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Material Characterization and Damage Assessment of Byzantine
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Degerlendirmesi: Kiyikéy Aya Nikola Manastiri Ornegi*
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Abstract

Rock-cut historical structures have been constructed worldwide for various functions throughout history, including
during the Byzantine Empire. The Kiyikoy Hagia Nicholas Monastery is an exceptional one of the surviving rock-hewn
buildings in the Thrace Region. It has a basilical plan and was constructed in the Early Byzantine Period. The study goals
are to provide original material characterization, suggestions for damage prevention and conservation measures for
rock-cut structures of Byzantine architecture through this monastery case. Therefore, firstly the distinct architectural
style of the building was revealed through a comprehensive analysis and by comparing it with similar structures. Then,
a damage reconnaissance was performed and material samples were subjected to mechanical, physical, and chemical
analyses and acid treatment experiments. Investigations focused on identifying the original materials and understanding
the reasons for various decay and damage types observed in the monastery. Proposals for materials compatible with
the original material, considering physical, mechanical, and chemical properties, were developed. The effectiveness
of the characterization methods was explained. To prevent the effect of cracks, which is the main structural damage,
constructing strengthening structural elements by using suitable materials was recommended. For non-structural
damages, the removal of moisture in the main rock was recommended, and possible actions for surface cleaning,
conservation and consolidation were described. It is concluded that the documentation, diagnostic and restoration
steps developed for this monastery can be applied to similar Byzantine rock-cut structures.

Keywords: Byzantine rock-cut heritage, Damage, Material characterization, Chemical analyses, Holistic conservation
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Tarihi kaya oyma yapilar, Bizans imparatorlugu Dénemi de dahil olmak iizere tarih boyunca gesitli islevler icin insa
edilmis eserlerdir. Kiyikdy Aya Nikola Manastiri, Trakya Bolgesi>nde insa edilen ve glinimize ulasan nadir kaya oyma
yapilardan biridir. Erken Bizans Donemi’nde inga edilmistir ve bazilikal planhdir. Bu galismada manastir 6rnegi Gzerinden
Bizans mimarisi kaya oyma yapilari i¢in 6zgiin malzeme karakterizasyonu, hasar 6nleme 6nerileri ve koruma énlemleri

olusturmak amaglanmistir. Bu sebeple, ncelikle yapinin kendine 6zgli mimarisi kapsamli bir analiz ve benzer yapilarla
karsilastirma yoluyla ortaya g¢ikariimistir. Sonrasinda hasar tespiti yapilmis ve malzeme 6rneklerinde mekanik, fiziksel,

*  This study was conducted with the permission of «Republic of Turkiye Ministry of Culture and Tourism» and under the
approval and observation of the “Kirklareli Museum Directorate” and “Istanbul Restoration and Conservation Center and
Regional Laboratory Directorate “authorities (Document number: E-88842112-155.01.-4171667, Date: 08.09.2023).

**  Correspondence to: Serife Ozata (Dr.), Kirsehir Ahi Evran University, Faculty of Engineering and Architecture, Department
of Architecture, Kirsehir, Turkiye. E-mail: serife.ozata@ahievran.edu.tr, ozataserife.sci@gmail.com,

ORCID: 0000-0003-1993-7592

*** Blgra Akturk (Asst. Prof. Dr.), Istanbul Bilgi University, Faculty of Engineering and Natural Sciences, Department of Civil
Engineering, Istanbul, Turkiye. E-mail: busra.akturk@bilgi.edu.tr, ORCID: 0000-0003-1484-7758

**%* Engin Akturk (PhD Candidate), Yildiz Technical University, Graduate School of Science and Engineering, Building Survey and
Restoration Programme, Istanbul, Turkiye. E-mail: mim.e.akturk@gmail.com ORCID: 0000-0002-0003-7714
To cite this article: Ozata, Serife, Akturk, Busra, Akturk, Engin. “Material Characterization and Damage Assessment of
Byzantine Rock-Cut Monastery: A Case Study of Kiyikoy Hagia Nicholas.” Art-Sanat, 21(2024): 529-563.
https://doi.org/10.26650/artsanat.2024.21.1274271

This work is licensed under Creative Commons Attribution-NonCommercial 4.0 International License @. BY _NC



https://orcid.org/0000-0003-1993-7592
https://orcid.org/0000-0003-1484-7758
https://orcid.org/0000-0002-0003-7714

Art-Sanat 21

kimyasal analizler ve asit kaybi deneyleri gergeklestirilmistir. Arastirmalarda 6zgiin malzemenin tanimlanmasi ve
manastirda goézlemlenen gesitli bozulma ve hasar tiirlerinin sebeplerinin anlagiimasina odaklanilmistir. Fiziksel,
mekanik ve kimyasal 6zellikler dikkate alinarak orijinal malzeme ile uyumlu malzeme &nerileri gelistirilmistir.
Karakterizasyon yontemlerinin etkinligi agiklanmistir. Temel yapisal hasar olan gatlaklarin etkilerini dnlemek
icin uygun malzemeler kullanilarak saglamlastirma elemanlarinin insa edilmesi onerilmektedir. Yapisal
olmayan hasarlar igin ana kayadaki nem sorunlarinin giderilmesi tavsiye edilmis ve ylizey temizleme, koruma
ve saglamlastirma igin yapilabilecek ¢alismalar aktarilmistir. Bu manastir icin gelistirilen belgeleme, teshis ve
restorasyon adimlarinin benzer Bizans kaya oyma yapilarinda uygulanabilecegi sonucuna variimistir.

Anahtar Kelimeler: Hasar, Malzeme karakterizasyonu, Kimyasal analizler, Buttincil koruma

Genisletilmis Ozet

Diinyanin hemen her bélgesinde olusturulmus olan kaya oyma yapilar, toplum-
larin mekansal, tarihi, sosyal ve kiiltiirel yasamina dair degerli bilgiler tagimakta,
olugturulduklart donemin mimari tarzina ve insaat teknigine dair bilgiler vermek-
tedir. Bizans Imparatorlugu Donemi’nde insa edilmis kaya oyma yapilar da dahil
olmak Tiirkiye’nin her bolgesinde farkli donemlerde ¢esitli fonksiyonlara hizmet
i¢in olusturulmus yiizlerce kaya oyma yap1 bulunmaktadir. Bunlardan Kirklareli
Kiyikdy’de bulunan Aya Nikola Manastiri, Erken Bizans Donemi’nde insa edilmis
onemli bir kaya oyma yap1 drnegidir. 6. ylizyilda yapilan ve ilk adi1 Ayia Triada olan bu
manastir 1922 yilina kadar aktif olarak kullanilmistir. Yap1 3 nefli, bazilikal planlidir.
Bu yapu tiirliniin plan tipi ve liretim yontemi olarak benzerleri Erken ve Orta Bizans
Doénemi’nde Frigya, Likonya, Kapadokya ve Kilikya’da da olusturulmustur. Kaya
oyma tarihi yapilar oldukea fazla olsa da bu yapilarin incelenmesi ve restorasyonuna
dair ¢aligmalar diger yap tiirleri hakkinda yapilan ¢alismalara gore oldukga kisitli ve
ylizeyseldir. Bu ¢aligmada literatiirdeki bu eksikligin giderilmesine katki saglamak
hedeflenmis ve Aya Nikola Manastiri’nda yapilan ¢alisma sonuglari kullanilarak Bi-
zans Donemi’nde benzer tipte olusturulmus kaya oyma yapilar i¢in kapsamli koru-
ma adimlarinin sunulmasi amaglanmistir. Calismanin yontem asamalar1 manastirin
mevcut durumunun analizini, manastira ait yap1 malzemelerinin fiziksel, mekanik ve
kimyasal 6zelliklerinin belirlenmesini ve koruma 6nlemleri ile dnerilerinin sunularak
calismada uygulanan yontemlerin benzer yapilarda da kullanilabilmesi i¢in temel bir
adim setinin olusturulmasini igermektedir.

