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ABSTRACT

CHARACTERISTICS OF BYZANTINE PERIOD BUILDING
BRICKS USED IN ST. JEAN BASILICA (AYASULUK HILL) AND
ANAIA CHURCH (KADIKALESI)

Fired bricks, one of the oldest man-made building materials, are historical
documents that reflect the production technologies of their periods and the raw material
characteristics of the geography they were located. Characterization of bricks is essential
for revealing production techniques of their times and contributing to conservation works
on monuments built with this material to pass through next generations.

The fired bricks were frequently used as one of the important building materials
in Byzantine Architecture. In this study, the fired bricks collected from the different
construction periods of St. Jean Basilica, Ayasuluk Hill and Anaia Church, Kadikalesi,
which belong to the Byzantine Period, were investigated to determine material properties,
periodical differences, and production technologies. The properties of Byzantine bricks
were determined by standard test methods, compression tests, SEM-EDS, XRD, FTIR,
and TGA analyses.

According to the results, brick samples taken from both areas were highly porous
and low-dense materials. Ca-poor clay source was used in producing St. Jean Basilica
bricks, while Anaia Church bricks were produced with Ca-rich clay sources. This
situation was decisive in the colour of bricks, and St. Jean Basilica bricks were in reddish
colours, while Anaia Church bricks were in brown/beige colours. Also, raw material was
extracted from a single source in the production of all St. Jean Basilica bricks, while two
different sources were utilized for Anaia Church bricks throughout the three construction
periods. Besides, the bricks of both churches were found to be fired at low temperatures
(700-900°C) due to the technology of Byzantine kilns. Despite low firing temperatures,
the majority of the bricks did not possess pozzolanic properties since they did not contain
a sufficient amount of clay minerals. The highest mechanical strength was determined in
the bricks with higher firing temperature and bricks with the higher calcium content. The
properties of fired bricks were differentiated based on production technologies; contrary,

a distinctive difference was not observed depending on their periods.
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OZET

ST. JEAN BAZILIKA (AYASULUK TEPESI) VE ANAIA
KILISESI’NDE (KADIKALESI) KULLANILAN BiZANS DONEMI
YAPI TUGLALARININ OZELLIiKLERIi

Insan eliyle iiretilmis en eski yapt malzemelerinden biri olan pismis tuglalar, ait
olduklart donemin iiretim teknolojilerini ve bulunduklari cografyanin hammadde
ozelliklerini yansitan tarihi belgelerdir. Pigmis tuglalarin 6zelliklerinin belirlenmesi,
donemlerinin liretim tekniklerinin agiga ¢ikarilmasinin yaninda bu malzemeyle insa
edilmis anitlarin gelecek nesillere aktarilmasi icin ytriitiilecek olan koruma ¢aligmalarina
katki saglanmasi agisindan 6nemlidir.

Pigmis tugla, Bizans Mimarisinin dnemli yap1 malzemelerinden biri olarak bu
donem yapilarinda siklikla kullanilmistir. Bu ¢alismada, Bizans Donemi’ne ait Ayasuluk
Tepesi, St. Jean Bazilikas1 ve Kadikalesi, Anaia Kilisesi’nin farkli yapim dénemlerinden
alman pismis tuglalar, malzeme ozelliklerinin belirlenmesi, donemsel farklilarin ve
iiretim teknolojilerinin saptanmasi amaciyla incelenmistir. Tuglalarin 6zellikleri, standart
test metotlari, basing testleri, SEM-EDS, XRD, FTIR ve TGA analizleriyle saptanmustir.

Analiz sonuglarina gore, iki alandan alinan tugla ornekler yiiksek gdzenekli ve
diisiik yogunluklu malzemelerdir. St. Jean Bazilikas1 tuglalarinin kalsiyum orani diistik
kil kaynagi, Anaia Kilisesi tuglalarinin ise kalsiyumca zengin kil kaynag: kullanilarak
uretildikleri saptanmistir. Bu durumun tuglalarin renklerinde belirleyici rol oynadigi ve
St. Jean Bazilikas1 tuglalart kirmizimsi renkte iken, Anaia Kilisesi tuglalarinin
kahverengi/bej tonlarinda oldugu belirlenmistir. St. Jean Bazilikast tuglalarinin
tamaminin iiretiminde hammadde i¢in tek bir kaynak kullanilmis, Anaia Kilisesi tuglalar
icin i¢ donem boyunca iki farkli kaynaktan yararlanilmistir. Ayrica, Bizans Donemi firin
teknolojisinden dolay1, iki yapinin tuglalarinin da diisiik sicakliklarda pisirildikleri (700—
900°C) saptanmistir. Diisiik sicakliklarda pisirilmis olmalarina ragmen tuglalarin biiyiik
cogunlugunun puzolanik ozellik gdstermemesi yeterli miktarda kil minerali
icermediklerini ortaya koymustur. En yiiksek mekanik dayanima yiiksek sicakliklarda
pisirilmis veya kalsiyum orani en yliksek olan tuglalarin sahip oldugu belirlenmistir.
Tuglalarin 6zellikleri, iretim yontemlerine bagl olarak farklilagsmasina karsin dénemsel

olarak belirgin bir fark tespit edilmemistir.
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CHAPTER 1

INTRODUCTION

The fired brick was one of the oldest building materials that were manufactured
deliberately, reflecting the technology of humanity. The fired bricks were found to be
produced and used firstly in Mesopotamia around 3500 BC (Bakirer 1981; Wright 2009).
Accordingly, the usage of fired bricks passed through the civilizations in Anatolia and
Europe. Despite the fact that the fired bricks took part in Greek Architecture, their usage
predominantly occurred during the Roman Period and continued in Byzantium. The fired
bricks were frequently used in Byzantine architecture for structural and ornamental
purposes, especially in Anatolia, Balkans, and Italy (Mango 1985).

The properties of the fired bricks are associated with the properties of natural raw
material source and the production technologies, which include shaping and firing
processes. Historical bricks were produced within several stages. The determination and
extraction of suitable raw material were conducted in the first stage. Accordingly, the raw
material was mixed with water and shaped by hands in timber moulds. Then, the bricks
were dried under the sun and fired in the kilns (Fernandes, Lourengo, and Castro 2010).

The properties of raw material with its additives, such as sand, straw, reeds, etc.,
defined the chemical and mineralogical composition of the final product and also caused
changes in its physical properties, like colour and pore structure (Davey 1961; Riccardi,
Messiga, and Duminuco 1999; Elert et al. 2003; Cardiano et al. 2004). The shaping
methods lead to alterations in physical properties; the bricks shaped by traditional
methods had more porous structures than those produced by modern shaping methods
applied with high pressure. Also, the firing was the process that caused crucial
modifications in the mineralogical compositions and physical properties and thus played
a decisive role in the properties of bricks. At high firing temperatures (>900°C), new
mineralogical phases begin to form; and the durability of bricks increases due to the
reduction in total porosity, number of micropores and pore connectivity (Cultrone et al.
2004; Lopez-Arce and Garcia-Guinea 2005; Benavente et al. 2006; Ugurlu Sagin and
Boke 2013). However, the temperature distribution could not be achieved homogeneously

because of the ancient kiln technology, and most bricks were fired at low temperatures.



Consequently, determining the characteristics of fired bricks provides information
about craftsmanship and ancient production technologies. Since the brick materials reflect
the knowledge and technologies of their times, they should all be conserved as historical
documents. Also, determining the characteristics of historical fired bricks has great
importance within the conservation practice to maintain the integrity of the monument
with its original materials and also for the selection and production of new materials

compatible with historical bricks.

1.1. Problem Definition

The characterization of historical brick materials was investigated in several
studies. There is an abundance of studies focused on the bricks from the Roman Period.
On the contrary, bricks from Byzantine Period were subjected to limited studies.

Furthermore, the recent research on the characterization of fired bricks from
Byzantium were mostly focused on bricks of some monuments from Istanbul, and only a
few studied Byzantine bricks from Anatolia. Since only a few studies have been
conducted on Byzantine bricks in Western Anatolia, there is a lack of knowledge on this
subject.

Also, there is insufficient knowledge about whether there was a variation in the
production and properties of fired bricks produced in different centuries during the
Byzantine Era in Anatolia.

Within this context, in this thesis, characteristics of building bricks used in two
important Byzantine churches in Western Anatolia, St. Jean Basilica and Anaia Church,
were studied. On these monuments chosen for study cases, brick properties have not been
studied before. It is unknown whether the bricks of the monuments, which were built
close to each other, were produced at the same site, with the same raw material, or
separately. Also, it has not been determined whether the manufacturing methods of the
monuments' bricks were sustained constantly over the centuries or changed with
construction periods.

Furthermore, the mechanical properties of bricks were determined in a few studies
because it is challenging to get bricks from historical structures in the sizes required for
mechanical tests. In this study, the mechanical properties were investigated, unlike most

studies. Additionally, different from previous studies, colourimetric properties of brick



samples were examined apart from basic physical properties, and their relations with

chemical and mineralogical composition and firing temperatures were evaluated.

1.2. Aim and Scope of the Study

The aim of this study is to determine the characteristics of Byzantine bricks from
different construction periods of two archaeological monuments located in Western
Anatolia for evaluation of the production technologies of Byzantium and to investigate
the periodical differences in terms of raw materials and kiln conditions. The other purpose
is to contribute conservation works to be carried out in these monuments regarding the
material characteristics.

In the scope of the study, two Byzantine churches, which are St. Jean Basilica in
Ayasuluk Hill (Selguk, Izmir), and Anaia Church in Kadikalesi (Kusadasi, Aydin), were
chosen. Those monuments were selected since they were brick masonries dated to similar
periods of Byzantine and were located close to each other. They had similar architectural
features, such as material usage, construction technique and spatial organization. Also,
they were the structures which were undergone several interventions throughout the
Byzantine Period. Accordingly, the churches are important examples as they represent
Byzantine brick production and use in different centuries.

Furthermore, Ayasuluk Hill and Anaia city acted as the important religious centers
of the region. The fact that churches are located in religious centers is important in terms
of both having similar religious status and historical values in the Byzantine Period.

The similarities of St. Jean Basilica and Anaia Church in terms of constructional,

periodical and value were effective in the selection of them for the study cases.

1.3. Method and Content of the Study

The study consisted of field survey, literature review, experimental studies, and
evaluation of the results. The field survey, which included documentation and sampling,
was carried out in July 2020. The locations and construction periods of the brick samples
were documented with photographs and sketches. The brick samples were collected from

several spaces of the monuments according to their construction periods.



In the experimental studies, the samples were analysed with laboratory
investigations between September 2020 and December 2021 to determine the physical
and mechanical properties, chemical and mineralogical compositions, pozzolanic
activities, and microstructural properties of bricks. The basic physical and pozzolanic
properties and mineralogical compositions by FTIR analyses were conducted in the
IZTECH Material Conservation Laboratory. SEM-EDS, XRD, TGA, and mechanical
analyses were carried out in the IZTECH Center of Materials Research. The results of the
analyses were discussed and compared between the buildings and the construction
periods within the buildings and evaluated together with other studies on historical
building bricks.

The thesis consisted of six chapters. The general information about the history of
brick material usage, its ancient production technologies, and the recent studies on
historical fired bricks were mentioned in the second chapter. The third chapter included
the geographical, historical, and architectural information of case areas. The sampling of
the bricks and the methods of experimental studies, which were the determination of basic
physical properties, chemical and mineralogical compositions, thermogravimetric
analysis, colour identification, pozzolanic, microstructural, and mechanical properties,
were explained under chapter four. In the fifth chapter, the results of these experimental
studies were given and discussed in correlation with each other. As the final, the results

were evaluated and concluded in the sixth chapter.



CHAPTER 2

PRODUCTION AND PROPERTIES
OF HISTORICAL BRICKS

2.1. A Brief History of Brick Material

Brick has been one of the initial building materials used since ancient
civilizations. It is known that the first bricks were produced by shaping a mixture of mud
and straw into ovals and used in Mesopotamia around the 8™ millennium BC (Bakirer
1981; Wright 2005, 2009). The oval-shaped mud bricks evolved into a rectangular shape
with the introduction of moulds (Davey 1961; Bakirer 1981). During that period,
buildings generally consisted of small-scale structures, like houses, and the owners of the
buildings manufactured the mudbricks for their needs. However, with urban
development, more durable building materials than mud bricks were required since the
durability, and mechanical properties of mud bricks were not capable enough for
construction works, especially for larger-scale public buildings (Bakirer 1981; Wright
2005). In order to overcome these disadvantages of mud bricks, bricks were started to be
fired in kilns with the experience of ceramic production (Bakirer 1981; Adam 2005).

Fired bricks were first manufactured and used in Mesopotamia in the 4™
millennium BC (Bakirer 1981; Wright 2009). Since the cost and time required to
manufacture fired bricks were significantly higher than those of mud bricks, mud and
fired bricks were frequently used together in constructions (Davey 1961; Bakirer 1981;
Wright 2005). The Mesopotamian civilizations, like the Sumerians, Babylonians,
Assyrians and Akkadians, used fired bricks, especially in parts of the buildings directly
exposed to moisture like foundations and lower parts of the walls (Davey 1961; Moorey
1999). Thousands of years after Mesopotamian civilizations, fired clay products like
terra-cotta pipes, roof tiles, etc., occurred from the 7" century BC; and fired bricks began
to be used after the 4" century BC in Greek architecture. Nevertheless, brick was not
widely used in Greek architecture, and its rise to prominence as a primary building

material occurred during the Roman period (Davey 1961; Malacrino 2010; Tucci 2015).



In Roman times, construction techniques were transformed by the invention of Roman
concrete, and fired bricks started to be also used as a rendering material. Roman concrete
facing with fired bricks, namely opus festaceum, became a common technique in the 1%
century AD (Davey 1961; Bakirer 1981; Wright 2005; Tucci 2015). Therefore, brick
production increased and became an important industry in the Roman Empire (Helen
1975; Scalenghe et al. 2015; Tucci 2015). The brick sizes and shapes were standardised
in this period (Davey 1961; MacDonald 1982). The bricks were generally manufactured
in square shapes with the sizes of 19.7 cm (two-thirds of a foot), 29.6 cm (one foot), 44.4
cm (one and a half feet), and 59.2 cm (two feet) (Malacrino 2010). There were also bricks
in rectangular, triangular, and circular forms (Davey 1961).

Afterwards, brick material continued to be widely used in the Byzantine Period.
However, the use of bricks as facing materials disappeared, and they became the main
materials of masonries. Brick masonry buildings were defined as “the central tradition of
Byzantine Architecture” since brick masonries were constructed especially in
Constantinople, the capital of the Empire (Mango 1985). Hagia Sophia, Hagia Irene,

Kariye Museum, and Myrelaion Monastery are some of the significant examples of

Byzantine brick architecture in Constantinople (Krautheimer 1986) (Figure 2.1).

Figure 2.1. a: Hagia Sophia, b: Hagia Irene, c: Kariye Museum, d: Myrelaion Monastery
(Source: “Tiirkiye Kiiltlir Portali” n.d.)



In Byzantine architecture, the walls were constructed with solid bricks or
alternating bonds of bricks and stones (Eyice 1963; Mango 1985; Ousterhout 1999;
Jeffreys, Haldon, and Cormack 2008), whereas the construction of domes, arches and
vaults were solid brick works (Mango 1985). In the walls constructed with alternating
bonds, brick courses were laid on the stone rows that were faced by rough-cut stone and
filled with mortared rubble stone. Thus, bricks acted as the determinants of wall
thicknesses (Mango 1985; Ousterhout 1999). The Byzantine construction systems were
sustained without any distinction of periods; only around the 11" century, the recessed
brick technique and cloisonne technique were used on fagades of buildings (Eyice 1963;
Ousterhout 1999). The recessed brick technique, used for either structural or ornamental
purposes, was formed by leaving one of two successive rows of bricks behind surface and
filling the space with mortar (Mango 1985; Ousterhout 1999) (Figure 2.2). The cloisonne
technique was an organisation of bricks vertically and horizontally around stones on the

wall fagcade (Ousterhout 1999; Jeffreys, Haldon, and Cormack 2008) (Figure 2.3).

Cam, 2020), b: Detail of squared area shows recessed bricks (Source: Kanmaz
2015), c: Elevation sketch of the technique (Source: Ousterhout 1999, 174),
d: Section sketch of the technique (Source: Ousterhout 1999, 174)



Figure 2.3. Examples of cloisonne technique, a: Monasteries of Daphni, Greece (Source:

“Monasteries of Daphni, Hosios Loukas and Nea Moni of Chios - Gallery -
UNESCO World Heritage Centre” n.d.) b: A bastion of Kadikalesi (Photo:
E. Cam, 2021), c: Fortification wall of Ayasuluk Hill (Photo: E. Cam, 2020)

After Byzantium, bricks continued to be used during the Seljuk and Ottoman
periods. For centuries, the availability of clay material, convenience of its usage, and
development of durability through firing led to the continuity of bricks. Eventually, fired

bricks still have an important place in today's architecture.

2.2. Production Technologies of Brick Material

Antique production techniques of fired brick materials were basically comprised
of four main stages, which were the preparation of raw materials, shaping, drying, and

firing (MacDonald 1982; Fernandes, Lourenco, and Castro 2010) (Figure 2.4).

Figure 2.4. Representative sketches of fired brick production, a: Extraction and

preparation of clay, b: Moulding and drying, c: Firing in a kiln
(Source of sketches: Adam 2005, 107, 109, 110)



In the first stage, clay was extracted from the source and accumulated in the
working area. The source was preferred to be as close as possible to the working area due
to the difficulties of transporting raw material in ancient times (Kahya 1992; Fernandes,
Lourengo, and Castro 2010; Scalenghe et al. 2015). This situation may have brought along
the necessity and risk of using clays with unideal properties for brick production in some
areas. Vitruvius stated that the clay which was going to be used to make bricks should not
be sandy or pebbly clay or fine gravel. White and chalky or red clays were recommended
by him as they were smooth, light, and durable (Vitruvius 1914). In cases where this type
of clay was not available, early producers were making some additions to improve the
quality. For instance, adding water provided plasticity to clay and facilitated working with
it (Davey 1961; Adam 2005; Wright 2005; Fernandes, Lourenco, and Castro 2010). If
water was used excessively, the clays liquefied, so sand was added to keep the
consistency. Also, sand reduced shrinkage and avoided cracking and disintegration.
(Kahya 1992; Adam 2005; Wright 2005; Fernandes, Lourenco, and Castro 2010).
Following these additions, the clay was kneaded to homogenise, mostly by hand, and
became ready for shaping (Davey 1961) (Figure 2.4).

The shaping was achieved by the four-sided wooden or metal moulds (Ousterhout
1999). Clay mixture was placed into moulds, and trimmed to remove the excess material
(Davey 1961; Adam 2005; Wright 2005; Fernandes, Lourengo, and Castro 2010;
Malacrino 2010) (Figure 2.4). Producers sometimes made scratches on the surfaces of
fresh bricks by hand to increase the surface area and thus to provide a better bond between

brick and mortar (Figure 2.5).

