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Abstract The importance of earthquakes in triggering
catastrophic failure of deep-seated landslides has long been
recognized and is well documented in the literature.
However, seismic waves do not only act as a trigger
mechanism. They also contribute to the progressive failure
of large rock slopes as a fatigue process that is highly
efficient in deforming and damaging rock slopes. Given the
typically long recurrence time and unpredictability of
earthquakes, field-based investigations of co-seismic rock
slope deformations are difficult. We present here a con-
ceptual numerical study that demonstrates how repeated
earthquake activity over time can destabilize a relatively
strong rock slope by creating and propagating new frac-
tures until the rock mass is sufficiently weakened to initiate
catastrophic failure. Our results further show that the
damage and displacement induced by a certain earthquake
strongly depends on pre-existing damage. In fact, the
damage history of the slope influences the earthquake-in-
duced displacement as much as earthquake ground motion
characteristics such as the peak ground acceleration.
Because seismically induced fatigue is: (1) characterized
by low repeat frequency, (2) represents a large amplitude
damage event, and (3) weakens the entire rock mass, it
differs from other fatigue processes. Hydro-mechanical
cycles, for instance, occur at higher repeat frequencies (i.e.,
annual cycles), lower amplitude, and only affect limited
parts of the rock mass. Thus, we also compare seismically
induced fatigue to seasonal hydro-mechanical fatigue.
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Geological Engineering, Department of Earth, Ocean,
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While earthquakes can progressively weaken even a strong,
competent rock mass, hydro-mechanical fatigue requires a
higher degree of pre-existing damage to be effective. We
conclude that displacement rates induced by hydro-me-
chanical cycling are indicative of the degree of pre-existing
damage in the rock mass. Another indicator of pre-existing
damage is the seismic amplification pattern of a slope;
frequency-dependent amplification factors are highly sen-
sitive to changes in the fracture network within the slope.
Our study demonstrates the importance of including fati-
gue-related damage history—in particular, seismically
induced fatigue—into landslide stability and hazard
assessments.

Keywords Deep-seated landslides - Seismic slope
stability - Rock mass fatigue - Brittle fracture damage -
Progressive failure - Numerical modeling

1 Introduction

Profound understanding of the relationship between
destabilizing landslide processes and the rock mass
response is a key topic in landslide analysis. It is essential
for distinguishing between acceleration phases that are
seasonal and innocuous, and those that indicate impending
catastrophic failure. Hence, appropriate understanding of
the landslide response to different forcing mechanisms
(e.g., earthquake-induced deformations, groundwater
pressure changes, toe erosion, etc.) can guide decisions on
effective mitigation strategies (e.g., Eberhardt et al. 2007).
Comprehensive monitoring systems recording slope
deformation and environmental parameters (i.e., rainfall,
temperature, ground water level, etc.) in connection with
an early warning system have become a widely used tool to
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manage the hazard posed by a landslide threatening civil
infrastructure. However, the use of such monitoring sys-
tems goes beyond an alert to landslide acceleration events.
It can provide baseline understanding of the episodic and
time-dependent behavior of the slope and reveal the dom-
inant driving mechanisms responsible for progressive
failure of the rock mass (Eberhardt et al. 2004; Eberhardt
2008; Gischig et al. 2011a, b).

1.1 Slope-Scale Fatigue

Destabilization processes—also termed driving mecha-
nisms—can be divided loosely into preparatory factors and
triggering factors following the terminology by Gun-
zburger et al. (2005). The transition between preparatory
factors and triggering factors may be gradual, but they can
be seen as end members of a number of mechanisms acting
on different time scales to deform and damage a rock mass,
contributing to its progressive failure. Preparatory factors
gradually change material strength and resisting forces
(those inhibiting failure), or driving forces (i.e., those
promoting failure) over long time periods (e.g.,
10-100,000 years). Triggering factors are short-term
changes of forces acting on time scales of seconds to a few
years that ultimately lead to catastrophic slope failure.
These processes are usually the reported causes of the
catastrophic event. The concept is visualized in Fig. 1.

Fig. 1 Role of driving
mechanisms (here earthquakes,
water pressure changes, slope
geometry changes and thermo-
elastic cycles) in altering
driving and resisting forces
within a potentially unstable
rock mass (adapted from
Gunzburger et al. 2005).
Damage is accumulated by
repeated load changes either as
(seasonal) cycles or during
stronger shorter term events
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Driving mechanisms preparing or triggering catas-
trophic failure may include the following:

1. Seismic loading by local earthquakes.

Changes in water pressure due to rainfall, snowmelt, or
water level changes of adjacent reservoirs.

Changes in slope geometry, e.g., due to natural erosion
(glacial or fluvial) or slope engineering.

Cyclic temperature changes (i.e., thermal strains).
Freeze—thaw cycles.

Chemical weathering.

Micro-scale damage processes (e.g., creep of clay or
gouge material, stress corrosion).

Wave impact or tidal forces on coastal cliffs.

N ks

The first five are considered in Fig. 1, which also shows
that these mechanisms may act concurrently and interact
with each other. For instance, repeated seismic loading has
the potential to induce significant incremental damage in
the form of brittle fracture propagation through intact rock
bridges and accumulated dilation and slip along existing
fractures, which accrue until the rock mass reaches a highly
critical state (e.g., Welkner et al. 2010; Moore et al. 2012).
At this point, a minor disturbance—a small earthquake or
water pressure increase due to rainfall or snowmelt—may
become the ultimate trigger of catastrophic failure. If the
slope is in a sufficiently critical state, a pressure increase
during an ordinary seasonal cycle may by enough to trigger
failure (i.e., as depicted in Fig. 1). Some driving
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mechanisms are characterized by their cyclic or repeated
nature (e.g., seasonal water pressure increases or temper-
ature changes). Recently, cyclic or repeated loading as
progressive weakening processes has been discussed in the
literature as a large-scale fatigue process; e.g., seasonal
pore pressure changes (Bonzanigo et al. 2007; Preisig et al.
2015), dam reservoir levels (Zangerl et al. 2010), or
thermo-mechanical effects (Watson et al. 2004; Gun-
zburger et al. 2005; Gischig et al. 2011a, b; Bakun-Mazor
et al. 2013). These examples of cyclic forcing mechanisms
are analogous to fatigue observed in laboratory experi-
ments in which rock samples are brought to failure as a
consequence of cyclic load changes below the actual fail-
ure limit (Attewell and Farmer 1973; Xiao et al. 2009).
Similar to other cyclic load changes, repeated seismic
loading may be understood to be a high-amplitude, low-
repeat frequency fatigue mechanism driving progressive
failure over a very long time interval.

1.2 Seismic Loading as a Fatigue Mechanism

Seismic loading by local earthquake events is clearly one
of the most important mechanisms for destabilizing land-
slides. Numerous cases of earthquake-induced landslides
with dramatic consequences in terms of fatalities demon-
strate the role of earthquakes as a triggering factor of
catastrophic failure, for instance: 1959 Madison Canyon
landslide and M,,7.3 Hebgen Lake earthquake in the USA
(Hadley 1964; Wolter et al. 2015); 1970 Huascaran land-
slide and M,7.8 Huaraz earthquake in Peru (Plafker and
Ericksen 1978); 2001 Las Colinas landslide and M,,7.6 El
Salvador earthquake in El Salvador (Evans and Bent 2004;
Crosta et al. 2005); and the Chengxi and Donghekou
landslides and M,,7.9 Wenchuan earthquake in China (Yin
et al. 2011). The Wenchuan earthquake is a particularly
devastating example of the destructive power of seismi-
cally induced landslides, as up to 30,000 landslide fatalities
were recorded—one-third of the total earthquake fatalities.
However, as illustrated in Fig. 1, earthquakes may not
always lead directly to catastrophic slope failure, but may
contribute to an incremental destabilization of a rock slope.
Although the violent impact of earthquakes on slope sta-
bility is obvious from the large number of seismically
induced landslides, their role in progressively damaging
slopes and hence preparing them for catastrophic failure
has been given little attention. This may be in part due to
difficulties in quantifying damage resulting from repeated
seismic loading, together with the infrequent reoccurrence
rate of damaging earthquakes. As noted by Moore et al.
(2011), co-seismic deformation is rarely recorded in
monitoring data. Nevertheless, for many cases it was
hypothesized that earthquakes had a role in weakening
slopes for subsequent catastrophic failure.

