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a b s t r a c t

We compare thermally and seismically induced sliding mechanisms of blocks that are separated from the
rock mass by a tension crack and slide along a frictional interface. The rock slopes of Masada Mountain, Israel,
are used to demonstrate our approach. Crack displacement coupled with thermal fluctuations is measured in
the West slope of the mountain during two years (2009–11). Physical and mechanical lab tests provide the
assumed depth of penetration of the heating front during seasonal cycles of exposure as well as the thermal
expansion coefficient of the rock mass. These, along with the shear stiffness of the sliding interface, allow us
to quantify the expected thermally induced displacement rate of blocks in Masada, through a proposed
wedging–ratcheting failure mechanism. A distinct block in the East slope of the mountain exhibiting a
tension crack opening of 200 mmwas monitored for displacement and temperature during a single seasonal
cycle in 1998. Based on the assumed seismicity of the region and the known topographic site effect, along
with the laboratory measured frictional resistance and shear stiffness of the sliding interface, we subject the
mapped geometry of the block in the East face to simulated cycles of earthquake vibrations utilizing the
numerical, discrete element, discontinuous deformation analysis (DDA) method. We find that for a time
window of 5000 years, the observed 200 mm displacement of the East slope block is more likely to have
been thermally, rather than seismically, controlled. This result implies that in climatic regions where the
temperature amplitude over a seasonal cycle is sufficiently high, thermally induced displacements play an
important role in rock slope erosion.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Various environmentally induced mechanisms have been con-
sidered in an attempt to explain slope failures in rock masses
along pre-existing discontinuities. High-magnitude earthquakes e.
g. [1,2], pore pressure buildup in rock joints e.g. [3,4], and freezing
and thawing of water in joints e.g. [5–7] have been suggested as
trigger factors for landslides and rock avalanches. These suggested
mechanisms fail to describe time-dependent, thermally controlled,
sliding along discontinuities or opening of tensile fractures which
may ultimately culminate in slope failure.

1.1. Thermal considerations in rock slope stability

Considering daily and seasonal temperature influences, many
researchers have detected extremely slow, creep-like, slope displace-
ments due to cyclic temperature changes in long-term monitoring
surveys [8–13]. The motivation for some of these monitoring surveys
was the preservation of cultural heritage sites around the world, for
example in Slovakia [14], Japan [15], and Israel [16].

Gunzburger et al. [10], in their investigation of the Rochers de
Valabres slope in the Southern Alps of France, found that daily
surface temperature oscillations played an important preparatory
role in rock fall events using a high-precision geodetic monitoring
system and numerical modeling. They showed that daily tempera-
ture fluctuations may be responsible for generating irreversible
displacements on some fractures. Nevertheless, they concluded
that the monitoring of preparatory factors was not sufficient to
predict eminent slope collapse. Mufundirwa et al. [12] monitored
natural rock slope deformation due to thermal stresses across
fractures in a chert rock mass. By a new method to minimize
displacement proportional to temperature, they recovered the
recognized displacement that has been related to reversible
thermo-elastic response of the rock mass and the sensor and
concluded that thermal fatigue predominantly caused permanent
fracture deformations. Gischig et al. [8,9] demonstrated how
thermo-mechanical effects can drive rock slope deformation at
greater depths below the annual thermally active layer. They
found that deformation and progressive rock slope failure can be
driven solely by thermo-mechanical forcing.

Various researchers have suggested that daily and seasonal
temperature fluctuations may generate thermally induced stresses
sufficiently high to propagate pre-existing cracks in the rock mass
[17]. Although the seasonal temperature front penetrates only
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a few meters into the rock mass, it may still have significant
mechanical consequences in terms of displacements or stress
changes far from the rock surface, especially for rock slopes with
critically stressed discontinuities e.g. [8–10].

Watson et al. [13] utilized data obtained from an extensive
instrumentation monitoring program at the Checkerboard Creek
in British Columbia, Canada. Their monitoring record indicates a

persistent annual displacement cycle that matches the thermal
cycle, as recorded near the bedrock surface. Their numerical
analysis indicates that the permanent displacement occurs along
steeply dipping discontinuities which often intersect in the rock
mass to form wedges. They showed that the thermal displacement
occurs in response to reduction in effective stress during the
cooling season.

Fig. 1. Location maps: (a) Masada Mountain in the Western margins of the Dead Sea rift valley, (b) location of the monitoring stations (EMS¼East Masada Station;
WMS¼West Masada Station), (c) monitored blocks in the “Snake Path” cliff (EMS), (d) collapsed block at WMS.
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1.2. Seismic considerations in rock slope stability

While observations and models for thermally-induced rock block
displacements are relatively new, various methods have been devel-
oped over the last century to consider seismic induced displacement
in rock slope stability. A pseudo-static limit equilibrium analysis is
available, provided that the slip surface geometry and available shear
strength along the sliding surface are known e.g. [18,19]. Alterna-
tively, a dynamic analysis for rigid block sliding on a single plane was
suggested both by Newmark [20] as well as Goodman and Seed [21].
This procedure, largely known as “Newmark type analysis”, assumes
that permanent deformation initiates when earthquake-induced
inertial forces acting on a potential sliding block exceed the yield
resistance of a slip surface. More recently, with the advent of
numerical tools, it has become possible to apply a fully dynamic
analysis for discontinuous media using discrete element methods
[22,23]. The advantage of the numerical approach is the ability to
model complex block geometries and the fact that the mode of
failure is a result, not an assumption, of the analysis.

Considering steeply dipping slopes, macro-seismic observations
have shown that the effects of local topography on ground motion
might be of great importance, as variations both in the amplitude
and the frequency content across the mountain slopes have been
reported. Topographic amplification is frequency dependent and
reaches a maximum at the resonance frequency of the mountain.
This effect is more pronounced in the horizontal, rather than the
vertical component, where typically the preferential direction is
perpendicular to the mountain axis e.g. [24,25–28].

