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a b s t r a c t

The limiting relationship is explored between underground opening span and required cover height for

stability in blocky rock masses characterized by a network of horizontal bedding planes and vertical

joints. Understanding this relationship is crucial for the design of mining excavations in karstic terrain as

typically encountered in carbonate rock masses. We perform numerical analysis of multiple roof spans vs.

cover height geometries using the DDA method to obtain the boundary curve between stable and unstable

opening geometries. Our results indicate that for cavern spans of up to 18 m a low cover height vs. opening

span ratio of h/B¼0.33 is sufficient for stability. For spans greater than 18 m the demand for cover height

rapidly increases and it appears to stabilize at h/B¼1.0 for B¼26 m and above.

To validate our numerical analysis results, a unique case study is analyzed wherein a 40 m span karstic

cavern, the Ayalon cave, has been preserved below an active open pit mine in central Israel with cover

height of only 30 m, thus rendering the cave marginally stable according to our model prediction. Indeed

there is ample evidence of partial collapse of the roof in the cave. The predictive capability of our model is

further confirmed using two additional case studies in blocky rock masses, each of which possesses very

different mechanical parameters such as intact rock strength, density, and deformability, suggesting that

our model predictions remain valid as long the rock mass maintains a ‘‘blocky’’ structural configuration.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The collapse of underground karst caverns due to excessive spans or
insufficient rock cover is a major geological hazard in rock masses that
are prone to the risk of sinkhole development [1–8]; accordingly, much
research has been conducted recently on the detection of karstic
caverns at depth using different geophysical methods [9–12] with
various levels of success. Analytical solutions for the stability of shallow
underground caverns in blocky rock masses are rarely used because of
the inherently discontinuous nature of the problem; instead, numerical
approaches such as the finite element [13], discrete element [14], or
hybrid [15] methods of analysis are typically employed.

From our experience with bedded and fractured rock masses we
find that the following rock mechanics factors control the stability of
shallow karst caverns against structural collapse, listed below in order
of descending importance: (1) height of rock cover; (2) span of the
opening; (3) intensity of jointing characterized by the number of
principal joint sets, mean spacing, and mean persistence discontinu-
ities; (4) orientation of discontinuities; (5) shear strength of disconti-
nuities; (6) strength of intact rock; (7) ground water conditions.

The main challenge in performing rock engineering works in ground
susceptible to sinkhole collapse is the lack of basic guidelines for
prediction of shallow cavern stability for given span width and cover

height. For deep excavations, with rock cover much greater than the
excavation span, preliminary assessment of the height of the loosened
zone above the immediate roof of the opening may be obtained on the
basis of the empirical Terzaghi’s rock load classification [16]. We find
Terzaghi’s predictions valid when compared with field observations
[e.g. [17,18]] and numerical analyses [e.g. [19,20]]. Geotechnical
stability problems ensue when the cover height is nearly as large as
the excavation span, or even smaller. In such cases the karstic caverns
may be said to be of precarious stability: they may hold for many years
[e.g. [18]] or collapse without preliminary warning with the failure
zone breaking the ground surface [e.g. [10]].

Consider open pit mining operations in a ground prone to sinkhole
collapse. Assuming the existing karst caverns are explored before
mining operations begin, either by employing geophysical methods or
simply by drilling exploration boreholes, the minimum required rock
cover (h) for a given cavern span (B) after the excess over burden is
removed must be known in advance for safe mining operations (see
Fig. 1). This relationship will also help determine three economically
significant mining parameters: (1) the maximum safe permanent
bench height (H), (2) the minimum required diagonal distance between
exploration boreholes (d), and (3) the minimum required exploration
drilling depth (D) (see Fig. 1).

We begin with numerical analyses of cavern span width vs.
cover height in synthetically generated blocky rock masses to
obtain, semi-empirically, the limiting relationship between those
two parameters. We then proceed with a case study that supports
our numerical results and shows their applicability in real mining.
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2. Numerical approach

2.1. Geometry of the modeled caverns

To determine the critical relationship between opening span
and minimum required rock cover for stability we model the

deformation of theoretical caverns with a horse-shoe cross-sec-
tional geometry and the following variable parameters (Fig. 2):
cavern span (B), height (H¼0.5B), roof curvature (c¼0.5H), and
rock cover after excess overburden is removed (¼h). The modeled
domain is extended laterally to its boundaries by a distance of
b¼2B. The infinite lateral continuity of the rock mass beyond the
analyzed domain is modeled by fixed boundaries as shown in Fig. 2.
The ground surface is modeled as a horizontal plain. A total of
nineteen cavern geometries of varied spans and rock covers are
modeled with details as listed in Table 1.

