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Monuments are structures with historical, archaeological, and cultural qualities. They were not designed or
constructed to be earthquake resistant, and so pose risks to the community and are vulnerable to collapse or
irreversible damage, particularly in seismically active areas. This study conducted a condition assessment of two
different historic buildings to estimate their functional life following an earthquake on Samos Island on October
30, 2020. The study combined laboratory analysis, polarized optical microscope analysis, and FTIR (Fourier

Transform Infrared Spectroscopy) spectral data analysis along with advanced techniques, such as Ground
Penetrating Radar (GPR), thermal imaging, and Resistivity Measurement (RM). The signal and image analyses
demonstrated the successful application of an integrated approach, with implications for protecting the con-
structed cultural heritage for a covering both scientific maintenance and decision making.

1. Introduction

Masonry structures in historic districts are vulnerable to seismic
damage due to alterations over time and both the type and condition of
construction elements. Updating systematic research on constructed
heritage can provide a vast amount of data for identifying recursive
features that may increase vulnerability and damage. The 2020 Samos
Island earthquake in Greece struck with a magnitude of Mw 7.0, causing
damage along the northern Samos coast and major localized damage in
multi-story structures in Izmir, Turkey [1]. The first case study concerns
a building that now functions as a mosque in Izmir’s Urla district while
the second concerns a Protestant church located in Izmir’s Buca district
(Fig. 1).

Earthquakes are cyclical but relatively rare natural occurrences that
can significantly damage living habitats [2]. Turkey is situated on one of
the world’s most currently active seismic zones, namely, the Eastern
Mediterranean. Western Turkey is particularly at risk because of the East
Mediterranean subduction zone [3].

In the majority of studies on seismicity in Turkey, the features of
historical earthquakes are often simply described, as reported in the
national earthquake records. However, it is clear when evaluating
nearby or distant earthquakes that additional factors should be consid-
ered, including as the local geology and tectonics, ground conditions,
the seismic dynamics of the buildings, and the usage of earthquake-
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resistant construction materials. Since not all areas of Izmir city are
equally stable, it is likely that past earthquakes that affected the whole of
the city’s settlements were caused by seismic sources passing through, or
close to the city’s core. The majority of the masonry buildings in the
Izmir region are listed as historical landmarks. Turkey has several his-
toric structures situated in an earthquake-prone areas that could sustain
severe or significant damage in the event of any future earthquakes
[4,5].

Determining the load-bearing capability of old masonry structures is
a particularly challenging issue but an important step in protecting
ancient structures from threats to their structural integrity. In countries
like Turkey, an analysis of seismic risk is also a key part of the process.
To make suitable maintenance judgements, a credible risk assessment
for a historic structure presents various challenges, requiring both
qualitative and quantitative approaches [6]. Qualitative data can be
acquired through inspections of degradation, in combination with flaws,
in combination with relevant literature searches. Quantitative data
gathering, on the other hand, is far more complicated, expensive, and
time-consuming requiring high levels of expertise, and should only be
used if qualitative techniques fail to produce the necessary evidence [7].

Developed societies must preserve heritage buildings for future
generations to consolidate a collective public memory that generates a
sense of belonging via access to cultural assets. [8-10]. Heritage
building conservation involves adequate structural protection,
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appraisal, and monitoring to allow implementation of maintenance
principles. Preservation includes historical, cultural, and engineering
aspects, and necessitates a multidisciplinary and multicultural approach
[7,11]. Historic buildings, such as mosques and churches, are important
historical and cultural markers, and thus of interest to the general
public. Unfortunately, these buildings may be weakened, and even
collapse due to natural processes such as live load vibrations, which
cause damage, including fractures. More specifically, major earthquakes
and high wind loads can severely damage or even bring down tall and
narrow structures such as the minarets of historic mosques and the
towers of historic churches. These taller structures are particularly
vulnerable to excessive tensile strains because mortar is generally the
only element holding their masonry walls together [12-15].

Earthquakes produce additional loading through vibrations and
building components are harmed by the arsing shear strains. Collapse
frequently occurs because masonry, especially when under great
compression stress, has poor resistance to bending and shear. The three
main masonry failure modes are sliding shear failure, rocking, and di-
agonal cracking (Fig. 2) [16-18].

Non Destructive Testing (NDT) methods are extensively used
because they can provide valuable information on a monument’s current
status and response with minimum invasion [19-22]. Each NDT method
has its own strengths and limitations for historic structure diagnostics
and monitoring. A complete methodology should therefore combine
these methods to maximize the data about the building and its pathol-
ogies [23,24]. As established in different case studies [2,3], it is now
common practice to combine NDT for analytical, conservation, and
monitoring dedications, underlining these approaches as the primary
instrument to detect defects before any restoration interventions, and
subsequently, to monitor their effectiveness [26-29]. The process
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includes the use of many different NDT methods, such as laboratory
analyses, polarized optical microscope studies, GPR, resistivity mea-
surement, infrared thermography, and FTIR spectrometry. By
comparing the findings from these different methods, researchers can
develop a precise picture of the ancient building’s structural health
(Fig. 3).

The GPR and RM are two major geophysical methods applied to
historic buildings to determine the causes of subsurface holes, the
magnitude of deformations and fractures in the ground and building,
geometric behaviour patterns, and soil-structure interface and modifi-
cations. GPR technology is commonly used to screen and monitor the
health of historic buildings. 2D resistivity approaches can reveal mois-
ture distributions inside old porous stonework, especially when com-
bined with simulated driving rain [30-33]. Moisture is a well-known
contributor to the degradation of porous stone, therefore, surveys are
conducted before and after simulated rainfall to determine the effects of
soaking and drying.

Historic mortars may contain a combination of aggregates, water,
and binders, usually limestone, and unfortunately, their characteriza-
tion is extremely challenging, and necessitates a lengthy laboratory
experimentation program. There are numerous inherent variables,
which may differ according to their location and age [34,35]. After a
general assessment by visual inspection, laboratory analyses, and NDT
procedures, a low magnification binocular lens was also used in this
study for a more detailed analysis of dispersions or thin sections, using
polarized microscopy.

