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Abstract: In order to correctly define the pathology of multiple-leaf stonemasonry walls and deter-
mine the appropriate interventions for its conservation and preservation, comprehensive studies
on its building materials should be carried out since the overall behaviour of masonry structures is
highly dependent on the characterization of its construction materials. Consequently, an interdisci-
plinary procedure for construction material characterization used in multiple-leaf stone-masonry
walls in Egypt has been implemented to enrich documentation, conservation and restoration issues
of this type of wall. The research methodology integrates experimental data obtained through
on-site sampling, conducted tests and analyses, historical information, and field survey observations.
The fundamental physical and mechanical properties of the masonry elements were examined by
incorporating stone blocks, mortars and core-infill materials. The mineralogical composition and
interlocking textures of the collected samples were investigated utilizing a large range of complemen-
tary investigation and analysis techniques, including polarizing microscopy, X-ray diffraction (XRD),
thermal analysis (TG/DTA), and environmental scanning electron microscope (ESEM) attached to
an EDX unit. Through the results thus obtained, a complete characterization of the mineralogical
composition; physical-mechanical, chemical, and thermal properties; and the interlocking textures of
the construction materials of both the outer and inner-core layers was performed. The outer leaves of
the majority of the multiple-leaf stone-masonry walls in medieval architectural heritage were mainly
built of well-dressed limestone blocks with nearly uniform dimensions, while the inner-core layer
was usually built of stone-rubble infill with bending lime-based mortar. The uniaxial compressive
strengths of core infill (corresponding to the inner core layer) and lime-based mortar of the embedded
joints are shown to be 85 and 92.5% lower than the limestone units of the outer layer, respectively.
Moreover, experimental observations indicate that the inner core layer exhibits the highest porosity
values; consequently, deteriorated, loose and cohesionless core infill could greatly affect the durability
and thermal resistivity of this kind of wall. The results provide scientific support for investigating
the overall structural behaviour of this type of walls and for decision-making in future conservation
and restoration strategies.

Keywords: masonry walls; construction materials; architectural heritage; microanalysis; mineralogi-
cal investigation

1. Introduction

Historical buildings are considered an expression of the science, culture and history of
their builders. Masonry has been used to construct the most long-lasting ancient monu-
ments and is present in the most impressive historical structures as evidence of the spirit of
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enterprise of ancient cultures [1-3]. It is a traditional, widely used, extremely flexible and
economical construction method with considerable potential for future development [4,5].
Moreover, masonry has been used to construct significant structures since the beginning of
civilization for its robustness, durability and for aesthetic reasons [6].

Generally, masonry is the generic term for a composite material made of units that
are usually laid in and solidly bound together, employing mortar or just friction forces
between the blocks in many different arrangements. It is a heterogeneous material whose
components present a relatively unknown geometry and a high mechanical variability [7].
Therefore, characterizing its construction materials is a topic of great interest as regards the
accurate design of the most proper intervention techniques and materials.

The present research deals with a distinctive type of historical masonry wall, namely
multiple-leaf stone-masonry (MLSM) walls (Figure 1). Most of the medieval complex
historic constructions present structural elements built by adopting multiple-leaf ma-
sonry technology. This type of masonry wall is common in historic Islamic architectural
heritage in Egypt, as well as in worldwide monumental structures, which identifies a
non-homogeneous type of structural element.

Figure 1. Typical examples of multiple-leaf stone masonry walls: (a,b) Complex of Sultan al-Ashraf
Barsbay (835 A.H.-1433 A.D.); (c,d) Zawiya of "All al-Maghrabi (1282 A.H.-1866 A.D.); (e) Complex
of Al-Sultan Hasan (757-764 A.H.—1356-1362 A.D.); (f) Qasr al-Amir Qawsun (738 A.H.—-1337 A.D.);
(g) Saray Al-Musafir khana (1193-1203 A.H.-1779-1788 A.D.).

This building technique was used for vertical structural elements in historic houses,
public buildings, religious constructions, and also for piers in roads and railway bridges.
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The actual mechanical behaviour of such structural elements is undoubtedly affected by the
low resistance in traction of the constituents, particularly as regards the weaker component.
The behaviour of multi-leaf masonry walls has been reported in the literature [8-14], as
well as material characterization of three-leaf masonry walls [3,15-18] and the utilized
strengthening techniques [19-24]. The characterization and assessment of the degradation
state of historical buildings, including multi-leaf masonry walls, have also been reported in
the literature [3,25,26].

Through on-site observations and measurements, along with laboratory tests, a sys-
tematic survey was conducted concerning the evolution of the constructive technique and
building materials utilized for multiple-leaf masonry load-bearing walls by considering
historic buildings in Egypt corresponding to different eras. Different samples of the build-
ing materials used in the construction of multiple-leaf masonry walls were collected from
various medieval historic buildings in Cairo, including stone blocks, mortar from bed and
head joints, and filling materials. The survey’s objective was to diversify the buildings
from which the samples were derived to represent the building materials used in these
types of walls throughout different eras. The current experimental campaign is devoted to
characterizing the construction materials used in multiple-leaf stone-masonry walls. These
analyses and examinations were conducted on the masonry composing elements (stone,
natural lime mortar, and core infill materials); they were aimed at accurately characterizing
the main chemical, mineralogical and thermal properties of construction materials and
correctly defining the pathology of multiple-leaf masonry walls in order to determine the
most appropriate intervention techniques.

2. Materials and Methods

The research methodology followed in this study is divided into five tasks: (I) Miner-
alogical analyses through qualitative analysis using XRD and thermal analysis. These anal-
yses are conducted for various specimens of limestone and lime-based mortars collected,
during the field survey, from selected historic multiple-leaf masonry walls to determine
their chemical composition and constituent minerals and compounds. (II) Petrographic
investigation and thin-section analyses using polarizing microscopes in order to investigate
the mineralogical composition and interlocking textures of the construction materials under
examination (i.e., limestone and lime-based mortars). (IIT) Identification of the microstruc-
ture and morphological examinations of multiple-leaf masonry wall construction materials
using environmental scanning electron microscopy (ESEM) with qualitative analysis using
EDAX. (IV) Characterization of the masonry composing elements through physical and
mechanical tests. (V) Thermal properties identifying the thermal behaviour, resistance and
conductivity of such materials.

