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Abstract
The characterization of mortars of facades of buildings located in the Gaza Strip is the main objective of this work. More 
specifically, the objective of this work is to provide a reliable source of data that allows the documentation of the construc-
tion systems used and that serves as a basis for future renovations and interventions in the buildings under study. Three 
buildings built at different times (Al-Ashi 1920 BC, Al-Ghussain 1865 BC and Al-Hato 1331 BC) were chosen, aiming to 
evaluate the evolution of the binders used in these buildings. The characterization was performed by chemical mineralogi-
cal analysis (XRF), X-ray diffraction spectroscopy (XDR) and Fourier transform infrared spectroscopy (FTIR). The results 
show that the construction of Al-Ashi consists of mortars made with a natural hydraulic binder obtained with limestone rich 
in aluminosilicates (clay) and activated by sodium from sea water. Consequently, as the main decomposition phenomena, 
saline efflorescence was observed. In the realization of the Al-Ghussain building, a natural hydraulic binder was used, made 
with limestone rock, volcanic ash as natural pozzolans and gypsum plaster to improve the plasticity and adhesion of the 
mortars. The main pathologies observed were stains and disaggregation, related to the formation of secondary ettringites 
and mechanical impacts. Finally, the Al-Hato building, built according to Ottoman architecture, features mortars made with 
natural hydraulic binders like Al-Ghussain and natural fibers. The main pathology is the excess of porous phase, due to the 
degradation of the natural fiber over time. Thus, it is concluded that the techniques used allow the identification of the main 
binders used in the production of the mortars under study.
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1  Introduction

The mortars present on the façades of the buildings are 
constructive elements that are directly in contact with the 
aggressive agents of the environment [1]. This is because 
one of the main functions of these systems is to protect 
the sealing system and resist thermal actions, in addition 
to ensuring tightness, fire safety and acoustic insulation 
and being resistant to wear and surface impacts [2, 3]. 
These mortars suffer from several pathological problems, 
among which we can mention: cracks, stains [4], peeling, 
efflorescence [5, 6], occurrence of fungi and mold [7–9].

These characteristics are aggravated in coastal regions 
and in regions facing political problems, such as the city 
of Gaza, located in a region in the Middle East that suffers 
from many problems related to the stability of construc-
tion, mainly due to the large number of regional conflicts 
[10]. The city of Gaza, for example, has already suffered 
several bombings that have seriously damaged buildings 
and their facade systems [11, 12]. On the other hand, this 
region is known as the cradle of world civilization, bring-
ing together an important architectural ensemble of differ-
ent buildings from different historical periods [13].

In addition to the reported problems, the city of Gaza is 
located along a strip of the Mediterranean Sea, being char-
acterized by the arid climate [11, 14]. The city is only 41 
km long and between 6 and 12 km wide, totaling an area 
of approximately 365 km2 [15], as shown in Fig. 1. This 
implies the fact that almost every city is relatively close to 
the Mediterranean Sea, subject to an intense aggressive-
ness of chloride salts [16]. Another aggravating factor is 
the population density, around 5050 inhabitants per km, 
which provide an intense vehicle traffic on the city's few 
roads [14, 17]. The city does not have any large industry, 
and suffers from water scarcity due to the dry and arid 
climate. All of this information helps in understanding the 
pathological problems of the mortar of facades of local 
buildings, and justifies the urgency of technical works 
that characterize the composition of this material, help-
ing future repairs and restorations [15]. The following are 
relevant information regarding three buildings located in 
the city of Gaza, as shown in Fig. 1: the buildings of Al-
Ashi, Al-Ghussain and Al-Hato.

1.1 � Description of Al‑Ashi building

Al-Ashi (Fig. 2) is a building that once functioned as an 
old public toilet, called Hammam al-Askar, close to the 
market, built in approximately 1920 BC, subsequently 
transferred to a housing building, which was abandoned 
by the owners for some years.

