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ABSTRACT

The current paper investigates the influence of fire on historic stone masonry structures, for the purpose to
assess stones structures deterioration, based on non-destructive measurements for significant changes in the
physical properties and mineralogical composition of limestone. Different cubic samples of limestone used in
historic buildings« were selected and subjected to increasing temperatures, from room temperature to heating
at 200°C, 400°C, 600°C, 800°C in the oven for a period of 6 hours. The induced changes in the microstructure,
petrophysical and mechanical properties of the limestone were examined and correlated with The petro-
graphic analyses (polarizing microscope, XRD, SEM) and physical parameters (density, porosity, water ab-
sorption), mechanical properties (uniaxial compressive strength). Results showed that fires and high temper-
atures cause significant changes in the physical properties and mineralogical composition of limestone« par-
ticularly at temperatures beyond 300°C, produces considerable microcracking and causes colour changes in
limestone. The developed cracks act to increase the porosity and significant reduction in compressive strength
in limestone. The study included the methods of treatment through for the use of some consolidation materials
(Paraloid B72) mixed with nanocomposites in the process of consolidation. Results showed demonstrated the
superiority of the Paraloid B72 mixed with Nano calcium hydroxide in the consolidation and filling the spaces
between the mineralogical composition for building stones. The results of this paper indicate that the deterio-
ration of limestone depends on mineralogical composition and fabric. The consideration of mineralogical com-
position and rock fabric parameters, however, helps provide a more comprehensive evaluation and interpre-
tation limestone damage.

KEYWORDS: Fire impact, Historical Stone Masonry, Nano Composites, Conservation, Calcium hydroxide,
kaolinite
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1. INTRODUCTION

The recent fire at MusafirKhana Palace brought at-
tention to the severe damage that fires can cause to
historic buildings, where the Cairo attended a large
number of fires at the last period, an impact on the
architectural heritage. Limestone are porous sedi-
mentary rocks that have been widely been used in
many historical buildings and monuments world-
wide. Exposure to fire and high temperatures cause
significant changes in the physical and mineralogical
properties of limestone. The aim of this research is to
propose a strategy to assess the fire and high temper-
ature performance of limestone. There are several sig-
nificant studies about the decomposition of the ele-
ments that form the structure, such as the effect of
high temperature and fire on historical buildings.
Some researchers pointed out that the susceptibility
to damage in archaeological buildings concentrated
mainly on the morphological changes on stone sur-
faces such as cracking, scaling or analyses of colour
changes (Chakrabarti, 1993). the knowledge of how
mechanical properties and mineralogical composition
of limestone change with increasing temperature is
fundamental for the conservation and restoration of
fire damaged limestone monuments, the fire causes
surface changes in the colour of stones and the accu-
mulation of soot and flames at heat temperatures less
than 3000C, and the effect of damage is large when
the temperature is higher than 6000C at temperatures
less than 300°C, surface changes occur in the colour of
the stones (Chakrabarti et al., 1995; Hajpal, 2002). the
physical properties decrease with increasing temper-
atures, and both of modulus of elasticity, Poisson's
rate decrease with increasing temperatures, and Yang
modulus decreases above 6000C at room temperature
(Hajpal and Aorok, 2004; Brotons et al., 2013). The ef-
fect of thermal expansion on the porosity of rocks and
porosity varies according to the exposure of the
stones to different rates of temperature and the dura-
tion of exposure to heat, high temperatures increase
the internal stresses between the grains, which It re-
sults in cracks, affecting the voids between the gran-
ules (Ozguven and Ozcelik, 2013; Ingham, 2008) .The
effect of fire and high temperatures on the mechanical
properties of building materials in monumental
buildings, high temperature weakens the mechanical
properties and then affects the durability and durabil-
ity of these materials (Ugur et al., 2014; Hone bone,
1998). the properties of rocks affected by high temper-
atures, and performed some non-destructive tests on
porosity, measuring ultra sound velocity, determin-
ing the fracture stress of the stone, and its resistance
to shear tensile stresses, as it was found that the stress
of fracture decreases with increasing temperatures by
about 35% and the modulus of elasticity may decrease

by a range of approximately 75-78% (Russo et al,,
2008). The deterioration of limestone is related to its
com-position and micro fabric parameters which in-
clude microstructure (geometry and morphology of
grains and pores) and texture (crystallographic pre-
ferred orientation). Limestone is mainly composed of
calcite crystals which exhibit distinctive thermal ani-
sotropy. Calcite crystals expand when they are heated
in the direction parallel to the c-axis, but contracts in
the normal directions (Kleber et al., 2010). This anisot-
ropy is considered to be the main factor responsible
for limestone deterioration, particularly at its early
stages (Ruedrich et al., 2010; Sheremeti-Kabashi, 2002;
Siegesmund et al., 2000; Zeisig et al., 2002). When
limestone is subject to temperature changes, thermal
stresses are developed that can be sufficiently large to
produce microcracks in and between its mineral
grains (Battaglia et al., 1993; Robertson, 1982; Weiss,
Siegesmund, et al., 2002). The widening of micro
cracks due to weathering increases the porosity and
pore size of limestone and changes the water
transport mechanism in the stone. This renders the
limestone more susceptible to damage by other dete-
rioration mechanisms and factors, particularly water
(Riidrich, 2003; Sheremeti Kabashi, 2002). Conse-
quently, the deterioration rate of limestone is consid-
erably accelerated, leading eventually to serious dam-
age or even destruction of limestone objects and
structures. The measure of damage caused by fire de-
pends on many factors, the changes at the natural
stones could be influenced by the burning circum-
stances, is the heating one-sided or more-sided, ho-
mogenous or heterogeneous, the size of the burned
stone, velocity of heating, the maximum burning tem-
perature, stone type and its characteristics, the colour
change in natural stones almost corresponds to the
dehydration of iron compounds. Heat causes the de-
velopment of a pink or reddish-brown colouration in
brown or buff- colour, the colour changes start at a
temperature of 200-300°C in most rocks. Some stones
contain a small amount of organic substance, which
occur that the grey colour covering the red one. Other
significant kinds of decay of stones by burning are
cracking, shattering, scaling, and spelling the process
of scaling and spalling continued during the fire,
therefore the strength of the stone is surpassed, a
bursting of the hot outer part is forced, and the rock
peels. Rounding off the edges can occur if there is an
edge the heat can work from two sides, this form of
decay is regularly seen on steps, pillars and window-
heads, the susceptibility to damage in archaeological
buildings depends on the components of the building
material, its homogeneity and its resistance to various
environmental factors. It consists of a variety of build-
ing materials and most of them are flammable, and
the fire spreads very quickly and causes combustion
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of organic materials and building components of the
building, and works to bring about the destructive
and damaging effect of the architectural elements that
resist. In this study, the deterioration of limestone as
a result of the fire and high temperature is examined
and correlated with colour change and physico-me-
chanical properties measurements for a variety of his-
torical limestone widely used in historical buildings,
this should help us to understand the nature and ex-
tent of changes in limestone structure and physico-
mechanical properties with progressive weathering.
Archaeometric techniques for conservation, diagnos-
tics and protection is reviewed elsewhere (Liritzis et
al., 2020).