Historical buildings and monuments degrade over time or may be
severely damaged by natural disasters such as earthquakes. Studies on
historical buildings have variously focused on the following; NDT
methods, experimental studies in laboratories, visual inspection of
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Fig. 1. Locations of the case studies and epicentre of Samos Island earthquake (October 30th, 2020). (a) Case Study 1; (b) Case Study 2.
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(a) (b) (c)

Fig. 2. Masonry wall in-plane failure types typically include: (a) sliding shear failure; (b) rocking; and (c) diagonal cracking [16].
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Fig. 3. Schematic depiction of the Integrated Approach for Historic Buildings after an Earthquake.
structural damage, monitoring of cracks, repairs and additions of the structure is numerical modelling or mathematical modelling, which
building, wall morphology, ground conditions, and architectural fea- takes into account its geometric dimensions, the movement capabilities
tures. The information obtained with the finite element method de- and degrees of freedom of the joints of the supports and structural sys-
termines the type of analysis is performed. The process of defining the tem elements, and the loads acting on the structure,. In Fig. 4, the three-
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Fig. 4. 3D drawing of the Case Studies.
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dimensional images for the numerical models prepared to examine the
earthquake resistance of the Case Study 1 and Case Study 2 respectively,
are shown.

Modern industrial advances have increased the effectiveness of NDT
methods in built cultural heritage preservation, making them key tools
for characterizing materials, detecting wear and degradation, assessing
intervention effectiveness, and evaluating compatible materials and
processes [36,37]. In this study, an additional goal of the on-site ex-
amination was to assess the preservation condition of mosaics, deter-
mine the effects of earlier interventions, and reveal any hidden mosaics
under the outward plastered surfaces.

The infrared spectra of absorption or emission of solids, liquids, or
gases can be measured using an FTIR spectrometer, which gathers wide
range of high-spectral-resolution information. Surface locations in cat-
alysts can be assessed highly effectively using FTIR spectroscopy of
probe molecules since each adsorbate’s spectrum is distinct and highly
reliant on the type of surface bonding to the local environment [38-40].
It is therefore essential to choose the most appropriate probe molecule
because certain probes are likely to bind to particular locations. This
makes identification and evaluation possible based on the absorption
strength.

Integrated approaches have been emphasized for assessing and
monitoring historic structures, including conventional methods locating
flaws and deformities. However, additional laboratory examination is
required for constructional improvements [27,41]. Because of the po-
tential diversity and complexity of materials and structural systems in
these constructions, it is essential to identify the processes and building
materials employed. Using inappropriate materials for interventions can
cause significant structural damage [42,43], therefore NDTs play critical
role [44-47].

2. Historic buildings and Visual Inspection

As previously stated, visual examination is an effective way to assess
the condition of structures; as well as being cost-effective, it quickly
detects visible flaws, including fractures, moisture penetration, and
delamination [48]. However, it provides only limited information, and
should be combined with other inspection techniques for a more
comprehensive review. The two case studies here were subjected to
extensive visual inspection, as detailed in the results section. However,
visual inspection is generally only the first stage in a complete situation
audit, followed by a more in-depth inquiry if necessary. By combining
NDT testing and laboratory inspections, a full evaluation strategy col-
lects both qualitative and quantitative data. These rather costly pro-
cedures, can be justified in terms of time-saving.

2.1. Case study 1- Izmir-Urla Haci Turan Kapan mosque

The first case study was the Izmir-Urla Haci Turan Kapan Mosque
(Fig. 5), a historic Ottoman structure constructed in the mid-16th cen-
tury and then extended on two sides in the 19th century [49]. The
original central part was connected to the new sections via several
arched corridors, built at various times before and after the extensions.
The mosque has a square design with a single dome supported on an
octagonal shaft and composed of cut stone and rubble stone. The sanc-
tuary is illuminated by three rectangular windows at the lowest level
and one on each side of the mosque-mihrab. The three-sectioned tiled
narthex to the north has a minaret whose base extends as far as the dome
pulley. The mosque courtyard was demolished to make way for a road
and square, but the original fountain remains intact next to the road.

Each structural section of the building was visually assessed inter-
nally and externally, revealing that the material used were masonry,
comprising brick, stone, and mortar. Among the defects discovered were
degradation, water seepage, cover delamination, and large zones of
cracking. Delamination-induced degradation was also discovered,
necessitating repairs to the structure’s west facade and the whole
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Fig. 5. Front View of case study 1 building.

ceiling. One very large crack and other deformations can be seen in
Fig. 6.

2.2. Case study 2- Buca Protestant Baptist church

Buca Protestant Baptist Church was founded in 1834 as an inde-
pendent Protestant Anglican church before being rededicated as a
Baptist church. Its original structure was that of a small village church in
the form of a chafel “chapel”. It was renovated following an edict issued
by Abdulaziz, the then Ottoman sultan, in 1865 [50] and used as a place
of worship until 1961. In 1865, it was transferred to Buca Municipality
and used as a wedding hall and cultural centre [51]. In 2001, an
agreement was made to restore the building as a functioning church
(Fig. 7).

The decorative stained glass in the church today is a replacement for
the original, which was moved to Alsancak Church for protection
following social unrest in 1964. A multi-purpose meeting building was
built to the rear in 2004 [51]. The visual inspections did not reveal any
significant cracks or deformations. Fig. 8 shows a few minor cracks and
deformations.