Figure 2.5. In-situ bricks from Anaia Church, Kadikalesi with scratches on the surfaces



Following the shaping process, the bricks were left to dry for several days in a
sheltered place in order to keep them away from external factors (Davey 1961; Ousterhout
1999; Fernandes, Lourengo, and Castro 2010). It was noticed that bricks should not be
exposed to direct sunlight since drying occurs faster in warm climates, causing cracks in
the bricks, and also that they should not be exposed to rain because the drying rate slows
down in humid climates (Adam 2005; Wright 2005; Fernandes, Lourengo, and Castro
2010). In this regard, the production of bricks was recommended to be carried out in
Spring or Autumn by Vitruvius (1914).

Thereafter, the firing process took place in order to provide durability and strength
to the dried bricks (Figure 2.4). There were two options for firing: using brick kilns or
firing without kilns, known as open-hearth firing (Ousterhout 1999; Malacrino 2010).
Brick kilns consisted of two parts, basically. The lower part was the combustion chamber,
which involved an opening for fuelling the fire during the process. The other part placed
on the combustion chamber was the charging chamber in which bricks were loaded. These
two chambers were separated from each other by a plate with several holes that allowed
the heat to pass through (Davey 1961; Adam 2005; Wright 2005) (Figure 2.6). The
temperature in the kilns was decreasing with the distance from the fire, resulting in the
uneven firing of bricks. In the kilns, the temperature could reach 1000°C at the bottom
parts close to the fire; but the temperature could decrease even to 550-600°C at the upper
parts (Davey 1961; Scalenghe et al. 2015).

Charging Chamber

................................................

Plate with __ Fgrs
Heat Holes -

Combustion Chamber

Figure 2.6. Sketch of a brick kiln
(Source of sketch: Adam 2005, 110)
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In the open-hearth firing, bricks were stacked in a pit, and the fire was set directly
in the middle. At the end of the process, no evidence was left from the firing yard since
bricks were taken away (Ousterhout 1999; Wright 2005). Although the second type
ensured the firing of large quantities at once, the firing happened at low temperatures, and
the quality of bricks was reduced proportionally (Ousterhout 1999; Wright 2005;
Malacrino 2010).

Brick production became a common practice in Byzantium (Eyice 1963). The
bricks were manufactured on the construction sites locally due to expenses of
transportation (Ousterhout 1999; Eroglu and Akyol 2017). The construction of a building
required thousands of bricks, so several kilns had to be worked simultaneously. The
location of kilns was regulated by Exabiblos, a law text written in 14™-century Byzantium
(Ousterhout 1999). It was stated that kilns must be constructed outside the cities because
of the large space necessity and the air pollution caused by the kilns. They must be away
from the houses by forty steps in the north and west directions, and twenty-five steps in
the south and east directions, and the kilns should not be close to each other (Ousterhout
1999). Furthermore, the workers in brick production were named by their jobs in
Exabiblos; clay workers as ostrakarioi and brick-makers as keramopoioi (Ousterhout
1999). They were seasonal workers and were changing their locations where they were
needed for construction (Kahya 1992; Ousterhout 1999).

The brick production techniques proceeded without any significant change until
industrialization started within the 19" century (Papayianni and Stefanidou 2000). With
the mechanization, shaping and firing methods were developed. Bricks started to be
shaped by vacuum and fired at high temperatures exceeding 1100 °C in homogenous kiln
conditions. Accordingly, modern bricks are less porous materials with superior

mechanical properties compared to historical bricks.

2.3. Recent Studies on Historical Bricks

Studies on historical bricks mostly focus on the characterization of bricks used in
several structures by ancient civilizations, the manufacturing process and its effects on
the material, and the deterioration mechanisms of bricks. Under this heading, recent

studies about the characterization of historical building bricks were investigated in terms
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of their basic physical and mechanical properties, chemical compositions and pozzolanic
properties, and mineralogical compositions.

There is a limited number of studies on the properties of Byzantine bricks. In
addition, most of them focused on the bricks from monuments in Istanbul (Kahya 1992;
Moropoulou, Cakmak, and Polikreti 2002; Ballato et al. 2005; Kurug6l and Tekin 2010;
Ulukaya et al. 2017; Taranto et al. 2019), and only a few investigated bricks from Anatolia
(Kurugdl and Tekin 2010; Ozyildirim and Akyol 2016; Eroglu and Akyol 2017).

Thus, studies on historical bricks from the Roman (Calliari et al. 2001; Lopez-
Arce and Garcia-Guinea 2005; Aslan Ozkaya and Boke 2009; Oguz, Turker, and Kockal
2014; Stefanidou, Papayianni, and Pachta 2015; Scalenghe et al. 2015; Ugurlu Sagin
2017; Scatigno et al. 2018) and Ottoman Periods (Kahya 1992; Cizer 2004; Ballato et al.
2005; Kurugol 2009; Ugurlu Sagin and Boke 2013; Giirhan, Ugurlu Sagin, and Boke
2017) were also examined, apart from the studies on Byzantine Period (Kahya 1992;
Papayianni and Stefanidou 2000; Cardiano et al. 2004; Ballato et al. 2005; Tekin and
Kurugdl 2011; Stefanidou, Papayianni, and Pachta 2015; Ozyildirim and Akyol 2016;
Eroglu and Akyol 2017; Ulukaya et al. 2017; Taranto et al. 2019).

The general aims of these studies were to determine the characteristics of
historical bricks and ancient production technologies and to contribute to the conservation
and restoration process of historic buildings. The results of the recent studies were given

below (Table 2.1, Table 2.2, Table 2.3)

2.3.1. Basic Physical Properties

Basic physical properties of historical bricks were identified mainly according to
their density and porosity values. Besides, other parameters associated with porosity and
moisture content of bricks, such as pore size distribution and water absorption, were
investigated to determine brick structure in some cases (Table 2.1). Those values were
calculated by using standard test methods.

Density and porosity values of Roman bricks used in Serapis Temple were found
1.65 g/cm® and 35.0 % by Aslan Ozkaya and Boke (2009), and between 1.63—1.73 g/cm’
and 28.90-32.65 % by Ugurlu Sagin (2017). Further, Ugurlu Sagin (2017) determined
density values 1.71 g/cm® in bricks from Aigai and between 1.32-1.63 g/cm® in bricks

from Nysa, and porosity 29.58 % in bricks from Aigai and between 44.53—-47.69 % in
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bricks from Nysa. In other studies, the density and porosity of Roman bricks were
determined between 1.9-2.0 g/cm® and 22.2-25.1 % for Toledo city (Lopez-Arce and
Garcia-Guinea 2005), 1.80—1.86 g/cm® and 26.0-34.0 % for Era Bath (Oguz, Turker, and
Kockal 2014), and 1.63—1.84 g/cm? for monuments from Greece (Stefanidou, Papayianni,
and Pachta 2015).

For the Byzantine bricks, density values were found in the range of 1.46—1.84
g/cm® by Stefanidou, Papayianni and Pachta (2015), 1.38-1.88 g/cm’® by Papayianni and
Stefanidou (2000), 1.55-1.81 g/cm® by Eroglu and Akyol (2017), 1.73 g/cm® by
Ozyildirrm and Akyol (2016), 1.70 g/cm® by Ulukaya et al. (2017) and 1.52-1.72 g/cm?
by Cardiano et al. (2004), whereas porosity percentages were obtained between 14.96—
34.87 by Papayianni and Stefanidou (2000), 26.80-35.77 by Eroglu and Akyol (2017),
31.67 by Ozyildirrm and Akyol (2016), 31.4-35.3 by Ulukaya et al. (2017), and 31.4—
42.6 by Cardiano et al. (2004). In the studies of Kurugol and Tekin (2010) and Kahya
(1992), different structures and different centuries of the Byzantine Period were
investigated. Density and porosity values were obtained between 1.33-2.05 g/cm® and
20.1-47.4% by Kurugdl and Tekin (2010) and 1.55-1.89 g/cm® and 20.3-39.0% by
Kahya (1992). The study of Kahya (1992) revealed that Byzantine bricks differentiated
according to periods, and an improvement was observed in the properties of bricks from
the 8™ century. This improvement was stopped, and decline was observed in the
properties of bricks from 11" and 12% centuries (Kahya 1992).

Furthermore, densities of bricks from the Ottoman Period were found between
1.73-1.89 g/cm® by Kahya (1992), 1.67—1.80 g/cm? by Cizer (2004), 1.7-1.8 g/cm’ by
Ugurlu Sagin and Boke (2013), and between 1.53-1.64 g/cm® by Kurugdl (2009).
Porosity values were determined between 20.3-30.1% in the study of Kahya (1992),
29.4-36.0% by Cizer (2004), 33.0-37.0% by Ugurlu Sagin and Boke (2013), and between
32.6-37.5% by Kurugdl (2009) (Table 2.1).

Water absorption percentage is another parameter determined for the evaluation
of basic physical properties of brick materials in most of the studies (Kahya 1992; Lopez-
Arce and Garcia-Guinea 2005; Kurug6l 2009; Tekin and Kurugdl 2011; Oguz, Turker,
and Kockal 2014; Stefanidou, Papayianni, and Pachta 2015; Ozyildirrm and Akyol 2016;
Eroglu and Akyol 2017). In the studies, water absorption of Roman bricks was observed
in the range of 6.7-12.6 % by Lopez-Arce and Garcia-Guinea (2005), 13.3-16.7 % by
Oguz, Turker and Kockal (2014), and 14.3-22.4% by Stefanidou, Papayianni and Pachta
(2015). For Byzantine bricks, the value was found between 16.0-29.8 % by Stefanidou,
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Papayianni and Pachta (2015), between 14.8-23.1 % by Eroglu and Akyol (2017),
ranging between 10.5-34.8 % by Kurugél and Tekin (2010), as 18.3 % by Ozyildirim and
Akyol (2016), and ranging between 13.1-25.2 % by Kahya (1992). Besides for Ottoman
bricks, Kahya (1992) determined water absorption between 11.2—17.4 %, and Kurugol
(2009) found it between 19.9-24.5 % (Table 2.1).

Pore size distribution was determined in some of the studies (Papayianni and
Stefanidou 2000; Cardiano et al. 2004; Lopez-Arce and Garcia-Guinea 2005; Ugurlu
Sagin and Boke 2013). The pore size distribution of Roman bricks was found in the range
of 0.07-0.33 um in the study of Lopez-Arce and Garcia-Guinea (2005). In the case of
Byzantine bricks, Papayianni and Stefanidou (2000) determined the main pore volume
between 70-250 um, and Cardiano, et al. (2004) indicated the pore size distribution of
bricks between 0.20-0.83 um. Besides, the radius of pores present in Ottoman bricks was

mostly under 5 um, according to the study of Ugurlu Sagin and Boke (2013) (Table 2.1).

2.3.2. Mechanical Properties

The mechanical properties of historical bricks were investigated in a limited
number of studies (Kahya 1992; Papayianni and Stefanidou 2000; Lopez-Arce and
Garcia-Guinea 2005; Aslan Ozkaya and Béke 2009; Kurugdl 2009; Kurugdl and Tekin
2010; Oguz, Turker, and Kockal 2014; Stefanidou, Papayianni, and Pachta 2015; Ulukaya
et al. 2017), probably since it is hard to take brick samples from monuments as much as
required sizes determined by the standards for mechanical tests. Compressive strength
and modulus of elasticity were used to define mechanical properties in most of the studies.
Aslan Ozkaya and Boke (2009) found the compressive strength of Roman brick as 6.0
MPa, while in the other studies, compressive strengths were found between 21.2-44.0
MPa (Lopez-Arce and Garcia-Guinea 2005) and 20.0-47.8 MPa (Oguz, Turker, and
Kockal 2014). In the study of Stefanidou Papayianni and Pachta (2015), Roman bricks
were observed to have compressive strength between 4.6—20.7 MPa and modulus of
elasticity between 2.78-5.20 GPa, whereas Byzantine bricks were observed to have
compressive strength between 4.5-16.1 MPa and modulus of elasticity between 2.86—
9.20 GPa. Another study by Papayianni and Stefanidou (2000) obtained compressive
strength and modulus of elasticity of Byzantine bricks from Greece between 9.8—17.6

MPa and between 2.59-10.83 GPa, respectively. In the other studies, the compressive
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strength of Byzantine bricks was found between 7.9-33.0 MPa for castles in Turkey by
Kurugol and Tekin (2010), between 9.2—-11.0 MPa by Ulukaya et al. (2017), and between
16.9-34.7 MPa for monuments in Istanbul by Kahya (1992). In the case of Ottoman
bricks, compressive strength was found ranging between 8.7—14.0 MPa by Kahya (1992).
Also, Kurugdl (2009) determined compressive strength between 4.1-5.2 MPa and

modulus of elasticity between 3.6—7.0 GPa, respectively.

15



(98ed )xou uo 3u0d)

santadoad [eotueyddy

sangadoag [edISA J diseq

syaLIg Jo porsag

) R i i U . porRg (10T
01co vstlt ot sunuezAg a1e] “Te 19 ‘eAeyn|n)) AS3[n  /nque)s|
(9107 194V pue unnpriszQy)
Ve gl L9'Te el suhtezid AoyIn [ /MISIS[A ‘AT2)SBUOTAl Q[0
906 $TT-LSI 1'9¢-6'8T £8°1-19°1 (P 1~ 1)PunuezAg]  nque)s| 0102
) 0°¢€-9°01 $0T-S°01 ) €Fe-10C SOT-LY'T (;Cl-g01)ounuezAg)  wozqely unp ], pue [osnmy)
081-TCI 961991 SEe-86T I8 1-9L°1 (1 1-6) dunuezAg)  eisewy Adyn jo santd
VLI6'L 8 7E-0°0T v Lr0TE 09 1-€€'T (,¥1-,8) dunuezAg] eAyemny| VR W SNSED
. . e (9 pLopt) POLIRd (L10T 1043y pue njgorg)
01 €T-S8¥1 LLS£-08°9T 1871-651 sunuezkg Alreg Koyn] mrstop ‘preys] yesgog
(sumjoa axod (000T

~y - . . - . - . ~_ . LR ~ Q %
€8°01-65C S9°LI-086 urewr) wt (Gz-0 LE8FE96 VI 88'1-8¢°1 SPOLI2d SURUBZAY nopruegelg pue ruueikede ) 205010
0T6798°C 80°91-0S'¥ 8672091 ) ) P8 1971 (P 1-qL) QUNUEZAG (S10T BIyoRd
0TS8LT ¢L0T 9 8€'TT-8T VI P81-£9'1 (b pu0) TEWIOY| pue rueifeded MOPIUE))S) 90910
. . : : : : : 5 ¢ (10T 1#1003] pue 13N,

- - - - - - 2 ueuro
8'L1-0°0T 8991-9T°€1 r€-9T 98 1-08'1 (2 ) wewoy m30) Aoy L B “eg Bi
i . A i o A i i i . . AWOON BauImnn-eroIen

- - - - - 2 - ueuio . .

10¥-81°1C 9TI-L'9 €€°0-L0°0 1'ST-TTT 6'1-0C (3 D) d pue 201y-zado]) ureds/opajoL
69 L-ES 1Y £9'1-2e’l Uetoy esAN (L10T wiges
- - - - 8567 L1 Uemoy 1631y | npngp) £yn [, jo says
$9'TE-06'8T ELT-€9'1 uewoy| eweSiog|  [BdIS0[0dEYDIE dwIOY
i . ] i ) ) SPOLISJ UBWIOY (6007 20d pue eAeyzQ UB[SY)
009 00°s€ 591 pue opsiu[ey| Aoyin]ewediog ‘ojdwo] siderog

(ego) Honsery | (edv) yrsuans | (¢o4,) uondaosqe | (wurl) uonnqrysip (%) AmEu\mv LArswq sordure

Jo snnpojJA aarssaaduo) RNV JZIS 310 Apsoaog juaaeaddy I S IUIIRJIYP-UONBIO]

sorpnys snotadld Aq pouruLIdldp SYOLIq [eoL0IsIy Jo sanaadoid jesrueyosw pue [eorsAyd oiseq "1°Z 9[qeL

16



0'L-9€¢ TS Y SHT-661 - SLEOTE O 1-€S°1 (61-p8 1) WBWONO|  (600z 198NN AN /[NQUEIST
(Nas) o - (£10T 93ed pue uiges nungn)
wrig>1 Apsow Leee $ILT POHRd TEHORO Aaspm I /aruzy ut s3uIpymg yieg
(F00T 1971))
96°SE-SH'6T 08°1-L9'1 (91, ST) UBWONQ Ko 1 /amuz] ur sSurp{ng ey
66 €1-7L'8 Y LTI 1°0£-€°07 68 1-€L°1 (9,S 1) uewongo
629 vST '8¢ 98’1 (1) dunuezAg
- €1°LT-T8YT 1'0Z-0'61 - 0°€€-60¢€ r9'1-€9'1 (;C1-,1 1) dunuezig (2661 eAyes)) Aspmy/mmquelsy
SLFE-99'81 §LI-TET ['1eL¢T I8 1-CLT (;,01-,8) dunuezig
97'7E-88°91 TST-Lpl 0°6¢-1°ST 6L 1-SS1 (1,9 F) PUNURZAG
(¥00T
- - - €8°0-0T°0 9Tr¥1E TL1-TS'1 pouad sunuezAg)[e 15 ‘ourIpIe)) A[BI[/AJIOIS ‘BledeL]
1p oddi[i g ueg jo A19)Seuoy
(vdD) VST | (BdIN) WIS | (%) uondiosqe | (W) uonnqrisip (%) (wo/3) Ansuwdq sopdues
JOo snnpojy P»_mma.:—:_omu JIJBAN AZIS 10 g %..-_m?-on— 2~P~=u-—-—< SYALIG JO POLIdG ANUARJIYP-Uuoned0|

SN0 [BIUBYIIA

sonRdoag [edsAyd dsegq

(‘u0d) *1°7 9qe ],

17



2.3.3. Chemical Compositions and Pozzolanic Properties

Chemical composition is one of the essential features in the characterization of
historical bricks since they provide information about the properties of raw materials and
the provenance of clays. Major oxides and trace element compositions can be used to
define chemical compositions. The clay types are generally defined as Ca-rich and Ca-
poor clays based on their CaO percentage to be more or less than 6%, respectively
(Riccardi, Messiga, and Duminuco 1999; Elert et al. 2003; Bartz and Chorowska 2016;
Taranto et al. 2019).

The chemical compositions of Roman bricks were determined with Scanning
Electron Microscope coupled with energy dispersive spectroscopy (SEM-EDS) by Aslan
Ozkaya and Boke (2009), and Oguz, Turker and Kockal (2014), and with X-ray
Fluorescence (XRF) by Ugurlu Sagin (2017). The bricks of Serapis Temple (Aslan
Ozkaya and Boke 2009), Pergamon and Aigai (Ugurlu Sagin 2017) were found to be
produced with Ca-poor clays. Furthermore, Ca-rich clay was used in the production of
Nysa (Ugurlu Sagin 2017) and Era Bath bricks (Oguz, Turker, and Kockal 2014). Overall,
Roman bricks contained high amounts of SiO> and Al,O3; and low amounts of MgO,
NaxO, K0 and TiO>. Besides, FeoO3 was found in high percentages in Serapis Temple
and Nysa bricks and in low percentages in Pergamon, Aigai and Era Bath bricks (Table
2.2).

