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Abstract In the cultural stone heritage, progressive deteriorations develop over time with
the effect of atmospheric processes. These deteriorations can reach to a significant degree
that threaten the integrity of the monuments built from weak-strength rocks. In this study,
it is aimed to determine the deteriorations caused by atmospheric processes on the monument
surface in cultural heritage works built by carving into low-strength pyroclastic rocks by non-
destructive tests (NDTs). To this end, two historic structures in the Kilistra Ancient City of Ko-
nya (Turkey) were selected. The index, strength, mineralogical and petrographic properties of
the rocks, in which the monuments were carved, were first investigated. Then, contour
scaling, crack, efflorescence and biodeterioration types were determined on the facades of
the monuments. Later, NDT deterioration change maps were prepared based on the data ob-
tained by performing the relative humidity, Schmidt hammer rebound (SHR), and P-wave ve-
locity (Vp) measurements on the facades of the monuments. In the deterioration maps, it
was determined that the SHR and Vp values of the rock were low in the capillary, infiltration,
and crack zones with water penetration in the monuments built on low-strength pyroclastic
rocks. However, deterioration was less in the regions with more limited water access according
to zones.
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1. Introduction

The adventure of the use of rocks that are widely spread
around human beings, starting from the ax as a defense
and/or war tool, has evolved into a work of art sculpture.
However, from past to present, rocks have remained as one
of the main materials used in the construction of buildings
for protection, living, and worship purposes. The cultural
heritage created from rocks is directly or indirectly
affected by atmospheric processes, which results in
changes in their textural, physical, and strength properties
(Fener and _Ince, 2015; _Ince et al., 2018). In line with the
extension of the period of being affected by these pro-
cesses, damages may reach alarming levels. The detection,
identification, and evaluation of damage to building stones
over time and measuring and classifying the amount of
damage are among the measures for the effective and
economical conservation of monumental works. Deter-
mining the amount of deterioration of the building stones of
the monument and preparing deterioration maps for the
monument are an innovative damage assessment method.
Non-destructive tests (NDTs) have started to be used as an
important method in determining the amount of deterio-
ration of monuments (Fais et al., 2017).

While researchers initially investigated deteriorations in
the monuments built from building stones using a single
NDT method (Christaras, 1997; Christaras et al., 2015;
Hatır, 2020; Jo and Lee, 2014; Mol and Preston, 2010), then
deteriorations in the monuments were investigated using
several NDT methods together (Bozda�g et al., 2020; Fais
et al., 2017; Fort et al., 2013; Hatır et al., 2022; _Ince
et al., 2018; Kilic, 2015; Korkanç et al., 2019; Tosunlar
et al., 2020; Valero et al., 2019; Wu et al., 2021) (Table
1). Christaras (1997) stated that the P-wave velocity can
be used to determine the depth of the deterioration sur-
face of the building blocks. Some researchers have re-
ported that the P-wave velocity test results gathered from
stone monuments can provide important information for
the determination of deterioration and consolidation
studies in these monuments (Christaras, 1997; Christaras
et al., 2015; Hatır 2020). Jo and Lee (2014) presented
that using infrared thermography, it is possible to quickly
and quantitatively determine the deterioration zones and
the relative degree of deterioration in monuments. Mol and
Preston (2010) emphasized that the electrical resistivity
tomography method could help to understand the water
content and degradation process in monuments. Kilic (2015)
used ground penetrating radar and infrared thermography
in a historic masonry school to reveal significant cracks and
other defects in various parts of the monument. Some other
researchers declared that the interpretation of the dete-
rioration map and NDT data together gives more accurate
results (Bozda�g et al., 2020; Hatır et al., 2022; _Ince et al.,
2018; Tosunlar et al., 2018, 2020). Korkanç et al. (2019)
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expressed that the sulfation effect caused by air pollution
can be determined by infrared thermography methods.
Some researchers investigated deteriorations in the stone
heritage carved into rock (limestone, sandstone, and
andesite) using the NDT methods (_Ince et al., 2020; Korkanç
et al., 2018, 2021; Zhang et al., 2019) (Table 1). Korkanç
et al. (2018) investigated the deterioration of the facades
of a mosque carved into limestone using surface moisture,
Schmidt hammer rebound (SHR) test, infrared thermog-
raphy methods. _Ince et al. (2020) studied the deterioration
of the facades of a tomb carved into volcanic rock using P-
wave velocity, surface and deep moisture methods. They
stated that the development of biological colonization is
common in areas with high humidity (superficial and deep)
conditions. Korkanç et al. (2021) investigated the deterio-
ration in rock relief using some NDT methods (ultrasonic
velocity, surface moisture, SHR test infrared
thermography).