This study aims to develop new methods for as-
sessing limestone deterioration a result of exposure to
fire and high temperatures through some laboratory
measurements and also, determine the variations in
the properties of some natural stones which have dif-
ferent structural and textural properties.

[T T T
/f ) N,(' 7’| {/ 7
/ f'lm/[‘ N I
3 — [ /
‘ 1'14 ¥ [ ’ / f
5 —
I} | /‘. | ‘\‘,,, 3 / ‘
l fl "1' L ‘/"'j/ i
2 K / A e
P b ey A 0|
| e j ] ﬂ*“t“*xi

NN jl

Figure 1. General layout the ground floor of Musafirkhan a
Palace in the old Cairo.

The ground floor it contains the main open court-
yard, and the three main halls, the reception hall, the
bathroom, some rooms, stores and the garden, the re-
ception hall, which is a large hall for receiving mer-
chants, consists of one hall and three iwan (Fig.3a),
the open courtyard, A large courtyard in the middle
of the house, arranged around most of the elements
of the house. Al-takhboush it is a rectangular area ex-
tending from east to west and overlooking the court-
yard and it is an important architectural element in
residential buildings in Islamic times (Fig.3b), the roof
is based on a round marble column, and the second
floor is topped by the facade covered with a
mashrabiya. Al-Qashani Hall it is the great hall for re-
ceiving merchants, the upper part is covered with
Qashani and decorated with drawings, geometric

2. THE ARCHITECTURAL DESCRIPTION

Al-Musafirkhana palace was designed and con-
structed by Mahmoud Muharram in 1779. The house
consisted of two sections, the northern section one we
reach from Darb al-Musamma; and the southern sec-
tion one we reach from Darb al-Tablawi; the house
has four facades, three entrances, and three floors (
Revault and Maury, 1979), the general layout of the
palace is a large open courtyard in the middle of the
house, and there is the southern side Al-Takhtabush
(a rectangular shape covered by a wooden ceiling
with decorations). The ground floor contains three
halls (Fig.1).; the first hall a large located to the left of
Al- takhtabush, the Qashani hall on the eastern side
of the courtyard, another hall on the northern side of
the courtyard, the house contains some storerooms
for storing things and food, servants' rooms, and
more than the reception hall for visitors. Also, con-
tains on a water woman and water tank, and each
main hall is attached to a bathroom, the house con-
sists of three floors (Fig.2).

Figure 2. General view for the ground floor of Musafir-
khana palace after fire.

shapes and various plant motifs (Kashef, 2010). The
first floor it consists of Al-Assad hall and nativity hall
in which the Khedive Ismail was born, the hall lead to
the Al-Asaad hall and birth hall, the bathroom at-
tached to the Al-Asaad hall. The Al-Asaad hall con-
sists of a hall and two Iwans, bathroom is attached to
it, the floor is a rectangular space and it is lower than
the iwan, the nativity hall consists of a bedroom room
and an iwan. The second floor it consists of a group of
corridors and Haramlek Hall that overlooks the main
courtyard of the Saraya in the largest mashrabiya in
the world, and the hallway that leads to the Haramlek
hall and the attached bathroom, the hall that leads to
the Haramlek hall is a rectangular shape similar to the
lower trench, and in the middle of it is a round marble
column.
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Figure 3. various views showing the palace from the inside before the fire, a) The open courtyard before the fire; b) The
Takhtabush before the fire.

The State of Preservation Al- MusafirKhana was
burnt to the ground in November 1998, where the fire
caused damage a great loss to the architectural com-
ponents of the building (Fig.4). The measure of dam-
age caused by fire depends on many factors, the
changes at the natural stones could be influenced by
the burning circumstances, is the heating one-sided or
more-sided, homogenous or heterogeneous, the size

of the burned stone, velocity of heating, the maximum
burning temperature, stone type and its characteris-
tics, the colour change in natural stones almost corre-
sponds to the dehydration of iron compounds. Heat
causes the development of a pink or reddish-brown
colouration in brown or buff- coluor, the colour
changes start at a temperature of 200 -300°C in most
rocks (Fig.4a).

Figure 4. A general view of the palace from the inside showing the damage and the impact of the fire; a) Photograph
showing degradation of limestone blocks and Colour change; b)Photograph showing cracks and Colour change of lime-
stone from a fire-damaged block ; ¢) Photograph showing roasted and burned ceilings wooden.

Some stones contain a small amount of organic
substance, which occur that the grey colour covering
the red one. Other significant kinds of decay of stones
by burning are cracking, shattering, scaling, and
spalling (Fig.4b),the process of scaling and spalling
continued during the fire, therefore the strength of the
stone is surpassed, a bursting of the hot outer part is
forced, and the rock peels. Rounding off the edges can
occur if there is an edge the heat can work from two
sides. This form of decay is regularly seen on steps,
pillars and window-heads, the susceptibility to dam-
age in archaeological buildings depends on the com-
ponents of the building material, its homogeneity and

its resistance to various environmental factors. It con-
sists of a variety of building materials and most of
them are flammable, and the fire spreads very quickly
and causes combustion of organic materials and
building components of the building, and works to
bring about the destructive and damaging effect of
the architectural elements that resist (Fig.4c).

