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ABSTRACT

Modern underground structures (i.e. tunnels) are less vulnerable to seismic actions than above ground structures. However
underground monuments like tombs and catacombs, present certain construction and geometrical particularities that make them quite
vulnerable, both in long term static and especially under seismic conditions. The analysis of the stability of these complex
monuments under static and strong seismic loading, together with other factors affecting material strength (rising water level, aging
and weathering), are the key factors for the efficient restoration and retrofitting of these underground monumental structures. The
paper presents the geotechnical, geophysical investigations and the numerical static and seismic analysis of selected underground
monuments in Alexandria, Egypt i.e. the Catacombs of Kom El-Shoqafa, El-Shatbi Necropolis and the Necropolis of Mustafa Kamil.

RESUME
Les structures souterraines (tunnels etc.) sont généralement moins vulnérables aux séismes que les batiments. Catacombes et autres
monuments souterraines sont au contraire assez vulnérables, due aux particularités géométriques, et structurales des ces constructions
antiques. L’analyse fiable de la stabilité statique et séismique, avec quelque autres facteurs qui influent la résistance en long terme des
matériaux formant la structure des catacombes, sont les éléments clés pour tous travaux de restauration. L’article présente les
résultats principaux des études géotechniques, géophysiques et des analyses numériques faites sur quelques catacombes en Alexandrie
de I’ere Hellénistique et Romaine, afin d’estimer leur pathologie sous conditions statiques et séismiques en vue d’évaluer la stratégie

appropriée de restauration.
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1 INTRODUCTION

Ancient monuments and archaeological sites need special
protection particularly in seismic—prone regions like the
Mediterranean basin, with very active seismotectonic regime
and complex geological, geotechnical conditions.

The Greek-Roman catacombs in Alexandria and in other
places in this region meet these geo-environmental conditions.
The geological formations where most catacombes were
excavated is a soft rock, which forms the basic construction
material of these monumental exceptional structures.

In the present paper, we present in a first phase a
comprehensive geotechnical survey undertaken in the three
archaeological sites, comprising geophysical ambient noise
measurements (microtremors), as well as field and long-term
laboratory experiments and tests, in order to define the physical,
mechanical and dynamic properties of the soils and soft rock
materials. In the second stage, we present the main results of the
detailed static and seismic numerical analysis of these
underground monumental structures (catacombs). The aim of
the paper is to evaluate the pathology of these structures in vue
of their future restoration processes.

The seismic analysis is performed considering adequate
seismic scenarios corresponding to the seismotectonic features
of Alexandria. Advanced soil-rock elastoplastic modeling has
been used through out the different phases of the numerical
finite element analysis.

The particular aim of the study and the analysis is twofold:
(a) to investigate the safety margins of the existing monuments,
under their present conditions, against environmental (i.e.
weathering, aging, rise water level, lack of preservation and
maintenance) and extreme seismic loads and (b) to investigate

the potential improvement of their global behavior applying
specific retrofitting techniques.

The work presented herein may be considered as a
preliminary pilot study to assess the pathology of underground
monumental structures, like catacombs, in a particularly
unfavorable environment, exposed to considerable weathering,
aging, human and seismic activity. An efficient restoration and
retrofitting of these historical monuments must be based on a
well documented and constrained assessment of the pathology.

Catacombs of Kom El-Shoqafa

El-Shatbi Necropolis

Figure 1. Some underground monuments in Alexandria, (present state).

2 GEOTECHNICAL SURVEYS AND TESTS (FIELD AND
LABORATORY TESTS)

The results from geotechnical surveys comprising sampling and
SPT measurements indicated that the Catacombs of Kom El-
Shoqafa and Amod El-Sawari sites which in the centre of the
city, 2.5 kilometres from the sea shoreline, are excavated in
oolitic sandy limestone (calcareous cemented sand); it is
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yellowish white massive, fine to medium grained cross-bedded
sandstone cemented with calcareous cement and intersected
conjugated joints filled with very fine friable sand saturated
with water in the lower parts. This unit is underlined by loose
calcareous sandstone. It is a brownish medium to fine grained
calcareous limestone over saturated with ground water. It
overlies the El Hagif formation (Pliocene) or the older Miocene
(El-Fouly, 2000). Surface quaternary deposits obscure actual
contact. The other two archaeological sites, which are close to
the shoreline of Alexandria (El-Shatbi Necropolis, Mustafa
Kamil Necropolis) are excavated in oolitic intraclastic or
calcareinitic limestone (coastal ridge) (yellowish white upwards
becoming brownish yellow downwards).

Measured uniaxial compressive strength (UCS= 2-3 Mpa)
suggest that according to the classification adopted by the
Geological Society of London (1970), which based on
unconfined compression strength, and the classification
proposed by (ISRM, 1981), these calcarenitic rocks of the
underground monuments, are classified as weak to very weak
soft rocks, with high deformability. Also the (RQD) rock
quality designation system for these soft rock is RR=18 and
RQD=15 -20 % with a very poor quality range from O to 25. In
addition, the results of the static deformability tests conclude
that the rocks types under investigation are characterized of
high deformability.