2.1. Field Survey

The study of the multiple-leaf masonry wall cross-sections has various aims concern-
ing diagnosis and conservation work. One of the most significant objectives of the present
field survey is to provide essential input data concerning the multiple-leaf masonry wall
morphology and geometry to provide a reliable scientifically-based structural assessment
that allows the formulation of valid hypotheses on its mechanical behaviour and failure
mechanisms. To achieve these goals, thirty-three archaeological Islamic buildings in Cairo
dating to different Islamic eras and at various locations were surveyed. Various recorded
stone blocks and mortar samples were studied, while the research sources provided his-
tories and previous documentation of some of the surveyed buildings. The conducted
field survey focused on the construction technology of multiple-leaf stone-masonry walls,
building materials, the overall thickness of the walls, the ratio between inner and external
leaves, the composition of the inner core layer and the connectivity between the walls’
leaves. For further details of the field survey, the interested reader may refer to [3,27].
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2.2. Sampling

The testing program includes extracting a set of 55 representative limestone, mortar
and core-infill samples from the investigated multiple-leaf stone-masonry wall of various
historic buildings in Egypt. Thirty stone samples were derived from the outer and inner
layers, and fourteen mortar samples were derived from the bed and head joints of the
outer layer, while eleven core-infill samples were derived from the inner core layer. All
the samples here analysed and investigated were carefully collected from areas without
aesthetic value or from severely damaged parts.

2.3. Petrographic Investigation

The petrographic investigation of stone and mortar samples includes determining
the mineral content, grain size, micro fracturing and interlocking texture. Petrographic
microscopy investigation was conducted using a Polarizing petrographic microscope on
thin sections of the stone and mortar samples. Air-dried samples (at ~40 °C to avoid
dehydration of components, especially Gypsum if present, and physical damage due to
thermal shock) were subjected 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 collected samples (cut perpendicular to the bedding planes) were mounted on clear,
flat glass slides. The thickness reduction (to 20-30/am) permits light to pass through
crystalline or amorphous materials; this is an important aspect for the detailed analysis
and recognition of the stone and mortar’s components. Morphological examination of the
prepared thin sections of the stone and mortar samples was carried out using a NIKON
OPTI PHOTO x23 polarized transmitted light microscope equipped with photo camera
523 under cross-polarized light XPL.

2.4. Mineralogical Characterization

Construction materials of multiple-leaf stone-masonry walls were studied by labo-
ratory investigation. The samples collected during the field survey that were derived
either from the outer leaves or inner-core layer of different historic Islamic constructions
were studied as regards their mineralogical composition, which was identified by X-ray
diffraction and thermal analysis as described in the following sections.

2.4.1. Quantitative Analysis Using X-ray Diffraction Technique (XRD)

The basic principles of this technique have been described in detail by [28-32],
among others.

Mineral compositions of the collected samples were identified by means of X-ray
diffraction patterns, using an X'Pert PR PAN analytical X-ray diffraction model with a
secondary monochromator. The samples under examination were prepared for the analysis
by drying at 110 °C and grinding to less than 75 mm diameter. The analysis was run
using Ni-filter and Cu-K« radiation (A = 1.542 A) at 45 kV, 35 MA and scanning speed
0.02° (20)/sec. The diffraction peaks between 26 = 0° and 60° and corresponding spacing
(d, A) and relative intensities (I/I°) were obtained. The diffraction charts and relative
intensities were obtained and compared with ICDD files.

2.4.2. Thermal Analysis (TG/DTA)

As corroborative tools, thermogravimetric analyses/differential thermal analyses
(TGA/DTA) were carried out on the stone and mortar samples collected from the different
multiple-leaf stone-masonry walls. The thermal analysis involves studying the evolution
of several physical properties as a function of temperature. When the material is subjected
to heating or cooling, its chemical composition and crystal structure undergo various
changes such as reaction, oxidation, decomposition, fusion, expansion, contraction, crystal-
lization, or phase transition. All these changes can be detected using differential thermal
analysis [33]. Furthermore, thermal transformations like dehydration, dihydroxylation,
oxidation, and decomposition can be revealed through thermal investigations [34].
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Thermogravimetric analysis (TGA) deals with the change in the mass of a substance
continuously monitored as a function of temperature or time when it is heated or cooled
at a predetermined rate. It provides information on the thermal stability of the sample at
different temperatures, the purity of the sample, as well as its water, carbonate, and organic
content. It is also helpful for studying decomposition reactions [33]. Differential thermal
and thermogravimetric analyses (TGA /DTA) are suitable to establish characteristics of
the stone and mortar samples, as it is easy to detect the main components, the nature of
the aggregate, and other aspects with a small quantity of sample [34-36] and to define the
temperature at which material starts decomposing [37]. Moreover, it is also possible to
know whether the decomposition occurs in one or more stages by observing the non-linear
drops in the sample’s mass [33,38].

Thermal analysis experiments were performed using thermogravimetry and differen-
tial thermal analysis (DT.50 thermal analyser, Shimadzu Co., Kyoto, Japan). The stone and
mortar samples to be analysed by TGA /DTA were dried and ground up to 106 um. The
experiment was carried out by heating the sample from room temperature up to 1000 °C
at a rate of 10 °C/min in a static air atmosphere. The sensitivity of this equipment is
0.0001 mg with a temperature range from ambient temperature to 1000 °C.

2.5. Microstructure and Micro-Morphological Examination Using SEM with EDX

A scanning electron microscope (SEM) with an EDX (microanalysis) attachment was
used to identify the structural morphology and microstructure of the collected stone and
mortar samples, determine the forming minerals, and observe voids and weathering status.
Energy-dispersive X-ray analysis (EDX) was used to determine the elemental composition
where necessary, which proved to be complementary information to support the previous
techniques employed. Qualitative analysis using EDX was performed on uncoated samples
to avoid overlapping gold peaks with beaks of interest, using a higher accelerating voltage
of 20 kV and a larger spot size than the imaging. EDX spectra were obtained between 0
and 10 KeV.