3. MATERIALS AND METHODS

Archaeological and historical buildings stones can
be influenced by high temperatures or due to fire.As
a result of the effect of fire, a number of damaged and
decompositions occur in the elements forming them.
The stone materials investigated in this study consist
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of five sets from the limestone blocks, collected from
the from the Al-Musafirkhana palace in old Cairo.
The groups were divided so that each group consisted
of three cubic samples. To study the influence of fire
on historical buildings stones, dry limestone samples
were heated in an oven at five different temperatures
namely (22 Ce, 200 Ce, 400 Ce, 600 C°, and 800 C°). for
6 hours, warming up took 1 hour, and after controlled
heating the samples cooled down slowly in the oven,
the test conditions do not fully reflect the processes
that take place during natural fire. Nevertheless, this
method allows filling in the existing gap in
knowledge of the thermal behaviour of limestone's,
the samples were tested before (at 22°C) and after the
heat experiments at each temperature. Heating at
high temperatures proved to be an effective method
of thermal weathering for calcific stones (Franzoni et
al., 2013). The induced alterations in microstructure
and physical and mechanical properties of the heated
marble samples were investigated and compared to
those of the unheated samples. The measurement of
the physical and mechanical properties before artifi-
cial thermal weathering requires drying the samples
by heating at 60 C° to constant mass.

3.1. Petrographic and Mineralogical Examina-
tion

3.1.1. Polarizing microscope examination

The mineralogical composition and petrographic
characteristics of the limestone samples were studied.
This was performed using X-ray diffraction measure-
ments and polarizing light microscope. The changes
induced in the microstructure of the samples after
heating were investigated on thin sections under
Leica polarizing light microscope. The examination
with a polarized microscope depends on preparing
thin sections of the sample with a thickness of 0.03
mm, and the section is affixed to a transparent glass
slide with Canada balsam and the surface is flat, the
colour is observed through the overlap between the
sample components. The aims of the examination
with a polarized microscope is to study the optical
properties, identify the shapes of crystals and the
components of rocks, and verify the processes of
transformation of minerals ( Russo and Sciarretta,
2012). Identify mineral impurities such as iron com-
pounds and clay minerals, the connection of mineral
components with each other, the physical or chemical
change that occurred to them, and determine the
products of damage. Photomicrographs under Cross
Polarized Nichols (XPL) were taken by a Leica (ICC
50 HD) camera attached to the microscope.

3.1.2. X-Ray Diffraction Analysis.

Mineralogical characterizations of the samples
were carried out with X-ray diffraction by means of a
Philips X-Ray Diffraction equipment model PW /1710
Philips with Cu Ka radiation operating at 40 Kv and
20 mA. Spectra were taken in the range 5°-60° 20 and
step times of 1 s/step. Were used the reflection peaks
between 20 = 20 and 600, corresponding spacing (d,
A) and relative intensities (I/lo) were obtained. The
diffraction charts and relative intensities are obtained
and compared with ICDD files. The samples were
prepared and exposure to different temperatures,
comparing the results with reference samples before
the fire.

3.1.3. Scanning Electron Microscope

Scanning Electron Microscopy (SEM) SEM Model
Quanta 250 FEG (Field Emission Gun) attached with
EDX Unit (Energy Dispersive X-ray Analyzes), with
accelerating voltage 40-100 K.V., magnification14x up
to 100000 and resolutions for Gun.1n). The scanning
electron microscopy depends on the passage of a
beam of electrons through the electronic probe under
a voltage ranging from 40-100 kV on the surface of the
sample. The scattered electrons are captured through
an electronic detector and sent to a display screen af-
ter several processes. Scanning electron microscope
aims to investigations fine fissures. The morphologi-
cal shape, the secondary components intertwining be-
tween the layers of rocks, the determination of the
degradation and damage, the secondary changes re-
sulting from the conversion of some minerals to an-
other, and the changes in the mineral components of
the rocks and clay minerals, as well as evaluating the
consolidation materials and their success in complet-
ing the polymerization process, their ability to pene-
trate and fill the pores, the form of bonding and the
depth and penetration of the consolidation material
.This procedure was carried out at the Building Mate-
rials Research Center - Scanning Electron Microscope
Unit in Dokki - Egypt.

3.1.4. Colour change

CIELLAB colour change is a global measure of
brightness; the colorimetric measurements were car-
ried out at different stages of exposure fire to evaluate
the alteration of color before and after fire. We used
three-dimensional colorimetric system L*a*b* (also
known under the name of CIELAB) (Bratitsi et al.,
2018). The CIELAB color parameters (L*, a*, b*) was
used to quantify the changes in color; where the value
(L*) indicates bright white, the value (a*) measures
red and green, and the value (b*) measures yellow
and blue, these scales are designed to give colour
measurements (Ibrahim et al., 2019). In the form of
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identical optical units, it expresses the total colour dif-
ference (E) the difference in colour (A L* A a* A
b*).The measurement of colour change aims to deter-
mine the percentage of change in colour from the nor-
mal range and an evaluation of these samples before
treatment or aging if industrial obsolescence of the
treated samples . According to international standards
.The difference in the lightness (A L*), the chromatic-
ity coordinates (A a* and A b*) for the samples before
and after artificial aging were calculated using follow-
ing equations :(A I*=1*t - 1*0) (A a*= a*t - a*0) (Ab*= b*t
- b*0), Where:”0” represents the values before expo-
sure to fire “t” denotes those samples to after fire ,the
value of (A E) does not exceed five degrees in the field
of stone restoration, where the total colour change of
the surface of the samples was measured after expo-
sure to fire at temperatures of 200°C, 400°C, 600°C,
800°C, and compared to the standard sample before
the fire, and determine the percent of the colour
change of samples after fire. The colour change be-
gins at a temperature of 200 -30 °C in most rocks, the
phenomenon of colour change in rocks depends on
the combustion conditions and the mineral compo-
nents. Organic materials begin to convert to coal at
500°C.