Kiyikdy Aya Nikola Manastiri’'nda (KANM) ilk asamada yapilan mimari incele-
meye gore bu yapt Sogucak Kirectagi Formasyonu’nda bulunan masif bir kayanin
oyulmastyla olusturulmus ve bazi tavanlara yigma yapidaki gibi besik tonoz sekli
verilmistir. Manastir, bazilikal planli, ti¢ nef ve {i¢ apsisli bir kilise, ayazma ve mezar
odas1 olmak iizere li¢ ana boliimden olugsmaktadir. Kutsal su igerdigi kaynaklarda
bildirilen ayazmada halen su mevcuttur. Yapinin tek cephesi olan kuzey cephesinde
yigma revaklardan olustugu tahmin edilen ek bir mekéanin izlerine rastlansa da kaya
oyma kisim ve bu alan arasindaki duvarlar yikilmigtir ve kalintilar tam degildir.
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Calisma yonteminin ikinci asamasinda Aya Nikola Manastiri’ndan tas, tugla ve
har¢ Ornekleri alinarak, elde edilen bu orijinal malzemelerin mekanik, fiziksel ve
kimyasal ozellikleri tespit edilmistir. Ayrica Bizans Donemi tuglalar1 ve kaya oyma
yapilar hakkinda daha 6nce gerceklestirilmis benzer ¢aligma verileri ve elde edilen
bulgular kullanilarak sistematik bir karsilastirma yapilmistir. KANM’nin kaya ve
tugla malzemesinin fiziksel, mekanik ve kimyasal 6zelliklerini degerlendirmek i¢in
yapilan deneylerde, kaya 6rneginin disiik dayanimli (~6 MPa), yliksek poroziteli ve
kapiler su emme katsayis1 yiiksek (~10 >3 kg/m*Vh) bir kiregtasi oldugu tespit edilm-
istir. Ayrica, tuglanin basing dayaniminin (~13 MPa) kayaninkinden yiiksek oldugu
ve bu degerin literatiirde Bizans tuglasi i¢in bildirilen ilgili degerlere yakin oldugu
goriilmistiir. Tuglanin da su emme katsayisi ve porozitesi kayaninki gibi yliksektir.

Kayanin kimyasal 6zellikleri X-Isin1 Kirinimi (XRD), X-Isin1 Floresansi (XRF) ve
Fourier Doniistimlii Kizilotesi Spektroskopisi (FTIR) teknikleri kullanilarak analiz
edilmistir. Bu deney sonuglarina gore kaya yiiksek miktarda CaO ve az miktarda
MgO ve Fe O, igeren yiiksek karbonatli bir kiregtagidir. Yapidan alinan harg 6rneginde
gerceklestirilen asit kaybi deneyine gore hargta baglayici/agrega oraninin 1:2 oldugu
belirlenmistir. Bu deneyde harctaki karbonatli agregalarin asitte ¢oziinerek baglayici/
agrega oranini etkilememesi i¢in deney oncesinde bu ¢alismada malzeme eksikligi
sebebiyle gergeklestirilmeyen petrografik analizin de yapilmasi ve bu analizin kayag
iceriginin belirlenmesinde de alternatif olarak degerlendirilmesi 6nerilmektedir. Bu
sonuglara gore tugla ve kaya onariminda kullanilacak malzemenin basing dayaniminin
sirastyla 13 ve 6 MPa basing dayanim degerinde olmasi gerekmektedir. Onarim mal-
zemelerinin toplam porozitesi %34 ’ten az, gergek yogunlugu yaklasik 2.6 g/cm?® ve
su emme katsayisi en ¢ok 10 kg/m*\h olmalidr.

Manastirda yapilan hasar analizine gore striiktiirel olan ve olmayan pek ¢ok hasar
tespit edilmigtir. Striiktiirel hasarlar; parca kopmasi ve yapisal catlaklar, striiktiirel
olmayan hasarlar ise parca kopmasi, kavlanma, kabuklasma, ¢iceklenme, biyolojik
kolonizasyon, lekelenme, erozyon ve asinmadir. KANM’deki ¢atlaklarin depremle-
rden veya kaya olusumundan kaynaklandigi gézlemlenmis olup catlak ve yariklar
bulunan bu yapiy1 saglamlastirmak i¢in 6zgiin malzeme ile uyumlu malzemelerden
yapilmis ek tasiyici yap1 elemanlarinin tasarlanmasi onerilmistir.

Yapisal olmayan hasarlardan en ¢ok goriilen ¢iceklenme ve biyolojik koloni-
zasyonun ana sebebi, yapinin olusturuldugu kayanin iizerindeki toprak tabakasindan
yaptiya gecen nemdir. Bu nem kaynagini kesmek i¢in toprak ve kaya arasina ayirici
tabakalarin tasarlanmasi veya yapi ¢evresine kuyular agilmasi 6ngoriilmiistiir. Biyo-
lojik kolonizasyonda oncelikle kaya yiizeyindeki likenlerin faydali mi1 yoksa zararl
m1 oldugu tespit edilmelidir. Bunlara miidahale gerekliyse su buharli temizlik gibi
geleneksel bir yontem veya temizleyici bakteri ve jeller kullanilabilir. Cigeklenmenin
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Onlenmesi i¢in bu hasara sebep olan ii¢ ana faktorden birinin bertaraf edilmesi ge-
rekmektedir. Kumlama veya lazerle temizleme gibi yontemler bu hasarin sadece
belirtilerini ortadan kaldirmaktadir. Yapidaki su sorununun ¢oziilmesi ile bu zararin
ortadan kaldirilabilecegi, tuz ¢ikarma yonteminin malzemeden tuzu uzaklastirarak
bu hasar1 6nleyecegi tespit edilmistir Yapisal olmayan diger hasarlara ¢6ziim olarak,
yapidaki nem kaynaginin ortadan kaldirilmasi, ylizeyi korumak igin ¢esitli su iticil-
er, emiilsiyonlar, grafiti 6nleyici yiizey kaplamalar1 kullanilmas1 6nerilmistir. Bu tiir
yiizey koruma iiriinlerinin kaya yiizeyine zarar verdigi bircok restorasyon uygulamasi
mevcuttur. Kullanilacak iiriinler segilirken kayada olugacak yan etkiler de g6z dniinde
bulundurulmalidir.

Insan kaynakli hasarlar1 6nlemek igin egitim ve bilinglendirme; mekan iginde
iklimsel etkileri azaltmak i¢in nem ve sicaklik kontrolii ve yap1 genelinde dnleyici
koruma 6nlemlerinin olusturulmasi onerilmektedir.

Kaya oyma Kiyikdy Aya Nikola Manastiri’nin ender goriilen mimari iislubuna ve
0zgilin malzemesine ragmen, bu ¢alismanin yontem ve sonuglari ile benzer 6zellikler
tastyan diger Bizans Donemi kaya oyma yapilarinda da uygulanabilecek kapsamli
bir belgeleme, teshis ve restorasyon yontemi ortaya koymustur. Benzer kaya oyma
yapilarin korunmasi i¢in temel uygulama adimlari olusturulmus ve hasarlar1 gider-
mek i¢in bazi 6nlemler onerilmistir. Sonug olarak, laboratuvarda ve sahada ytiriitiilen
calismalarla, kaya oyma yapilarin korunmasi, saglamlastirilmasi ve gelecek nesillere
aktarilmasina katki saglanmasi amaglanmaktadir.
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Introduction

Millions of rock-cut structures in the world comprise many things about the spatial,
historical, social, and cultural life of civilizations. These structures have been used for
different purposes in countries such as India, Ethiopia, China, Egypt, Cyprus, Iran,
Jordan, Spain, and Italy for thousands of years' . Turkey also has prosperous rock-
hewn structures such as rock-cut temples, tombs and dwellings. During the Byzantine
Period, numerous rock-cut religious complexes and buildings were constructed around
Cappadocia, Phrygia®, Lycaonia®, Cilicia “and in the Black Sea, Central Anatolia and
Marmara Regions. The Hagia Nicholas Rock-Cut Monastery in Kiyikoy, Kirklareli,
which was examined in detail within the scope of this study, is one of them.

Approximately 50 of the hundreds of Byzantine castles and religious buildings in
Turkey are located in the Thrace Region. The locations of 59 buildings built during
the Roman and Byzantine periods are shown in F. 1. Among all these structures, the
Kiyikoy Hagia Nicholas Monastery is one of the significant exemplars of rock-cut
architecture. Although 36 of these structures have completely disappeared, Hagia
Nicholas Monastery is the rare one whose function has not been changed and func-
tional authenticity has been preserved. However, it cannot be used due to the ruined
and damaged parts.

The history of settled life in Kiyikoy (F. 1), formerly known as Midye, dates back
to the Thracians between 3000-2500 BC. The reign of the Roman Empire started in
the 190s BC®. During the Roman period, many religious and military structures were
built in and around Kiyikoy. Hagia Nicolas Rock-Cut Monastery (F. 1) and Midye
Castle are the only surviving structures from that era®.

1 José Maria Fuentes Pardo and Ignacio Caflas Guerrero, “Subterranean Wine Cellars of Central Spain (Ribera
de Duero): An Underground Built Heritage to Preserve”, Tunneling and Underground Space Technology 21
(20006): 477.

2 Seckin Evcim, “Frigya Bolgesi’nde Bizans Dénemi Kaya Mimarisi”, ODU Journal of Social Science Rese-
arch 6/3 (2016): 862.

3 llker Mete Mimiroglu, “Konya’nin Bizans Dénemi Dini Mimarisi” (PhD dissertation, Selcuk University,
2015), 398-420.

4 Ozlem Dogan, “Kilikia Bolgesi’nde Bulunan Bizans Dénemi Kaya Kiliseleri” (MA Thesis, Mersin Univer-
sity, 2021), 23.

5 Feridun Dirimtekin, “Midye Surlar1 ve Aya Nikola Kilisesi”, Ayasofya Miizesi Yilligi - Annual of Ayasofya
Museum (No. 5) (Istanbul: Istanbul Matbaasi, 1963), 47-55.