One example is the Rawilhorn rock avalanche in
Switzerland, 1946 (Figs. 2, 3a), which was not triggered by
the primary M,,6.1 earthquake in Sierre, but by a M6.0
aftershock a few months later (Fritsche and Fih 2009).
Moore et al. (2012) suggested that the first earthquake
weakened the rock mass, leaving it in a critical state for
triggering during the second event. Bakun-Mazor et al.
(2013) compared seismically induced to thermally induced
displacements in a steep fractured cliff in Israel, and found
that thermal effects may have deformed the slope more
efficiently than past earthquakes. To our knowledge, they
are the first to quantitatively compare different driving
mechanisms in their impact on stability. Parker (2013) and
Parker et al. (2013) also recognized the relevance of
earthquakes in progressive failure and developed an
advanced version of the well-known Newmark method
(Newmark 1965) to also account for slope weakening
induced by repeated earthquakes. Parker (2013) also lists
earthquakes with substantial numbers of triggered land-
slides during the past 25 years. The Wenchuan earthquake
in 2008 (M,,7.9) stands out due to the exceptional number
of landslides it triggered (Huang and Fan 2013). Given the
tectonic setting and history of repeated earthquakes in the
Sichuan Province, including a M,, 7.5 event in 1933 and
M,, 7.8 event in 1786 (Petley 2008), these may have led to
an accumulation of damage that left many of the slopes in
the region in a highly critical state, preconditioning them
for catastrophic failure triggered by the 2008 earthquake.

Although direct observation of co-seismic deformation is
difficult, there are examples of slope deformation that may be
of seismic origin. Two examples from the southern Swiss
Alps (Fig. 2) are presented in Fig. 3b, c. This region is
characterized by high relief and glacially over-steepened
rock slope faces (many of them dipping at angles >60°),
which form steep slopes in pre-dominantly crystalline rocks;
these are relatively stable where dominant discontinuity sets
and foliation dip into the slope. However, along these slopes,
there are many lineaments and open vertical tension cracks
recounting strong past deformation. For the case of the
Walkerschmatt slope shown in Fig. 3c, Yugsi Molina (2010)
mentions that deformation monitoring has not shown any
significant displacement over several years of monitoring.
Structural properties of the rock mass indicate stable con-
ditions; unrealistically low friction angles are required for
failure to occur. Yet the slope is heavily deformed and shows
deep, open sub-vertical tension cracks (Fig. 3c). In the case
of Plattja located on the opposite valley flank (Fig. 3b),
blocks are separated by sub-vertical tension fractures that
have slipped along weak sub-horizontal foliation planes.
Heynen (2010) applied the Newmark method to this case,
and showed that slip induced by an M6 earthquake could well
explain the observed deformations. The southern Swiss Alps
are also characterized by intermediate seismic hazard
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Fig. 2 Map of Valais in the south of Switzerland showing the Rawilhorn rock avalanche triggered by earthquakes in 1946, the sites
epicenters of the last six earthquakes with magnitude M ~ 6 as of the Randa 1991 slope failures, of the Medji 2002 slope failure, as
retrieved from historic records (e.g., Fritsche et al. 2006; Fritsche and well as of the deformed slopes at Walkerschmatt and Plattja

Fih 2009; map reproduced from Fih et al. 2012). Also indicated is the

Fig. 3 a Photo of the
Rawilhorn rock avalanche that
was triggered by a M,,6.0
earthquake that occurred a few
months after the M,,6.1 in 1946
(source: R. Mayoraz). b Aerial
view of the Plattja slope (from
Heynen 2010). Wide open
fractures may be the result of
past earthquakes (e.g., the 1855
earthquake in Visp, Fritsche

et al. 2006). ¢ Side and map
view of the Walkerschmatt
slope (adapted from Burjanek
et al. 2012). Many of the
fractures are open by
centimeters to several
decimeters (fracture network
from Yugsi Molina 2010)
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(Fahetal. 2012). An earthquake with magnitude ~ M6 strikes
thisregion aboutevery 100 years on average (Fig. 2).In 1855,
one of these earthquakes occurred a few kilometers north of
the Walkerschmatt and Plattja slopes. After the earthquake,
many rock falls were reported in this region (Fritsche et al.
2006). Hence, while other mechanisms may also have con-
tributed to deformation of these slopes, such as glacial retreat
or freeze—thaw cycles, it is likely that past earthquakes have
induced substantial damage in these rock masses.

The steep western valley flanks of the Matter valley
where the Walkerschmatt slope is located, also hosted two
cases of recent catastrophic rock slope failures (Fig. 4): the
1991 Randa failure events (Schindler et al. 1993; Fig. 4a),
and the 2002 Medji failure (Rovina 2005; Jorg 2008;
Fig. 4b). The Randa rockslides occurred as two large failure
events separated by a 3-week period (total volume of
30 Mm?), and involved the retrogressive collapse of a sub-
vertical, 800-m-high crystalline rock face. The first of the
two failures initiated along a persistent pre-existent fault
dipping 30° out of the slope that acted as a sliding surface
(Sartori et al. 2003). The case is particularly interesting
because no clear triggering mechanism was found. The
events did occur during the April and May snowmelt period;
however, the 1991 snowmelt was not exceptional compared
to previous years, and therefore does not constitute an

Fig. 4 a Photos of the rock

obvious trigger (Schindler et al. 1993). Eberhardt et al.
(2004) suggested that long-term processes progressively
weakened the rock mass until it reached a critical state
making it susceptible to the next snowmelt period. The
Medji failure involved ~ 70,000 m? of crystalline rock. The
slope failed catastrophically after a period of accelerated
movement during intense rainfall in November 2002 (Jorg
2008). Although elevated water pressure would seem to be
an obvious trigger for this failure, the question still arises as
to what the long-term destabilization mechanisms leading to
impending failure were.

We hypothesize here that repeated seismic loading by
past local earthquake events has acted as a long-term
progressive weakening mechanism (termed seismic fati-
gue) that led to strong deformations in the cases of
Walkerschmatt and Plattja, and prepared catastrophic fail-
ure in the case of the Randa and Medji rockslides. Given
the long reoccurrence time and the unpredictability of
earthquakes, field-based investigations of seismically
induced rock slope fatigue and damage are difficult. Under
such constraints, numerical modeling presents a valuable
tool. We present here a numerical investigation of seis-
mically induced fatigue processes, in which a rock slope
representative of the steep crystalline slopes encountered in
the southern Swiss Alps (and elsewhere) is exposed to a

(a) Randa rockslides, April/May 1991

slope above the village Randa
before and after the two
catastrophic failures that
occurred on 18 April 1991 and 9
May 1991 [photos by J.D.
Roullier (before) and V. Gischig
(after)]. b Photos of the Medji
rock slope before and after the
catastrophic failure in
November 2002 [Photos taken
from Rovina (2005), copied
from Jorg (2008), (before) and
from Yugsi Molina (2010)
(after)]
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sequence of earthquakes. The modeled slope geometry is a
generalization of topographic profiles of the aforemen-
tioned cases (Fig. 5). Real ground motion records from past
earthquakes with magnitudes between MS5.7 and 7.4 are
used to demonstrate how repeated seismic loading pro-
gressively induces damage in strong and seemingly stable
massive crystalline rock masses. We further investigate the
interaction of two fatigue processes by exposing the slopes
damaged by earthquakes to seasonal variations of pore
pressures and hydro-mechanical fatigue (Sect. 6). Finally,
using methods by Bourdeau and Havenith (2008) and
Gischig et al. (2015), we show that the internal state of
damage within a rock slope produces characteristic patterns
of seismic wave amplification that can be observed in
ambient noise recordings from field surveys (Sect. 7).
These hold promise in providing a means to assess the
damage state of a large rock slope in situ based on field
observations.

