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The sinkholes along the Dead Sea coast are observed in two main sedimentary environments: alluvial fan
sinkholes, which usually form abruptly as deep (w20 m) and narrow (w3 m) sinkholes, and mud-ﬂat
sinkholes, which usually form as shallow (a few centimeters) and wide (>5 m) sinkholes and deepen
later. The mechanical collapse of all sinkholes is triggered by cavities created by the dissolution of an
underlying salt layer by relatively fresh groundwater. The processes attributed to the mechanical
formation of the sinkholes are viscous ﬂow and brittle fracture failure. We use a two-dimensional
viscoelastic damage rheology numerical model to quantitatively explain the brittle and ductile aspects
of collapsed sinkholes. Three cases of the rheology of the collapsed sediments are simulated, 1) damage
controlled failure, 2) viscoelastic controlled failure, and 3) an intermediate damage-viscoelastic case.
Results show that viscoelasticity cannot be the sole process acting on the deformed layer because all
sinkholes are characterized by sharp boundaries. The damage accumulation progresses until arched
cavities are created in the soil layer. Because of the geometric heterogeneity of the layer (represented by
the heterogeneity of the mesh) smaller blocks continue to fall after the ﬁrst breakup into the cavity,
advancing the arched cavity upwards. This propagation ﬁnally stops when the cavity is shallow enough
to hold the irregular arch. The combination of these two processes creates competition within the stress
reduction mechanism that may lead to either magniﬁed or reduced deformation. The deformation is
magniﬁed in high shear stress locations, where the dispersion of the viscous ﬂow spreads damage failure,
and it is reduced in low shear stress locations where viscous ﬂow disperses shear stress before the onset
of damage.
Ó 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Formation of sinkholes is a widely observed phenomenon,
occurring in many parts of the world. The mechanism that is
responsible for the appearance of sinkholes is the dissolution of
soluble rocks and the creation of subsurface cavities that collapse
when not sufﬁciently supported (Martinez et al., 1998; Gutierrez
and Cooper, 2002; Waltham et al., 2005; Parise, 2008). Sinkholes
began to appear along the Dead Sea coast in Israel and Jordan in the
early 1980’s (Fig. 1). Sinkhole development has signiﬁcantly accelerated since 2000; from 70 sinkholes/year in 2000 to 400 sinkholes/year in 2009, resulting in more than 2500 sinkholes (Abelson
et al., 2006). The sinkholes are not uniformly scattered along the
Dead Sea shores, but rather occur as clusters. Presently, 40 sinkhole
sites are known along a narrow coastal strip, w60 km long and
20e1000 m wide, which stretches from the water line westward.
The number of sinkholes at each site ranges from 1 to around 100.
This regional-scale collapse is attributed to the rapid decline of
the Dead Sea level (w1 m/y) (Yechieli et al., 2006). The decline of
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the Dead Sea reﬂects human activities such as interception of
freshwater supply from the Jordan River and the maintenance of
large evaporation ponds by the Dead Sea mineral industries in
Jordan and Israel. Because of the recession of the Dead Sea level,
and the decline in the fresh/saline water interface along the shore,
brines that previously occupied salt layers below this interface are
now being ﬂushed out by relatively fresh groundwater that
dissolves the salt and creates voids. The collapse of these voids
creates the sinkholes. Abelson et al. (2006) showed that the sinkholes appear along lineaments, and based on seismic reﬂection
proﬁles and InSAR measurements they concluded that the sinkholes track young fault systems. The faults serve as conduits,
channeling freshwater from the deeper aquifer to the shallower
one, promoting the development of sinkholes. Shalev et al. (2006)
numerically simulated the dissolution of the salt layer and the
creation of cavities. They showed the growth of the cavities from
the bottom of the salt layer to the top and suggested that shortly
after the cavities reach the top of the salt layer it collapses and
creates sinkholes.
The sinkholes are observed in two main sedimentary environments along the western coast of the Dead Sea, which are mud-ﬂats
and alluvial fans. The alluvial fans are made of coarse gravel
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Fig. 1. Location map of the Dead Sea and sinkhole sites. Three types of sinkholes are shown: a) sinkhole in the mud ﬂats soon after its collapse, b) sinkhole in alluvial fan, c) sinkhole
in a mixed gravel-mud lithology.