3. Methodology

Extreme caution is required when using intervention techniques to
preserve historical structures, including meticulous documentation of
the structure’s status. In the present study, a combination of laboratory
analyses and ground-based NDT evaluation were used to develop a
unique “integrated” holistic non-destructive technique for structural
monitoring of historic structures. The first section reviews the condition
of the two historic structures following an earthquake, explains key
difficulties in terms of structural behaviour and functioning, and
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Fig. 7. Front View of case study 2 building.

introduces the primary evaluation methodologies for identifying struc-
tural integrity-related issues. The additional methods used were visual
examination, GPR, thermal imaging, and RM, as well as analyses carried
out in a laboratory, using a polarized optical microscope, and FTIR. Due
to the difficulty in determining the accuracy of tomographic pictures,
ERT imaging has some limitations. In high conductivity materials like
clay soils and salt-contaminated soils, the use of GPR is severely con-
strained. Understanding thermal pictures, especially for materials with
erratic temperatures, is difficult, because changing emissivity and sur-
face reflections make it difficult to get accurate temperature measure-
ments. The combined results of these each approaches were used to then
compared to create a highly accurate assessment of the historic build-
ing’s structural condition following the earthquake (Fig. 9).

GPR is sensitive to changes in material composition, but to detect
changes, it requires mobility. With surface-penetrating or ground-
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penetrating radar, fixed objects must be moved to allow the radar to
analyse the targeted region by searching for variations in material
composition. Resistivity measurement (RM) is limited in high-
conductivity materials, such as clay soils and salt-contaminated soils.
Thermal imaging has many limitations, including camera’ difficulty in
penetrating glass because thermal radiation may be reflected off shining
surfaces, and challenges in interpreting images when items are subject to
fluctuating temperatures.

Due to dynamic loadings, such as those caused by wind and earth-
quakes, reinforced concrete buildings require frequent, accurate, and
dependable monitoring. In contrast, historical structures are cultural
heritage assets, and these inherently provide limited opportunities for
sampling or excavating portions for structural examination.

It is important to assess a historic building’s state, particularly if
damaged by a natural disaster, and even more so if there were pre-
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Fig. 9. Methodology for the Integrated Approach with all information.
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existing issues. Thorough knowledge about the building’s pre-existing
state allows for appropriate risk assessment and the adoption of a suit-
able maintenance plan. The structure should be inspected as soon as
possible after an earthquake to verify its safety state. Different meth-
odologies are required for assessing pre-event and post-event safety
situations; the former aims to determine the possible degree of risk
whereas the latter determines the level of harm and any repairs
required.

3.1. Laboratory material analysis

The main aim of this study was to document the building materials
used in the two historical structures. Repairs had been undertaken in
both buildings and their original structures were investigated. The
following analyses, and methods were used to examine them:

e Spot salt-type tests (SOF, CI, PO}, CO%", NO3, NOp)
e Physical tests (hardness, porosity, density, water absorption
capacity)

Structures 50 (2023) 538-560

e Conductometric analysis (total salt dissolved in water test)

Acidic aggregate / binder analysis

e Granulometric analysis in aggregate (particle distribution in
aggregate)

e Petrographic micromorphological thin/bright section optical mi-
croscope analysis

Fig. 10 presents the descriptions of the samples taken from different
locations of the two historical buildings.

The size of the samples taken from two different historical buildings
are presented in Fig. 11.

Analysis was conducted on stone/rock, mortar, plaster, and ceramic
samples (Fig. 11) sampled during fieldwork on 16-17 July 2021. De-
scriptions of all samples taken from the historical buildings are given in
Table 1.

3.1.1. Material analyses
The preliminary and process experiments were conducted either
during sampling in the field or before the laboratory analyses to

Smp-C3

Fig. 10. Stone and rock samples used in the laboratory experiments, and their locations.

544



G. Kilic

Structures 50 (2023) 538-560

rlqllrlanlqlqullr rn|;|||||||||p|1nu|m|’||n|||r r||||

2

cm om

Smp-C1 Smp-C 2

3

Smp-C 3

1III||III|II|l|IIr r““r““r““r““r r|||||||||IlIIFI1I|I||lIII!IIIl|IIr
GENES RN R 1 25 RN 4RRES

cm cm cm

Smp-C 4 Smp-C 5

Fig. 11. Plaster, stone, rock, ceramic, mortar samples.

Table 1

Plaster, stone, rock, ceramic, mortar samples with descriptions.
Specimens  Descriptions
Smp-M 1 Plaster, Over the plant motif from the upper floor east wall
Smp- M 2 Plaster, repair plaster from east of north facade east window
Smp- M 3 Stone, West facade from the upper floor level near the roof
Smp- M 4 Stone, Lower floor entrance from the east wall trench 0.5 m from the

floor

Smp- M 5 Plaster, Over the plant motif from the outside structure roof
Smp-C1 Stone, West facade, near northwest corner at 2 m level
Smp- C 2 Plaster, Front fagade from the level near the roof
Smp-C 3 Plaster, Over the plant motif from the upper floor east wall
Smp- C 4 Stone, West facade, near northwest corner at 2 m level
Smp-C5 Mortar, Joint mortar from the opening in the north wall

determine the natural properties of the materials, and properties ac-
quired due to environmental effects (rain, snow, day-night temperature
differences, air pollution, exhaust gases, etc.). When examining a his-
torical building’s materials (soil, stone, ceramic, mortar, etc.), it is
critical to determine the presence of any water-soluble salts on or in the
body. These tests, which give quantitative values between specific
volumetric limits, are generally used to determine the presence of the
following salts: sodium, potassium and magnesium salts, sulphates,

phosphates, nitrates and nitrites, chlorine and carbonate compounds, etc
[25].

The following spot salt type experiments (SO?{, Cl, PO%’, CO%‘, NOs3,
NO,) were conducted on the stone and ceramic samples (Fig. 12):

o Sulphate experiments (SO3) are used for plasters and mortars,
especially to identify gypsum-containing binders and the effects on
the material of air pollution from flue gases (sulphation).

e Chlorine experiments (Cl) are used to show proximity to the effects
of sewage (cleaning materials) from the interaction of cement-
containing mortars with moisture and in places exposed to sea water.
Phosphate experiments (PO3) reveal animal, plant, and food resi-
dues, found close to waste disposal/outdoor eating areas near or on
the structures themselves, on the material’s surface from sewage
effects, or in the material content due water-based transport of soil
content from the ground to the material. These can be detected at
floor levels connected to the space, in plant-straw found in the top
layer, or in mortars and plasters.

o Carbonate experiments (CO%") identify lime content in plasters and
mortars.

e Nitrite (NO3) and nitrate experiments (NO3) detect the presence of
these compounds in the black layers formed on the material in areas
with intense traffic and air pollution.

