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ABSTRACT

The purpose of this research is to carry out a scientific-based characterization of one of the most important
historic masonry building in Egypt, the mausoleum of al-Imam al-Shafi’l, which is considered one of the few
buildings still surviving dated to Ayyubid period (13th century). The study aims at determining not only the
characteristics of the building materials’ components, their relative proportions and morphological features,
but also the causes of damage, decay and alteration phenomena occurred, in order to relate the structural
and mechanical behavior of the construction materials depending on their compositional and
microstructural nature and finally to set-up proper restorations protocols. Comprehensive studies have been
implemented on stone masonry walls through an interdisciplinary procedure including in-situ
investigations, and experimental testing on extracted core-samples together with the updated measurements
and documentations of the current state of the mausoleum. The followed integrated diagnostic approach
based upon field survey data allowed the identification of the mineralogical characteristics, fabric
morphology, physical and mechanical properties of the construction materials including limestone and lime-
based mortars of the inner and outer leaves of the stone-masonry walls, which give very important
information for conservation and restoration strategies. Methods employed included X-Ray diffraction
(XRD), scanning electron microscopy (SEM-EDX), petrographic microscopy and thin sections.
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1. INTRODUCTION

Masonry is one of the primitive building materials
being used all over the world in the purposes of con-
struction since the beginning of earliest civilizations
due to the simplicity of building technique and the
features that characterize these materials (Drysdale,
Hamid, & Baker, 1999). In addition to these ad-
vantages, masonry materials have been used in the
construction of the most long-lasting exciting ancient
monuments and present in the most impressive his-
torical structures as an evidence of spirit of enter-
prise of ancient cultures (Vasconcelos, Lourenco,
Alves & Pamplona, 2008).

Throughout ancient times, historic masonry walls
were commonly used for retaining earth, fortifying
communities, and enclosing buildings (Drysdale,
Hamid, & Baker, 1999). They were erected by the
time-honored method of trial and error. The tradi-
tional methods and rules-of-thumb were passed,
sometimes in secrecy, from one generation to anoth-
er. Without using mathematical or predictive meth-
ods, but depending on experience and great skills
they gained, an impressive empirical wisdom was
obtained (Giamundo, 2014). Each geographical re-
gion and period in history has had its own character-
istic way of building walls (Feilden, 2003). Therefore,
each type of wall has different characteristics and
behaviour that depend upon its construction tech-
nique, typology and the strength of the primary and
secondary materials.

Regarding the building materials used in the con-
struction of masonry walls, a general classification
can be made between stone, brick, adobe and rubble
masonry (Mazzon, 2010; Krzan, 2015). Furthermore,
under each item, a second order of classification con-
siders the assembling modality of these structural
materials (Mazzon, 2010), which mainly determines
its structural behaviour (Krzan, 2015).

The preservation and conservation of cultural archi-
tectural heritage, through active and integrated inter-
ventions, is nowadays seen as a cultural matter; since
historic masonry buildings of various types construct-
ed in different eras provide a significant world architec-
tural heritage. Consequently, a great number of scien-
tific researches in the structural engineering fields (es-
pecially structural analysis and testing works), have
been carried out to understand the structural behavior
of unreinforced masonry (URM) structures in general,
and historical masonry buildings in particular
(Lourengo, Milani, Tralli, & Zucchini, 2007; Agtiera,
Tornello, & Frau, 2016; Bennati, et al., 2020; Zade,
Sarkar, & Davis, 2020), as the interpretation of the me-
chanical behaviour of these structures needs an accu-
rate characterization of their construction materials.
Additionally, since there is a reasoned tendency upon

the preservation and further use of such buildings, the
availability of knowledge, building techniques, precise
documentation of dimensions and elevations, analysis
of structural stability, and characterization of materials
(Brosnan, 2014) are required for their assessment, con-
servation and providing guidelines for their safe use.
Structural evaluation of buildings has been reported
elsewhere (Yaser Abdel-Aty 2019), as well as, on stone
conservation techniques and strategies (Elhagrassy et
al., 2018; Abd El-Hakim et al., 2019; Sanfilippo and Ag-
uilia, 2018; El-Gohary 2010).