1.3. Comparison between thermally vs. seismically induced
displacement using the Masada slopes as case study

In this paper we suggest a thermally induced wedging mechan-
ism that explains how cyclic thermal oscillations induce intermittent
expansion and contraction of the tension crack, causing seasonal
translation of rock blocks. We present new evidence for thermally
induced block displacements using both thermal and displacement
data from a monitored rock block in the West face of Masada
Mountain, Israel, along with re-visited and re-analyzed monitoring
data from the East face of Masada. A removable block at the Eastern
slope of the mountain, referred to as Block 1, is used as a case study,
where an accumulated displacement of 200 mm took place during
the geological history. The theoretical possibility of obtaining ther-
mally induced block displacements in Masada rock slopes is
explored, given the measured seasonal temperature amplitude and
the mechanical and physical properties of the rock mass. We then
address seismic loading in Masada rock slopes based on the assumed
seismicity of the region and the measured topographic site effect in
the mountain. The two loading mechanisms, thermal vs. seismic, that
drive rock slope deformation are discussed and their relative
significance in rock slope deterioration are compared.

1.4. Geological setting of Masada

Masada Mountain, a world heritage site, is an uplifted horst
within the band of normal faults that comprise the western margins
of the Dead Sea rift valley (see Fig. 1a). The rock mass consists of
bedded dolomites and limestones, inclined 51 up to 201 to the East
(J1), and is intensely fractured by two orthogonal, sub-vertical, and
very persistent joint sets, striking roughly parallel and normal to the
long axis of the mountain, where J2 set strikes NNE and J3 strikes
ESE. In a regional study in the western margins of the Dead Sea pull-
apart, Sagy et al. [29] suggest that these two dominating regional
joint set patterns were developed during a single tectonic phase. The
mean joint spacing at Masada varies from few decimeters in the
West face and up to 5–10 m in the East face of the mountain [11].

1.5. Climatic setting and observed weather induced collapse in
Masada

Climatically, Masada Mountain is located in the Eastern part of
the Judean Desert, an arid zone with mean annual rainfall values of
35 mm/year, and average seasonal minimal and maximal tem-
peratures of 12.7 1C and 39.7 1C, respectively, as reported by the
Israeli Meteorological Service [30] for the period of 1983–2000.
Within the framework of the MASAL research project (Meteor-
ological Observation and Assimilation of the Atmosphere on Long
term, Dead Sea, Israel) [31,32] a fully equipped meteorological
station, located 300 m from the West slope of Masada, has been
recording the amount of precipitation, temperature, and wind
velocity since 2006.

During the night of February 10, 2009, a heavy rain storm
struck the West face of Masada Mountain. Consequently, a sizeable
rock fall was triggered, the debris of which damaged the ancient
path leading to the water cisterns that were excavated by the
Romans some 2000 years ago for water storage in the Western
cliffs of the mountain. The February 10, 2009, slope failure (Fig. 1d)
was the motivation for installing a monitoring system in the West
slope of the mountain by us in July 2009, for investigation of the
dynamic response of rock blocks to thermal fluctuations.

2. West and east monitoring stations in Masada

2.1. West Masada station (WMS)

In order to measure with high precision the rock block
response to daily and seasonal environmental oscillations, a
monitoring system was installed in June 2009 on a single block
separated from the West cliff of Masada by two intersecting joint
sets (Fig. 2). The monitoring system, manufactured by SIM STRU-
MENTI SNC [33], consisting of four joint meters, temperature, and
relative humidity transducers, has been collecting output data at
an acquisition rate of 12 samples per day since July, 2009. The
layout of the joint meters as installed in the Masada West Station
(WMS) is presented in Fig. 2.

The joint meters (model DS810) are 50-mm-range Potenti-
ometers with measurement accuracy of þ/−0.02 mm. The thermal
expansion coefficient of the joint meter is 1.5�10−6/1C and its
calibrated operating range from −30 1C to þ100 1C. The static end
of each joint meter containing the sensor was anchored to the
massive rock body while the free end was attached to the
removable block. The joint meters (WJM 1–4) were installed
perpendicular to the joint trace as follows: WJM 1 was installed
on an open joint belonging to joint set J2, WJM 2 and WJM 3 were
installed across a joint belonging to joint set J3. In order to account
for thermal effects on the monitoring system a dummy joint meter
(WJM 4) was installed directly on the intact, continuous rock face.
Details for joints openings and joint meters configuration are
given in Table 1.

Air temperature was measured by a temperature sensor (model
WE710) with precision of 0.25 1C and a range from −25 1C to
105 1C. Relative humidity was measured by a humidity meter
(model WE720) under an operating temperature range from
−20 1C to þ80 1C. The measurement devices were connected to
two separate data acquisition systems (Model ML-4CH).

2.2. East Masada station (EMS)

In a previous study Hatzor [11] monitored time dependent
displacements of rock blocks (referred to as “Block 1” and “Block3”
in that study) embedded in the “Snake Path” cliff of the East face of
Masada Mountain (Fig. 1c), using joint meters. Block 1 is a
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prismatic block resting on a gently (19 1C) Easterly-dipping bed-
ding plane (J1), separated from the cliff by two sub-vertical,
orthogonal tension cracks (J2 and J3) (see Fig. 3a). The block
height is 15 m and its width is about 7 m. Four joint meters (EJM
1–4) were mounted across the two tension cracks that separate
Block 1 from the “Snake Path” cliff, along with a temperature
transducer (T1) that was mounted inside an open tension crack at
the back of the block (see Fig. 3a). Block 3, located on the south
part of the cliff (see Fig. 1c), separated from the rock mass by a
single tension crack, also rests on an Easterly dipping bedding
plane. Two joint meters (EJM 10 and 11) were installed across the
tension crack (J3) at the back of the block. Another temperature
transducer (T2) was installed within an open fracture near the
block (Fig. 3b).

Time—dependent displacements of Block 1 and Block 3 and the
air temperature near the blocks were recorded from January 14 to
June 30, 1998. A cable bolt anchoring system was then installed in
Block 1 in connection with a slope reinforcement campaign that
was conducted at the East slope at that time, while Block
3 remained unsupported. The East slope monitoring system of
Hatzor [11] is referred to here as “Masada East Station” (EMS).

3. Temperature and displacement monitoring results

The outputs of WMS instruments are plotted in Fig. 4 for a
period of 25 months (July 2009–August 2011). The joint meters
were wired such that joint opening returns positive output. The
raw data recorded at 2 h intervals is shown in Fig. 4a (gray lines),
smoothed by daily moving average (solid lines). As clearly indi-
cated in Fig. 4a the “dummy” joint meter installed on intact
bedrock (WJM 4) shows a nearly static response while the rock
joints (WJM 1–3) exhibit relatively large fluctuations over time. To
study the relationship between air temperature and joint displa-
cement, moving averages with a 30 day time window has been
performed on the original raw data obtained from WJM 1–4. The
results are plotted in Fig. 4b as a function of time, and an inverse
relationship between cooling and joint closure is clearly indicated.
Note that the output of dummy transducer (WJM4) exhibits a
certain amount of drift, believed to be an artifact as the transducer
is mounted on solid rock.

