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ABSTRACT

Infrastructures in northern Canada are potentially exposed to earthquake-induced slope instabilities requiring
assessment of the seismic performance of natural slopes. Active layer detachments are the most common types of
identified landslides, where terrain instability and downward movement of the active permafrost layer can be triggered by
seismic excitation. This research aims at developing a framework for probabilistic slope stability analysis that accounts
for the specific geological settings in the permafrost regions. Slope geometry, soil properties and ground motion
uncertainties are incorporated in the model and the probabilities of weakening and inertial instabilities are investigated.

1 INTRODUCTION 2  WEAKENING INSTABILITIES

In permafrost regions, an active layer represents the
surficial layer of soils located on the permafrost table that
is subject to annual freeze-thaw cycles. Its thickness
varies between a few centimeters to few meters
(Johnston 1981). In northern Canada, the active layer is
comprised mainly of unconsolidated fine-grained
sediments (Aylsworth et al. 2000), which together with
rock outcrops cover extensive areas of the permafrost
regions. Active layer detachment (ALD) is the most
common type of landslides that has been identified in
these areas (Dyke 2004, Lipovsky and Huscroft 2006). An
ALD represents the downslope motion of the thawed
surficial layer sliding over the permafrost table. ALD
occurs when the thickness of the active layer increases
and/or the pore-water pressure attains critical values.
These conditions may develop as a consequence of
different factors, such as climate warming, loss of
vegetation cover, fire, and intensive rainfalls (Dyke 2000).
In addition, earthquakes can also cause slope instabilities.
Considerable parts of the permafrost regions in Canada,
such as Southwestern Yukon, the Mackenzie and
Richardson Mountains, and beneath the Beaufort Sea are
prone to earthquakes (Hyndman et al. 2005, Adams et al.
2015). Seismic waves can trigger two types of
instabilities, i.e., inertial instabilities (induced inertial
forces) and weakening instabilities (excess pore-water
pressure build-up that weakens soil shear strength).

In this study, the probability of occurrence of
earthquake-induced ALDs is determined by Monte Carlo
technique. The peak ground acceleration (PGA) of the
scenario earthquake is characterized by the source-to-site
distance (R) and moment magnitude (Mw). The geological
settings of the Mackenzie Valley as an important corridor
for the construction of the energy-related infrastructures
are considered. Figure 1 schematically illustrates the
problem together with a few significant parameters.

Based on the classifications of Youd and Perkins (1978),
the unconsolidated surficial soils of the Mackenzie Valley
(including till, lacustrine, glaciofluvial, colluvial, and alluvial
fine-grained sediments), under saturated conditions are
considered to have low to moderate susceptibility to
liquefaction.

According to Boulanger and Idriss (2006), fine-grained
soils with plasticity index (Pl) smaller than 7 show sand-
like behaviour and can be liquefied. Extensive liquefaction
was observed in fine-grained soils of the Mabel Creek
area (Alaska, USA) after the 2002 M,7.9 Denali
earthquake (Zhang 2009). Lewkowicz and Harris (2005)
reported a Pl range of 2-30 for the samples collected from
a number of locations in the Fosheim Peninsula and the
Mackenzie Valley (Northwest Territories, Canada). As
well, silty clay and clayey silt have been observed within a
corridor east of the Mackenzie River (Wang et al. 2005).
These are the rationales for studying the likelihood of
weakening instabilities.

To evaluate the triggering condition for liquefaction,
the factor of safety against liquefaction (FS.) should be
calculated. FS_ is given by:

FSL = Gan [1

where, CRR and CSR are the cyclic resistance and
the cyclic stress ratios, respectively. The former ratio
indicates the soil resistance against liquefaction, whereas
the latter represents the average shear stress induced by
an earthquake.