The Al-Ashi building is characterized by an architec-
tural composition that is homogeneous with the local cul-
ture prevalent at the time, in addition to its homogeneity 
with climatic conditions, so that the backyard or internal 
courtyard that surrounds the house was used, overlooking 
all the blank spaces. Al-Ashi was chosen for this study 
because it represents the architecture of the 20th century, 
with buildings with a more orange color.

Geographically, this building is located in the housing 
district in the city center, less than 1 km from the Mediter-
ranean Sea. Because it functioned as a public toilet during 
its early years of foundation, this building was subject to an 
accelerated degradation, since the humidity coming from 
the toilets area a strong contrast to the dry and arid climate 
of the region.

1.2 � Description of Al‑Ghussain building

The Al-Ghussain building (Fig. 3) is a historical house 
located in the Al-Daraj neighborhood, Gaza, on Al-Wahda 
Street, near of the Sabat Al-Alami, being built in 1865 BC 
to be a residential building. The building has an area of 
approximately 245 m2, representing the classical architec-
ture, which prioritized the lighter and grayish tones, due to 
influences from other cultures in the region.

Fig. 1   Location of the buildings studied. Source: A Al-Ashi; B Al-
Ghussain and C Al-Hato. N: Geographic north. Source: Aza Strip 
map
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As it is located on one of the main roads in the city 
of Gaza, the traffic of vehicles is intense in the vicinity, 
contributing to a high incidence of pollution, causing a 
degradation in the mortars lining the facades of this build-
ing. As it is located approximately 5 km from the oceanic 

region, it is impacted by the incidence of the atmosphere 
of the sea, although in a lower incidence than the Al-Ashi 
building.

Fig. 2   Photos from Al-Ashi 
building. a Surface wear of the 
inner lining. b Internal staircase 
to access the second floor. c 
Platform for collecting samples. 
d Detail of the external coating 
of the building. Source: Archive 
of Islamic University of Gaza

Fig. 3   Photos from Al-Ghussain 
building. a Degradation of the 
building internal roof. b Degra-
dation of the building internal 
wall. c, d External coating 
of the building and details of 
degradation. Source: Archive of 
Islamic University of Gaza
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1.3 � Description of Al‑Hato building.

The Al-Hato building (Fig. 4) is considered one of the 
houses belonging to the Ottoman era, characterized by 
large spaces and the use of domes. Built in 1331, with the 
intense use of natural resources, it illustrates the revolu-
tion in construction techniques provided by Ottoman archi-
tecture. In 2003, the building underwent a renovation in 
one of its spaces, but without compromising the building's 
original architecture.

The Al-Hato building is characterized by the traditional 
nature of Islamic architecture in the Ottoman era, as it con-
sists of unique architectural elements with a homogeneous 
shine compatible with local culture and climatic condi-
tions, so he used it in his construction cellars and cross 
cellars, contracts, arches, yuk and age, in addition to the 
characteristic decorative elements that indicate the nobil-
ity of the building. Located in the region of Deir al-Balah, 
which characterizes one of the oldest and most upscale 
neighborhoods in the city of Gaza, it is approximately 6 
km from the Mediterranean Sea.

1.4 � Research aim

The main objective of this study is to characterize the com-
position and define the main decay phenomena of the histori-
cal mortars on facades located in three buildings in the city 
of Gaza-Palestine, realized in different historical periods. 
Specifically, the objective of this manuscript is to provide 
a reliable source of data that makes it possible to document 
the construction systems used and to serve as a basis for 
future renovations and interventions in the buildings under 
study. Chemical and mineralogical analyses, enabling their 
knowledge for a possible recovery process, were carried out.

2 � Materials and methods

In this study three different buildings were chosen, as high-
lighted in the introduction: Al-Ashi, Al-Ghussain and Al-
Hato. Fig. 5a–c shows the points where the mortar samples 
of each building were collected. The chosen facade was the 
one most exposed to the external environment, with a higher 

Fig. 4   Photos from Al-Hato 
building. a Arches of the 
external facade of the building. 
b View of the external facade 
of the building. c Detail of 
the degradation of the facade 
and windows. d Detail of the 
degradation of the external 
facade and access stairs to the 
second floor. Source: Archive of 
Islamic University of Gaza
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index of pathologies, and with the least amount of interven-
tions or reforms, according to information obtained by the 
building owners. This information is kept in a registry of the 
Islamic University of Gaza (Faculty of Engineering), which 
tracks renovations and alterations in these buildings.