2.2. Statistical generation of rock structure

The modeled structure is typical for sedimentary rock masses
prone to karst formation, and is generated here synthetically with
one set of horizontal bedding planes of infinite persistence,
transected by two orthogonal and vertically dipping joint sets of
limited extent. Synthetic joint trace generation is performed with
the DL code of the 2D-DDA software package, a statistical line
generation code that is based essentially on the unrolling algorithm
of Shi and Goodman [21]. The mean spacing, bridge length, and
degree of randomness used for statistical joint trace generation are
listed in Table 2; for precise definition of terminologies see [21].
The attitude, trace length, and bridge length of each joint set are
determined from statistical analyses of scan lines and photographs
performed in connection with the case study described later in this

Fig. 1. Schematic illustration of a possible exploration procedure to detect hidden

karstic caverns below the excavated bench. D¼depth of exploratory drill holes,

d¼diagonal distance between boreholes, H¼designed bench height, h¼depth of

rock cover after excess overburden is removed, and B¼hidden karstic cavern span.

Fig. 2. Definition of geometrical terms for numerical modeling of hidden karstic caverns, measurement point location for numerical analysis output is indicated as well.

Table 1
Matrix of modeled cavern geometries and resulting stability (columns in bold).

Model

number

Cavern span B

(m)

Boundary distance

b (m)

Cavern height H

(m)

Roof curvature c

(m)

Cover height h

(m)

Surface settlement

s (m)

Settlement

ratio s/h

Obtained structural

configuration

1 10 20 5 2.5 6 �0.0313 0.0052 Stable
2 14 28 7 3.5 6 �0.0537 0.0089 Stable
3 14 28 7 3.5 11 �0.0382 0.0035 Stable
4 17 34 8.5 4.25 6 �0.1164 0.0194 Stable
5 20 40 10 5 6 �2.1122 0.3520 Unstable
6 20 40 10 5 10 �0.2065 0.0207 Stable
7 20 40 10 5 14 �0.2871 0.0205 Stable
8 40 80 20 10 15 �3.5729 0.2382 Unstable
9 40 80 20 10 20 �1.9855 0.0993 Unstable

10 40 80 20 10 25 �1.9004 0.0760 Unstable
11 30 60 15 7.5 15 �2.2442 0.1496 Unstable
12 30 60 15 7.5 22 �2.4329 0.1106 Unstable
13 30 60 15 7.5 30 �0.5349 0.0178 Stable
14 25 50 12.5 6.25 12.5 �2.4728 0.1978 Unstable
15 25 50 12.5 6.25 25 �1.0131 0.0405 Marginal
16 25 50 12.5 6.25 19 �0.4607 0.0242 Marginal
17 25 50 12.5 6.25 30 �0.2970 0.0099 Stable
18 22 44 11 5.5 11 �4.2015 0.3820 Unstable
19 22 44 11 5.5 22 �0.2425 0.0110 Stable
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paper. Once all lines are generated the DDA block cutting algorithm
is applied using the DC code of the DDA package. The selected cross-
section direction for the statistically generated 2D block system is
the one in which the total removable keyblock area in the roof is
maximum (for details see for example [22]), found to be striking to
azimuth 142 for the joint orientation data shown in Table 2.

2.3. Forward modeling with DDA

Forward modeling of discontinuous deformation is performed with
the DF code of 2D-DDA software package. The discontinuous deforma-
tion analysis (DDA) is an implicit discrete element method proposed
originally by Shi [23] to provide a tool useful for investigating the
kinematics of blocky rock masses. DDA models a discontinuous
material as a system of individually deformable blocks that move
independently with minimal amount of interpenetration. The
formulation is based on dynamic equilibrium that considers the
kinematics of individual blocks as well as friction along block
interfaces. The displacement and deformation of the discrete blocks

are the result of the accumulation of small time steps. The equilibrium
equations are derived by minimizing the total potential energy of the
block system with respect to the displacement at block center. In this
study, we use the original two dimensional version of DDA in which
each block i in the general block system has six degrees of freedom, and
the resulting displacement components (u, v) of an arbitrary point (x, y)
in X and Y directions are derived using a first order approximation. The
algebraic equation for the increase in displacement is solved for each
time increment by substituting the appropriate terms for acceleration
and velocity provided by a time integration formulation similar to
Newmark direct integration method with parameters b¼0.5 and
g¼1.0, into the general equation of motion [24,25]. The result is a
system of equations for solving the dynamic problem which is, after
collecting terms on both sides, typically expressed as K̂D¼ F̂, where Kij

is a 6�6 coefficient sub-matrix, Di is a 6�1 deformation matrix of
block i, and Fi is a 6�1 loading matrix of block i. Sub-matrices [Kii]
depend on the material properties of block i and sub-matrices [Kij]
are defined by the contacts between blocks i and j. A good review
of DDA formulation is provided by Jing [26]. The validity and accuracy
of DDA has been studied extensively over the past decade and a
comprehensive review is presented in [27]. Three user-specified,
numeric control parameters are required in DDA: the normal
contact spring stiffness (g0), the time step size (g1), and the
assumed maximum displacement per time step ratio (g2). The
possible range for these control parameters in relation to the size of
the modeled domain and the mean length of blocks in the mesh is
discussed in [23]; optimal values for problems involving underground
excavations in highly discontinuous rock masses are suggested in [20].

