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Compression and shear strengths of sandy limestone
and the role of the porosity: a case study
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Abstract
This paper focuses on the study of the mechanical behavior of sandy limestone rocks.
These rocks are provided from the historical caves of El Haouaria, which are located on
of the North Eastern seacoast of Tunisia, and were created during the Punic era. Nowa-
days, these caves suffer from cracks, randomly distributed with a variable opening size.
While, it appears that damage risk monitoring of the El Haouaria caves is a priority,
linked questions concerning the mechanical behavior of the cave’s rocks still remain,
mainly because of its variable porosity and evolution with time. Understating its behav-
ior will be a main tool to build a monitoring program, leading to an optimum reinforce-
ment solution. Aside from uniaxial tests performed on several undistributed samples of a
porosity ranged between 30 % and 50 %, triaxial tests were also conducted on undistrib-
uted specimens with a porosity of 30 % and 50 %. All the results showed a significant ef-
fect of the porosity on the mechanical properties. The nonlinear Hoek-Brown criterion
was used to model the shear failure, introducing few changes in order to consider the po-
rosity influence. It was found that this criterion provides a satisfactory estimation of
shear strength and its dependency on the porosity. Intact rock parameters and their poros-
ity dependency were determined from compression and bending tests of undistributed
samples. However, in situ rocks were considered as micro-fissured, principally for U3
layer, and the Geological Strength Index (GSI) was determined for the fissured rock.

1. Introduction

The caves of El Haouaria are carved inside sedimen-
tary rock mass dating from the Punic era. They are a histori-
cal monument located in the seacoast of the Cap Bon region
in the North East of Tunisia (Figure 1). The caves have un-
dergone the impact of climate change, such as humidity
cycles characterized by a high variation of the relative hu-
midity across the day. Evidently, the caves have been ex-
posed to a range of seasonal temperature variation, atmos-
pheric evaporation and humidity cycles. The caves are
composed of 5 types of rocks, successively noted U1, U2,
U3, U4, U5, respectively from base up to ground surface
(Figure 2). The rocks composing the caves are biogenic
sedimentary rocks, which are induced by cementation and
compaction during sediment digenesis. Porosity varies
from 25 % to 55 %. Currently, the caves contain a crack net-
work that compromises their stability. Due to potential risk
of collapse of cave parts, three caves among the set were

completely closed off tourist visitors (Figure 2). In order to
preserve these caves and predict the risks of failure, the Tu-
nisian National Agency for the Protection of National Mon-
uments, has proposed a research study, starting by the in-
vestigation of the behavior of the rocks.

All the reasons cited above highlight the importance
of the investigations on the origins of the cracks. The
authors proposed a two-phase study. The first was to under-
stand and define the caves of El Haouaria rock’s mechani-
cal behavior. Then, the last stage of the study, which is not
included in this paper, will be the reinforcement of the three
caves based mainly on the conclusions and the failure
model retained in this paper.

Laboratory tests have been performed on undistrib-
uted samples provided from blocks placed near the caves,
since sampling from the caves was not permitted. This pa-
per focuses particularly on compressive and shear behavior
of these rocks in their current state. The dependency of
compression strength and shear strength was quantified.
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Regarding research literature, many studies have fo-
cused on the sustainability of rocks involved in restoration
of monuments (Yu & Oguchi, 2010; Al-Omari et al., 2015,
Aldoasri et al., 2017, Rahmouni et al., 2017). Several previ-
ous studies have described mechanical compaction in vari-
ous porous rocks (Baud et al., 2004) and carbonate rocks
(Evans et al., 1990, Nicolas et al., 2016). Some researchers
at universities and at industries were carried out specifi-
cally on soft rocks. Kanji (2014), for example, discuss the
critical issues in soft rocks. In fact, the author discussed the
currently widespread classification systems of weak and
soft rocks. As a conclusion of the cited paper, it was estab-
lished that besides uniaxial compression strength (UCS),
often admitted as criterion to classify soft rocks (for exam-
ple the upper limit of 25 MPa was practically retained), po-
rosity of rocks was also considered as a parameter. Thus,
Bosio & Kanji (1998) proposed a correlation between po-
rosity, absorption (%) and UCS. Other researchers have in-
vestigated the mechanical behavior of soft rocks with high
porosity and low mechanical strength (Guilloux, 2005;
Asef & Farrokhrouz, 2010). Whereas some researchers,
such Elliott & Brown (1985), considered that high porosity
determines rock’s belonging to soft rock class. Relying on
these results, many authors have significantly contributed
to a general understanding of strength and elastic deforma-
tion of soft rocks (e.g. Price & Farmer, 1979; Daoud et al.,
2017; Baud et al., 2014).