2 Method
2.1 UDEC Modeling

Earthquake and hydro-mechanically induced damage and
displacements are computed using the 2D distinct-element

[m] (a) Pattja slope
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code UDEC (Cundall and Hart 1992; Itasca 2011). This
numerical method allows one to explicitly model the dis-
continuum behavior. A “bonded block model” approach is
used where first the problem domain is cut into an
assemblage of blocks bounded by contacts. The blocks are
assumed to be linear elastic and non-divisible. The contacts
consist of springs that mimic fracture compliance in both
the normal and shear directions. Next, contacts are defined
as either representing existing discontinuities or intact rock
bridges. Those representing existing discontinuities are
capable of tensile opening or shear slip, depending on the
localized stresses acting on the contact. Bonded contacts
are used to represent intact rock bridges and potential
fracture pathways (i.e., incipient fractures) along which
brittle fracture can be explicitly simulated (Lorig and
Cundall 1987). Fracture damage occurs when the prede-
fined strength criterion (Coulomb slip with cohesion, fric-
tion and tensile cut-off) is exceeded. Upon failure
irreversible dislocation occurs either through opening or as
slip.

2.2 Model Setup
Figure 6 shows the model geometry chosen for our study.

The assumptions underlying the different features of the
model setup are described in the following:

(€) Randa slope instability

. Topography before
™, 1991 rockslides
v/

Sliding surface during

first 1991 failure . Clﬁrent topography

200 m

(d) Medji rockslide

Failed rock mass
s

200 m

Fig. 5 Profiles of the aforementioned sites: a Plattja, b Randa, ¢ Walkerschmatt, d Medji. e The generalized rock slope geometry including some
features of these cases in a conceptual manner. Note that all slope profiles share the same scale
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Fig. 6 Model geometry,

o Water table §
boundary conditions and Basal
material properties (symbols p = 2650 kg/m®  Sliding
and values also given in Em = 30 GPa surface
Table 1) v=0.2
Vp = 3547 m/s —
Vg =2172 m/s

Free-field BC

T T
[m] -1500

(Incipient fractures) |

1050
[ m
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Viscous BC and time-dependent stress BC: og(t) = 2pVsvy(t) on(t) = 2pVsvy(t)
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Table 1 Elastic and strength properties of the slope rock mass shown

in Fig. 6

Rock mass
Density, p [kg/m°] 2650
Young’s modulus, E [GPa] 30
Poisson’s ratio, v [—] 0.2
P-wave velocity, Vp [m/s] 3547
S-wave velocity, Vg [m/s] 2172

Sliding surface
Friction angle, ¢ [°] 32
Cohesion, ¢ [MPa] 5
Tensile strength, 7' [MPa] 0.5
Residual cohesion, ¢, [MPa] 0.5
Residual tensile strength, 7, [MPa] 0.05
Fracture normal stiffness, k,, [GPa/m] lel0
Fracture shear stiffness, k; [GPa/m] 5e9

Sliding mass (Voronoi contacts)
Friction angle, ¢ [°] 40
Cohesion, ¢ [MPa] 15
Tensile strength, 7' [MPa] 1.5
Residual cohesion, ¢, [MPa] 0
Residual tensile strength, 7, [MPa] 0
Fracture normal stiffness, k,, [GPa/m] lel0
Fracture normal stiffness, k, [GPa/m] 5e9

T I
-1000 -500

The slope topography consists of a face dipping at 60°,
which is representative of the steep rock slope profiles of
the Matter valley and southern Swiss Alps (Fig. 5). The
profile behind the slope crest is flat, which is favorable for
limiting boundary effects during wave propagation.

A planar basal sliding surface dipping 25° out-of-plane
is introduced to facilitate a kinematically simple failure
mode. Coulomb strength properties are assigned to this

T T T 1
0 500 1000 1500 2000

surface that result in a stable slope configuration under
gravitational loading. Note that assigning a cohesive
(and tensile) strength may be interpreted as represent-
ing a partly developed sliding surface along which rock
bridges and strong asperities have yet to be fractured.
The sliding surface is comparable to the 30° dipping
sliding surface responsible for the 1991 Randa
rockslides.

A Voronoi fracture pattern dissects the rock mass
above the sliding surface. The fractures represent a
network of incipient fractures with lengths of approx-
imately 25 m along which brittle fracture is simulated.
The orientations of the fractures defining these poly-
gons are random and do not group in predefined
fracture families. The use of Voronoi networks is a
common strategy to partly overcome the limitation of
UDEC that only allows dislocations to occur along
predefined and connected block contacts (Lorig and
Cundall 1987). Sufficiently small Voronoi polygons
provide the necessary degrees of freedom to simulate
brittle fracture through contacts assigned equivalent
intact rock strength properties (see Christianson et al.
2006; Martin et al. 2011; Gao and Stead 2014).
Strength properties for the sliding surface and the
Voronoi contacts are reported in Table 1. The Voronoi
contact strengths were selected to represent the mas-
sive granitic and gneissic rocks encountered in the
Matter Valley. The combination of a sliding surface
with cohesive contacts that mimic intact rock bridges
and a slide mass through which internal fracturing can
be simulated to reduce internal kinematic constraints is
ideal for modeling a rock collapse failure mode. Hungr
et al. (2014) describe rock collapse as sliding occurring
along an irregular rupture surface consisting of a
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number of randomly orientated joints separated by
segments of intact rock (“rock bridges”). This is
commonly observed in strong rocks with non-system-
atic structure. The collapse failure mode is typified by
the Randa 1991 failures as discussed by Hungr et al.
(2014), and can also be ascribed to other catastrophic
slope failure events in the region, including the
previously described Medji rock collapse, 6 km north
of Randa (Ladner et al. 2004; Jorg 2008).

4. A storage reservoir was placed adjacent to the slope
and was connected to a generic groundwater table.
Although not specific to the cases mentioned so far
(Walkerschmatt, Plattja, Randa, Medji), steep moun-
tain slopes bordering hydroelectric reservoirs, for
example Checkerboard creek on the Revelstoke dam
reservoir in British Columbia, Canada (Watson et al.
2007), represent scenarios with strong hydro-mechan-
ical loading cycles exerted on the slope. Other
examples of deep-seated landslides adjacent to hydro-
electric reservoirs include the Hochmais-Atemkopf
landslide in Austria (Zangerl et al. 2010), Little Chief
landslide in British Columbia, Canada (Watson et al.
2007), and the Clyde, No. 5 Creek, Nine Mile Creek
and Brewery Creek slides in New Zealand (Macfarlane
and Gillon 1996). These hydro-mechanical conditions
may be more adverse than simple groundwater fluctu-
ations within most natural slopes, but they were chosen
to: (1) compare enhanced hydro-mechanical effects to
earthquake effects, and (2) to produce accelerated
hydro-mechanical fatigue effects within reasonable
computing times.

5. The elastic properties of the rock blocks correspond to
crystalline rock with limited fracturing. A rock mass
elastic modulus of 30 GPa was assumed (P-wave
velocity of 3547 m/s), based on an intact rock modulus
of 70 GPa and a GSI of 50-60 (using Hoek and
Diederichs 2006). The values are in close agreement
with elastic and seismic properties found in geophys-
ical and laboratory investigations at the Randa slope
(Willenberg 2004; Heincke et al. 2006).