The modeled deformation is computed for gravitation loading
under dynamic conditions, namely every block in the modeled
domain inherits the terminal velocity from the previous time step
(K01¼1.0 in DDA terminology). Following intensive research and
validation studies for dynamic DDA using field studies [28,29] and
shaking table experiments [30] it seems that for problems involving
the dynamic interaction of multiple blocks a kinetic damping of 1%
would result in the greatest accuracy. With 1% kinetic damping every
block in the modeled domain inherits 99% of its terminal velocity from
the previous time step. The necessity to introduce some amount of
damping into dynamic DDA computations is probably because the
theory of DDA ignores inelastic and irreversible deformation
processes that must be active in the physical world, such as for
example breakage at block corners, energy dissipation due to heat
generation during slip, etc.

Table 2
Geometrical input parameters for block system generation with DL code.

Joint
set

Dip/
direction

Trace
length

Mean
spacing (m)

Degree of
randomness

Rock bridge
length (m)

1 0/0 N 0.70 1.0 0

2 88/182 5 m 0.96 0.5 2.5

3 88/102 5 m 0.78 0.5 2.5

Table 3
Mechanical and numerical input parameters for forward modeling with DF code.

Unit weight 22.54 kN/m3

Young’s modulus 15.32 GPa

Poisson’s ratio 0.21

Friction angle of discontinuities 30o

Cohesion of discontinuities 0 MPa

Tensile strength of discontinuities 0 MPa

Normal spring stiffness 500 MN/m

Shear spring stiffness 250 MN/m

Initial time step size 0.0005 s

Kinetic damping 1%

Table 4
Numerical characteristics of each computed model with 2D-DDA (single Pentium IV, 3 GHz processor).

Model Total number

of blocks

Total number of

time steps

Maximum allowable displacement

per time step (cm)

Average number of

iterations per time step

Real time

computed (s)

CPU time (h)

1 871 20,000 0.413 1.479 10.00 1.83

2 1325 20,000 0.488 1.862 10.00 2.36

3 1780 20,000 0.613 2.338 10.00 3.66

4 2123 20,000 0.544 2.191 10.00 6.17

5 2221 20,000 0.600 2.793 9.97 7.65

6 2715 20,000 0.700 2.375 9.96 8.60

7 3197 20,000 0.800 2.741 9.92 10.92

8 8638 40,000 1.200 4.317 18.50 89.33

9 9948 40,000 1.325 4.821 16.89 130.00

10 11104 40,000 1.450 5.067 16.15 138.00

11 5720 30,000 1.013 3.486 14.55 48.00

12 6947 30,000 1.188 4.051 13.93 50.10

13 8157 35,000 1.388 4.322 15.24 78.20

14 4287 30,000 0.856 3.134 14.85 25.58

15 5925 40,000 1.169 3.279 14.43 35.90

16 5086 30,000 1.019 3.608 13.96 37.10

17 6591 30,000 1.294 3.714 13.75 46.92

18 3240 30,000 0.763 3.007 14.90 16.88

19 4683 30,000 1.038 3.098 14.29 27.21
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2.4. Incorporation CAD into DDA mesh generation scheme

The DL and DC codes of the 2D-DDA software package are the
preprocessors that generate a blocky rock mass domain for forward
analysis of deformation. The input text files for these preprocessors
have a well defined structure, are usually written manually and
typically include the following data sets: (1) boundary geometry of
domain, (2) statistically generated or manually input joint sets and
their assigned material properties, (3) assigned material properties

for intact rock blocks, (4) location and geometry of underground
openings, (5) location of measurement, fixed and loading points

The compilation of such input data files, especially for very
complex problem geometries, may be very complicated and time
consuming. In order to facilitate this process we employ here CAD
software. The geometrical nature of the problem and the well
defined input file structure are the main motivation to do so.

A typical CAD drawing is usually composed of layers. The main
concept of a layer in the CAD system is to categorize drawing
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Fig. 3. Definition of obtained structural configurations with DDA using representative outputs recorded at the four measurement points in the roof; for measurement point

location see Fig. 2: (A) stable structure (model 3), (B) marginally stable structure (Model 16), (C) unstable structure (Model 18).
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elements into sets. For example, layers of architectural objects,
construction elements, electrical wires, etc., can be a part of a
typical CAD drawing. In the same manner layers for different DDA
data sets can be created. For example, a measurement point on
such a drawing may be represented by a circle drawn in layer
‘‘ms_point’’ and its center will be located at a desirable position
within the domain. The same idea could be applied to the other
DDA data sets. CAD programs usually allow retrieving the drawing
objects characteristics, such as layer name, line ends or circle center
coordinates, as a log (text) file. The data from this log file may be
filtered, sorted and converted easily to DL or DC input file format
through some simple programming.