alternating with ﬁne-grained sediments (silt and clay), whereas the
mud ﬂats are mainly ﬁne-grained sediments. The collapsesinkholes in the alluvial fans tend to form abruptly and create
a deep structure, sometimes reaching a depth of w20 m. In the wet
mud-ﬂats, the sinkholes may show some surface ductile sagging
prior to their collapse, and therefore are classiﬁed as saggingcollapse sinkholes (Gutierrez et al., 2008). These sinkholes form
shallow (few cm) and wide (tens of meters) structures that might
grow slowly to depths of 10 m (Fig. 2). The growth of the sinkhole is
attributed to more dissolution or removal of the cavity ﬁll by
groundwater transport. This process is slow and might continue for
years with a rate of w10 cm/month.
Although the stability of sinkholes has been studied before
(Tharp, 1999; Augarde et al., 2003; Parise and Lollino, 2011; Baryakh
and Fedoseev, 2011), the transient deformation that creates sinkholes has not yet been studied. In this paper we study the
mechanical processes that control cavity collapse at the Dead Sea
coast. We simulate the two end member formation types of sinkholes (mud-ﬂats and alluvial fans) with visco-elastic and damage
modeling, and we study the inter-play between these two processes.
2. Dead Sea basin: geological background
The Dead Sea is the lowest place on continental Earth, 425 m
below mean sea level (bmsl) in 2012; the deepest point in the basin

is w720 m bmsl (maximum water depth of w300 m). It is located
within the Dead Sea basin with an overall length of w150 km,
width of 15e20 km, and subsidence of more than 10 km. The
mechanism for the basin formation is still controversial and is
attributed to either a “pull apart” (e.g., Garfunkel, 1997) or “drop
down” (e.g., Ben-Avraham et al., 2010).
The western margin of the Dead Sea basin is governed by
a bimodal distribution of fault strikes, which form an orthorhombic
pattern of zigzagging rift walls (Sagy et al., 2003). The uplifted
margins of the basin are built of Precambrian basement rocks
overlain by Paleozoic to Cenozoic sedimentary rocks. During the
Miocene and through to Holocene times, mostly lacustrine and
terrestrial sediments have accumulated within the basin (Zak,
1967). The upper tens of meters along the Dead Sea shores
consist of the late Pleistocene Lisan Formation (Begin et al., 1974;
Sneh, 1979) and the Holocene Ze’elim Formation (Manspeizer,
1985; Yechieli et al., 1993), which are composed of alternating
clastic material (clay, sand, and gravel) deposited in fan deltas, with
intercalations of lacustrine sediments (clay, aragonite, gypsum, and
halite). The relative abundance of ﬁne-grained layers within both
formations increases eastward. The width of the coastal plain varies
from w5 km at the Ze’elim fan to <1 km in the Enot Zuqim area.
The sinkholes develop within the sediments of the Ze’elim
Formation and are conﬁned to a narrow strip that stretches up to
several hundred meters away from the shoreline. The salt layer has
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Fig. 2. a) Mud-ﬂat sinkhole evolution. The sinkhole is formed with a relatively large radius (>5 m) and a small vertical displacement. With time the sinkholes deepens and may
reach depths of 10 m b) Alluvial-fan sinkhole. The sinkhole is formed as a narrow deep sinkhole.

a thickness of w20 m and the top of the salt layer is at depth of
w20 m below the surface. On top of the salt layer there is either
a layer of mud in the mud ﬂat areas, or gravel in the alluvial fans.