As it is well known, the conservation and restora-
tion works of architectural heritage require an inter-
disciplinary approach based on scientific assessment
of the current condition. Comprehensive experi-
mental study should be performed in order to de-
termine material characteristics. Not only basic es-
thetical, physical and mechanical compatibilities, but
also the mineralogical and chemical compatibilities
must be investigated for the characterization works
to judge overall performance (Ulukaya et al., 2017;
Thomas et al., 2013). Therefore, a detailed diagnosis
and construction material characterization are con-
sidered an initial demand. The preliminary evalua-
tion and diagnostic phase are mainly a data acquisi-
tion phase. Analysis of these data is essential in de-
termining and establishing the methodology (i.e.
deciding and determining the procedures, tech-
niques, materials and details of required work) for
the conservation of the studied historical building.
Consequently, the investigation of the masonry
characteristics (composition, mineralogical charac-
teristics, mechanical and physical properties, etc.) is
very useful for the assessment of its structural be-
haviour and also for providing the most proper con-
servation and restoration strategies (Abdel-Aty,
2004). From this point of view, our objective is a ro-
bust implementation of characterization of the main
building materials used in the construction of one of
the most important historic masonry building in
Egypt, the mausoleum of al-Imam al-Shafi’'l. Testing
plan and methodology were described comprising
integrated approaches for providing a characteriza-
tion of micro structures and the mechanical proper-
ties of main construction materials; describing the
test results and determining the values of the basic
mechanical properties of the building materials.

1.1. RESEARCH AIMS AND SIGNIFICANCE

This paper presents a scientific integrated method-
ology for the assessment and material diagnostic pro-
cedures of a complex historic building which com-
bines field survey, microstructure analysis of the brick
and stone-masonry walls and materials characteriza-
tion along with historic information. The combination
of results obtained from different approaches produc-
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es more precise information and allows the identifica-
tion of construction materials and masonry patterns
in the studied building. This information is essential
for improving an integrated multidisciplinary as-
sessment strategy to investigate the safety margins
and deterioration rates of historic buildings, under
their present conditions, against environmental (i.e.
weathering) using complementary analysis tech-
niques. The present comprehensive methodology was
conducted by utilizing an integrated study aiming at
the selection of the most suitable repairing material
and techniques for the intended intervention process.

1.2. HISTORICAL BACKGROUND

al-Imam al-Shafi’i mausoleum was chosen as a
case study because of its distinctive architectural im-
portance. It is among the very few buildings still ex-
isting dating back to Ayyubid period (13th century
A. D). In addition to its ideological significance,
there are at least two reasons the al-Shafi’i mausole-
um is important for our broader understanding of
the architecture of medieval popular piety. First, its
initial construction by Saladin reflecting the creation
of a new ritual center by sparking a general shift
northward in cemetery construction. Thus, this
building alone transformed the urban landscape of
the city of Cairo in a profound and lasting way. The
mausoleum of al-Shafi’i was crowned by one of the
largest domes in the Islamic world, an issue that is
perhaps also connected with the positioning of the
cemetery northward (Mulder, 2006).

The history of the building has been studied in the
integrity of all its components as a unique architec-

tural product of a specific building technology at its
time and place. The historic studies and updated
documentations of the present state of the building
aim to recognize the original construction tech-
niques, building materials, the deterioration process-
es that it has suffered through the time and the his-
torical interventions carried out in the past.

The mausoleum of al-Imam al-Shafi'i now forms
part of an eighteenth-century mosque complex con-
structed by Abd al-Rahman Katkhudah (AD 1762), Fig-
ure 1. It is one of the largest mausoleums in the Mus-
lim world and its height of 29 meters is almost that of
the Dome of the Rock in Jerusalem (Yeomans, 2006).
The mausoleum is mainly composed of almost square
plane whose inner width measures about 15.3m
(Figure 2). It has a circular mihrab in the front centre,
proceeded by a recess with two mihrabs (prayer nich-
es), one on each side, which are also preceded by a
recess (Figure 3). The three mihrabs are only symbolic
and ornamental (OICC, 1992). They are lined with
polychromed marble frames and their peaks are
adorned with wooden carvings. Sultan Qaytbay (14th
century) added a fourth mihrab in the eastern corner
of the same wall to correct the direction of the gibla.
The dome covering the mausoleum is considered one
of the most palatial timber domes remaining in Egypt
(Figure 3). Despite its exposure to many deterioration
factors from the surrounding environment, it is still
remaining in a good condition. Its overall height is
about 29 meters over the floor of the mausoleum.
Three rows of muqgarnas squinches were formed at
the four corners of the square ceiling as a transition
zone from the square to the dome drum.