Results obtained from Blocks 1 and 3 at EMS are shown in Fig. 5
for a period of 5.5 months between January 14 and June 30, 1998.
Since the data acquisition rate in EMS was not constant, Fig. 5

EJM 1 

EJM 2 

EJM 3 EJM 4 

T1

Block 1 
EJM 10 

EJM 11 

Block 3 

T2

Fig. 3. Monitoring system layout at EMS [after 11] where EJM stands for East Joint Meter: (a) Block 1 and (b) Block 3.

Fig. 2. The environmental monitoring system at WMS: (a) Face view of monitored
block (WJM¼West Joint Meter), and (b) plan view schematically illustrating the rock
mass structure and joint meter position. For joint and joint meter data see Table 1.

Table 1
Joint Meters (JM) configuration in the Masada West slope monitoring
station (WMS).

JM Distance between bolts
(cm)

Joint opening
(cm)

JM orientation (dip/dip
direction)

1 26.4 10–12 2/250
2 25.2 3–12 33/340
3 25.0 1 3/180
4 24.8 – 0/000
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represents the joint meter displacement (in mm) and air tempera-
ture as a function of time, using daily average data. The joint meters
output was zeroed such that the beginning of the monitoring period
was set at the origin for each joint meter output. Accumulated joint
closure related to increasing air temperature was recorded at all joint
meters during the monitoring period at the East slope. Although a
full annual period was not recorded in EMS during the monitoring
survey at 1998, it is clearly evident that inter-seasonal fluctuations in
air temperature directly affect joint opening and closing, as inferred
from the joint meters output.

In contrast to the short monitoring period in East slope, the
recent monitoring data from the West slope provide information
about long-term joint displacement and air temperature and the
relationship between them. The annual amplitude of both air
temperature and joint displacement can be inferred from the
results. The annual amplitude recorded by WJM 2 is 0.14 mm
while the annual air temperature amplitude is 9.1 1C.

Monitoring data presented in Figs. 4 and 5 from WMS and
EMS suggest that joint opening and closure are strongly correlated
with air cooling and heating. This correlation implies that con-
traction and expansion of the rock on both sides of the crack
manifests in joint opening or closure, as clearly indicated by joint
meter outputs. The relationship between joint opening and air
temperature for one annual cycle in WMS is plotted in Fig. 6 using
monthly averaging of the raw data. The annual cycle for WJM
1 begins on May, 2010 and ends on May 2011; the annual cycle
for WJM 2, 3, and 4 is from August 2009 to August 2010. To
demonstrate the time dependent path of the monitored joint

displacement, the beginning and end of the annual cycle are
denoted in the figure.

An inverse relationship between joint opening and air tempera-
ture is obtained with a relatively high linear correlation for WJM
2 and 3 (Fig. 6), implying that the dominant factor affecting joint
displacement is thermo-elastic, the majority of which is recovered by
the end of an annual loading cycle (Fig. 6a). In order to address the
drift of WJM 4, and assuming that all joint meters have a similar drift,
we subtract the output of WJM 4 from the output of WJM 1, 2, and
3 and show the results in Fig. 6b. The subtraction of WJM 4 data
suggests that at the end of an annual cycle the monitored joints do
not exhibit any permanent deformation.

4. Thermally induced block displacements

In this section we explore the possibility of obtaining thermally
induced block displacements in Masada rock slopes, given the
measured seasonal temperature amplitude and the mechanical
and physical properties of the rock mass.

A conceptual model of thermally induced block sliding is
schematically illustrated in Fig. 7 following original ideas pre-
sented by Watson et al. [13]. With seasonal cooling the sliding
block contracts, as a response the tension crack opens, and the
wedge block penetrates into the newly formed opening in the
tension crack. In summer, when the temperature rises, the sliding
block expands and the wedge block is locked in place, prompting
compressive stress generation in the block system and pushing the

Fig. 4. WMS output from July 2009 to August 2011 (Joint opening is positive): (a) original data sampled every 2 h (gray lines) smoothed by daily moving average (solid),
(b) temperature and joint displacement vs. time using monthly moving average.
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sliding block down slope. In the next cooling season shrinking of
the sliding block enables further penetration of the wedge into the
tension crack, and consequently further down slope block dis-
placement commences in the summer by shear sliding along the
sliding surface.

Gunzburger et al. [10] argue that thermo-mechanical creep
may take place without necessarily having a wedge in the tension
crack, for instance when the sliding bock is located in a critical
state from a mechanical point of view, namely very close to its
limiting equilibrium. In the wedging mechanism, however, the
block can slide downward even if it rests on gently dipping sliding
surfaces, as will be shown later. Moreover, the wedging fragments
are required in cases where the rock underlying the sliding plane
also undergoes thermally induced expansion and contraction at
the same rate and amount as the sliding block. In such a case, only
a continuous supply of rock fragments into the opening tension
crack will enable compressive stresses to develop and will prevent
closure of the tension crack, thus allowing progressive down plane
displacement. A similar wedging process has been suggested for
fluvial erosion of river bedrock by plucking of loosened blocks [34].

A recent photograph of Block 1 in EMS is shown in Fig. 8, where
the old EJM 1 and 2 that were installed in 1998 are still visible
today. Inspection of the photograph reveals that the block has
clearly separated from the cliff over the historic time by accumu-
lated displacement of about 200 mm, and that sizeable rock
fragments fill the aperture of the tension crack. It is suggested
here that these rock fragments can play the role of the wedge
block in a thermally induced wedging mechanism. In order to test
the applicability of a thermally induced wedging mechanism for
the observed displacement of Block 1 in Masada, we utilize here an
analytical approach suggested by Pasten [35]. For input data we
use the temperature and displacement monitoring results from
the West slope (Fig. 4), along with laboratory tests for determining
the thermal and mechanical properties of the Masada rock mass.