6 Dirimtekin, “Midye Surlar1 ve Aya Nikola Kilisesi”, 1963, 47-55.
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F. 1: Location of Thrace Region, Kiyikdy and Hagia Nicholas Monastery (The map showing the
castles and temples was taken from Sarioglu)’

Kiyikoy is geologically located in the Sogucak Formation (Kirikkale limestone)®.
The Kiyikoy Hagia Nicholas Monastery was carved into the rock within this forma-
tion. Itis one of the most important monasteries belonging to the Early Byzantine
period in the Thrace Region. According to Dirimtekin’, it has been built during the
reign of the Byzantine Emperor Justinianus (527 - AD 565) in the 6™ century while
Eyice and Thierry' claimed that the church was built between the 7" and 9" centuries.
Also, some indications, details of which are shared below, point out that the structure
was built in the 6™ century.

The Thrace Region, where the monastery is located, is dominated by a continental
climate specific to this region. Winter is cold, precipitation is usually in the form of
rain, and the lowest temperature in Kirklareli since 1959 is -15.8°C and the highest

7 Ozge Ozgiir Sarioglu, “Trakya’da Roma ve Bizans Dénemi Yerlesmeleri, Anitlar1, Erken Cumhuriyet Déne-
minde Koruma ve Restorasyon Modaliteleri Uzerine Bir Aragtirma” (PhD dissertation, Trakya University,
2012), 218.

8 Bala Ekinci Sans, “Kuzeybat1 Trakya’da (Lalapasa-Pmarhisar) Islambeyli Formasyonu’nun ve Bentonit
Olusumlarmin Jeolojisi, Mineralojisi, Jeokimyas1 ve Teknolojik Ozellikleri” (PhD diss, Istanbul Technical
University, 2018), .

9 Dirimtekin, “Midye Surlar1 ve Aya Nikola Kilisesi”, 1963, 47-55.

10 Semavi Eyice and Nicole Thierry, “Le Monastere et Le Source Sainte Die Midye En Thrace Turque”, Cahiers
Archéologiques 20 (1970), 52.
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is 42.5°C". The negative effect of climate on the structure is inevitable in this area
where precipitation is observed approximately 100 days of the year'? and some days
are under the effect of freezing and thawing.

This monastery demonstrates the exceptional architectural style and construction
technology of its period. It has high cultural, historical, environmental, social, and
functional value along with authenticity. However, it is in urgent need of protection
as it is subject to many anthropogenic and natural influences.

This study aimed to constitute an integrated and comprehensive conservation met-
hod proposal for Byzantine rock-hewn structures with the case study carried out on
Kiyikoy Hagia Nicholas Monastery via using the results obtained by determining
the chemical, mechanical and physical properties of the original historical building
materials and the architectural survey that includes the building damages in detail.
Used chemical analyses are X-Ray diffraction (XRD), X-Ray fluorescence (XRF),
and Fourier Transformed Infrared spectroscopy (FTIR). In this context, the study was
carried out in three stages:

. Analysis of the current state of the rock-hewn monastery by survey, diagnosis
of the deteriorations through archive review and observation,

. Determination of the physical, mechanical, and chemical properties of the
main rock and building materials that form the structural system,

. Presenting conservation measures and conceivable safeguarding suggestions
by synthesizing architectural review, damage assessment and the realized mechanical,
physical and chemical test results.

With the method steps described in F. 2, the historical development process of
the building in the architectural context was investigated, the current situation of the
monastery was documented, and a detailed characterization of the building materials
was provided.

11 “Official Statistics / Kirklareli”, General Directorate of Meteorology, accessed June 10, 2023, https:/www.
mgm.gov.tr/veridegerlendirme/il-ve-ilceler-istatistik.aspx?m=KIRKLARELI.

12 “Official Statistics / Kirklareli”.
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F. 2: Method steps (Prepared by authors)

After analyzing the complete set of data, appropriate measures were identified
and broad recommendations were suggested to ensure the complete safeguarding of
structures, such as the Hagia Nicholas Monastery, which possesses significant histo-
rical, cultural, and traditional architectural characteristics. The general overarching
objective is to effectively transmit these attributes to future generations and to strive
for the persistence of their socio-cultural significance and authentic material qualities.

1. Architectural Review

One of the thousands of structures constructed in different plan types during the
Byzantine Period, Kiyikoy Hagia Nicholas Monastery which used to be called Ayia
Triada' has a basilical plan with three naves (F. 3, F. 5). From the 4™ to the 10" centu-
ries, Byzantine masonry religious buildings with three naves and basilical plans were
built in various locations'*. However, rock-cut structures in this plan type are fewer
than masonry examples. There are 11 rock-hewn structures of this plan type in Lyca-
onia's and Cappadocia'® and 5 in Phrygia'’. In Cilicia, there are 3 in the form of rock-
cut and masonry'®. Kiyikoy Hagia Nicholas Monastery is a rare example in Thrace.
Examples of buildings of similar plan types in different regions are presented in F. 3.

13 Sarioglu, “Trakya’da Roma ve Bizans Donemi Yerlesmeleri, Anitlari, Erken Cumhuriyet Déneminde Koruma
ve Restorasyon Modaliteleri Uzerine Bir Arastirma”, 103.

14 Seckin Evcim, “Daglik Frigya Bolgesi Bizans Donemi Kaya Mimarisi” (PhD dissertation, Anadolu Univer-
sity, 2015), 106.

15 Mimiroglu, “Konya’nin Bizans Dénemi Dini Mimarisi”, 329

16 Sue Anne Wallace, “Byzantine Cappadocia: The Planning and Function of Its Ecclesiastical Structures V.II”
(PhD dissertation, Australian National University, 1991), 167-230.

17 Evcim, “Daglik Frigya Bolgesi Bizans Donemi Kaya Mimarisi”, 106-107
18 Dogan, “Kilikia Bolgesi’nde Bulunan Bizans Dénemi Kaya Kiliseleri”, 27.
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(@ (b) © (d)

F. 3: Examples of three-naved basilical plans of Byzantine rock-cut religious structures in (a)
Kiyikoy Hagia Nicholas in Thrace (b) Kayadibi Church 1 in Lycaonia (Mimiroglu, “Konya’nin
Bizans Dénemi Dini Mimarisi”, 326) (c) Durmus Kadir Church in Cappadocia (Wallace,
“Byzantine Cappadocia: The Planning and Function of Its Ecclesiastical Structures V.II”, 411) (d)
Ayazin Church D in Phrygia (Evcim, “Daglik Frigya Bolgesi Bizans Dénemi Kaya Mimarisi”,
144) (Prepared by Serife Ozata)

The architectural and structural features of these buildings are presented in Table
1. In the buildings dated to the Early Byzantine Period, elements such as the ambon
and synthronon are important elements indicating this period!®. The fact that Ayazin
Church D, which does not have such elements, was built in the 10" century supports
this information. The year of construction of Kiyikoy Hagia Nicholas Monastery
which had previously been dated to the 6™ century % has been confirmed based on
similar examples in different regions. In the 3-naved basilica plan-type buildings
in rock-cut Byzantine architecture, regardless of the year of construction, the barrel
vault form was generally preferred and the apse ceiling was built in the form of a
semi-dome (Table 1).

As can be seen from Table 1 and F. 3, the architectural features specific to Kiyikoy
Hagia Nicholas, which are in resemblance with Byzantine religious buildings of the
same plan type in different regions, are explained below.

19 Evcim, “Daglik Frigya Bolgesi Bizans Donemi Kaya Mimarisi”, 107.
20 Dirimtekin, “Midye Surlari ve Aya Nikola Kilisesi”, 1963, 47-55.
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Table 1. The architectural and structural features of Byzantine rock-cut temples with basili-
cal plans in different areas (Prepared by Serife Ozata).
Kiy lkf)y Kayadibi Durm.us Ayazin Church
Name Hagia Church 121 Kadir D23
Nicholas Church22
Region Thrace Lycaonia Capc [i):do- Phrygia
Building
Construction th 5-8th 6th 11th
Century
Apse(number) v(3) Vv(3) v(3) V(3)
Nave(number) v(3) v(3) v(3) v(3)
Narthex v v v X
Corridor,
Architectu- holy
ral Spaces Additional 5P rmg,, Burial Burial cham-
space(s) monk’s Chapel chamber ber
P cell,
burial
chamber
Synthronon v v v X
Other Altar X X v v
Architectu-
ral Parts / Ambon (pulpit) X X v v
Elements Mural painting X v v X
Flat X X v X
Barrel vault v v v v
Form of Groin vault v X X X
Ceiling - —
Dome Semi Dome, semi Semi dome | Semi dome
dome dome

The monastery was actively used until 1922% and it is covered with earth, ve-
getation, and different types of trees. It has one facade on the north and its current
situation was shown in F. 4a. The structure in F. 4b, depicted as an old photo of the
Kiyikoy Hagia Nicolas Monastery in places around the monastery inadvertently and
in a conference paper®, belongs to the monastery of the same name in Mustafapasa,
Cappadocia.