Figure 1. Old photos of al-Imam al-Shafi'i mausoleum, R.N: 121 (Mulder, 2006; SCA-E; Behrens-Abouseif, 1985; Cre-
swell, 1978), respectively.

Considering the masonry walls of the mausoleum,
the walls are about 2.75m (av.) thick and about 20m
in height from the ground level. The lower part of
the masonry walls consists of massive stone walls

(Multiple-leave stone masonry walls, Figure 4),
which support only the wooden dome which is cov-
ered with lead sheets. The upper part of the walls
was constructed using brick-masonry.
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Figure 2. The mausoleum al-Imam al-Shafi'i, (A, B) South-eastern, and (C) north-western facades

2. MATERIALS AND METHODS

In order to identify the components of the build-
ing materials used in constructing the mausoleum
and their physio-chemical and mechanical character-
istics, in-site and laboratory testing works were car-
ried out on representative samples of the main con-
struction materials of the mausoleum (i.e. limestone,
bricks, mortar at bed joints, and rubble infill), which
were extracted from various locations of the build-
ing. The conducted investigations on the constitutive
materials of the extracted samples aimed at having a
detailed characterization of the microstructure and
the physical-mechanical properties of the main con-
struction materials, as well as assessing the durabil-
ity of construction materials for providing recom-
mendations regarding the most appropriate inter-
vention techniques and conservation materials. The
interpretation of the results obtained from these
tests, in combination with the visual inspection and
the architectural survey, were very crucial for the
knowledge of the overall behaviour of the structure,
for identifying the brick and stone-masonry typolo-
gies, and also for the evaluation of the effectiveness
of the intended intervention techniques.

The research methodology is divided into: (I)
Mineralogical analyses carried out by qualitative and
quantitative analysis using XRD and EDX. They
were conducted on various specimens of limestone,
bricks and lime-based mortars in order to determine

their chemical composition, constituting minerals
and compounds. (II) Petrographic and morphologi-
cal examinations using polarizing and environmen-
tal scanning electron microscopes in order to inves-
tigate the mineralogical composition, interlocking
textures and microstructure. (III) Characterization of
physical and mechanical properties through labora-
tory tests conducted on extracted core samples from
masonry walls.

2.1. SAMPLING

The testing program includes extracting four cy-
lindrical cores from various locations of the mauso-
leum walls for identifying the physical and mechani-
cal characterization of the building materials used in
the multiple-leaf stone-masonry walls. The cores
were extracted using rotary cylindrical diamond
blade coring machine (Figure 5). Cylindrical speci-
mens with a diameter of 94 - 95 mm and height of 80
- 150 mm were prepared with flat circular surfaces
perpendicular to the longitudinal axis of the core,
while the physical and mechanical characterization
of the brick-masonry were conducted on collected
brick and mortar samples. Moreover, a set of twelve
representative samples of limestone, bricks, mortar
and core-infill (derived from the investigated multi-
ple-leaf stone masonry walls) were collected for
mineralogical analyses, petrographic and morpho-
logical examination.
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Figure 4. Details of the multiple-leaf rubble stone masonry walls at the lower level of the mausoleumn
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2.2. CHARACTERIZATION TECHNIQUES

2.21. Qualitative and quantitative analysis
using XRD and EDX

The basic principles of quantitative analysis using
X-ray diffraction technique (XRD) have been de-
scribed in detail by (Nuffield, 1966, Warren, 1969;
Suryanarayana & Grant Norton, 1998; Williams,
May, & Guinier, 1999; Waseda, Matsubara, & Shi-
noda, 2011) among others.

Minerals composition of the collected samples
were inducted by X-ray diffraction patterns, using
PANanalytical X-Ray Diffraction equipment model
X'Pert PRO with Secondary Monochromator. The
examined samples were prepared for analysis and
dried at 110° C and ground to less than 75mm. The
analysis was run using Ni-filter and Cu-Ka radiation
(\=1.542A) at 45 K.V., 35 M.A. and scanning speed
0.02° (20)/sec. The diffraction peaks between 20 =0°

and 60°, corresponding spacing (d, A) and relative
intensities (I/I°) were obtained. The diffraction
charts and relative intensities are obtained and com-
pared with ICDD files.