The sample extraction procedure followed the recommen-
dations of ISO 2394 [18], using circular samples of approxi-
mately 3 cm in diameter, and varying depths. According to 
ISO 2394 [18] and authors who carried out research with 
historic buildings [3], the process of taking samples must 

be deepened to the point where the old mortar is identified. 
The process is visual.

For each building, 3 samples were used, extracted from 
different points of the buildings. According to ISO 2394 
[18], the minimum quantity is 3 samples, which need to 
be taken from points at least 50 cm apart and at most 200 
cm apart. This ensures greater uniformity of results. In this 
research we used the minimum amount of samples. How-
ever, as will be noted in the discussion of XRF results, the 
chemical composition of the extracted samples is very simi-
lar, which indicates that the samples are representative.

After collecting the samples, optical microscopy tests 
were performed using a Jeol microscope model JSM 6460 
LV to identify the morphology of historic mortars. Then 
the samples were disaggregated and transformed into a fine 
powder, passed through a 200-mesh sieve. The samples in 
powder form were characterized by X-ray fluorescence, dis-
persive energy (XRF), in an Axios Max model equipment 
from the manufacturer Malvern Panalytical operating at 27 
kV and 148 mA, with 2 eV resolution. The results were 
calibrated for the matrix effect, to avoid the re-excitation of 
atoms by secondary X-rays emitted by neighboring atoms 
inside the sample. The equipment used presents an SDD 
detector with a special window made of an ultra-thin film, 
enabling it to detect ultralight elements such as carbon (C), 
oxygen (O) and fluorine (F). The characterization was also 
carried out by X-ray diffraction spectrometry (XRD) for 
qualitative analysis, using a model 6000 diffractometer from 
Shimadzu brand, operating with copper radiation (Cu-Kα), 
40 kV voltage and 2θ sweep ranging from 5° to 70°. Fou-
rier transform infrared spectroscopy (FTIR) tests were also 
performed using an infrared spectrometer model 4500a and 
manufacturer Agilent Technologies in the samples in powder 
form performing transmission in the wavenumber range of 
0–4000 cm−1.

3 � Results and discussion

3.1 � Results for Al‑Ashi building

Table 1 presents the results of XRF for the samples studied 
in the Al-Ashi building. It is observed that in all samples 
the dominant compositions were SiO2, CaO, Na2O in quan-
tities that total more than 80% of the mortars. It was also 
possible to detect the presence of Cl, Fe2O3 and Al2O3 in 
significant concentrations, and small amounts of MgO. It 
is known that cement-based mortars have high amounts of 
CaO, in percentages greater than 60% of the material com-
position. Thus, the identification of CaO as the second most 
abundant component is sufficient to realize that Al-Ashi 
mortars are not predominantly cement-based. In addition, it 
is observed that the predominant composition is SiO2, which 

Fig. 5   Sample 1, 2 and 3 collection location: a Al-Ashi; b Al-Ghus-
sain and (c) Al-Hato. Source: Archive of Islamic University of Gaza
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may represent the use of quartz sand. However, it is worth 
noting that the samples were passed through a 200-mesh 
aperture sieve before performing the XRF test, reducing the 
amount of sand particles in the sample. This indicates that 
the detection of high concentrations of SiO2 should not be 
attributed only to the presence of quartz sand. This fact, 
added to the high contents of Na2O and Al2O3, indicate that 
the base of the evaluated mortar may be of some activated 
alkali material (AAM), as is the case of the aluminosili-
cate based geopolymers. Another possibility is the use of a 
combination of binder rich in calcium with a rich one and 
aluminosilicate, due to the percentages of CaO, SiO2 and 
Al2O3 observed. The presence of Fe2O3, on the other hand, 
is sufficient to explain the orange coloration observed in the 
mortars of Fig. 2. This characteristic reinforces the possibil-
ity of using AAM in Al-Ashi mortars.