However, deteriorations in monuments in pyroclastic
rocks, which are sensitive to atmospheric processes and in
which many cultural heritage works were built by carving,
were not investigated using the NDT methods. To this end,
the ancient city of Kilistra built by carving into pyroclastic
rocks, the sensitivity of which to atmospheric processes was
also emphasized by Bozda�g et al. (2016), during the Early-
Late Byzantine period was chosen as the study area. In
addition, Bozda�g (2022) emphasized that some parts of the
ancient city had rockfalls associated with deterioration. For
this purpose, the changes in the facades of two historic
structures chosen in the ancient city of Kilistra were
investigated using the NDT methods (P-wave velocity,
Schmidt hammer, and surface moisture device). It is aimed
to create bases for restoration projects so that these two
monuments can be passed on to future generations.

2. Characteristics of the monuments studied in
the ancient city of Kilistra

The ancient city of Kilistra is located in the Gökyurt
neighborhood, 35 km southwest of Konya Province. The
region consists of churches, chapels, houses, observation
towers, cellars, graves, ancient roads, and water structures
built by carving into pyroclastic rocks in 5 different loca-
tions during the Early Byzantine period (Fig. 1) (Mimiro�glu,
2005).

The first of the structures to be examined in the ancient
city of Kilistra is the chapel dated between the 7th and 10th
centuries. The chapel is located in the east-west direction
and has a free cross plan, and there are apsis, naos, kose
burial chamber, and entry sections (Fig. 2a; Table 2)
(Özkan, 2001). The second structure is the rectory planned
as a 2-storey regular rectangular geometric structure
opposite the chapel (Fig. 2b and c; Table 2). Although the
exact date of building of the rectory’s is unknown, similar
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Table 1 Studies in the literature to determining the deterioration of cultural monuments by means of NDT.

Form of
construction

Monument Rock type Applied method References

Built using
building
stones

Tomb, church Marble, travertine Ultrasonic velocity Christaras (1997)
Rock art Different rock types Electrical resistivity tomography Mol and Preston (2010)
Temple Different rock types Infrared thermography Jo and Lee (2014)
Church, street Limestone Ultrasonic velocity Christaras et al., (2015)
Mausoleum Dacite Ultrasonic velocity Hatır (2020)
Church, bridge Several types of granite Ultrasonic velocity, Schmidt

hammer rebound test
Fort et al., (2013)

School Limestone Ground penetrating radar, infrared
thermography

Kilic (2015)

Cathedra Carbonate Ultrasonic velocity, terrestrial laser
scanner

Fais et al., (2017)

Cistern Limestone Ultrasonic velocity, Schmidt
hammer rebound test, humidity,
infrared thermography

_Ince et al., (2018)

Bridge Dacite Surface moisture, Schmidt hammer
rebound test

Tosunlar et al., (2018)

Church Andesite Ultrasonic velocity, surface
moisture, Schmidt hammer rebound
test

Hatır et al., (2019)

Madrasa Marble, Pyroclastic Portable XRF, infrared
thermography

Korkanç et al., (2019)

Church Limestone Infrared thermography, electrical
resistance

Valore et al., (2019)

Water monument Dacite Ultrasonic velocity, surface
moisture, Schmidt hammer rebound
test

Bozda�g et al., (2020)

Mausoleum Andesite Ultrasonic velocity, surface
moisture, Schmidt hammer rebound
test

Tosunlar et al., (2020)

Cultural artifacts Limestone, Marble Surface roughness, Schmidt hammer
rebound test, shore hardness meter,
infrared thermography, surface
moisture

Wu et al., (2021)

Carved into
rock

Stone mosque Limestone Surface moisture, Schmidt hammer
rebound test, infrared
thermography

Korkanç et al., (2018)

Rock carved statue Sandstone Leeb hardness, ultrasonic velocity Zhang et al., (2019)
Rock tomb Dacite Surface moisture, deep moisture,

ultrasonic velocity

_Ince et al., (2020)

Rock monument Limestone Ultrasonic velocity, surface
moisture, Schmidt hammer rebound
test, infrared thermography

Korkanç et al., (2021)

Han Different rock types Infrared thermography, deep
moisture

Hatır et al., (2022)
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architectural techniques and features suggest that it was
erected around the same time as the chapel (Mimiro�glu,
2005). The access to the second floor of this structure is
provided through a space with a circular section on the first
floor (Table 2). On the second floor, there is a bed terrace
carved from the parent rock (Table 2).