3.2. PETROPHYSICAL AND MECHANICAL
PROPERTIES

3.2.1. Physical properties

The physical properties (Bulk density (p), apparent
porosity (n), and water absorption (Wa), of these sam-
ples were determined by calculating the volume of
each sample, measuring the dry weight and the wet
weight of each sample., the physical properties were
calculated as follows.

Density is one of the important physical properties
for determining the properties of rocks, and defined
as is the weight of a unit volume of a specific volume
of dry solid mineral material at 105 °C (constant
weight) to the weight of the same volume of water, or
density is the unit of mass of a substance over a unit
of mass of volumes, g/cm3. Whereas, the bulk density
of samples was calculated by dividing the dry weight
of samples to the bulk volume (Manoudis et al., 2009).
Density was determined as shown in equation=m /V
g/cm, where: () is the density in g/cm3 (i) is the mass
in gm. And (v) volume in cm?. Porosity is one of the
basic physical properties of rocks. Porosity influences
the internal surface area per unit material volume and
this in turn. Defined as the ratio between the volumes
of voids to the total volume of the sample (Robertson,
1982).

Porosity of rock and stone helps to determine the
strength and durability (AGI Glossary 1980), but also
permits estimates of the content of moisture and flow

through the masonry, and the porosity may increase
with the presence of fine cracks and primary or closed
breaks (AGI Glossary 1980). Porosity was determined
as shown in equation. n = (A- B) / (V x 100), where: n
is the porosity in %, A is the mass of the dried speci-
men, B is the mass of the soaked specimen, and V the
total volume of the sample.

Water Absorption the weight of water absorbed by
the rock after 24 hours of immersion in water divided
by its oven-dried weight expressed as a percentage of
its oven-dried weight. It was calculated by dividing
the absorbed water weight (after a bath of 24 h, in vac-
uum) by the dry weight of specimens or is the ability
of the stone to absorb water, which is an important
property because it is related to porosity, as shown in
equation for water absorption W(%): W = (A-B) /A x
100. Where: A the dry weight, B the wet weight in gm.

3.2.2. Mechanical properties

Uniaxial compressive strength is the maximum
load per unit area that the stone can bear without
crushing. A higher uniaxial compressive strength in-
dicates that the stone can with stand loads tending to
reduce size, to determine the uniaxial compressive
strength (ucs) was performed on at least 5 cubic spec-
imens of 5 cm side length using digitec machine
equipped with universal testing machine (urm ) soft-
ware. The load was applied on the specimens perpen-
dicular to the foliation plane with a loading rate of 750
N/s until failure. The uniaxial compressive strength
was calculated as the maximum load divided by the
area of the loaded surface. Specimens are tested in
ASTM 170. They should be cubes at least 2" to 3" on
each side. Each face must be perfectly flat and they
must be parallel or perpendicular with each other.
Faces must be smooth with no tool marks and there
should be no nicks at the corners (Hemeda, 2019,
2020), (ASTM, 1985). The uniaxial compressive
strength affected by several factors, the mineral com-
position, grain size, water content, porosity and per-
meability, fractures, loading rate. Where the sample is
placed between the plates of the loading machine and
then vertical stress is applied to it provided that the
collapse of the sample is within (5-10) minutes and
that the pressure produced at the moment of the col-
lapse of the sample is called the non-confined uniaxial
compressive strength, which is calculated as in the
following equation. oc = (P/A). Where: oc = uniaxial
compressive strength (MPa), P = strength (mn), A =
cross-sectional area m2. (Hemeda, 2021).

4. RESULTS AND DISCUSSIONS

In the study, colour change and whiteness, physi-
cal and mechanical properties change, are taken into
account to investigate the effect of high temperature
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in a fire on natural stones. The physical and mechan-
ical properties of the studied limestone samples be-
fore and after fire are presented in Table 1. The acces-
sible porosity of the limestone samples increased pro-
gressively by 4.92%, 9.45%, 22.70%, after heating at
200 Cv, 400 Ce, 600 Co, respectively. This increase of
porosity is attributed to the thermally induced cracks
between calcite grains. Similarly, the capillary water
absorption of the limestone samples increased pro-
gressively with increasing high temperature due to
the increase in the proportion of capillary pores and
the improved connectivity of pores caused by heating
(Ahmad, 2020). The effect of temperature on the phys-
ical properties of limestone seems to be intensified by
heating at temperatures higher than 200°C; the micro-
scopic investigation of the heated samples confirms
this result. Remarkable changes represented by devel-
opment and expansion of intergranular and intra-
granular cracks, in the microstructure of the lime-
stone samples heated beyond 200 °C have occurred.
Below this heating temperature, the induced micro-
structural changes are relatively small and less signif-
icant (Fig. 5).

X-Ray diffractometric data of the limestone sam-
ples before to the fire. Show that calcite is the main
mineralogical phase in both the studied materials
(fresh sample). With few percent of secondary miner-
als. Such as quartz and the microcline (KAiSi308), but
samples after fire at 200°C. Show that calcite is the
main component of limestone (Fig. 5). ,this explains
that the limestone were not affected by the fire at this
temperature, but samples at 400°C, show calcite with
few percent of quartz, microcline, and iron oxides
(hematite) (Fig.6), the samples after the fire turned