The cyclic resistance ratio (CRR) can be evaluated
using SPT values:

CRR = Cp,,.C5.Cp,. (CRR)\, 75 [2]
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Figure 1. Schematic of the effect of a scenario earthquake
on slopes in a permafrost region with infinite slope model
parameters.

in which, (CRR)mw75 is a function of the normalized SPT
blow counts of clean sand, (N1)socs, for seismic event with
Mw7.5 (Figure 2), and Cm, Cs, and C, are the respective
correction factors of earthquake magnitude, sloping
ground, and soil plasticity. The first two parameters of
Equation 2 are discussed in details by Youd et al. (2001)
and the last one is introduced by Ishihara (1993). It should
be noted that due to the large scatter in the experimental
data, currently there is no consensus on the appropriate
values of Cs. However, in the absence of precise methods
this simple procedure is being used in engineering
practice.

For the cyclic stress ratio (CSR), on the other hand,
Seed and Idriss (1971) presented the following equation:

CSR = 065 (g—) .PGA. 14 3]

where, oy and o’y are the total and effective vertical
stresses at the depth of interest, PGA is the peak ground
acceleration given as a fraction of g, and rq is the
reduction factor of depth.

When FS. <1, the slope may experience weakening
instability provided that the factor of safety against
weakening instability (FSw) is smaller than 1:

Su

FSw = H[(1-m)y+myg,|sin®

(4]

In this equation, H is the thickness of the active layer,
m is the portion of the active layer’s depth below the water
table, and S, is the undrained shear strength of the soil.
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Figure 2. Simplified relationship between the cyclic
resistance ratio (CRR) and the normalized SPT value of
clean sand for an M, 7.5 earthquake, developed based on
Youd et al. (2001).

S has been estimated by the equations proposed by
Olson and Stark (2002) for the non-plastic silts (i.e.,
0<PI<4 in this study) and Mesri (1975) for clays (i.e.,
4<PI<7 that represents the transitional zone between
sand-like and clay-like soil behaviours in this study):

_ ([0.03 + 0.0075(N1)go]0,

0<Pl<4
S, = .
0.220,

[5]
4<PI<7

In these equations, o) is the vertical effective stress at
the studied depth.

3 INERTIAL INSTABILITIES

The parallel-to-slope component of the ground
acceleration, a(t), may exceed the critical acceleration at
the potential slip surface, ac;, several times during the
ground shaking. The Newmark’s sliding block approach is
applied herein to estimate the co-seismic permanent
slope deformations. It is based on a cumulative sum of
the relative displacements of the soil block and the sliding
surface over the times when the critical acceleration is
exceeded. This procedure requires setting a value for a,
and then computing the double integration of a(t) over the
“exceedance” durations. If the resulted “Newmark
displacement”, Dy, exceeds a threshold displacement,
Dnr, the slope can be considered as unstable.

Jibson et al. (2000) calibrated the Newmark’s
approach by comparing the field observations of the
landslides triggered by the 1994 Northridge earthquake
with the Newmark displacements computed for that event.
They concluded that the probabilities of inertial
instabilities equal to 83% and 96% correspond to the
Newmark displacements smaller than 10 and 15 cm,
respectively. So far, different values for Dyt ranging from
1 cm to 15 cm based on the likelihood of damage, depth,



type and the location of landslide have been proposed by
Wieczorek et al. (1985), Keefer and Wilson (1989), Blake
et al. (2002), California Geological Survey (2008), and
Jibson and Michael (2009). Jibson and Michael (2009)
suggested the range of 5 to 15 cm for Dt corresponding
to the high likelihood of the occurrence of shallow
landslides in Anchorage, Alaska. As well, Keefer and
Wilson (1989) derived the threshold value of 10 cm for
coherent landslides. Therefore, in the absence of detailed
information regarding the local soil behaviour, Dnyt=10 cm
was considered which is also an average of those
reported in the literature.

To overcome the difficulties of the implementation of
double integration procedure for the computation of Dy,
several regression models have been proposed (Sarma
1988, Ambraseys and Menu 1988, Jibson et al. 1998, and
Jibson 2007). In this study, the expression developed by
Jibson (2007) is employed:

logDy = 2.401logl, — 3.481loga, —3.230+ o [6]

where, Dy is given in terms of the Arias intensity, |5 in
m/sec, and the critical acceleration ac as a fraction of g. In
Equation 6, 0=0.656 and represents the standard
deviation of the regression model. To calculate Dy, |, and
ac should be known. I, can be obtained from the following
Arias intensity attenuation relationship developed by
Wilson and Keefer (1985):

logl, =M, —2logR - 4.1 [7

The critical acceleration of an infinite slope with angle
0 and a planar slip surface parallel to the ground surface,
as depicted in Figure 1, can be written as:

en®__(Fs, - 1)g [8]

ac =TT "
1+tanBtan¢

where, @’ is the effective soil friction angle, and FS; is the
static factor of safety. The parallel-to-slope and
perpendicular-to-slope components of horizontal ground
acceleration are accounted for in deriving Equation 8.