3. Climate and temperature

The climate (precipitation, temperature, average sunshine
duration, dominating wind direction, and wind speed) of
790
the location must be understood in order to comprehend
the climatic processes that cause the destruction of cul-
tural artifacts. The ancient city of Kilistra is located in the
province of Konya, in the Central Anatolian region of
Turkey. The GPS coordinates of the chapel and rectory
monuments in the ancient city of Kilistra are 37.66589 N;
32.21380 E and 37.66591 N; 32.21385 E, respectively. For
this purpose, regional meteorological data were utilized to
investigate the impact of atmospheric occurrences on the
ancient city of Kilistra. The climate of the region where the
monuments are located is terrestrial. Summers are hot and



Fig. 1 Structures built by carving into pyroclastic rocks in the ancient city of Kilistra: a) top view of the cross church, b) house,
c) complex structure (house, store and hayloft), d) monastery.
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dry in a continental environment, while winters are cold
and wet (Table 3) (MGM 2022). From 1929 to 2021, the
average precipitation is 329.4 mm and the average tem-
perature is 11.7 �C (MGM 2022). According to the long-term
average, the wettest months are December (43.2 mm), May
(43.1 mm), and January (38.1 mm); July (7.5 mm) and
August (6.4 mm) have the least precipitation (Table 3)
(MGM 2022). July (11.8 h) and August (11.4 h) have the
region’s longest average sunlight duration (MGM 2022).
According to the average annual precipitation and average
annual temperature figures indicated by Fookes et al.
(1971), the region’s deterioration class is very slight
weathering. The major wind direction in the region is north
(Fig. 2c).

4. Materials and methods

The experimental studies within the scope of this research
were conducted in two stages, in situ and laboratory. For
the laboratory study, three blocks of 20 � 30 � 30 cm3 were
collected from the region where the pyroclastic rocks, in
which the ancient city of Kilistra was carved, outcropped.
The core samples with a diameter of NX (a diameter of
54 mm) according to the ISRM (2007) were prepared to
determine the physical (porosity, dry density, and P-wave
velocity) and strength (uniaxial compressive strength and
SHR) properties of the samples. While the porosity and dry
density values of the rocks were determined according to
the standards specified in the ISRM (2007), the P-wave
791
velocity values for saturated and dry conditions were
determined by considering the standards recommended in
the ASTM E494 (2010). Porosity values of the rocks were
determined by applying saturation and caliper procedures
(ISRM 2007). To determine the dry density of rocks in which
the structures were carved, the volume of the rock samples
was first calculated by averaging several caliper readings.
The dry density of the samples was then calculated as the
mass of the unit volume of the rock sample. P-wave velocity
test was applied to determine the change in the internal
structure of the rock in which the monument was carved.
The P-wave velocity of the rocks was measured in situ and
in the laboratory by direct transmission using a device that
measures the propagation time of ultrasound pulses with an
accuracy of 0.1 ms. The capillary water absorption test was
conducted in accordance with the methods proposed by the
standard TS EN-1925 (2000). The amount of water absorp-
tion per unit area (g/m2) of the samples immersed in water
was determined at regular time intervals (1, 3, 5, 10, 15,
30, 60, 480, 1440 min) in accordance with the standards.
The measurements were completed when the difference
between two consecutive measurements were less than 1%
of the water absorbed by the samples. Then, the graphs of
the changes in the measurements were prepared according
to the square root of the measurement time (t1/2). The
slope of these graphs was defined as the capillary water
absorption (C ) value of the sample. The UCS tests were
applied on core samples (ISRM, 2007). The stress within the
limits of 1.0 � 0.5 MPa/s was performed. The average of



Fig. 2 Monuments examined in the ancient city of Kilistra: a) general view of the chapel, b) general view of the rectory
c) location of the rectory and chapel and wind directions in the area.
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the tests repeated five times was taken while determining
the UCS value of the rock. The SHR test was performed to
determine the change in the rock surface where the mon-
ument was carved. The hardness of the rock was deter-
mined in situ and in the laboratory by using an L-type
Schmidt hammer. SHR test was performed in dry and
saturated conditions according to the standard method
recommended in ASTM D5873 (2014). While measuring, the
Schmidt hammer was held in a horizontal position at right
angles to the vertical monument surface. To determine the
average number of SHR, 10 measurements were made at
each designated point in the monument. The rebound
values showing a deviation of seven units from the mean
values were not included in the assessment. Then, SHR
value was determined by re-averaging the remaining
numbers.
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To determine the petrographic properties of the rock
used in the study, thin sections were prepared according to
the method recommended in TS EN-12407 (2019), the
samples were examined using a polarizing microscope, and
definitions were made.