2.3 Wave Propagation

For accurate modeling of wave propagation including
damping due to frictional energy loss, UDEC includes a
Rayleigh damping scheme (Itasca 2011). This is generally
frequency-dependent, but can be assumed to be approxi-
mately frequency-independent around a center frequency
Jfmin- Hence, for dynamic analyses the Rayleigh damping
scheme must be chosen to be realistic in the frequency
range of interest. Two parameters govern damping in the
model, the center frequency fm;,, and damping factor &;p;

@ Springer

Jfmin 18 the frequency at which damping is minimal, while
Emin 18 the fraction of critical damping. As seismic wave
attenuation in crystalline rock is typically low (Bradley and
Fort 1966), we choose low damping in the frequency range
of interest in our models. Real earthquake ground motions
as used in our models (see Sect. 2.5) contain dominant
energy at frequencies between 0.5 and 5 Hz. Hence, fol-
lowing the guidelines of Itasca (2011), &nin Was set to a
small value, 0.005 in our case, while f,,;, was set to 2 Hz,
meaning that damping was minimal between 1 and 4 Hz,
but also reasonably small for our purposes between 0.5 and
8 Hz. Another key consideration for accurate wave repre-
sentation is ensuring sufficiently fine discretization to avoid
adverse effects—such as aliasing—in the frequency range
of interest. We follow the recommendations of Kuhlemeyer
and Lysmer (1973) and chose a minimum mesh size
smaller than 1/10-1/8 of the minimum wavelength (i.e., of
the highest frequency) in the model. In our study, the
lowest seismic velocity is V; = 2172 m/s. Hence, a maxi-
mum mesh size of 20 m can accurately represent wave
lengths of minimum ~ 200 m, corresponding to frequen-
cies of 10 Hz. Additionally, input ground motions were
low-pass filtered to suppress frequencies above 10 Hz.

Adverse boundary effects, such as reflections at the side
and bottom of our model, were avoided by using absorbing
boundary conditions. Free-field boundary conditions at the
side boundaries simulate an infinite continuum. At the base
of the model, viscous boundary conditions (i.e., dash pots
in the normal and shear direction) are used. These require
that basal input motions be converted into stress boundary
conditions, calculated as:

a.(t) = 2pVpw,(t)

ay(t) = 2pVsvy(t)’ (1)

where ¢, and o, are the time-dependent normal and shear
stresses at the bottom boundary, Vp and Vg are P- and
S-wave velocities, respectively, v,, and v, are the instanta-
neous vertical and horizontal velocity input motions, and p
is the rock density (Itasca 2011).

2.4 Stress Initiation

Before performing dynamic analyses, an in situ stress state
was initialized in our model. For this, we assigned stress
boundary conditions to the sides and let the model equili-
brate to gravitational loading. The stress boundary condi-
tions assume lithostatic stress with equal horizontal and
vertical stress and zero shear stress, (i.e., 0, = 0., = -
pgAz, a,, = 0, where Az is the vertical distance from the
top boundary at the sides and g is the gravitational accel-
eration). For the out-of-plane stresses, the plain-strain
assumption is used. During the earthquake sequences, the
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model was run to reach a new equilibrium state after each
seismic event. A water table was initiated in the model
before the seismic analysis (blue line in Fig. 6). Below the
water table level, the pore pressure p increases under
hydrostatic conditions: p = p,,gAh, where p,, is the water
density and Ah indicates the water column. This condition
is representative of a groundwater system within the rock
slope intersecting the ground surface at its toe. Moreover, a
hydrostatic stress boundary condition is applied to the
boundary nodes located along the valley bottom (see
reservoir level line in Fig. 6), to simulate the presence of
the storage reservoir at the toe of the slope.

2.5 Earthquake Sequences
To study the effect of repeated seismic loading, we applied

sequences of real earthquake ground motions as bottom
boundary conditions (Fig. 7). These were taken from the

Fig. 7 Acceleration ground Sequence 1
1.4

database of the seismic slope stability software package
SLAMMER (provided by the USGS; Jibson et al. 2013).
To obtain a number of earthquakes representative of a
tectonic sequence, we randomly drew events with magni-
tudes conforming to the Gutenberg—Richter distribution
logig (N > M;) = a — b x M; (N is the number of earth-
quakes with magnitude larger than M;, a and b are con-
stants). We chose a value for » = 1.0 (Fig. 7), which can
be considered a global average (Schorlemmer et al. 2005).
A total of 15-20 events were selected with a minimum
magnitude chosen to be MS5.7. Ideally, realistic input
ground motions at the model bottom boundary would entail
real records that are not or only marginally affected by
local site effects by sediment layers with low seismic
velocity. Thus, we chose only recordings from site classi-
fications A or B (A: Rock, V; > 600 m/s or <5 m of soil
over rock; B: shallow stiff soil less than 20 m thick over-
lying rock). Epicentral distance of the used recordings was
limited to <100 km.
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Fig. 8 Displacements fields
and failed discontinuities (failed
bonded block contacts) after
each earthquake in the sequence
shown in Fig. 7. The thick black
line is the median value of the
displacement within the sliding EQ1
body. Catastrophic failure M6.6 D_=32 km
occurs after the 15th earthquake

(EQ15)

Failed bonded
block contacts

median

EQ4 R
M6.2 D,=58 km iy

Initial state

Contour of

displacement

Cumulative Displacement

[

1e-3 1e-2 0.1 1 10 100m

EQ2
M6.0 D_=26 km

3 Seismic Fatigue

The cumulative rock mass displacement field as well as the
patterns of failed block contacts induced by each earth-
quake in the sequence of Fig. 7 is presented in Fig. 8. The
median displacement within the slope is marked as a black
contour on the displacement field. The maximum dis-
placement occurs at the toe of the sliding body. Figure 9a
shows the cumulative displacement within the sliding body
as a function of the number of earthquakes (median as a
black line, range between maximum and minimum as gray
shading). Note that the scale is logarithmic (as is the color
scale in Fig. 8); the near-linear increase actually implies an
exponential increase of cumulative displacement with each
successive earthquake event. The displacements within the
slope span several orders of magnitude indicating
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substantial internal damage and dilation. Damage within
the sliding body is quantified as the percentage of contacts
that have failed relative to all contacts in the model (i.e.,
Voronoi contacts and those along the sliding surface;
Fig. 9b). Contacts that have failed in tension, i.e., open
fractures, are shown separately. Due to extensive extensile
failure and hence fracture opening, the rock mass of the
sliding body dilates. Evolution of volumetric dilation is
quantified as change in volume V; — Vgq due to earth-
quakes relative to the initial sliding block volume V), and is
shown in Fig. 9c.