SEM-EDX analysis was carried out using an SEM Model Quanta 250 FEG (Field
Emission Gun) attached with an EDX unit (energy dispersive X-ray analysis), with an
accelerating voltage of 30 K.V, magnification of 14x up to 1,000,000, and resolution for
Gun.1n. EDX spectra were recorded in the spot-profile mode by focusing the electron beam
onto specific regions of the sample. The following is a detailed SEM examination and EDX
micro-analysis of the collected stone and mortar samples under investigation.

2.6. Physical Characterization

According to the previous microanalysis on the mineralogical and chemical composi-
tion of the elements of MLSM walls [3], the mortar and core-infill specimens were selected
to correctly represent the physical properties of the historic construction materials. The
specimens used for the physical tests were 40 &= 5 mm cubes; a total of 18 specimens were
tested; six specimens were considered for each type of masonry constituent (stone, mortar
and core-infill). The core infill specimens had a percentage of stone fragments of about
60-70% in volume, in accordance with the common cases observed in the conducted field
survey. The physical properties included porosity (1), dry density (p;), bulk density (op,ix),
water absorption (WA), specific weight (Gs) and void ratio (e), which were determined
following the procedures outlined in ISRM’s suggested methods [39].

2.7. Mechanical Characterization

In the preparation of the specimens, special care was taken to ensure parallel ends
with a smooth surface and perpendicular to the longitudinal axis of the tested specimens.
All specimens were oven-dried and tested in environmental laboratory conditions. The
experimental campaign on the composing elements (stone, lime-based mortar and core-
infill) focused on determining the uniaxial compressive and tensile strength, in accordance
with the ASTM D2938 standard [40] and the suggested testing methods by [41,42], a
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uniaxial testing machine with a hydraulic actuator was used. The tests were carried out
under displacement control at a displacement rate of 10um/s, permitting the tracing of
the softening path to avoid the explosive failures originated by the axial load control.
The complete stress—strain diagrams that characterize the compressive behaviour of all
specimens are the result of averaging the displacement recorded by the LVDT between the
upper and lower steel plates of the testing machine.

Regarding the lime-based mortar and core-infill, the specimens were left under con-
trolled conditions for approximately 120 days. The same lime-based mortar was used as
a binder in core-infill specimens with limestone fragments as a filler. The average size of
used limestone fragments is between 1 and 10 cm in diameter.

2.8. Thermal Conductivity and Resistivity

The thermal conductivity of the lime-based mortar, limestone and core infill was
evaluated utilizing a heat flow meter apparatus according to [43—45]. All the specimens
were assembled with external dimensions 300 x 300 mm due to the dimensions of the
experimental apparatus (Figure 2).

Figure 2. Tested specimens by means of the hot plate for thermal measurements (a) stone,
(b) lime-based mortar, and (c) core-infill samples; (d) heat flow meter apparatus.

Following the previously conducted microanalysis on the mineralogical and chemical
composition of the stone, mortar and core-infill samples, the specimens under examina-
tion were selected to correctly represent the actual properties of the historic construction
materials used in multiple-leaf masonry walls.

The core infill specimens had a percentage of stone fragments of about 60-70% in
volume. The thermal behaviour of stone (S, S), mortar (M;, M;) and core-infill specimens
(RM;, RM;) were investigated with a laser comp instrument (Thermo-CUBE) with a self-
contained water reservoir and a mean specimen temperature range of 5 °C to 40 °C. The
steady-state method was used, applying Fourier’s law of heat conduction to measure
thermal conductivity. The specimens were interposed between two parallel plates (the hot
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guard heater and the cold plate) at constant but different temperatures. The power rate
input in the hot plate with the metered area, A, is measured when thermal equilibrium is
reached at steady-state conditions. When the control system is used, the plate temperatures
reach stability [46]. The tested specimens with a thickness of 40 mm were placed between
two flat plates controlled to a uniform one-dimensional temperature field. The temperature
drop across the specimen is measured by thermocouples fixed in the plates, while the
heat flow through the specimen is measured by wireless thermal flux meters (HFMs)
embedded in the centre of each plate. Figure 3 illustrates a schematic diagram of the heat
flow meter apparatus.

b= 300 mm -~
)
Upper heat flow meter - 100 mm —
(Cold palte) -
)
o € E
P T Tested specimen T (HFM) | £ E
: (1D Heat Flow) Sarea | S | 8
Lower heat flow meter -
(Hot plate) Guarded area
'

Figure 3. Schematic diagram of the Fox 314 heat flow meter apparatus and plan view of the up-
per/lower plate showing the guarded area. Adapted from [47].

After thermal equilibrium was developed, where the heating/cooling plates were
kept at stable temperatures, the thermal conductivity (A, in W/M:K) was calculated by
measuring the heat flux (&, in W/m?), the temperature difference across the specimen
(AT, in °C) and the thickness of the specimen (Ax, in m) using the following unidirectional
steady-state heat transfer equation (Equation (1)).

d Ax
Aeff = AT @

where @ is the heat flux (W/m?) flowing through the specimen, Aegr is the thermal conduc-
tivity (W m~! K1) of the specimen, Ax is the sample thickness (m), and AT is the difference
in temperature between the hot and cold surfaces of the specimen (°C) (AT = Tpot — Teo1d)-

3. Results and Discussion
3.1. Characterization of the Cross-Section Morphology

Based on the collected data and field survey outcomes, most of the thick walls of
the historic Islamic period were built of multiple-leaf masonry systems at the lower floor
levels to acquire thicker wall sections and consequently higher weights (that increases
the overall stability of the wall) at a relatively low economic cost. Moreover, the majority
of the multiple leaf masonry walls had very thick sections (ranges from 0.5 to more than
6 m) with a homogeneous distribution of the regular well-dressed stone blocks with nearly
constant or uniform dimensions in the external leaves (ashlars facing system). Much less
homogeneous distribution of the stone-rubble units (as they were randomly cut from
quarries and adhered with mortar) was often used as an infilling between the joints among
the undressed and rough stone-rubble with variable joint thicknesses.