Sensitivity of Experiments;
(S0,%): 50 mg/L,

(Cl): 3 mg/L,

(PO,”): 0,100 mg/L,
(CO%): 4mglL,

(NO;): 10 mg/L,

(NO,): 0,025 mg/L

(b)

Fig. 12. (a) Spot salt experiments in the laboratory (b) Sensitivity of experiments list.
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3.1.2. Investigation of acidic Aggregate, binder Analysis, and aggregate
Granulometry

To identify the aggregate and binder parts of the mortar and plaster
samples, the samples were first weighed dry before treatment with dilute
acid (5 % HCI) to remove their binder (all carbonate content; CO%’)
contents (Fig. 13-a).

CO3™ (ag) + 2HCI (o) = CO (g + CI ag + H20 ()

The mortar and plaster samples were separated from the lime to
obtain all the carbonate contents (binder) and aggregate part by filtra-
tion (Fig. 13-b), washing, and drying (Fig. 13-c). These were weighed
again after drying at room temperature to calculate the total binder and
aggregate by weight (% w/w) (Table 4 and Fig. 22). The aggregates of
the samples (except those containing carbonate) were also systemati-
cally sifted to determine the aggregate particle distributions (granulo-
metric analysis) (Table 4 and Fig. 22). This procedure was applied to all
plaster and mortar samples (original or repaired) that responded to this
type of analysis [52].

3.2. Polarized optical microscope analysis

Thin sections of the two case structures were prepared specifically
the stone/rock, mortar, plaster, and ceramic (tiles and bricks) samples
for examination under an optical microscope. Thin sections of the
samples prepared for petrographic micromorphological studies, and also
to show all layers from the material’s surface to the interior. These ex-
aminations were conducted with a LEICA Research Polarizing Micro-
scope Model DMLP top and bottom-illuminated optical microscope
connected to a DFC280 digital camera (in parallel and crossed nicol with
2.5x magnification) (Fig. 14) [53].

3.3. FTIR Spectroscopy analysis

Due to the complexity of FTIR spectral data collecting, basic differ-
ences within samples may go unnoticed, hence feature extraction is
essential (Fig. 15). The findings are more interpretable after using
multivariate statistical analysis to minimize the number of variables
acquired from the IR spectral data. In this study, a combination of
verified and unverified approaches were used [38,39].

The aim of the material investigations of the structures using both
individual laboratory and field analytical methodologies was to identify
the effects of common weather events, such as snow, rain, and tem-
perature change, and air pollution. One procedure detected the presence
of water-soluble salts such as nitrate, nitrite, sulphate, phosphate, car-
bonate, and chloride, as well as their pH levels. This stage was crucial
given the range of materials present, such as stone, earth, pottery, and
mortar [40].

3.4. Resistivity measurement (RM)

To guarantee good contact, resistivity was tested using a Wenner
series, comprising electrodes installed in small, drilled holes in empty

(b)

Fig. 13. (a) Dilute acid purified samples (b) Filtered samples (c) Samples that were washed and dried.
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spaces in the historic structure’s garden. Resistivity (potential differ-
ence) was measured by passing an AC current through the two external
electrodes and monitoring the tension between the two interior elec-
trodes, performed multiple times at various places to increase reliability
[30,31].

In this study, the data gathered using the Multi-Electrode ERT system
(Fig. 16) was processed using Res2D-INV data processing software in the
following ways: colour opacity scan, suitable resistivity scale, bad date
control, Jacobien matrix control, and least square inverse solution
method (3-10 times).

Imaging resistivity colour scale and mean resistivity (MR) values
electrical resistivity testing can be used to detect the heritage area in-
formation, as shown in Fig. 17.

3.5. GPR survey

GPR is a well-known, commonly used NDT for evaluating structural
condition. A transmitting antenna directs electromagnetic waves into
the building, which are reflected back to a receiving antenna. The in-
formation recorded in the pulses is then examined to reveal hidden
characteristics, such as cracks, material layers, delamination, leakage,
and settlement. GPR is invaluable for revealing structural details, such as
the subsurface geometry of the superstructure and the precise placement
of the structural connections [33,54].

The main purpose of the present study was to find hidden cracks or
moisture infiltration. A TR HF type 2 GHz GPR system was used for the
survey (Fig. 18.a). To prepare for the GPR survey, conventional longi-
tudinal and transverse surveys were painted on the surface with a
temporary shadow, ensuring that the whole region was covered and that
the data could be linked to specific locations (Fig. 18.b) [55].

The portable and manoeuvrable GPR instrument used for this work
can record high-quality, densely surveyed data to produce high-grade
tomography and 3D information. D tomography of the subsurface
layers and 3D images of the measured capacity were created using IDS
GRED data inspection software. A single tomographic map of the
building was created by combining the longitudinal and transverse data.

3.6. Thermal imaging procedure

Thermal imaging involves using a thermal imaging camera to mea-
sure the absorption and emission of infrared light by the substance under
investigation. Infrared radiation reveals that changes in sources were
caused by heating and cooling processes triggered by variation in the
ambient air temperature. The wavelength of the emitted radiation
ranges from 0.75 to 10 uym, and is divided into spectrum bands that
include visible light as well as microwaves [20,24]. The size of the
sample determines the amount of radiation emitted. These emissions are
captured by a thermal camera and shown as a coloured image. This
method can demonstrate that a patch of defects between deep cracks is
more vulnerable to temperature fluctuations because of its lower mass
and larger surface area. A thermal imaging camera can use these
response variations to detect the location of specific features. This type
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(b)

Fig. 14. (a) Polarized optical Microscope in use, (b) Polarized optical microscope.