Using the slope parameters shown in Figure 1 and
applying the limit equilibrium method, FS; can be written
as:

¢ +{H[(1-m)y+my,,,] cos 6-u} tan ¢’
H[(1-m)y+myg,|sin®

FS, = [9]

where, ¢’ is the effective soil cohesion, and u is the pore-
water pressure at the potential slip surface.

4 EARTHQUAKE PARAMETERS

To evaluate the PGA for a scenario earthquake of
magnitude My, at a site with distance R from the epicentre,
a site-consistent ground motion prediction equation
(GMPE) is required. In this study, the GMPE developed
by Boore et al. (1997) for the Western North America is
employed. The standard deviation of Ln(PGA) in this
model is 0.468. The distance R in Boore et al. and the
distance applied in Equation 7 have the same definition,
i.e., the closest horizontal distance from the site to the
vertical projection of the rupture plane (Joyner and Boore
1981).

The average shear wave velocity of the top 30 m at
the site, Vs30, characterizes the local site conditions in the
considered GMPE. In this study, due to the presence of
permafrost (with the average shear-wave velocity of up to
1500 m/sec) beneath the site, Vs30=620 m/sec that
represents Type C soil in the National Building Code of
Canada (2010) is applied to the GMPE.

The projection of horizontal PGA along the slope
aspect was calculated by:

PGASIope = PGAGMPE- cosa [1 0]

where, a is a random variable that indicates the angle
between horizontal excitations and slope aspect (dip
direction).

5 PORE-WATER PRESSURE

The effect of pore-water pressure, u, on the weakening
and inertial instabilities is incorporated through Equations
3 and 9, respectively. Normally, in these equations u is
the hydrostatic pore-water pressure and for the infinite
slope and flow direction shown in Figure 1 it is equal to:

u =mHy,, cos6 [11]

In an active layer with fine-grained soil, however,
when the rate of thawing is higher than the rate of water
drainage and consolidation, some excess pore-water
pressure builds up. Morgenstern and Nixon (1971)
explained this phenomenon referred to as “thaw-
consolidation” with the following equation for the excess-
pore water pressure, Au:

Au = mH(Ygy—V,,) COS 6 [12]

1
1 t—
2Ric

where, Ry is the thaw-consolidation ratio and depends on
a heat conductivity-related constant, a,, and the
coefficient of consolidation, c,, of the thawing soil:



Re =351 [13]

The total pressure under thaw-consolidation
phenomenon can be obtained by adding Au to the
hydrostatic pore-water pressure (Equation 11).

6  MONTE CARLO SIMULATIONS

The final step in the proposed framework for assessment
of the probabilities of failure in the slopes underlain by
permafrost consists of applying the Monte Carlo
simulation technique. A procedure was developed to deal
with the two potential modes of failure, i.e., weakening
and inertial instabilities. A flowchart describing this
procedure is shown in Figure 3. As can be seen, initially
the likelihood of weakening instability is screened by
verifying the soil Pl. In cases where Pl is smaller than 7
(sand-like behaviour), the factor of safety against
liquefaction (FS.) should be calculated first. If FS <1, the
factor of safety against weakening instability (FSw)
smaller than 1 indicates the occurrence of weakening
instability. Alternatively, for FSw greater than 1 the slope
can be considered as safe at least against the weakening
instabilities. If the latter condition occurs, the likelihood of
inertial instability will be checked by comparing the
Newmark displacement with the threshold value which
was considered 10 cm.
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Figure 3. The procedure developed in this study to
determine the slope stability condition.