In situ NDT tests (SHR test, relative humidity, and P-
wave velocity) were performed in two periods, summer and
winter. Before starting non-destructive test studies, high-
resolution photographs of the structures were taken from
different angles, and orthophotos of each ancient structure
were prepared using the Agisoft PhotoScan program. Then,
since the structures were built by carving into the massive
rock, temporary measurement points (grids) were created
on the facades of the works so that the NDT measurement
points would remain constant (Fig. 3). These photographs
and grid points were used as a basis in later studies.



Table 2 Structural parts of the monuments studied.

Chapel Rectory

Picture Description Picture Description

Entrance door Entrance door

Southern cross arm Entrance floor

Southern façade abscissa and altar Passages between the floors

Northern cross arm Second floor (bedroom);
rock-carved beds and window

Northern façade abscissa

Roof of the chapel

Frontiers of Architectural Research 12 (2023) 788e802
The surface hardness at the grid points on the facades of
the selected monuments was determined using the ELE
brand Schmidt hammer. Trotec T660, UK1401 ultrasonic
brand devices were used, respectively, in the relative
793
humidity and P-wave velocity measurements at the grid
points. The Trotec T660 is a device that detects the mois-
ture distribution near the surface (approximately 4 cm)
using the dielectric method. The values of the in situ



Table 3 Meteorological data for Konya in the period 1929e2021 (MGM 2022).

Months Minimum
temperature (�C)

Maximum
temperature (�C)

Average
temperature (�C)

Monthly total
precipitation (mm)

Average Sunbathing
Time (hours)

January 4.2 4.6 �0.2 38.1 3.3
February �3.3 7.0 1.5 28.5 4.6
March �0.2 11.8 5.6 29.3 5.9
April 4.3 17.5 11.1 32.0 7.2
May 8.6 22.4 15.9 43.1 9.0
June 12.6 26.7 20.1 26.1 10.7
July 15.9 30.2 23.5 7.5 11.8
August 15.6 30.2 23.3 6.4 11.4
September 11.0 26.0 18.8 13.5 9.7
October 5.9 20.0 12.8 29.5 7.3
November 0.8 13.0 6.5 32.2 5.3
December �2.3 6.6 1.7 43.2 3.2

Fig. 3 Grid points in the monuments examined in the ancient city of Kilistra: a) Chapel, b) Rectory.

F. Özer, M. Söylemez, _I. _Ince et al.
relative humidity and P-wave velocity measurements were
calculated by taking the average of the measurements
obtained by three different readings from the same point
with the devices placed perpendicular to the building sur-
face. With the NDT values measured in ancient buildings in
the summer and winter periods, relative humidity, SHR, and
P-wave velocity maps were created using the Surfer 17
program.

5. Results and discussion

5.1. Geological and petrographic properties

Gökyurt neighborhood and its surroundings, where the unit
in which the ancient city of Kilistra was carved outcropped,
was determined as the study area. Pre-Neogene units
formed the basis of the study area. Neogene aged fluvial
and lacustrine deposits overlie the basement with angular
unconformity. Pyroclastic rocks overlie this unit with a
lateral vertical transition. Temel et al. (1998) stated that
794
pyroclastic rocks can be divided into subunits according to
some properties (e.g., eruption, transport, deposition and
welding). These units are cut by Neogene lava domes.

The ancient city of Kilistra was formed by carving the
pyroclastic rocks. This unit was first named Erenkaya
ignimbrite in the study conducted by Keller et al. (1977).
The unit generally consists of gray and light gray tuff and
ignimbrite levels. The unit is Late Miocene - Early Pliocene
in age (Eren, 1993). In their study, Bozda�g et al. (2016)
examined this unit in two subsections, lower pyroclastic
unit (unwelded) and upper pyroclastic unit (welded). The
ancient structures examined in this study are the structures
carved in the upper pyroclastic unit (UPU). The UPU is gray-
light gray in color and generally medium to locally fine-
grained (Fig. 4a). In macro observations, pumice grains,
plagioclase, pyroxene, amphibole and biotite phenol crys-
tals and rock fragments are evident in the rock. Pumices
are black and in the form of lenticular grains, about 1e5 cm
long, elongated in one direction. These pumices gave the
rock a fiamme structure (Fig. 4a).