21 Mimiroglu, “Konya’nin Bizans Donemi Dini Mimarisi”, 61-67.

22 Wallace, “Byzantine Cappadocia: The Planning and Function of Its Ecclesiastical Structures V.II”, 409-418.

23 Evcim, “Daglik Frigya Bolgesi Bizans Donemi Kaya Mimarisi”, 106-113.

24 Pantelis K. Lekkos, OI Moveg Tiig Bopeiag Kor Tng Avarolikng Opoxng (The Monasteries of Northern and
Eastern Thrace) (Thessaloniki: Ekdosis Deduni, 1999), 5.

25 Giilsen Erginal, “Kiiltiir Miras1 Turizmi Agisindan Kaya Oygu Aya Nikola Manastir1 (Kiyikdy, Kirklareli)
ve Antropojenik Etkiler”, Proceedings of International Geography Symposium on the 30th Anniversary of
TUCAUM, (Ankara: Ankara University Research Center of Turkish Geopraphy, 2018), 493.
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F. 4. (a) Kiyikoy Hagia Nicholas Monastery facade (Serife Ozata Archive, 2020) (b) Nevsehir
Hagia Nicholas Monastery (1924) (https://mustafapasakapadokya.org/en/yapilar/st-nicholas-
monastery-and-church)

The present basilical plan and cross-section are illustrated in F. 5. The temple was
formed by carving massive rock, and some ceilings were carved as barrel vaults.
Unlike the main rock-hewn structure, the porticoes were constructed of stone and
brick as masonry. The flat brick patterns, which were generally used in the Byzantine
Period and are still found in the remaining masonry on the north. The dimensions of
the bricks could not be determined exactly, but they were in the form of flat bricks in
the vault and the form of rectangular prisms on the walls. Almost all of these masonry
exterior sections were demolished.

One of the three parts of the monastery is the church with apses, naves and a nart-
hex (F. 5). The other section consists of the holy spring and the corridor in the south
of the monastery. The third section is the burial chamber and the monk’s cell.

The main church is on the east side of the narthex. The church has a basilical plan
with three naves and three apses. Of the three apses, the one to the north is destroyed.
The large nave measures 6 X 5 m and the others are approximately 5.75 m x 1.80 m
in rectangular plan (F. 3). The naves end with the apse in the east, and a synthronon
(rows designed for religious officials to sit) can be seen in the apse. There are three
windows in the Byzantine style above these rows. The middle window is round, the
side windows are rectangular and larger than the middle one. All these windows open
to the east entrance. Dirimtekin®® stated that there is an inscription between the win-
dows, but it is not seen currently due to the biological damage. The north wall of the
north aisle has collapsed and its remains are missing. It is thought that this wall may
have been destroyed by an earthquake or since it was built with bricks that are not as
strong and durable as the rock, it was destroyed over time.

26 Dirimtekin, “Midye Surlari ve Aya Nikola Kilisesi”, 1963, 47-55.
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F. 5: The up-to-date plan and section of the monastery (Drawn by Engin Aktiirk and Serife Ozata, 2023)

There is a narthex to the west of the naves. The burial chamber is accessed through
a door on the eastern wall of the narthex. Dirimtekin' defined this door as a window.
The burial chamber measures approximately 4 m x 6.8 m. There is an apse on the west
wall of the room and a total of five niches on the north and south walls. There is a door
opening to the outside between the two niches on the north wall. It is possible to enter
the monk’s cell through the window in the niche on the west wall (F. 5).

The holy spring (ayazma), which is accepted as a source of holy water is on the
southwest side of the church. The holy spring is descended by using the stairs and the
current elevation of it is higher than the original due to the debris inside. The natural
water source is still active and the holy spring is filled with water (F. 6a). There are
semi-domed niches on the side walls of the floor of this space, and arched niches are
lined up on these niches (F. 6b). This place is covered with a dome and it is known
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that there is an angel figure depicted on the dome*’. However, this figure does not exist
in situ, nor does it appear in the engraving by Hell in 1846 (F. 6c¢).

F. 6: (a) Eastern wall of holy spring and debris on the floor and in the eastern niche (Serife Ozata

Archive, 2020) (b) Current situation of the southern niches and wall (Serife Ozata Archive, 2020)

(c) Hell’s engraving of the holy spring as viewed from the southwest of the holy spring (Semavi
Eyice, Trakya’'da Bizans Devrine Ait Eserler, 60.)

There are some remnants on top of the above-mentioned spaces. There were rooms
in the upper northern part of the church according to old figures®, but they do not
exist now.

Over time, the plan and layout of the monastery underwent alterations due to both
natural causes and human-induced effects. In the archival research carried out to un-
derstand the causes and stages of the partially damaged condition of the monastery, a
detailed written source could not be found. From 1846 to 2000, various researchers/
travellers drew up the plan of the monastery. The previously drawn plan sketches and
brief explanations about them are presented in F.7. When these sketches are examined,
it is understood that the northern facade was not destroyed until 1912-1913. Although
some figures are seen in the holy spring in the sketches of Hell and Skorpil seen in
F.7a and F.7b respectively, they are not seen in later drawings. Semavi Eyice sketched
by specifying the destroyed parts in 1969. The structural system and damaged parts in
F.7¢ and F.7d are almost identical to those in the current plan in F. 5. It is thought that
the reason for the damaged parts may have been the earthquake in Edirne in 1953%.
Also, climatic effects, disasters and human-induced damages are other probable rea-
sons for this destruction.

27 Yiicel Yaman, ‘Kurklareli’, Yurt Ansiklopedisi, vol. 7 (Istanbul: Anadolu Press, 1983). 58.
28 Eyice, Trakya’da Bizans Devrine Ait Eserler, 49.

29 The Union of Chambers of Turkish Engineers and Architects, Tiirkiye 'de Deprem Gergegi ve TMMOB Ma-
kina Miihendisleri Odasinin Onerileri Oda Raporu (Istanbul: Ankamat Printing, 2022), accessed October
12,2022, http://www1.mmo.org.tr/resimler/dosya_ekler/8273773702779a0_ek.pdf.
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F. 7: Plan sketches of the Hagia Nicholas Monastery drawn by (a) (Hell Eyice, Trakya’da
Bizans Devrine Ait Eserler, 50), (b) Skorpil (Duman, “Kirklareli ili Vize Ilgesi Kiyikdy Beldesi
Toplumsal Yasami Uzerine Bir inceleme”, 104), (c) Eyice (Eyice, Trakya 'da Bizans Devrine Ait
Eserler, 51), and (d) Sarag (Kocaaslan, “Trakya, Kiytkdy Monografyas1”, 124) in different years

2. Material Characterization

Material characterization is as essential as the architectural survey phase in resto-
ration since it provides detailed information about the building’s original materials.
The properties of materials such as stone, brick, mortar and plaster that constitute
historical buildings should be determined and the main source of the problems should
be examined by analyzing all data for holistic restoration suggestions.

The data obtained as a result of the determination of the original material properties
enable the selection of the correct and suitable repair material and technique for all
kinds of conservation work to be applied in the building. In case of incompatibility,
the original and new materials may damage each other®’. The necessary data for the
similarity and compatibility in physical, chemical and mechanical properties between
the original materials of the structure and the repair materials are provided by the
relevant experiments described below.

The main structural elements of Kiyikoy Hagia Nicholas Monastery are mostly
composed of rocks and partially bricks. Based on visual observations, the main rock is
a beige-light brown type of limestone with low abrasion resistance and high porosity.
The brick was used only at the northern entrance and a small remnant of them are still

30 Maria Stefanidou, Ioanna Papayianni, and Vasiliki Pachta, “Analysis and Characterization of Roman and
Byzantine Fired Bricks from Greece”, Materials and Structures/Materiaux et Constructions 48/7 (2015),
2251-2260, doi:10.1617/s11527-014-0306-7.
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standing. The fallen rock, mortar and brick samples were collected from areas indica-
ted in F. 5 without damaging the structure, and the properties of these materials were
examined. While the samples were taken, care was taken to ensure that they represent
the overall structure. The rock samples were named R1 and R2 (F. 8a), mortar sample
entitled as M1 and the brick sample taken from the entrance was termed as B1 (F.
8b). The mechanical, physical and chemical properties of them were determined by
the following experiments.

F. 8. (a) Location of a rock samples (b) Location of brick and mortar samples
(Serife Ozata Archive, 2023)

2.1. Laboratory Tests and Results

The experiments and results carried out to determine the mechanical, physical
and chemical properties of the stone and brick materials of the monastery are shared
below.