EDS (energy dispersive X-ray spectrometry) at-
tached to scanning electron microscopy (SEM) was
used to conduct the quantitative analysis of the col-
lected samples. Energy dispersive X-ray analysis
(EDS) was used to determine the elemental composi-
tion where necessary, which proved complementary
information to support the previous techniques em-
ployed. The analysis was performed on uncoated
samples to avoid overlap of gold peaks with beaks of
interest, using a higher accelerating voltage of 20 KV
and a large spot size than the imaging. EDS spectra
were recorded in the spot-profile mode by focusing
the electron beam onto specific regions of the sam-
ple. EDS spectra were obtained between 0 to 10KeV.

Figure 5. Extracting of the investigated core samples

2.2.2. Microstructure and morphological
examinations

Scanning electron microscopy (SEM) was used to
identify the structural morphology and microstructure
of the collected brick, stone and mortar samples, and to
determine their forming minerals, and observe the
weathering status. SEM images were taken using a
SEM Model Quanta 250 FEG (Field Emission Gun) at-
tached with EDS Unit (energy dispersive X-ray spec-
trometry), with accelerating voltage 30K.V, magnifica-
tion 14x up to 1,000,000x and resolution for Gun.1n.

2.2.3. Petrographic investigations

The petrographic investigation of stone and mor-
tar samples was conducted for the determination of

the mineral content, grain size, micro fracturing and
interlocking texture using polarizing petrographic
microscope on thin sections of the collected samples.
Air-dried samples (at ~ 40°C to avoid dehydration of
components, especially Gypsum if present, and
physical damage due to thermal shock) were sub-
jected to impregnation with warmed low viscosity
colour dyed epoxy resin, to aid in the visualization
of pores, cracks and air voids. Very thin slices of col-
lected samples (cut perpendicular to the bedding
planes) were mounted on clear, flat glass slides. The
reduction of thickness (commonly to 20-30/am)
permits light to pass through crystalline or amor-
phous materials and for the detailed analysis and
recognition of the stone and mortar's components.
Morphological examination of the prepared thin sec-
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tions of the stone and mortar samples was carried
out using polarized transmitted light microscopy
model NIKON OPTI PHOTO x2; equipped with
photo camera S23, under cross-polarized light XPL.

2.24. Physical properties

The physical properties of the stone, mortar, and
core-infill specimens, including porosity (1), dry
density (p4), bulk density (Opu), water absorption
(WA) were determined in accordance with the pro-
cedures outlined in ISRM suggested methods (ISRM,
1981a). Oven dried specimens were dipped in deion-
ized water and weighed constantly at prefixed inter-
vals of time until a constant weight was attained;
and its saturated-surface-dry mass (M) was also
determined.

2.2.5. Mechanical tests

The mechanical tests were conducted on the ex-
tracted core samples derived from the investigated
multiple-leaf stone masonry walls aiming to provide
reliable and statistically representative data for the
mechanical behavior of this type of walls. Uniaxial
compression tests and indirect tension (splitting)
tests were carried out on the dry and saturated spec-
imens. A uniaxial testing machine with a hydraulic
actuator was used. Uniaxial compressive tests were
carried out according to (ISRM, 1981c; CEN, 2000; BS
EN 772-1, 2011). Indirect tensile test (splitting ten-
sion, Brazilian test) was adopted in this work for the
characterization of the tensile behavior of the ex-
tracted samples in accordance with (ISRM, 1981b;
RILEM, 1994).

3. RESULTS AND DISCUSSION
3.1. Mineralogical analyses
3.1.1. Stone samples

According to the obtained analysis results, lime-
stone is mainly composed of Calcite (CaCOs) of

about 95%. Sometimes Dolomite [Ca Mg (COs),] is
found in a very low percentage. The detached gyp-
sum (CaSO42H>0) in limestone samples indicates a
salt decay in a certain amount proportion to its per-
centage. Gypsum is commonly created from the re-
action of Calcite (CaCOs) with the sulphuric acid
(H2S0,) that may result from the polluted air con-
taining Sulphur dioxide (SO,) and trioxides (SOs).
Additionally, the presence of Halite (NaCl) in lime-
stone samples indicates salt weathering of limestone
by chloride salts. Ferric oxide, Hematite (Fe2Os), is
also found in limestone samples as a trace mineral
(Table 1).