Furthermore, the external layers were usually built of well-dressed limestone blocks
with nearly uniform dimensions (ashlar limestone facing system), while the dimensions of
the stone-rubble infill vary according to the total thickness of the inner layer. Moreover,
the joint thickness was usually much lower than the thickness of stone-rubble units in the
inner core layer, and the percentage of voids and mortar in the inner-core layer is relatively
low; consequently, rubble-stones settle at a high percentage. In many cases, a transversal
connection between the inner and outer layers is provided by irregularly passing elements.
These transversal bond elements were used to enhance the connectivity between the wall’s
leaves (see Figure 4).
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Figure 4. Transversal bond elements to enhance the connectivity between wall leaves: (A) external
wall of Bab Zuwayla and (B) main facade of Masjid al-Salih Tala'i’.

Moreover, adding through stones to the wall’s cross-section improves the deformation
capacity, mechanical performance, and out-of-plane strength. The contribution of the
transversal bond element (also referred to as through stone) to enhancing the seismic
performance and capacity of unreinforced masonry walls has been studied in the literature
from the experimental and computational modelling point of view [48-50].

The survey results with the collected and analysed data made it possible to identify
the core-infill materials of the multiple-leaf masonry walls. The core layer of the majority
of these walls are built mainly of stone-rubble infill. Nevertheless, the core layer in some
buildings dating back to the Ottoman period was mainly built of brick-rubble, such as Sabil
Ibrahim Agha Mustahfizan and Saray Al-Musafir khana (Figure 5). Moreover, the thickness of
the core layer of the majority of this kind of wall ranges from 0.5 to 2 m, and the percentage
of the core layer with thickness lower than 0.5 m is about 14.5%.
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Figure 5. Different core-infill materials of multiple-leaf masonry walls: (A-C) stone-rubble infill,
(D,E) brick-rubble infill, (A,C) Complex of Sultan al-Ashraf Barsbay, (B) Khangat Khawand Umm Anuk,
(D) Sabil Ibrahim Agha Mustahfizan, (E) Saray Al-Musafir khana Zawiya of “All al-Maghrabi.

The typology of the surveyed multiple-leaf masonry walls could be characterized
from the analysis of collected data and field survey results. The most frequent stone
masonry typology comprises three leaves not interconnected, with the outer leaves made
of well-dressed limestone blocks with nearly uniform dimensions (ashlars limestone facing
system) bonded in horizontal courses. The average thickness of the walls’ cross-section is
about 1 to 2 m with a thickness ratio between the external and the internal leaves of about
0.15 to 0.3 (Figure 6). The average frequency of voids percentage on core skin is around 2
to 15%. A general characterization of the common topologies of the transversal section of
multiple-leaf stone-masonry walls is described in Figure 7.

'_",W#'«-,’c*(_.nv"
N By T

¢

s g e - e

Figure 6. Various typologies of multiple-leaf stone-masonry walls in historic Islamic buildings: (A,B) slender wall (Complex
of Sultan al-Ashraf Barsbay and Bab Qaytbay resbectivly), (C,D) wall of medium thickness (Complex of Sultan al-Ashraf Barsbay),
(E) thick wall, (Zawiya of “All al-Maghrabi), (F) monolithic/massive wall (Bab Qaytbay).
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Figure 7. Common topologies of the transversal section of multiple-leaf stone-masonry walls in
historic mediaeval masonry constructions in Egypt (a) with keyed and (b) straight collar joints.

3.2. Petrographic Investigation

The interlocking texture and microstructure of the studied stone samples are given
in Figure 8a under cross-polarized light (XPL). These samples represent limestone units
derived from the external and inner layers of the investigated multiple-leaf rubble stone-
masonry walls. Most of the stone units are fine-grained and composed essentially of
carbonate minerals, calcite, a minor amount of dolomite, and a small amount of quartz,
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phosphate mineral and iron oxides. Carbonate minerals appear as very fine-grained
and constitute the matrix of the stone enclosing other constituents. Many 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. Quartz grains are
very fine-grained and scattered in the stone. Some parts of the sample are slightly stained
by iron oxides.

Figure 8. Thin section micrographs of (a) limestone samples; (b) mortar samples under cross polarized light (XPL).
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On the other hand, the interlocking texture and microstructure of the mortar samples
examined here are given in Figure 8b under cross-polarized light (XPL). These samples
represent mortar derived from the bed joints of the external and also from the inner layers
of the investigated walls. By studying the interlocking texture of the mortar samples, it
was confirmed that the mortar grains are very fine to medium-grained and composed of
either only carbonate minerals or carbonate minerals and gypsum as the major components
with minor amounts of quartz and clay minerals and a small amount of mica, iron oxides
and opaques. Carbonate minerals occur as very fine-grained aggregates and represent the
essential constituent of the mortar admixed with gypsum, while gypsum occurs as very
fine to fine-grained, fibrous aggregates and is admixed with carbonates. Quartz, mica, iron
oxides and opaques are scattered in a very fine matrix of carbonates. Quartz occurs as
fine-grained, sub-rounded to subangular in shape and sometimes encloses mica. Opaques
appear as fine-grained and scattered around the sample.

3.3. Quantitative Analysis Using X-ray Diffraction Technique (XRD)

The outer leaves of most of the surveyed multiple-leaf stone-masonry walls were
mainly built of limestone blocks. In addition, the core-infill layer is built of rubble with
bending mortar; this rubble commonly consists of rough and undressed limestone. Accord-
ing to the XRD analysis results, limestone is mainly composed of either calcite CaCOj3 or
calcite-magnesian (Mg 054 Cag.935) (CO3). Sometimes gypsum CaSO4 (H,0); is found at a
low percentage as a result of salt decay.