Also noteworthy is the presence of Cl, in quantities 
around 4–6%, which is a considerable content. This may 
suggest the deposition of salts from the Mediterranean Sea. 
The Al-Ashi building is located in the direct zone of contact 
with the sea, about 1 km from the ocean coast. This suggests 
that the Cl present in the composition of the mortars comes 
from this source. In addition, the use of coastal sand cannot 
be ruled out as a probable source of Cl found in mortars 
[19]. However, as will be discussed in the sequence of the 
text, the mortars of the Al-Ghussai and Al-Hato buildings do 
not have levels of Cl found in their chemical compositions, 
even though they are relatively close to the sea (between 5 
and 6 km away). This suggests the intentional inclusion of 
chlorides in the composition of mortars. This information 
suggests, therefore, the use of sea water, rich in sodium and 
chlorine, as a component of mortars for the alkaline activa-
tion process, which is a practice reported by other research-
ers in historic mortars [20, 21].

Figure 6 shows the XRD results for Al-Ashi mortar sam-
ples. The results presented correspond to sample 1, to avoid 
excessive information in the figures. The main minerals 
identified in Fig. 6 are also shown in Table 2. Figure 6 and 
Table 2 shows the presence of sodalite, a typical mineral of 
the alkaline activation of binders rich in aluminosilicates 
that originate geopolymers [22]. It is also possible to identify 
the presence of kaolinite in the sample. This suggests that 
the mortars in the region were produced using clay from the 
region, known to be kaolinite [16, 23], as a binder, respon-
sible for the formation of sodalite minerals after alkaline 

activation. In Fig. 6 it is also possible to identify the pres-
ence of hydrotalcite and calcite minerals. This information 
indicates that, in addition to kaolinite clay, it was used in 
the limestone found in the region as binders. This probably 
led to the formation of hydrotalcite identified in the XRD. 
This mineral is a hydrated calcium aluminate, it presents in 
the alkaline activation of calcium rich binders [24, 25], such 
as limestone, in the presence of aluminate phases, from the 
use of kaolinitic clay [26]. It is further evidence of the use 
of the principles of alkaline activation for the production of 
Al-Ashi mortars. Thus, it is observed that the mortars in the 
region were probably produced through the use of kaolin-
itic clay and limestone as a binder. Limestone deposits are 
abundant in the region, and justify the presence of calcite in 
this composition [27]. There was the presence of hematite in 
the clay, responsible for the reddish coloring of the mortars, 
as it is detected in Fig. 6. In addition, the presence of quartz 
was detected, probably used in the mortars as fine aggregate 
or present as impurity in the clay and limestone. It was also 
possible to detect halite, showing the occurrence of chlorine 
in the material. The chlorine most likely comes from sea 
water, a possible material used as an activating solution for 
the alkaline activation reaction that originated the mortars in 
the region. The use of salt as an alkaline activated in historic 
mortars has been proven by other authors [20, 28].

Table 1   Chemical composition 
by XRF of Al-Ashi mortars (%)

Si silicon, Ca calcium, Na sodium, Cl chlorine, Fe iron, Al aluminium, Mg magnesium, O oxygen

Sample SiO2 CaO Na2O Cl Fe2O3 Al2O3 MgO Others

A1 37.23 25.41 24.23 5.85 3.47 2.12 0.74 0.95
A2 33.45 26.12 25.23 4.21 2.14 6.74 0.37 1.74
A3 36.12 25.12 23.67 4.74 3.23 5.45 0.66 1.01
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Fig. 6   XRD analysis of Al-Ashi mortar
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Figure 7 shows the FTIR results for sample 1 of Al-Ashi. 
A first event is observed at 3500 cm−1, related to the water 
of constitution of mortars, and vibration of O–H bonds. The 
event that occurs at 1675 cm−1 is also related to the vibration 
of the O–H bonds of the constitution water [29]. The small 
event that occurs in 2500 cm−1 is associated with the Ca–H 
bond, typical of calcium-rich binders, such as limestone 
[30]. The events at 1500, 1000 and 850 cm−1 are typical of 
activated alkali materials, as they are related, respectively, 
to the vibration of the sodium phases, the Si–O–Si bond, and 
the Si–Ca–Si bond [30, 31]. This information proves that the 
Al-Ashi mortar base is materials activated alkaline using a 
solution rich in sodium and with a mixture of binders rich 
in calcium and aluminosilicates. This proves the discussion 
held by the XRD analysis.