2.1.1. Mechanical and Physical Properties

Apparent and real density, open and total porosity values of stone and brick samp-
les of Kiyikoy Hagia Nicholas Monastery (KHNM) were determined according to
EN 1936, Samples were cut in dimensions of 50 x 50 x 50 mm, and compression
strength tests were performed as stated by TS EN 12390-332. Capillary water absorp-
tion capacities of the samples were found according to methods of TS EN 15801,

The test results of the physical and mechanical properties of brick and rock along
with the related values reported in the literature are shared in Table 2 and Table 3

31 “TS EN 1936: Dogal Taslar - Deney Yontemleri - Ger¢ek Yogunluk, Goriiniir Yogunluk, Toplam ve Ag¢ik
Gozeneklilik Tayini (Natural Stone Test Methods. Determination of Real Density and Apparent Density, and
of Total and Open Porosity)”, Turkish Standardization Institute (2010), 1-8.

32 “TS EN 12390-3 : 2010 AC : Temmuz 2012 Beton - Sertlesmis Beton Deneyleri - B6liim 3 : Deney Numu-
nelerinin Basing Dayanimiin Tayini Testing Hardened Concrete - Part 3 : Compressive Strength of Test
Specimens”, Turkish Standardization Institute (2012), 1-6.

33 “TS EN 15801: Kiiltiirel Varliklarin Korunmasi - Deney Metotlar1 - Suyun Kilcal Emiliminin Tayini (Con-
servation of Cultural Property - Test Methods - Determination of Water Absorption by Capillarity)”, Turkish
Standardization Institute (2010), 1-13 .
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respectively. A systematic comparison with the results of previous studies was carried
out to better understand the material properties.

Table 2. The physical and mechanical properties of Byzantine and KHNM brick (Prepared by Serife Ozata)
Physical Properties
Comp-
Period ressive Real Apparent Total Open
Reference (Year) ca bp P ;
(Century) | strength density density | porosity | porosity Satl(lor/a)t on

MP2) | (gem’) | (gfem’) | (%) (%) ’
Kahya (1992)* 4h-14™ | 16.9-50.2 | 2.62-2.84 | 1.55-1.89 | 23.7-39.0 - -
Cardiano et al. (2004)* | 8" -11® - - 1.52-1.72 | 31.4-42.6 - -
Kurugtl and Tekin 80140 | 7.9-33.0 |2.29-2.68 | 1.33-2.05 - 20.1-47.4 -
(2010)
Stefanidou et al. & 1A
2015 7™M -14 4.50-20.7 1.46-1.84 - - -
Ulukaya et al. (2017)* | 11%-12% | 9.2-11.0 2.60 1,7 353 - -
Cam (2022)* 4h-14% | 4.16-46.1 - 1.17-1.81 | 24.3-56.2 - 70.0-92.0
KHNM 6th 12.8 2.61 1.72 34.2 26.4 77.2

34 Yegan Kahya, “Istanbul Bizans Mimarisinde Kullanilan Tuglanin Fiziksel ve Mekanik Ozellikleri” (PhD
dissertation, Istanbul Technical University, 1992), 61.

35 Paola Cardiano, Salvatore Ioppolo, Concetta De Stefano, Antonello Pettignano, Sergio Sergi, and Pasquale
Piraino “Study and Characterization of the Ancient Bricks of Monastery of ‘San Filippo Di Fragala’ in
Frazzano (Sicily)”, Analytica Chimica Acta 519 (2004), 103—111, doi:10.1016/j.aca.2004.05.042.

36 Sedat Kurugol and Cigdem Tekin, “Anadoluda Bizans Dénemi Kale Yapilarinda Kullanilan Tuglalarin Fi-
ziksel, Kimyasal ve Mekanik Ozelliklerinin Degerlendirilmesi”, Gazi Universitesi Miihendislik Mimarlik
Fakiiltesi Dergisi 25/ 4 (2010), 767-7717.

37 Stefanidou, Papayianni and Pachta, “Analysis and Characterization of Roman and Byzantine Fired Bricks
from Greece”, 2252-2258.

38 Serhan Ulukaya, Afife Binnaz Hazar Yorug, Nabi Yiizer, Didem Oktay, “Material Characterization of Byzan-
tine Period Brick Masonry Walls Revealed in Istanbul (Turkey)”, Periodica Polytechnica Civil Engineering
61/2 (2017), 209-213, doi:10.3311/PPci.8868.

39 Elif Cam, “Characteristics of Byzantine Period Building Bricks Used in St. Jean Basilica (Ayasuluk Hill) and
Anaia Church (Kadikalesi)” (MA Thesis, Izmir Institute of Technology, 2022), 16-96.
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Table 3. Physical and mechanical characteristics of carved rocks and the rock of KHNM (Prepared by Serife
Ozata)

Comp- Physical Properties

i Total -
Reference (Year) str:es::gvt; Real density diﬁ:i?;el(l; / © asi tl; oro Open poro- | Saturation
’ 3 > H () 0

Mpay | (elem) o) v sity (%) (%)
Erguvanli and Yiizer
1977y 5.5 - 1.15 28 - -
Aydan and Ulusay
(2003)" 1.0-10.4 - 1.12-1.43 14.1-37.6 - -
Kagmer and Ulusay
2013)" 3.85-6.32 - 1.19-1.46 19.5-41.1 - -
Ozata and Arun (2018)* | 9.55-31.8 2,3 1.50-1.60 | 29.2-35.3 17.8-24.7 | 57.7-73.8
Siiliiketi (2019)* 1.24-7.93 1.17-1.52 | 29.0-58.0 | 22.6-36.7 -
KHNM 5.8 2.64 1.73 34.6 29 83.8

The apparent density of the rock and brick was found to be about 1.7 g/cm® and the
real density of them was approximately 2.65. Open porosity and total porosity values
of the rock were found to be 29% and 35% respectively. The density and porosity
values of both materials were within the range of the respective values of the mate-
rials in which they were compared. The open porosity of brick is slightly lower than
that of rock. The total porosity values are very close to each other. The freeze-thaw
durability of KHNM rock is low since its saturation, 83.8%, is higher than the limit
value (80%), and this value is also higher than the corresponding value of other rocks
carved for construction. Thus, the probability of freeze-thaw-based damage to the
rock is high. The degree of saturation of the brick was 77.2% (< 80%). Accordingly,
it was concluded that the bricks used in the building were more durable than the rock
under the freeze-thaw effect.

The average compressive strength of the stones was found to be 6 MPa, and of the
brick was approximately 13 MPa. Both compressive strength values coincide with the
values obtained from the literature. According to the International Society of Rock

40 Kemal Erguvanli and Erdogan Yiizer, “Past and Present Use of Underground Openings Excavated in Volcanic
Tufts at Cappadocia Area”, Proceedings of the st International Symposium on Storage of Excavated Rock
Caverns (New York: Pergamon Press, 1977), 31-36.

41 Omer Aydan and Resat Ulusay, “Geotechnical and Geoenvironmental Characteristics of Man-Made Un-
derground Structures in Cappadocia, Turkey”, Engineering Geology 69/3—4 (2003), 245-272, doi:10.1016/
S0013-7952(02)00285-5.

42 Ozgii Kasmer and Resat Ulusay, “Effects of Geo-Engineering Characteristics of the Soft Tuffs and Environ-
mental Conditions on the Rock-Hewn Historical Structures at Zelve Open Air Museum, Cappadocia, Tur-
key”, Environmental and Engineering Geoscience 19/2 (2013), 149-171, doi:10.2113/gseegeosci.19.2.149.

43 Serife Ozata and Emine Goriin Arun, “Damage Assessment of Rock-Cut Ortahisar Castle in Cappadocia
Region”, Gazi University Journal of Science 31/1 (2018), 7.

44 Selma Siiliikeii, “Kapadokya Bolgesi'ndeki Kayadan Oyma Yeralt1 Depolarmim Durayliliginin Degerlendi-
rilmesi” (PhD dissertation, Hacettepe University, 2019), 37-153.
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Mechanics (ISRM)*, the rock of KHNM is in the weak rock group as the rock of
Nevsehir Hagia Nicholas Monastery*.

Capillary water absorption coefficient (WAC) values of the rocks and bricks are
shared in Table 4. According to the WAC values of KHNM rock that vary between
10.2 - 13.2 kg/m\h, it is classified as a “highly absorbent rock™. The WAC value of
the KHNM rock is both close to and lower than the WAC value of previously carved
structures’ rock. The coefficient of the brick was determined as 11.2 kg/m*Vh, and it
is also highly absorbent. The Byzantine bricks were very absorbent, but the KHNM
brick has a lower WAC value compared to them.