According to [51], gypsum is created from the reaction of calcite (CaCOj3) with sul-
phuric acid (H250y) in intensively decaying conditions under the influence of natural
and anthropogenic factors such as atmospheric humidity and temperature changes, air
pollution, salts, and aggressive microbial communities. This gypsum-rich patina develops
as black crusts of various thicknesses and extensions. Quartz is also found at a meagre
percentage (i.e., traces) as an impurity. Table 1 summarizes the average composition of the
minerals for limestone samples collected from different multiple-leaf stone-masonry walls
of historic Islamic buildings in Cairo.

Table 1. Average composition of the minerals for limestone samples.

Sample No. Minerals Chemical Formula Semi-Quant [%]

1 Calcite CaCO3 79
Quartz Si0, 21

Calcite, magnesian (Mgo.064 Cag.936) (CO3) 71

2 Gypsum CaSO4 (H0); 23
Barite BaSOy 6

Calcite, magnesian (Mgo.064 Cag.936) (CO3) 74

3 Gypsum CaSO4 (H0); 18
Quartz SiO, 8

4 Calcite, magnesian (Mgo.064 Cag.936) (CO3) 100
Calcite, magnesian (Mg0.064 Cag.936) (CO3) 85

5 Quartz, low, syn SiO; 5
Halite NaCl 10

6 Calcite, magnesian (Mg0.064 Cag.936) (CO3) 77
Gypsum CaSOy4 (H0), 23

Calcite, magnesian (Mgo.064 Cag.936) (CO3) 71

7 Gypsum CaSO4 (Hy0); 18
Quartz SiO; 11

Calcite CaCO3 76

8 Quartz, low, syn SiO, 15
Halite NaCl 9
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Regarding the analysed mortar samples, the analysis results confirmed that lime-based
mortar is the most common type of mortar used in the construction of both inner-core layer
and external layers as a primary binder between stone-blocks, in the case of external layers,
or between rubble-stones, in the case of the inner-core layer.

In accordance with the XRD analysis results, mortar samples, collected either from the
inner or external layers, are mainly composed of lime as the major binders, with sand as an
aggregate and some additives used to enhance the adhesion performance of the mortar,
such as red-brick powder (i.e., hommra) or fly ash (i.e., qusrmil) as pozzolanic materials.
Sometimes gypsum CaSO4 (H,0); is found in varying percentages.

The presence of gypsum in the composition of the mortar can be interpreted either as
an alternative binder to lime, as an additive to lime mortar mixture enhancing the setting
and hardening processes or as a result of salt decay from the reaction of calcite (CaCO3z) with
sulphuric acid (H,SOy) in intensively decaying conditions under the influence of natural
and anthropogenic factors. Table 2 summarizes the average composition of the mortar
samples collected from different multiple-leaf stone-masonry walls of historic Islamic
buildings in Cairo. XRD charts related to the output results of representative stone and

mortar samples are given in Figures 9 and 10.

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

Sample No. Minerals Chemical Formula Semi-Quant [%]

Calcite, magnesian (Mgo.064 Cagp.936) (CO3) 39

1 Quartz Si0O, 19

Vermiculite-2M Mg35i4079 (OH), 24

Kaolinite-1A Al Si,O5 (OH)4 18

Gypsum CaSOy4 (Hy0), 58

2 Calcite CaCO3 24

Quartz SiO; 6

Anhydrite CaS0O4.1/2 H,O 12

Calcite, magnesian (Mgo.064 Cag.936) (CO3) 54

Quartz, syn SiO, 19

’ Albite, calcian, (Ca, Na) Al (Al, Si)3 O 23
ordered ’ ethe!

Gypsum CaSOy4 (H,0), 4

4 Quartz Si0, 92

Calcite CaCO3 8

5 Calcite CaCO3 9

Gypsum CaSOy4 (Hy0), 91

Calcite, Isr;;gnesmm’ (Mg0.064 Caag.936) (CO3) 51

6 Quartz, syn SiO, 38

Hematite, syn Fe;, O3 11

Halite NaCl 31

7 Quartz Si0, 56

Calcite, magnesian (Mgo.064 Cag.936) (CO3) 13

Dolomite CaMg (CO3), 12

Albite NaAlSi3;Og 33

8 Hollandite (Ti, Mg)  Bag 0o Tiz4.00 Mge.00 Os0.00 27

Calcite CaCO3 8

Quartz Si0O, 20
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Figure 9. X-ray diffraction pattern of representative limestone sample.
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Figure 10. X-ray diffraction pattern of representative mortar sample.

3.4. Thermal Analysis (TG/DTA)

The results obtained by means of XRD have been confirmed by the thermal analyses
carried out on the same investigated stone and mortar samples. According to the TGA/DTA
analysis results related to stone samples, an initial weight loss of around 0.2-0.4% up to
110-120 °C is due to the release of absorbed hygroscopic water. Moreover, between 680 °C
and 750 °C the obtained curve is partly erratic with little steps around 1.7-5.7%, this could
be due to the presence of very small amounts of dolomite (CaMg (CO3),) as dolomite
decomposes in this temperature range [52,53]. The subsequent steps include weight loss
of about 26-29.5% with decomposition at a temperature range of 650-860 °C, which can
be attributed to the decarbonization of calcium carbonate (Calcite) CaCOj3. At 1000 °C,
meanwhile, a total weight loss of around 20.7-28.6% was registered. The thermogravimetric
analysis curves for studied stone samples are shown in Figure 11a, while Table 3 represents
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the mass losses (in %) obtained by TGA corresponding to the dehydration of hygroscopic
water and the carbonates’ decarbonization regions.
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Figure 11. Thermogravimetric analysis curves of analysed (a) stone and (b) mortar sample.
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Table 3. Results of DTA-TGA analysis of weight loss (in %) up to 1000 °C for stone and mortar samples.