Fig. 4 Upper pyroclastic unit view of the Erenkaya ignimbrite: a) macroscopic image, b) polarizing microscope image (crossed
polars).
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Volcanic glass (67%), plagioclase (16%), rock fragment
(11%), pyroxene (5%), and biotite (1%) were found in their
mineralogical compositions (Fig. 4b). Considering the
mineralogical composition and grain size of the rock, the
rock was named “andesitic ignimbrite”. The rock is vitric
tuff according to the classification proposed by Schmid
(1981). The rock has hyaline porphyritic texture features.

5.2. Physical-mechanical properties

The physical (porosity, dry density, capillary water ab-
sorption coefficient, and P-wave velocity) and strength
(UCS and SHR) values of the rock from which the monu-
ments were built are presented in Table 4. While the dry
density of the rock was 1.75 g/cm3, its porosity was 27.50%.

While the rock is included in the very high class according
to the porosity classification of NBG (1985), it is included in
the very low class according to the dry density classification
of NBG (1985). The capillary water absorption value of the
rock was determined as 156.85 g/(m2$s1/2). According to
Snethlage (2005), it is included in the high water-absorbing
rock class. The UCS value of the rock was determined as
14.50 MPa. The SHR values for the dry and saturated state of
the rock were 36 and 33, respectively. While the P-wave
velocity was 2.70 km/s for the dry state of the rock, the P-
wave velocity is 2.57 km/s for the saturated state.

5.3. Deteriorations observed in the Kilistra ancient
city

The types of deteriorations observed in the structures of the
ancient city of Kilistra were named according to the
Table 4 Physical and mechanical properties of the samples.

rd (g/cm3) n
(%)

C (g/(m2,s1/2)) Vp-dry (km/s) V

1.75 27.50 156.85 2.70 2
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definitions proposed in the ICOMOS-ISCS (2008). Contour
scaling, crack, efflorescence and lichen, moss and higher
plant formations, which are products of biological activity,
were observed in different parts of the structures (Fig. 5). The
cracks observed in the monuments were examined in two
categories. The first ones were those associated with the
geological elements in the region (Fig. 5a), and the other ones
were those developed as a result of the structural problems
thatoccurred in themonumentsover time(Fig. 5b). In relation
to climatic processes, the separation of the monument into
scales varying from millimeters to centimeters on the outer
surface was described as contour scaling (Fig. 5c). Efflores-
cence occurred widely in the capillary zones of the monu-
ments examined (Fig. 5d). Efflorescence usually appears
whitish, powdery, or crystalline on the rock surface and is
usually poorly cohesive (Fig. 5d). Alga, lichen, and moss were
commonlyobserved in themonuments (Fig. 5e).Furthermore,
there were higher plant developments in the cracks observed
in the structure (Fig. 5f).

5.4. Non-destructive test results

The sensitivity of the rocks to atmospheric processes in-
creases as their degree of saturation increases (Chen et al.,
2004). The determination of the presence of water is the
most important factor in shedding light on the deterioration
process in monuments built on rocks (Bozda�g et al., 2020;
Hatır et al., 2019; _Ince et al., 2018). In homogeneous
monuments, important information can be obtained by
using relative humidity meters in determining the distri-
bution of water along a facade or surface (Orr et al., 2020).
In this study, the change of water on the facades of both
p-saturated (km/s) SHR-dry SHR-saturated UCS
(MPa)

.57 36.00 33.00 14.50



Fig. 5 Deteriorations observed in the monuments of the Kilistra ancient city: a-b) crack, c) contour scaling, d) efflorescence, e)
lichen-moss, f) higher plant.
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monuments in the summer and winter seasons was exam-
ined using relative humidity measurements, and surface
moisture change maps were created using the data ob-
tained (Figs. 6 and 7).