The nonlinear stressestrain relation for the elastic-damage term
is (Hamiel et al., 2011):

sij ¼



pﬃﬃﬃﬃ
lI1  g I2 dij þ

3. Formulation
We use a viscoelastic damage rheology model that quantitatively explains general aspects of brittle and ductile rock deformation. Maxwell’s formulation describes the total strain tensor, εTij ,
as the sum of elastic-damage strain, εdij , and the viscous strain, εvij :

εTij ¼ εdij þ εvij

(1)

The viscous strain is governed by the exponential relation
between the shear stress and the strain rate (Mitchell and Soga,
2005):

 
ε_ vij ¼ sij A exp Bs

(2)

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where sij is the deviator stress, s ¼
ðsij sij Þ=2, the parameters A
and B are empirical constants. Mitchell and Soga (2005) showed
that for soils, B is about 105 Pa1, and A depends on the elapsed
time of creep. We extrapolated the data given in Mitchell and Soga
(2005) for an elapsed time of <1000 min to the elapsed time of the
sinkhole formation process (10e100 days) to give values of
A ¼ 1012e1016 (Pa s)1 where A ¼ 1012 (Pa s)1 represents the
viscous controlled process and A ¼ 1016 (Pa s)1 represents the
elastic-damage controlled process. The elapsed time of the sinkhole
formation was measured in two independent observations: a) the
time from the discovery of a cavity to its collapse was about three
months, and b) the gradual subsidence of a collapse-sinkhole in the
mud-ﬂats after its initial collapse was w10 cm/week.
The damage rheology model (Lyakhovsky et al., 2011) allows the
calculation of the simultaneous evolution of damage, a, and its
localization into narrow highly damaged zones (faults), seismic
events, and associated deformation ﬁelds. It accounts for the
evolution of the damage state variable a, as a function of the
ongoing deformation, which control the effective elastic moduli
and material degradation/healing. It also accounts for macroscopic
brittle instability at a critical level of damage and related rapid
conversion of elastic strain to permanent inelastic strain.

!
I1
2m  g pﬃﬃﬃﬃ εij
I2

(3)

where I1 ¼ εkk and I2 ¼ εij εij are the ﬁrst and second invariants of
the elastic strain tensor εij, l and m are the Lamé parameters of
linear Hookean elasticity, and g is a third modulus for a damaged
solid. Below the onset of damage, g ¼ 0 and Eq. (3) reduces to the
Hookean linear elastic formulation. With damage, the moduli l, m
and g are dependant on an evolving damage state variable 0a  1.
The transition from damage accumulation to healingpisﬃﬃﬃﬃcontrolled
by the value of the strain invariants ratio x ¼ I1 = I2 which is
connected to the internal friction angle of Byerlee’s law (Byerlee,
1978). The value x ¼ x0 controls the transition from healing to
damage accumulation. The rate of damage/healing accumulation is
given by Lyakhovsky et al. (1997)):

da
¼
dt

(

CdI2 ðx x0 Þ
C1 exp

a

C2

I2 ðx  x0 Þ

for
for

x>x0

x < x0 :

(4)

where the coefﬁcient Cd gives the rate of positive damage evolution
(material degradation) and is constrained by laboratory fracturing
experiments (Lyakhovsky et al., 1997; Hamiel et al., 2004, 2009).
The rate of damage recovery (material healing) is assumed to
depend exponentially on a. This produces logarithmic healing with
time in agreement with the behavior observed in laboratory
experiments (e.g., Dieterich and Kilgore, 1996; Scholz, 2002;
Johnson and Jia, 2005) with rocks and other materials. The evolving
damage state variable a is calculated by the integration of da/dt in
time. We assume that the elastic moduli depend linearly on
damage (Agnon and Lyakhovsky, 1995):

l ¼ const:
m ¼ m0 þ gr x0 a
g ¼ gr a

(5)