3. Results of numerical analysis

In the nineteen cavern geometries that are modeled the spans
(B) range from 10 to 40 m and the cover heights (h) range from 6 to
30 m (see Table 1). The resulting rock mass structures consist of a
large number of discrete elements representing individual blocks,
from as low as 871 blocks in the smallest model (1) to as many as
11,104 blocks in the largest model (10); see Table 4.

Four equally spaced measurement points are positioned at the
center line of the roof as shown in Fig. 2. During the progress of the
numerical computation the following output parameters are stored
in each measurement point: (u, v, sx, sy, txy), where u and v are
displacements in x and y directions, respectively, sx, sy, and txy are
normal and shear stresses. The mechanical and numerical control
input parameters used for the simulations are listed in Table 3.

Numerical computations are performed on a standard PC with a
single Pentium IV, 3 GHz processor. For each computed model the total

number of generated blocks, the total number of time steps, the
maximum allowable displacement per time step, the average number
of iterations per time step, the real time computed, and the total CPU
time required to complete the computational task, are listed in Table 4.
The total duration of the simulation (as expressed by the user specified
number of time steps and more accurately by the total real time
actually computed at the end of the simulation) is increased with
increase in number of elements in the modeled block systems, so as to
allow for gravity to take effect in all the blocks in the mesh before actual
deformation due to the underground opening begins.

Inspection of Table 4 reveals that the computation of models
with a total number of blocks greater than several thousands is very
time consuming with a single 3 GHz processor, for example a CPU
time of 138 h is required for the largest computer model (10). The
obtained average number of iterations per time step, a measure of
the efficiency of the numerical convergence and the adequacy of
the selected numerical control parameters, is very reasonable.

3.1. Definition of structural configurations

The results of the numerical simulations are discussed in terms
of three structural configurations that are obtained at the end of the
analysis using the recorded and stored values of vertical displace-
ment (v) and horizontal stress (sx) at the four measurement points
as follows: (1) stable, (2) marginally stable, and (3) unstable
structural configurations.

A stable structural configuration is obtained when, following
the immediate elastic response of the system due to the opening,
the change in vertical displacement over time is zero (see left panel
in Fig. 3A for example), namely _v ¼ dv=dt ¼ 0. A zero vertical
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Fig. 4. Extension of the definition of stable structural configuration to cases where only the immediate roof layers collapsed while the remaining roof structure attained

stability: (A) graphical output of a forward DDA computation for a typical model in this category (Model 19, B¼22) after 15 s or gravitational loading, principle stress

trajectories show the height and extent of the compressive arching stresses in the roof, (B) vertical displacement, and (C) horizontal stress vs. time; for measurement point

location, see Fig. 2).
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displacement rate at the centerline of the roof suggests that
effective arching stresses have developed in the deformed roof,
thus arresting any further downward displacement of the
roof strata after the immediate elastic response stage. Stable
arching is further indicated by the development of homogeneous
compressive horizontal stresses in all four measurement points in
the roof during deformation (see right panel in Fig. 3A for example,
where by convention compression is negative).

We extend the definition of stable structural configuration to those
cases where the immediate roof collapses (measurement point 1) but
the remaining three quarters of the roof (measurement points 2–3–4)
remain static ( _v ¼ 0) afterwards (see for example Fig. 4A). Because we
are concerned here with the global stability of the entire structure,
rock mass and cavern together, the loss of the immediate roof layers is
considered a response to loosening below the compressive arch that is
formed in the roof, and not an indication of global structural
instability. Indeed, while measurement point 1 exhibits falling, the
remaining measurement points exhibit stability ( _v ¼ 0) following
initial elastic response to the opening (Fig. 4B). This conclusion is
supported by the recorded horizontal stress data (Fig. 4C). It is
interesting to note that the horizontal stress history of measure-
ment point 1 (Fig. 4C) suggests that a kind of a ‘‘three hinged beam’’ or
‘‘Voussoir’’ analogue [31,32] is formed at the immediate roof layer
during the elastic response stage, as horizontal compressive stresses
build up there to a rather high level of 700 kPa. With further
deformation of the surrounding structure, however, the temporary
three hinged beam mechanism collapses and the developed
horizontal stresses drop to zero. In contrast, measurement points
2–3–4 exhibit stability ( _v ¼ 0) with stable arching stresses of
sx¼1100, 1150, and 500 kPa, respectively.

Note that for the case of free falling blocks (e.g. measurement points
1 and 2 in Fig. 3B) the velocity of the falling blocks is apparently
constant (_v ¼ c), namely no acceleration under gravity is indicated in
contrast to intuition for free falling bodies. This artifact is a result of the
imposed 1% kinetic damping applied in all DF simulations.