The chemical compositions of Byzantine bricks were investigated in the studies
by using XRF (Ballato et al. 2005; Ulukaya et al. 2017; Taranto et al. 2019), Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP) (Cardiano et al. 2004; Tekin and
Kurugol 2011), and Instrumental Neutron Activation Analysis (INAA) (Cardiano et al.
2004) (Table 2.2). The chemical composition of Hagia Sophia bricks was determined to
change according to the construction periods (Taranto et al. 2019). The Ca-rich clay
source was used for manufacturing the bricks of Hagia Sophia, except for the 5 century
bricks. The Hagia Sophia bricks were composed of primarily SiO>, Al,O3, and Fe;Os3,
with minor amounts of Na,O, K>O, TiO2, MnO, and P>Os. Nevertheless, MgO content
was observed in high percentages in the 6™ and 14™ century bricks and low percentages
in those from the 4™ and 5™ centuries. Furthermore, Ca-rich clays were determined in
Byzantine bricks from castles in Kiitahya, Trabzon and Istanbul (Kurugél and Tekin

2010), monuments in Istanbul (Ballato et al. 2005; Ulukaya et al. 2017) and Sicily
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(Cardiano et al. 2004). Bricks were determined to have high amounts of SiO, Al,O3, and
Fe;0s, and low amounts of MgO, NaxO, K»O, and TiO;. On the other hand, Ca-poor
bricks from Amasra castle were found to compose of high amounts of SiO; and Al,Os
and low amounts of Fe,O3, MgO, Na>xO, K,0, TiO,, MnO, P>0Os, and Cr,03 (Kurugol and
Tekin 2010).

The studies on Ottoman bricks determined the chemical compositions by using
XRF (Ballato et al. 2005; Ugurlu Sagin and Boke 2013), SEM-EDS (Giirhan, Ugurlu
Sagin, and Boke 2017), and ICP (Kurugol 2009) (Table 2.2). It was indicated that
Ottoman bricks were produced by using Ca-poor clays. The chemical compositions of
Ottoman bricks from bath buildings in izmir (Ugurlu Sagin and Béke 2013), Great Palace
of Constantinople (Ballato et al. 2005) and from Istanbul (Kurugdl 2009) were in a similar
range; they contained high amounts of SiO; and Al>O3, moderate amounts of Fe,Os, and
low amounts of MgO, NaxO, K>O, TiO>. The bricks from the Eski Bath in Aydin
contained high amounts of SiO», Al>O3, and Fe;Os3, moderate amounts of CaO, and low
amounts of MgO, Na>O, K,0, and TiO; (Giirhan, Ugurlu Sagin, and Boke 2017) (Table
2.2).

Pozzolanic activities of building bricks were determined in the studies by different
methods, such as measurement of electrical conductivity differences (Aslan Ozkaya and
Boke 2009; Ugurlu Sagin and Boke 2013; Oguz, Turker, and Kockal 2014; Giirhan,
Ugurlu Sagin, and Boke 2017; Ugurlu Sagin 2017), compressive strength of mortars
produced by the powder of studied bricks (TS 25) (Kurugdl 2009; Kurugél and Tekin
2010), and Frattini test (Ulukaya et al. 2017). Roman bricks from Serapis Temple (Aslan
Ozkaya and Boke 2009), Pergamon, Aigai, Nysa (Ugurlu Sagmn 2017), Era Bath (Oguz,
Turker, and Kockal 2014), and Ottoman bricks from the bath buildings in izmir (Ugurlu
Sagin and Boke 2013) and Aydin (Giirhan, Ugurlu Sagin, and Boke 2017) were found
non-pozzolanic according to the electrical conductivity measurement method (Luxan,
Madruga, and Saavedra 1989) (Table 2.2). The Byzantine bricks from the castles in
Turkey (Kurugél and Tekin 2010) and from istanbul (Ulukaya et al. 2017) showed
pozzolanic activity (Table 2.2).
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2.3.4. Mineralogical Compositions

Mineralogical compositions of bricks were used for their characterization and also
for the estimation of firing temperatures. The most preferred method used in the studies
was X-ray diffractometer (XRD) (Cardiano et al. 2004; Ballato et al. 2005; Lopez-Arce
and Garcia-Guinea 2005; Aslan Ozkaya and Boke 2009; Kurugél 2009; Tekin and
Kurugol 2011; Ugurlu Sagin and Boke 2013; Oguz, Turker, and Kockal 2014; Stefanidou,
Papayianni, and Pachta 2015; Giirhan, Ugurlu Sagin, and Boke 2017; Ugurlu Sagin 2017;
Ulukaya et al. 2017; Taranto et al. 2019). In addition, optical microscopy (OM)
(Ozyildirim and Akyol 2016; Eroglu and Akyol 2017) and Fourier transformed infrared
spectroscopy (FTIR) (Ugurlu Sagin 2017) were also used in the studies. The results were
depicted in Table 2.3.

Aslan Ozkaya and Boke (2009) specified that the Roman bricks of Serapis Temple
contained quartz, albite, hematite, potassium feldspar and muscovite. Accordingly, the
bricks were estimated to be fired at nearly 850°C. The Roman bricks from Pergamon,
Aigai and Nysa were mainly comprised of quartz, anorthite, and albite (Ugurlu Sagin
2017). Furthermore, muscovite was determined in Pergamon bricks; and calcite, hematite,
and muscovite were determined in Nysa bricks. The firing temperatures of bricks were
evaluated as between 850 and 900°C.

According to Lopez-Arce and Garcia-Guinea (2005), the bricks from Toledo,
dated to the Roman Period, contained quartz, calcite, anorthite, albite, hematite, illite and
diopside, and fired above 900°C.

The mineralogical composition of Era bath bricks from the Roman Period was
found to consist of quartz, calcite, anorthite, hematite, potassium feldspar, and illite with
a firing temperature of approximately 850°C (Oguz, Turker, and Kockal 2014).

In the study of Stefanidou, Papayianni and Pachta (2015), quartz, calcite,
anorthite, albite, illite and gypsum were determined in the bricks that were collected from
Roman and Byzantine monuments in Greece. However, firing temperatures were not
evaluated within the scope of this study.

The Byzantine bricks from Bogsak Island studied by Eroglu and Akyol (2017)
consisted mainly of quartz, anorthite, albite and limestone, and chert was also found in

some samples. They were estimated to be fired between 750—-850°C.
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The Hagia Sophia bricks were determined to have quartz, calcite, anorthite, albite,
hematite, K-feldspar, muscovite, biotite, and pyroxene, and to be fired above 900°C
(Taranto et al. 2019).

The bricks from various castles built during Byzantium were investigated by
Kurugol and Tekin (2010). Quartz and calcite were determined in brick samples from
Kiitahya, and some of the samples had anorthite, albite, hematite, and illite. Bricks from
Istanbul were determined to comprise quartz, calcite, muscovite and illite. Accordingly,
the firing temperature of samples from both areas was evaluated as between 800—850°C.
Besides, quartz, hematite, K-feldspar, and labradorite were found in Amasra samples, and
quartz, pyroxene, and sodium silicate were found in Trabzon samples. The firing
temperatures were between 850-900°C and above 950°C, respectively.

The mineralogical compositions of Byzantine bricks of Olba Monastery in Mersin
consisted of quartz, calcite, anorthite, albite, illite and limestone. The firing temperatures
were estimated to be between 750 and 800°C (Ozyildirim and Akyol 2016).

Another study conducted on Byzantine bricks (Ulukaya et al. 2017) identified the
mineralogical compositions of bricks from Istanbul as quartz, albite, potassium feldspar,
and calcium silicate hydrate (CSH). It was stated that the firing temperatures might be
between 850 and 900°C.

Byzantine bricks taken from a Monastery in Sicily were determined to have
quartz, hematite, potassium feldspar and muscovite, also anorthite, gehlenite, and
diopside presented in some. They were supposed to be fired at temperatures between 800—
900°C (Cardiano et al. 2004).

The study of Ballato et al. (2005) compared Byzantine and Ottoman bricks from
Great Palace of Constantinople. Byzantine bricks were composed of quartz, anorthite,
albite, hematite, and diopside; in addition, calcite, muscovite, illite, gehlenite, zeolite,
halite, and gypsum were detected in some. Ottoman bricks contained quartz, albite,
hematite, muscovite, and illite mainly, and calcite, halite, and gypsum in some. However,
firing temperature was not predicted within the scope of the study.

The mineralogical composition of Ottoman bricks from bath buildings in izmir
(Ugurlu Sagin and Boke 2013) and Aydin (Giirhan, Ugurlu Sagin, and Boke 2017) had
similar mineralogical compositions. They were composed of quartz, calcite, albite,
hematite, potassium feldspar, and muscovite; only some samples from Izmir did not

include calcite and muscovite. It was mentioned that the bricks from Izmir were fired
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around 850°C (Ugurlu Sagin and Boke 2013) and the firing temperature of samples from
Aydin (Giirhan, Ugurlu Sagin, and Boke 2017) did not exceed 900°C.

Ottoman bricks from Istanbul were found to contain quartz, albite, hematite,
chalcopyrite and CaO and their firing temperature was estimated between 800-900°C

Kurugdl (2009).
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CHAPTER 33

HISTORICAL, GEOGRAPHICAL AND
ARCHITECTURAL FEATURES OF STUDY AREAS

The Anaia Church in Kusadasi, Aydin and St. Jean Basilica in Selguk, izmir were
chosen to determine the characteristics and manufacturing techniques of Byzantine period
building bricks (Figure 3.1, 3.2). Their close-range locations, similar time periods of
construction and usage during the Byzantine period, and brick material usage are the
reasons for their selection as case areas of the study.

In this chapter, the historical and geographical background and architectural

features of the study areas were given.

AYASULUK HILL I
ST. JEAN BASILICA .....".......

KADIKALESH

|
ANAIA CHURCH I
)

Figure 3.1. Map of Aegean Region shows locations of study areas (Dashed line area is

enlarged on Figure 3.2) (Revised from Google Earth)
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3.1. St. Jean Basilica, Ayasuluk Hill

Ayasuluk Hill and St. Jean Basilica are located in Selguk, Izmir. Selguk is a
historical town located in the southeast of izmir city center and on the border with Aydin.
The town is surrounded by Menderes and Torbali on the north, Tire and Germencik on
the east, Soke and Kusadasi on the south (Figure 3.2). Ayasuluk Hill is a mound placed
on the northwest part of the Selguk plain. The Hill surrounded by a fortress comprises the
remains of several structures, such as St. Jean Basilica, Gate of Persecution, the citadel
that involves houses, a villa, cisterns, a bath, and a mosque (Figure 3.3). St. Jean Basilica
is an archaeological monument built during the Byzantine period (4"-6" centuries). The
Hill and its monuments are the 1¥-degree archaeological site, and they were registered
firstly on 11.12.1976 with the decision number A-262 by GEEAYK. Also, the Hill was
declared as UNESCO’s World Heritage Site along with Ephesus in 2015 (“Ephesus -
UNESCO World Heritage Centre” 2015). Scientific excavations of Ayasuluk Hill and St.
Jean Basilica were begun in 1921 by G. A. Sotiriou and had been continued by the
Austrian Archaeological Institute between 1927-1930 and by the Ephesus Museum
Directorate of Ministry of Culture between 1960-2006 (Mimaroglu 2017; Mimaroglu and
Erdogan 2018). Pamukkale University conducted the excavation from 2007 to 2019 under
the supervision of Dr. Mustafa Biiylikkolanci. Since 2020, excavations are proceeding

under the supervision of Assoc. Prof. Dr. Sinan Mimaroglu, Mustafa Kemal University.

iCistern-Basilica =~
Villa&Bath; | :Mosque Ay e A

_——a —

iCitadel

Ayasuluk L .

Figure 3.3. Aerial view of Ayasuluk Hill and St. Jean Basilica with their surrounding

(Revised from photo from Biiyiikkolanc1 2016)
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Ayasuluk Hill has a long history of settled life dating back to 3000 BC, the Early
Bronze Age. In the second half of the 2" millennium BC (Late Bronze Age), an important
city named as “Apasas” was founded on the Ayasuluk Hill within the border of Arzawa
Kingdom, according to Hittite written sources (Biiyiikkolanc1 2008). “Apasas” is thought
to be the origin of the name “Ephesus” (Biiylikkolanci 2008; Ladstaetter et al. 2015;
Baranaydin 2016). The city was conquered by the Lydians in 560 BC, and Lydian King
forced the city to move from the Hill to surround of Artemis Temple (Figure 3.4)
(Biiytikkolanct 2008; Ladstaetter et al. 2015). The city center remained in that location
during the Persian (386-334 BC) and Alexander the Great (334-323 BC) hegemonies
(Bean 1979). Under the rule of Lysimakhos, who was one of the generals of Alexander
the Great, Ephesus was relocated to its current location (Bean 1979; Ladstaetter et al.
2015) (Figure 3.4), and the city was designed as one of the Hellenic cities with a grid plan
(Foss 1979). Ephesus gained importance in the Hellenistic and Roman Periods as a
commercial port in the Mediterranean and became the capital of the Asian State of the
Roman Empire. However, there is little information about the settlement in Ayasuluk
during this period. According to the Christian faith, St. Jean, one of the Apostles of Jesus
Christ and writer of the Bible, came to Ephesus in the 1% century AD and stayed here
until the end of his life and was buried in the Ayasuluk Hill (Mercang6z 1997; Ladstaetter
et al. 2015). Consequently, the Hill regained importance with the effect of spreading
Christianity and became the 4" city center of Ephesus in the Byzantine Period (Figure
3.4). Ayasuluk Hill was conquered by Aydmogullar at the beginning of the 14" century
and became the capital city of the principality in 1348 (Biiyiikkolanc1 2001). In 1390, it
came under the rule of the Ottoman Empire (Biiyiikkolanci1 2001; Ladstaetter et al. 2015).
The hill was estimated to maintain its importance until the end of the reign of Fatih Sultan

Mehmet (Biiyiikkolanc1 2001).
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Ayasuluk Hill
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Figure 3.4. Locations of the city centres of Ephesus

(Processed on a satellite image from “Izmir Kent Rehberi” 2016)

The grave of St. Jean, to whom Ayasuluk Hill and the basilica were dedicated, is
on the southern slope of the hill. The first church was built in the 5 century AD with a
wooden roof covering the grave, a baptistery and a treasure room (or Skeuophylakion) on
the north side (Hormann, Keil, and Sotiriou 1951) (Figure 3.5, 3.6). The church was
demolished by the earthquakes occurred in 467-468 AD (Biiyiikkolanc1 2001), and only
outer walls of transepts, treasure room and baptistery survived from the first construction
period (Figure 3.5). The damaged church was rebuilt by order of Emperor Justinian and
designed as a cross-shaped and domed structure (Biiylikkolanci 2001; Ladstaetter et al.
2015; Karydis 2016). It was thought that the building was tried to be adapted in an axial
plan type with the complex that involved the baptistery and treasure room. In the second
construction period, two transepts in the north-south direction, an apse and bema were
constructed in the 520s (Karydis 2016) (Figure 3.5). The third construction period, dated
to around 550 AD, was a continuation of the second phase. The west aisle, a narthex, an
atrium, and a substructure were added to the church in the third phase. The final church
reached the dimensions of 110x130 meters and gained a monumental character
(Ladstaetter et al. 2015). The structure was covered with six domes that were carried by
pillars. Three naves on the west aisle were separated by arched colonnades (Biiytikkolanct
1991; Ladstaetter et al. 2015) (Figure 3.7). The entrance to the Church was provided from
narthex with three porticos (Biiyiikkolanci 2001). There was an atrium with a courtyard
surrounded by arcades supported by columns in front of the church (Figure 3.5). The
atrium was thought to be constructed through the substructure that was built to raise the

ground level to the church level (Ladstaetter et al. 2015) (Figure 3.8).
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Figure 3.5. Plan of St. Jean Basilica showing the construction phases (Revised from

drawing by Ayasuluk Hill and St. Jean Basilica Excavation Archive, 2020)

The Basilica was built in masonry technique and covered with domes. The walls
and pillars were the bearing elements that carried arches and domes.

The masonry walls were constructed with brick and stone in alternating bonds or
with only brick, while domes and arches were built with brick totally. The bricks of the
walls were measured in sizes of 45x30 cm, 35x35 cm, 20x35 cm, and 17-18x35 cm during
the field survey. The domes were carried by pillars that were made of cut stone. The cut-
stone pillars were considered to continue as bricks on the second floor and joined with
the brick arches carried by the stone columns (Biiyiikkolanci 2001). The bricks used in
arches were found in three sizes: measuring 35x50x4.5 cm, 34x34x4.5 cm, and half-size
measuring 17x34x4.5 cm (Karydis 2012). As binding material, lime mortar was used in
the walls, superstructure, and pillars.

Besides, there were differences between the bonding types of structural elements
regarding construction periods. The walls of the treasure room, baptistery, and some parts
of transepts that belonged to the first phase were constructed with brick and stone
alternating bonds (Figure 3.6). The brick was used alone in the walls of the second and
third construction periods, such as the external walls of naves, transepts, narthex, and apse
walls (Figure 3.9). Also, the bond type of pillars differed between bema and naos, dated
to the second and third construction periods, respectively, as mentioned in the study of

Karydis (2016).
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Figure 3.6. Baptistery pool and wall structures from 1% period

Figure 3.7. Photo of southern nave with outer brick wall on the left and stone columns
and pillars on the right
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Figure 3.8. Photo of the exterior walls of substructure and the atrium built on top of it

(Source: Biiyiikkolanc1 2018, 24-25)

Figure 3.9. Different wall bonding types from the northern transept (Right side of the

wall was a part of 1 phase, and the left side was built in later periods)
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3.2. Anaia Church, Kadikalesi

Kadikalesi/Anaia is in Davutlar neighbourhood of Kusadasi, Aydin. Kusadas: is
located on the west side of Aydin city center on the Aegean Sea coast and opposite the
island of Samos. It is a neighbouring town of Selguk and Soke (Figure 3.2).

Kadikalesi is a fortress from the Byzantine Period, which was built on a mound
measuring 20-25 m high and 250 m in diameter, dominating the sea and Samos Island
(Akdeniz 2004). Kadikalesi involves a monastery complex, Anaia Church on the
northeast corner of the fortress. Also, there are structures used for other functions such as
masjid, ateliers, and emplacements from World War 1 (Figure 3.10). Kadikalesi and the
closeby environment were listed as 1%'-degree archaeological sites on 22.05.2008 with
decision number 1531 by Aydin Regional Board for Conservation of Cultural and Natural
Assets. Scientific excavations of Kadikalesi/Anaia have been carried out under the

supervision of Prof. Dr. Zeynep Mercangdz since 2001.