In the current study, the authors tested rocks exhibit-
ing a variable mineralogy and a wide range of porosity. The
authors also focused on the shear behavior of such sandy
limestone rock and the effect of porosity on the maximum
deviatoric stress and then on shear strength. Water content
during shear tests was considered constant since suction
was controlled. Triaxial tests show that stress-strain re-
sponse changes from fragile behavior to ductile behavior.

On the other hand, the generalized Hoek-Brown
model was applied to predict compressive and shear
strength. The role of porosity was indirectly taken into-
account when main parameter mi was introduced as func-
tion of both compression and tensile strengths (Hoek &
Brown, 2019).

The discussion in this paper focuses on the efficiency
and relevance of generalized Hoek-Brown criterion for U3
rock modeling of El Haouaria caves. The model was used to
predict the behaviour of the samples with variable porosity
and then the behavior of soft intact rocks constituting the
cave’s structure in which the fissures are randomly distrib-
uted, with variable length and opening; for which the au-
thors used GSI system as it was recently discussed in the
paper of Hoek & Brown (2019).

2. Materials and methods

The caves are carved inside the consolidated dunes
(aeolianites), formed during the Late Quaternary period
(Tyrrhenian stage). These dunes are composed of a stratifi-

cation of five geological layers (Paskoff & Sanlaville,
1983). The base layer U1 is composed of limestone debris
and quartz and have oblique stratifications. The second
layer U2 is composed of limestone debris and quartz with-
out stratification. The third layer U3 is very thick. It is made
of limestone debris from fossils (algae, echinoderms, mol-
lusks), rare foraminifera, quartz grains (scattered, or in
clusters and have a small size). The fourth layer U4 is com-
posed of limestone debris and quartz without color with
variable thickness (from 30 cm to 1 m) and has frequent
foraminifera and pellets (totally micritic grains). The upper
layer is thin and topped with a crust composed of limestone
debris from fossils algae, echinoderms, mollusks and
quartz grains. These caves provided the rock material that
was once used for building Carthage, as shown in Figure 1.

The caves are large semi-dark caves made of lato-
mies, carved in the shape of a pyramid with a narrow upper
opening. There is also some narrow opening that communi-
cate between caves. Due to bombing raids during the Sec-
ond World War, followed by natural collapses, wider lat-
eral openings were created. Visits to the site became
possible (Harrazi, 1995).

The authors focused on the study of mechanical prop-
erties, in particular U3 (the third layer) rock properties,
since it is the thickest and contains a series of developed
cracks that compromise cave stability (Figure 2b). There-
fore, unconfined compression tests and triaxial tests were
performed on samples extracted from this same layer, but
with various initial porosities. Micro-structural characteris-
tics and mineralogical composition of U3 rocks were exam-
ined by light microscope, scanning electron microscope
(SEM), XRD analysis and chemical analysis (for more de-
tails, see Koubaa et al., 2018). Chemical analysis and dif-
fraction technique (XRD) showed that the minerals of U3
rocks are composed mainly of calcite (CaCO3, SiO2) and
some other minerals such as Aragonite, halite (Koubaa et
al., 2018) The. U3 rocks were examined by light micro-
scope and scanning electron microscope (SEM). It has been
shown that the rocks are grainstone, well graded and very
porous. They were composed of algae debris (Al), lamelli-
branches, gastropods echinoderms (Ech) and Quartz grains
(Qz). For this mineralogical composition, experiments
show that rocks had various porosity and different particle
size distribution trends. Rock porosity varied from 25 % to
55 %. Besides, the cement connecting the grain is very thin
which reinforce its classification as a soft rock. Previously,
it has been shown that environmental cycles cause increase
of porosity by dissolving some minerals in the rock (Kou-
baa et al., 2018). The SEM analysis showed that the cement
is thin, opaque (thickness close to 35 �m) and covers the
majority of grains (Figure 3). Pores between grains are in-
terconnected. The digenesis of the cement is precocious;
except when salt dissolves under the effect of water, then
deposits of salt and minerals between grains are created.
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Figure 2. Photographs of caves: a) front of caves, b) Stratified layers called U1 to U5 that constitute the caves, c) the surface of well- dis-
tributed caves, d) layers of fractured caves.