4.1. Theoretical considerations

Consider the exact geometry of Block 1 as shown in Fig. 9. The
tension crack of length LW is filled with rock fragments that
represent the wedge block shown in the conceptual model in
Fig. 7 and the actual rock fragments captured in the photograph in
Fig. 8. The length and height of the sliding block are LB and H,
respectively. We assume here that the rock block is a homoge-
neous slab experiencing a change of temperature in its center from
an initial temperature To to a new boundary temperature T1. The
homogenization time tn required for the block center temperature
to reach 99% of the new boundary temperature T1 can be
estimated as tn¼2L2/DT, where L is the slab length and DT is the
thermal diffusivity of the rock which is proportional to the rock
thermal conductivity (λ), and inversely proportional to its mass
density (ρ) and specific heat capacity (Cp) [36]. Following Pasten
[35], the depth of penetration of the heating front during an
annual cycle, referred to here as the “thermal skin depth” (Sd), may
be estimated as

Sd≈

ffiffiffiffiffiffiffiffiffiffiffi
λtexp
2ρCp

s
ð1Þ

where texp is the exposure time for the given period of interest,
assuming it is shorter than the homogenization time (texpo2L2/DT ).
If texp42L2/DT then Sd¼L/2. For a single seasonal cycle we assume
texp≈180 days.

Given the physical properties of the Masada rock mass (see
next section), the estimated thermal skin depth for Block 1 is
wider than the wedge length LW but smaller than the block length
LB, as shown schematically in Fig. 9.

Pasten [35] suggests three displacement components that are
involved in the thermal expansion process: the thermal expansion
(δT), the elastic compression of the rock material (δs), and the

Fig. 5. EMS output data from January 14 to June 30, 1998 (Joint opening is positive, T¼temperature transducer). (a) Block 1 and (b) Block 3.
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Fig. 6. Joint opening vs. air temperature smoothed by monthly averaging for one annual cycle (Joint opening is positive): (a) smoothed data with no correction where
accumulated annual displacement is denoted, and (b) WJM 1,2,3 corrected for apparent temperature effect as obtained from dummy transducer WJM 4. WJM 1 from May
2010 to May 2011, WJM 2, 3, 4 from August 2009 to August 2010. Best fit linear curves are shown as dashed gray lines.
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elastic shear response along the sliding interface (δj). The uncon-
strained seasonal thermal expansion (δT) of both sides of the
tension crack as well as the wedge fragments inside the tension

crack may be expressed by

δT ¼ αΔTpðLW þ2βSdÞ ð2Þ
where α is the thermal expansion coefficient of the intact rock, ΔTp
is the seasonal temperature change from peak to peak, and β is a
coefficient accounting for non-uniform diffusive temperature dis-
tribution inside the sliding block and the rock mass (0oβo1).
Note that β is introduced when the skin depth Sd is smaller than
the half-length of the rock element.

During a thermal expansion period, uniform compressive
stresses develop in the domain leading to an elastic force within
the block. Considering Fig. 9, the maximum force parallel to the
sliding surface (Fmax) that the frictional resistance of the sliding
plane can sustain is:

Fmax ¼ γLBðH−
1
2
LBtanηÞðtanϕcosη−sinηÞ ð3Þ

where γ is the unit weight of the rock (γ¼ρg), ϕ is the friction angle
of the sliding plane, and η is the inclination of the sliding plane.
The elastic displacement δs that is developed in the wedge and the
block due to Fmax is

δs ¼ Fmaxcosη
HE

ðLW þ LB
2
Þ ð4Þ

where E is the modulus of elasticity of the rock material. Only the
half-length of the sliding block is considered in the initial element
length undergoing contraction since the right boundary of the
block (see Fig. 9) is a free surface that does not provide any
reaction for Fmax.

Finally, assuming that the toe of the block (the lower right
corner of Block 1 in Fig. 9) is static during the expansion period,
the limiting elastic displacement of the interface parallel to the
sliding direction δj due to Fmax is

δj ¼
Fmax

klLB
cosη ð5Þ

where kj is the shear stiffness of the sliding interface. During
seasonal thermal heating the permanent plastic displacement δp

Fig. 7. Cartoon showing the principle elements of the thermally—induced wedging
mechanism.

Fig. 8. Wedge blocks in the tension crack of Block 1 at EMS. Block 1 is used for
comparison between thermally and dynamically induced sliding mechanisms (see text).

Fig. 9. Exact geometry of Block 1 in the East slope of Masada with rock fragments
representing the wedge block in the tension crack. Sd is the skin depth, LW is the
wedge length and LB is the block length.
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along the sliding surface may be obtained by

δp ¼
δT−δs−δj if ðδT−δs−δjÞ40
0 else

�
ð6Þ

4.2. Physical and mechanical properties of the rock mass in Masada

4.2.1. Experimental determination of thermal conductivity
In order to determine the thermal conductivity of Masada

dolomite we use a non-steady-state probe (NSSP) in adherence
to ASTM D 5334-00 and D 5930-97 standards. A 2.5 mm diameter
hole is drilled at the center of cylindrical dolomite samples
with a diameter of 68 mm, a height of 48 mm, and a density of
2600 kg/m3. A 1.2 mm diameter thermo-resistance needle is used
as both heating wire, representing a perfect line source with heat
resistance of R¼83.94 Ω/m, and as a temperature sensor at the
source (see Fig. 10a). After a short transient period the tempera-
ture difference between the source and the measurement point for
a constant heating of the needle can be expressed as:

ΔT ¼ AlnðtÞþB ð7Þ
where A and B are best-fit parameters that depend upon the
heater power Q and the thermal properties of the heated medium.
Results of four different tests performed using the NSSP are
presented in Fig. 10b on a semi-logarithmic scale. The thermal
conductivity λ can be calculated from the linear slope A after the
transient period as follows:

λ¼ 1
A
Q
4π

ð8Þ

The average value obtained from four different tests is
λ¼1.7170.26 W/mK, a typical value for limestones and dolomites
[37]. Using a rock mass density of 2600 kg/m3 and assuming a
typical heat capacity for dolomites of Cp¼810 J/kgK [37], the
estimated thermal skin depth for a seasonal exposure time
(Eq. (1)) is Sd¼2.5 m.