FORTIFICATION

Figure 3.10. Anaia Church and other structures placed within Kadikalesi (Two aerial
photos taken in 2018 and 2021 from Kadikalesi/Anaia Excavation Archive

were overlapped to show the Church without top shelter.)
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The ancient settlements in the coastal region from Ephesus to Miletus were dated
back to Neolithic Age, about the 8" millennium BC (Yiiksel et al. 2011). The Mira
principality, which was subordinate to the Hittite state, ruled the region until 1200 BC.
Following that, the area was governed by Hellenic colonizations (11" - 6™ BC), Persian
(6™- 4" BC) and Alexander the Great (334 - 323 BC) dominions, and Roman Empire (2™
BC - 4™ AD), respectively (Yiiksel et al. 2011). The first settlement in the mound, on
which Kadikalesi was placed, was thought to be established around the 4™ millennium
BC in the Late Chalcolithic Age, according to the findings (Akdeniz 2007). During that
age, Kadikalesi mound was a peninsula surrounded by the sea and probably used as a
harbour (Karadas et al. 2019). Anaia city was first mentioned in history in a book about
the Peloponnesian War in the 5™ century BC as "the stronghold of the Samian emigres"
(Thucydides 1950). However, there is a lack of information about Anaia during the
Hellenistic and Roman Periods. In the Byzantine Period, Anaia became a bishopric with
the acceptance of Christianity (Foss 1979).

Anaia Church was constructed on the mound in the 5" century and continued to
be used during the Byzantine Period with some interventions. In the 13" century, Anaia
Church, the monastery complex of the City, became an archbishopric, while the city
gained importance and status as a trade centre and port of entry (Foss 1979; Mercang6z
2007; Mimaroglu 2011). The fortification walls, which would later be called Kadikalesi
during the Ottoman Period, were constructed around the mound to include the Church
within its borders during this period to protect the harbour and the city (Mercangéz 2007).
When the threats of pirates maximized at the end of the 13™ century, the people of Anaia
migrated to the interior part from the coast (today's Sogucak, Figure 3.2). Afterwards,
Kadikalesi was conquered by the Aydmogullari at the beginning of the 14" century.
Conversely, Christianity was present in the castle until the middle of the 14" century
(Akdeniz 2004; Mercang6z 2007; Mimaroglu 2011; Onar et al. 2012). The church was
thought to be ruined by an earthquake; hence it was abandoned (Mercangéz and Tok
2011). Anaia came under the rule of the Ottoman Empire in the 15" century (Onar et al.
2012). During World War 1, Ottoman soldiers used Kadikalesi as a positioning area
(Mercang6z 2005).
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Anaia Church has a three-aisled plan with a dimension of 51.1 by 27.5 meters
(Kanmaz 2015) (Figure 3.11, 3.12). The Church was thought to be built first in the Early
Byzantine Period, around the 5" century AD (Mercangoz 2013; Kanmaz and Ipekoglu
2016). In the first construction period, the Church was designed in a three-aisle plan
scheme with an apse (Mercangdz, Tok, and Hazinedar Coskun 2012). Also, it was thought
to be constructed with a wooden roof and to have an atrium and a narthex (Kanmaz 2015).
Since the Church was located on a mound, a vaulted substructure was constructed under
the bema to rise and equalize the ground (Mercangéz, Tok, and Hazinedar Coskun 2012)
(Figure 3.13). A baptistery in the north corner of the Church was revealed during the
excavation, and it was dated to the first construction period as well (Hazinedar Coskun
2021).

The first church was affected and severely damaged by an earthquake in this area
(probably occurred in 1040 and 1056 (“AFAD, Tarihsel Depremler” n.d.)) (Mercangéz
and Tok 2011). Consequently, the bema and western walls of naos survived, but the
Church was rebuilt between 11%-13™ centuries, which was regarded as the second
construction period (Kanmaz and Ipekoglu 2016) (Figure 3.11). During the second
period, piers supporting survived walls from 1% phase were added, and external walls of
aisles and inner narthex were reconstructed (Figure 3.11, 3.14). Entrances to the naves
from the narthex were provided from three door openings designed symmetrically on the
north and south sides (Mercang6z and Tok 2011). Subsequently, some interventions dated
back to 13"-14" centuries were evaluated as the third construction period (Kanmaz 2015).
Buttresses were added to the narthex wall, and walls were constructed between naves and
naos during the third construction period to strengthen the structure against earthquakes
(Figure 3.11, 3.15, 3.16). Besides the measures taken against earthquakes, outer narthex
and baptistery were added to the northwest of the Church in same period either
(Mercango6z and Tok 2011; Kanmaz 2015) (Figure 3.11). Thereafter, cisterns by division
of outer narthex and a southern chapel were built (Figure 3.17). The cisterns and southern
chapel were thought to be constructed after the outer narthex, regarding the joints between
the walls (Mercang6z and Tok 2011; Kanmaz 2015; Mercang6z 2018). Nevertheless,
cisterns and southern chapel were evaluated as a part of the third construction period since
they were also dated to the 13"-14" centuries (Kanmaz and Ipekoglu 2016) (Figure 3.11).

Anaia Church was built in masonry technique with brick-stone bearing walls
(Kanmaz 2015). Buttresses supported the walls and also carried arches that were thought

to bear the roof (Mercangodz and Tok 2011). Building materials used in the Anaia Church
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were brick and stone, and lime mortar as binding material. The walls of the Church had
different bonding types that provided to distinguish the construction periods (Figure 3.14,
3.15). The first and second construction periods’ walls were built with brick and stone
alternating bonds generally, exceptionally, the external wall of the northern nave. The
walls and buttresses of the third construction period were made of rough-cut and rubble
stone, and bricks were used in joints (Kanmaz 2015) (Figure 3.16). The bricks found in
situ and most likely from the walls were measured in variable sizes as 24-26x16x5 cm,
36.5x20x4.5 cm, 34x13x5 cm, 32-33x20x4 cm, 35x15x4 cm. The bonding quality of
structural elements from 3™ phase was found to be poorer than that of the other periods
regarding the material usage and workmanship (Kanmaz and Ipekoglu 2016). The arches
and vaults which were observed in substructure and narthexes were constructed by using
brick materials (Figure 3.13). In addition, remains of domes covering the cistern, which
was juxtaposed to the west corner of the Church, were built with bricks and supported by
a marble column (Figure 3.17). There were also marble columns probably bearing the
arches in naos, southern chapel and substructure. The floor coverings were generally
composed of marble. However, there was a brick paving in the middle of the outer narthex
from the 3™ phase and in a part of the baptistery from the 1% construction period, in 41x29

cm and 35x35 cm sizes, respectively.
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Figure 3.11. Plan of Anaia Church (Revised from the drawing by M. Bugra Kanmaz and
Umut Kardaslar, Kadikalesi/Anaia Excavation Archive, 2021)



Figure 3.12. Photo of Anaia Church showing the spaces and their construction periods
(Colours indicating the periods were expressed in Figure 3.11) (Revised

from Kadikalesi/Anaia Excavation Archive, 2021)

Figure 3.13. Substructure from 1% phase with brick vault and arches
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Figure 3.14. Photo of the wall between naos and inner narthex, buttresses from 2"
phase (blue dashed lines) supports the wall from 1% phase (green dashed

lines)

Figure 3.15. The wall between naos and southern nave, walls added in 3™ period (purple

dashed lines) between piers from 1% period (green dashed lines)
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Figure 3.17. Photo of the cistern in the west corner showing the remains of arches and

domes
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CHAPTER 4

EXPERIMENTAL STUDIES

Characteristics of brick samples collected from two Byzantine churches, St. Jean
Basilica, Ayasuluk Hill and Anaia Church, Kadikalesi, were investigated by standard test
methods, scanning electron microscope (SEM) coupled with energy dispersive
spectroscopy (EDS), X-ray diffraction (XRD) and Fourier transformed infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), mechanical tests. Sampling
procedures, sample definitions and the experimental methods used for the determination
of basic physical properties, colourimetry, chemical compositions and microstructural
properties, mineralogical compositions, pozzolanic activities, and mechanical properties

were described in this chapter.

4.1. Sampling

Brick samples were collected from two Byzantine churches, the Anaia Church in
Kadikalesi, Kusadasi and the St. Jean Basilica in Ayasuluk Hill, Selguk, with the
permission and guidance of the excavation teams in July 2020. Sampling was performed
from the upper parts of the building elements where deterioration problems were not
observed. Samples were taken as small as possible to avoid damage to the integrity of the
monuments. Sampling locations were documented by photographs. The sampling was
performed on the basis of architectural spaces and construction period differences in the
churches. The colours and sizes of the bricks were considered during the sampling since
these properties might be indicators of different periods. The samples were labelled and
stored in polythene bags.

Samples were labelled according to the names of the churches and the spaces they
had been collected. The first letter of the label indicated the name of the site (A: Ayasuluk,
K: Kadikalesi). The spaces where samples were collected were abbreviated in the second
letter (B: Bema, Ba: Baptistery, C: Cistern, G: Gate, I: Inner Narthex, O: Outer Narthex,
N: Naos, P: Southern Chapel, R: Treasure Room, S: Substructure, T: Transept). Numbers

were used for differentiating samples from the same spaces of churches (Figure 4.1).
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Figure 4.1. Sample labelling method

Thirty samples were collected from both buildings totally, ten samples from St.
Jean Basilica in Ayasuluk Hill, and 20 samples from Anaia Church in Kadikalesi. Both
study areas were built during the Byzantine period and had different construction phases.

St. Jean Basilica was constructed in three phases (Biiylikkolanc1 2001; Karydis
2016). The baptistery, the treasure room (or Skeuophylakion), and outer walls of transepts
and east cross arm were considered as the first construction period dated between the
middle of 4™ century and the beginning of 5 century. The remains of apse wall, columns
and wall fragments of transepts and east cross arm were thought to be built during the
second phase of the church dated back to the first half of 6™ century. The third phase,
which was dated to the second half of 6 century, involves the substructure, atrium, and
west cross arm of the church (Karydis 2016). The samples collected from St. Jean Basilica
were classified according to these construction periods, as three samples from each of the
first and third phases and four samples from the second construction period (Figure 4.2,
Table 4.1).

Anaia Church was thought to be built in different periods (Mercangéz and Tok
2011; Mercang6z, Tok, and Hazinedar Coskun 2012). In the study of Kanmaz and
Ipekoglu (2016), three construction periods were determined. The naos with apse, the
substructure, and the baptistery on the north of the church were constructed during the
first phase dated between the 5"-6" centuries. The second phase of the church (11%-13®
centuries) comprises the reconstruction of inner narthex and walls of naves, and also
addition of buttresses to support the western wall of naos. The outer narthex, baptistery,
southern chapel and cisterns were added to the church during the 13"-14™ centuries in the
third construction period (Mercang6z and Tok 2011; Kanmaz and Ipekoglu 2016). Nine
samples from the first, four from the second, and seven samples from the third

construction period of Anaia Church were collected (Figure 4.3, Table 4.2).
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Figure 4.2. a: Substructure plan, b: General plan of St. Jean Basilica, Ayasuluk Hill and
photos show where samples were taken (Revised from the drawing from

Avyasuluk Hill and St. Jean Basilica Excavation Archive, 2020)
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Table 4.1. Brick samples from St. Jean Church, Ayasuluk Hill

ST. JEAN BASILICA / AYASULUK

Sample Photos Location
~ 0
L]
Z AR Inside of the niche in the southwesten cell of
s the treasure room
I
a 5cm
<
& 2
2 | AR2 The southern wall of corridor located between
s E treasure room and transept
g t5cn'|
w
= -0
5 L
2 AG | [ - The bottom part of the wall of gate tower
= L
L 5cm
-0
AB1 | | . The top part of outer apse wall
- L
(=] L 5cm
o
0, -0
W =
E AB2 | F Under the arch in the southern space of the
& - outer apse
§ 3 (The brick was 4 cm thick and 16,5 cm wide.)
E L 5cm
= ro
= a
wn
g | AT1 | [ . Dome ruin of the southern transept
o
bt .
= —5cm
S
> ro
wn -
S AT2 | [ - Top of the eastern wall of southern transept
: 5cm
ro
;V; L
@ Al | [ . Top of the western wall of the narthex
] -
g L 5cm
=
~ -0
g .
S| AN || Top of the outer wall of the south aisle
E F
g ~5cm
=3
(@] -0
= - .
.E As | F The separating wall of the substructure located
~ y under the atrium
5 o
—5cm
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Figure 4.3. a: Substructure plan, b: General plan of Anaia Church, Kadikalesi and
photos show where samples were taken (Revised from the drawings by Bugra

Kanmaz and Umut Kardaslar, Kadikalesi/Anaia Excavation Archive, 2021)
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Table 4.2. Brick samples from Anaia Church, Kadikalesi

ANAIA CHURCH/KADIKALESI

Sample Photos Location
r 0
r Rubble waste under the first arch of
KS1 | | substructure
:_ (Full size of brick was 36,5x20x4,5 cm)
~5cm
r 0
5 Infill wall under the second arch of the
KS2 | | substructure
- (The brick was 4 cm thick and 17,5 cm wide.)
L 5cm
r 0
KS3 | [ The buttress of the substructure

_ L
= | KS4 | [ The arch in the corridor with the ribbed vault
£ :
w L5cm
N’
a
= - o
= L
o L
S |KBa2| |
= [
o r
g ~5cm
g S Finds of baptistery that is located north side
o - of the basilica
E KBa3| [ (Three samples in different colors were collected
= - from the same place to observe differences in firing
L een temperature. The bricks were in the size of 4 cm thick
and 17,5 cm wide.)
0
KBad| [
: S5cm
r 0
KN3 : The wall that located between inner narthex
r and naos
L Scm
0
KNS The upper part of buttress in the northern part

of naos

(cont. on next page)
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Table 4.2. (cont.)

ANAIA CHURCH/KADIKALESI

Sample Photos Location
r ]
S KNI g The top of the buttress in the north aisle of
8 - the naos
:E-I' Mg (The brick was in the size of 34x13x5 cm.)
= —
[«F] =
E KNz | The top of the buttress that located between
- r inner narthex and naos
.; - 5cm
b -0
= B . .
= L . The top of the buttress in the southern aisle of
2 | KNo6 | [
s the naos
U b=
= 5cm
= 0
e L
= ki | F The remain of buttress in the inner narthex
© i (The brick was 4,5 cm thick and 16 cm wide.)
L5cm
ro
KN4 : The top of buttress between southern aisle and
g naos
-5cm
r 0
1 The wall of baptistery connected with the
KBal
r outer narthex
? L S5cm
= r 0
=N L
g KC1 | | . The upper part of the inner cistern wall
= o
-7} L 50m
B =0
= L
A L The wall infill that is located between inner
g | KI2
£ r and outer narthex
> L
E L 5cm
> ro
= L
S KO1 - The floor covering of ou.ter narthex in front of
T " the baptistery
= L 5ecm
B =0
e " :
- The top of buttress in outer narthex that
KO2 | | ;
8 connected to the inner narthex
L S5cm
r 0
KP | [ . Outer wall of the southern chapel
: Scm
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4.2. Experimental Studies

Experimental studies were carried out on brick samples to identify their properties
as listed below:
e Basic Physical Properties
e Porosity, Apparent Density, Saturation Coefficient, Pore
Interconnectivity
e Drying Rate
e Mineralogical and Chemical Composition, Microstructural Properties,
Thermogravimetric Analyses
e Colour Measurements
e Pozzolanic Activity
e Mechanical Properties
e Uniaxial Compressive Strength

e Modulus of Elasticity

4.2.1. Determination of Basic Physical Properties

Standard test methods were used for the determination of the basic physical
properties of brick samples (RILEM 1980). For this purpose, two parallel cubic samples
of each brick, with sizes ranging between 3 and 6.5 cm due to the thickness of the bricks,
were prepared. Samples were dried in an oven at 40°C for at least 24 hours, and their
dried weights (Mary) were measured (Figure 4.4). The samples were kept in distilled water
for 24 hours at atmospheric pressure in room condition and also under low pressure in a
vacuum oven (3608-6CE Vacuum Oven, Lab-Line) (Figure 4.4). The saturated weights
of samples at atmospheric pressure (Mam) and low pressure (Ms.) were measured.
Afterwards, the Archimedes weights (Marcn) were measured when samples were totally
immersed in distilled water (Figure 4.4). The weight measurements were carried out by a
precision balance with the sensitivity of 0.01 g (HF-3000G, A&D). Porosity (P), apparent
density (D), saturation coefficient (S) and pore interconnectivity (Ax) were calculated by

using weights.

47



Figure 4.4. a: Weight measurements, b: Samples in vacuum oven, c: Measurements of

Archimedes weight

Porosity (P) is the ratio of the volume of pores to bulk volume. It is expressed in

percent (%) and calculated by the equation below (4.1) (RILEM 1980).
P (%) = [(Msat - Mdry) / (Msat - March)] X 100 (4.1)
The apparent density (D), or bulk density, is defined as the ratio of the mass to the
bulk volume of samples and expressed in grams per cubic centimeters (g/cm?) (4.2)

(RILEM 1980).

D (g/em®) = Mary/ (Msat - March) (4.2)
Saturation coefficient (S) is the ratio of water volume in the pores at atmospheric
pressure to water volume in the pores at low pressure (RILEM 1980). It is an indicator of

the amount of pores open to water absorption. The equation was given below (4.3).

S= (Matm - Mdry) / (Msat - Mdry) (43 )
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Pore interconnectivity (Ax) indicates the connection between the pores of the
material and the presence of pores that are difficult for water to penetrate under natural

conditions (4.4) (Cultrone et al. 2004).

Ax= [(Msat - Matm) / Msat] x 100 (44)

For determination of drying rates, brick samples prepared in cubic shapes were
weighed in dry (Mary) and saturated condition (Msa) that waited within distilled water in
a vacuum oven at low pressure (at -25 in. Hg) for 24 hours. Following measurement of
saturated weights, they were left to dry in room conditions. The samples were placed as
the surfaces were open to evaporation equally (Figure 4.5). The weight losses were
followed with measurements at certain time intervals (M) such as 15-30-60 minutes, 2-
3-4 hours, and 1-2-3-4-6 days. A precision balance with the sensitivity of 0.1 mg (Libror

AEX-200G, Shimadzu) was used for all measurements.

Figure 4.5. Brick samples during drying cycle in room condition for determination of

drying rate
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The drying rate was calculated as density of flow rate (g) by the equation below

(4.5), and the diagrams were prepared to express the results.

g (kg/m?s)=M/Axt 4.5)
where;

g : Density of flow rate (kg / m?.s)
A : Total surface of the area of the prismatic test specimen (m?)
t : Time (second)
M : Moisture content of the sample at a certain time (kg)

M = (Mt — Mary) / (Msat - Mary) (4.6)

M; : Wet weight at a certain time (kg)

Mqat @ Saturated weight (kg)
Mary : Dry weight (kg)

4.2.2. Determination of Mineralogical and Chemical Compositions,

Microstructural Properties, Thermogravimetric Analyses

Mineralogical compositions of brick samples were determined by Fourier
Transform Infrared Spectrometry (FT-IR) and X-ray Diffraction (XRD) analyses. For the
FT-IR analysis, fine brick powders (<53 um) were grounded with KBr and pressed into
pellets. FT-IR spectra of all samples was obtained by using PerkinElmer Spectrum BX
FT-IR spectrometer in wavenumber range from 4000 cm™ to 400 cm™! with the resolution
of 4 cm™!. All spectra data were recorded in the absorbance mode and corrected for pure
KBr spectrum.