Figure 8 shows the microscopy of the Al-Ashi mortar 
samples. Figure 8a shows the occurrence of efflorescence on 
the mortar surface. This type of problem is the main path-
ological defect found in activated alkali materials, which 
is the likely composition of Al-Ashi mortars. In addition, 
Fig. 8b shows the occurrence of porosity, a characteristic 

practically impossible to remove from mortars, and an 
irregular surface, typical of old mortars. Figure 8c shows 
the XRD of the efflorescence powder illustrated in Fig. 8a. 
The presence of natron (Na2CO3*7H2O) is observed in the 
efflorescence powder, which is the main constituent of efflo-
rescence of activated alkali materials [32, 33].

3.2 � Results for Al‑Ghussain building

Table 3 presents the results of XRF for the samples stud-
ied in the Al-Ghussain building. There is a predominance 
of CaO, followed by smaller amounts of SiO2, Fe2O3 and 
Al2O3. It is also worth highlighting the presence of SO3 and 
MgO. The composition observed for Al-Ghussain mortars 
is typical of natural binders-based materials, where the 
structures formed after hydration are silicate-calcium and 
ferroaluminate-calcium [34], obtained by mixing limestone 
rock with natural pozzolanas, such as volcanic ash. Thus, 
the presence of high levels of CaO (> 80%) is related to the 
use of limestone, which presents in its composition small 
amounts of MgO (between 0.5 and 0.7%) [35]. The presence 
of SiO2, Al2O3, and Fe2O3 is attributed to the use of volcanic 
ash, very common in this region of Asia, as highlighted by 
other authors [36, 37]. The presence of SO3 is attributed to 
the use of gypsum plaster, mixed together with the other 
components of the mortar in the form of powder and neces-
sary to improve the plasticity and adhesion properties of the 
material [3, 38].

Figure 9 and Table 4, which presents the XRD results 
for Al-Ghussain's sample 1, confirms the information 
observed in Table 3. The formation of C–S–H (calcium 
silicate hydrate), secondary ettringite and portlandite (cal-
cium hydroxides) minerals, typical of natural hydraulic 
binders hydration, is verified [34, 35]. In addition to these 
minerals, the presence of quartz is observed, probably due 
to the use of sand as aggregate, and calcite probably from 
limestone. No peaks related to the dolomite mineral are 
detected, due to the low amount of MgO observed in the 
composition, which suggests that the limestone used is 
predominantly based in calcite. The presence of this last 

Table 2   Minerals identified by the XRD of mortars from Al-Ashi

Mineral Probable origin

Calcite Use of limestone as binders or binders rich in calcium
Halite Use of sea water as an alkaline activator, or attack of chlorides in the coastal region
Hematite Use of clays with iron oxide, responsible for the reddish color
Hydrotalcite Typical mineral obtained from the alkaline activation of binders rich in calcium, such as limestone
Kaolinite Use of clays as binders or binders rich in aluminosilicates
Sodalite Typical mineral obtained from the alkaline activation of binders rich in aluminosilicates, such as 

kaolinitic clay
Quartz Use of sand as aggregates

4000 3500 3000 2500 2000 1500 1000

60

65

70

75

80

85

90

95

100

1675
2500

3500

8501000

Tr
an

sm
is

si
on

Wavenumber (cm-1)

1500

Fig. 7   FTIR analysis of Al-Ashi mortar
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mineral suggests that the natural hydraulic binders used 
to manufacture mortars was not fully reactive, which can 
be attributed to the lower technology available at the time 
the building was built (1865 BC). Knowledge about OPC 
was not fully established at that time, an indication that 
the natural hydraulic binders used in manufacturing was 
a simpler type, probably inspired by Roman cements [21, 
39]. This material was produced using natural pozzolans, 
such as volcanic ash or ash from agricultural processes, 
and limestone rock [40, 41]. Probably the natural hydraulic 
binders used in the production of mortars has a similar 
composition.