(@)

Fig. 15. (a) FTIR Spectrometer in use, (b) FTIR spectrometer.

of examination can detect temperature changes as small as 0.08 °C, and
is ideal for assessing temperature extremes. However, it should be noted
that the findings can be skewed by wind, intense sunlight, and rain [56].

3.7. Finite element modelling

The purpose of numerical modelling is to determine the actual
behaviour of a part or the whole of a structure, or structural system el-
ements under different loads or conservational effects. The bearing
system of historical buildings and monuments is often very complex,
requiring many simplifications in order to model the building. To ensure
a simple model, it is important to accurately define the mechanical
properties of the materials that make up the carrier system elements [9].

The basic principles of an accurate finite element modelling are as
follows:

- The simplest FE model always produces the greatest accuracy. Avoid
using FE models that are more intricate and comprehensive than is
necessary for the intended use and scope of the calculations.

- All structural effects required for the calculation should be consid-
ered when choosing the size and shape of the elements in the

547

(b)

numerical model. For instance, in the structural analysis of an arch,
the element representing the arch in the model should be chosen to
allow computation of the axial force, shear force, bending moment,
and torsion moment and the section characteristics should be
established such that the results of these values are given. The model
created by dividing a section of a larger model encompassing the
complete structure is insufficient to evaluate the behaviour of an
element or part in detail. For more detailed behaviour, models
should accurately depict boundary conditions and connection
patterns.

The numerical model, also called the Finite Element Model, is ob-
tained by combining finite elements to reflect the behaviour of the entire
structure. In finite element analysis, the most important factor is the
individual behaviour of the elements that make up the model, followed
by the behaviour of the entire numerical model [10].

Numerical modelling or mathematical modelling refers to the pro-
cess of defining the structure, taking into account the geometric di-
mensions of the structure, the movement capabilities and degrees of
freedom of the joints of the supports and structural system elements, and
the loads acting on the structure. Fig. 19 shows the numerical models
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Fig. 16. Ambergeo brand’s Mangusta TMG 255 E model multi-electrode (48 electrode capacity) resistivity tomography device.
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Fig. 17. Resistivity colour scale and mean resistivity (Qm) values used in imaging.

(a) (b)

Fig. 18. (a) TR HF GPR antenna, (b) GPR in use.
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Fig. 19. Mesh of the Case Studies ANSYS model [14].

prepared to examine the earthquake resistance of the Case study Mosque
and Church, respectively.

The behaviour of a relatively small portion of the material, often
known as the differential element, determines assumptions about the
mechanical characteristics of the construction material.. This differen-
tial element is used to produce the material model, which considers the
stress—strain characteristics of the construction material. To construct an
appropriate numerical model, it is crucial to thoroughly research the
behaviour of both the material, and the individual components.

FEM modelling of structures is very challenging in structural analysis
programs, and due to the church’s detailed and complex structure,
rather than modelling the whole structure, it was decided to model the
main entrance and side combined structures separately. Linear and non-
linear analyses of the three-dimensionally modelled structure under
static and dynamic loads are shown in the section 4.7. In the Fig. 20
below, some analyses for the main entrance and side combined struc-
tures are shown as examples.

4. Results
4.1. Laboratory material analysis results

4.1.1. Spot salt type Experiment results

All the examined stone samples of the two case study structures were
acidic (pH < 7), with pH values between 6.51 and 6.96 while the
ceramic samples had a pH of 6.39. Stone samples produced more ho-
mogeneous pH values than ceramic samples. The brick sample from the
case study 1 was notably acidic (Smp-M 4). Salt content analysis showed
that stone and ceramic samples had high salt levels while the ceramic
samples with high chlorine content also contained dissolved carbonate.
Sulphation results in the stone and ceramic samples depended on the
location, with higher sulphation in samples showing the salt effect of
cement-containing repair plaster.

The water-soluble salt contents and types and the ambient pH values
of the stone and ceramic (tile and bricks) specimens are given in Table 2.
The amount of water-soluble salt (total) contained in the structure
(pores) of the stone and ceramic (tile and bricks) materials in the
structures studied was determined quantitatively (Table 3 and Fig. 21).

To determine the total salt levels, the samples were kept in 100 ml
distilled water for 24 h before recording the salt content using a mode
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A

Fig. 20. Mesh of the split view Church ANSYS model [14].
Neukum Serie 3001 conductometer.

4.1.2. Acidic Aggregate, binder Analysis, and aggregate Granulometry
results

The aggregate and binder contents of the mortar and plaster samples
could not be determined solely by acidic analysis, because, in addition to
the lime, the carbonate-containing materials in the structures were pu-
rified with a binding function in mortars and plasters. Therefore, all
carbonate-containing material purified by the acidic method was
considered as a binder.
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Table 2

Spot Salt Type Experiment Results.
Specimens Nitrite (NO3) Nitrate (NO3) Phosphate (PO} Carbonate (CO3" Sulfate (SO3" Chlorine (CI") pH
Smp-M 1 0,050 10 0 NONE 200 3 6,69
Smp-M 2 0,075 25 0,200 LITTLE 200 60 6,57
Smp-M 3 0,025 10 0,100 LITTLE 400 18 6,78
Smp-M 4 0,025 10 0 NONE 400 6 6,86
Smp-M 5 0,025 10 0 NONE 400 6 6,86
Smp-C 1 0,050 10 0 NONE 400 3 6,65
Smp- C 2 0,050 10 0 NONE 200 3 6,51
Smp-C 3 0,025 75 0 LITTLE 200 250 6,39
Smp- C 4 0,025 10 0 LITTLE 400 60 6,92
Smp-C5 0,025 75 0 LITTLE 200 100 6,96

Table 3 The total aggregate and binder ratios were determined using the
able

Total Salt Dissolved in Water (SS%).