from cream white color to the color dark red or gray-
ish-red. Other samples have turned pinkish-red, and
this explains that the samples contain iron oxides, and
the red color that appeared after the fire depends on
the percent of the iron oxides in the samples, or the
samples maybe contain of a few the clay minerals that
have turned after fire transform color red. But sam-
ples at a temperature at 600°C, showed the results of
the analysis the presence of calcite, a few of quartz
with the disappearance of some secondary minerals,
and organic residues. Moreover, the samples at 600°C
turned from creamy white color to gray (Fig.7), this
explains that the samples during the fire escalated
from them Carbon dioxide is the product of the oxi-
dation process of calcium carbonate, which led to the
formation of gray, especially since the fire oven is
sealed, or the samples may contain some organic res-
idues that have turned gray by the fire (Fig. 8). As for
the samples at a temperature of 800°C (Fig. 9), the cal-
cite mineral showed 100%, the samples were trans-
formed from creamy white colour to dark white, with
the appearance of microcracks on the surface of the
samples (Fig. 10). Gradually ,the samples were trans-
formed into powder from lime in the room tempera-
ture , this indicates that the samples absorbed the wa-
ter vapour the room atmosphere, which led to a high
thermal shock, as a result of which the samples turned
fine powder, and the results were confirmed again
with the preservation of the samples inside the dryer,
as the samples inside the dryer were not affected ex-
cept for some parts of the samples that were exposed
to the normal atmosphere, Its fragment and gradual
collapse.
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Figure 5. Representative XRD pattern of limestone
specimen before exposed the fire. (Fresh sample) Ma-
jor Constituent; Calcite, Dolomite, quartz. .Minor
Constituent; feldspar, Goethite, Clay mineral.
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Fig.7. Representative XRD pattern of limestone speci-
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Fig.9. Representative XRD pattern of linestone spec-
imen after exposed the fire, at 800°C. Major Constitu-
ent; Calcite, quartz, hematite .Minor Constituent;
feldspar, Goethite.

4.1. COLOR CHANGE

The colorimetric measurements were carried out at
different stages of aging to evaluate the alteration of
color before and after fire exposed (Ibrahim et al.,
2019).We used three -dimensional colorimetric sys-
tem L*a*b* (CIELAB), (Kubovsky & Kacik, 2014). Was
used (L*, a*, b*) to quantify the changes in color. The
difference in the lightness (A L*), the chromaticity co-
ordinates (A a* and A b*) for the samples limestone's
before and after fire. The study shows that there is a
color change in the natural stones when they are ex-
posed to different temperatures. The views of the
samples exposed to different temperatures are given
in Color change is observed while the temperature
rises. However, after 800°C, samples were dominated
by the white color. The reason is that a white coat oc-
curs on the surface at above 850°C, while a small
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Fig.8. Representative XRD pattern of limestone spec-
imen after exposed the fire, at 600°C. Major Constit-
uent; Calcite, quartz, hematite .Minor Constituent;
feldspar, Goethite.
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Fig.10. Representative XRD pattern of limestone
specimen after exposed the fire in site. Major Con-
stituent; Calcite, quartz, hematite .Minor Constitu-
ent; feldspar, Goethite.

quantity of white coat also appears at 800Ce. Follow-
ing the exposure to high temperatures through the
methodology outlined above a discolouration of the
limestone was noted. The original sample is character
by a natural creamy white colour. Changes in mineral
composition of limestone after heating were accom-
panied by changes in colour. No changes in the sam-
ples heated at 200C° (Fig. 11), but significant changes
in colour of limestone were visible macroscopically in
samples heated above 350°Ce and higher tempera-
tures. Using polarized microscopic examination, was
possible to record the colour changes which cannot be
discern by human eye. A reddish- brown discoloura-
tion was noted once the stone was exposed at 400Ce.
A light grey colour was observed following exposure
hours at 600°C. The colour of the stone became white
after exposure at 800C°; however, some alteration
products as a result of the calcite deterioration could
not be identified under microscope.
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Following the exposure to high temperatures
through the methodology outlined above a discolour-
ation of the limestone was noted. The original sample
is character by a natural yellow colour. Changes in
mineral composition of limestone after heating were
accompanied by changes in colour. On samples
heated at 200°C changes were negligible. Significant
changes in colour of both limestones were visible
macroscopically in samples heated above 300°C and
higher temperatures. Using polarized microscopic ex-
amination, was possible to record the colour changes
which cannot be discern by human eye. A reddish-
brown discolouration was noted once the stone was
exposed at 400Ce. A light grey colour was observed
following exposure hours at 600°C. The colour of the
stone became white after exposure at 8000C (Fig. 11).;
however, some alteration products as a result of the
calcite deterioration could not be identified under mi-
croscope. X-ray diffractometry analysis was made to
distinguish such materials. Portlander [Ca (OH)2] and
quartz (S5iO2) minerals were detected in addition to
calcite (CaCQO:s). It appears that alteration of the min-
eralogical structure of the marble takes place at ele-
vated temperatures. Chemical analyses were made to
understand the extent of any chemical changes due to
heat effect. Results are presented in Table 1. One
should note that there are no considerable chemical
changes and significant variations in loss of ignition.

The natural colour of limestone is related to the
mineral composition and contains hydrated iron ox-
ide, the material changed colour to pink or reddish
brown at 250 - 300°C, and to more reddish at 400 °C.
The stone becomes a grey-white powder at 800°C, the
calcination of calcium carbonate begins at 600°C and
proceeds rapidly beyond 800 Ce (Chakrabarti, 1996),
and the strength is reported to reduce once calcina-
tion occurs. main objective of physical and mechani-
cal tests were to estimate the average temperature on
the fire-exposed side of the blocks during the fire and
examine dependence of other engineering parameters
on temperature changes, bulk physical properties
changes in addition to their differences in mineral
composition and fabric, the studied limestone differ
mainly in their values of density, porosity and water
absorption, the values of apparent and real densities
do not show extreme changes after heating, with the
steepest change shown in samples heated at 600°C

when a significant decrease of density and increase of
open and total porosity were recorded in Table 1, the
density of the samples and their uniaxial compressive
strength were observed to decrease with gradually in-
creasing temperature exposure over the 6 hour pe-
riod, with significant reduction in the uniaxial com-
pressive strength for samples exposed at a tempera-
ture of 800°C, the density of samples decreased by
20% for the same exposure, the sample turning from
its natural grey colour to white, the generation of the
cracks is related to shrinkage of clay minerals due to
the loss of structural waters. This suggests that the
texture of limestone influences the behavior of miner-
als at elevated temperatures. The cement type and
amount of cementing minerals of the limestone play
the primary role in determining the thermal behavior
of such limestone. Other clay minerals as cement were
recorded at different temperatures, kaolinite was de-
tected up to 450°C, but above this temperature the
mineral structure collapsed in most limestone, chlo-
rite gives greenish colour to the sandstone but at
above 4500C it transforms, the carbonates such as cal-
cite and dolomite are stable in limestone up to 600 Co,
the transformation of carbonates to Ca and Mg oxides
does not lead to colour changes. Meanwhile, the tex-
tural change can be very abrupt when high amounts
of carbonate present in the newly formed portlandite
(it is generated only above 750°C), can absorb air
moisture, causing volume expansion; this can lead to
the collapse of limestone structure. Type and amount
of mineral components of the limestone play the pri-
mary role in determining the thermal behavior of
such limestone. Other clay minerals as were recorded
at different temperatures, as kaolinite was detected
up to 450°C, but above this temperature the mineral
structure collapsed in most limestone, chlorite gives
greenish colour but transforms at above 450°C, the
carbonates such as calcite and dolomite are stable in
limestone up to 600°C, the transformation of car-
bonates to Ca and Mg oxides does not lead to colour
changes. Meanwhile, the textural change can be very
abrupt when high amounts of carbonate present in
the newly formed portlandite (it is generated only
above 750°C), can absorb air moisture, causing vol-
ume expansion; this can lead to the collapse of lime-
stone structure.