It is observed in Fig. 9 and Table 4 that the ettringite 
present in mortars is secondary, not primary. It is known 
that the primary ettringite is formed soon after the hydra-
tion of the natural hydraulic binders, and that it disappears 

Fig. 8   Microscopy of Al-Ashi 
mortars: a efflorescence; b 
external surface; c XRD of 
efflorescence

Table 3   Chemical composition 
by XRF of Al-Ghussain mortars 
(%)

Ca calcium, Si silicon, Fe iron, Al aluminum, S sulfur, Mg magnesium, O oxygen

Sample CaO SiO2 Fe2O3 Al2O3 SO3 MgO Others

G1 82.65 7.76 3.45 2.37 1.47 0.56 1.74
G2 80.33 8.12 3.57 2.33 1.55 0.67 3.43
G3 81.26 7.68 3.23 3.89 1.31 0.49 2.14
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Fig. 9   XRD analysis of Al-Ghussain mortar
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with the course of the reaction time [42]. However, sec-
ondary ettringite, which can originate in two different 
ways, remains in the natural hydraulic binders composi-
tion even after years of its formation [43, 44]. The first way 
that secondary ettringite can be formed is due to inhibition 
of the reaction or thermal decomposition of the primary 
ettringite by excess heat. In this way, when the mortar 
cools down, the secondary interlayer will form with the 
material already hardened, generating internal stresses 
superior to the mortar's tensile strength [45]. Another case 
that causes the formation of this type of ettringite is due 
to external agents, usually sulfate attack, more likely to 

have occurred in the case of the mortars studied in this 
work [44, 46]. The source of sulphate attack is related to 
environmental pollution from gases emitted by vehicles, 
since the region where Al-Ghussain building is close to 
Al-Wahda Street, one of the main streets in Gaza. In this 
circumstance, the formation of secondary ettringite is 
related to the conversion of monosulfoaluminate back to 
ettringite, due to the entry of SO4 ions into the cementi-
tious environment, causing stresses that cause cracks in 
the hardened mortar [42, 43]. The occurrence of secondary 
ettringite was verified by other authors who studied Roman 
cement [47], a binder similar to that used in Al-Ghussain 
building mortars.

Figure 10 shows the FTIR results of Al-Ghussain mor-
tars from sample 1. The event that occurs at 3400 cm−1 
is related to the O–H connections, of the water used to 
form mortars [48]. The event that occurs at 3000 cm−1 
is related to the presence of portlandite, characterized by 
Ca–H bonds, as well as the event related to 1500 cm−1 
[49]. The event that occurs at 1750 cm−1 is related to the 
vibrations of the C–S–H bonds, indicating the presence of 
this phase in the material. The 1300 and 1000 cm−1 events 
are also related to C–S–H [49, 50]. It is still worth high-
lighting the event that occurs at 1375 cm−1, attributed to 
the bonds of the carbonate phases, that is, CaCO3 present 
in the limestone rock [50]. FTIR analysis shows the results 
obtained by XRD, that Al-Ghussain mortars are typically 
cementitious, but with a material with less reactivity than 
OPC, with the presence of limestone being observed in the 
composition. This material is a natural hydraulic binder.