Figure 1. (a) El Haouaria location in Tunisia (b) El Haouaria caves location.



This leads to replacement of pore connectivity (Figures 4-a,
4-b).

First porosity was measured for each tested sample.
Tests were repeated minimum three times. An average
value was retained. Porosity was determined according the
ISO 5017 Standard (ISO, 2013), which defines porosity as
the ratio of total pore volume in a porous body to its appar-
ent volume (total volume). So, porosity (n) was computed
as following:
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where Vvoid is the volume of voids, Vsolid is the volume of
solid and Vtotal is the total volume.

The authors have used a simplified method to deter-
mine apparent density by measuring the dimensions of
specimens to obtain the total volume, and the mass of solid.
Apparent density is computed as:
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where specific density �s was determined according to the
standard NF P94-054 (AFNOR, 1991), using a Pycnometer
with a volume of 50 cm3, which resulted in 2.72 g/cm3.
Three values of mass were determined as following:
• The mass of the Pycnometer filled with water to obtain

the mass Mw,
• The mass of the dry mass of the sample of crushed rock

(very fine) to obtain: M1

• The mass of the Pycnometer filled with dry rock, very
fine, and filled with water: M2

The density of solids was thus determined as follows:
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Figure 4. SEM micrographs of rock from El Haouaria caves U3: a) grains and bonding material and inter-granular porosity, b) lodges of
a foraminifer partially covered by a fine cement 10 to 20 �m thick.

Figure 3. Thin sections (1 mm and 200 �m) of specimens from U3 layers in plane polarized light U3 (AL: algae, QZ: quartz, Ech:
echinoderms, F: Foraminifera, Lm: Lamellibranch).



Two types of compression tests were performed on
U3 specimens. In fact, separately compression force -con-
trolled (using Instron 4485 press) and displacement-con-
trolled rates were performed on rectangular prism speci-
mens (of square section with edges of 4 cm, and a height of
8 cm). Due to low strength and randomly distributed poros-
ity, specimen preparation for testing were problematic. Di-
amond discs using water were specifically used to obtain
specimens from blocks from the caves field. Uniaxial com-
pression device has a maximum load capacity of 300 kN.
Force was controlled with a 1/100 of standard deviation
value. A number of 23 dry specimens of uniaxial compres-
sion tests were tested. The porosity of each sample was
computed using sample’s solid density, mass and volume
values. Sample’s porosity varied from 25 % to 55 %.

In the other hand, series of uniaxial compression
tests, under controlled displacement rate (4 mm/min), were
added. However, for these series, specimens were cylindri-
cal of a 10 cm diameter and a 20 cm height (Standards
AFNOR P94-420, 2000, and ASTM D 7012-04, 2004). The
force-controlled tests were performed on sets of 5 pieces of
U3 and samples with porosity ranging between 30 % and
50 %.

From stress-strain curves, mechanical characteristics,
such as uniaxial compressive strength c, Young’s modulus
E and Poisson’s ratio � were identified. Meanwhile, some
specific tests as ultrasonic tests were performed in order to
measure the dynamic elastic modulus and its dependency
on porosity. Wave’s velocity (Vp) was recorded according
to AFNOR P94-411 (AFNOR, 2002) Standard, on cylindri-
cal specimens of 40 mm diameter and 80 mm height. The
specimen was placed between a transmitter of ultrasonic
wave (with frequency of 54 kHz) and a receptor.

