wave velocity of rock at surface and #
is the slope height.

The results for the slope/pit geometry are shown in
Figure 22. As can be seen from the results, for long duration
pulses (i.e., pulses containing lower frequencies), peak
velocity is observed on the slope surface itself. For the
limiting case of an infinitely long pulse, the amplification is
2.0, which is the same as the free surface amplification (i.e.,
the topographic effects are negligible). As the frequency
increases, the peak surface velocity also increases with the
peak being observed at a frequency of 0.8 Hz (H/V,T = 0.4).
A further increase in frequency does not lead to any
significant increase in peak ground velocity. Instead, the
location of the peak velocity moves away from the slope
surface to behind the crest of the slope. The maximum
amplification observed for the pit geometry is around 2.24,
which is not a significant increase compared to the free
surface amplification factor of 2.0.

For the hill geometry, the results are a function of the
width ‘@’. As width increases, — <o, the amplification
decreases and the amplification curve approaches the slope
geometry case. Maximum amplification is observed for the
case where d = 0. A comparison between amplification curves
for peak velocity on the slope surface for the hill geometry
(with d = 0) and slope geometry are shown in 23. The
amplification curve for the hill geometry shows a similar
shape as for the slope geometry with peak amplification
occurring at 0.8 Hz, which corresponds to a dimensionless
frequency of 0.4. However, the amplification ratio is much
higher with peak amplification of 3.2. This is due to the
‘focusing effect’ of the hill geometry where the waves
incident on the slope are directed toward the crest from both
sides and result in energy from a wide base at the bottom
being focused in a small area at the top. Thus, natural slopes
experience much higher velocities (and acceleration) due to
topographic amplification.

A.2 Three-dimensional effects

The next step was to evaluate the effect of three-dimensional
pit shapes on the amplification ratio. The pit is modelled as
an ellipse in plan view with an aspect ratio (AR) between the
principal axes ranging from 1:1 to 8:1. The 1:1 aspect ratio
corresponds to a circular pit, whereas the 8:1 case is very
similar to the two-dimensional pit geometry. The results are
shown in Figure 24. As the aspect ratio increases, the results
tend to converge, and for an aspect ratio of 4:1 or higher, the
results are nearly the same as for the 2D case. For lower
aspect ratios, peak amplification occurs at a higher frequency
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Figure 22— Amplification factors on 2D slope as functions of duration of
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Figure 23— Amplification factors on 2D slope in flat ground and on a hill
as functions of input frequency
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Figure 24—Maximum amplification factors on the 3D slope as a
function of normalized pulse duration

and amplification ratios for higher frequencies are higher
than the 2D case. However, the peak amplification ratio is
still lower than the 2D case. Thus, the three-dimensional

shape of pits leads to even lower amplification ratios, and
hence, lesser demand.

Appendix B - Effect of heterogeneities in dynamic
wave amplification (from Damjanac et al., 2013)

B.1 Effect of horizontal layering

The effect of horizontal layering is examined using a 2D
model. As shown in Figure 25, a softer material is assumed
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to a depth of 200 m below the slope toe. Two cases are
studied. In the first case, the softer material has a modulus
that is 50% of the original modulus, whereas in the second
case, the modulus is 10% of the original value. The results
for the slope geometry are shown in Figure 26 and the results
for the hill geometry are shown in Figure 27.

The presence of softer material leads to energy trapping
within the narrow layer below the surface, and hence much
higher amplification ratios are observed. For the slope
geometry, the maximum amplification increases to about 2.7
for the 50% stiffness case, whereas an amplification ratio of
3.6 is observed for the 10% stiffness case. The frequency
corresponding to peak amplification also decreases as
stiffness decreases.

For the hill geometry, the effect is even more pronounced
with an amplification ratio of 4.0 for the 50% stiffness ratio,
and 6.0 for the 10% stiffness ratio. As the stiffness contrast
increases, the amplification ratio also increases. While it is
common to have a thick layer of highly weathered rock or soil
above competent rock on natural slopes, open pit slopes are
generally excavated in relatively good quality rock and have
only a comparatively thin layer of fragmented rock that is still
stiffer than highly weathered rock or soils; hence open pit
slopes are less susceptible to amplification due to material
heterogeneities.

B.2 Effect of vertical layering

Material heterogeneities can also be present in a horizontal
direction (e.g., due to the presence of the orebody). The effect
of an orebody is evaluated in this section in 3D where the
orebody is assumed to be vertical and intersects the pit walls
100 m above the base of pit as shown in Figure 28. The
orebody is assumed to have half the stiffness of country rock.
Results are shown in Figure 29.
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Figure 25— Geometry for stiffness contrast
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Figure 26 —Effect of surface layers on amplification factors on a 2D
slope as functions of input pulse duration
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Figure 27 —Effect of surface layers on amplification factors on a 2D
slope on a hill as functions of input pulse duration
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Figure 28—Orebody geometry used to study the effect of hetero-
geneities in horizontal direction
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Figure 29—Maximum amplification factors on the 3D slope with an
orebody (solid) and without an orebody (dotted) as a function of
normalized pulse duration

As expected, the presence of the orebody leads to higher
amplification ratios than for the homogenous case as energy
is trapped within the orebody. One of the important
observations is that the increase in amplification ratios is
more pronounced for higher aspect ratios than for the circular
case, where the increase is negligible. Nonetheless, the peak
amplification ratio for the 4:1 case is still 2.4, which is not
too high compared to the amplification ratio of 2.0 for the
free field base case. ¢
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