4.2.2. Estimating the thermal expansion coefficient from field
measurements

Consider the monitored thermal response of the rock mass at
WMS over a single seasonal cycle; note that no permanent
displacement of the monitored joints is observed (see Fig. 6b).
We believe that this is because the monitored joints in WMS are
clean and tight, i.e. because a ratchet mechanism is not possible.
We can therefore use these results to compute the thermal
expansion coefficient (α) of the Masada rock mass, assuming that
the air temperature and the rock temperature across the skin
depth are equal during the exposure time. The monitored block
length in WMS (LB¼1.6 m) is smaller than the estimated skin
depth for a seasonal exposure time (Sd¼2.5 m). Therefore, the
joint meter output represents the contraction and expansion of
the rock material on both sides of the joint across the thermally
affected zone of length Lo, which is assumed to be equal to half of
the block length and the equivalent skin depth into the rock mass
(see Fig. 11a), namely Lo¼0.5 LBþβ Sd. The thermal expansion
coefficient α can be evaluated assuming a linear thermo-elastic
response of Lo as follows:

α¼ dε
dT

¼ dL
L0

1
dT

¼ dL
0:5LBþβSd

1
dT

ð9Þ

where dL¼0.14 mm is the annual joint displacement measured by
WJM 2 during an annual temperature amplitude of dT¼9 1C
(Fig. 4). We ignore the wedge length in Lo in Eq. (9) because the
monitored joint in WMS is extremely tight (see Fig. 2a). The
influence of the coefficient β on the computed thermal expansion
coefficient is shown in Fig. 11b. Typical α values for dolomites are
6�10−6–8�10−6/1C [38]. We therefore assume a range of values
for β between 0.45 and 0.7 in further analysis.

4.2.3. An experimental determination of shear stiffness and strength
Consider Fig. 12, where results of direct shear tests performed

on a bedding plane surface from Masada are presented. In this
plot, shear stress vs. shear displacement is shown for seven cycles
of loading, unloading, and reloading under increasing normal
stress from 0.17 to 1.38 MPa, with the normal stress kept constant
during each shear sliding segment using closed-loop servo control.
In each cycle the sample is sheared forward for a distance of
0.5 mm at a displacement rate of 0.025 mm/s. Inspection of Fig. 12
reveals that a shear displacement of at least 0.09 mm would be
required to reach steady state sliding for this particular interface
for a sample length of 10 cm. Consequently the shear stiffness for
the tested interface kj is estimated to be 1.0 GPa/m for normal
stress of 0.17 MPa. A Mohr–Coulomb failure envelope obtained
from reduced data presented in Fig. 12 yield a peak friction angle
of 411 for the tested bedding plane surface of Masada dolomite.

4.3. Thermally induced sliding of block 1 in EMS

To check the possibility of obtaining thermally induced sliding
in Masada we use the carefully measured geometry of Block 1 in
EMS (see Fig. 9) along with the physical properties of the rock
mass obtained experimentally both in the laboratory and in the
field (see Table 2) as input parameters for the analytical approach
summarized in Eqs. (1)–(6) above. The permanent annual thermal
plastic displacement thus obtained is plotted in Fig. 13 as a
function of wedge length, for non-uniform diffusive distribution

Fig. 10. The NSSP thermal conductivity experiment in the lab: (a) Experimental
setting, (b) obtained experimental results.
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coefficients β¼0.45 and 0.7. From this analysis we obtain an
annual displacement rate for Block 1 ranging from 0.181 to
0.210 mm/year and from 0.238 to 0.260 mm/year for β¼0.45 and
0.7, respectively, when increasing the opening of the tension crack
from 0 to 200 mm.

5. Seismically induced block displacement

A thermally-induced wedging mechanism that can explain
one-directional block displacement in jointed rock masses has
been discussed above. This mechanism operates under constant
gravitational loading and is driven by cyclic thermal changes. The
position of Masada, near a major fault (the Dead Sea rift), calls for a
consideration of the possibility of block displacements due to
seismic vibrations. We chose Block 1 in the East slope of Masada
(EMS) as a case study for testing two different driving mechan-
isms: thermal vs. seismic, because the geometry of this finite and
removable block, the amount of opening of the tension crack, and
relevant physical and mechanical parameters for this block are
known. Moreover, we have a reasonably well constrained input
seismic motion that could be used for dynamic seismic analysis for
this block e.g. [39], and the recurrence time of strong earthquakes
is available e.g. [40,41].

Masada Mountain is situated along the Dead Sea transform (see
Fig. 1a) with moderate seismic activity and an expected maximum

Fig. 12. Results of direct shear tests performed on a natural bedding plane sample
from Masada (after [52]). kj is the shear stiffness of the bedding plane for a normal
stress of 0.17 MPa.

Table 2
Mechanical and thermal properties for Block 1 in EMS used for analytical and
numerical solutions.

Symbol Analytical model
Thermal loading

Numerical DDA
model Seismic
loading

Mechanical properties:
Elastic Modulus (GPa) E 40 40
Poisson's Ratio ν 0.2
Mass density (kg/m3) ρ 2600 2600
Friction angles (Deg) ϕ 41 41
Joint stiffness (GPa/m) kj 1 –

Thermal properties and loading:
Thermal expansion coefficient (C−1) α 6–8�10-6 –

Annual temperature amplitude (1C) ΔT 9 –

Thermal conductivity (W/(m K)) λ 1.7 –

Specific heat capacity (J/(kg K)) Cp 810 a –

Numerical Parameters:
Dynamic control parameter – 1
Number of time steps – 12000
Time interval (S) Δt – 0.005
Assumed max. disp. ratio (m) – 0.005
Contact stiffness (GN/m) k – 500 b

a Rohsenow et al., 1998 [37].
b See text in Section 5.2 for sensitivity analysis procedure.

Fig. 11. (a) Definition of length parameters used in Eq. (9), (b) thermal expansion
coefficient α as a function of the assumed non-uniform diffusive temperature
distribution β. Taking β¼0.45 and 0.7 yields α¼8�10−6 and 6�10−6 1/1C,
respectively.

Fig. 13. Thermally induced plastic displacement for a single annual cycle as a
function of the wedge length (assuming β¼0.45 and 0.7), as obtained using the
analytical model of Pasten [35].
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earthquake moment magnitude (Mw) of 7.5 [40,42]. According to the
Israeli building code 413 a Peak Ground Acceleration (PGA) level of
0.22 g has an excedance probability of 10% at least once within a
period of 50 years in Masada area, corresponding to a return period
of 475 years. The estimated return period for the Dead Sea region is
about 300 years and 4000 years for earthquakes greater thanMw≥6.0
and Mw≥7.0, respectively [40,42]. Since instrumental records of
strong earthquakes (Mw46.0) in the Masada region are not available,
we use in our analysis a strong event that took place elsewhere in the
same tectonic setting, and was recorded instrumentally in a nearby
city—the Nuweiba earthquake.