The ratio of the distance separating the transmitter
from the receptor to the time taken by a wave (P) to cross it
gives the velocity Vp. The time was measured using
PUNDIT ultrasound machine.

Adding two series of uniaxial compression tests, so-
me indirect tensile tests were performed using bending
beam tests. These tests aim was to obtain tensile strength.

In addition to the demonstrate the role of the porosity
in the uniaxial compression tests, the authors have to em-
phasize that our original contribution is the report of results
of triaxial tests, which have been performed on specimens
with conventional dimensions (a diameter of 38 mm, and a
76 mm high) with porosity variation.

It is also important to mention here that triaxial tests
were carried out only on sets of specimens with average po-
rosity of 30 % and 50 %. The limiting factor was the diffi-
culty in sampling from the same blocks due to the cons-
traint of keeping the same physical properties of specimens.
The triaxial device had automatically controlled stresses.
Axial (�1) and radial (�3) strains were obtained using axial
and lateral transducers. For samples with 50 % porosity, the
confining pressures were respectively, 500 kPa, 800 kPa

and 1200 kPa. However, due to limitation of load frame (al-
lowable axial force), confining pressures for specimens of
30 % porosity were 100 kPa and 500 kPa.

The radial deformation �3 response was monitored
with an electro-optical laser system mounted on two dia-
metrically-opposite sides. Vertical displacements were
measured by the means of an external LVDT (including cor-
rections due to cell deformability). The triaxial setup com-
prised two electro-pneumatic pressure regulators (QB1
Proportion Air) for chamber and axial piston pressure.

Two stepper motors using air pressure regulators
were used to continuously control both deviator and confin-
ing stresses. Stepper motors and measurements of 14 sen-
sors were managed by automatic data acquisition and
control system that allow to apply a generated stress and to
perform strain-controlled tests (for more details see Ro-
mero, 1999).

3. Experimental results

3.1 Physical properties

The physical properties of the rock samples are given
in Table 1. Low dry unit weight for high porosity were ob-
tained. Therefore, a large dry density variation corresponds
to the porosity range.

3.2 Elastic properties

Figures 5a and 5b respectively show the dynamic
elastic modulus (from Ultrasonic tests and using Equa-
tion 5) and the static elastic modulus (defined as the initial
secant tangent between unconfined compression stress and
corresponding strain). The two elastic moduli were ob-
tained from several tested specimens with different porosi-
ties. Both curves indicate the same trend of dynamic and
static moduli with porosity. Indeed, when porosity increa-
ses, elastic modulus decreases significantly.

However, it has to be emphasized that due to the diffi-
culty to reproduce the same porosity for prepared undistrib-
uted specimens (remember that such specimens were ex-
tracted and prepared from a given large block), it was very
problematic to prepare specimens with a longed for poros-
ity for both unconfined compression tests and ultrasonic
tests. For this reason, curves presented in the following, for
Ultrasonic tests and static compression, tests corresponded
to different ranges of porosity.

Dynamic elastic modulus was computed as given in
Equation 5:
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Table 1. Physical properties of tested rocks.

Physical characteristics Rock U3

Dry density (g/cm3) from 1.5 to 2.5

Bulk density (g/cm3) 2.72

Porosity from 25 % to 55 %
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where � is the rock density by Equation 2, � is the Poisson’s
ratio which is supposed equal to 0.33, Vp is the velocity of
the primary (compression) wave (in m/s).

3.3 Effect of porosity on uniaxial compressive strength
(UCS)

Because U3 layer is fissured, all experiences were
prepared using blocks provided from this layer. It was
found that UCS decreases from 14 MPa to 1.2 MPa since
the porosity increases from 30 % to 50 % (Figure 6). These
low UCS values correspond to soft rock characteristics. The
UCS was controlled by porosity (see for instance Koubaa et
al., 2018). To reach compressive failure, stress-strain cur-
ves exhibited two important features. The first is that axial
strain at failure increases with porosity (it varies from 2 %

to 4 %, when porosity varies from 33 % to 46 %). The
second fact is that post-failure behavior has a significant
negative hardening.