While the relative humidity values in the chapel varied
between 54% and 84% for the winter period, these values
were between 13% and 65% for the summer period. While
the relative humidity values were high around the capillary
zone and the discontinuity to the right of the monument in
the measurement of the monument in the summer period,
the relative humidity values were high in the infiltration
zone in addition to these regions in the winter period. In
the winter period, it was determined that the relative
796
humidity values in the infiltration zone of the chapel
decreased from the ceiling to the base of the monument.
However, the relative humidity values in the capillary rise
zone decreased from the ground level of the building to the
upper levels (Fig. 6a). It caused the formation of a drier
region in the central part of the monument compared to
the other parts. The high capillary water absorption value
of the rock facilitates the movement of water within the
monument, which accelerates the deterioration time of the
rock. While the water content in the monument causes the
freeze‒thaw (F‒T) process in the rock to be effective in
the winter period, it causes the salt crystallization (SC)
process to be effective in the summer period. As a result of



Fig. 6 Relative humidity map of the chapel: a) winter period,
b) summer period.
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the active deterioration in the monument in both periods,
the capillary rise levels of the rock varied as the capillarity
value of the rock increased (Fig. 5d).
Fig. 7 Relative humidity map of the recto
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While the relative humidity values in the rectory were
found to be between 32% and 69% in the winter period, they
were measured between 12% and 24% in the summer period
(Fig. 7). When the relative humidity maps in the monument
for the summer and winter periods were examined, it was
observed that the humidity in the monument was associated
with the capillary zone and also affected by the cracks and
the door, which is the building element. In both measure-
ment periods, it was determined that the door gap in the
monument affected the capillary water rise, and conse-
quently, there was a decrease in relative humidity contours
above the door. Furthermore, increased relative humidity
on the surface was observed along the lines of the cracks
that cut the monument. The location of the monuments and
the direct relationship between this location and sun
exposure resulted in summer and winter relative humidity
values that differed between the two buildings. The amount
of water that penetrates structures, as well as fluctuations
in climate and temperature, induce millimeter (e.g., flaking
type deterioration)dto meter (e.g., contour scaling type
deterioration)dsized deteriorations on the outside surfaces
of monuments. These deteriorations alter the surface
hardness of the monument’s construction material. SHR is
the most popular surface hardness measuring test used to
determine these modifications (Aoki and Matsukura, 2007).
Moreover, this is the method most frequently employed to
empirically calculate the rock’s UCS value (Aydin and Basu,
2005). Summer and winter SHR measurements were done to
determine the surface hardness change of the monuments
under investigation. The maps prepared using the summer
and winter SHR values of the examined monuments are
presented in Figs. 8 and 9. While the SHR values measured in
the monument in the winter period varied between 12 and
28, the SHR values measured for the summer period were
between 16 and 30. When the SHR measurements of both
monuments in the summer and winter periods were exam-
ined, it was determined that the low values were in the
capillary zone. Furthermore, low SHR values were measured
ry: a) winter period, b) summer period.



Fig. 8 SHR map of the chapel: a) winter period, b) summer
period.
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in the crack line zone in the rectory. When the SHR maps for
the summer and winter periods were examined, it was
determined that there was a 3e5 unit difference between
Fig. 9 SHR map of the rectory: a)
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the SHR values, which was considered to be due to the
water content of the rock in the measurement periods. This
is consistent with the difference between the dry and
saturated SHR measurements of this fresh rock. P-wave
velocity is a commonly used test for modeling atmospheric
processes in the laboratory environment of building blocks
due to its ability to identify changes in the internal structure
of rocks (discontinuity development, increase in porosity)
(Gokçe et al., 2016; Guler et al., 2021; Yavuz, 2011). This is
the preferred NDT technique for assessing the deterioration
of monuments directly exposed to atmospheric processes
and detecting structural faults (Bozda�g et al., 2020; Hatır,
2020; _Ince et al., 2018). For this reason, P-wave velocity
measurements were made on the facade of both monu-
ments. While P-wave velocity values for the facades of the
monuments in the summer period varied between 1.10 km/s
and 2.22 km/s, no measurement could be performed on the
facades of the monuments in the winter period (Fig. 10).
Low P-wave velocity values in the monuments were associ-
ated with capillary, infiltration, and crack zones. It was
observed that the P-wave velocity maps of the monuments
were compatible with the maps prepared from other NDTs.
With the effects of the atmospheric process in the rock in
which the monuments were carved, significant decreases
were observed in SHR values (16e30) compared to the SHR
value of fresh rock (36). There was also a similar decrease
for the P-wave velocity values. As previously indicated by
experts, SHR (Aydın, 2014; Karakul, 2017; Sumner and Nel,
2002) and P-wave velocity (Kahraman et al., 2017; Karakul
and Ulusay, 2013) values are closely related to the rock’s
moisture content. Aydın (2014) said that the moisture con-
tent of the rock inside the impact region of the SHR test will
greatly reduce the SHR values, but Kahraman et al. (2017)
stated that the moisture content will decrease the P-wave
velocity in rocks with a porosity of more than 20%. If the SHR
and P-wave velocity values acquired during the winter
season, when the rock’s moisture content increases, are
directly correlated with the rock’s weathering process and
winter period, b) summer period.