Three stages in creep behaviour have be recognized from the
uniaxial and triaxial creep tests; in the first one, denominated by
primary creep, strain occurs at decreasing rate. Under certain
conditions, the primary creep curve approximates a steady rate
of strain, called secondary creep.
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Figure 2. El-Shatbi Necropolis: Strain-versus-time uniaxial and triaxial
creep tests.

3 GEOPHYSICAL TESTS- AMBIENT NOISE
MEASUREMENTS

Array microtremor measurements have been carried out to
define the shear velocity profile at the three archaeological sites.
The ReMi method (Louie, 2001) has been used and the
estimated Vs profile is given in Figure (3), (Hemeda, 2008).

The obtained shear wave seismic velocities show a relatively
high shear wave velocities ranging between 200 m/s to 1600
m/s. (Figure.3) It is clear that the ground conditions were the
underground monuments in Alexandria are excavated cannot be
classified as real rock at least close to the surface (<6m) where
the weathering is very important.
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Figure 3. Vs model in El-Shatbi archaeological site.

4 DURABILITY ASPECTS OF ANCIENT
CONSTRUCTION MATERIALS OF THE
ARCHAEOLOGICAL SITES

Different tests have been made to assess the durability aspects
and the weathering impact on the bulk structure of the rock
mass used as construction materials. The following set of
mineralogical analyses has been performed for the soft rock and
other construction materials.

-X-ray diffraction

-Thermal analyses DTA&TGA

-X-ray Fluorescence analysis

-Chemical analyses (for plaster and painting layers collected
samples)

-Transmitted plane polarized light (for the collected rock
samples).

-Scanning electron microscopy (SEM), attached with EDX
Microprobe (energy dispersive X-ray) microanalyses.

-Porous media characterization for weathered and sound rock
samples.

-Pore size measurement and Specific surface area by nitrogen
BET-TPV.

-Determination of the specific surface area (SSA).

-Grain size characteristics of the weathered (salt contaminated)
rock samples.

-Saturation coefficient, S.

-Capillary water uptake measurements.

The soft rock where the subterranean monuments in
Alexandria have Dbeen excavated (oolitic intraclastic,
calcarenitic and oolitic sandy limestone), have an important
intrinsic  sensitivity to weathering factors especially the
underground water and salt weathering eftects. The infiltration
of the underground water through the porous rock is one of the
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main problems of the underground monuments in Alexandria.
The weathering process is linked to the textural characteristics,
like poor geotechnical properties, chemical carbonated
composition, and presence of soluble salts in the porous system,
marine climate with characteristic humidity and marine spray,
and underground water. The durability of the rock is moderate
to low due to its high free silica content. The durability of the
calcarenitic and sandy oolitic limestone is found to be low
(Hemeda et al, 2007).

5 PRELIMINARY 2D- STATIC NUMERICAL ANALYSIS

The results from the 2D static analysis (using PLAXIS) of a
typical cross section, of the catacombs of Kom El-Shoqafa,
(Hemeda, 2008), indicated (Fig, 4) that the maximum ground
displacements above the catacombs were small (of the order of
1.13%1073 m), but some rock columns and piers are under
relatively high vertical compression stresses. The peak vertical
effective compressive stresses on the most critical rock pier are
equal to -1.42%10° KN/m™.

The static analysis of a typical cross section in Mustafa
Kamil tomb 1, indicated that the ground displacements were of
the order of 135%10°° m, and the peak horizontal displacements
Uyx = 525107 m. However, some rock columns and piers are
under relatively high vertical compression stresses (i.e.-
416.KN/m’).

In the Mustafa Kamil tomb_2, the ground displacements were
of the order of 703*10  m, while some rock columns and piers
are under relatively high compression stresses. The peak vertical
effective compressive stresses is equal to - 1.%10° KN/m?.

In the Eastern side of El-Shatbi Necropolis the ground
displacements were very small (of the order of 86*10°° m), but
the ceiling and the sidewalls of the entrance are under relatively
high compression stresses .The peak vertical -effective
compressive stresses = - 613 KN/m”.

In the Western side of El-Shatbi Necropolis, the ground
displacements were very small (of the order of 626*10% m), but
the ceiling and the sidewalls of entrance are under relatively
high compression stresses. The peak vertical effective principal
compressive stresses = - 614 KN/m?.
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Figure 4. Typical 2D Static numerical analysis of Catacombs of Kom
El-Shogafa (use of PLAXIS).

6 3D STATIC NUMERICAL ANALYSIS

The results from the detailed 3D static analysis indicated that
the vertical ground displacements above the rotunda of the
Kom El Shoqafa catacomb were small (maximum vertical
displacements of the order of 2.6 mm to 3 mm in the whole
domain); the peak horizontal displacements are calculated equal
to 1.0 mm. Some rock piers were found under relatively high

Compression stresses (Figure 5). The calculated peak effective
principal vertical compressive stresses on supporting rock
pillars is -1.74*10° KN/m* and the calculated peak effective
principal tensile stress is 200 KN/m®. The factor of safety of the
most critical rock pillar is 1.47, where the acceptable safety
factor should be higher than 1.6. Also the overstress state is
beyond the elastic regime.
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Figure 5. 3D Static numerical analysis of Catacombs of Kom El-
Shoqafa. (FLAC 3D).