In addition to the experiments performed specially to
provide a database for the modeling, the authors performed
bending tests. The results of indirect tensile strength
(ITS = Rt) indicated that the ITS varies from 0.3UCS to
UCS. The ITS is approximately equals to the UCS for the
high porosity of 50 %.

3.4 Triaxial compression results

Deviatory stress-strain-curves were obtained at dif-
ferent confining stresses increasing from 0.5 MPa up to
1.2 MPa. Deviatory stress q is defined as q = 1 - 3.
Stresses 1 and 3 represent respectively axial and lateral
stresses. In this paper, the authors assume that compressive
stresses and contraction strains are positive.
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Figure 5. Elastic moduli vs. rock porosity: a) dynamic moduli, b) static moduli.

Figure 6. Uniaxial compressive strength vs. : a) porosity, b) axial strain.



Test results are illustrated in Figures 7 and 8 in terms
of deviatory stress (q = 1 - 3) vs. strain (two kinds of
strain were measured: axial strain �1, and radial strain �3).
Volumetric strain �v = �1 + 2�3 was then deduced. Each
curve in Figures 7 and 8 was identified by its correspond-
ing strain.

As it will be discussed below, two series of specimens
were tested with different average porosity ranging of 30 %
to 50 %. In addition, for a confining stress of 0.8 MPa, two
kinds of rock specimens were tested (provided from two
blocks from U3). Figures 7a to 7d provide results associ-
ated to a porosity of 50 %. Figures 8a to 8b provide results
corresponding to porosity of 30 %.

Two main conclusions can be drawn from the trends

indicated in Figures 7 and 8:

(1) In Figures 7a and 7b, the curves are characterized by a
linear elastic deformation of axial strain of 2 % and
4 %, respectively. Maximum deviatory stress was ob-
served around 2.5 MPa and 3.5 MPa, respectively as-
sociated to 2 % and 4 % axial strain for 3 = 800 kPa
and 3 = 500 kPa, respectively. Moreover, as shown in
Figure 7, the deviatory strain tendency displays an as-
ymptotic behavior (two phases: elastic and perfectly
plastic for relatively lower confinement stresses), and
a hardening behavior for higher confining stress.
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Figure 7. Deviatory stress vs. strains (axial, volumetric and deviatoric strains) under confining stress for values of a) 0.5 MPa,
b) 0.8 MPa, c) 1.2 MPa, d) 0.8 MPa.



(2) In Figures 7c and 7d, respectively, the curves exhibit a
typical behavior of compact cataclysmic flow regime,
where both samples display similar differential stress--
axial strain curves. Indeed, both samples display strain
hardening, large strains and no stress drop. Beyond
these stress levels, deviatory stress provided a signifi-
cant contribution to the compact strain, and no shear-
ing is observed.

According to visual observations on the tested speci-
mens, no shearing localization was observed. As the num-
ber of cracks created in samples progressively rose during
deformation, tendency of brutal crushing of samples under
triaxial stresses was frequently observed for low confining
stress.

All these features are commonly attributed to cata-
clysmic (or ductile) flow regime. As confining stress in-
creases, inner structure of sandy limestone becomes more
compact and hence and fracturing becomes inhibited. De-
formation changes progressively from ductile to hardening
behavior (see Figures 7a and 7b and then Figures 7c and
7d). Since high confining stress suppresses initiation,
growth and propagation of cracks, compaction phase
before onset of dilatation lasts longer while fracture perco-
lation occurs later on at high lateral stresses. From a volu-
metric strain evolution, dilatation appears after some con-
tractive volume values. Dilatation appears much later (for
higher axial strain) with an increasing lateral confining
stress.