Fig. 10 Summer Vp map: a) Chapel, b) Rectory.
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accepted as data for restoration efforts, the results may be
inaccurate. It is believed that taking SHR and P-wave ve-
locity measurements in the summer, when the rocks are
drier, is better suitable for this purpose, and that these data
can be applied to restoration studies. In the relative hu-
midity maps of the summer and winter periods in the
monuments, drier regions were determined between the
capillary, infiltration, and crack zones. In other NDT maps, it
was determined that the rock properties were better in
these regions, which revealed the importance of reducing
water intrusion into the monument to protect the monu-
ments built on low-strength rocks.

5.5. Discussion

Numerous researchers in the laboratory have modeled the
climate characteristics of the region, the mineralogical
composition of the rock, and changes in the textural and
index-strength properties to better comprehend the dete-
rioration process of the building blocks on which the
799
monuments are constructed (Fener and _Ince, 2015; Guler
et al., 2021; Huang et al., 2022; Liu et al., 2018; Özs‚en
et al., 2017). In order to simulate natural atmospheric
processes, accelerated weathering experiments (wetting-
drying, freeze-thaw, thermal shock, and salt crystalliza-
tion) were utilized in these research. In these weathering
tests, the changes in the rock’s textural (Fener and _Ince,
2015; Liu et al., 2018; Özs‚en et al., 2017), index (Gökçe
et al., 2016; Wang et al., 2019), and strength properties
(Guler et al., 2021; Huang et al., 2022; Yahaghi et al., 2022)
were studied. They asserted that following the F‒T (Fener
and _Ince, 2015) and SC (Özs‚en et al., 2017) processes, new
fractures formed in the phenocrystals of the rock’s micro-
texture, while the pore ratio rose in the paste phase. Ac-
cording to certain researchers (Gökçe et al., 2016; Wang et
al., 2019), while accelerated deterioration tests enhanced
the porosity of the rock, the P-wave velocity decreased.
_Ince and Fener (2016), Guler et al. (2021), and Xiong et al.
(2022) noted that when rocks are subjected to fast
weathering, their strength values fall. Although laboratory-
created models do not perfectly represent the natural
environment, they do provide some helpful information. To
this end, investigations were done in which NDT were used
to determine and explain the observed deterioration of
structures in situ (Korkanç et al., 2018, 2021; _Ince et al.,
2020; Zhang et al., 2019). Using on-site NDT, previous
research analyzed the change in the index-reducing quali-
ties of the monument’s building blocks as a result of at-
mospheric processes and developed change maps based on
this data. Bozdag et al. (2016) investigated the change in
the rock properties of the ancient city of Kilistra using
wetting-drying, F‒T and SC from accelerated weathering
experiments carried out in the laboratory. In this study, the
deteriorations in the UPU carved structures in the ancient
city of Kilistra were investigated by NDT methods. Ac-
cording to Bozda�g et al. (2016), the porosity values of the
samples in accelerated deterioration tests increased
following the F‒T and SC processes, whereas the UCS values
fell in the rock unit (UPU) where the structures were con-
structed. The maps generated from in situ SHR measure-
ments to assess strength value are consistent with the
reduction in rock strength value caused by weathering. The
maps generated from the P-wave velocity values, which are
inversely related to the porosity values of the rocks, are
consistent with alexperimental data Baozda�g et al. (2016).
As a result of the 10th cycle of accelerated deterirations
tests (F‒T and SC), crack development was observed in the
samples (Bozda�g et al., 2016). In this study, the crack
development observed in the field at the macro scale can
be attributed to atmospheric processes. However, based on
field observations, it was determined that the continuity of
the cracks in Fig. 5a was due to geological factors, whereas
the crack in Fig. 5b was due to structural loads. In addition,
cracks and capillary zones where high humidity is deter-
mined in buildings are the regions where possible problems
will intensify in the future. Similar problems in cultural
structures have been investigated in situ by some re-
searchers in laboratories or masonry walls (Monczynski
et al., 2019; Sardella et al., 2018; Silva et al., 2014). In
these studies, grouting was applied to the cavities to
reduce cracks or porosity. This application also reduced the
porosity of the structure and the capillary movement of
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water in the rock. There are no examples of this application
in the structures created by carving the rock. In addition,
the negative effects of the application are not known.
Although the damage caused by water and discontinuities
and atmospheric processes may be observed on the facades
of monuments, the relevance of biodeterioration of lichen,
moss, and high formation plants, which are products of
living activity, should not be overlooked. The places where
moisture is concentrated in moisture maps are conducive to
the growth of biological colonization. It is recommended to
monitor the development of biological colonization in
structures.