Mass Loss %

Sample Dehydration of Decomposition Dehydration oc-Quartz. Decomposition Total Mass

. of Clay Polymorphic Loss %
Hygroscopic Water of Gypsum Minerals Inversion of Carbonates

St 0.227 - - - 26.125 28.679
one 0.432 - - - 35.294 40.329
2.697 0.730 - 1.251 6.409 15.127
Mort 2.135 12.436 - - 4.125 25.727
ortar 0.247 - 14.024 - 1.540 17.616
2.542 1.834 - 1.254 7.351 23.074

Considering the investigated mortar samples are either from the external or internal
layers, an initial weight loss of around 0.24-2.6% up to 120 °C is due to the release of
absorbed hygroscopic water. In addition, endothermic peaks, with associated weight loss
of about 0.7-12.4% in the range of 140 °C to 200 °C, have been registered. This peak could
be ascribed to the loss of water of crystallization of the gypsum (CaSO4.2H;0). Gypsum
dehydration takes place in two stages as follows (Equations (2) and (3)) [54,55]:

CaSO42H,O — CaSO4-AH,O + 3H,O  ~ 145°C )

CaSO4-3H,O — CaSO4 + LH,0 ~ 570°C (3)
2 2

In some samples, the curve shows an initial endothermic peak at 100-250 °C, due
to the dehydration of clay minerals as apparent representatives of the loss of water held
between the basal planes of the lattice structure (i.e., swelling water) [56].

Furthermore, an endothermic peak almost without associated weight loss is observed.
This peak at ~540-570 °C could be related to the polymorphic transformation of the o-
Quartz. The peak is small because the energy associated with this change is minimal
(Equation (4)) [53,57].

x — quartz — B — quartz ~ 540 °C 4)

Besides, a point of inflection at ~620 °C to 680 °C accompanied by a weight loss of
about 1.2-2.7%, can be observed and ascribed to dolomite decomposition. This association
is in agreement with the XRD analysis results, while the weight loss of about 4.1-6.4% in the
range 620-800 °C is attributed to the decarbonization of calcite CaCO3 and the associated
weight loss originates from CO; (g) evolution (Equation (5)) [52,53,58].

CaCO3 — CaO+CO,; ~ 715°C ®)

Finally, at 1000 °C a total weight loss of around 15.1-25.5% was registered. The
thermogravimetric analysis curves of analysed mortar samples are shown in Figure 11b.

3.5. Microstructure and Micro-Morphological Examination Using SEM with EDX

These SEM-EDX microanalyses are remarkably compatible with the previous micro-
analyses, where Ca, Mg, C, and O are components of carbonate phases CaCO3, Ca Mg
(CO3); (calcite and calcite magnesian) in XRD and thermal analyses; Si and O are compo-
nents of quartz; Fe is a component of Fe;O3 (Hematite); Cl is a component of NaCl (Halite);
C, S, and O are components of CaSO4.2H,0 and CaSO,4.1/2H,0 (gypsum and anhydrite),
respectively. While Al, Si, P, K, and Fe, are components of Mg3Si;O19 (OH);, Al, Sip O3
(OH)4 (vermiculite and kaolinite), respectively. The presence of iron in the form of iron
hydroxides in the fine limestone (micrite) determines the slightly reddish colour of the
analysed limestone.
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The microstructure and EDX microanalysis of various stone samples listed in Figure 12a
showed that the dominant constituent of the stone samples is calcite with fine rounded
quartz crystals and, in some cases, traces of gypsum. The presence of Ca, O, and Mg
indicates the carbonate phases CaCOj3, Ca Mg (CO3),, while Ca, S, and O are related to
the infection of the stone sample by sulphate salt decay (gypsum) CaSOy4, CaSO,4-2(H,0).
Moreover, the presence of iron in the form of iron hydroxides in the fine limestone (micrite)
determines the slightly reddish colour of the analysed limestone samples. In some samples,
heterogeneous distribution of gaps and a minor quantity of crystalline salts (halite, NaCl)
were noticed through the stone. Furthermore, EDX microanalysis of various mortar samples
listed in Figure 12b showed that all of the analysed mortars are lime-based mortar, as the
principal constituent of the mortar samples is calcite with fine rounded quartz crystals, and
in most cases gypsum is detached as a minor element or even trace element; conversely, in
a few cases, gypsum is detached as a significant element with calcite. Different percentages
and sizes of quartz grains are scattered in the mortar.

Moreover, heavy decomposition and migration of calcite crystals were observed;
besides, an inhomogeneous distribution of the gaps through the mortar was noticed. In
some samples, these pores and cavities of the mortar surface were partially filled by
sodium chloride precipitations as salt decay. The presence of Ca, Mg, C, and O indicates the
Carbonate phases CaCO3, Ca Mg (CO3),, while Na, S, and Cl correspond to the infection by
decayed chloride and sulphate salts (e.g., NaCl and CaSoy).

Additionally, Si and O are related the quartz, while the high concentration of phos-
phate (P) is attributed to phosphates salts; other trace elements indicate the impurities
in the mortar mixture. It is worth remarking that organic additives (i.e., chopped straw)
were observed in some mortar samples derived from the inner-core layers; these organic
additives were often used for strengthening the mortar and increasing its cohesion with
the rubble stone to fill the inner core of the wall.

3.6. Physical Characterization

The results obtained from the experimental tests demonstrate that the limestone
specimens exhibit the lowest porosity values with an average of 17.22%, while the lime-
based mortar specimens, which represent the embedded joints, exhibit higher porosity
values with an average of 24.90%. Moreover, the core-infill specimens corresponding to
the inner layer of multiple-leaf masonry walls exhibit the highest values of porosity with
an average of 31%. Furthermore, the limestone specimens exhibit the highest dry and
bulk density values, while the lime-based mortar specimens exhibit lower values, and the
core-infill specimens exhibit the lowest values. The average dry and bulk density values of
limestone, mortar and core-infill specimens are 2.086, 1.811,1.715 g/ cm? and 2.258, 2.060,
2.025 g/cm?3, respectively. It is observed that the porosity values present some scattering
opposite to density, whose average values are associated with a remarkably low coefficient
of variation. The average values of the porosity (1), dry density (p;), bulk density (pp,x),
water absorption (WA), specific weight (Gs) and void ratio (¢) obtained with reference to
cubic specimens as well as the corresponding coefficients of variation (CV) are shown
in Table 4.