Table 4. Capillary water absorption coefficients of the carved rocks and Byzantine bricks
(Prepared by Serife Ozata and Biisra Aktiirk)

Reference Kahya* Ku{}; ﬁ?;;md Stefa;%g)ou ot KHNM
X‘;ﬁn‘;ﬁg icks ]2321738 10.5-34.80 15.78-29.80 1.2
e | Fdnd | Kmrnd | Ol | g
Xgﬁﬁlﬁ)mcks 2219'_63%' 13.70-33.21 8.60-13.60 10.02-13.20

45 Resat Ulusay, The ISRM Suggested Methods for Rock Characterization, Testing and Monitoring:2007-2014,
ed. Resat Ulusay (Cham: Springer, 2015), https:/link.springer.com/content/pdf/10.1007/978-3-319-07713-0.
pdf.

46 Serife Ozata and Emine Goriin Arun, “Damage Assessment of Rock-Cut Ortahisar Castle in Cappadocia
Region”, Gazi University Journal of Science 31 (2018), 8.

47 Siegfried Siegesmund and Rolf Snethlage, Stone in Architecture: Properties, Durability, (London: Springer
Berlin Heidelberg, 2014), 125.

48 Kahya, “Istanbul Bizans Mimarisinde Kullanilan Tuglanin Fiziksel ve Mekanik Ozellikleri”, 59:

49 Kurugol and Tekin, “Anadoluda Bizans Dénemi Kale Yapilarinda Kullanilan Tuglalarin Fiziksel, Kimyasal
ve Mekanik Ozelliklerinin Degerlendirilmesi”, 772.

50 Stefanidou, Papayianni, and Pachta, “Analysis and Characterization of Roman and Byzantine Fired Bricks
from Greece”, 2255-2256.

51 Tamer Topal and Vedat Doyuran, “Engineering Geological Properties and Durability Assessment of the
Cappadocian Tuff”, Engineering Geology 47/ 1-2 (1997), 178-179, doi:10.1016/s0013-7952(97)00017-3.

52 Kasmer and Ulusay, “Effects of Geo-Engineering Characteristics of the Soft Tuffs and Environmental Con-
ditions on the Rock-Hewn Historical Structures at Zelve Open Air Museum, Cappadocia, Turkey”, 159.

53 Ozata and Arun, “Damage Assessment of Rock-Cut Ortahisar Castle in Cappadocia Region”, 7.
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2.1.2. Chemical Properties of The Rock

X-Ray fluorescence spectrometry analysis was performed to determine the che-
mical composition of the rock and the results are shared in Table 5. Accordingly, it
has been determined that the stone contains a very high amount of CaO along with
a little amount of MgO and Fe O, mainly. Hence, the KHNM rock can be classified
as a high-carbonate limestone based on its carbonate while it can be said that it is a
high-calcium limestone according to the classification of limestone structure®.

Table 5: The chemical composition of the rock. (Prepared by Biisra Aktiirk)
Minerals CaO MgO Fe,O SrO RuO CuO
% 95.69 2.00 0.57 0.22 0.70 0.11

In F. 9, the peaks obtained as a result of X-Ray diffractometry are shared. Inter-
national Center for Diffraction Data (ICDD) and some other sources 3 were used for
peak analysis. The rock has abundant calcite (CaCO,) peaks as its main component.
The observed small peaks of magnesite (MgCO,) and chalcopyrite (CuFeS,) confirm
the XRF results. XRD results also approve that the material is limestone.

< C: Calcite (CACO,)
MC: Magnesite (MgCQ,)
CH: Chalcopyrite (CuFeS,)
=
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F. 9: X-Ray diffraction of the rock (Prepared by Serife Ozata and Biisra Aktiirk)

54 State Planning Organization (Devlet Planlama Teskilat1), Sekizinci Bes Yillik Kalkinma Plani, Al¢i-Kireg-
Kum-Cakil-Micir-Boya Topraklari-Tugla Kiremit Calisma Grubu Raporu (Ankara: State Planning Organi-
zation, 2001), 19.

55 Nsengimana Serge, Ashutosh Panigrahi, and Senthil Kumar, “A Comprehensive Study of Crystalline Li-
mestone : A Case Study from Khondalite A Comprehensive Study of Crystalline Limestone : A Case Study
from Khondalite Supergroup Rocks Belonging to Usilampatti Block, Tamil Nadu, S . India”, International
Journal of Basic and Applied Research 8/12 (2018), 575-586; Chaouki Sadik, Omar Moudden, Abdselam
El Bouari, Iz-Eddine El Amrani “Review on the Elaboration and Characterization of Ceramics Refractories
Based on Magnesite and Dolomite”, Journal of Asian Ceramic Societies 4/3 (2016), 219-233, doi:10.1016/].
jascer.2016.06.006.
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In this Fourier-transform infrared spectroscopy (FTIR) graph, in F. 10, prominent
peaks were seen in wave numbers of 712 cm!, 871 em!, and 1391 cm!, respectively.
It is a typical calcite absorption band seen at 712 cm™'¢. The peak around 871 cm™ is
attributed to the out-of-plane bending vibration of CO,**". The peaks seen at appro-
ximately 871 cm™ and 1391 cm™! wave numbers generally represent O-C-O tension
bonds belonging to the v,-CO,* and v,-CO,* carbonate groups, respectively, and in-
dicate the presence of high-carbonate calcite®®. The presence of the main oxide, CaO,
confirms the presence of CaCO, compounds with carbonate phases in the sample.
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F. 10: FTIR spectrum of the rock (Prepared by Biisra Aktiirk and Serife Ozata)

2.1.3. Determination of Binder/aggregate Ratio by Acid Treatment

This experiment aims to determine the aggregate-to-binder ratio of the mortar
sample used between the brick samples. The acid treatment experiment was carried

56 Nikos V. Vagenas, Alexopoulos, Gatsouli, and Christos G. Kontoyannis, “Quantitative Analysis of Synthetic
Calcium Carbonate Polymorphs Using FT-IR Spectroscopy”, Talanta 59/4 (2003), 831-836.

57 Rajeb Salem Hwidi, Tengku Nuraiti Tengku Izhar, and Farah Naemah Mohd Saad, “Characterization of
Limestone as Raw Material to Hydrated Lime”, International Conference on Civil & Environmental Engi-
neering (Kuala Lumpur; EDP Science, 2018), 5.

58 Bo Yuan, Qingliang Yu, and H. Jos Brouwers“Time-Dependent Characterization of Na2CO3 Activated Slag”,
Cement and Concrete Composites 84 (2017), 188—197, doi:10.1016/j.cemconcomp.2017.09.005.
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out according to a recommended method®. The mortar sample was separated into agg-
regate and binder using dilute hydrochloric acid (HCI). The most important assump-
tion for determining the binder/aggregate ratio obtained from acid dissolution is that
the binder exposed to acid dissolves and the silica-based aggregate remains intact as it
will not be affected by acid. If there is carbonated aggregate in the material content, it
will react with acid and the aggregate amount will be low. In similar studies, it would
be useful to perform petrographic analysis, which cannot be done in this study due to
material limitations, and to obtain information about the origin and mineral content®,
then perform this experiment.

50 g of the mortar sample obtained from the monastery was carefully crushed by
hand. HCI (IN) was added and mixed in a magnetic stirrer at 1000 rpm for 60 mi-
nutes. At the end of this period, the remaining aggregate was filtered under constant
pressure with a glass microfiber filter (F. 11a) and then dried at 105 °C for 24 hours.
The dry aggregate was weighed and sieved. Sieve analysis results are shown in F.
11b. As a result of the experiment, the binder/aggregate ratio was found to be 1:2. In
the literature, it is known that the binder/aggregate ratios are in various ratios such as
1:2,2:3 and 1:1 as a result of the analyses carried out on the original mortar samples
taken from the historical buildings built in the Roman, Eastern Roman, Seljuk and
Ottoman periods®'.

59 Caspar Groot, Geoff Ashall, and John Hughes, Rilem Report 28: Characterisation of Old Mortars with
Respect to Their Repair, ( Paris: RILEM Publishing 2004), 1-10.

60 Murat Eroglu, Muhammet Bilgen, Ezgin Yetis, Yusuf Kagan Kadioglu, and Kiymet Deniz, “Archaeometric
Analyses of the Building Materials for the Karabiik Ovacik Cukur Mosque”, Art-Sanat Dergisi 16 (2021),
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F. 11: (a) Acid treatment steps (Taken by Biisra Aktiirk) (b) Granulometry results of aggregate
(Prepared by Biisra Aktiirk and Serife Ozata)

3. Damages and Deteriorations

Numerous environmental and human-induced factors affect historical buildings.
Climate crisis, disasters and anthropogenic reasons such as vandalism, uncontrolled
visits, inadequate maintenance, and inappropriate repair and restoration processes are
among the main causes of historical structure deterioration.

The terms determined by the International Scientific Committee for Stone® were
used while describing the damages. The deterioration and damage in the spaces of the
monastery and the northern facade are shared in F. 12 and F. 13 respectively. Damages
are listed as low, medium and high according to their intensity level in Table 6.