5.1. Seismic input motion for dynamic analysis of block sliding

The Mw¼7.2 Nuweiba earthquake occurred on November 22,
1995, in the Gulf of Eilat (Aqaba) with an epicenter near the village of
Nuweiba, Egypt (Fig. 1a). The main shock was recorded at a
seismological station in the city of Eilat, located 70 km north of the
epicenter. The recording station was positioned in a school basement
built on a soil cover of 50 m thickness composed of Pleistocene
alluvial fan deposits. The recorded acceleration time history therefore
represents the site response of the soil layer in Eilat, rather than hard
bedrock. A one-dimensional multi-layer model for the soil was
utilized by Zaslavsky and Shapira [39] to obtain the rock response
by de-convolution, the transfer function based on material and
physical parameters determined using both seismic refraction survey
data and down-hole velocity measurements in the city of Eilat.

The de-convolution response spectrum thus obtained for the city
of Eilat represents a “characteristic” rock response at a distance of
70 km from the epicenter of a Mw¼7.2 earthquake in the Dead Sea
rift system. To scale this record to the foothills of Masada, we use an
empirical attenuation relationship between PGA, moment magnitude
(Mw), and epicenter distance (R, in km) [43]

PGA¼ exp½−0:242þ0:527ðMW−6Þ

−0:778ln
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2þð5:57Þ2

q
−0:371lnðVs=1396Þ� ð10Þ

where Vs is the average shear-wave velocity of the top 30 m of the
ground at the site, assumed here to be 620 m/s. The Nuweiba
earthquake record as measured in Eilat and de-convoluted for rock
response, is scaled using Eq. (10) for different magnitudes of
Mw¼6.0, 6.5, 7.0, and 7.5, representing different strong earthquake
scenarios in the Dead Sea region. An example of a scaled Nuweiba
record corresponding to Mw¼6.0 at a distance of 1 km from the
epicenter, which yields a PGA of 0.275 g, is shown in Fig. 14a. Note
that by the scaling procedure the frequency content of the signal
remains unchanged. The frequency content is changed however after
the convolution procedure according to the site response of the
mountain, as discussed below.

Although the Masada site is situated directly on rock, a
significant topographic effect was recorded at the site during a
geophysical survey in September 1998 [44] and it must be
considered in the development of a realistic input motion for
dynamic analysis of a block situated at the top of the mountain.
The empirical response function for Masada [after 44] is plotted in
Fig. 14b where three characteristic modes are found at f¼1.3, 3.8,
and 6.5 Hz, with frequencies higher than 10 Hz filtered out. This
empirical response function for Masada top is applied to the scaled
rock response record of Nuweiba to obtain the expected rock
response at the top of the mountain. An example of an output
using this procedure for a Mw¼6.0 event is shown in Fig. 14c. As
can be appreciated from the specific examples shown in Figs. 14a
and c, the expected PGA of 0.275 g at the valley floor (Fig. 14a) is
amplified by this procedure to 0.465 g at the mountain top
(Fig. 14c). A flowchart summarizing this scaling procedure is
shown in Fig. 14d. Note that in this procedure we do not take into

account the amplification effects of the rock block itself, as shown
by other researchers e.g. [45,46].

By utilizing the attenuation relationship of Boore et al. [43] the
expected PGA as a function of earthquake epicenter distance from
Masada for moment magnitudes 6.0 and 7.5 Dead Sea rift earth-
quakes is shown in Fig. 15 (dashed lines), representing PGA on
bedrock at the foothills of Masada. For each curve, the amplified
site response at the mountain top (solid lines) is obtained by
convolution with the empirical response function for the topo-
graphic site effect at Masada as explained above. The PGA values of
four amplified earthquakes with epicenter at a distance of 1 km
from Masada are also shown in Fig. 15 (symbols) for Mw levels of:
6.0, 6.5, 7.0, 7.5. The acceleration time series for these four
amplified earthquake records are used as input for numerical
analysis of seismic block response using the numerical, discrete-
element, Discontinuous Deformation Analysis (DDA) method.

5.2. Numerical procedure using DDA

The DDA method is an implicit discrete element method
originally developed by Shi [23] to provide a useful tool for
investigating the kinematics of blocky rock masses. DDA models
the discontinuous medium as a system of individual deformable
blocks that move independently without interpenetration. The
method uses standard Finite Element Method (FEM) formulation
but here every block is an element and the contacts between
blocks are treated using a penalty method for the constraint of no
penetration and no tension between the blocks. By the second law
of thermodynamics, a mechanical system under loading must
move or deform in a direction which produces the minimum total
energy of the whole system. For a block system, the total energy
consists of the potential energy due to different mechanisms like
external loads, block deformation, system constraints, kinetic and
strain energy of the blocks and the dissipated irreversible energy.
The minimization of the system energy will produce a set of
equations of motion for the block system, the same as that used in
the FEM. DDA is a dynamic method that utilizes a time-step
marching scheme in the solution process so that dynamic block
displacement can be modeled in the time domain. The DDA
solution guarantees that at the end of every time step there is
no penetration and no tension between adjacent blocks by
employing an original “open–close” iteration procedure that
utilizes a numerical penalty in the form of stiff springs at
automatically detected block contacts. The theory of DDA is
covered comprehensively by Shi [47]. A review of DDA principles
is provided in [48]; more than 100 DDA validation studies are
reviewed and discussed in [49]. Based on these validation studies,
it is believed that using the DDA method will provide more
reliable results for dynamic analysis, provided that proper pre-
liminary sensitivity analyses are performed with respect to the
numerical control parameters, most notably the contact spring
stiffness, as discussed below.

Results obtained with DDA are sensitive to the choice of both
the numerical contact spring stiffness (k) and the time step size
(Δt). Therefore, sensitivity analysis has been done to select the
most appropriate couple of these numerical control parameters.
We use the geometry of Block 1 resting on an inclined plane with
no wedge in the tension crack, and subjected to synthetic
sinusoidal input loading consisting of constant amplitude and
frequency, a problem for which an exact analytical solution exists,
known as the Newmark's type analysis [20]. 2D-DDA code ver-
ification for this problem is shown by Kamai and Hatzor [50].
Previous code verifications for dynamic cases indicate that the
optimal contact spring stiffness in DDA is frequency-dependent.
To obtain the optimal k value for our case the two dominant
frequencies of the mountain f1¼1.3 and f2¼3.8 Hz as obtained

D. Bakun-Mazor et al. / International Journal of Rock Mechanics & Mining Sciences 61 (2013) 196–211206



Author's personal copy

from the topographic site response survey (see Fig. 14b) are
used. Eighteen simulations of sinusoidal input functions are
performed for each of the dominant frequencies of Masada
mountain (f1 and f2) with k¼1, 5, 10, 100, 500, 1000 GN/m,
Δt¼0.01, 0.005, 0.002 s, and an arbitrary constant value of 0.5 g
for input amplitude.