Samples Total Salt (%)
Smp- M 1 1,52
Smp- M 2 0,68
Smp- M 3 1,07
Smp- M 4 1,52
Smp- M 5 1,53
Smp-C 1 1,84
Smp- C 2 1,12
Smp-C 3 1,79
Smp- C 4 0,84
Smp-C5 1,43

acidic treatment (Table 4 and Fig. 22).

4.2. Polarized optical microscope analysis

All samples were examined for textural, mineral type, condition,
distribution, and particle size by petrographic thin/bright section opti-
cal microscope analysis. It was found that micro-fractures, cracks, and
voids in the stone samples had been filled with recrystallized calcite.
This substance had a structure that was low quality fired (800 °C) and
low porosity (3 %), applied without sieving, homogeneously distributed,
and with an angular fractured, ground, and coarse aggregate content
(matrix total aggregate ratio = 30 %). The matrix contained quartz,
calcite, limestone, and plagioclase, reflecting the local geology (Fig. 23).

4.3. FTIR Spectroscopy analysis

The rough surface layer of each ceramic fragment was scraped away

Samples of Historical Buildings, Conductometric Samples [Determination of Total Salt Dissolved
in Water (%SS)]
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Fig. 21. Samples of Determination of Total Salt Dissolved in Water (%SS).
Table 4
Acidic Aggregate / Binder Analysis and Aggregate Granulometry.

Samples Binding (%) Agrega (%) <63 pm 63-125 pm 125-250 pm 250-500 pm 500-1000 pm greater than1000 pm
SMP -M 1 15,62 84,38 0,99 3,43 6,13 14,11 28,11 47,23
SMP -M 2 9,66 90,34 1,39 3,97 6,94 14,64 30,53 42,53
SMP -M 5 7,19 92,81 1,21 2,22 8,04 8,37 17,85 62,31
SMP -C 2 16,24 83,76 1,67 3,99 6,51 15,19 28,12 44,52
SMP -C 3 11,42 88,58 0,94 3 7,07 22,82 36,66 29,51
SMP -C 5 16,58 83,42 1,91 4,37 7,59 13,78 18,63 53,73
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Fig. 22. Mortar and Plaster Samples of Acidic Aggregate / Binder Analysis.
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Fig. 23. Thin / Bright Section Polarized Optical Microscope Analysis.

to provide a smooth surface for FTIR spectroscopic examination. It was
then washed with alcohol before a 1 mg sample was scraped. Based on
the IR spectra, the samples had varying quantities of calcite (about 1150
cm!) and quartz (596, 625, and 656 cm'). Some samples included
gypsum (ca. 2820, 3315, 1156, 1108, 640, and 618 em™) or large
amounts of calcite (ca. 2820, 3315, 1156, 1108, 640, and 618 cm™1).
Fig. 24 shows that the FTIR spectra for the interior and exterior surfaces
of various samples varied. It shows the FTIR spectra of the sections with
high calcite and gypsum levels, as well as revealing discrepancies be-
tween the exterior and the insides.

Previous investigations found that a range of old structures had
comparable amounts of plant- and mineral-tempered stone in all sam-
ples [38]; in our investigation, in contrast, the top layers, contained far
fewer mineral-tempered stone samples. The voids in the cross divisions,
as seen in Fig. 24, suggest the use of organic temper. For mineral ma-
terials, coarse calcite grains may have been added to the clay raw ma-
terial [39]. The analysis of the stone samples suggests that, these
granules are either conventional, for example, carbonate sand, or pur-
posely extracted from the stone samples, for example, by fracturing
carbonate rocks or calcite veins.

4.4. Resistivity measurement (RM)

The data processing required the detailed evaluation of all data
captured in the analysis. Based on the colours in the Colour Scale used in
the RM result views acquired, and the resistivity values represented by
these colours, it is possible to divide the colour scale as shown in Fig. 25.
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4.5. GPR survey

The GPR scan of the two case study buildings provided the central
cross-section of the radargram, displayed in Fig. 26. This clearly shows
previous faults and material alterations. After a more individualized
profile processing phase, spots in the data with strong reflectors were
manually identified as areas of coarse fill materials inside the structure.

As Fig. 26 shows, the GPR receiving antenna recorded many radar
rebounds, which risks have limiting and disguising the anomaly signals;
nevertheless, the layers and sites where moisture infiltration caused
damage are clearly distinguished. The case study 1showed differences in
the facade’s masonry with the inner and outer stone faces hiding a
rubble core in the investigated section. The inconsistencies in the ashlar
face described in the case study 2 was probably caused by cracks, voids,
or poor mortar.

4.6. Thermal imaging

Thermal imaging inspection revealed concrete deterioration, cover
delamination, water seepage, and significant fractures.

Thermal imaging also revealed the case study 1 and 2 mural’s
delamination and objectivities. The presence of stored heat (Fig. 27)
suggested that splits had occurred within the cracks in this area,
requiring immediate repair to avoid further deterioration or even irre-
versible damage.
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Fig. 24. FTIR Spectra of the samples.

4.7. FE modelling results

The proper evaluation and comprehension of the calculated findings
will be aided by a well-organized presentation of the results. There are a
great many degrees of freedom in a medium-sized finite element model
of a historic structure, and it is difficult to simultaneously analyse all
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results in a single file. The deformations of the finite element model
created for structural analysis under applied loads provide the clearest
explanation of the calculation results and the behaviour of the structure.
Fig. 28 depicts the altered state of the Church and Mosque case study,
which was examined using the finite element approach.