where m0 is the initial shear modulus and gr is constant.
Both the processes of viscous ﬂow and damage accumulation
may act separately to reduce shear stress. However, the two
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processes are different in nature. The viscous ﬂow reduces the
shear stress by: 1) Maxwell dissipation with time, and 2) dispersion
of the shear stress by transferring it from high to low shear stress.
The shear stress change in the damage process is also changed in
two ways: 1) transfer of stress to energy by damage or healing, and
2) transfer
shear stress
to normal stress through the coupling terms
pﬃﬃﬃﬃ
pﬃﬃﬃﬃ
g I2 dij and gðI1 = I2 Þεij of Eq. (3). The ﬁrst term is responsible
for dilation associated with shear. The inherent difference between
the damage and viscous-ﬂow process is that the damage localizes
the deformation, whereas viscous-ﬂow tends to spread the deformation. Although we use an exponential low viscosity here, 1=h ¼
A expðBsÞ which localizes the ﬂow, viscous deformation is still
dispersive.
The strain partition between the viscous and damage processes
depends on the rate of viscous ﬂow controlled by parameters A and
B, and the rate of damage controlled by parameters Cd, C1, and C2.
However, it is questioned if the combination of the two processes
might increase the shear strain in some cases where it would be
decreased by both processes separately.
Based on seismic velocities at the sinkhole sites we used the
following parameters: l ¼ 1100 MPa, m0 ¼ 770 MPa, gr ¼ 920 MPa,
and x0 ¼ 0.8 (internal friction angle, 4 ¼ 300), Cd ¼ 50 s1,
C1 ¼ 1 s1, and C2 ¼ 0.005.
The numerical simulations are done using the Fast Lagrangian
Analysis of Continua (FLAC) algorithm (Cundall and Board, 1988;
Cundall, 1989; Poliakov et al., 1993; Ilchev and Lyakhovsky, 2001).
This fully explicit numerical method relies on a large-strain explicit
Lagrangian formulation originally developed by Cundall (1989) for
elasto-plastic rheology and implemented in the well-known FLAC
2D software produced by ITASCA. Node coordinates of the
numerical mesh are updated every time step as well as shape
functions for every triangle element, allowing large strain analyses.
Poliakov et al. (1993) developed an adaptive time stepping and
applied the FLAC algorithm for visco-elasto-plastic rheology. Their
adaptive scheme does not require iteration, which makes the
numerical model stable even for highly nonlinear damage rheology
(Lyakhovsky et al., 1993).

4.2. The damage end member, A ¼ 1016 (Pa s)1
In this case, the ﬂow of the layer is negligible for a time scale of
less than a year. All large strain deformations that occur is damage
related to shear faulting and tension fractures. Fig. 4 shows the
cavity growth into the layer for a 10 m-wide cavity. It takes the
damage process 25 days until an w3.5  10 m2 block is ripped from
the layer. During this time, damage accumulates along the cavity
edges, and propagates upwards until the damage fronts from both
sides of the cavity converge and separate the block from the layer.
The block is assumed to fall into the underlying cavity. The arching
that is formed continues to propagate upwards as pieces from the
ceiling fall into the cavity. This propagation stops after 40 days and
no more deformation is observed, indicating a stable cavity. The
propagation of the ceiling of the cavity is generated in the real
world by the irregularity of the layer that is represented by the
irregular mesh geometry in the numerical simulation. The shear

4. Results
The deformation of the layer that overlies a cavity is modeled
with different parameters and different cavity sizes for twodimensional plane strain cross-sections. The thickness of the
layer is set to 20 m for all simulations (the most common depth of
the underlying salt layer found by drilling) and the length of the
underlying cavity is set to either 10 or 20 m (based on sinkholes
average diameter). The visco-elastic parameters of the layer in each
simulation are varied from a damage deformation end member
(A ¼ 1016 (Pa s)1) to a visco-elastic end member
(A ¼ 1012 (Pa s)1). The inter-play between visco-elastic and
damage processes is studied at A ¼ 1014e1013 (Pa s)1 when both
processes are dominant. Initially, we set the pressure to be lithostatic without any additional tectonic (horizontal) stresses because
the weak sediments have relatively short relaxation time on the
geological time scale.
4.1. The visco-elastic end member, A ¼ 1012 (Pa s)1
Fig. 3, shows the absolute displacement value for a 10 m-wide
cavity. With this low viscosity the layer ﬂows into the cavity. In this
case, the resulting surface deformation is a smooth sloping
depression above the cavity. This kind of surface deformation has
not been observed at the Dead Sea area. In all sinkholes at the Dead
Sea, the sinkholes exhibit sharp brittle broken surfaces.