Table 4. Average results for the physical tests of limestone, mortar and core-infill specimens.

Pd PBulk WA U Gs e
Avg. cv Avg. Ccv Avg. cv Avg. cv Avg. cv Avg. cv
(g/cm?3) % (g/em®) % % % % % (g/cm?3) % % %
Limestone  2.086 8.95 2.258 8.90 8.27 13.85 17.22 15.52 2.525 10.85 20.91 18.47
n]:éﬁzr 1.811  16.00 2.060 1471  13.97 38.05 24.90 38.87 2.444 18.73 34.99 48.98
Core-infill ~ 1.715 2.72 2.025 4.74 18.10 30.76 31.00 30.23 2.528 14.94 47.45 47.34
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Figure 12. SEM photomicrographs and (EDX) microanalysis of thin sections of (a) limestone and (b) mortar samples.
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3.7. Mechanical Characterization

In this section the results of the mechanical characterization of the materials are pre-
sented. Given the complexity of the topic, further details will be provided in a forthcoming
paper. The notation adopted is in accordance with [7,27].

3.7.1. Uniaxial Compression Test

The average values of the compressive strength, f, peak strain, &p, initial cracking
stress, f. ;, initial cracking strain, ¢, initial elastic modulus, E;, tangent elastic modulus,
E;, secant elastic modulus, Es, obtained in the reference specimens tested under uniaxial
compression are summarized in Table 5 and Figure 13. Examples of failure patterns of the
tested specimens illustrating strain localization are shown in Figure 14.

Table 5. Average results obtained from the compression tests on cubic specimens of 150 x 150 x 150 mm,
(values in brackets give the CV).

Tested fe fei Eci & E E; Es
Specimen N/mm? N/mm? % % N/mm? N/mm? N/mm?
. 22.72 6765.1
Limestone (3.10) 6.44 0.11 0.41 (7.05) 6666.67 6021.50
Lime-based 1.66
mortar (4.02) 123 ) ) 1245 ) )
. 4.19 2350.47
Core-infill (11.02) 0.85 0.05 0.24 (16.43) 1250 1142.85
a) 3w b) sw
25.00 5.00
2000 50%5050mm 400
5 o .
S 15.00 ‘:‘ ’i 3.00
S ft :
S B /7 B S CaM+R 1
000 NN e Stonc unit 1 RN Y 47 N T Y L CaMHR 2
- e i oo
----- Stone unit 5 CaM4R 5
000 ‘ ‘ ‘ ‘ ‘ _‘Avaage ‘ 0.00 | . ! -‘_Amage |
0.0% 02% 0.4% 0.6% 0.8% 10% 12% 14% 0.0% 02% 0.4% 0.6% 08% 1.0%
£1%] erd

Figure 13. Stress—strain diagram obtained for limestone specimens with (a) limestone and (b) core-infill specimens.

Figure 14. Examples of failure patterns for tested (A) limestone, (B) lime-based mortar and (C) core-infill specimens under

uniaxial compression.

Considering limestone units, the values found for the modulus of elasticity lie on a
relatively low interval, and a mean value of 6.8 E + 3 N/mm? is attained. The compressive

strength, f.;, shows the same tendency and exhibits a relatively low range of variation
(17.59-24.93 N/mm?).
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Regarding the lime-based mortar, the average compressive strength of mortar speci-
mens, fi;c, was 1.66 N/ mm? after 120 days. According to [59], the modulus of elasticity,
Eu, could be calculated from (Equation (6)):

En= KEf m,c (6)

where the recommended value for Kg is 1000, however, in the literature [60,61], the Kg
value may range between 500 and 1000. For this reason, the value for Kg was considered
equal to 750; consequently, the considered average value for the modulus of elasticity, E;,
is 1245 N/mm?.

The values that were obtained from testing the core-infill specimens for the modulus
of elasticity lie on a relatively high interval, the minimum (1176.89 N/mm?) and the
maximum (3416.06 N/mm?). By averaging the results concerning all specimens, a mean
value of 2.35 x 103 N/mm? is attained. The compressive strength, fc,ir shows the same
tendency and exhibits a relatively high range of variation (2.77—4.85 N/mm?).

3.7.2. Splitting Tension Test

According to the obtained results, average splitting tensile strength, f;, of 2.29, 0.148
and 0.374 N/mm? was determined for limestone, lime-based mortar and core-infill speci-
mens, respectively. Concerning the ratio between the tensile and compressive strengths, a
value of about 10% was found for limestone, while a value of 9% was found for lime-based
mortar and the core-infill. Regarding the core-infill specimens, from the visual assessment,
the observed failures in the indirect tensile tests were mainly due to the loss of adhesion
between the lime mortar and the stone rubble (Figure 15).

Figure 15. Failure mode of (A) limestone, (B) lime-based mortar, (C) core-infill specimens.

3.8. Thermal Conductivity and Resistivity

The results obtained from the conducted experimental tests demonstrate that the
average thermal conductivity of limestone (corresponding to the outer layer) is about
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0.365 W/mK, lime-based mortar (corresponding to the embedded joints) is about 0.549 W/mK,
and core infill (corresponding to the inner layer) is about 0.402 W/mK. The density of
the core infill increases when stone fragments are added so that the thermal resistivity
increases by about 15.57-27.51%. Table 6 summarizes the results of thermal conductivity
analysis of stone, mortar and core-infill.

Table 6. Thermal measurement results for the investigated limestone, mortar and core-infill specimens.