On the other hand, results corresponding to 30 % po-
rosity clearly showed an elastic response followed by some
hardening (Figure 8a and 8b). A completely dilatory re-

sponse was observed even for a relatively low confining
stress. Naturally, compact rock exhibits a similar behavior
as it was usually observed in the geotechnical field for
dense sands. Initial high density did not allow a contractive
movement of grains. Because of limited loading by the
triaxial device, only two confining high pressures were se-
lected, for which high values of deviator stress were
reached.

4. Modeling of the experimental results

First, for intact rock mass, Hoek-Brown criterion was
written as following:

  


1 3
3 1� � �ci br

ci

m (6a)

Zuo et al. (2008, 2015) replaced mbr par the term;
� 
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t
, where, � = tan� (� is the crack surface friction) and
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3
. For � = 45°, � = tan � = 1. The Equation 6a is then

written as:
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where 1 is the major principal stress and 3 is the minor
principal stress, ci is the compressive strength of intact
rocks. In this equation, t is the direct tensile strength. Ta-
ble 2 summarizes the values for these parameters.

It is to be noted that, since tested specimens were con-
sidered undistributed, the authors admitted, the Hoek-
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Figure 8. Deviatory stress vs. strains (axial, volumetric and deviatoric strains) for dry rocks under confining stress a) 0.1 MPa,
b) 0.5 MPa. Rock samples were dried with a porosity of 30 %.



Brown criterion given by Equation 6. Figure 9 shows the re-
sults of predicted compression and shear strengths. The ten-
sion cutoff was also included by the value of direct tensile
strength obtained by a given correction of the indirect ten-
sile strength ITS. The authors introduced a correction coef-
ficient of 0.7 on the ITS measured by the three bending tests
to obtain an estimation of direct tensile strength t.

As it can be observed in Figure 9, experimental re-
sults were fitted based on Equation 6 and using the set of
experimental results.

In the other hand, for fissured rocks mainly in U3
layer (see Figure 10), the authors propose here an extension
of Hoek-Brown criterion (Generalized Hoek-Brown crite-
rion, see Hoek and Brown, 2018). This is aiming to provide
a failure criterion adjusted to U3 rock (typically a sandy
limestone), which will be used for monitoring and eventu-
ally for a reinforcement solution proposal of U3 layer. Note
that the degradation observed in U3 was taken into account
via the parameters s, mb and a in Equation 7 (Hoek &
Brown, 2019).

The parameters mb, s and a are defined as following:
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3� � �

�

�
��

	



��ci b

ci

a

m s (7)

m m
GSI

Db i
m

�
�

�

�

�
��

	



��exp

100

20 14
(8)

s
GSI

Dm

�
�

�

�

�
��

	



��exp

100

9 3
(9)

a e e
GSI

� � �
�

�
�
�

	



�
�

� �1

2

1

6
15

20

3 (10)

The requested model parameters of the rock reques-
ted to obtain the shear criterion envelope are compressive
strength of intact rocks ci, intact rock parameter mbr, geo-
logical strength index GSI, and perturbation factor Dm.

Now, for the other remaining parameters, the authors
considered Dm as a perturbation parameter ranging from 0
to 1, depending on the perturbation level of rock mass, and
mb as the constant for fractured mass.

The GSI index was determined using an empirical ta-
ble proposed by Hoek (2007). GSI depended on the pres-
ence or not of cracks. U3 rock, which contains cracks, were
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Table 2. Parameters of Hoek-Brown criterion, obtained by adjusting the experimental data.

Porosity k � = tan� Tensile strength
ITS (MPa)

Correction to obtain an approximation
value of direct tensile strength t = 0.7

ITS (MPa)

ci (MPa) mbr = ��ci/(k*t)

30 % 0.82 1 2 1.4 10 10

50 % 0.82 1 0.6 0.7 1.7 5

Figure 9. Hoek-Brown criterion fitted on UCS and triaxial tests for two different porosity (Undistributed specimens).