Marginal structural configuration is defined here when in the
process of arching the lower half of the roof (measurement points 1, 2)
fails but the upper half of the roof (measurement points 3, 4) remains
stable (see Fig. 3B). Using the deformation data recorded at the four
measurement points in the roof this structural configuration is
expressed by ongoing downward displacement of measurement
points 1, 2 at a constant vertical displacement rate _v, whereas the
upper measurement points (3, 4) exhibit stability (_v ¼ 0).

Unstable structural configuration is defined here when the entire
roof collapses or when the three lower measurement points exhibit
ongoing downward displacement. An example is shown in Fig. 3C
demonstrating ongoing downward displacement of all four
measurement points, none of which exhibits stability, as well as
erratic horizontal stress history in all four measurement points that
rapidly approaches zero. When such a scenario is developed the
collapse of the karstic cavern underground will have a clear surface
manifestation as it will break the ground.

3.2. Influence of roof span and cover height on stability

Underground caverns in blocky rock masses are expected to be less
stable with increasing span per a given height of overburden. A typical
rule of thumb in the mining and tunneling industries is that at least
two tunnel diameters are required as cover height to ensure stability

10 m.

10 m.

10 m.

h/B = 0.5 

h/B = 0.73 

h/B = 0.76 

Fig. 5. Influence of roof span on cavern stability and rock mass deformation: (A) B¼25 m, h¼19 m (Model 16), (B) B¼30 m, h¼22 m (Model 12), and (C) B¼40 m, h¼20 m

(Model 9).
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in portal areas; for deeper section Terzaghi’s rock load classification
may be employed [16], predicting that for the blocky rock mass
modeled here the loosened zone height is expected to be 0.5B.

To demonstrate the influence of cavern diameter, four representa-
tive cases for shallow caverns with overburden height of approximately
h¼20 m are shown in Figs. 4 and 5. In Fig. 4 the deformation of a cavern
with h/B ratio of 1.0 is shown (B¼22 m). While the immediate roof
layer collapses following the opening as discussed in the previous
section, the remaining roof strata remain completely intact, indicating

stability. With increase in span to B¼25 m (h/B¼0.76) the opening
becomes marginally stable (Fig. 5A), and completely unstable with the
loosening zone breaking out to the ground surface when the span
approaches 30 m (h/B¼0.73, Fig. 5B), and 40 m (h/B¼0.5, Fig. 5C).

The influence of cover height on cavern stability is studied in
the same way, by selecting a fixed cavern span of B¼25 m and
analyzing the influence of cover height. Three representative
simulations are shown in Fig. 6 starting with a deep cavern
(h/B¼1.2, Fig. 6A) that exhibits perfect stability, continuing to
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Fig. 6. Influence of cover height on cavern stability (B¼25 m): (A) h¼30 m (Model 17); (B) h¼25 m (Model 15); (C) h¼12.5 m (Model 14). Vertical roof deflection as measured

in four measurement points for stable (D) and unstable (E) configurations.
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decrease in the cover height of 25 m (h/B¼1.0, Fig. 6B) where
stability is obtained, down to cover height of 12.5 m only (h/B¼0.5,
Fig. 6C) where total collapse is indicated.

Our analysis clearly demonstrates that for shallow caverns in
blocky rock masses the opening may become marginally stable
when the cover height is smaller than the cavern span. Complete
collapse may be anticipated when h/Bo0.75.

Note that this numerical result renders Terzaghi’s rock load
prediction, typically considered to be overly conservative in the
tunneling and mining industries, unconservative, as the height of
the loosened zone found in our analysis is greater than 0.5B when
h/Bo0.75. Terzaghi’s classification, however, was not intended for
shallow openings and as mentioned in the introduction is often found
valid in deeper excavations, as can also be appreciated by inspection of
our Fig. 6A and B.

To refine the boundaries obtained by us numerically between safe,
marginal, and unstable caverns we plot the results of all 19 DDA
simulations in span width (B) vs. cover height (h) space. As can be seen
in Fig. 8, the shape of the refined boundary between safe and unsafe
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geometries assumed an S shape, allowing for lower h/B ratios in very
shallow caverns (h¼6 m) up to a span of B¼18 m. For greater spans the
demand for cover height increases very rapidly from h/B¼0.33 for
B¼18 m to h/B¼1.0 for B¼26 m. Beyond B¼26 m, the demand for
cover/span ratio seems to remain constant at h/B¼1.0.

Finally, to provide a quantitative measure for our results we suggest
a ‘‘settlement ratio’’ defined as the ratio between total surface
settlement (s) and cover height (h) above the opening. For each one
of the nineteen models the total surface settlement computed
numerically after the block system has stabilized is recorded from
the vertical displacement component of the uppermost measurement
point No. 4 (see Fig. 2). The s value thus obtained is normalized by the
cover height in each model and the settlement ratio of s/h is thus
obtained. Interestingly, a settlement ratio of s/h¼0.05 is found to mark
the boundary between stable and unstable configurations, with all
unstable configurations exhibiting a settlement ratio greater than 0.05.
The settlement ratios obtained for all models at the end of the
computation are tabulated in Table 1.