The first earthquake in the series induces a maximum
displacement of about 20 mm (Fig. 9a). With each subse-
quent earthquake, the cumulative displacement increases
until collapse of the slope occurs with EQIS (i.e., catas-
trophic failure). In our numerical experiment, catastrophic
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Fig. 9 a Displacement induced by the earthquake sequence in Fig. 7.
Black line is the median (black contour in Fig. 8), gray shading
represents the range of minimum to maximum displacement within
the sliding body. b Damage induced by the earthquake sequence
represented as the percentage of bonded block contacts (‘incipient
fractures’) that have failed of all bonded block contacts. Black
represents the contacts that have failed either in shear or tension, red
represents those that have failed in tension (i.e., that are open).
¢ Volumetric dilation after each earthquake, which is the change in
sliding block volume (Vgq — Vp) with respect to the initial volume V,,
(color figure online)

failure is detected when the model is unable to reach static
equilibrium; the failure mode is interpreted based on visual
indicators. A first major step in displacement (Fig. 9a), in
response to rock slope damage (i.e. failed contacts; Fig. 9b)
and dilation (Fig. 9c), occurs after EQS. About 0.7 m of
additional displacement occurs after this earthquake and
for each of the next six earthquakes that follow (Fig. 9a).
Before this, displacements are only in the range of 0.01 m
per event and the brittle fracture damage is limited to the
localization of the sliding surface and opening of tension
cracks behind the slope crest. Volumetric dilation is neg-
ligible before EQS (Fig. 9c). With EQS almost 50 % of all
contacts have failed (Fig. 9b). Fracturing then continues
until after EQ10 when almost 100 % of all contacts have
failed and are at their residual strength. Between EQ5 and
EQI10, dilation increases from 0.2 % to about 0.4 %
(Fig. 9¢). EQ10 (M7.4) induces about 10 m of displace-
ment and thus doubles the displacement induced by the
nine preceding earthquakes. Volumetric dilation increases
to about 1.5 %, and almost all contacts have failed.
Afterwards, additional displacements only occur during

EQI11 and EQI14 (Fig. 9a). Interestingly, failure of almost
all contacts, reducing the slope to a highly disturbed,
fragmented mass at residual strength (Fig. 8), is not suffi-
cient to bring the slope to collapse. Further dilation from
1.5 % (EQI10) to 7 % (EQ14) is required (Fig. 9c). Sub-
stantial block mobilization occurs after EQ14, during
which five blocks at the toe break-out and the few
remaining intact rock bridges rupture (Fig. 8). However,
the accelerating slope movements eventually decelerate
(i.e., the model can still reach static equilibrium), and
catastrophic collapse does not occur until the next earth-
quake (EQ15) suggesting that with toe break-out the slope
reaches a critical level of fatigue (Fig. 8). At this point, the
slide body has experienced sufficient internal shearing,
dilation and rotation of key blocks to provide the necessary
kinematic freedom for catastrophic release. Prior to EQ15,
up to 40 m of maximum displacement (8§ m median dis-
placement) and 7 % of dilation had occurred (Fig. 9).

4 Sensitivity to Kinematics, Earthquake Sequence
and Strength

Assumptions regarding the geometrical features of the
slope, i.e., the 60° steep slope face, the 25° sliding surface,
and the Voronoi pattern of incipient fractures, are recog-
nized as having a major influence on the modeled kine-
matic behavior. A comprehensive sensitivity analysis
focusing on slope kinematics goes beyond the scope of this
study, although we are well aware that kinematics has an
impact on the response to cyclic load changes (e.g., Gis-
chig et al. 2011b). Accordingly, we applied the earthquake
sequence in Fig. 7 to three additional slope configurations
(Fig. 10). We reduced the slope face angle from 60° to 40°
in geometry 2 (geometry 1 is the initial geometry in Fig. 8),
reduced the dip angle of the sliding surface from 25° to 10°
(geometry 3), and replaced the Voronoi fracture network
by two near-orthogonal fracture sets (geometry 4).

In geometry 2, displacements as well as damage
increase slowly up to EQ9 (relative to that for geometry 1).
During EQ9 displacements increase to almost 1 m, damage
to about 90 %, and dilation to 0.7 %. Interestingly, after
EQ9, the displacement curves of geometry 1 and geometry
2 are nearly identical. Almost all contacts have failed and
displacement is controlled by the mobilization of the block
assembly along the sliding plane. After this point, the
overall displacement behavior becomes very similar. With
respect to the collapse mechanism, the lower slope face
angle in geometry 2 accommodates more deformation; in
contrast, the steeper slope face of geometry 1 collapses
with lower displacements.

Displacements and damage for the case of geometry 3
are generally lower because the sliding plane is dipping at
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Fig. 10 a Median displacement as in Fig. 9a for different slope
geometries (geometry 1-4). b Seismically induced damage (i.e.,
percentage of failed block contacts) as in Fig. 9b for the different
slope geometries. ¢ Volumetric dilation (as Fig. 9¢c). d-

only 10° (in contrast to 25° for geometry 1). The largest
displacements occur at the slope face. Despite smaller
displacements, ultimate failure and collapse occur earlier
than for geometry 1 once blocks at the slope face mobilize.
Hence, for geometry 3 the failed volume is smaller and
limited to a smaller portion of the rock mass due to kine-
matic constraints, while for geometry 1 almost the entire
sliding mass is involved in the collapse.

Similarly, the displacements for geometry 4 are lower
than for geometry 1, again because of the flatter basal
sliding surface. Compared to geometry 3, however, the
entire rock mass is deforming because sliding is facilitated
by the multiple discontinuities dipping out of the slope.
The non-systematic orientation of the Voronoi contacts
provides a degree of block interlocking. Maximum dis-
placements occur at the slope toe and crest. Catastrophic
failure and collapse occur as soon as the block column at
the toe defined by the sub-vertical fractures start slumping
(see Fig. 10g; inset figure for geometry 4). Similar to
geometry 3, only a small portion of the rock mass is
mobilized during catastrophic failure.

Overall, Fig. 10 illustrates that kinematics play a major
role in the failure mode and failure volume by influencing
the evolving slope response to each earthquake loading
cycle. Similar observations were made for thermo-elastic
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g Displacement field of the four geometries (top) and blocks assembly
during catastrophic failure (i.e., when the model could not be run to
equilibrium anymore (bottom)

load changes in slopes by Gischig et al. (2011a), who found
that thermo-elastic effects differed in their efficiency and
pervasiveness in promoting toppling or sliding kinematics.
At the same time, the evolution of co-seismic damage and
deformation for the different cases tested do show a con-
sistent pattern that, regardless of structural settings, the
state of damage and slope displacements become more and
more critical with each earthquake event.

To assess the potential variability of our results due to
the randomly chosen sequence, we compute displacements
and damage for four additional earthquake sequences ran-
domly drawn from the sample population using the same
strategy described in Sect. 2.5. Hence, each of these
additional sequences contain earthquakes with magnitudes
ranging from M5.7 to M7.4, with epicenter distances less
than 100 km, and with peak ground acceleration (PGA)
values of 0.04-0.33 g.

The results indicate that the displacements and damage
evolution are comparable for all sequences (Fig. 11a);
more than 95 % of discontinuities have failed after §-12
earthquakes, and catastrophic failure occurs after 14—16
earthquakes. Similar to the reference case in Fig. 9 (cor-
responding to sequence 1 in Fig. 11a, b), sequences 2 and 4
both experience toe break-out followed by catastrophic
failure during the next earthquake. In sequence 3, toe
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Fig. 11 a Sensitivity of seismically induced displacement (only
median shown as in Fig. 9a) to the sequence, i.e., the randomly

chosen earthquakes in different sequences (the reference sequence is
the one shown in Fig. 7). The last two sequences only consist of a

break-out and catastrophic failure occur during the same
earthquake (EQ15). In contrast, toe break-out in sequence 5
occurred during EQ13 and required three more earthquakes
to trigger catastrophic failure. Note that in Fig. 11a only
the median displacement is shown for clarity. Median
displacement before catastrophic failure ranges between 5
and 10 m; the maximum displacements vary from 20 m
(sequence 3) to 80 m (sequence 4).