Table 1. Shows the color change values of the samples limestones before and after fire.

samples = Coloural Shange = = (®E)2a-*(®E)1 = = ®E2)2a - (®E1 - sum ®E2)2 - (RE1V
Natural stone 80.5 25 13.6 - - - - - -

200 c° 79.4 31 14.7 11 -0.6 -11 1.21 0.36 121 2.78 1.67 <5

400 C° 68.6 5.4 14.4 11.9 -29 -0.8 141.4 8.41 0.64 150.45 12.27 >5

600 C° 63.5 2.4 7.2 17.0 0.1 6.4 289.0 0.01 40.96 329.97 18.17 >5

800 C° 66.7 1.00 115 13.8 15 2.1 190.4 2.25 4.41 197.06 14.04 >5
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Figure.11. photos showing the colour change of stone samples before and after the fire.

Examination results by scanning electron micro-
scope after exposure to fire. results It is evident in the
mineral formation at a temperature of 200Ce°
(Fig.12.a)., but in some sections the spread of fine
cracks between the grains, the formation of some
gaps, and the beginning of the disintegration of the
bond between the crystals and some of them as a re-
sult of the effect of heating, but at a temperature of
400°C, clear changes appeared in the heterogeneity
between the grains, and the loss of the bond between
the crystals and some of them, the voids formed re-
sulting from the expansion processes of minerals and
the spread of micro cracks, the collapse of the con-
structive composition and the separation of crystals,
but at a temperature of 600°C, the separation of crys-
tals and the collapse of the crystal structure, inhomo-
geneity, the emergence of vacuums and large gaps as
a result of the vanishing of some minerals and their
transformation or the formation of other minerals,
due to the influence of high temperature, and the
transformation of some crystals To form an indistinct
longitudinal fiber, but at a temperature of 800°C,
some sections showed heterogeneity, and Separation
of the crystals, the dissolution of the bonding material
between the granules, the spread of fine cracks, and
the deep gaps caused by the transformation of the
minerals. As for the results of examining samples
with a scanning electron microscope after exposure to
fire. The results of the examination of the natural
stone samples before the fire showed that the main
component of limestone is calcite, where the grains
and crystals of the mineral appeared in a medium-to-
fine shape and compact overlapping, with the inter-
connection of the grains, but some gaps appeared and

the erosion of the edges of the crystals of calcite min-
eral, as the results showed. Examination of the stone
samples after the fire and at a temperature of 200°C
that there was no clear change in the mineral compo-
sition, but some sections showed the spread of fine
cracks between the grains and the formation of some
gaps and the beginning of the dissolution of the bond-
ing between the crystals and some of them as a result
of the effect of heating, but some sections of the stone
samples after the fire at a temperature 400C°
(Fig.12.c), clear changes in the heterogeneity between
the grains, and the loss of the cartilage material,
which led to the disintegration and breakdown of the
bonding between the crystals and some of them, the
occurrence of gaps and voids resulting from the ex-
pansion processes of minerals and the spread of micro
cracks, the collapse of the constructive structure and
the separation of crystals, and the stone samples
showed after the fire and at a temperature of 600°C
(Fig.12.e). The separation of crystals, the collapse of
the crystal structure, inhomogeneity, the appearance
of voids and large gaps as a result of the erosion of
some minerals and their transformation or the for-
mation of m Other minerals, due to the effect of high
heat, and the transformation of some crystals into the
form of longitudinal fibers that are not clearly de-
fined, pictures As for the stone samples that were ex-
posed to fire at a temperature of 800°C (Fig.12.g),
some sections showed heterogeneity, separation be-
tween crystals, and fading Intergranular bonding ma-
terial, micro cracks spreading, and deep cavities re-
sulting from metamorphism (Fig.12.i).
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4.2. Effect of temperature on properties of
stones

The original mineralogical structure of the lime-
stone prior to fire hazard was determined on thin sec-
tions recovered at surfaces that were not directly ex-
posed to flames in the fire. Such portions of the sam-
ples were considered to be slightly affected by the
heat, and may form a basis for comparison purposes.
A polarized microscope and a point counting equip-
ment were utilized in the study. The texture of the
limestone blocks consisting of mainly fine calcite min-
erals (Fig.13.a). Cleavage surfaces of calcite minerals
were easily visible with a quite clear appearance. Dis-
turbances such as color changes and loss in transpar-
ent texture were not observed in the crystals and in
their rims. The first group of petrographic thin-sec-
tion analyses Consisted of fire exposed materials.
Some samples of fire -exposed at 600°C. They were in
semi-opaque condition with a light gray color as ob-
served under polarized microscope. Samples that
were slightly exposed to heat or not affected during
the fire at all, on the other hand, did not exhibit any