The input variables of Monte Carlo simulations are
given in Table 1. The mean values and coefficients of
variation (COV) of the input parameters were assumed
based on the values reported in the literature, e.g., by
Lewkowicz (1990) and Lewkowicz and Harris (2005), and
the guidelines of Phoon and Kulhawy (1999). All input
variables except for ¢’ and @’ are independent. Uzielli et
al. (2007) proposed a range of -0.75 to -0.25 for the
coefficient of correlation between ¢’ and @'. In this study,

the coefficient of correlation was considered -0.5, the
average of the proposed range.

In each simulation 100,000 random realizations were
generated. However, only those with the static factor of
safeties (FS)) larger than 1 where involved in the slope
stability computations, because they were in static
equilibrium before earthquake. Effects of 8, My, R and Ry
as the most significant parameters were studied.

6.1 Effect of Slope Inclination Angle

Figure 4 shows the variation of the probability of slope
failure with the change of slope angle. The probability of
failure is defined as the sum of the probabilities of
weakening and inertial instabilities. In this study, an M6.5
earthquake with a source-to-site distance of 40 km was
assumed. Also, thawing condition was considered normal,
i.e., R=0.
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Figure 4. Variation of the probability of failure with the
change of slope angle.

Up to 8=15°, the probability of inertial instability is zero
and from this point onward, it starts increasing. The
corresponding probabilities of weakening and inertial
instabilities are presented in Table 2. In this table, P(WI)
is the probability of weakening instability, P(ll) is the
probability of inertial instability, P(F) is the probability of
failure, and B is the reliability index, defined as:

B=-0""[P(F)] [14]

where, ®'[.] is the inverse standard normal cumulative
function.

From the reliability indices given in Table 2, the
performance of the slopes with the respective inclination
angles of 5 to 25 degrees is predicted to be “above
average” to “poor” according to the US Army Corps of
Engineers (1997).



Table 1. Input variables of Monte Carlo simulations.

Probabilistic

Variable Mean CoV' (%) Distribution Deterministic Remarks

slope: 0 (deg) - - - 5,15, 25 -

H (m) 1.0 30 lognormal - -

m 0.75 5 beta - 0.5=m=1.0
soil: Ya (kN/m?) 16 9 lognormal - -

¢ (kPa) 2.5 20 lognormal - cross-correlated to ¢’

¢’ (deg) 26 10 lognormal - cross-correlated to ¢’

(Ngso 5 45 lognormal - -

FC* (%) - - - 70 -

Pl (%) 16 40 beta - 2<PI<30

D: (%) - - - 40 -

to - - - 0.0, 1.5, 3.0 -

DNT (Cm) - - - 10 -
ground motion: My - - - 5.5,6.5,7.5 -

R (km) - - - 10, 40, 80 -

a® (deg) 45 - uniform - 0<0<90

'coefficient of variation

%fines content

*the angle between horizontal excitations and slope aspect (dip
direction)

Table 2. The slope instability
reliability index in terms of 6.

probabilities and the

0 (deg)  P(WI) P(I1) P(F) B

5 0.00072 0.00000 0.00072 3.19
10 0.00289 0.00000 0.00289 2.76
15 0.00263 0.00000 0.00263 2.79
20 0.00201 0.00114 0.00315 2.73
25 0.00147  0.01825 0.01972 2.06

6.2 Effect of Earthquake Parameters

The GMPE equation used in this study (Boore et al.,
1997) is valid for the moment magnitudes between 5.5
and 7.5. Therefore, the effect of three values of My, on
slope instability was studied. Results of this study are
plotted in Figure 5.
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Figure 5. Variation of the probability of failure with the
change of earthquake moment magnitude.

In this study, the slope angle was 15°, the source-to-
site distance was 40 km, and the thaw-consolidation ratio
was zero.

In all three scenarios, Monte Carlo realizations did not
predict any inertial instabilities. However, this may not be
the case for a different combination of input parameters.

The effect of source-to-site distance, R, on the
probability of failure is shown in Figure 6. As it was
expected, damage level decreases with the increase of
distance to the seismic source. Again, only weakening
instabilities were observed in the simulations. Here, the
slope angle, moment magnitude and thaw-consolidation
ratio were 15°, 6.5 and 0, respectively.