4. Case study: the Ayalon cave

Below the Nesher limestone quarry, near the city of Ramle of
central Israel, a very large hidden karstic cave was explored during
routine mining operations in 2006 (see Fig. 8). With average span of
40 m and cover height of only 30 m the underground structure may
be considered marginally stable considering the results of our
numerical study discussed above (Fig. 7).

Since the cavern has been sealed off from the outside world for
millions of years, a unique ecosystem developed in a disconnected
groundwater pond inside the cavern (Fig. 9A), where eight ancient
animal species that had never been recognized before by modern
science were found. At 2.5 km long, the Ayalon cave is Israel’s
second largest known limestone cave. Four of the new species are
water-dwelling crustaceans and four others are land-based
invertebrates—creatures without spines. Also found in the cave
were bacteria that serve as the basic food source in the self-
contained community. As might be expected of species confined to
a pitch-black cavern for millions of years, none of the newly
discovered animals had eyes [33].

Following the discovery of the cave a comprehensive rescue and
preservation effort has been embarked by Nesher Cement Industries
Ltd. and Israel Ministry of Infrastructure to allow further scientific
exploration of the species in the cave while ongoing mining opera-
tions continue in the mine above and around it. The rock engineering
challenge is to determine the stability of the cavern after the mine
layout would be modified by leaving a disconnected trapezoidal rock
structure encompassing Ayalon cave in the middle of the mine, while
mining operation continues around it.

4.1. Rock mass properties

The physical and mechanical properties of the rock in the mine
were determined using comprehensive sampling in the field
(sampling locations in Fig. 8), point load, Brazilian, and standard
uniaxial compression tests (UCS) with electronic strain gages for
elastic parameter determination. The rock mass consists the
medium strength Bina limestone formation with mean UCS of
44 MPa, Young’s modulus of 15 GPa, and Poisson’s ratio of 0.21 (see
Fig. 10A–D). The mean bulk density and the porosity exhibit a
strong correlation with rock strength (Fig. 10E) with mean bulk
density in natural water content conditions of 2087 kg/m3.

The statistical parameters of the discontinuities were deter-
mined in several scan line surveys performed in the field, coupled
with measurements performed directly on photographs in the case
of inaccessible rock exposures in the mine. Three sets of principal

discontinuities consists the rock mass structure: a set of horizontal
bedding planes of infinite extent, and two sub-vertical and
orthogonal joint sets (see Table 2). The orientation and spacing
distribution of each individual joint set are shown graphically in
Fig. 11.

Shear strength of discontinuities was determined in the lab
using direct shear tests in the hydraulic, servo-controlled, direct
shear system at Ben-Gurion University manufactured by TerraTek
Systems (see Fig. 12A). The system shear box dimensions are
15 cm�15 cm�30 cm, normal and horizontal force capacities
are 1000 and 300 kN, respectively, horizontal shear and vertical
dilatational displacements are monitored with two and four
LVDT’s, respectively, each transducer with a range of 50 mm
and 0.25% linearity full scale. Both normal and shear pistons are
operated in closed loop servo control with two control modes: load
and displacement. The results of three direct shear test segments
each at a different normal stress level for a representative bedding
plane surface are shown in Fig. 12B. Determination of the shear
stiffness was performed from linear regression along the experi-
mentally obtained linear elastic part of the shear stress–shear
displacement curves for each segment (Fig. 12C). To study the
residual shear strength of the bedding planes under a very low
normal stress level several tilt tests of saw-cut surfaces were
performed in additional to the servo controlled direct shear tests
of naturally rough surfaces. The experimentally obtained peak

Fig. 9. (A) The disconnected ground water pond inside the karstic Ayalon cave

where eight previously unrecognized species were classified and (B) inside view of

the roof of Ayalon cave (photos courtesy of A. Frumkin).
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friction angle for rough surfaces is 421 and the residual friction
angle obtained for saw cut surfaces is 241 only.

To confirm the experimental results obtained from a single
direct shear test with three segments, the shear failure criterion
of Barton [34]: t¼ sn tan½JRClog10ðJCS=sunÞþfur� was computed
based on twenty roughness profiles and 68 Schmidt hammer tests
measured in the field. The resulting joint roughness coefficient
(JRC) and joint compressive strength (JCS) values are 10.7 and
37 MPa, respectively, the latter is in good agreement with
experimental results. With a residual friction angle of fr¼241
the dilation angle obtained by Barton’s criterion, JRClog10ðJCS=sunÞ
for a normal stress level of sun¼1 MPa is 16.71, resulting in a peak

friction angle of 40.71, very close to the value obtained
experimentally. For numerical modeling a value of 411 was
selected due to the relatively low stress acting on both vertical
and horizontal discontinuities in the field; all other input
parameters are listed in Table 3.