Fig. 3. Absolute displacements for a visco-elastic simulation of deformation caused by
a 10 m-wide underlying cavity. No steep walls are created in this process.
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Fig. 4. Cavity conﬁguration evolution for a damage controlled simulation of deformation caused by a 10 m-wide underlying cavity. These results are similar to ﬁeld
observation in the alluvial fans (Fig. 2b).

stress is generated by the difference between the stress in the
cavity and the layer. The stress in the layer is controlled by the
density of the material (rgz) whereas the stress in the cavity is zero.
The arched conﬁguration of the ceiling elastically disperses the
shear stress around the cavity, holding failure off. Since the stress in
the layer increases with depth, so does the shear stress around
a cavity. Therefore, a given arch conﬁguration will be more stable at
shallow depths. Fig. 4 shows that the shape of the ceiling remains
about the same during propagation, which allows stabilization at
shallow depths despite its imperfections. If the material was
homogeneous, the cavity would have been stable since it was
initially ceiled by arching after 25 days. The surface deformation
associated with this process is an elastic deformation of <1 mm.
This kind of cavity is predicted to exist for a long time with no
surface indication.
A second simulation with the same material properties but with
a doubled cavity width (20 m) is shown in Fig. 5. The circles in Fig. 5
represent micro-seismic events where a failure criterion (shear or
tension) has been reached and a stress drop was imposed in
different periods. The events are nucleated once the damage in an
element reaches its critical value and the material looses its resistance for deformation. This element can regain its resistance if it is
compacted and healed. Therefore, the same element can experience multiple seismic events. The events are triggered by the shear
stress that is introduced by the cavity. They begin at the edges of
the cavity and propagate upwards until they each the surface after 9
days. At this point in time, the damage has separated a large block
from the layer which is not supported any more. This block
collapses into the cavity and creates a sinkhole similar in shape to
the one presented in Fig. 2b. The depth of the sinkhole is dictated by
the volume available for the block in the cavity. In this simulation
we assumed the initial volume of the cavity to be w5 m2 (depth of
25 cm), and to grow due to material removal by groundwater and
by dissolution at a rate of 1.5 m2/d (velocity of 1 cm/d). The
resulting cone-shaped sinkhole is unstable with its negative slopes.
In three dimensions this shape is axi-symmetric with some support
from the other lateral dimension. The sides of the sinkhole do not
support each other anymore. Soon after the block has detached
from the layer (9e11 days), events are triggered close to the surface,
20 m from the center of the sinkhole. These events are created by
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Fig. 5. Micro-seismic events for a damage simulation of deformation triggered by
a 20 m-wide underlying cavity. These results are similar to ﬁeld observation in the
alluvial fans (Fig. 2b).

tension failure caused after the main collapse of sinkhole and the
lack of support between the two sides of the sinkhole. With time,
the events nucleation deepens until ﬁnally they reach the sinkhole,
creating a stable slope q ¼ 600 that reﬂects the internal friction
angle of the material, q ¼ 45 þ 30 /2. Since in this simulation the
initial cavity is small, the detached block falls initially only 25 cm
and continues to fall at a velocity of 1 cm/d, the walls of the sinkhole
being supported by the subsiding detached block. During its
subsidence, the block is episodically attached and detached to the
layer by compaction and failure, creating many events while
subsiding.
4.3. Intermediate stage, A ¼ 1014 (Pa s)1
Fig. 6 shows the cavity growth with time for an intermediate
viscosity and cavity width of 10 m. Similar to the damage end
member case, it takes 22 days until a 4  10 m2 block is ripped from
the layer. The arching continues to propagate upwards until day 30.
The propagation is much faster than in the damage end-member
case because viscous ﬂow is also taking place. When deformation
is controlled by viscous ﬂow, imposed cavities are being ﬁlled with
the surrounding material as shown in the case of the visco-elastic
end-member. In this intermediate case, cavities are being formed
by the damage process and destroyed by viscous ﬂow. The ﬂow into
the cavity at day 30 ﬂattens the arched ceiling and creates unstable
elastic conditions. Subsequently, a second collapse rips a block
which extends from the cavity and up to the surface. Once the
arching is exposed to the surface it becomes unstable and the entire
ceiling collapses in the following day, creating vertical walls. A
slower process of slope stability decreases the slopes of the sinkholes until they are stable after 50 days at an angle of 60 . This high
angle is stable because the sinkhole is still ﬁlled with the broken
block that supports the sinkhole walls.
Because the visco-elastic process is signiﬁcant in this case, the
surface deformation can be observed beginning already at initial
stages (Fig. 7). On day 20 the surface deformation is 7.5 cm. This
occurs before the ﬁrst underground collapse. In fact, the ﬁrst
collapse has no immediate effect on the surface because the viscoelastic stress transfer is relatively slow. However, the visco-
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Fig. 6. Cavity conﬁguration evolution for a mixed damage and visco-elastic simulation
of deformation caused by a 10 m-wide underlying cavity. These results are similar to
ﬁeld observations in the mud-ﬂat (Fig. 2a).