XRD analysis was performed by using a Philips X-Pert Pro X-ray Diffractometer
with CuKd radiation on brick powder grounded less than 53 pm. XRD patterns of samples
were obtained in the range of 5-60 °2Theta and with a scan speed of 1,6° per minute. The
Panalytical Highscore Plus software was used to determine XRD data.

Microstructural properties and chemical composition of bricks were determined
by Philips XL 30S-FEG Scanning Electron Microscope (SEM) equipped with X-Ray
Energy Dispersive System (EDS). Determination of microstructural properties was

performed on bricks cut as pieces. Furthermore, chemical analysis was carried out on
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samples pressed into pellets. Data were obtained from three different areas
(approximately 800 x 800 pum) of samples at 500 magnifications in terms of oxide
compositions.

The results of chemical compositions were evaluated with hierarchical cluster and
one-way ANOVA analyses. IBM SPSS Statistics software was used for analyses.
Hierarchical cluster analysis classifies data and categorizes them into groups by
differentiating similarities and dissimilarities. For the analysis, “Average Linkage
Method” and “Euclidean Method” were implemented to variables which were major
chemical compositions (SiO2, Al,O3, CaO, FeO, MgO, K>0, Na>xO, TiOz). The one-way
ANOVA analysis is used to determine whether there is a statistically significant
difference between the means of independent groups. It was applied for each oxide, and
results were given by the means, F-value, and p-value.

Thermogravimetric Analyses (TGA) were conducted on a Perkin Elmer Diamond
TG/DTA. Approximately 4 mg of brick powders grounded less than 53 pm were heated
in the temperature range of 25-1000°C at a rate of 10°C/min, and the changes in their

weight were recorded.

4.2.3. Colour Measurements

The colour of brick materials depends on the mineralogical composition of raw
material and firing temperature. Consequently, the determination of the colour is
significant for the classification of bricks. Colour of brick samples was examined by using
Munsell Soil Colour Chart (Munsell Colour (Firm) 2000). In Munsell colour system,
colours are defined with three variables: hue, value, and chroma. The Hue, that represents
the colour, consists of five principal hues, which are red (R), yellow (Y), green (G), blue
(B), purple (P), and five intermediate hues (YR, GY, BG, PB, RP). The degree of
overlapping of colours expresses with four values that 2.5, 5, 7.5, 10 (Figure 4.6). In the
system, the value indicates the lightness of the colour. It changes in the range of 0 to 10,
in other words, dark to light. The saturation of colour is represented by the chroma in the
Munsell colour system. The zero point of the chroma in all hues is the colour grey, and
the saturation increases in higher values (Gerharz, Lantermann, and Spennemann 1988)

(Figure 4.6).
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Figure 4.6. a: Munsell Hue scale (Source: Setchell 2012, 103), b: Munsell colour system
(Source: Cochrane 2014, 29)

4.2.4. Determination of Pozzolanic Activities

Pozzolanic activity is the ability of materials to react with lime in the presence of
water. Pozzolanic activities of bricks were determined by measuring the electrical
conductivity differences of saturated calcium hydroxide solution (Ca(OH).) before and
after the addition of finely grounded samples (<53um) (Luxan, Madruga, and Saavedra
1989) by using pH/conductivity meter (Multiline P3, WTW). Brick powders were added
to Ca(OH), with the ratio of 1 g/40 ml and stirred with a magnetic mixer for 2 minutes
(Figure 4.7). The differences between the electrical conductivity values (AEC in mS/cm)
of saturated Ca(OH); and the solution-brick powder mixture express the pozzolanic
activity of bricks. The AEC values greater than 1.2 mS/cm indicate good pozzolanicity

(Luxan, Madruga, and Saavedra 1989).
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Figure 4.7. a: Mixing Ca(OH); and brick powder, b: Measurement of electrical

conductivity
4.2.5. Determination of Mechanical Properties

Mechanical properties of brick samples were determined by mechanical tests
following the procedure TS EN 772-1+A1. All bricks (30 samples totally) as two parallel
samples were tested. Samples were prepared as if the surfaces to which load would be
applied were plane and parallel to each other. The surface area of the bricks ranged from
23.7x23.8 cm to 48.5x48.8 cm, and the height ranged from 17.5 to 43.2 cm.

Samples that stayed in distilled water for 24 hours at atmospheric pressure were
kept in room condition to ensure they became air-dry condition before testing.
Mechanical analyses were conducted using Shimadzu AG-I mechanical test instrument
with a capacity of 250 kN (Figure 4.8). Force was applied to samples with 0.5 mm/min
speed (Figure 4.8). The test machine was operated by Trapezium2 software, force and
stroke were loaded automatically and given as graphics by the software. Mechanical
properties of bricks were defined by compressive strength and modulus of elasticity. The
equations used for the calculation of compressive strength (o) and modulus of elasticity

(Emod) were given below.

oc=F/A (4.7)
where;
c : Compressive strength
F : Maximum load (kN)
A : Loaded surface area of sample (mm?)
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Emod = (F/A)/(Al/l,) (4.8)
where;
Emod : Modulus of elasticity
F : Maximum load (kN)
A : Loaded surface area of sample (mm?)

Al : Change in heigh of sample (mm)

lo : Initial heigh of sample (mm)

Figure 4.8. a: Photo of Shimadzu AG-I mechanical test instrument, b: Process of

loading force to a brick sample



CHAPTER S

RESULTS AND DISCUSSIONS

Basic physical properties, chemical and mineralogical compositions,
microstructural properties, pozzolanic activities and mechanical properties of bricks used
in St. Jean Basilica, Ayasuluk Hill and Anaia Church, Kadikalesi were determined by
standard test methods, SEM-EDS, XRD, FTIR, TGA, and mechanical analyses. The

results of the experimental studies were given and discussed in this chapter.

5.1. Basic Physical Properties

The basic physical properties of bricks were defined by their apparent density
values (g/cm3), porosity values (%), and pore characteristics. These properties depend on
the mineralogical, textural, and physical changes that occur during the manufacturing
process (Cultrone et al. 2004; Karaman, Ersahin, and Gunal 2006; Fernandes, Lourenco,
and Castro 2010).

The basic physical properties of brick samples were determined according to
RILEM standard test methods (RILEM 1980), and the results were depicted in Figure 5.1,
5.2, and Table 5.2.

In the bricks from St. Jean Basilica, porosity and apparent density values were in
the range of 32.03-56.19% and 1.17—1.64 g/cm?®in samples from the 1% phase, 30.78—
39.49% and 1.60—1.68 g/cm® in samples from the 2" phase, and 24.38-53.08% and 1.24—
1.81 g/cm? in samples from the 3™ phase. The porosity and apparent density of bricks
from St. Jean Basilica were found generally in a close range, between 30.78-39.49% and
1.42-1.68 g/cm?, whereas three samples have porosity and density values different from
the average.

The samples AR2 from the 1 phase and Al from the 3™ phase were determined
to have higher porosity (56.19% and 53.08%, respectively) and lower density (1.17 g/cm?
and 1.24 g/cm?) values than average. Also, AN from the 3™ phase had lower porosity
(24.38%) and higher density (1.81 g/cm®) values (Figure 5.1, Table 5.2). These

differences could most likely be explained by the fact that the bricks were exposed to
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different firing temperatures due to their variable positions in the kiln because vitrification
increases in brick matrices at higher temperatures and, accordingly, the density value

increases while the porosity decreases (Weng, Lin, and Chiang 2003).
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Figure 5.1. Porosity (%) and apparent density (g/cm?) values of St. Jean Basilica

samples from different construction periods

The bricks from Anaia Church have porosity and apparent density values ranging
between 24.25-51.78% and 1.22-1.73 g/cm’ in the samples from the 1% phase, 36.33—
51.28% and 1.26-1.55 g/cm? in the samples from the 2™ phase, and 29.66-50.48% and
1.23-1.67 g/cm?® in the samples from the 3™ phase (Figure 5.2, Table 5.2). The average
density and porosity values of the periods were found to be in similar ranges.

The lowest average of porosity and the highest average of density were found in
the 3™ phase. However, KN3 from the 1% construction period indicated the lowest
porosity (24.25%) and the highest density (1.73 g/cm?) value, but it could not be accepted
to represent the 1% phase. Besides, there was no similar trend in Anaia Church brick, even
among their periods, in terms of porosity and density values. It was thought that the reason
for the differences between the bricks is the inability to produce homogeneous bricks due

to the shaping and firing methods used in their production.
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Figure 5.2. Porosity (%) and apparent density (g/cm?) values of Anaia Church samples

from different construction periods

The porosity and apparent density values of bricks from St. Jean Basilica and
Anaia Church were in similar ranges with Byzantine bricks from several monuments in
Greece (Papayianni and Stefanidou 2000; Stefanidou, Papayianni, and Pachta 2015),
from different castle structures in Turkey (Kurugoél and Tekin 2010), from Istanbul
(Ulukaya et al. 2017), and from a Monastery in Sicily (Cardiano et al. 2004) (Table 5.1).

Table 5.1. Porosity and apparent density of bricks investigated by recent studies

. . Apparent
Location-Reference Period of Bricks Density Porosity (%)
Samples 3
(g/cm”)

Greece (Stefanidou, Papayianni and

; th_1 gth ~ )
Pachta 2015) Byzantine (7"-14") | 1.46-1.84

Greece (Papayianni and Stefanidou 2000) | Byzantine Period 1.38-1.88 14.96-34.87

Kiitahya |Byzantine (8"-14™) 1.33-1.60 32.0-47.4
Castles in Different Cites of | Amasra | Byzantine (9%-11%) | 1.76-1.81 29.8-33.5
Turkey (Kurugdl and Tekin
2010) Trabzon |Byzantine (10™-12t%) 1.67-2.05 20.1-34.3

Istanbul | Byzantine (13"-14") | 1.61-1.83 28.9-36.1

Istanbul/Turkey (Ulukaya, et al. 2017) Late Byzantine 1.70 31.4-353

Monastery of San Filippo di Fragala,

Sicily/Italy (Cardiano, ct al. 2004) Byzantine Period 1.52-1.72 31.4-42.6




The saturation coefficient (S) and the pore interconnectivity (Ax) are parameters
that vary depending on the total porosity, pore sizes and pore relations. Saturation
coefficient value less than 0.80 is an indicator of durability against freezing (ASTM
International 2007). The pore interconnectivity depends on microcracks and fissures that
occur during the firing process and connect the pores. At higher temperatures, the number
of pores that are difficult to reach by water in atmospheric conditions increases in brick
structure with the effect of vitrification, resulting in a higher pore interconnectivity value.
Bricks with a higher pore interconnectivity value are considered more resistant to
deterioration problems caused by salt crystallization and freeze-thaw cycles (Cultrone et
al. 2004; Ugurlu Sagin 2017).

The saturation coefficient values of samples from St. Jean Basilica were between
0.71—0.89. The samples with saturation coefficient values less than 0.80 were AG (0.78)
from the 1% phase, AB2 (0.79) and AT2 (0.77) from the 2" phase, and AN (0.71) and AS
(0.74) from the 3™ phase. On the other hand, the saturation coefficient values of samples
from Anaia Church were between 0.70—0.93, and two samples, one from the 1% phase
(KS3) and the other from the 2™ phase (KN6), had the value less than 0.80. In addition,
the average of saturation coefficient of 3™ construction period bricks from Anaia Church
was found to be higher than the other periods of the church (Table 5.2). Whereas the
saturation coefficient values of bricks were in a close range, although there was more
sample with a value under 0.80 from St. Jean Basilica bricks than from Anaia Church.

The pore interconnectivity values of samples were found between 2.99-5.51 in
the St. Jean Basilica and 1.50—6.47 in the Anaia Church (Table 5.2). The Ax values of
bricks used in all construction periods of St. Jean Basilica were found in a similar range.
Besides, Anaia Church bricks had higher pore interconnectivity values in the 1* phase,
and the values decreased towards 3™ construction phase (Table 5.2). Samples from St.
Jean Basilica and from 1% phase of Anaia Church were found to be similar regarding their
average pore interconnectivity and higher than samples from 2" and 3" phases of Anaia
Church.

As a result, it could be evaluated that bricks from St. Jean Basilica and 1" phase
of Anaia Church were fired at higher temperatures than bricks from 2" and 3™ phases of

Anaia Church.
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Table 5.2. Porosity (P), apparent density (D), saturation coefficient (S), and pore

interconnectivity (Ax) values of St. Jean Basilica and Anaia Church bricks

Sample P (%) D (g/cm®) S Ax

25 [ _ARI 37.39 1.42 0.83 473

< | £% | AR2 56.19 1.17 0.89 3.50

5 % “3 | AG 32.03 1.64 0.78 3.55

A ABI 36.23 1.60 0.81 3.45

& = 22| AB2 32.31 1.68 0.79 3.42
= ~Q

Sx|z 2| AT 39.49 1.60 0.83 3.15

o AT2 30.78 1.62 0.77 3.73

25l g _| Al 53.08 1.24 0.8 337

“|£% |_aN 2438 181 0.71 2.99

2, 7| AS 34.33 1.57 0.74 5.51

KS1 51.47 1.22 0.88 3.28

KS2 49.97 1.23 0.87 3.62

KS3 50.38 1.27 0.77 6.47

23| K4 43.56 1.32 0.88 2.91

=% | KBa2 | 4448 1.36 0.85 3.81

2% | KBa3 | 49.78 1.27 0.85 427

= KBad | 4121 1.43 0.88 2.64

-3 KN3 24.25 1.73 0.84 2.08

EZ KNS5 51.78 1.26 0.81 5.53

SE[ S K\ 36.33 1.55 0.92 1.53

s8] £% | KN2 51.28 1.26 0.88 3.25
S R | A~ T

=2|< < | KN6 38.89 1.50 0.70 6.0
<g | &z

2| V= | Ku 38.53 1.51 0.89 2.11

M KI2 50.48 1.23 0.87 3.68

~| KN4 43.26 1.38 0.93 1.50

. | KBal 39.80 1.47 091 1.84

£~ | KP 29.66 1.58 0.89 1.60

% | KOl | 2991 1.67 0.89 1.75

| KO2 31.29 1.58 0.91 1.51

KC1 33.30 1.50 0.91 1.59

Drying rates of bricks were determined by following decreases in the saturated
weights of samples over time. The results were given as graphs regarding flow rate versus
time (Figure 5.3, 5.4). The drying rate of bricks depends on the pore size distribution in
their structure. The larger pores (>2 um) in the structure of the bricks induce faster drying
(Elert et al. 2003). The results of drying tests indicated that 50% of the absorbed water
was evaporated within the first 30 minutes in all samples, which demonstrated that the
structure of the bricks mainly consisted of large-sized pores (>2 um). The pressure on the
pore surface caused by the freeze-thaw and salt crystallization reduces in larger pores
(Elert et al. 2003; Ugurlu Sagin 2017). The higher amount of large-sized pores in the
examined bricks may be accepted as an indicator of their durability to deteriorations

caused by freeze-thaw and soluble salts.
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5.2. Chemical Compositions

The chemical compositions of bricks were investigated by SEM-EDS analysis.
Chemical compositions provide information about the possible raw material sources of
bricks since the firing process does not alter the chemical compositions (Cultrone et al.
2001; Mommsen 2001).

Generally, historic bricks were produced by using raw materials mainly composed
of Si0,, AlLO3, Ca0, FeO, MgO, K,0, NaxO, and TiO» (Fernandes, Lourenco, and Castro
2010). Among these major oxides, Si02 and Al,O3; were present in brick matrices in high
percentages since they are the basic elements of clays (Fernandes, Lourenco, and Castro
2010). Further the SiO2/Al>03 was used to estimate the ratio of quartz over clay minerals
(Monteiro and Vieira 2004; Budak Unaler 2013; Pérez-Monserrat et al. 2021).

Also, CaO content of clays was accepted as a decisive feature for determination
of clay type (Riccardi, Messiga, and Duminuco 1999; Elert et al. 2003; Bartz and
Chorowska 2016; Taranto et al. 2019). The clays were classified basically into two groups
as calcareous (or Ca-rich) clays which have CaO content above 6%, and non-calcareous
(or Ca-poor) clays, which have CaO below 6% (Maniatis and Tite 1981; Moropoulou,
Bakolas, and Bisbikou 1995; Taranto et al. 2019). However, some studies indicated that
the carbonates of calcareous clays could be originated from CaO and MgO (Monteiro and
Vieira 2004; Trindade et al. 2009, 2010). The presence of Fe;Os in clay provides the
reddish colour of bricks (Monteiro and Vieira 2004; Pavia 2006; Fernandes, Lourenco,
and Castro 2010). The alkaline oxides (K.O and Na>O) were determined to improve
vitrification since they acted as fluxes (Mirti and Davit 2001; Monteiro and Vieira 2004).