3.1.2. Mortar samples

The obtained results from XRD analysis of mortar
samples confirmed that, the mortar used in the
stone-masonry walls is lime-based mortar; as it is
mainly composed of lime as the major binders with
sand as the aggregate and some additives such as
red-brick powder (i.e. Hommra) or fly ash (i.e.
Qusrmil) as pozzolanic materials. According to XRD
results, the major component of mortar samples is
Calcite (CaCO:s) that indicates the binder used is lime
which is formed by the reaction of hydrated lime Ca
(OH), with carbon dioxide (CO,) from the air.
Quartz (Si0;) in mortar samples indicates the use of
sand as the aggregate. The presence of Plagioclase
(CaAlSix0Og), as a clay mineral, in mortar samples
indicates the use of Hommra as an additive for en-
hancing the setting and final strength of the lime-
based mortar. Gypsum (CaSOs2H>O) in mortar
samples may indicates a salt decay or it could be
added to the mortar mixture with a small proportion
to improve its strength (Table 2).

Figure 6, 7 present the results of the XRD analysis
for limestone and mortar samples derived from the
inner-core layer of the investigated multiple-leaf
stone-masonry walls.
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Figure 6. X-ray diffraction pattern of representative limestone sample extracted from: (A) the external lay-
et, Sy; (B) the inner-core layer, S;

3.2. Petrographic and morphological
examinations

3.2.1. Stone samples

Limestone samples were collected from the exter-
nal layer of the multiple-leaf rubble stone-masonry
walls of the mausoleum, S;. Generally, the samples
are very fine-grained and composed of carbonate
minerals, most probably calcite as a major compo-
nent with minor amount of dolomite, quartz, gyp-
sum, and iron oxides. Carbonate minerals occur as
very fine-grained and represent the whole matrix of
the stone. Some microfossils and shells of different
shapes and sizes are scattered in very fine-grained
matrix of carbonate minerals and filled with recrys-
tallized carbonate minerals. Quartz is presented of

minute grains and scattered in the carbonate matrix.
The stone is relatively porous, and various micro
fracturing are detected.

On the other hand, the limestone samples ob-
tained from the inner layer of the multiple-leaf rub-
ble stone-masonry walls, S,, were very fine-grained
and composed essentially of carbonate minerals,
most probably calcite. The carbonate minerals are
associated with minor amount of dolomite, rare
amount of quartz, and iron oxides. Carbonate min-
erals are very fine-grained, representing the whole
matrix of limestone enclosing other constituents. A
considerable amount of microfossils and shells of
different shapes and sizes are scattered in the very
fine-grained matrix of carbonate minerals and filled
with recrystallized carbonate minerals. Additionally,

Mediterranean Archaeology and Archaeometry, Vol. 20, No 2, (2020), pp. 67-82



MULTISCIENTIFIC-BASED APPROACH TO DIAGNOSIS AND CHARACTERIZATION OF HISTORIC STONE-MASONRY WALLS

75

calcium sulphates and sodium chloride salts were
detached in different concentrations and crystalline
forms which play a dominant role in the deteriora-
tion of limestone samples. The stone is porous and

some pore spaces are clearly detected. The interlock-
ing texture and microstructure of the stone samples
are shown in Figure 8.
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Figure 7. X-ray diffraction pattern of representative limestone sample extracted from: (A) the bed joints of

the external layer, My; (B) the inner-core layer, M,

3.2.2. Mortar samples

Sample M; represents mortar sample derived
from the inner-core layer of the northeastern multi-
ple-leaf rubble stone-masonry wall of the mausole-
um. The sample varies from very fine to fine-grained
and is composed mainly of gypsum as the major
constituent in addition to minor amount of quartz,
carbonate minerals, opaque minerals, clay minerals
and iron oxides. Gypsum occurs as very fine to fine-
grained minerals and fibrous aggregates represent-
ing the essential component of the sample. Quartz

(sand grains) occurs as medium to fine-grained and
has sub-rounded to sub-angular outlines scattered in
the sample. Opaque minerals present as fine-grained
of rounded to sub-rounded outlines scattered in the
sample. Some microfossils and shells are observed.
Carbonates present as very fine-grained and ad-
mixed with gypsum. The sample is stained by iron
oxides and clay minerals in different parts. Pore
spaces are detected as irregular cavities scattered in
the sample.
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Table 1. Average composition of the minerals for the representative limestone samples.