4.2. Proposed preservation of Ayalon cave

To preserve the Ayalon cave for further scientific study of the
species in the disconnected groundwater pond, while mining
operations around the cave continue, a modified mining layout
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plan is proposed leaving an elevated trapezoidal structure around
the cave, the contours of which are delineated in Fig. 8 in heavy
solid line.

To validate our analysis we begin by studying the stability of
Ayalon cave under the current geometry of the mine, as the cavern
appears to be at least marginally stable since no failure zone has
reached the ground surface, till date. A representative cross through
Ayalon cave in the current mine geometry (section D–D in Fig. 8) is
shown in Fig. 13A. The computed DDA mesh, consisting of 15,011
blocks with a mean block area of 1.07 m2, is shown in Fig. 13B. The
deformation of the block mesh under gravitational load is shown in
Fig. 13C for 90,000 time steps representing 35.04 s of real time. The
graphical output suggests that, indeed, the opening in the current
mine topography is stable. Inspection of the vertical displacement
component output in the four measurement points in the roof,
however (Fig. 13D), suggests that only half of the roof attains
stability with the loosening zone extending to at least half the
height of the cover, rendering the structure ‘‘marginally stable’’
according to our classifications in Section 3. Marginal stability can
also be inferred from the horizontal stress component outputs
recorded in the four measurement points in the roof (Fig. 13E),
where only measurement points 1 and 2 in the upper half of the roof
attain equilibrium under horizontal (arching) stresses of 400–
500 kPa. Note that a significant surface settlement of 1.83 m is
expected when the time stable equilibrium is attained (Fig. 13D).
These numerical results obtained for the current mine topography are

supported by field observations. While the Ayalon cave is free
standing, thick sections of the roof have collapsed since the
formation of the karstic opening, as can be appreciated from Fig. 9B.

To study the influence of mine layout modification on Ayalon cave
after the preservation efforts are complete, we analyze cross-section C–
C0 (Fig. 8) but in the final mine topography (Fig. 14A). The modeled
block mesh (Fig. 14B) consists of 13,838 individual blocks with mean
block area of 1.10 m2. The deformation of the bock mesh under
gravitational load is shown in Fig. 14C for 100,000 computation time
steps, equivalent here to 46 s of real time. The performance of the
modeled structure can be appreciated by inspection of the vertical
displacement and horizontal stress components in the roof as recorded
in the four measurement points throughout the analysis (Fig. 14D–E).
Surprisingly, cutting the right side of the section thus removing lateral
confinement does not alter the stability too drastically, and again
‘‘marginal stability’’ is obtained. As in the previous case the loosening
zone extends to half the height of the cover, but the upper half of the
roof, as expressed by the outputs of measurement points 1 and 2,
attains equilibrium with solid arching stress development at a level of
200–400 kPa. Note that a significant settlement of the surface is
expected once equilibrium is reached, of 1.47 m. Analysis of section
D–D0 after mine layout modification in the same way provides similar
results, with total ground settlement of 2.25 m after equilibrium is
attained. The computed response of section D–D0 before and after mine
modification, as expressed in vertical deflection of the four measure-
ment points in the roof, is shown in Fig. 15.
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5. Discussion

Sinkhole collapse in active open pit mines can pose significant
safety concerns in routine mining operations. Karstic caverns are
difficult to detect with shallow geophysics and therefore mines
may have to resort to the more costly alternative of exploration
drilling. Optimal and economic dimensioning of the drilling pattern
(distance between boreholes and minimum depth of boreholes)

must involve basic assumptions regarding the minimum cover
height required for stability of a cavern with a given span.

In Section 3 we have delineated a curve in cover height vs.
cavern span space (Fig. 7) that marks the boundary between stable
and unstable shallow cavern geometries, for blocky rock masses
consisting of horizontal to sub-horizontal bedding planes and
vertical to sub-vertical joints (for stability of underground
openings in discontinuous rock masses containing inclined joints
see for example [35]). The boundary between stable and unstable
geometries is obtained here using numerical analysis of nineteen
different models (see Table 1) with a total number of blocks
increasing from 871 in the smallest model (Model 1) to 11,104
in the largest (Model 10). The results suggest that for cavern spans
of up to 18 m a shallow cover height of 6 m only (h/B¼0.33) is
sufficient for stability for blocky rock masses modeled here (see
geometrical and mechanical parameters in Tables 2 and 3). For
spans greater than 18 m the demand for cover height increases very
rapidly from h/B¼0.33 for B¼18 m to h/B¼1.0 for B¼26 m. Beyond
B¼26 m the demand for cover/span ratio seems to remain constant
at h/B¼1.0, suggesting that at least one opening span is required as
cover height to ensure stability of shallow caverns in such spans.