For each input frequency the optimal numerical parameters are
searched based on the lowest relative error between the Newmark
analytical solution and the numerical DDA solution at the final
position of the block, where the relative error (Re) for the
displacement solutions (D) is defined as

Re ¼
jDanalytical−Dnumericalj

jDanalyticalj
� 100% ð11Þ

The optimal contact spring stiffness values thus obtained are 10
and 500 GN/m for f1 and f2 respectively, and the optimal time step
size is 0.005 s for both input frequencies. Using the optimal
numerical control parameters a comparison between numerical
DDA and analytical results are shown in Fig. 16. To find the optimal
contact spring stiffness when the two dominant frequencies are
used as input, we multiply each set of relative error values
obtained from the numerical computation at each input frequency
and search for the lower multiplied value. The obtained optimal
contact spring stiffness for the two dominant frequencies of

Fig. 15. Assumed attenuation curves for Dead Sea Rift earthquakes [after 43]
(dashed lines) with amplification due to topographic site effect at Masada (solid
lines and symbols). Shaded region delineates conditions at which seismically-
induced sliding of Block 1 at Masada is not possible.

Fig. 14. The input procedure for seismic loading simulations with DDA. (a) The Nuweiba earthquake as recorded in Eilat on a soil layer de-convoluted for bedrock response
[39] and scaled to PGA¼0.275 g, corresponding to a Mw¼6.0 earthquake at a distance of 1 km from Masada (see Fig. 15), (b) an empirical site response function for Masada
[after 44], (c) convoluted time series of the modified Nuweiba record (Fig.14a) to include the empirical site response function for Masada (Fig. 14b), and (d) flowchart
summarizing the input procedure.
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Masada is 500 GN/m. For a list of mechanical and numerical
parameters used in the fully dynamic seismic analysis see Table 2.

5.3. Results of seismic analysis for block 1

The horizontal yield acceleration (ayield) for an inclined bedding
plane dipping 19˚ with peak friction angle of 411 as in the case of
Block 1 is readily obtained using pseudo-static analysis [21] at
ayield¼0.404 g. The ayield value thus obtained constrains the epi-
center location of the maximum expected earthquake (Mw¼7.5) at
the Dead Sea rift capable of triggering sliding of Block 1, to a
distance of up to 20 km from Masada (Fig. 15).

DDA results for seismic analysis of Block 1 subjected to
amplified Nuweiba records corresponding to Mw¼6.0, 6.5, 7.0,
7.5 Dead Sea rift earthquakes at an epicenter distance of 1 km from
Masada are shown in Fig. 17. For moderate earthquakes (Mw≤6.5)
the block displacement per single event is expected to be lower
than 42 mm, whereas for strong earthquakes (Mw≥7.0) the block is
expected to slide more than 447 mm along the inclined bedding
plane in a single event. The mapped opening of the tension crack
in the field is only 200 mm (see Fig. 17), a value that constrains
feasible earthquake scenarios, as discussed below.

6. Discussion

6.1. Thermoelastic behavior of the Masada rock mass

This work examines the theoretical possibility for thermally
induced rock block displacement due to a natural wedging
mechanism, where the key elements are the intact rock mass,
the tension crack, the wedge fragments, the sliding block, and the
sliding surface (see Fig. 7). Although the geometry of the model
discussed in this paper is well defined, we argue that the
presented mechanism may lead to permanent sliding block

displacements wherever wedging blocks are formed in tension
cracks, as also suggested by Watson et al. [13]. Moreover, it is
shown that thermally induced sliding can also occur on shallow
dipping planes, not typically considered unstable.

The monitoring station at West Masada (Fig. 2) is installed on a
block that is separated from the rock slope by clean and tight joints
with no wedge fragments. We assume that for this reason, no
permanent displacement has been recorded during the monitoring
period in the West slope. On the other hand, we assume that the
wedge fragments inside the tension crack of Block 1 in the East slope
(Fig. 8) can trigger the wedging mechanism conceptually illustrated
in Fig. 7. Since cable bolts were installed during the summer of 1998
to anchor Block 1 to the cliff, in connection with a comprehensive

Fig. 16. DDA results vs. analytical (Newmark's) solution for the dynamic displacement of Block 1 when subjected to a sinusoidal input function with 0.5 g amplitude and the
two dominant frequencies for Masada (see Fig. 16b): 1.3 Hz (a) and 3.8 Hz (b). (k is the numerical contact spring stiffness used in DDA).

Fig. 17. DDA results for dynamic displacement of Block 1 when subjected to
amplified Nuweiba records corresponding to earthquakes with moment magnitude
between 6.0 and 7.5 and epicenter distance of 1 km from Masada. Mapped joint
opening in the field is plotted (dashed) for reference.
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slope reinforcement campaign, no evidence for permanent displace-
ment since then is available. We therefore utilize the results obtained
from the monitoring system at WMS to evaluate the thermal
expansion coefficient α of the Masada rock mass, for the analysis of
thermally induced displacement of Block 1 in EMS.

Thermal conductivity measurements performed on a sample
from Masada (Fig. 10) enable us to estimate the skin depth for the
Masada rock mass for a seasonal exposure time at Sd≈2.5 m,
assuming homogeneous, one-dimensional, temperature distribu-
tion within the rock element. In reality, however, the temperature
distribution within the rock mass is not homogenous and the
parameter β for non-uniform diffusive temperature distribution
must be considered. A range of values of 0.45oβo0.7 is used here
assuming a typical range for the thermal expansion coefficient α
for the Masada rock mass from 6�10−6 to 8�10−6/1C [38]. This
set of parameters (for α and β) are used to calculate the permanent
thermally induced annual plastic displacement using the analy-
tical model suggested by Pasten [35] in Eqs. (2)–(6).