Also shown in Fig. 11a, b are two sequences that consist
of only one earthquake that is repeated several times. The
repeated earthquakes represent the two extremes (upper
and lower bound) in terms of PGA = 0.33 and 0.04 g as
used in sequences 1-5, respectively. The earthquake with
the largest PGA = 0.33 g leads to catastrophic failure after
12 repetitions. For the case with the lowest PGA = 0.04 g,
catastrophic failure did not occur even after 24 repetitions
(the computation was stopped due to memory and com-
putation time limits). The two cases show that earthquake-
induced displacement (and thus the probability for

() Variable Rock Mass Strength: Displacement
100 ¢

10 :
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0.001

- Sequence 1 (Reference)
Cohesion: 15 MPa to 5 MPa
Residual friction: 40° to 35°
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single earthquake each, ie., a M5.7 and an M6.0 earthquake.
b Damage represented as the percentage of bonded block contacts that

have failed of all bonded block contacts. ¢, d same as a, b focussing
on sensitivity to different strength properties

catastrophic failure) depends on the strength of the earth-
quake. PGA and other characteristics of ground motions
(e.g., Arias intensity) are often used to assess seismic slope
stability (e.g., Jibson 2007, and references therein). How-
ever, the fatigue sequences also show that the impact of a
certain earthquake does not only depend on its strength
(e.g., expressed by PGA), but also on the loading history
and pre-existing rock mass damage induced in the slope.
The induced additional damage depends on how much
previous damage the slope has incurred. For instance, in
each case the incremental damage added during each rep-
etition initially increases sharply; however, once more than
70-80 % of the bonded block contacts have failed, the
incremental damage increases at a significantly lower rate
for subsequent repetitions.

The sensitivity of the results to rock mass strength
properties is explored in Fig. 11c, d for sequence 1. Here,
only the parameters indicated in the legend were changed,
while all other parameters were kept constant. Reducing
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the rock mass cohesion (and tensile strength) to one-third
of that used for the reference case resulted in damage ini-
tially accumulating faster during the first five earthquakes.
However, the 100 % damage condition was reached at
approximately the same time (EQ10; see Fig. 11d). The
corresponding displacement trends were approximately the
same with catastrophic failure occurring after EQ17 instead
of EQ15 for the reference case. Lowering residual friction
similarly does not have a strong effect on damage and
displacement accumulation. However, decreasing friction
of the basal sliding surface results in a somewhat faster
accumulation of damage and a significantly increased dis-
placement rate per earthquake. In this case, catastrophic
failure occurs much earlier, i.e., after EQ10. Note that for
all four cases, the median displacement before catastrophic
failure was about 10 m. The result implies that for the
investigated slope (geometry 1) there is a limiting dis-
placement, and hence internal deformation, that has to be
exceeded for catastrophic failure to occur. Within the range
that bonded block contact properties were changed in
Fig. 11c, d, this limiting displacement remained unaf-
fected. Internal strength did not affect how fast the limiting
displacement was reached. In our models, the sliding sur-
face shear strength was the most sensitive parameter with
respect to how quickly the limiting displacement is
reached. The results confirm that catastrophic failure for
the presented slope kinematics (translational sliding) does
not occur even if significant damage is imposed changing
the slide mass from a cohesive body to a frictional one

Fig. 12 Displacement (median
as thick line and range between
minimum and maximum)
induced by three difference
earthquakes as a function of pre-
existing damage in the rock
slope. Indicated on the
horizontal axis is the number of
earthquakes that have damaged
the rock slope before. The
preloading earthquakes
correspond to those in sequence
1 in Fig. 7 (e.g., 10 preloading
earthquakes correspond to
earthquakes EQ1 to EQ10 of
sequence 1)

T 71T
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T T 11T

Additional Displacement [m]
Induced By Single Earthquake
o
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(Figs. 9¢c, 10b, 11b, d). Substantial additional dilation is
required so that the kinematic release of blocks becomes
possible through toe break-out and shear mobilization
(Figs. 9c, 10c). For this, a minimum displacement and
hence internal deformation must first be reached (Figs. 9a,
10a, 11a, c).

5 Dependence on Pre-existing Damage

The sensitivity analysis performed, although limited,
demonstrates that a slope’s response to earthquake loading
will depend on its pre-existing damage state, and hence on
the loading history. This observation is also demonstrated
in Fig. 12. Three earthquakes were applied to the slope
after each earthquake of sequence 1 (Fig. 7). The incre-
mental additional displacement (median, maximum and
minimum) induced by these three earthquakes are shown in
Fig. 12. The curves show that the displacement induced by
the same earthquake can vary by more than two orders of
magnitude depending on pre-existing damage. First, the
M6.7 earthquake (PGA = 0.36) induces 10-20 cm of dis-
placement if applied to the slope before the start of
sequence 1; i.e., before the slope has experienced any
damage. If applied after eight preloading earthquakes
(EQS) based on sequence 1, almost 10 m of displacement
is induced. As a result, catastrophic failure is triggered after
EQI10 in sequence 1 when followed by the M6.7 earth-
quake. Recall that catastrophic failure occurred after EQ15

i i i i i i i i i i
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Fig. 13 Incremental 100
displacement induced by single
earthquakes as a function of
PGA of the earthquake (x-axis)
and pre-existing damage in the
slope (color code representing
percentage of failed contacts as
in Figs. 9b, 11b, d). The
displacement and damage
values were taken from the
sequences shown in Fig. 11a.
Note, however, that
displacements represent those
induced only by the earthquake
corresponding to the shown
PGA, i.e., it is the incremental
displacement, not the
accumulated displacement up to
the earthquake in the sequence
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when following sequence 1 without the M6.7 earthquake.
In Fig. 13, the incremental displacements (median)
induced by each individual earthquake for all sequences in
Fig. 11a are shown as a function of both PGA and pre-
existing damage. The effect of PGA on displacement spans
two orders of magnitude as can be well observed for the
cases with little pre-existing damage (points with cold
colors in Fig. 13). However, the amount of pre-existing
damage has an effect on co-seismic displacement that can
even exceed two orders of magnitude; the amount of
damage and displacement that has accumulated before an
earthquake largely determines how efficiently earthquakes
induce slope deformations.

6 Interplay Between Seismic and Hydro-
mechanical Fatigue

Repeated or cyclic loading of rock slopes can be driven by
different mechanisms and several mechanisms can also act
in parallel as illustrated in Fig. 1. We explore here the
interplay between seismic and hydro-mechanical (HM)
fatigue. Depending on the tectonic setting, the repeat fre-
quency of a substantial earthquake (e.g., M > 6.0) can
globally vary from a high of 0.5 damaging earthquakes per
year for a seismically active region (e.g., close to an active
tectonic boundary like the subduction zone in Japan), to
less than 0.01 per year for a region with moderate seismic
activity (e.g,. the southern Swiss Alps, Fig. 2). In the
period between seismic events, the rock slope is also

0.001 2 °
E ® 0.2
i 0
1 1 1 1 1 1 J
0 0.05 0.1 0.16 0.2 0.25 0.3 0.35
PGA [d]

affected by other cyclic loading mechanisms, such as the
seasonal groundwater pressure variations due to rainfall
and snowmelt periods or the raising and lowering of a
water reservoir.

Hydro-mechanical fatigue was integrated in the earth-
quake fatigue model (Fig. 6) by applying: (1) cyclic
groundwater pressure changes within the rock mass (i.e.,
by changing the ground water table), together with (2)
cyclic fluctuations in the reservoir level at the valley bot-
tom (i.e., by changing isotropic hydrostatic stress boundary
conditions). These cycles were applied after each earth-
quake of the sequence presented in Figs. 7 and 8. The
peak-to-peak groundwater pressure change during each
cycle is 1 MPa at the observation point shown in Fig. 14
corresponding to a water column change of about 100 m.
In the reservoir lake, the peak-to-peak water pressure
change is 0.4 MPa, i.e., 40 m of water column. The situ-
ation mimics hydro-mechanical loading cycles in deep-
seated landslides located close to a hydroelectric dam
reservoir, such as the Hochmais-Atemkopf landslide,
Northern Tyrol, Austria (Zangerl et al. 2010) or the Little
Chief landslide, British Columbia, Canada (Watson et al.
2007). As a comparison, observed pressure fluctuations in
the Campo Vallemaggia landslide in Switzerland are
0.5 MPa (Bonzanigo et al. 2007; Preisig et al. 2015). The
frequency of water pressure fluctuations matches 1 cycle
per year. For simplicity the cycles are sinusoidal. We
acknowledge that this may not be typical for the shape of
pressure cycle fluctuations associated with snowmelt and/
or rainfall events as well as reservoir level changes. Also
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Fig. 14 a-n Displacements induced by 20 hydro-mechanical cycles
as a function of damage induced by the indicated number of
earthquakes. The earthquakes correspond to those in sequence 1
(Fig. 7). o0 Geometry of the ground water table and changes thereof.

the amplitude of the fluctuations may be rather high, but
help to accentuate the effects of hydro-mechanical fatigue
within reasonable computing times.