The monastery exhibits structural damages in the form of cracks and fragmentation,
while non-structural damages include spalling, efflorescence, biological colonization,
graffiti and scratches, staining, crust, weathering, and crumbling.

Spalling, efflorescence and biological colonization like algae, lichens and mosses
exist on the ceiling of the eastern entrance. Also, there is graffiti and scratching on
the east and west walls of the (F. 12, F. 13). Staining is partly seen on the northern
and southern walls of the corridor. There is biological colonization on some parts of

62 The International Council on Monuments and Sites / International Scientific Committee for Stone, //lustra-
ted Glossary on Stone Deterioration Patterns (France: The International Council on Monuments and Sites,
2008), 1-85.
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the southern wall that take sunlight. Cracks on the ceiling and floor are shown with
a line in F. 12 and crack on the ceiling are shown with the dashed line. Cracks in the
corridor divide the building into two pieces. The crack widths start at 1 cm, and in
some places, the width extends up to 25 cm and becomes a fracture.

The floor of the holy spring cannot be seen due to water and debris and destroyed
pieces of corner columns. There are structural cracks and fractures on the floor and
ceiling. They caused fragmentation on the eastern wall (F. 12) and at the bottom of
the columns. Biological damages along with staining, efflorescence and spalling are
seen on each wall of the holy spring.

Destruction, spalling and biological colonization are seen on the columns and walls
of all naves. Devastated parts are generally in the north nave. The bottom of the one
column in the north of the nave and some part of the floor is destroyed and fragmen-
ted. There are efflorescence and cracks on the ceilings of the naves. Wild vegetation
exists on the floor (F. 12). Walls and ceilings of the apses have efflorescence, biolo-
gical colonization and scratches (F. 13).
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F. 12: Damages in the reflected ceiling plan of Hagia Nicholas Monastery (Prepared by Serife

Ozata and Engin Aktiirk)
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F. 13: Damages in the section of Hagia Nicholas Monastery (Prepared by Serife Ozata and Engin
Aktiirk)

Table 6: Main deteriorations and damage of the monastery spaces and north facade (+: low, ++: medium, +++:
high) (Prepared by Serife Ozata)

Biological
Coloniza- Staining

Spaces / Efflores- Fragmen- Vanda- Crumb-

Spalling Cracks Crust Erosion

Facade cence . tation lism ling
tion

East Ent-

++ =+ + - ++ + ++ + + -
rance
Corridor - + ++ . + - -+ - - -
Holy spring ++ +++ + + + + ++ + + +
Holy sprin

.y pring ++ - - + ++ - + + + -

stairs
Narthex ++ - - + ++ - ++ + + -
Burial

+ ++ - + + - + + + -
chamber
Monk’s cell ++ ++ - +H ++ + - + ++ +++
Nave ++ - - - ++ + + ++ ++ +
Apse ++ +++ - - + - - + + -
South Nave - ++ - + + N e+ + _ _
South Apse - ++ + - ++ - +++ + - -
North Nave - +++ - +++ - + - + - -
North

++ ++ . ++ ++ + - ++ ++ -
Facade

There are rectangular graves on the floor of the narthex. Eastern and western walls,
ceilings and floors have cracks, biological colonization and efflorescence and scratc-
hes are seen on these walls (F. 12, F. 13).

The thin grave walls in the burial chamber are destroyed and fragmented. Graffiti,
scratches, and efflorescence are seen on the walls together with biological deteriorati-
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ons on the ceiling and floor. Monk’s cell does not have a north wall. All its walls, floor
and ceiling have scratches, spalling and biological colonization. There is the crust and
crumbling on its west wall (F. 12).

The only facade in the north has biological colonization, scratches, graffiti, efflo-
rescence, fragmentation, spalling and weathering (erosion).

4. Material Characterization and Damage Based Conservation Assessment

According to the results of the material characterization experiments, the values
of physical properties and compressive strength of the stones and Byzantine bricks
were consistent with the values in other studies. Thus, it is recommended that the
mechanical and physical of the stones and bricks to be used in the restoration of the
monastery should be close to the original values or compressive strength of them may
be partially higher.

Byzantine bricks and rocks were highly absorbent. Therefore, the capillary water
absorption coefficients (WAC) of the stone and brick to be used in the restoration
should be lower than the current values, both for freeze-thaw resistance and to prevent
water damage. If there are different materials compatible with the original material to
be used, it is suggested to use the material with the lower WAC value.

The main material of the monastery, which was carved into a rock in the Sogucak
limestone formation, is high-calcium limestone. The chemical content of the stones
and rocks to be used in restoration must be compatible with this material.

Since petrographic analysis could not be performed with the acid treatment test,
the binder/aggregate ratio was found to be 1:2 by excluding carbonated aggregates, if
any, in the material. Also, It was determined that the grain size distribution of the CEN
(Commission for European Normalization) standard sand was close to the original
mortar. Accordingly, it would be appropriate to use the binder/aggregate ratio of 1:2
in the mortar to be used in the brick wall restoration of the Hagia Nicholas Monastery
and to use CEN sand as aggregate.

According to the observations made in the rock-cut Hagia Nicholas Monastery, the
most common structural damage is crack and non-structural damages are efflorescen-
ce, biological colonization and graffiti.

The precautions to be taken to reduce the deterioration are summarized as follows:

Structural cracks may occur due to inherent characteristics of the rock, ground
subsidence, excessive load, or earthquake. Two structural cracks in the monastery
divide the structure in two. The reason for these cracks in the monastery may be due
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to rock formation, as in many rock-cut structures or an earthquake. Cracks can also
trigger the mass falling of rock and fragmentation. Various damages around the crack
also increase and expand the crack width. Endoscopic examination, georadar scans
or motion meters can be performed periodically to monitor the structural crack mec-
hanism. If the cracks are moving, additional structural elements made of materials
compatible with the rock can be used. The use of steel materials in rock-cut structures
is not recommended because the thermal expansion coefficients of steel and rock
are quite different®. If an addition is to be made, it should not threaten the historical
building’s authenticity, although it is physically connected to it*. Fragmentation usu-
ally occurs around cracks. Therefore, it is necessary to intervene promptly to prevent
the breakage of parts. In addition, rocks that are likely to break should be dropped in
a controlled manner.

It is noteworthy that since the investigated structure was formed by carving a rock,
any issues associated with the main rock directly impact the structure itself. This par-
ticular issue is unique to rock-cut structures and does not arise in any other structural
systems. Therefore, when developing the proposal, the damage reasons identified in
the first environment, the main rock, and the second environment around the rock
should be taken into account. Since there is a layer of soil on the bedrock, the moisture
in the soil is transmitted directly to the structure. Most of the recommended treatments
for cleaning, consolidation and surface protection without cutting off this humidity
supply will be the act of removing the symptom of the damage. To prevent the struc-
ture from water-induced damage, wells can be drilled around the structure and/or a
waterproof layer created with natural or artificial materials may be designed to block
the permeability of water between the bedrock and the topsoil.

Organisms such as lichens, algae, cyanobacteria, bacteria and fungi proliferate on
the surface of the material at appropriate humidity and temperature and cause biolo-
gical deterioration®. Although they generally cause biodegradation on the rock, some
types of lichens can only reach 1 cm thickness in 300 years®® and they prevent rock
erosion by protecting surfaces from the effects of crumbling, spalling and changing
weather conditions®’. It is not recommended to intervene in lichens that occurred out-

63 Ozata and Arun, “Damage Assessment of Rock-Cut Ortahisar Castle in Cappadocia Region”, 10.

64 Jonathan Letzter, “Additions to Historic Buildings: Between Parasite and Prosthetic Architecture”, Journal
of Architectural Conservation (2022), 1-21, doi:10.1080/13556207.2022.2095803.

65 Georgia Toreno, Daniela Isola, Paola Meloni, Gianfranco Carcangiu, Laura Selbmann, Silvano Onofri, Giulia
Caneva, and Laura Zucconi “Biological Colonization on Stone Monuments: A New Low Impact Cleaning
Method”, Journal of Cultural Heritage 30 (2018), 100-109, doi:10.1016/j.culher.2017.09.004.

66 Tlyas Yilmazer, Saim Kale, and Behi¢ Congar, “The Time Factor Accelerating Deterioration in the Goreme
Historical Site”, The Safeguard of the Rock-Hewn Churches of the Goreme Valley International Seminar
Proceeding, (Rome: A & J Servizi Grafici Editoriali, 1995), 82.

67 Serife Ozata and Emine Gorun Arun, “Damage Assessment for Rock-Cut Dwellings and Warehouses: A Case
Study in Bahceli Village, Cappadocia”, Masonry International 30/3 (2018), 81-90.
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side the structure if they protect the naturally occurring oxidation shells. If lichens are
found to be harmful, these biological formations can be removed by dry ice applicati-
on, laser cleaning or the traditional method of steam cleaning®®. Innovative solutions,
such as using nano-biocide-based intervention materials®, bio-cleaning bacteria™ and
environment-friendly gels’'are also other ways of removing harmful organisms. If
there are wild herbs and grasses on these surfaces, the surface must be completely
cleaned. Herbicides have also been used in the literature’ to remove such plants from
historical buildings.