SEM-EDS analyses revealed that bricks from St. Jean Basilica contained high
amounts of Si0;(47.44—52.32%), Al,03 (18.98—24.80%), FeO (8.44—12.05%) and MgO
(3.20—12.16%), and low amounts of CaO (1.42-5.40%), K,O (2.72—4.49%), Na,O
(0.69-2.77%) and TiOz (0.44—0.94%). Bricks of Anaia Church composed of high
amounts of SiOz (43.61-55.57%), ALOs (15.19-25.28%), and CaO (8.59-26.33%),
moderate FeO (5.29—-8.98%) and low amount of MgO (1.98—7.95%), K»0 (2.77—4.50%),
Nay0 (0.50—1.60%), and TiO; (0.46—0.87%) (Table 5.3). According to these results, the
clays of Anaia Church bricks can be classified as Ca-rich or calcareous since bricks have
CaO percent more than 6% and the clays of St. Jean Basilica bricks as Ca-poor or non-

calcareous by the fact that they contained CaO under 6%.
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Table 5.3. Chemical compositions (%) of brick samples determined by SEM-EDS

Sample Si0: ALO; Ca0 FeO MgO K>0 Na;O TiO:
AR1 | 4744 18.98 3.64 11.70 11.07 3.66 2.77 0.74

93 +0.47 +0.30 +0.08 +0.56 +0.17 +0.17 +0.18 +0.13

g3 ARz | 4879 20.06 3.24 11.94 10.58 3.29 1.25 0.84

A +0.60 +0.22 +0.15 +0.68 +0.14 +0.15 +0.14 +0.10

-3 AG | 319 24.80 235 11.01 3.20 4.44 1.29 0.91

+0.23 +0.31 +0.11 +0.26 +0.29 +0.07 +0.12 +0.11

p ap1 | 3134 20.70 1.48 11.29 10.82 2.79 0.84 0.74

= +0.33 +0.27 +0.10 +0.36 +0.36 +0.18 +0.07 +0.08

i} iﬁ 2 | gy | 3043 21.67 2.59 11.77 8.10 3.14 1.49 0.83
7 a%_‘ 2 +1.19 +0.83 +0.10 +0.34 +0.07 +0.12 +0.10 +0.06
n: Elz e o | 470 18.49 5.40 11.05 10.46 3.26 0.69 0.87
Sx|w +0.52 +£0.29 +£0.31 +0.43 +0.28 +0.02 +0.09 +0.26
% é’ ATy | 5232 22.39 1.42 11.03 7.79 3.34 0.99 0.73
2] +0.63 +0.18 +0.07 +0.15 +0.48 +0.19 +0.07 +0.23
< Al 47.49 19.48 3.36 11.99 12.16 3.35 1.23 0.94
+£0.49 +£0.31 £0.05 +£0.25 £0.10 +0.27 +0.13 +£0.32

2 _ | aAna| 5034 20.69 4.04 11.48 8.93 2.72 0.95 0.85

£z +0.12 +0.14 +0.16 +0.29 +0.07 £0.12 +£0.23 £0.11

=8 AN | 3197 21.10 1.61 12.05 8.92 2.75 1.15 0.44

&= - +0.54 +0.48 +0.17 +0.19 +0.08 +0.12 +0.22 +0.17

AS 4931 21.43 4.78 8.44 8.91 4.49 2.07 0.56

+0.21 +0.75 +0.45 +0.12 +0.12 +0.06 +0.18 +0.19

ks | 4697 23.61 12.21 8.81 2.74 3.81 1.16 0.69

+0.20 +0.28 +0.19 +0.51 +0.13 +0.07 +0.25 +0.06

ks | 4761 24.19 10.68 8.96 2.55 4.14 1.17 0.71

+0.27 +0.22 +0.15 +0.32 +0.04 +0.18 +0.07 +0.11

Ks3 | 5293 20.34 12.26 6.9 224 3.3 1.29 0.74

+0.22 +0.35 +0.24 +0.23 +0.08 +0.10 +0.07 +0.11

ksa | 4947 23.89 9.52 8.44 2.49 4.5 1.08 0.62

23 +0.56 +0.23 +0.10 +0.14 +0.05 +0.09 +0.09 +0.23

EEW KBaz| 4919 24.47 8.59 8.98 2.19 4.18 1.54 0.86

[l +£0.47 +0.66 +£0.22 +0.46 +0.19 +0.15 +0.16 +0.05

—-Z KBa3| 4828 22.92 11.44 8.39 3.61 3.38 1.27 0.71

+0.72 +0.40 +0.18 +0.15 +0.15 +0.08 +0.14 +0.12

KBaa| 4494 17.06 22.16 5.93 4.87 3.56 0.81 0.66

+0.47 £0.11 £0.32 +£0.12 £0.22 +0.12 +£0.12 +0.07

kN | 4381 15.22 26.33 5.85 4.11 3.49 0.55 0.65

+0.29 +0.33 +0.28 +0.09 +0.17 +0.05 +0.02 +0.17

z Kns | 4799 22.19 13.76 8.4 2.56 2.77 1.60 0.73
=3 +0.24 +0.52 +0.18 +0.19 +0.23 +0.14 +0.10 +0.06
5 E kN1 | 4503 15.19 24.96 5.74 4.88 2.97 0.78 0.46
5= - +1.43 +0.10 +0.71 +0.44 +0.33 +0.02 +0.05 +0.08
g % z;i KN | 4886 25.28 9.70 8.55 221 3.46 1.40 0.55
sEZ| % +0.19 +0.33 +0.33 +0.14 +0.02 +0.03 +0.10 +0.20
<% Q‘f' kne | 3557 19.58 9.64 7.75 1.98 3.61 1.24 0.63
“lazZ +0.51 +0.53 +0.16 +0.23 +0.19 +0.02 +0.05 +0.17
ki | 4387 15.99 23.64 5.29 5.29 4.18 1.11 0.63

£0.99 +0.75 £0.35 +0.11 £0.13 +0.12 +0.03 +0.09

ki | 4875 23.46 11.22 8.39 2.64 3.66 1.10 0.78

+0.46 +0.43 +0.13 +0.37 +0.22 +0.09 +0.11 +0.06

KNa | 4867 23.87 10.45 8.47 2.39 4.10 1.17 0.87

+0.39 +0.17 +0.33 +0.35 +0.03 +0.10 +0.05 +0.07

~ | kBar| 436! 17.11 21.54 7.16 5.82 3.25 0.74 0.77

g9 +£0.51 +£0.20 +£0.20 +0.24 +0.13 +0.11 +0.13 +0.09

=% KP 44.64 16.74 19.78 6.04 7.95 3.22 0.93 0.69

=0 £0.44 £0.50 £0.11 +0.28 £0.22 +0.18 £0.11 +0.08

e = ko1 | 4376 16.61 2233 6.11 5.15 429 1.00 0.74

+0.39 +£0.31 +0.53 +0.31 £0.29 +0.11 +0.16 +0.08

Koz | 4380 16.36 23.82 6.39 491 3.48 0.50 0.73

£0.34 £0.12 £0.61 +£0.25 £0.26 +0.08 +0.20 +0.10

kcr | 4393 18.06 2132 6.38 475 3.95 0.91 0.70

+£0.34 £1.00 +0.18 +0.46 +£0.34 +£0.29 +0.06 +0.17
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The chemical compositions of bricks from St. Jean Basilica were in a similar range
with Hagia Sophia Bricks from Byzantine Period (Taranto et al. 2019) (Table 5.4). Also,
the composition of Anaia bricks with CaO content between 8.6—13.8% was similar to
Roman bricks from Nysa (Ugurlu Sagin 2017), Byzantine bricks from Kiitahya and
Trabzon fortifications (Kurugol and Tekin 2010), Monastery of San Filippo di Fragala,
Sicily (Cardiano et al. 2004), and Hagia Sophia (Taranto et al. 2019). As well, the group
of Anaia bricks with the highest CaO percentage (19.78-26.33%) was observed in a
similar range with Era Bath bricks from Roman Period (Oguz, Turker, and Kockal 2014)
and bricks of a monument from Byzantium in Istanbul (Ulukaya et al. 2017) (Table 5.4).

Table 5.4. Chemical compositions of bricks investigated by recent studies

Chemical Composition (%)

Method | Si0, | ALO; | CaO | Fe,0; | MgO | Na,0 | K,0 | TiO, | Other

Location-Reference

Period

[Nysa, Aydin/Turkey
(Ugurlu Sagm 2017)
Era Bath, Myra/Turkey
(Oguz, Turker and Kockal |SEM-EDS| 45.5 16 22.8 6.9 4.3 1.8 2.4 -
2014)

Hagia Sophia,
[stanbul/Turkey (Taranto, XRF [39.0-64.1|11.7-19.9{1.3-19.0| 7.1-12.6|2.4-9.1| 0.8-1.7| 1.1-3.2[ 0.6-1.4[ 0.2-2.8
et al. 2019)

XRF [48.0-50.3|18.4-22.514.5-10.4| 6.2-8.3 13.2-5.1|0.5-0.8{2.9-3.9(0.9-1.0f -

Roman

Castles/Turkey |y ijianya 49.1-50.4[15.3-19.3] 7.89.7 | 5.3-6.4 [4.1-5.6] 0.6-0.8|3.2-3.6[ 0.7-0.8] 0.2-0.3
2|(Kurugsl and ICp
Z|Tekin2010)  [Trabzon 56.7-60.213.1-13.3| 7.0-9.1 | 6.5-8.0 |2.4-3.3]0.8-1.3|1.2-1.3] 0.9-1.0( 0.5-0.6
]
] -
2 stanbul Turkey XRF | 484 4 | 30| 77 | 24| 101 ] 2 :

(Ulukaya,et al. 2017)
Monastery of San Filippo ICP &
di Fragala, Sicily/Italy INAA 50-60 15-19 1-12 5-8 1-2 ~1 34 <l
(Cardiano, et al. 2004)

Chemical compositions of bricks can also give information about the provenance
of raw material sources used for their production. Major oxide compositions of
investigated bricks showed that they could be distinguished from each other by their CaO
and FeO contents. CaO contents of bricks were observed to be set in three groups
regardless of construction periods. Bricks of St. Jean Basilica comprised CaO ranging
between 1.42-5.40%. A group of Anaia Church bricks (KS1, KS2, KS3, KS4, KBa2,
KBa3, KN5, KN2, KN6, KI2, KN4) contained CaO in the range of 8.59—13.76%, while
the rest of them (KBa4, KN3, KNI, KI1, KBal, KP, KO1, KO2, KC1) had CaO content
ranging between 19.78—26.33%. Besides, FeO percentages of St. Jean Basilica bricks
(8.44-12.05%) were found to be higher than Anaia bricks (5.26—8.98%).
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Moreover, multivariate statistical analysis was implemented in order to classify
the brick samples into homogenous groups which have similar chemical compositions
and to distinguish them from those which are significantly different. For this purpose,
Hierarchical Cluster Analysis and one-way ANOVA were employed by using IBM SPSS
Statistics software program.

First, all bricks were analysed by hierarchical cluster analysis based on their major
oxide percentages. Si0,, Al,O3, CaO, FeO, MgO, K0, Na>O, and TiO; were processed
together for evaluation of bricks according to the statistically significant similarities and
differences of their compositions. The results revealed three main clusters (Figure 5.5).
Samples from Anaia Church constituted Cluster 1 (KN4, K12, KS2, KBa3, KS1, KS4,
KBa2, KN2, KNS5, KS3, KN6) and Cluster 3 (KN3, KNI, KI1, KO2, KBa4, KO1, KC1,
KBal, KP), while Cluster 2 was comprised of all samples from St. Jean Basilica.

Furthermore, to determine oxides that were decisive for the division of the clusters
and to support cluster analysis, one-way ANOVA was applied to oxides one by one.
ANOVA test provided the mean of oxides for each cluster, the F value and the p-value
that indicate the differences between variables. It is assumed that there are significant
differences between groups if the F has a higher value and the p-value is less than the
0.05 significance level.

According to results of ANOVA tests, oxides which have p-value under 0.05 were
found as SiO», Al,0O3, CaO, FeO, MgO and Na>O (Table 5.5). Furthermore, the highest F
value was determined in CaO (374.6) and FeO (117.7). These results revealed that the
clusters generated by hierarchical cluster analysis were robust. The significant differences
between clusters originated from CaO and FeO mainly, and respectively MgO, Al>Os3,
Si0,, Na,O. However, the mean values demonstrated that Na>O provided a distinction
just between Cluster 1-2 and Cluster 3. Also, it was observed that K»O and TiO; were not
distinctive oxides between the clusters (Table 5.5).

Consequently, multivariate statistical analyses revealed that bricks of St. Jean
Basilica were produced with clay extracted from the same source for three construction
periods, whereas Anaia Church bricks were manufactured from two different raw clay

sources for centuries.
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Figure 5.5. Dendrogram of Hierarchical Cluster Analysis

Table 5.5. Mean, F and P values obtained by ANOVA test (P-value is represented with

™ if it was lower than 0.01, ™ if it was lower than 0.05, and " if it was lower

than 0.1)
Values Mean

F P-value
Oxides Cluster 1 | Cluster 2 | Cluster 3
CaO 10.9% 3.1% 22.9%| 374.6]"<0.001
FeO 8.4% 11.2% 6.1%| 117.7]1""<0.001
MgO 2.5% 9.2% 53%| 49.9]""<0.001
ALO3 23.1% 20.9% 16.5%| 45.3]""<0.001
SiO; 49.5% 50.1% 44.1%| 29.8]""<0.001
Na,O 1.3% 1.3% 0.8% 52| ™0.012
TiO; 0.7% 0.8% 0.7% 1.7 0.205
K;O 3.7% 3.4% 3.6% 1.1 0.34




5.3. Mineralogical Compositions

The mineralogical composition of bricks was determined using X-ray
Diffractometer (XRD) and Fourier Transform Infrared Spectrometry (FTIR). XRD and
FTIR methods were used in combination in order to obtain adequate accuracy in
mineralogical compositions. Mineralogical compositions were also used to estimate the
firing temperatures of bricks.

Firing temperatures lead to mineralogical modifications in raw materials of bricks
(Table 5.6). One of the early reactions observed due to temperature is the decomposition
of kaolinite (Al,Si»Os(OH)4) at 550°C (Cultrone et al. 2001; E1 Ouahabi et al. 2015). In
bricks made of calcareous clays, dolomite (CaMg(COs),) disappears at 800°C (Cultrone
et al. 2001; Rat’ko et al. 2011), while calcite (CaCOs3) can be observed above 800°C and
begins to decompose around 870°C (Cultrone et al. 2001; Ugurlu Sagm 2017). With the
decomposition of these minerals, new mineral phases occur at higher temperatures.
Gehlenite (Ca2Al1:SiO7) appears at 800°C as a result of a reaction between calcite and
illite, and it is observed up to 1000°C (Cultrone et al. 2001; Cardiano et al. 2004). Diopside
(CaMgSi>0s) is found in calcareous bricks between 900 to 1050°C (Cardiano et al. 2004).
On the other hand, hematite (Fe20O3), an indicator of firing temperature in non-calcareous
bricks, forms at 850°C (Bartz and Chorowska 2016; Cardiano et al. 2004; Ugurlu Sagin
and Boke 2013). Feldspars, both plagioclase and K-feldspars, are stable up to higher
temperatures. K-feldspars are observed to increase in quantity at 900°C and to disappear
above 1000°C (Pavia 2006; El Ouahabi et al. 2015). Plagioclase feldspars (such as albite,
anorthite, etc.) can be found in brick matrices below 1100°C (El Ouahabi et al. 2015;
Scatigno et al. 2018). Albite (NaAlSi3Os) begins to change phase above 900°C (Riccardi,
Messiga, and Duminuco 1999; Tekin and Kurug6l 2011); whereas anorthite (CaAl»Si20s)
forms at 850°C (Cardiano et al. 2004; Ugurlu Sagmn 2017). High-temperature mineral
phases, wollastonite (CaSiO3) (Cultrone et al. 2004; Pavia 2006; Ugurlu Sagin and Boke
2013) and spinel (MgAl>O4) (Pavia 2006; El Ouahabi et al. 2015) begin to form at
temperatures around 900-1000°C. Quartz (SiO2), which is found in raw clays, exists up
to 1050°C. The modification of quartz to cristobalite (SiO2) begins to be observed at
temperatures around 1000°C (El Ouahabi et al. 2015). Muscovite/illite forms at 700°C,
begins to decompose above 900°C and completely transforms into mullite (AlSi>O13)

above 1000°C (El Ouahabi et al. 2015; Ugurlu Sagin 2017; Scatigno et al. 2018).
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Table 5.6. Temperature thresholds of mineralogical transformations
T(C) 500 600 700 800 900 1000 1100

QUARTZ [si0,]

CALCITE [CaCO,]

KAOLINITE  [A1Si0,(0H),]

DOLOMITE [CaMg(CO,),]

MUSCOVITE  [KAL(Si,Al)O, (OH),]

ILLITE [KAL(Si ADO, (OH),]

K-FELDSPAR  [(K. Na)Alsi,0,]

MICROCLINE

ORTHOCLASE

PLAGIOCLASE [(Na, Ca)(Si, A),0,]

ALBITE

ANORTHITE

HEMATITE  [Fe0,]

GEHLENITE  [Ca,AlLSiO)]

DIOPSIDE [CaMgSi,0,]

WOLLASTONITE  [CaSiO,]

SPINEL [MgALO,]

CRISTOBALITE [S10,]

MULLITE [ALSLO,]

XRD analyses were conducted on powdered brick samples and scanned between
5-60 26° with Cu Ka radiation. The diffraction patterns were depicted in Table 5.6-5.9.

According to XRD results, St. Jean Basilica bricks mainly consisted of quartz,
albite, coesite, hematite and spinel (Figure 5.6, 5.7). Albite, hematite and spinel were the
minerals formed in the bricks structure with the effect of firing. Coesite (SiO») is a
formation of quartz that occurs at high pressure and a temperature range of 500-800°C
(Worrall 1986). It was considered that the presence of coesite in the samples originated
from the raw clay as a natural formation that occurred by geological movements because
the pressing under high pressure was not implemented as a shaping method in Byzantium.
Also, muscovite, calcite, anorthite, and diopside were detected in some of the St. Jean
Basilica samples as a result of firing. Calcite was determined in three bricks with the
highest CaO percentage (AT1: 5.40%, AN: 4.04%, and AS: 4.78%) among St. Jean

Basilica bricks; also, anorthite was only present in AT1.
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The main mineral phases detected on the XRD patterns of Anaia Church bricks

were quartz, calcite and muscovite. In addition, albite, anorthite, hematite, magnetite,

gehlenite, dolomite and diopside were determined in some samples (Figure 5.8-5.10).

Magnetite (Fe3Os) is an iron oxide that occurs due to the firing kiln atmosphere. It is

formed by the reduction of hematite as a result of the loss of oxygen in the kiln

(Gredmaier, Banks, and Pearce 2011; Tarhan and Isik 2020). Dolomite and calcite were

the carbonates that existed in Anaia Church bricks since they contained CaO in high

percentages. In addition, iron oxides, such as hematite and magnetite, were detected only

in the bricks of Cluster 1 (CaO: <20%) among the Anaia Church samples, most probably

because of the higher percentages of carbonates in Cluster 3 (CaO: >20%) preventing the

formation of iron oxides (Cultrone, Sidraba, and Sebastian 2005; Pavia 2006).
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Figure 5.6. XRD spectra of bricks from 1% phase (AR1, AR2, AG) of St. Jean Basilica
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Figure 5.7. XRD spectrum of bricks from 2™ phase (AB1, AB2, AT1, AT2) and 3"
phase (Al, AN, AS) of St. Jean Basilica
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Figure 5.8. XRD spectrum of bricks from 1% phase (KS1, KS2, KS3, KS4, KBa2,
KBa3, KBa4) of Anaia Church
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Figure 5.9. XRD spectrum of bricks from 1° phase (KN3, KN5) and 2" phase (KNI,
KN2, KN6, KI1) of Anaia Church
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FTIR spectra of powdered form of each sample were obtained in the wavenumber
range from 4000 cm™' to 400 cm™'. The FTIR spectra of samples and the functional groups
according to the vibrational wave numbers were depicted in Table 5.7, Figure 5.11-5.14.