assumed to be fractured rocks. Besides, the rock mass was
disturbed and its surface was strongly altered (see the pho-
tos in Figure 10). Thus, considering cracks, two GSI values
were determined for a porosity of 50 % and of 30 %. The
Dm value depended on the level of perturbation incurred by
the mass through explosive excavation and stress relax-
ation. The authors used the Hoek-Brown guide to deter-
mine this disturbance factor (Hoek et al., 2002). Consi-
dering that there is no recent excavation in cave location,
Dm value was set to zero. Table 3 summarizes the triaxial
data and Table 4 summarizes the Hoek-Brown criterion pa-
rameters used to obtain a shear criterion for U3 rock at its

fractured state in situ (see Figure 11). In addition, to esti-
mate the shear strength for the caves structure, rock mass
deformation modulus was required. Then, using the empiri-
cal relation (Equation 9) to estimate the rock mass modulus
proposed by Hoek & Diederichs (2006), U3 rock modulus
was estimated considering its fractured aspect. The results
are presented in Figure 12.
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Figure 10. Horizontal and oblique fissures in U3 layer and gauge strain monitoring.

Table 3. Experimental data of s1, s3 from triaxial test.

Porosity (%) 1 (MPa) 3 (MPa)

50 % 3.3 0.5

4.4 0.8

2.8 0.8

3.7 1.2

35 % 13.2 0.1

13.5 0.5

Table 4. Parameters of the generalized Hoek-Brown criterion
GSI, mb, s, a.

Porosity GSI mb s a

30 % 35 1.08 0.001 0.52

50 % 35 0.294 0.001 0.52

30 % 50 1.84 0.004 0.51

50 % 50 0.53 0.004 0.51



5. Conclusion

The study aimed to characterize physical and me-
chanical properties, compression and shear Strength, of
rocks of the monument of Elhaouria caves. Therefore, phy-
sical and mineralogical characteristics along with compres-
sion and triaxial tests were conducted on sandy limestone
rock samples obtained from blocks from outside of the
caves structure (without any deterioration of the caves).
The samples of sandy limestone rock were mainly consid-
ered as undistributed. Experimental results showed the im-
portant influence of porosity on both compression and
shear strengths. Compression strength varied from 13 MPa
for 33 % porosity to 1.5 MPa for 50 % porosity. Therefore,
both elastic static modulus and dynamic elastic modulus,

were determined from Ultrasonic tests, depending on
porosity. Their values significantly decreased with the in-
crease of porosity. Concerning the volumetric behavior
computed using measured principal strains, role of porosity
was well highlighted. For example, a contractive behavior
was well noted for a porosity of 50 %, for different confin-
ing stresses. Obtained results confirmed the soft rock char-
acter of U3 layer. Therefore, shear strength criterion
obtained by the Generalized Hoek-Brown approach,
showed low values of the compression and shear Strengths,
especially for high porosity (50 % in this case). The rock
mass modulus was dressed, giving a response similar to re-
sults published in Hoek & Diederichs (2006). Even though
the authors tested few specimens with a larger range of po-
rosity variation, shear Strength was clearly affected by po-
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Figure 11. Generalized Hoek-Brown criterion associated to U3 rock for two porosity values.

Figure 12. In-situ U3 rock mass deformation modulus for two porosity (35 % and 50 %) for two levels of perturbation (Dm = 0 without re-
cent excavation, Dm = 1 taking into account a certain significant recent human action on the caves).



rosity. Low values of confining stress applied in triaxial
experiences can be considered in the range of in-situ con-
fining stresses (of the cave’s structures), since the caves are
embedded in deposit soil with a depth between 50 cm to
120 cm.

At this stage of modeling, Hoek-Brown model pro-
vided an appropriate prediction of soft rock shear criterion
for sandy limestone undistributed samples, porosity varia-
tion taken into account. However, for in situ fractured rocks
belonging to the caves structure, generalized Hoek-Brown
model was proposed, integrating the data recently summa-
rized in “The Hoek-Brown failure criterion and GSI- 2018
edition”. This compression and shear criterion could be
used now for any monitoring technique design. Further-
more, the associated elastoplastic model could be consid-
ered as a tool to follow the displacement field of the caves
structure. Such monitoring could also help to provide effi-
cient improvement techniques that would enhance the sa-
fety of this historic monument.
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