Sample ID Minerals Chemical Formula Semi-Quant [%]
Calcite, magnesian (Mg 061 Caoz6) (C Os) 91
S Halite NaCl 5
Gypsum CaS0s (H20)2 4
S Calcite, magnesian (Mg 064 Cao36) (C Os) 96
’ Halite NaCl 4

Table 2. Average composition of the minerals for the representative mortar samples.

Sample ID Minerals Chemical Formula Semi-Quant [%)]
Gypsum CaSO4 (H20). 67
M; Calcite, magnesian (Mg 061 Ca.o6) (C Os) 25
Quartz, syn SiO» 8
Quartz, syn SiO; 63
M, Gypsum CaSO4 (H20)2 21
Calcite CaCOs 16

Figure 9. Photomicrograph of lime-based mortar, under cross-polarized light (XPL) (A) Sample M, (B) Sample
M;
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Sample M, represents mortar collected from the
external layer of the northwestern multiple-leaf rub-
ble stone-masonry wall of the mausoleum. The sam-
ple is very fine to fine-grained and composed mainly
of carbonate minerals, gypsum and quartz, with mi-
nor amounts of iron oxides. Some microfossils and
shells are observed in the sample. Cement material is
mainly composed of a mixture of carbonates. Car-
bonate minerals occur as very fine-grained aggre-
gates scattered in the matrix of the sample. Quartz is
fine-grained which has sub-rounded to sub-angular
edges and is scattered in matrix of carbonates. Iron
oxides present as very fine-grained aggregates and
staining different parts in the sample. Some pore
spaces are detected in the mortar. The interlocking

Nty

N ,

texture, identified minerals and microstructure of
the mortar sample are shown in Figure 9 under
cross-polarized light (XPL), while Figure 10 and Fig-
ure 11 illustrate the morphological examinations and
EDX microanalyses of thin section of limestone sam-
ple.

The morphological examinations of mortar sam-
ples (Figure 12 and 13) show the crystalline for-
mation and identified mineral phases of mortar
components, mainly calcite crystals, lime, quartz,
and few gypsum formations. In the case of mortar
samples extracted from the inner-core layer, organic
fibers are present as additives in the mortar mixture
(i.e. chopped straw or wood fibres, see Figure 13).

560 630 .00

Figure 10. SEM photomicrographs and EDX microanalysis of thin section of limestone sample (QS;) derived
from the external layer of the investigated multiple-leaf masonry walls of the mausoleum shows that calcite is
the main constituent of the stone with a minor amount of fine rounded quartz crystals. Quartz grains are very
fine and scattered in the stone, inhomogeneous distribution of gaps through the stone texture were noticed

Figure 11. SEM photomicrographs and EDX microanalysis of thin section of limestone sample (QS.) derived
from the inner-core layer of the investigated multiple-leaf masonry walls of the mausoleum shows that calcite
is the main constituent of the stone with minor amounts of gypsumn and fine rounded quartz crystals. Gypsumn
and quartz grains are very fine and scattered in the stone; additionally, inhomogeneous distribution of gaps and
crystalline salts (Halite, NaCl) through the stone were noticed

Mediterranean Archaeology and Archaeometry, Vol. 20, No 2, (2020), pp. 67-82



78 O. AMER et al

Figure 12. SEM photomicrographs and EDX microanalysis of thin section of lime-based mortar sample (QM7)
derived from the external layer of the investigated multiple-leaf masonry walls of the mausoleum shows that
the dominant constituent is calcite with fine rounded quartz crystals; decomposition of calcite and disintegra-
tion of the surface were noticed through the sample; it may be related to the surrounding deterioration factors

Figure 13. SEM photomicrographs and EDX microanalysis of thin section of lime-based mortar sample (QM>)
derived from the inner-core layer of the investigated multiple-leaf masonry walls of the mausoleum shows
that calcite and gypsum with fine rounded quartz crystals are the main constitutes. Organic additives (e.g.

chopped straw) were found in the mortar, which were used to strengthen the mortar.

3.3. Characterization of physical and
mechanical properties

Physical properties of the core samples derived
from the investigated multiple-leaf stone-masonry
walls are shown in the Table 3, which provides po-
rosity, 77, bulk density, ppux, water absorption, WA, of
samples of limestone, mortar and rubble-infill spec-
imens.