Table 4   Minerals identified by 
the XRD of mortars from Al- 
Ghussain

Mineral Probable origin

Calcite Limestone used for the production of the natural hydraulic binders
C–S–H Main hydration product of the natural hydraulic binders
Ettringite Formed due to external agents, such as sulfates
Portlandite Secondary hydration product of the natural hydraulic binders
Quartz Use of sand as aggregates
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Fig. 11   Microscopy of Al-
Ghussain mortars: a stains; b 
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Figure 11a shows the whitish aspect of mortar, typical 
of the classical architectural period represented by Al-
Ghussain. Figure 11a also shows the presence of yellowish 
spots, which can be associated with the concentration of 
another phase other than the natural hydraulic binder used. 
This phase is considered a pathological problem because it 
compromises the aesthetics of the mortar, giving an aspect 
of stains in the material. Figure 11b shows the irregular-
ity on the external surface of the material, related to the 
loss of mass presented by the mortars. This loss of mass 
can be attributed to the formation of expansive secondary 
ettringite, given the contents of the material detected in 
Figure 9, or due to mechanical impacts on the material.

3.3 � Results for Al‑Hato building

Table 5 presents the results of XRF for the samples stud-
ied in the Al-Hato building. It is observed that the com-
position of mortars is predominantly CaO and SiO2, with 
high amounts of C. Significant concentrations of Fe2O3, 
Al2O3, SO3 and smaller amounts of MgO are also found. 
It is observed that the chemical composition of the mortars 
indicates that the material is probably formed from natural 
hydraulic binders, due to the high concentrations of CaO, 
SiO2, Fe2O3, Al2O3 and SO3 [34, 35] similar to Al-Ghussain 
mortars. On the other hand, the presence of C in the com-
position of mortars, indicates the introduction of an organic 
phase, attributed to the inclusion of natural fibers [51], a 
common practice during the Ottoman era, due to the domed 
buildings that introduced tensile efforts in the construction 
components.

Figure 12 shows the XRD results for sample 1 of Al-
Hato. These results are also summarized in Table 6. The 
presence of C–S–H, portlandite and secondary ettringite 
was observed, due to the hydration of the natural hydraulic 
binders [34, 35]. In addition, there is the presence of calcite, 
a mineral typical of limestone that was used in the produc-
tion of hydraulic natural binders used in constructions in 
the region [27]. In addition, it is possible to observe the 
presence of organic carbon, related to the introduction of 
natural fibers [52]. This information proves the information 
highlighted in Tables 5 and 6. Regarding natural fibers, there 
are indications that Ottoman architecture incorporated ani-
mal fibers found in the region in the building components. 
The fibers of rabbits, foxes, deer and rodents stand out, like 
related by others authors [51–53]. The fibers are used to 
increase the tensile strength of mortars, necessary due to 
the geometry of buildings from the Ottoman era. The use of 

Table 5   Chemical composition 
by XRF of Al-Hato mortars (%)

Ca calcium, Si silicon, C carbon, Fe iron, Al aluminium, S sulfur, Mg magnesium, O oxygen

Sample CaO SiO2 C Fe2O3 Al2O3 SO3 MgO Others

H1 55.12 18.27 13.55 4.22 4.69 2.61 0.63 0.91
H2 52.74 20.08 14.37 5.57 4.75 1.21 0.39 0.89
H3 54.63 17.75 10.88 6.41 5.12 2.33 0.53 2.35
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Fig. 12   XRD analysis of Al-Hito mortar

Table 6   Minerals identified 
by the XRD of mortars from 
Al-Hito

Mineral Probable origin

Calcite Limestone used for the production of the natural hydraulic binders
C–S–H Main hydration product of the natural hydraulic binders
Secondary ettringite Formed due to external agents, such as sulfates
Organic carbon From natural fibers
Portlandite Secondary hydration product of the natural hydraulic binders
Quartz Use of sand as aggregates
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fibers does not affect the hydraulicity of the natural hydraulic 
binders used in the composition of these mortars.