Figure 14 shows displacements at the indicated moni-
toring point induced by 20 water pressure cycles following
each damage state presented in Fig. 8. At the initial state of
the slope and up to earthquake EQ4, the hydro-mechanical
cycles, although rather strong with a peak-to-peak ampli-
tudes of up to 1 MPa, are not sufficient to induce additional
permanent slope displacement and damage. Displacement
time series show a cyclic signal with peak-to-peak ampli-
tude of 3 mm, which arises from the compliant response of
fractures. Similar, cyclic hydro-mechanically induced
slope displacement have been observed in natural slopes
(i.e., valley closure and opening of about 12 mm; Hans-
mann et al. 2012). The peak-to-peak amplitude of these
displacement cycles increases to 10-20 mm after EQS,
during which substantial damage was induced (up to 50 %
bonded block contacts failed). At this point, up to 30 % of
the induced fractures are open; i.e., they are no longer in
contact and are not transmitting stress. Hence, compliance
of these discontinuities has increased, which leads to a
substantial increase in the cyclic displacement amplitude.
The dependence of reversible hydro-mechanically induced
slope displacement has been discussed by Zangerl et al.
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(2010). The HM-induced slope displacements here are not
permanent up to EQS. Only after EQ9 do the hydro-me-
chanical cycles generate permanent displacements;
approximately 1 cm after 20 cycles. These increase to
2 cm after EQ10, when almost all bonded block contacts
have failed and the impact of the hydro-mechanical cycles
changes dramatically. Permanent displacements after 20
cycles reach 2 m after EQI11, and 20 m after EQ10, EQ12
and EQ13. After EQ14 the slope failed catastrophically
during the first hydro-mechanical cycle. Interestingly, the
HM-induced displacement time series are not uniform
between these earthquakes, and they also do not increase
linearly although each repeated cycle has the same
amplitude. After EQ10 the displacement rate is small for
the first 4 cycles. It then increases and exhibits a major step
of a few meters during the 9th cycle. Such step-wise
increases in slope deformation are characteristic for fatigue
processes. Accumulation of deformation leads to local
failure of contacts associated with stress redistribution, and
as a consequence, to a phase of enhanced deformation
response. Such temporary slope accelerations may not
necessarily occur during a period of enhanced forcing (e.g.,
a heavy rain fall event), but can occur during a cycle that is
similar in magnitude to previous ones that induced less
deformation. A similar case has been described by
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Bonzanigo et al. (2007), who report on different phases of
enhanced deformation of the Campo Vallemaggia landslide
in Switzerland, which are not directly related to excep-
tional water pressure increase.

Observations in Fig. 14 are in line with the damage-
dependent seismically induced displacements reported in
Figs. 12 and 13. These findings illustrate that the response
of a rock slope to a loading event is indicative of the level
of pre-existing damage or the degree of criticality of the
rock slope. Larger displacements during an earthquake or
high displacement rates due to ground water pressure
changes indicate that the slope has experienced a history of
substantial damage and thus is in a more critical state.

7 Assessing Damage and Fatigue—Damage-
Dependent Spectral Amplification

As illustrated by the cases of Plattja and Walkerschmatt
(Fig. 3b, c), wide open tension cracks are evidence of past
periods of slope deformation and damage. However, these
indicators are largely restricted to surface observations,
presenting limited means for projecting how damaged a
rock mass might be at depth. Displacement monitoring
provides valuable insights into the temporal behavior of a
landslide, with magnitudes, velocities and accelerating
behavior serving as indicators of the criticality of a rock
slope. However, given the short time window over which
data are collected relative to that over which progressive
failure develops, the data can sometimes be ambiguous

Fig. 15 Observations of
seismic wave amplification and
polarization from ambient noise
recordings at Walkerschmatt
(see Burjanek et al. 2012 for
details). a Map view and array
of seismic stations deployed at
the site during. b Spectral
amplification of three stations
indicated in a with respect to the
reference station. ¢ Wave
amplification into the direction
of maximum polarization
(indicated by the black arrow)
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with acceleration episodes suggesting a critical state only
to be followed by less alarming values; similarly, slopes
not exhibiting large displacements may nevertheless be in a
critical state and highly susceptible to a future seismic
event. We argue in the following that seismic wave field
characteristics (i.e., the seismic response) of an unstable
rock mass may provide another indicator for past defor-
mation and damage.

Recent observations of ambient seismic noise charac-
teristics on unstable rock slopes have led to the emergence
of a novel method to identify rock masses that have
undergone substantial deformation in the past. Burjanek
et al. (2010, 2012) showed for two instabilities in Southern
Switzerland—the current Randa instability and the Walk-
erschmatt instability (Figs. 3c and 4a, respectively)—that
seismic waves are strongly amplified and polarized within
the unstable rock mass due to the presence of open tension
cracks acting as compliant structures. Figure 15 presents
the results by Burjdnek et al. (2012) for the case of
Walkerschmatt, with Fig. 15a showing the locations of the
seismic stations that recorded ambient noise for 1-2 h. For
three stations the spectral amplification with respect to a
reference station are shown in Fig. 15b. For the three fre-
quencies 1.6, 2.3 and 3.7 Hz, amplification maps are shown
(Fig. 15c—e) that represent the spatial distribution of
amplification. Amplification of waves with frequencies of
1.6 Hz increases towards the slope crest. For the higher two
frequencies more heterogeneity behind the crest can be
observed. The maximum amplification factors derived
from ambient noise recordings reached 7 at a frequency of
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1.6 Hz. The waves of the ambient noise were polarized
normal to the tension cracks and into the direction in which
predominant rock mass movement is expected. It was
interpreted that these phenomena arise from eigenmode
vibration of the blocks. The amplification characteristics
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are related to block dimensions between compliant tension
cracks. At the Randa instability, amplification reached
factors of 5 at 3 Hz and 7 at 5 Hz (Burjanek et al. 2010,
2012). For this case, it was possible to reproduce observed
amplification characteristics using numerical modeling
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«Fig. 16 Seismic wave amplification as a function of both distance
along profile and frequency. The topmost part of each subfigure
shows the slope surface along with the fractures that have failed in
tension (i.e., open fractures). The color-scaled map in the middle
shows amplification patterns along the profile and as a function of
frequency. Note that the distance scale of the amplification pattern is
equivalent to that for the slope geometry above. The thick black line
corresponds to the slope crest. Amplification is derived analogous to
Gischig et al. (2015), and Bourdeau and Havenith (2008), i.e., it
indicates how much ground motions propagating from the bottom
boundary of the model to the surface are amplified at observation
points at the surface. The bottom-most part of each subfigure shows
spectral amplification at positions along the profiles indicated by
colored lines in the amplification pattern and the arrows on the slope
geometry. a Amplification characteristics of the initial state, i.e.,
without earthquake preloading. b—-d Amplification characteristics
after EQ4, EQ6, and EQ12, respectively

(i.e., UDEC) and consideration of deep and highly com-
pliant tension cracks (Moore et al. 2011). Gischig et al.
(2015) demonstrate that amplification characteristics are
sensitive to changes in the damage state within the rock
mass. At increasing internal deformation and damage,
tension cracks behind the slope crest grow in number and
depth, which causes changes in the surface amplification
patterns.