Table 4 and Figure 14 describe the mechanical
tests conducted on core samples derived from inves-

tigated multiple-leaf stone masonry walls. Accord-
ing to the obtained results, the average modified
value for the compressive strength of limestone
samples, derived from the inner layer, is 16.4
N/mm?. While the average compressive strength of
core-infill samples that represent the inner-core layer
of the walls is 4.56 N/mm?2. Furthermore, the aver-
age splitting tensile strength of limestone samples,
derived from the inner layer, is 1.49 N/mm?.
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Table 3. Physical properties for the extracted core specimens from the investigated walls.

Core samples Ppuik(gr/cm3) WA % 1 %
S53-1411 2.52 12.12 8.12
S$4-1501 2.39 11.11 10.45
S3i 2.31 11.02 12.38
S4121 1.31 18.18 13.01
5181 1.94 57.14 22.77
S$3-MBI 1.96 25.00 16.24
S4-ME! 1.78 60.00 18.42

[1] Specimens represent limestone samples from outer and core layer
[2] Specimens represent core infill samples
[3] Specimen represents lime-based mortar samples

Table 4. Results of the mechanical tests for the extracted core specimens from the investigated walls.

Core samples Dimensions (cm) Failure Load Strength
D hmmc. hmin. KN N/mm2
S1-1011 94 134 133 39.2266 5.64
52-201 94 123 12.2 27.4586 3.95
S4-10121 9.4 9.2 9.0 28.4393 4.09
53-1441 94 8.1 8.08 106.124 15.29
54-501 9.4 9.8 9.75 121.602 17.52
Av. valuelll 4.56
Av. value 2] 16.40
54-15M1 9.4 9.5 9.38 69.39 1.49

[1] Specimens represent core Layer, core infill samples

[2] Specimens represent outer Layer and limestone core samples used in the inner-core layer
[3] Specimen represents saturated limestone core samples

[4] Brazilian test of core Layer specimen

Figure 14. Mechanical tests conducted on the cylindrical core specimens extracted from various locations of the investi-

gated multiple-leaves stone-masonry walls of the mausoleum; (A, B) compression tests of rubble-infill and cored stone

specimens, respectively; (E) indirect tension test on cored stone specimens; (D, F and G) examples of compression failure
of the investigated specimens
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4. CONCLUSION

The microstructure and morphological examina-
tions provide qualitative information about orienta-
tion and size of particles, pores and cracks. Aggre-
gates were identified using a petrographic investiga-
tion coupled with XRD Analyses. SEM coupled with
EDS allows a qualitative determination of the chemi-
cal elements of the investigated sample. X-ray dif-
fraction (XRD) analysis characterized crystalline or
semi crystalline phases of the materials composition
and identified the binder (lime, gypsum, cement,
etc.), the aggregate (siliceous, calcareous, etc.) and
other additions. Moreover, the organic additions
were determined by SEM examination.

The conducted petrographic examinations, using
polarizing petrographic microscope on thin sections
of the collected stone and mortar samples, proved
that the limestone samples mainly consist of very
fine-grained and composed of carbonate minerals,
most probably calcite as a major component with
minor amount of dolomite, quartz, gypsum, and iron
oxides. On the other hand, the lime-based mortar
samples mainly consist of carbonate minerals, gyp-
sum, quartz, minor amounts of iron oxides and clay
minerals.

Regarding the conducted XRD Analyses on the
collected limestone and lime-based mortar samples,
the limestone is mainly composed of either Calcite
(CaCQ:s), or Calcite-magnesian (Mgosa Ca.ozs) (C O3).
The detected Gypsum (CaSO4;-2H>O) in limestone
samples indicates a salt decay infection in a certain
amount proportion to the Calcite percentage. Halite
(NaCl) mineral was found in limestone samples,
which indicates a salt decay infection by chloride
salts. Ferric oxide, Hematite (Fe»Os), was also found
in limestone samples as a trace element. On the other
hand, the mortar used in the stone-masonry and
brick-masonry walls is lime-based mortar. It is main-
ly composed of lime as the major binders with sand
as the aggregate and some additives such as red-
brick powder (i.e. Hommra) or fly ash (i.e. Qusrmil)
as pozzolanic materials.

The microstructure and morphological examina-
tions using SEM with EDS conducted on the collect-
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