It is important to note that the parameter β depends on the rock
mass geometry and on the tension crack aperture. In the West
station, the data fromwhich the parameter β is based on, the tension
crack is very tight, and we therefore expect a non-uniform thermal
distribution within the rock mass and consequently a relatively thin
thermal skin depth. On the other hand, the tension crack behind
Block 1 in EMS is relatively wide and the block is clearly separated
from the rock slope (Figs. 3a and 8); it is therefore expected that the
block responds more uniformly and therefore the actual value of
parameter β may be higher than assumed here.

6.2. Block displacement rate under thermal and seismic loading

Block 1 is used to study displacement rates under thermal
loading on one hand and seismic loading on the other hand. The
geometry of the block is completely known, as well as the
mechanical and physical parameters of the intact block material
and the shear strength and shear stiffness of the sliding surface.
Moreover, the magnitude of opening in the tension crack is readily
measurable in the field and amounts to 200 mm. An inclination of
191 and a friction angle of 411 for the sliding plane are assumed in
the analysis, based on field and laboratory measurements.

Analytical results (Fig. 13) show that the thermally induced
sliding rate of Block 1 ranges from 0.181 to 0.210 mm/year for
β¼0.45, and from 0.238 to 0.260 mm/year, for β¼0.7. The sliding
rate increases with time because the increased aperture of the
tension leads to increased wedge block length LW. This is true as
long as the assumed skin depth is larger than the wedge length
(Sd4LW) and provided that a continuous supply of detritus
material is made available from higher segments of the rock slope
above the tension crack. Furthermore, it is assumed that the
crushing strength of the detritus material is sufficiently high so
as to sustain the compressive force Fmax that develops in the block
system during the expansion periods.

To obtain the displacement rate under seismic loading we must
first make some assumptions regarding the recurrence probability
of Dead Sea rift earthquakes. Based on paleo-seismic, historical,
and instrumental records, the return period for moderate
(Mw¼6.5) and strong (Mw¼7.0) Dead Sea rift earthquakes is
estimated to be 1100 and 4000 years, respectively [40,42]. Con-
sider Fig. 17 where results of dynamic numerical analyses for the
displacement of Block 1 under amplified Dead Sea rift Mw¼6.0–7.5
earthquakes with epicenter at a distance of 1 km from Masada are
presented. From this chart equivalent displacement rates of
0.04 mm/year and 0.11 mm/year may be deduced for moderate
(Mw¼6.5) and strong (Mw¼7.0) Dead Sea rift earthquakes. These
rates clearly provide an upper bound because they apply to an
earthquake epicenter at a distance of only 1 km from Masada;

with increasing epicenter distance up to 20 km from Masada (see
Fig. 15), the expected displacement of Block 1 under a single
episode, and consequently the deduced displacement rates, would
naturally be smaller.

The displacement rates of Block 1 under moderate Dead Sea rift
earthquakes at an epicenter distance of 1 km from Masada, along
with the rate deduced from the thermal mechanism, are plotted in
Fig. 18. Inspection of Fig. 18 clearly reveals that the thermal
mechanism is more dominant than the seismic loading mechanism
when each is considered individually.

6.3. Paleo-seismic implications

The total mapped opening of the tension crack in Block 1
(200 mm) imposes some constraints on possible paleo-seismic
scenarios at Masada. Consider for example strong Dead Sea rift
earthquakes (Mw≥7.0) with an epicenter 1 km from Masada, the
amount of sliding in a single episode is expected to be greater than
447 mm (see Fig. 17); therefore Block 1, in its current configuration,
could never have experienced a Mw≥7.0 earthquake at such close
proximity to Masada. However, a single 6.5oMwo7.0 event at the
foothills of Masada, or a stronger event (Mw47.0) at a distance of up
to 20 km from the site (see Fig. 15), could open the tension crack by
the observed 200 mm at once. Therefore, we cannot rule out these
last two scenarios from our field and analytical data.

We have established that under thermal loading the mapped
opening of 200 mm could have been attained over a period of ca.
1000 years assuming climatic conditions have remained more or less
the same over this time period. To examine if this opening could have
been triggered by seismic vibrations it would be instructive to search
the historic regional earthquake catalog and seek anMw46.5 event at
a distance of up to 20 km from Masada during that time window. The
historical earthquake catalog in the Eastern Mediterranean region is
based on a long and well-documented historical record and a wealth
of archaeo-seismological information. Based on the historical earth-
quake catalog compiled by Ben-Menahem [51], the earthquakes of
May 362 and of May 1834, both located at the Eastern Lisan peninsula
(for location see Fig. 1a) with estimated local magnitude of 6.7, may
have been possible candidates for triggering the observed displace-
ments in Block 1, however the low accuracy of the assumed
magnitude and location precludes any robust conclusions.

Fig. 18. Comparison between thermally and seismically induced displacement rates
for Block 1. Thermal displacement rate is calculated assuming β¼0.45 and 0.7. Seismic
displacement rate is obtained by summation of earthquake magnitudes 6.0 to 7.0 with
epicenter located 1 km fromMasada based on the seismicity of the region. The seismic
rates in the zoom-in box are for the long term seismicity (5000 years).

D. Bakun-Mazor et al. / International Journal of Rock Mechanics & Mining Sciences 61 (2013) 196–211 209



Author's personal copy

7. Summary and conclusions

We present in this paper the possibility for a thermally induced
wedging mechanism for rock slopes using the monitored rock
blocks at Masada Mountain, Israel, as a case study. The thermal
mechanism involves the rock mass, a wedge filled tension crack, a
sliding block, and a sliding interface with the rock mass. We show
that for the dolomites of Masada the seasonal temperature
amplitude is sufficient to induce permanent plastic displacement
of rock blocks via a wedging–ratcheting mechanism, although the
blocks are situated on relatively shallow dipping planes

Since Masada is situated on the margins of a seismically active
rift, we use numerical discrete element analysis to compute the
seismically induced displacement of the same block we use to
demonstrate the thermal loading mechanism and find that for the
assumed seismicity of the region, the 200 mm displacement of the
studied block is more likely to have been thermally, rather than
seismically, induced.

We conclude that the thermally induced sliding mechanism
should be considered when quantitatively assessing surface ero-
sion or rock slopes with thermal and mechanical properties that
permit this failure mechanism to take place. This mechanism may
explain rock failure episodes occurring more frequently than is
generally assumed or explained.
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