0.040
0.035 -
0.030 AN

' A\
0.025 N
0.020
0.015 AN
0.010 \

' N\
0.005 N
0.000

probability of failure

—

0 20 40 60 80
source-to-site distance (km)

Figure 6. Variation of the probability of failure with the
source-to-site distance.

6.3 Effect of Thaw-Consolidation Phenomenon

The condition when the thaw-consolidation ratio is
determined as larger than 1 is equivalent to the existence
of some excess pore-water pressure in the thawed active
layer before the start of the ground shaking. Theoretically,
this should increase the likelihood of slope instability. To
study the effect of this phenomenon on the seismic
behavior of the northern slopes, three values for R were
considered, 0, 1.5 and 3.



Similar to the previous parametric studies, the
remaining important parameters were kept constant, i.e.,
the effect of an My6.5 event occurring at a distance equal
40 km from a slope with 6=15° was simulated. The results
are shown in Figure 7.
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Figure 7. Variation of the probability of failure with the
thaw-consolidation ratio.

The respective probabilities are given in Table 3 to
assess the contribution of the two modes of instability. As
can be seen, both failure modes have almost equal
contributions in the considered cases when Ry is greater
than 0. The contribution of weakening and inertial
instabilities will change with the change of other
parameters. The increase of Ry, however will lead to the
increase of the probability of failure.

Table 3. The slope instability probabilites and the
reliability index in terms of Ryc.

Re PWI) P(ll) P(F) B

0.0 0.00263 0.00000 0.00263 2.79
1.5 0.01859 0.01068 0.02927 1.89
3.0 0.02513 0.01721 0.04234 1.72

6.4 The Worst-Case Scenario

According to the results of previous sections, the worst-
case scenario was simulated for the slopes with
inclination angles between 5 to 25 degrees, located at a
distance of 10 km from the epicenter of an Mu7.5
earthquake, while the active layers have thaw-
consolidation ratios of 3. The results are shown in Figure
8. As can be seen, the probabilities of failure, compared
to those shown in Figure 4, have considerably increased.

The reliability indices corresponding to the
probabilities of failure are given in Table 4. The
performance of slopes under this scenario according to
the classifications of the US Army Corps of Engineers is
considered “unsatisfactory” and “hazardous”.

Accounting for the simultaneous occurrence of an
earthquake and the thaw-consolidation phenomenon may
currently seem far-fetched; however, with the increasing

trend of global warming over the time, this may not be
regarded as an impossible scenario in future.
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Figure 8. Variation of the probability of failure with the
change of slope angle for the worst-case scenario.

Table 4. The slope instability probabilities and the
reliability index in terms of 6 for the worst-case scenario.

6 (deg) P(WI) P(I1) P(F) B

5 0.09182 0.00007 0.09189 1.33
10 0.09186 0.02572 0.11758 1.19
15 0.09035 0.19562 0.28597 0.57
20 0.08882 0.26712 0.35594 0.37
25 0.08834 0.27395 0.36229 0.35

7  SUMMARY AND CONCLUSIONS

A probabilistic approach for the study of the seismic
performance of the slopes of northern Canada was
presented. Two modes of instability, weakening and
inertial, were considered. Several input parameters
related to slope, soil and ground motion were
incorporated in the proposed model. The results of the
parametric studies showed that:

e The probability of slope failure increases with the
increase of slope angle. With this increase, however
the contribution of weakening and inertial instabilities
changes. Steeper slopes, are more likely to be
subjected to inertial instabilities.

e The ground motion parameters, M, and R,
remarkably affect the performance of the slope. The
probability of failure has a direct relationship with My,
and an inverse relationship with R. In the case of the
studied mild slope, only weakening instabilities were
observed, which is not the case for steeper inclination
angles.

e The thaw-consolidation conditions, contributing to
the excess pore-water pressure prior to seismic
excitations, can drastically increase the probability of
weakening and inertial instabilities.

e According to the reliability indices obtained from this
study, depending on the slope angle and thaw-
consolidation conditions, “poor” to “above average”
behaviours was predicted for the studied slopes.
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