Figure 13 shows the FTIR analysis for sample 1 of Al-
Hato mortars. The same events described in the analysis of 
Fig. 8 are observed, which reported the FTIR of the sample 
from Al-Ghussain. This is an indication that the basic raw 
material used to produce the natural hydraulic mortar in the 
region is similar, probably from the same limestone deposits. 
Although the events observed in 3400 cm−1 (constitution 
water), 3000 and 1500 cm−1 (portlandite), 1750 and 1000 
cm−1 (CSH) [49, 50], the events observed by Al-Ghussain 
mortars are equivalent, it is valid to point out that there is 
an event in 800 cm−1 exclusive to Al-Hito mortars. This 
event can be attributed to the decomposition of C–C bonds, 
indicating the presence of organic matter [54, 55], linked to 
the use of natural fibers in the region's mortars. This proves 
the results discussed by the XRD analysis.

Figure 14 shows the microscopy of Al-Hato mortars. 
It is possible to identify the excess of porous phase in the 
material, which can occur due to weathering, and also the 
presence of quartz particles. Another important information 

observed in the figure is the presence of darker regions, in 
addition to particles of dots with the same coloring. This 
characteristic can be attributed to the presence of vegeta-
ble fibers in the composition of the mortar, as previously 
reported.

4 � Conclusion

The aim of this work was to characterize, identify the com-
position and main pathologies of historic mortars in build-
ings located in in Gaza-Palestine, in order to provide a reli-
able database for documenting the buildings studied and to 
serve as a basis for future renovations. Microscopy, XRF, 
XRD and FTIR techniques were used in three different 
buildings.

It is concluded that Al-Ashi mortars, dating from 1920 
BC representing of architecture of the 20th century, are pro-
duced based on kaolinitic clay with iron and limestone acti-
vated alkaline with sea water in the region. This information 
is compatible with the chemical and mineralogical compo-
sition of the samples, which contain kaolinite and hematite 
from the clay and calcite from the limestone used as binders. 
In addition, there is a high content of Cl in the chemical 
composition, originated from the saline attack, since this 
building is approximately 1 km from the sea, but also due to 
the use of sea water in alkaline activation. The minerals of 
sodalite and hydrotalcite, main products of alkaline activa-
tion, were identified in the analysis of XRD and FTIR. This 
confirms the alkaline activation of the Al-Ashi mortars. The 
main pathologies identified were efflorescence, confirmed by 
microscopic analysis and by XRD.

Al-Ghussain mortars, from 1865 BC, represent the clas-
sic model and were produced using limestone, volcanic 
ash like natural pozzolana and gypsum plaster for pro-
duction of natural hydraulic binders, with less reactivity 
than Portland cement. This information was confirmed by 
the chemical and mineralogical composition, where it was 
detected the presence of C–S–H, portlandite, secondary 
ettringite, in addition to calcite that suggest that the natural 
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Fig. 13   FTIR analysis of Al-Hito mortar

Fig. 14   Microscopy of Al-Hato 
mortars: a and b surface of the 
material
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hydraulic binder used was not fully reactive. In addition, 
the formation of secondary ettringite, motivated by the 
attack of sulfates, can be considered the main pathology 
of this system, producing loss of mass and breakdowns.

Finally, it is concluded that Al-Hato mortars, dating 
from 1331 BC from the Ottoman period, are character-
ized by being the natural hydraulic binders base with the 
introduction of natural fibers, of the animals present in the 
region. This characteristic was essential to improve the 
required tensile strength due to the architectural details of 
the Ottoman model. This information was proven using 
the techniques of XRF, XRD and FTIR, where in addition 
to the typical compounds of natural hydraulic binders, the 
presence of organic matter was also observed. The main 
pathology detected was excess formation of porous phase, 
attributed to the wear of the natural fiber over time.

Based on the results obtained, consistent with other 
published research, it can be concluded that these are pre-
liminary data that must be implemented, nevertheless they 
give an idea of the characteristics of the mortars and their 
state of conservation. As discussed in the introduction, the 
region where the buildings are located is of great impor-
tance to the history of humanity. On the other hand, they 
are located in an area of difficult access due to regional 
conflicts. As a result, the results of the article are useful 
because they explore buildings in a region that have not 
yet been fully studied and published in scientific articles. 
In addition, the results present an interesting and simple 
methodology, which can be applied to other similar stud-
ies. These are the main contributions of the present work.
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