The peaks of O-H stretching at 3422-3448 c¢cm” and H-O-H bending at
1630—1645 cm™ observed in all samples indicated absorbed water (Gadsden 1975; Ugurlu
Sagin 2017; Serifaki 2017; Kumar Mishra, Mishra, and Anshumali 2021). Quartz was
detected in different absorption regions of spectra of samples. The characteristic peak of
Si-O stretching mode at 1020—1084 cm™ (Maritan et al. 2006; Dhanapandian, Gnanavel,
and Ramkumar 2009; Ugurlu Sagin 2017), doublet peaks at 796—798 cm™! and 774—779
cm’! (Gadsden 1975; De Benedetto et al. 2002), peaks at 691—695 cm™, 503—514 cm’!
(Gadsden 1975), and peak of Si-O-Si symmetric bending at 456—485 cm™ (Ugurlu Sagimn
2017) were attributed to quartz. The absorption bands in the region 2514—2517 cm™ and
1793—-1797 cm™ that are associated with calcite (Gadsden 1975) were observed in some
samples from Kadikalesi (as KBa4, KN3, KN1, KBal, KO1, KO2, KP, KC1) (Figure
5.13, 5.14). As the other signs of calcite, the peaks at 1384—1385 cm™!, 874-877 cm™ and
713—720 cm™ (Gadsden 1975; Maritan et al. 2006) were detected generally in samples
from Anaia Church, while the peaks of (CO3)? stretching mode of calcite at 1430—1455
cm™ (Ugurlu Sagin 2017; Serifaki 2017) were detected in the majority of samples (Figure
5.11-5.14). The shoulder observed at 884—890 cm! in the samples, namely AR2, AB1,
Al, and weak absorption peak of AR1, Al, and KBa3 at 728—731 cm™ may be attributed
to the dolomite. The presence of a band at 647—649 cm in the bricks (AR1, AB1, AB2,
AS, KBal, KOI1, KC1) was due to albite (Gadsden 1975). The peaks that occurred in the
region 621-622 cm™, 573-584 cm™! and 530—540 cm™! are assigned to anorthite (Gadsden
1975). The peaks in this region were observed in samples of Anaia Church, namely KS3,
KNS5, KN2, and KN6. In the samples, the presence of FeO as hematite may be explained
by peaks at 556—558 cm™! (Gadsden 1975) and also peaks around 540 cm™ and 580 cm™!
(Dhanapandian, Gnanavel, and Ramkumar 2009; Kumar Mishra, Mishra, and Anshumali

2021), however, these last couple of regions overlap with anorthite vibrations.
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Figure 5.11. FTIR spectra of brick samples from 1% (AR1, AR2, AG), 2™ (AB1, AB2,

AT1, AT2) and 3" (AI) periods of St. Jean Basilica
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Figure 5.14. FTIR spectra of brick samples from 3™ period (KI2, KN4, KBal, KOI,
KO2, KP, KC1) of Anaia Church



Results of mineralogical analyses were evaluated to predict the firing temperatures
for each brick sample (Table 5.8). The lowest firing temperature was thought to be applied
to KI1 and KP bricks from Anaia Church because none of the minerals formed in bricks
by temperature rises was detected in those. Therefore, they were estimated to be fired
under 700°C, regarding the absence of muscovite.

Two bricks from St. Jean Basilica (AB2 and AS) and five bricks from Anaia
Church (KS4, KN3, KN4, KO1, and KC1) contained muscovite, so it could be stated that
their firing temperatures were higher than 700°C. The presence of albite and calcite (also
dolomite in KO1), and the absence of gehlenite or hematite/anorthite, demonstrated that
the temperature did not reach 800 °C.

Furthermore, gehlenite was the distinctive mineral for firing temperatures of the
samples KBa4, KN1, KBal and KO2. The existence of gehlenite indicated that the firing
temperatures of these bricks exceeded 800°C. Also, it could be inferred that the bricks
were not fired over 850°C due to the absence of hematite or anorthite and the presence of
calcite, albite, and muscovite.

The formation of hematite in AR2, KS1, KS2, KBa2, KBa3, KI2 and anorthite in
AT1 pointed out the firing temperatures were over 850°C. Calcite which decomposes at
870°C, was determined in these samples, apart from AR2 and KBa2, so the firing
temperatures were estimated to be around 850°C and 870°C. On the contrary, AR2 and
KBa2, in which muscovite was observed, were thought to be fired between 850°C and
900°C.

The highest firing temperature was evaluated as around 900°C for six of St. Jean
Basilica bricks (AR1, AG, ABI1, AT2, Al, AN) containing spinel, and for four of Anaia
Church bricks (KS3, KNS5, KN2, KN6) containing diopside.

A strict difference between the construction periods in terms of firing
temperatures did not exist both for St. Jean Basilica and Anaia Church. Just, the firing
temperatures of any bricks from the third phase of Anaia Church did not reach 900°C
even though it occurred in earlier bricks of the church. Moreover, it was observed that the
bricks of Cluster 1 (Anaia Church, CaO: <20%) and Cluster 2 (St. Jean Basilica) were
fired between 700-900°C, while the bricks in Cluster 3 (Anaia Church, CaO: >20%) were
not fired at temperatures over 800°C. Overall, the bricks from St. Jean Basilica were

determined to be fired at higher temperatures than those from Anaia Church, in general.
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Table 5.8. Mineralogical compositions and estimated firing temperatures of bricks
(Q: Quartz, C: Calcite, Al: Albite, H: Hematite, Co: Coesite, Sp: Spinel, M:
Muscovite, G: Gehlenite, An: Anorthite, Di: Diopside, Mg: Magnetite, Do:

Dolomite)
Sample Q|C|AllH|Co|Sp | M| G| An |Di Mg | Do °C
— | 25| ARL | X X | X X ~900
E|l£% | ar2 | x X | x| x X 850<x<900
Z]=%| ac | «x X | x ~900
g . | ABI | x X | X | X 900
<| 22| aB2 | X X X X 700<x<800
Sle el AT | x [x X X X ~850-870
Z1 | Ar2 | X X X | X | x X ~900
= P Al | x X | X | x| x ~900
3 ng; Z| ANa | x| x|x X X ~900
sle el anb | x X X ~900
i AS | x [ x| X X X 700<x<800
KS1 | x [x|Xx X X | X ~850-870
Ks2 | x | x X X | x ~850-870
Ks3 | x X X | X ~900
g5 k4 [ x | x X 700<x<800
£ % | KBa2 | x X X 850<x<900
2% | kBa3 | x [ x| x| x ~850-870
Z KBad | x | x| x X | X 800<x<850
E KN3 | x [ x| X X 700<x<800
= KN5 | X X | x| x ~900
f» o 3| KN | x [ x]X X 800<x<850
H ERINY K X X | x ~900
5|2 [ xne [ x X | x| x ~900
gl ko | x [x X <700
Z KI2 | x | x X X | x ~850-870
~| KN4 | x | x X 700<x<800
2| KBal | X [ X | X X 800<x<850
3 ke | x| x]|x <700
%[ kot | x | x]x X x [ 700<x<800
Tl KOo2 | x [ x| X X | X 800<x<850
KC1 | x | x| x X 700<x<800




5.4. Thermogravimetric Analyses

Weight losses of samples in certain temperature ranges were determined by
thermogravimetric analyses (TGA). Results of TGA were used to support mineralogical
studies in the estimation of firing temperatures. Fifteen samples were selected for TGA,
considering their construction periods and mineralogical compositions. The weight losses
depending on temperature changes were recorded, and thermograms were depicted in
Table 5.9, Figure 5.15 and Figure 5.16.

In the bricks from St. Jean Basilica, the weight losses between 25-1000°C were
in the range of 1.03—4.43% (Table 5.9). The highest losses (% 0.83-2.59) occurred
between 200-400°C. Also, a decrease in the temperature range of 550-650°C was
observed in AB2 (0.66%), Al (0.28%) and AN-a (1.24%) (Figure 5.15).

The total weight losses of Anaia Church samples were measured between 1.30-
16.91% (Table 5.9). Most of the weight losses were at around 700°C in KN3 (10.72%),
KNI (7.57%), KI1 (7.96%), KO1 (14.07%) and KC1 (9.60%) samples. The weight of
KS4 and KI2 reduced gradually by 5.77% and 4.31%, respectively, up to 550°C, and
dropped by 3.02% and 2.01%, respectively, between 550-680°C (Figure 5.16).

Table 5.9. Weight losses (%) in particular temperature ranges (°C)
% wt  25-100°C 100-200°C 200-400°C 400-600°C 600-800°C 800-1000°C Total

AR1 0.13 0.66 2.59 0.43 0.51 -0.37 3.95
AR2 0.04 0.47 1.55 0.46 -0.05 -0.08 2.38
AB2 0.56 0.58 1.23 0.98 0.58 0.50 4.43
Al 0.08 0.38 0.83 0.15 -0.04 -0.38 1.03
AN-a 0.59 0.79 1.48 0.82 0.90 -0.18 4.40
AN-b 0.09 0.52 1.12 0.35 -0.36 -0.66 1.06
KS3 0.05 0.26 0.83 0.28 0.04 -0.15 1.30
KS4 0.91 1.61 2.21 1.50 2.15 -0.89 7.49
KN3 0.83 1.34 2.03 1.17 9.65 -1.12 13.90
KN1 0.47 0.79 0.81 1.49 6.61 -0.29 9.88
KNé6 0.11 0.31 1.11 0.64 0.35 -0.05 2.48
KI1 1.43 1.68 2.30 1.39 7.25 -0.65 13.38
KI2 0.35 0.81 2.42 0.98 1.53 -0.59 5.51
KO1 0.29 0.44 1.46 1.94 12.88 -0.10 16.91
KC1 0.92 1.52 2.34 3.04 7.89 0.00 15.71
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The changes in thermograms indicated decompositions occurred during firing
(Figure 5.15, 5.16). The weight losses between 25—400°C were associated with the loss
of water from the brick structure; where the losses between 25 and 100°C were due to the
physically absorbed water, and the losses below 400°C were due to the dehydration of
bound water (Paama, Pitkanen, and Perdméaki 2000; Cardiano et al. 2004; Drebushchak
et al. 2005; Singh and Sharma 2016). Samples showed decreases between 0.04-0.59%
for St. Jean Basilica and 0.05-1.43% for Anaia Church, attributed to removing absorbed
water from room temperature to 100°C. Also, dehydration caused weight losses of 1.21—
3.25% in St. Jean Basilica bricks and 1.08-3.98% in Anaia Church bricks in the range of
100—400°C.

Dehydroxylation appears with a weight reduction between 400—600°C (Cardiano
et al. 2004; Drebushchak et al. 2005; Stubiia and Podoba 2013; Singh and Sharma 2016).
Besides, oxidation of organic materials contributed to the weight losses between
200—600°C (Ramachandran et al. 2002; Singh and Sharma 2016; Kumar Mishra, Mishra,
and Anshumali 2021). Between 400—600°C, a decrease between 0.15% and 0.98%
occurred in St. Jean bricks and 0.28—3.04% in Anaia Church bricks. Nevertheless, the
weight losses at these temperatures cannot be attributed to organic materials because no
organic compounds were detected in the FTIR analysis of any of the bricks.

The weight losses in AB2 (0.66%), Al (0.28%), AN-a (1.24%), KS4 (5.77%) and
K12 (4.31%) at about 600°C may indicate the quartz transformation (Ion et al. 2011).

Furthermore, carbonates decompose at about 700-800°C, and the reductions at
around 700°C in KN3 (10.72%), KN1 (7.57%), KI1 (7.96%), KO1 (14.07%), and KC1
(9.60%) samples can be associated with decomposition of carbonates, especially calcite
(Paama, Pitkanen, and Peramiki 2000; Cardiano et al. 2004; Drebushchak et al. 2005;
Stubiia and Podoba 2013; Singh and Sharma 2016).

The firing temperatures of bricks were also evaluated in relation to the weight
losses determined by thermogravimetric analysis. It is known that the total weight losses
are lower in bricks produced at higher firing temperatures (Kumar Mishra, Mishra, and
Anshumali 2021). The total weight losses of the samples were arranged, from most to
least, as KO1, KC1, KN3, KI1, KN1, KS4, KI2, AB2, AN-a, AR1, KN6, AR2, KS3, AN-
b, and Al. Thus, it could be suggested that this arrangement may also be similar to the
firing temperatures of samples.

In addition, the decomposition of calcite is an irreversible process, so the weight

reduction between 700—-800°C suggests that the firing temperature did not exceed 800°C,
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roughly (Drebushchak et al. 2005; Stubiia and Podoba 2013). As a result of
thermogravimetric analyses, it was presumed that KO1, KC1, KN3, KI1, and KNI were
the bricks having the highest carbonate content and fired under 800°C. In addition, the
bricks fired at the highest temperatures were Al, KS3, AR2, and KN6.

The findings of thermogravimetric analyses supported the mineralogical

composition analyses and estimated firing temperatures.
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Figure 5.15. TGA graphs of St. Jean Basilica bricks
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Figure 5.16. TGA graphs of Anaia Church bricks

5.5. Colour Identification

The colours of bricks depend on the firing process (kiln atmosphere, firing
temperature), and the chemical and mineralogical compositions of the raw material.

Hence, the colour of bricks is an indicator of their raw materials and production

technologies, apart from their physical appearance.

Ca and Fe content of the raw material cause variations in brick colours from
yellow/beige to red (Cultrone, Sidraba, and Sebastian 2005; Valanciene, Siauciunas, and
Baltusnikaite 2010; Scatigno et al. 2018). The reddish colour of brick occurs with the
presence of Fe, which is mostly found in the form of hematite (Fe20O3) in the oxidizing
kiln atmosphere (Pavia 2006; Scatigno et al. 2018). On the other hand, the presence of
carbonates results in a yellowish colour of the brick matrix since they have the ability to

inhibit the formation of iron oxides, the reason for the reddish colour (Cultrone, Sidraba,

and Sebastian 2005; Pavia 2006).

1000

KCl1
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The firing temperature of bricks affects their value. As the temperature rises,
colour of Ca-rich bricks was observed to become lighter due to the mineralogical changes
likely formation of diopside (Cultrone, Sidraba, and Sebastian 2005; Rathossi and
Pontikes 2010). On the contrary, bricks with a high amount of Fe and a low amount of
Ca were found to become darker shades of red with temperature increment (Pavia 2006;
Rathossi and Pontikes 2010; Karaman, Giinal, and Gokalp 2012). In addition, the
formation of a black core in the center of bricks is due to the prevention of sulphur release
and the reduction of iron oxides from hematite to magnetite when the brick was fired in
a kiln atmosphere deficient in oxygen (Pavia 2006; Gredmaier, Banks, and Pearce 2011;
Tarhan and Isik 2020). The burning of organic matter present in clay was observed to
cause the formation of black core, as well (Davey 1961; Pavia 2006).

The Munsell Soil Colour Chart (Munsell Colour (Firm) 2000) was used to
determine the colours of the studied brick samples, and results were given as colour codes
(in terms of hue, value, and chroma, Figure 4.6), images, and the name of the colours
(Table 5.10).

The results revealed that the hue of bricks changed between 10R-10YR, in the red
and yellow-red colour range. The bricks from St. Jean Basilica showed a small range of
hue (10R-5YR) in the red part of the Munsell hue scale, while the hue of bricks from the
Anaia Church showed a wider range between 10R-10YR. The value, which indicates the
lightness, was determined to be between 4 and 8. The value of bricks from Anaia Church
was found to be higher than those of St. Jean Basilica; that means the colours of Anaia
church bricks were lighter than St. Jean Basilica's. The chroma representing the saturation
of colour was determined higher in the bricks from St. Jean Basilica than from Anaia
Church. Accordingly, the colours of St. Jean Basilica bricks are red, while Anaia Church
bricks are in brown-beige colours.

One of the samples from St. Jean Basilica, which was labelled as AN, has a colour
transition from reddish colours to grey towards the core. In Table 5.10, the red colour of

the shell was defined as AN-a, and the colour of the black core was defined as AN-b.
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Table 5.10. Colour of bricks determined by using Munsell Soil Colour Chart

Sample Hue |Value|Chroma| Color-code| Color Images Color Name
x §§ AR1 | 25YR| 5 6 | 25YR/56 Red
i.? ﬁf o] AR2 |25YR| 5 8 2.5YR/5/8 Red
=|= 2| AG |25YR| 5 8 2.5YR/5/8 Red
E . AB1 | 25YR| 6 8 2.5YR/6/8 Light Red
E E ?’f AB2 | 25YR| 5 6 | 25YR/56 Red
z gﬂ vl ATI1 S5YR 4 6 5YR/4/6 Yellowish Red
s AT2 | 25YR| 5 8 2.5YR/5/8 Red
% . Al |25YR| 6 8 2.5YR/6/8 Light Red
2 Ez[ AN-a]| 1R | 5 6 10R/5/6 Red
= F@lanw | 25v | 5 1 2.5Y/5/1 Gray
7 S AS |25YR| 6 8 2.5YR/6/8 Light Red
KS1 | 25YR| 7 6 | 25YR/7/6 Light Red
KS2 | 25YR| 6 8 2.5YR/6/8 Light Red
KS3 | 75YR| 6 6 | 7.5YR/6/6 Reddish Yellow
2 3| Ks4 | 25YR| 7 8 2.5YR/7/8 Light Red
éje KBa2 | 25YR| 6 6 | 2.5YR/6/6 - Light Red
z =0l KBa3 | 25YR| 7 4 2.5YR/7/4 Light Reddish Brown|
El KBad | 75YR | 8 4 | 75YR®8/4 Pink
% KN3 | 5YR | 8 4 SYR/8/4 Pink
E KNs | 75vR| 6 4 | 75YR/6/4 - Light Brown
% o KN1 | 5YR | 8 4 SYR/8/4 Pink
2l Z< | KN2 | 1R | 6 6 10R/6/6 Light Red
£l 5 ks [75vR] 6 3 | 75YR613 l Light Brown
5 "2 KI1 10YR 8 3 10YR/8/3 Very Pale Brown
= KI2 | 25YR| 6 6 | 25YR/6/6 - Light Red
z KN4 | 25YR| 7 6 | 25YR/7/6 Light Red
$ 5| KBa1 | 75YR| 8 4 | 7.5YR/8/4 Pink
£= ke [ svr | s 4 SYR/8/4 Pink
kN fg KO1 | 75YR| 7 4 | 75YR/7/4 Pink
KO2 | 5YR | 8 4 SYR/8/4 Pink
KC1 | 5YR | 8 4 SYR/8/4 Pink

The colour characteristics of the bricks were differentiated based on chemical
classifications rather than the construction periods. Reddish colour of bricks from St. Jean
Basilica originated from their iron oxide content found between 8.44—-12.05%. The firing
temperature did not contribute to the redness of St. Jean Basilica bricks, probably since
the firing temperatures were in close range (Table 5.11). The sample AN, taken from the
3 phase of St. Jean Basilica, was observed to have a black core, and it was probably

caused by a reducing kiln atmosphere, which did not contain sufficient oxygen.



Bricks from Anaia Church had brown-beige colours due to their high calcium
content, which was found between 8.59—26.33%. The bricks in Cluster 3, with a calcium
content of over 20%, could easily be distinguished from those of Cluster 1 (Table 5.11).
They had the highest value (7-8), lowest chroma (3-4) and the colour named as pink
according to Munsell Colour Chart (Table 5.10). Thus, it could be stated that the
increment in CaO content resulted in a lighter colour, as observed in Anaia Church bricks.