Finite element computer programs display shear stresses,
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Fig. 25. Resistivity measurement (RM) results.

compressive and tensile stresses with colour contours, and this allows
easy identification of the areas of the building posing a bearing capacity
danger in the face of earthquake or other load effects. If necessary, more
detailed calculations for these regions can be made with the previously
mentioned micro modelling method.
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5. Discussion

This study examined the status of two historic structures in western
Turkey following an earthquake on Samos Island in Greece. In the
absence of blueprints or other documentation, structural evaluations
were needed to assess their current state. This was achieved by
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Fig. 26. Processed GPR Radargram Data and Possible Interpretations.

combining data from the following inspection methods: visual inspec-
tion, GPR, RM, and infrared thermography, laboratory analysis, polar-
ized optical microscope analysis, and FTIR. These combined approaches
created a comprehensive view of the current state of the two buildings,
to inform judgments on necessary corrective work [40,54].

The findings highlight the need for a multi-disciplinary approach to
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such surveys, especially in the case of structures with little or no struc-
tural record. The variety of methodologies available undoubtedly in-
creases the complexity of assessment; however, the strategy used in this
study shows that this complexity can become manageable using a
combination of NDT and other analyses eliminating the need for further
tests [25,27,36].
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Fig. 27. Thermal imaging results.

In this study, laboratory analysis was used to determine the water-
soluble salt types (nitrate, nitrite, sulfate, phosphate, carbonate, and
chlorine) and the pH values of the stone and ceramic (tile and brick)
specimens sampled from the two case study structures. The samples
were all acidic (pH 7) in nature. The conductometric analysis revealed
greater salt content in the ceramic samples than the rock/stone samples.
The aggregate structure in the lower-layer plaster samples was more
homogenous than in the upper-layer samples, demonstrating changes in
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the contents of the upper-layer plaster over time. All samples were
analysed for texture, mineral type, condition, distribution, and particle
size using a petrographic brilliant thin-section optical microscopy.
Petrographic analysis was used to identify stone and ceramic materials
within the structures, as well as the aggregate and binder composition of
the mortars and plasters, and their structural qualities [48].

The petrographic analysis of the formation sources of the rock and
stone samples revealed very uniform micritic limestone, typical of the
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Fig. 28. Maximum stresses developed at the walls of Church and Mosque in coloured contours.

local formation in Izmir and its surroundings. The limestone used in the
construction therefore certainly originated from Izmir region. Thus, for
stone repairs, rock of the same type, texture, and petrographic properties
should be obtained from sources local to Izmir. For restoration, it is
recommended that locally-sourced equivalent rock samples (travertine)
should be obtained, and subjected to petrographic analysis to ensure
that their properties match those in the original structure (Fig. 29) [57].
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6. Conclusions

Following the Samos Island earthquake in 2020, this study examines
the role of innovative NDT in the identification of the structural condi-
tion of two historic buildings in western Turkey. The results contribute
significantly to our understanding of the conservation of cultural heri-
tage, thereby supporting its long-term preservation.

This earthquake’s high dynamic load provided an opportunity to
evaluate the seismic performance of various structures in Izmir prov-
ince. The key feature of the earthquake was the strength of ground
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Volcanic - Mesozoic
Granitoids

Mafic - Ultramafic Rocks
Metamorphites

Fault and Thrust

Fig. 29. Formation sources of rock and stone in Turkey [57].
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vibrations which affected soft ground more than 70 km from the epi-
centre. The damage varied across comparable structures exposed to
identical ground motion levels [1-4]. This study focused on the specific
effects of this earthquake on two historic structures, using sophisticated
NDT evaluations and laboratory studies. Fortunately, neither historic
building collapsed or sustained substantial damage, unlike several other
structures in the region. Given the present level of earthquake risk, these
other damaged structures failed to meet the existing seismic safety re-
quirements as stipulated in regulations. Thus, the earthquake’s different
effects highlights the dangers for weaker structures, and underlines the
urgency of taking action to improve their condition to ensure their
future safety.

Structural health assessment has become a major focus of structural
engineering due to recent advances in NDT equipment, data processing,
and structural identification. Although the technical development of this
approach is still in its early phases, there are clear indications that
structural health assessment will soon supplant traditional constant
conservation strategies [20, 22, 27,]. Currently, following an earth-
quake, a standardized structural health assessment is generally preferred
due to its low intrusiveness and widely-accepted destruction assessment
capabilities. Nonetheless, it is well recognized that such approaches are
unable to fully identify local defects, which, regardless of size, may
nevertheless affect structural rigidity. Recent studies have therefore
recommended the adoption of integrated monitoring systems, in which
data from multiple NDTs are analysed simultaneously to produce a
complete structural evaluation. Despite significant advances in these
systems, practitioners continue to face considerable challenges in
practical application. This study describes the application of various
NDT solutions and laboratory analyses that can reduce these challenges,
as well as proposing methodological and scientific improvements for
long-term structural health monitoring.

The first inspection discovered significant cracking and other prob-
lems while further investigation using GPR and RM revealed more
detailed information concerning cracks, wetness, and identifiable soil
layers in various locations. By combining GPR, RM, and intrusive
testing, it was possible to identify the areas of greatest risk of water
infiltration. Finally, infrared thermography from a distance allowed the
detection of deterioration locations, such as significant sub-surface
cracking and detachment pieces in the mural areas. This combination
of methods ensured quick feedback, allowing real-time decision-making.

Both buildings have an unsymmetrical, elongated construction style.
In the analysis of the mosque structure under its own weight, it has been
determined that the maximum vertical displacement occurs in the
dome’s central section. For the church structure, in the earthquake an-
alyses in the y and z directions, high stress values were found only at the
arch end regions. In the stress analyses, stress levels approach the
boundary stress values in the regions where the load is transferred to the
walls in the sections of both the mosque and the church. It has been
determined that, in these regions, additional stresses will cause exces-
sive boundary stress values, creating risk. This integrated strategy makes
it, possible to find ways to greatly reduce the impact of masonry
degradation and aging on the mosque and church structure’s ability to
support its own weight.