For the slope at different stages of fatigue in Fig. 8, we
compute amplification patterns as a function of both dis-
tance along profile and frequency as it may be observed at
the surface (Fig. 8). The method for deriving these
amplification patterns was adapted from Bourdeau and
Havenith (2008), and was also used by Gischig et al.
(2015) to explore amplification characteristics of different
slope configurations. It is based on Ricker-wavelets used as
input motions at the bottom boundary. Ricker wavelets are
often used in amplification and eigenmode vibration stud-
ies. They are characterized by their short time duration and
well-defined spectral content around a dominant frequency
Saom (e.g., Gischig et al. 2015). To be able to determine
amplification patterns in a frequency range of 0.1-8 Hz, we
used two different wavelets with f3,,, = 0.5 and 4 Hz.
From a densely spaced array of observations points at the
ground surface of the model, we derived amplification as
the ratio of the spectra of each observation point to the
spectrum of the input Ricker wavelet (i.e., at the bottom
boundary). The final spectral amplification curve at each
observation point is an average of the amplification spectra
for the two wavelets (0.5 and 4 Hz wavelet, see Gischig
et al. 2015). The spectral amplification for all observation
points at the ground surface is shown in Fig. 16 as color-
coded maps with profile distance and frequency as axes.
Note that in a homogeneous half-space, the spectral ratio of
a wave traveling towards a free surface compared to the
wave at the surface is two due to the free-surface effect
(i.e., superposition of the incident and reflected waves
doubling the amplitude at the surface). Thus, for

amplification curves computed at the surface, spectral
ratios between observation points and the basal input
motion were divided by two.

For four stages of damage and fatigue in Fig. 8,
amplification patterns and spectral amplification curves for
three locations behind the slope crest are presented in
Fig. 16. Also shown are the slope profiles with fractures
that have opened at each stage, and thus have become
compliant structures. The initial state shows amplification
characteristics of a largely undisturbed slope (Fig. 16a).
Amplification factors reach values of less than 2 for fre-
quencies of 0.8 and 3 Hz (note that the color scale is log-
arithmic). Once fractures open at the surface, amplification
patterns become discontinuous and change across every
tension crack (Fig. 16b). For a small block separated by
two small tension cracks, an amplification factor of up to
10 occurs at frequencies around ~ 6 Hz. Behind this block,
a wider block is separated by a deeper tension crack to the
back. For this block, amplification factors of 3—4 occur at
around 4 Hz. After EQG6, fracturing becomes more intense
(Fig. 16¢c). Many fractures are open, and the resulting
amplification pattern becomes heterogeneous, both spa-
tially as well as in frequency. Amplification factors reach
values of up to 15 in Fig. 16¢, d. After EQ12 amplification
factors reach 20 (Fig. 16d). Note that neither the amplifi-
cation factors nor the corresponding frequencies follow a
simple pattern. As a general trend, however, it can be
observed that rock slopes with higher degrees of damage
exhibit larger amplification factors and stronger spatial
heterogeneity.

8 Summary and Conclusions

Our study on seismic fatigue conceptually demonstrates
how a sequence of earthquakes can bring a strong rock
mass to collapse (catastrophic failure) over time by
inducing incremental damage and deformation in a step-
wise manner, until kinematic conditions become such that
mobilization of the rock mass is possible. Although
earthquakes are well recognized as key triggering factors,
as the vast body of literature on earthquake-triggered
rockslides demonstrates (e.g., Welkner et al. 2010; Moore
et al. 2012; Parker 2013; Huang and Fan 2013, to name just
several recent studies), their role as a preparatory factor (as
conceptually illustrated in Fig. 1) is rarely described. In
fact, the efficiency of earthquakes in reducing the rock
mass strength and making the slope more susceptible to
other driving mechanisms triggering catastrophic failure is
substantial. Figure 14 shows that ground water pressure
changes—although relatively strong in amplitude—were
not able to induce significant damage over short time
periods (i.e., 20 years) if the rock mass is not already in a
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significantly damaged state. Only when the rock mass is in
a highly damaged state do groundwater pressure changes
become effective in inducing considerable displacements
(after EQ10), or even triggering catastrophic failure (after
EQ14). This illustrates an important characteristic of fati-
gue that has also been shown in laboratory experiments.
Attewell and Farmer (1973) showed for rock samples that
fatigue only leads to failure if a portion of the loading cycle
brings stress above the damage (or crack) initiation limit.
Analogous to these experiments, loading cycles in a rock
mass at the slope scale can only be effective if incremental
damage can be induced somewhere in the rock mass.
During the progression of fatigue, strength is progressively
reduced and hence, so is the limit above which further
damage can be induced. In our case, simulated major
earthquake events—even though they did not trigger
catastrophic failure—reduced rock mass strength and
raised criticality such that hydro-mechanical cycles became
more damaging (Fig. 14). Similarly, subsequent earth-
quakes also became more damaging (Fig. 12).

In comparison to other fatigue processes, seismic fatigue
occurs over a significantly longer time period, with repeat
times for events far often exceeding the length of seismic
records. This perhaps explains why seismic fatigue is rarely
discussed (e.g., Bakun-Mazor et al. 2013). Hydro-me-
chanical, thermo-mechanical and freeze-thaw cycling
occur on an annual basis (higher repeat frequency),
inducing rock mass deformations and damage in smaller
increments (lower amplitudes) and often only in limited
parts of the rock mass. Large earthquakes, on the other
hand, are rare (low repeat frequency) but rather violent
strikes (higher amplitude). Also, the stress changes during
such strikes involve the entire rock mass more or less
equally, which is not the case for the aforementioned
mechanisms that vary spatially in magnitude. Hydro-me-
chanical stress changes for instance are zero above the
maximum groundwater table and can only reach consid-
erable amplitudes below the minimum water table. In
contrast seismically induced stress changes involve the
entire rock mass and may even increase towards the surface
due to various amplification phenomena (Gischig et al.
2015).

Seismic stability analysis methods described in the lit-
erature—ranging from simple pseudo-static analysis to
Newmark’s method to complex numerical analysis (Jibson
2011)—all require assumptions regarding the rock mass
strength. However, damage induced by each earthquake
reduces the rock mass strength. Considering seismic fati-
gue or any other fatigue process implies that rock mass
strength is no longer a static property, but is subject to
temporal change, i.e., progressive degradation. The effect
of changing any driving or resisting force strongly depends
on where the state of a slope is on a fatigue curve such as
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Fig. 1 or Fig. 9a. Hence, seismic stability assessment per-
formed for current slope conditions have to be reconsidered
once a moderate but potentially damaging earthquake
strikes. The same ground motion used to assess slope sta-
bility can induce displacements varying over several orders
of magnitude (Fig. 13). Accounting for such fatigue effects
appropriately cannot rely on static stability analysis only,
but requires advanced numerical modeling.

The fact that deformation rates responding to a driving
mechanism depend on the damage and state of criticality of
a rock mass has implications for the interpretation of
monitoring data. The relationship between deformation
rates and driving mechanisms, such as groundwater pres-
sure changes, can give insight into the criticality of the rock
slope, and thus can be used to calibrate numerical models
(e.g., Gischig et al. 2011b, c). The state of damage and
criticality established in the calibrated model can then be
considered more realistic than simple static limit equilib-
rium assumptions of stability. We also highlight that the
seismic response of a slope, for example the amplification
or polarization characteristics (Burjanek et al. 2010, 2012;
Gischig et al. 2015), presents another valuable means to
further constrain the damage state of a rock slope model.
Amplification factors of seismic waves and corresponding
frequencies are very sensitive to changes in the network of
open tension cracks (Fig. 16), and may be used as a
diagnostic tool for slope criticality.
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