To test our numerical modeling results we check the stability
boundary obtained by us semi-empirically (Fig. 7), with a shallow,
large span, cavern that was explored below an active open pit mine,
the Nesher mine near Ramle, Israel. The span of Ayalon cave is 40 m
and the current cover height is 30 m only, rendering this structure
‘‘marginally stable’’ based on our stability boundary (see Fig. 7).
Indeed both detailed DDA simulations of this structure in the
current mine topography (Fig. 13), as well as field observations
(Fig. 9B) support this conclusion as the immediate roof layers do
collapse, yet the upper half of the roof attains equilibrium
under gravitational loads, as proved by zero change in vertical
deflection rate and solid arching stress development in the upper
two measurement points in the roof, and the pile of blocks
assembled on the floor of the cave below the immediate roof.

Another test for our semi-empirical stability boundary for
shallow karstic caverns is the case of Zedekiah cave reported by
us elsewhere [19]. Zedekiah cave is in fact an old stone quarry
below the old city of Jerusalem dated back to the Roman period. The
span of the largest chamber in the cave, known locally as the
‘‘Freemasons’ hall’’, is 30 m and the height of cover is 25 m. The cave
was quarried in a rock mass similar to the case of Ayalon cave but
with more widely spaced joints and lower strength level of intact
rock elements. Zedekiah cave plots on the boundary between
marginally stable and unstable (see Fig. 7). Indeed, although the
cave has been free standing for at least 2000 years, some slabs have
collapsed from the roof in several chambers (see Fig. 2 in [19])
indicating marginal stability.

Finally, a case of an ancient underground water reservoir at Tel
Beer Sheva dated back to the Bronze period was reported by us
elsewhere [17], where a free span of 20 m was attempted by the
ancient engineers with a cover height of only 5 m in blocky chalk
rock mass, with intact rock strength and mean joint spacing much
lower than in the two other cases described above. Field evidence
indicate that the roof collapsed immediately after the opening has
been excavated and the ancient workers constructed a pillar to
support the remaining roof against future collapse (see Fig. 5 in
[17]), as can be inferred from the same type of plaster used to cover
both the room and segment of the collapsed roof side walls (for
more details see [17]). Field observations therefore suggest that the
attempted geometrical configuration is unsafe, and this is also
predicted by our semi-empirical model (Fig. 7).

To conclude the discussion, we have shown using three case
studies that our predictive model remains valid even in very
different rock masses, as long as the general ‘‘blocky’’ rock mass
configuration is maintained. Intact rock strength, rock density, joint
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friction, and joint spacing may vary between different cases, yet the
general shape of the limiting relationship is expected to remain the
same, as long as the rock mass structure may be classified as
‘‘blocky’’.

While our numerically obtained stability boundary (Fig. 7)
seems to be confirmed by independent field case studies in
different blocky rock masses, it must be remembered that the
model has several restrictions: (1) It is only valid for blocky rock
masses where the bedding planes are horizontal to sub-horizontal

and the joints are vertical to sub-vertical. (2) The model was
developed for highly fractured rock masses with mean joint spacing
in the order of 1 m. Rock masses with wider joint spacing may be
expected to be safer. (3) The model was developed for weak to
medium strength rocks with UCS of 10–50 MPa. It should not be
applied in very weak and soft rock masses even when they
apparently exhibit a blocky structure. (4) Our analysis is strictly
two dimensional. Typically, a three-dimensional analysis will be
less conservative and more realistic. It may therefore be assumed
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that because our analysis is restricted to two dimensions our
results are slightly conservative. This can be seen in Fig. 7 with
respect to both Ayalon and Zedekiah caves.

6. Summary and conclusions

Sinkhole collapse in active open pit mines can pose significant
safety concerns in routine mining operations.

Karstic caverns are difficult to detect with shallow geophysics
and therefore mines may have to resort to the more costly
exploration drilling alternative. Optimal and economic dimension-
ing of the drilling pattern (distance between boreholes and
minimum depth of boreholes) must involve basic assumptions

regarding the minimum cover height required for stability of a
cavern with a given span.

We develop here, using the numerical DDA method, a function
that marks the boundary between stable and unstable shallow
cavern geometries, for blocky rock masses consisting of horizontal
to sub-horizontal bedding planes and vertical to sub-vertical joints.

Our results suggest that for cavern spans of up to 18 m a shallow
cover height of 6 m only (h/B¼0.33) is sufficient for stability for the
blocky rock mass modeled here. For spans greater than 18 m the
demand for cover height increases very rapidly from h/B¼0.33 for
B¼18 m to h/B¼1.0 for B¼26 m. Beyond B¼26 m the demand for
cover/span ratio seems to remain constant at h/B¼1.0, suggesting
that at least one opening span is required as cover height to ensure
stability of shallow caverns in such spans.
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Our results are confirmed by three independent stability
analyses of underground openings in blocky rock masses posses-
sing different mechanical properties for intact rock elements as
well as different joint friction and spacing.
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Fig. 15. Response of section D–D0 to mine layout modification (open symbols) in

comparison to current condition.
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