Experimental, in-situ, and laboratory studies have shown significant
variation in the physical and mechanical characteristics of ancient ma-
sonry, for example, inside a masonry wall or a masonry pier, and
therefore, it is difficult to determine the load-bearing capacity of these
historic masonry structures. This is because of the heterogeneity of
masonry, the variability of the properties of its various components,
irregularities in its execution, moisture distribution, or level of degra-
dation, as well as the dispersion of values obtained by diagnostic
methods of the detection of compressive strength of masonry units and
mortars. The issue of ultimate or acceptable load-bearing capability
become important in cases of severe masonry degradation, rebuilding
entailing a change in loading, or significant interventions made to
existing masonry. For structural engineers and academics, this research
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contributes to the body of knowledge on our understanding of ancient
structures’ behaviour in terms of their functionality, stability, and
durability (Fig. 30).

The FEM results of laboratory analysis can be combined polarized
optical microscope analysis, FTIR spectral data analysis, and advanced
techniques such as GPR, thermal imaging, and RM. These combined
results imply that that primary steps in maintaining the condition of
built masonry are proper maintenance, preventive measures, and
monitoring. This combined method could lead to the substantial
reduction of the impact of masonry damage and aging on the structure’s
ability to support loads [58,59]. Following a thorough analysis of the
Church and Mosque case studies, the following primary findings about
mechanical characteristics can be drawn:

e The decay and aging of brickwork masonry significantly impact the
mechanical qualities of both church and mosque masonry elements,
as well as masonry as a composite material. Moisturizing, capillary
rise, and freezing-thawing cycling were likely the most potent factors
accelerating masonry degradation in both case studies.

Prior to using more invasive procedures to assess mechanical quali-
ties, a thorough inspection of the built-in masonry components is
required. It is important to consider the amount of water that can be
absorbed by a specific type of brick used in the masonry when
evaluating the structure’s moisture content.

The intruding water causes the mobilization and production of salts
due to capillary rise and moistening. Salts are potent destructors that
can damage porous building materials by processes such as osmosis,
hydration, differential thermal expansion, and crystallization. Any of
these processes can greatly influence characteristics of the mortar
and masonry bond. In damp conditions, the masonry’s modulus of
elasticity is quite low, comparable to that of saturated sand.

The structural components of the two historic structures were
damaged to varying degrees, as indicated by the building materials
(laboratory and NDT tests). Also, recent repairs to the structures used
inappropriate materials (mortars and plasters containing cement). Based
on the identification of original mortar and plaster samples, the
following recommendations can be made for the repair process:

e Lime mortar should be used for joint repairs and crack filling in the
building’s facade masonry. This should contain 25 percent lime by
weight, 45 percent toothed/fractured, sieved, washed, with an
aggregate distribution consistent with the original mortar (39
percent max. 1-2 mm coarse, 60 percent 63-1000 m grained silt/
sand, and 1 percent). The recommendation is for lime mortar with a
silt/clay combination with 63 m grains at a rate of 63 m) and rock-
free aggregate with carbonate content, crushed and sieved lime-
stone fragments at 20 percent, and brick fragments at 10 percent. In
terms of strength, the use of broken bricks is completely adequate in
internal plasters and in external mortars, but organic additions in the
original mortar are not advised.

e It is not recommended to use of cement-containing materials (clas-
sical, white, or all types of pigment-coloured cement) at any stage in
the repair of mortar and plaster components. Trial applications
should be conducted and monitored to check whether the newly-
introduced mortar and plaster contents are compatible with the
original material.

To the best of the author’s knowledge, this is the first study of its
kind. Hence, it makes a substantial contribution to the field, specifically
by showing how a structural evaluation method integrating a limited
selection of tests can provide consistent information on both visible and
hidden faults affecting the integrity of historic structures. This technique
provides highly reliable information regarding concealed features,
allowing appropriate maintenance programs to be developed in the
absence of original construction documents. The multidisciplinary
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Fig. 30. Integrated approach on the Church and Mosque case studies.

approach implemented enables an extensive evaluation of the structural
health and future needs of historic structures, with great potential for
use in similar circumstances. Thus, the study makes a significant
contribution to the body of knowledge, particularly to specialists’
operational information regarding historic building stability and
durability.

The structural components of the two historic structures were
damaged to varying degrees, as indicated by the building materials
(laboratory and NDT tests). Also, recent repairs to the structures used
inappropriate materials (mortars and plasters containing cement).
However, identification of original mortar and plaster samples can guide
the repair process, leading to following recommendations:

e Lime mortar should be used for joint repairs and crack filling of the
building’s facade masonry. This should contain 25 percent lime by
weight, 45 percent toothed/fractured, sieved, washed, with an
aggregate distribution consistent with the original mortar (39
percent max. 1-2 mm coarse, 60 percent 63-1000 m grained silt/
sand, and 1 percent). The recommendation is for lime mortar with a
silt/clay combination with 63 m grains at a rate of 63 m) and rock-
free aggregate with carbonate content, crushed and sieved lime-
stone fragments at 20 percent, and brick fragments at 10 percent. In
terms of strength, the use of broken bricks is completely adequate in
internal plasters in external mortars, but organic additions in the
original mortar are not advised.

The use of cement-containing materials (classical, white, or all types
of pigment-coloured cement) is not recommended for any stage in
repairing mortar and plaster components. Trial applications should
be conducted and monitored to check whether the newly-introduced
mortar and plaster contents are compatible with the original
material.

To the best of the author’s knowledge, this is the first such of its kind.
Hence, it makes a substantial contribution to the field, specifically by
showing how a structural evaluation method integrating a limited se-
lection of tests can provide consistent information on both visible and
hidden faults affecting the integrity of historic structures. This technique
provides highly reliable information regarding concealed features,
allowing appropriate maintenance programs to be developed in the
absence of original construction documents. The multidisciplinary
approach implemented enables an extensive evaluation of the structural
health and future needs of historic structures, with great potential for
use in similar circumstances. Thus, the study makes a significant
contribution to the body of knowledge, particularly to specialists’

operational information regarding historic building stability and
durability.
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