significant alterations (Fig.13.b). Additional five sam-
ples constituted the second group. These samples of
limestone blocks and heated up to 800°C in incre-
ments of 200°C in order to investigate microscopic
and mineralogical alterations as well as changes in the
porosity (Fig.13.c).. Color of the samples turned out to
light gray between 450 and 600°C. Thereafter color of
the samples became white. Samples were all cracked
and deteriorated once at 600°C, threshold tempera-
ture was exceeded. They completely lost their struc-
ture and texture at 800°C, producing dust with an av-
erage diameter of 3-4 cm. Pictures of some samples
that were remained intact and enabled thin section
slicing after heating are given in (Fig.13.e,f) to illus-
trate above-mentioned temperature related changes.
Color change with gradual temperature increase was
also evident in heated samples (Fig.13.g,h). Separa-
tions along cleavage surfaces, inter-crystals, disinte-
gration and loss of transparency reflected as gray
color formations were observed beyond 600°C during
microscopic investigations. At 800°C, however, some
alteration products as a result of the calcite deteriora-
tion could not be identified under microscope
(Fig.13.ij).
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Figure 13. Thin section micrographs images showing mineralogical characteristics of samples before and after the fire; a)
Fresh sample contain micrite limestone, bioclast calcite and abundantly fossils are present (Oda); b) Fresh sample con-
tain micrite limestone, bioclast calcite and abundantly fossils are present (Oda Gastropod; c) at 200°C, contain micrite
limestone, Bioclast calcite and abundantly fossils are present (Oda Gastropod); d) at 200°C, contain micrite limestone,
Bioclast calcite and abundantly fossils are present (Oda Gastropod); e) at 400°C,contain Micrite limestone. Moderately

crystalline calcite and large amount the dark red colour hematite mineral.f) at 400°C, contain Micrite limestone. Moder-
ately crystalline calcite and large amount the dark red colour hematite mineral; g) at 600°C, contain sparitic limestone,

crystalline calcite and small amount of opaque minerals, fossils with amounts of Gastropod, a large a mounts of the
hematite; h) at 600°C, contain sparitic limestone, crystalline calcite and small amount of opaque minerals, fossils with
amounts of Gastropod, a large a mounts of the hematite; i) at 800°C, contain sparitic limestone, crystalline calcite and
small amount of opaque minerals, fossils with amounts of Gastropod, a large a mounts of the hematite; j) at 800°C,
contain sparitic limestone, crystalline calcite and small amount of opaque minerals, fossils with amounts of Gastro-
pod, a large a mounts of the hematite.

The grain densities of intact rocks given in Table 2. whose velocity decrease to 9.5% of the initial value.
Were assumed to be showing no significant changes Most of this decrease occurred at 600°C, heating tem-
after heating since the rocks were basically made up perature, following very small decrease up to 300°C.
of calcium carbonate and the heating temperatures The bulk density of all samples markedly increased
were much lower than the carbonate dissociation with Increasing temperature. This was due to thermal
temperature 800°C. Bulk densities measured after cracking such as spreading and increasing of internal
completion of heating periods showed are decrease fissures and voids, usually along grain boundaries
up to 10.24% of initial value for all samples except for and separation of cleavage planes inside the grains.
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The effect of the fire on the physical properties of the
limestone is investigated by determining the varia-
tions of porosity and water absorption by weight be-
fore and after the fire-exposed limestone (Yavuz et al.,
2010). Porosity tests were performed on samples
taken from the limestone blocks. Several tests on sam-
ples representing the fire-exposed side yielded an av-
erage porosity value of fire 16.64%. On the other
hand, five limestone samples from the undamaged
side were gradually heated in the oven. Heating pro-
cess has progressed in such a manner that samples
were heated by increasing temperature of the oven
from 20°C to the target value at varying rates so that
heating temperature was reached in 45 min for all
temperature levels. Samples were then kept in the
oven for 6 h after the temperature increased to the tar-
get value. Uniaxial compressive strength of the lime-
stone samples exhibited strong dependence on tem-
perature elevations (Hall & Hamilton, 2016). This was
well reflected by the samples. It can be seen in that
uniaxial compressive strength of five samples tested
at varying temperatures including the room tempera-
ture (20°C) decreased with gradually increased tem-
perature with some exceptions (Fig.14.a). Tests at 400
and 600°C deviated strongly from the general trend.
This behaviour can be attributed to temporary
strength gain due to the reduction in moisture content
of the samples prior to crack initiation. The uniaxial
compressive strength corresponding to the fire tem-
perature, however, can be read in Fig. 10 as fire

30MPa. Samples from the fire-exposed surfaces, on
the other hand, were tested in two groups. One of the
groups consisted of five samples that were preheated
up to 300°C. (Fig. 14.b). Samples heated beyond this
temperature were not suitable for uniaxial compres-
sive strength testing due to excessive disintegration.
It is noteworthy that uniaxial compressive strength
corresponding to the room temperature in this group
is very close to the one obtained at the average fire
temperature in the group of samples from the intact
block surface (Fig. 14.c). The overall response of the
samples to temperature increase in these two groups
is similar. It appears that strength of the samples are
close to each other when the 400-600°C residual off
set temperature in the fire exposed block samples is
taken into consideration. It is noteworthy that uniax-
ial compressive strength at 200°C is corresponding to
the room temperature in this samples is very close to
the one obtained at the average fire temperature in the
samples before fire. As for the uniaxial compressive
strength of the samples heated at a temperature of
400C° , 600C®, it showed a rise in the compressive
strength, which may be due to the burning and solid-
ification of clay minerals. Closer inspection of these
samples showed that samples failed along a residual
crack, which might have been developed during the
fire or have been already there before the fire hazard
as shown with (Fig. 14.d).

Table 2. Variation of the properties for samples stone before and after fire.

properties . .
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Figure 14. Average values of thehysical and mechanical for samples stone befor€land after fire; a) Average values of
bulk density; b) Average values of porosity; c¢) Average values of water absorption; d) Average values of compressive
strength.