Density, Temp. A Upper Temp. A Lower Percent Mean Avg. Thermal
Specimens P Upper Lower Difference Temp. Conductivity, Aavg
(kg/m3) °C (W/m K) °C (W/m K) % °C (W/m K)
S1 2.2944 20.02 0.3244 45.03 0.3342 2.98 32.525 0.3293
S2 2.2763 20.02 0.3572 45.02 0.3319 7.34 32.52 0.3445
M1 1.6491 20.01 0.5671 45.02 0.5233 8.02 32.515 0.5452
M2 1.6016 20.01 0.5752 45.02 0.5308 8.02 32515 0.5535
RM1 1.8525 20.02 0.3845 45.02 0.4178 8.29 32.520 0.4012
RM2 1.8477 20.01 0.4788 45.02 0.4418 8.02 32515 0.4603

According to the thermal conductivity test results, it can be concluded that the thermal
behaviour of stone masonry walls depends on various factors, mainly the density of
their components and the void ratio. The tests results mentioned above proved that the
thermal conductivity increases as the density increases. The limestone specimens with the
highest density have the highest thermal resistivity, while the core-infill specimens have a
lower density and thus present lower thermal resistivity. Additionally, lime-based mortar
specimens, which have the lowest density, have the most significant thermal conductivity.

4. Conclusions

Concerning the experimental investigation on the construction materials used in
constructing multiple-leaf stone-masonry walls, comprehensive microanalyses and testing
programs were conducted to fully characterize their mineralogical, chemical and thermal
properties. The results obtained from conducted microanalyses confirmed that:

e  The outer leaves of the majority of the surveyed multiple-leaf stone-masonry walls in
Egypt were mainly built of limestone blocks.

e  The field survey results confirmed that most of the complex historical medieval build-
ings in Egypt present bearing structural elements built up by adopting multiple-leaf
masonry technology. This building technology was used for vertical structural ele-
ments in almost all types of historical constructions, i.e., religious, service, residential,
fortification, irrigation, etc. Moreover, multiple-leaf stone-masonry walls are charac-
terized by different construction methods and typology that gradually changed from
multiple-leaf walls with weak mechanical resistance made with a cohesionless internal
core held by two separate external leaves to walls with fixed rubble-core masonry
strongly connected and characterized by monolithic behaviour.

e  The inner-core layer was built of rubble with bending mortar; this rubble is commonly
consisting of rough and undressed limestone.

e Lime-based mortar is the most common type of mortar used in constructing both
inner-core layer and external layers as a major binder between stone blocks in the case
of external layers or between rubble-stones in the case of the inner-core layer.

e  Mortar samples, collected either from the inner or external layers, are mainly com-
posed of lime as the major binders, with sand as an aggregate and some additives
used to enhance the adhesion performance of the mortar, such as red-brick powder
(i.e., Hommra) or fly ash (i.e., Qusrmil) as pozzolanic materials. Sometimes gypsum
CaSO4 (H0); is found with varying percentages.

e According to the results obtained by means of thermogravimetric and differential
thermal analyses, the temperature corresponding to the maximum decomposition rate
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of the ancient lime mortar was 750 °C. Furthermore, the temperature corresponding
to the maximum rate of decomposition of the historic limestone samples was 850 °C.

e  According to the TGA/DTA analysis results of the lime-based mortar samples col-
lected from the inner-core layer of different multiple-leaf stone-masonry walls, these
mortars almost did not show any weight loss between 200 ° and 600 °C (related with
the water of hydraulic compounds). Therefore, this could indicate that mortars have
aerial lime as a binder. Moreover, some mortar samples have shown relatively low
values of MgO. According to this fact, the use of magnesian-lime mortar could be
proved. Moreover, the presence of magnesian calcite in the same samples has also
been established by XRD.

e EDX microanalysis of various stone samples showed that the dominant constituent
of the stone samples is Calcite with fine rounded Quartz crystals and, in some cases,
traces of Gypsum. Additionally, the major constituent of the mortar samples is calcite
with fine rounded quartz crystals. In most cases, gypsum is detected as a minor
element or even trace element; conversely, in a very few cases, gypsum is detected as
a significant element with calcite, particularly in walls of thicker cross-sections.

e In most cases, gypsum is detached as a minor element or even trace element in
analysed mortar samples; conversely, gypsum is detached as a significant element
with calcite in a few cases.

e The physical tests proved that the lime-based mortar of the embedded joints and
limestone units of the outer leaves exhibit lower porosity values with an average of
24.9 and 17.2%, respectively. In contrast, the inner core layer exhibits the highest
porosity values with an average of 31%; this is mainly due to the interfacial transition
zone (ITZ) that exists between large particles of rubble stones and the hydrated lime-
based mortar paste. Furthermore, the limestone specimens exhibit the highest dry and
bulk density values, while the lime-based mortar specimens exhibit lower values, and
the core-infill specimens exhibit the lowest values.

e  Under uniaxial compression, a mean value of 6.8 x 103 N/mm? was attained for
the modulus of elasticity of tested limestone specimens, while the mean values for
the compressive strength obtained for limestone specimens, lime-based mortar, and
core-infill cubic specimens after 120 days were 21.6, 1.6, 3.2 N/mm?, respectively.
The average values of the splitting tensile strength for limestone specimens, lime-
based mortar, and core-infill specimens ranged from 9 to 11.6% of the corresponding
compressive strength.

e  The obtained failure pattern of core-infill specimens under compression and tension
confirmed that the failure mode corresponds to the loss of adhesion between the lime
mortar and the stone rubbles, i.e., a weak interfacial transition zone.

e According to the thermal conductivity test results, it can be concluded that the thermal
behaviour of stone-masonry walls depends on various factors. The tests results proved
that the thermal conductivity of multiple-leaf masonry walls depends mainly on the
density of their components and the void ratio. Consequently, the thermal resistivity
of the wall can be improved by decreasing the void ratio in the infill layer, increasing
the cohesion between the bedding mortar and rubble stone, and also by using stones
with lower permeability. Moreover, it is possible to infer that the increase in block
thickness of the external layers and, above all, the use of mortar coating, attenuate the
heat transfer to the inner layer of the wall.
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