7 SEISMIC ANALYSIS OF SELECTED UNDERGROUND
MONUMENTS IN ALEXANDRIA

The under study underground monuments in Alexandria are
essentially 2D/3D structures, which has to be modeled
accordingly. In the present study, we have modeled the complex
catacombs and other tombs in 2D, assuming an equivalent plane
strain approach and applying the PLAXIS b.v. 8 with different
seismic scenarios, corresponding to the seismtectonic features
of Alexandria. Advanced soil-rock elastoplastic modeling has
been used. Extensive time domain parametric analysis were
performed in order to examine the response of the Catacombs
subjected to seismic motions with different amplitudes of
ground motion and different frequency content. (Kalamata,
Greece, 1986, Erzincan, Turkey, 1992, Aqaba, Egypt, 1995).
The analysis takes into account the complex behavior of the
structure with the aim to determine the threshold PGA and the
corresponding developed stresses, which should remain lower
than the actual strength of different elements composing the
catacombs.

Figure 7 presents the calculated shear stresses for the three
seismic scenarios and different input time histories in the most
critical pier of the Catacombs of Kom El-Shogafa. Considering
the available strength of the rock pier the numerical analysis
proved that the this critical pier is safe for PGA values lower
than 0.10g, which is low for the actual seismic activity and the
past seismic history of the city. Retrofitting and strengthening is
hence necessary.
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Figure 7. Maximum effective shear stresses o/xy on the base of rock
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The seismic analysis of Mustafa Kamil Necropolis, Tomb
number_1, proved that the rock piers, which are the most
vulnerable parts of the whole complex, present a sufficient
safety margin for PGA values lower than 0.24g in case of the
Kalamata and Erzincan earthquakes and PGA = 0.14 g for the
Aqaba seismic scenario. For the tomb number 2 the most
critical piers are safe for PGA values lower than 0.24g in case
of the Erzincan earthquake and PGA = 0.16 g for the Kalamata
seismic scenario. In addition, PGA values lower than 0.08g in
the case of Agaba earthquake.

Finally the seismic analysis of El-Shatbi Necropolis proved
that the ceiling and sidewalls of the excavations, which are the
most vulnerable parts, have a sufficient safety factor for PGA
values lower 0.24g in case of the Erzincan earthquake, 0.16g in
the case of Kalamata earthquake, and 0.15g in the case of
Aqaba earthquake scenarios. In another cross section no.2
proved that the ceiling and sidewalls of the excavations, which
are the most vulnerable parts, are rather safe until PGA values
0.24g in case of the Kalamata, Erzincan and 0.16g in the case of
Aqaba earthquake scenarios.

According to the Global Seismic Hazard Assessment
Program, 1999 the seismic hazard analysis in Egypt gives in
Alexandria a PGA of the order of 0.16g with 475 years mean
return period. Considering this fact, the seismic analysis of the
three above mentioned underground monuments in
Alexandria, proved that for the expected PGA values in
Alexandria,, some critical parts of these vulnerable
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underground monuments (rock piers), present low safety
factors and they cannot sustain the induced seismic loading
without appropriate strengthening.

8 CONCLUSIONS

A short overview of the static and seismic safety of three
underground archaeological sites and underground monuments
in Alexandria, Egypt is presented.

Laboratory and field measurements proved that the strength
of the calcarenitic and sandy limestone, where the underground
monumental structures are excavated, is low; it is also measured
that the RR=18 and RQD=15 -20 % while quality ranges from 0
to 25 which is very poor. In addition, the results of the static
deformability tests suggest that the rocks types under
investigation are characterized with high deformability and low
durability.

The shear wave seismic velocities calculated in the three sites
with array microtremor measurements show a range of shear
wave velocities varying between 200m/s to 1600 m/s indicating
a rather high rock weathering at least close to the surface.

Considering all other affecting factors and the specific
geometry of the catacombs this low rock strength affects
seriously the safety of these catacombs both under static and
seismic loading conditions.

The results from the 2D and 3D static analysis indicate that
the horizontal and vertical ground displacements above the
rotunda (Catacombs) are small (1.0 to 3.0mm). Some rock piers
are under relatively high compression stresses. The calculated
peak effective principal vertical compressive stress is equal to -
1.74*10° KN/m?. The calculated peak effective principal tensile
stress is 200 KN/m? and the factor of safety of the most critical
rock pillar is 1.47< 1.6 which is considered an acceptable safety
factor. Also the overstress state is beyond the elastic regime.

The seismic analysis of these underground monumental
structures for three seismic scenarios of different PGA values,
proved that for PGA > 0.10g, which is rather low considering
the seismic activity and the past seismic history of the city, there
are some critical supporting parts of these catacombs structures
(i.e. rock piers and columns) that are not safe, and in general,
the catacombs need considerable strengthening.

In conclusion the detailed analysis of the catacombs in
Alexandria proved that these important underground
monuments present low safety factors for both static and
seismic loading and consequently a well focused strengthening
and retrofitting program is deemed necessary.
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