elasticity indirectly affects surface deformation by destroying the
ceiling conﬁguration of the cavity that creates elastic instability,
which is transferred much faster to the surface. Because the surface
undergoes ductile deformation prior to the collapse this sinkhole is
classiﬁed as sagging-collapse sinkhole (Gutierrez et al., 2008).
When the cavity width is larger, both processes are faster. Fig. 8
shows that when using the same parameters for a cavity width of
20 m, the collapse of the sinkhole occurs on day 8. This simulation
demonstrates the slope evolution of the sinkhole’s walls. Once
a block is detached from the layer, the amount of its freefall
depends on the initial cavity space. Because we chose a relatively
small initial cavity space (5 m2), the freefall of the block is only
25 cm. During the 25 days of this simulation run the cavity grows to
a volume of 40 m2. This growth represents the removal of the cavity
ﬁll by groundwater transport and dissolution of the underlying salt
layer. The depth of the sinkhole after these 25 days is 2 m. The faults
that conﬁne the falling block are episodically healed and damaged
during the descent of the block, slowing down its movement. The
healing of this process is dictated by compaction of the block and

distance (m)

surface deformation (m)

0 -50

0

50
10 days
20 days

0.1

25 days
28 days

0.2

0.3

30 days

32 days

31 days

Fig. 7. Surface deformation evolution for a mixed damage and visco-elastic controlled
simulation of deformation caused by a 10 m-wide underlying cavity. Because the
surface undergoes ductile deformation prior to the collapse this sinkhole is classiﬁed as
Sagging-Collapse sinkhole. These results are similar to ﬁeld observations in the mudﬂat (Fig. 2a).

Fig. 8. Cavity conﬁguration evolution for a mixed damage and visco-elastic controlled
simulation of deformation caused by a 20 m-wide underlying cavity. These results are
similar to ﬁeld observations in the mud-ﬂat (Fig. 2a).

the falls, whereas the damage is dictated by gravity forces that pull
the unsupported block.
A different assumption of the size of the initial cavity could
result in a sudden complete clearing of the ﬁll. The processes
leading to the collapse will be the same for any choice of cavity
volume, but the evolution of the sinkhole after breakup will be
different. For example, the fractures that deﬁne the block are
exposed to the surface if the entire block falls down.