4.3. Treatment and Conservation processes

The treatment and conservation of archaeological
buildings is an important process, given the durabil-
ity and continuity of these buildings, the restoration
process is of a special nature and depends on the full

experience of the nature and characteristics of the dif-
ferent styles of ancient buildings, the first stages of
treatment and conservation begin with various clean-
ing methods, which aim to remove dust and foreign
bodies that have accumulated on the external surfaces
of buildings.

a

b

Fig.15. General View showing the State of Preservation and the degradation of building stones; a) photo showing the
current state of the hall before restoration; b) photo showing the mechanical cleaning process using simple tools

Mechanical cleaning depends on removing dust,
dirt, and foreign objects stuck on the outside of the
buildings, using some tools and a simple manual
number of brushes (Brian and Srphen, 1987), chisels
and various scalpels. The nature of suspended mate-
rials and their connection to the surface control the
variety and multiplicity of tools, as well as the differ-
ent cleaning process. Chemical cleaning use wet
chemical cleaning to remove inks, varnishes and var-
ious fatty materials in which no chemical cleaning is
used, where the high polarity of water helps to dis-
solve and dissolve the links between particles of dirt.
Water used with some chemical solutions that in-
crease work efficiency. Moreover, remove dust and

dirt with the help of the brush, and water is used un-
der pressure as a fine mist either by spraying or in
water vapour (Fig.15).

Consolidation process aims to strengthen and co-
hesion of the internal structure of building materials
and to bind the weak and separate parts that have
been exposed to various damage factors, the strength-
ening process is one of the most important mainte-
nance works due to its inability to restore it and pos-
sible unwanted effects (Laurenzi & Tabasso, 2004)
.The consolidation material must be compatible with
the nature and components of the building materials,
and achieve the required cohesion, and be porous, the

Mediterranean Archaeology and Archaeometry, Vol. 21, No 2, (2021), pp. 191-209



206

S. HEMEDA & T. OSMAN

success of the hardening material depends on pene-
trating the pores of the stone and connecting the sep-
arate grains which gives the stones and other building
materials a high resistance against the influence of the
surrounding environment factors. Paraloid B-72 is an
acrylic co-polymer of ethyl methacrylate and methyl
acrylate (70/30), It is soluble in acetone, ethanol, tol-
uene and xylene. The Paraloid B-72 is characterized
by good adhesion strength as well as oxidation and
light resistance, transparency and mechanical re-
sistance (Pinto and Rodrigues, 2008). Acrylate resins
are generally characterized by heir low solvent evap-
oration rates, and can be safely used as excellent ad-
hesives with archaeological the stones. Paraloid B72
is also characterized by viscosity and adhesion
strength suitable for the adhesion the artefacts (see
e.g. for ceramics, Mohamed Moustafa Ibrahim et al.,
2021).

Nanomaterial are homogeneous liquid that relies
on the chemical composition of the use of very small
nano droplets to reach a new technique for archaeo-
logical conservation Nanoparticles are used to im-
prove mechanical properties of the adhesive mix-
tures. The improvements in strength, thickness, me-
chanical performance and overlap length obtained by
using the nano materials in the process on joining.
The use of nano-adhesives gives a good quality to the
mechanical properties. The paraloid B.72 (5% concen-
tration) one of the best material, which was mixed
with nano calcium hydroxide, nano kaolinite, and

nano carbonate calcium, applied to samples of lime-
stone (Ibrahim et al., 2019).. It is clear from the results
that the calcium hydroxide nano material led to a
complete and good bonding between the grains con-
stituting the limestone material, penetration and dif-
fusion in the voids and the formation of a network of
polymer and nanomaterials particles between the
weak and healthy grains, and this is due to the great
role played by the nanomaterials used in improving
the mechanical properties For the polymer "Paralloid
B.72", but the results indicate the failure of nano-kao-
linite and calcium carbonate in the treatments, which
may be due to the insufficient distribution within the
grains, and then the formation of a dense film of pol-
ymer and nano-material particles on the surface of the
samples, which impeded the access of the treatment
material to the inside of the samples , and then the
failure of the material to connect the internal grains
and form bonds between the grains and some of them
(Fig.16.a), there are some factors that affect the pres-
sure resistance of them, as the increase in the size of
the cracks leads to a decrease in the pressure re-
sistance, as well as an increase in the salt concentra-
tion in the pores of the stones and the spaces between
the grains, and the weathering factors It plays a me-
diating role in the weak resistance of stones. Through
the results of the experimental study, this proved the
success and excellence of the mixture of paraloid so-
lution with nano calcium hydroxide in consolidation
the limestone blocks affected by fire.

a b

C

Figure 16. General View showing the restoration and consolidation process after fire ; a) Photo showing consoli-
dation using nano calciumm hydroxide; b) Photo showing the current state of the arch after restoration; c) photo
showing the current state the entrance after restoration

5. CONCLUSIONS

The archaeological stone buildings are exposed to
fire and some damage occurs to them, at the effect of
heat changes take place in the inner structure and
mineral composition, which influences the petro

physical parameters, the heat resistance depends on
the type of cementing mineral the amount of the ce-
ment (grain/cement ratio)the grain size (fine, me-
dium, coarse)the grain to grain or matrix to grain con-
tacts the compact stones show more dramatic change
in porosity at elevated temperature the porous and
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cement rich stone is more adaptable, these can adopt
the addition strength caused by thermal expansion
the silica cemented, ferruginous or clayey stones are
less sensitive than the carbonate ones (disintegration
at higher temperature). whether it is damage to the
outer surface of the building stones or damage to the
internal structure of the stones, and depending on the
damage to the temperature of the fire and the mineral
composition of the building stones, at a temperature
lower than 300°C with a change in the colour of the
building stones if they are they contain iron oxides
that take a red colour, with the occurrence of some
fine cracks, but at higher temperatures some transfor-
mations of the minerals that make up the building
stones occur with the beginning of the dissolution and
collapsing of the bond between the grains and the
spread of cracks, and at temperatures higher than
600°C, the stage of calcification of the limestone be-
gins and a transformation into lime at a degree
800°Cas limestone collapsed at this temperature and
turning from its natural grey colour to white. Fires
and exposure to high temperatures cause, the change
in the internal composition and mineral composition
of natural stones, which leads to changes in the petro
physical properties, as well as an increase in size, ex-
posure of natural stones to different rates of heat leads
to different expansion of some of the minerals that
make up rocks and stones and the formation of fine
cracks, the effect of high temperature leads to an in-
crease in the rate of porosity, and a decrease in the
pressure resistance, the resistance of natural stones to
fire depends on their mineral components, the quan-
tity and quality of the binder material, the size of the
grains, where the fine-grained stones are more heat-
resistant than the coarse grains, as well as the clay
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