Colours in Ca-rich bricks were expected to lighten as firing temperatures
increased. However, the bricks of Cluster 1 became darker towards higher temperatures
because of the formation of hematite (KS3, KN2, KBa2, KBa3, KS2, KI2, KS1) and
magnetite (KNS5 and KN6). For the bricks belonging to Cluster 3, their colours were
observed to be very similar due to the proximity of the firing temperatures of the bricks
(Table 5.11).

Table 5.11. The colour classification of bricks based on clusters and firing temperatures

Sample Colours | Estimated Firing Temp.
KN6 ~900°C
KS3 ~900°C
~| KN2 ~900°C
X | KNS ~900°C
- S
55 KBa2 850<x<900°C
Z = KBa3 ~850-870°C
52 Ks2 . ~850-870°C
S |_KR2 ~850-870°C
=~ | KS1 ~850-870°C
KN4 700<x<800°C
KS4 700<x<800°C
AN ~900°C
AT2 ~900°C
AG ~900°C
~ | ABI ~900°C
5 S| ARl ~900°C
2 &| Al ~900°C
O 2| AR2 850<x<900°C
AT1 ~850-870°C
AB2 700<x<800°C
AS 700<x<800°C
KO2 ~800°C
~| KN1 ~800°C
X | KBal ~800°C
n &
= N | _KBad ~800°C
Z = | KN3 700<x<800°C
5 E KO1 700<x<800°C
8 |KC 700<x<800°C
=~ KP <700°C
K11 <700°C
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5.6. Pozzolanic Activities

Pozzolanic activity is the ability of materials to react with lime in the presence of
water. The raw material of fired bricks may contain amorphous clay minerals composed
of reactive silica and/or alumina that can react with lime depending on their clay content
and firing temperatures (TSE (Turkish Standards Institution) 2012). The amorphous
phase of clay decomposes due to firing at high temperatures (over 900°C); accordingly,
pozzolanic activity is lost (Baronio and Binda 1997; Boke, Akkurt, and Ipekoglu 2004;
Boke et al. 2006; Tekin and Kurugol 2011; Navratilova and Rovnanikova 2016).

Pozzolanic activities of bricks were determined by the electrical conductivity
method (Luxan, Madruga, and Saavedra 1989). In this method, the differences in
electrical conductivity values before and after the addition of powdered bricks to saturated
Ca(OH); solution were measured. The bricks were accepted as good or reactive pozzolans
if the electrical conductivity difference was greater than 1.2 mS/cm (Luxan, Madruga,
and Saavedra 1989) (Table 5.12).

The electrical conductivity differences were between 0.23—1.17 mS/cm in
samples from St. Jean Basilica (Table 5.12). The lowest values (up to 0.32 mS/cm) were
calculated in the samples belonging to 47-5" century (1 construction period). The AT1
sample from 2" construction period has the highest value, 1.17 mS/cm. The results
revealed that building bricks from St. Jean Basilica did not possess pozzolanic properties
(Table 5.12).

The bricks from Anaia Church generated electrical conductivity differences
between 0.27—1.84 mS/cm (Table 5.12). Samples from the 1% (KS3 and KN5) and 2™
(KN2 and KN6) phases exhibited the lowest values within the Anaia Church bricks.
Although conductivity differences were mostly under the 1.20 mS/cm, six bricks (KN3,
KNI, KI1, KP, KO1, KC1) presented pozzolanic properties (Table 5.12).

Overall, the majority of bricks were found to be non-pozzolanic. The highest
firing temperatures resulted in the lowest electrical conductivity differences, as observed
in the ARI, AN, AG, AT2, KS3, KN5, KN6 and KN2. The bricks accepted to have
pozzolanic properties were manufactured with Ca-rich clays at temperatures under
800°C. However, their electrical conductivity differences were negligible as they were

only slightly above 1.20 mS/cm.
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Table 5.12. Electrical conductivity differences and pozzolanic classification of bricks
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The non-pozzolanicity of brick samples was thought to be caused by the raw
material of bricks not containing enough amorphous clay mineral for pozzolanic activity.
Similarly, the historical building bricks from Roman, Byzantine and Ottoman Periods
investigated in recent studies were also found non-pozzolanic (Aslan Ozkaya and Boke
2009; Ugurlu Sagin and Boke 2013; Oguz, Turker, and Kockal 2014; Giirhan, Ugurlu
Sagin, and Boke 2017; Ugurlu Sagin 2017).

5.7. Microstructural Properties

Microstructural properties of brick were determined in order to examine
vitrification degrees and pore characteristics (size, shapes, etc.). Microstructure of bricks
fired at low temperatures is distinguished by a flaky structure with stratified
phyllosilicates, scattered particles, and angular pores between granules (Maniatis and Tite
1981; Cultrone et al. 2004; Cultrone, Sidraba, and Sebastian 2005; Pavia 2006). Between
800 and 870°C, a textural change arises in carbonated bricks; the decomposition of
carbonates (dolomite and calcite) leads to an increase in porosity by releasing H>O and
CO; (Elert et al. 2003; Cultrone et al. 2004; Buchner et al. 2021). Nevertheless, glassy

phases are not observed until 900°C. Above this temperature, sharp-edged structures of
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phyllosilicates deform and become smoothed while vitrification increases (Cultrone et al.
2004; Pavia 2006). Although angular-shaped pores still exist in the brick matrix at 900°C,
higher temperatures lead to the formation of ellipsoidal pores without interconnections
(Cultrone et al. 2001; Benavente et al. 2006).

The microstructural properties were investigated by SEM-EDS analyses
performed on eight brick samples which were chosen according to their chemical
classifications (Cluster 1-3, Table 5.5) and estimated firing temperatures (Table 5.8). The
bricks produced between 700—800°C (KN4, AB2, and KO1) did not display any vitreous
phase. They had crystalline structure and lamellar phyllosilicates without any
deformation (Figure 5.17). Small-sized pores in irregular and angular shapes were
observed between particles of the bricks. At this temperature range, the bricks with

different chemical contents showed similar microstructural characteristics (Figure 5.17).

Figure 5.17. SEM (BSE) images of bricks (x1000), a: KN4 (Cluster 1, 700-800°C),
b: AB2 (Cluster 2, 700-800°C), c¢: KO1 (Cluster 3, 700-800°C)
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In the bricks produced between 800—870°C firing temperatures, no vitreous phase
was detected, and significant changes in pore properties were not observed (Figure 5.18).
Besides, the porosity between particles of KS2 (850—-870°C) increased compared to KN4
(700-800°C), probably due to the decomposition of calcite which begins above 800°C.
The other sample (AT1), fired between 850 and 870°C, exhibited a tendency for
phyllosilicates to join together (Figure 5.18). Furthermore, the low CaO percentage and
lack of carbonates in AT1 might result in no change in porosity at this temperature
compared to the Cluster 2 sample fired between 700 and 800°C (AB2, Figure 5.17). Thus,
AT1 had a more compact structure than KS2 and KBa4, which was also confirmed by
their total porosity and density values (Table 5.2). A crystalline phase (probably calcite
crystals) and flaky structures still existed in KBa4, and its matrix was more like KO1.
This was probably due to the higher CaO content in Cluster 3, and the firing temperature
of KBa4 did not reach 870°C, at which calcite decomposes.

Figure 5.18. SEM (BSE) images of bricks (x1000), a: KS2 (Cluster 1, 850-870°C),
b: AT1 (Cluster 2, 850-870°C), c: KBa4 (Cluster 3, 800—850°C)
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In the SEM images of KS3 and AN, thought to be fired around 900°C, glassy
phases were distinguished clearly (Figure 5.19). KS3 had an initial vitreous stage and
crystalline phase. Although its pores were smoothed and larger than the bricks fired at
lower temperatures, there were still pores with irregular and partially angular forms.
These features might be due to the firing temperature of KS3 not exceeding 900°C. In
contrast, AN demonstrated continuous vitrification and larger ellipsoid pores formed by
merging the micropores with the effect of melting. Accordingly, it could be stated that
AN was fired at a temperature above 900°C. At this temperature, the crystallized matrix
presented within the sample could be originated from spinel, which was also detected by

XRD analysis (Figure 5.7, Figure 5.19).

P |

Figure 5.19. SEM (BSE) images of bricks (x1000), a: KS3 (Cluster 1, ~900°C), b: AN
(Cluster 2, ~900°C)

In the matrix of Anaia Church bricks, brick fragments (or grog) included in the
clay mixture were observed visually. The grog particles were also detected in the SEM
observations of the brick sample from Anaia Church. EDX analyses of the grog and main
bricks matrix revealed that both bricks contained high amounts of Si0,, Al>O3, FeO, and
CaO, while the grog was also found to include manganese in small quantities (Figure
5.20).

The brick additives might be included in raw materials because of their advantages
for plastic clay mixture during the drying process in terms of permeability (Vieira and

Monteiro 2007).
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Figure 5.20. SEM image (150x) and EDX results of grog in the brick matrix (KS2)

5.8. Mechanical Properties

Mechanical properties of samples were determined by compression tests. The
behaviours of bricks under loading were observed (Figure 5.21-5.23). In the first stage,
vertical fissures and cracks occurred near the corners of the bricks and between the pores.

With continued loading, the surface of bricks began to split from the cracks. Also, the

inner parts lost rigidity and became fragmented at the last stage.

Figure 5.21. The behaviour of AR2 during the mechanical test
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Figure 5.22. The behaviour of AN during the mechanical test

Figure 5.23. The behaviour of KNS5 during the mechanical test

The uniaxial compressive strength and modulus of elasticity of bricks were used
to describe their mechanical properties. Compressive strength is the maximum load the
material can resist without deformation, and the modulus of elasticity shows the ability
to withstand deformation under external pressures.

The uniaxial compressive strength values of bricks were between 4.16—46.10 MPa
for St. Jean Basilica and 3.98-24.50 MPa for Anaia Church (Table 5.13). With regard to
the construction periods, St. Jean Basilica bricks had compressive strength in the range
of 4.49-39.11 MPa in the 1* phase, 4.16-19.01 MPa in the 2" phase, 4.60—46.10 MPa in
the 3™ phase, while the value of Anaia Church bricks was ranging between 3.98-24.50
MPa in the 1 phase, 10.98—16.38 MPa in the 2" phase, 4.77-23.44 MPa in the 3™ phase.
The uniaxial compressive strength values of bricks changed in a similar range,
independent of construction periods, but fluctuations were observed in the values.

The majority of the St. Jean Basilica bricks had compressive strengths in the range
of 4.16-9.74 MPa, although the values of four samples were found well above average,

which were AT2 (18.36 MPa), AB1 (19.01 MPa), AG (39.11 MPa) and AN (46.10 MPa)
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samples. It could be related to the firing temperatures of those bricks being higher than
others (~900°C) (Table 5.8).

Besides, compressive strengths were more homogenous among Anaia Church
bricks, with an average of 11.60 MPa. The lowest strengths were performed by KS4 and
KOI with values of 3.98 and 4.77 MPa, respectively. The highest values were observed
in KP (23.44 MPa) and KN3 (24.50 MPa), although they were estimated to be fired at
lower temperatures than others (Table 5.8, Table 5.13).

The modulus of elasticity values were determined ranging between 90.02—
1320.18 MPa in bricks from St. Jean Basilica and 89.00-865.39 MPa in bricks from Anaia
Church. The highest value was measured in AN among St. Jean Basilica bricks and KP
for Anaia Church bricks, while AB2 and KO1 had the lowest modulus of elasticity values
in their own groups (Table 5.13).

The strength of bricks is related to porosity values; durability increases with the
reduction of porosity (RILEM 1980; Borrelli 1999). However, the uniaxial compressive
strength and modulus of elasticity values of investigated bricks were not parallel to the
porosity values. It was observed that some samples, likely KS3, KN5, KN2, and KI2,
with high porosity percentages were stronger than some with lower porosity, such as
AB2, AT1, AS, KS4, and KOI1 (Table 5.2, Table 5.13). Similar results were determined
in Byzantine bricks from Istanbul by Kahya (1992).

The dissimilarities between mechanical properties and porosity values of bricks
were due to their nonhomogeneous structure caused by the mixing and shaping process
during their production. The distribution and size of the particles in the clay and the cracks
and fissures in the structure of the bricks reduced the strength (Kahya 1992; Ispir 2010).

Additionally, the strength was influenced by raw material properties rather than
porosity and firing temperature. The carbonates were found to contribute to mechanical
properties at lower temperatures since they act as fluxes and promote the degree of
vitrification (Elert et al. 2003). The Ca-richest bricks (Cluster 3) fired below 850°C (KN3,
KP, KO2, KBa4) showed durability as much as bricks from other clusters, which were
fired at about 900°C (KN6 from Cluster 1, and AN, AG, AB1, AT2 from Cluster 2).
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Table 5.13. Uniaxial compressive strength and modulus of elasticity values of bricks

with porosity percentages

Sample C:j:;i’éiﬁve Modulu(?v(l)lf)z]:l)lasticity
Strength (MPa)

» 3| AR1 9.74 £ 2.72 22433 + 13921

= Ejn AR2 449 + 1.22 90.02 + 23.26
E =2l A | 3911 = 052 97224 = 32.55
F AB1 | 1901 + 1.19 39557 + 118.59
f; gg AB2 540 = 071 7259 + 11.25
2|z 2| am 416 + 0.36 9342 + 11.78
é LAz | 1836 + 102 37255 + 99.75
Elg | a1 580 + 0.28 98.11 + 27.54
% 5‘?% AN | 4610 + 13.13 | 132018 + 233.15
= | AS 460 + 0.14 125.05 + 73.87
KS1 798 + 0.71 139.07 + 49.15

KS2 577 £ 0.77 142,77 + 2.14

KS3 | 11.17 = 2.78 26327 + 34.92

2 3| KS4 3.98 + 0.64 9481 + 15.25
éjc KBa2| 726 + 0.84 19027 + 3639
“%|kBa3| 790 + 025 32571 + 18.73
KBad4| 1469 + 0.64 435.63 + 63.59
% KN3 | 2450 + 3.25 771.09 + 146.38
% KNs | 932 + 128 24233 + 3036
:: L | KNLL 1288 = 007 40530 + 46.13
E ;5;2 KN2 | 1098 + 281 32121 + 149.76
}; ZE KN6 | 1638 + 5.20 48574 + 310.28
El [ K| 1150 = 1.40 449.99 + 75.99
KI2 927 + 035 23939 + 2892

KN4 | 593 + 088 142.60 + 9.39

3 3| KBal| 12.62 + 448 17335 + 53.42
£ ke | 2344 « 419 | 86539 + 24749
w2l kot| 477 + 132 89.00 + 6.14
KO2 | 1987 + 5.07 588.50 + 237.75

KC1| 1185 + 0.92 299.78 + 49.56




CHAPTER 6

CONCLUSIONS

St. Jean Basilica and Anaia Church, important religious centers of the Byzantine
period in Western Anatolia, were built in similar centuries and could be regarded as
outstanding examples of monumental brick structures.

The characteristics of bricks from St. Jean Basilica and Anaia Church were
determined to reveal the production technologies of Byzantium in different centuries and
to provide knowledge for future conservation works of the churches. In this regard, basic
physical properties, chemical and mineralogical compositions, thermal properties,
colours, pozzolanic activities, microstructural and mechanical properties of brick samples
were investigated. The results were evaluated by comparison between the buildings and
their different construction periods.

The bricks of St. Jean Basilica contained high amounts of SiO,, Al,Os, FeO, and
MgO and were mainly composed of quartz, albite, coesite, hematite, and spinel minerals.
The raw material of St. Jean Basilica bricks was found as Ca-poor clay (1.4-5.4 %), and
it was determined that they were obtained from a single source for centuries. Also, the
bricks were fired at low firing temperatures, between 700-900°C, in all construction
periods.

The Anaia Church bricks were determined to contain high amounts of SiO»,
Al>03, and CaO and mainly consisted of quartz, calcite, and muscovite. Two clay sources
were used for their production throughout the three construction periods (5"-14%
centuries). Both were Ca-rich sources which could be differentiated by the CaO
percentages (8.6—-13.8% and 19.78-26.33%). The firing temperatures of the Anaia
Church bricks ranged from temperatures just below 700°C to 900°C. Besides, the bricks
used in the 3™ construction period (13"-14" centuries) were produced at lower
temperatures than the bricks of the first two periods (5"-6™ and 11%-13" centuries).

The bricks of both monuments were highly porous and low-dense materials. The
physical properties of bricks did not differ according to the construction periods in both
investigated buildings. Nevertheless, the chemical content of clays affected the porosity
and apparent density in calcareous bricks; higher calcium oxide content resulted in lower

porosity and higher density values. The bricks fired at higher temperatures demonstrated
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higher pore interconnectivity and lower saturation coefficient, although the differences
were not major. In this regard, those bricks were evaluated to have more pores through
which water cannot reach under natural conditions and to be more resistant to
deterioration problems caused by salt crystallisation and freeze-thaw cycles.

The colour was a physical property of the bricks affected by their chemical and
mineralogical contents, as well. The St. Jean Basilica bricks had a reddish colour, and the
Anaia Church bricks had brown-beige colour. The absence of carbonates and the presence
of iron oxides were the reasons for red colours of St. Jean Basilica bricks. The lighter
colour of Anaia Church bricks was due to the high amounts of carbonates.

Most of the bricks did not possess pozzolanic properties. Despite being fired at
low temperatures, the reason for the non-pozzolanicity of bricks was that their raw
materials did not contain a sufficient amount of clay minerals to produce pozzolanic
amorphous substances.

The microstructure of bricks differed regarding their chemical content and firing
temperatures. The structure of bricks fired between 700—870°C from both churches were
lamellar and crystallized with irregular and angular pores. An increase in the porosity
occurred between 800 and 870°C in Ca-rich bricks due to the decomposition of
carbonates. In the bricks fired at about 900°C, vitreous phases were observed, and their
pores were smoother and enlarged by coalescing micropores compared to the bricks fired
at lower temperatures.

The mechanical strength of the bricks from St. Jean's Basilica and Anaia Church
varied in a wide range and could not be correlated to the construction periods. Higher
firing temperatures and high calcium contents increased the mechanical strength of
bricks.

The properties of Byzantine bricks determined in the scope of this study should
be considered during the future conservation studies of St. Jean Basilica and Anaia
Church. The new bricks must be physically, mineralogically and mechanically
compatible with the original bricks.

The intervention bricks must be produced with the Ca-poor clay for St. Jean
Basilica, while Ca-rich clay sources should be used for new bricks of Anaia Church. In
this study, the determination of the properties of historical bricks from two Byzantine
churches provided information about their raw material characteristics but not about an
exact identification of the provenance of clay sources. In further studies, the possible clay

sources should be investigated.
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Furthermore, traditional moulding should be used as the shaping method, and their
firing temperatures should not exceed 900°C. The intervention bricks should be specially
manufactured taking into consideration all these features determined by this study for the

conservation of the monuments.
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