5. Discussion
The inter-play between visco-elastic and damage controlled
deformation takes place in many Earth Sciences and engineering
processes, such as: lithosphere seismic zone, magma ﬂow and
cooling, concrete drying, and sinkhole formation. Both visco-elastic
and damage processes are triggered by shear stress but are inherently different in nature. The damage process weakens the material
and as a result the stress decreases. The energy that was stored as
stress is used to destroy the material and is not a part of the stress
calculation any more. Shear stress
pﬃﬃﬃﬃ is also transferred to normal
stress by the coupling term g I2 dij of Eq. (3) that is based on
laboratory studies, showing that shear may produce signiﬁcant
normal dilatancy (e.g. Lockner and Byerlee, 1994). Another procedure that is taking place in our numerical modeling of the damage
accumulation is nucleation of seismic events and the associated
stress drop. Once an element fails, the shear stress that produced
the failure is dropped back to below yielding. These three shear
stress reduction procedures are all localized at the shear locations
and are not transferred to other points.
Viscous-ﬂow dissipates and disperses shear stress. The Maxwell
dissipation is a result of the transformation of shear stress to energy
which in turn generates material rotation. Similar to damage
weakening, this energy is not part of the stress calculation once it is
created. However, unlike the damage process, viscous-ﬂow also
disperses the shear. The viscosity transfers the shear stress away
from high shear stress locations. The distance of viscous-ﬂow, or
the radius of rotation, generated by the shear stress depends on the
viscosity. For soils, Mitchell and Soga (2005) showed that the
viscosity depends exponentially on the shear stress, where the
reciprocal of the viscosity is 1=h ¼ A expðBsÞ (Eq. (2)). With high
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values of A and B, this relation causes some localization of ﬂow in
high sheared locations that decays quickly with distance. However,
the nature of the viscous-ﬂow is to disperse the shear. Another
difference between viscous ﬂow and damage is that viscous ﬂow
acts on any shear stress, whereas damage only acts on shear stress
that is above yielding.
The inter-play between the dispersive viscous-ﬂow behavior
and localized damage behavior may cause interesting results that
do not exist when each process acts separately. For example,
viscous-ﬂow and damage processes may divide the stress reduction
in a way that reduction of shear stress by viscous-ﬂow suspends
damage failure. This is demonstrated by the large number of microseismic events in the damage end member case as opposed to the
other cases. However, in other cases viscous-ﬂow and damage
processes may act together and enhance failure. In the damage end
member case, a 3  10 m2 block is ripped from the layer after 25
days. When viscous-ﬂow is also taking place a larger block,
4  10 m2 in size, is ripped from the layer after 22 days. In this case,
the viscous-ﬂow mechanism increases the damage to the layer. The
ability of viscous-ﬂow to enhance or reduce damage depends on
the stress distribution. At initial stages, the shear stress that is
introduced by the sudden appearance of the cavity is so large that
damage is created at a very high rate and all the dispersion of the
viscous ﬂow can do is to spread and enlarge damage failure. At later
stages, shear stress is reduced and the capability of the viscous ﬂow
to disperse the shear before failure is much higher. At a lower shear
stress the efﬁciency of damage accumulation is lower than that of
viscous ﬂow because damage is activated only close to yielding.
Another interesting inter-play is the arching stability which is an
elastic-damage stable conﬁguration but is unstable viscoelastically. The reason for this is also due to the different triggers
of viscous ﬂow and damage respectively. Viscous ﬂow is triggered
by any shear stress whereas damage is triggered only when close to
failure. The damage process acts to build arches and the viscous
ﬂow acts to destroy them. This is illustrated by the intermediate
case (Fig. 6). The damage accumulation process builds an arch that
conﬁnes a block which breaks up from the layer after 22 days. This
arch is visco-elastically unstable and triggers material ﬂow that
destroys the arch-shaped cavity, which leads to another damage
failure of a much larger block.
6. Conclusions
Sinkholes along the Dead Sea coast are shown to mechanically
form by both viscous-ﬂow and brittle failure. Sinkholes in the two
types of environments: alluvial fans and mud ﬂats are shown to be
controlled by brittle failure and viscous ﬂow, respectively. Damage
accumulation takes place at all sinkholes including, to some extent,
the mud ﬂats sinkholes. This is surprising, given the low viscosity of
the Dead Sea mud but may be explained by the existence of some
gypsum, halite, or calcite in the mud. On the other hand, the
deformation in the alluvial fans may not experience any viscous
ﬂow.
The two main inherent differences between viscous ﬂow and
damage processes are: 1) viscous ﬂow disperses shear whereas
damage localizes shear, and 2) viscous ﬂow is driven by any shear
stress, whereas damage deformation is triggered only when close
to yielding.
The competition between visco-elastic and damage deformation processes on the stress reduction mechanism may lead to
either a magniﬁcation or reduction in deformation. It is magniﬁed
in high shear stress locations where the dispersion of the viscous
ﬂow spreads damage failure, and it is reduced in low shear stress
location where viscous ﬂow disperses shear stress before the onset
of damage.
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