Although the mechanism of efflorescence is not simple, the occurrence of this da-
mage relies on three fundamental components; soluble-salt, sufficient moisture in the
material and a path for the soluble salts to migrate through to the surface. The moisture
and water retained by the highly permeable building material accelerate this process.
Also, it should be checked whether there are water-soluble nitrate and sulphate salts
in the original and repair materials, and exposure of the materials to water from any
source should be prevented. Although sandblasting, laser cleaning, and chemical-bio-
logical cleaning processes can relieve the symptoms™ of this damage, salt extraction™
can provide a permanent solution as it eliminates one of the components that make
up the efflorescence.

Climatic conditions and fire may cause spalling, staining, crust, weathering and
crumbling. Wetting-drying and freeze-thaw effects are present in the region and the
water absorption capacity and saturation degree of the brick and rock is high. Also,
their strength is low. Therefore, it is expected to observe such damages in the structu-
re. In order to reduce such non-structural damages, sources of moisture in the structure
should be eliminated. Inorganic consolidants, alkoxy silanes or various polymers can
also be used to consolidate the rock™. In addition, various water repellents, emulsions,
and anti-graffiti surface coatings may be used to protect surfaces”. However, in some

68 Ahmet Ersen, “Tag Korumada Son 20 Yildaki Gelismeler ve Yenilikler”, Restorasyon ve Konservasyon
Calismalart Dergisi 10 (2013), 2-12.

69 Javier Becerra, Maripaz Mateo, Pilar Ortiz, Ginés Nicolds, and Ana Paula Zaderenko, “Evaluation of the
Applicability of Nano-Biocide Treatments on Limestones Used in Cultural Heritage”, Journal of Cultural
Heritage 38 (2019), 126-135.

70 Khaled Z. EIBaghdady, Sahar T. Tolba, and Soha S. Houssien, “Biogenic Deterioration of Egyptian Limes-
tone Monuments: Treatment and Conservation”, Journal of Cultural Heritage 38 (2019), 118—125.

71 Toreno, Isola, Meloni, Carcangiu, Selbmann, Onofri, Caneva, and Zucconi, “Biological Colonization on
Stone Monuments: A New Low Impact Cleaning Method”, 102.

72 Giilgin Kahraman and Seden Acun Ozgiinler, “Aizanoi Antik Kentinde Bulunan Odeion Yapisinin Mal-
zeme Ozellikleri ve Hasar Durumunun Incelenmesi”, Art-Sanat 16 (2021), 355-379, doi:10.26650/artsa-
nat.2021.16.0012.

73 “Efflorescence: Cause and Control” Masonry Institute of America, accessed June 08, 2023, https://www.
masonryinstitute.org/pdf/612.pdf

74 Ersen, “Tas Korumada Son 20 Yildaki Gelismeler ve Yenilikler”, 5.
75 Ersen. “Tag Korumada Son 20 Yildaki Geligmeler ve Yenilikler”, 6-12.
76 Ersen. “Tag Korumada Son 20 Yildaki Gelismeler ve Yenilikler”, 8-9.
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cases, the application of a water-repellent substance to the rock surface is generally
not beneficial for the rock and may cause new damage such as spalling and cracking”’.
The adverse effects of such practices can be seen in the restoration practices applied
in Goreme Open Air Museum Sarica Church in Cappadocia.

Human-induced damages such as graffiti and scratches are usually made by uncons-
cious individuals and are sometimes done deliberately. Anti-graffiti surface coatings
can be used to protect surfaces’. Informing the public through awareness training is
essential not only for the preservation of this historical monastery but also for all other
heritage monuments. Also, preventive protection measures such as limiting visitors,
controlling humidity and temperature in the structure may help reduce the damage.

In F. 14, the flow and feedback mechanism of a Byzantine rock-cut structure resto-
ration involves thorough analysis and various experiments. In addition to the experi-
ments performed, petrographic analysis, which enables rock identification and classi-
fication, is a useful alternative to chemical experiments. Additional tests to determine
the type of salt in the material are also proposed to better understand the mechanism
of eftlorescence.
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F. 14: Restoration steps chart of a Byzantine rock-cut structure” (Prepared by authors)

Restoration works cannot be a linear study. Almost every step feeds some others
and provides data for precise and ideal results this fact was confirmed in the result of
Hagia Nicholas Monastery. In all types of repair and restoration works, interventions

77 Eddy De Witte, “Conservation of the Géreme Rock”, The Safeguard of the Rock-Hewn Churches of the
Gdreme Valley International Seminar Proceeding (Rome: A & J Servizi Grafici Editoriali, 1995), 122-123.

78 Ersen, “Tag Korumada Son 20 Yildaki Geligmeler ve Yenilikler”, 9.
79 Petrographic properties could not be determined in this study due to limitations in available materials.
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should be reversible and the materials to be used in restorations must be compatible
with the original material. Mechanical and physical experiments are a must but should
be supported by chemical or petrographic analyses to define materials in detail.

Conclusions

Many Byzantine rock-cut structures with significant universal value are in a state of
disrepair around the world. The aim of this study is to define the diagnosis, repair and
restoration steps that can be applied in buildings of similar periods and types with the
examination, analysis and experiments carried out on the example of Kiyikoy Hagia
Nicholas Monastery (KHNM), which has a basilical plan with 3 naves and was built
in the Early Byzantine Period. The general results obtained from the experimental,
observational and comparative analyses conducted for this purpose are as follows:

. The experiments conducted to assess the physical, mechanical, and chemical
properties of the rock and brick material of KHNM revealed that rock has low strength
and is highly absorbent limestone. Furthermore, it was observed that the compressive
strength of the brick was higher than that of the rock and similar to the values reported
for Byzantine brick in the literature.

. By determining the density, porosity, compressive strength and capillary wa-
ter absorption coefficient (WAC) values of the original materials through physical
and mechanical tests, compatible repair materials that have at least 13 and 6 MPa
compressive strength for brick and rock respectively were proposed. The total po-
rosity of repair materials must be less than 34%, the real density of them should be
approximately 2.6 g/cm? and the WAC of them should be less than 10 kg/m2Vh.

. With the XRD, XRF and FTIR experiments, it was determined that the rock is
high carbonate limestone and its main component is calcite. FTIR method contributed
less in determining the oxides and rock type than XRD and XRF. It was suggested that
petrographic analysis could also be performed instead.

. With acid treatment in mortar it was suggested that the binder/aggregate ratio
of the repair mortar to be used in this monastery should be 1:2 and CEN sand can be
used.

. The building which is the Byzantine-era rock-hewn monastery in the Thrace

region has suffered severe damage. It has been observed that cracks in the KHNM are
caused by earthquakes or rock formation, and additional structural elements made of
compatible materials can be used to strengthen the building that has cracks and frac-
tures. Non-structural damages, especially efflorescence and biological colonization
are caused by moisture of the soil layer above the main rock. In order to cut off this
water source, it was suggested that the separating layers between soil and rock could
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be designed and wells drilled around the structure, which was applied in traditional
methods.

. In biological colonization, firstly it should be determined whether lichens
are beneficial or harmful, and if intervention is necessary, a traditional method such
as steam cleaning or bio-cleaning bacteria and gels can be used. In order to prevent
efflorescence, it was determined that the final solution could be reached by cutting
one of the three main factors causing it, and it was determined that this damage could
be eliminated by solving the water problem in the structure. It was seen that the salt
extraction method would prevent this damage by removing the salt from the mate-
rial. Methods such as sandblasting or laser cleaning were determined to remove its
symptoms.

. As solutions to non-structural damages other than the above-mentioned ones,
it was suggested to eliminate the source of moisture in the structure and to use various
water repellents, emulsions, and anti-graffiti surface coatings to protect the surface.
These repair products must be selected by considering their adverse effects since
there are lots of restoration works where such surface protection products damage the
surface of rocks.

. Education and awareness raising to prevent human-induced damages; humi-
dity and temperature control to reduce direct climatic effects and preventive protection
measures throughout the building are recommended.

Despite the distinct architectural style and unique materials of the rock-hewn Ki-
yikoy Hagia Nicholas Monastery, the results of this study have generated inclusi-
ve findings that can be applied to other rock-cut structures sharing similar features.
Comprehensive documentation and diagnosis methods were carried out on samples
from an Early Byzantine Period rock-hewn structure, based on their suitability for
implementation. Subsequently, a basic but fundamental set of steps for the preserva-
tion of similar rock-cut structures was developed and some damage-remedial mea-
sures were suggested. Consequently, through the work conducted in the laboratory
and on-site, the conservation enhancement of rock-cut structures, and ensuring their
transmission to future generations were provided.
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