Considering these data, although the experimental data
obtained in the laboratory are very important, they do not
completely reflect the deterioration caused by nature in
the structures. This emphasizes the significance of in situ
NDT in the study of deterioration processes. In addition,
NDT will increase the popularity of this method in restora-
tion applications due to its non-destructive feature and
easy applicability in determining the deterioration status of
cultural monuments where sampling is limited or impos-
sible. In addition to these features, providing information
about the monument’s surface and interior structure may
pave the way for NDT applications to be used in restoration
applications in the future. It will aid in determining the
origin of deterioration processes as well as the locations
where deterioration condenses, particularly in cultural
heritage formed by carving into weak-strength rocks. It is
anticipated that these methods will greatly assist restorers
in monitoring the success of the improvements made to the
monuments.
6. Conclusions

Cultural monuments built from low-strength rocks around
the world are susceptible to atmospheric processes. Based
on the size and intensity of the deteriorations, it is also
crucial to take necessary steps for restorations and reha-
bilitation works. In this study, the results obtained from the
visual inspection and in situ NDT measurements made in
two structures built in low-strength rocks in the ancient city
of Kilistra are given below.

� The monuments examined were built by carving into the
upper pyroclastic unit, which represents the welded
level of the Late Miocene‒Early Pliocene pyroclastic
rock. The unit is gray to light gray in color and generally
medium to fine grained. Phenocrysts (plagioclase, py-
roxene, amphibole and biotite), pumice grains and rock
fragments in the rock can be identified with the naked
eye. Considering the mineralogical composition-grain
size of the rock, it is “andesitic ignimbrite” and shows
a hyaline porphyritic texture.

� The dry density, porosity and UCS values of the rock
were determined as 1.75 g/cm3, 27.50% and 14.50 MPa,
respectively. While the low strength and high porosity of
the rocks facilitated the construction of the monument,
these features increased the sensitivity of the structure
to atmospheric processes. In addition to this, the fact
that the capillary water absorption value of the building
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material is in the high water absorbing rock class (C:
156.85 g/(m2$s1/2)) increased the mobility of water in
the monument and accelerated the deterioration
process.

� Contour scaling, crack, efflorescence and biological
colonization (alga, lichen, moss and higher plant) type
deteriorations were detected in the monuments.

� The highest moisture content values on the chapel
facade in the summer and the winter periods are 65%
and 84%, respectively. While the relative humidity value
on the facade of the Rectory was 24% for the summer
period, this value was determined as 69% in the winter
period measurements. While the water content in the
monument was explained by the capillary rise of the
water in the summer, it was associated with the effect
of capillary and infiltration water in the winter. The high
moisture content on the facades of the buildings has
increased the contour scaling, efflorescence and bio-
logical colonization (alga, lichen, and moss) type
deterioration.

� The discontinuities limiting the monuments help the
transfer of capillary water to higher levels and increase
moisture values in crack-related regions. In addition, the
presence of water in these regions has intensified the
formation of biological colonization.

� Moisture content increased in the chapel (minimum
value increase: 41%) and rectory (minimum value in-
crease: 30%) facades during the winter period. As a
result of the increase in the moisture value of the rock in
the winter period, the SHR values measured (3e4 unit)
on the facade of the monument decreased. This indi-
cated that it is crucial to determine the periodic change
of water distribution in the monuments. Since NDT (SHR
and Vp) measurements are directly affected by the
presence of water in rocks, it is more useful to make
these measurements during the dry season. In addition,
it is recommended to take the necessary measures to
prevent the damages that may be caused by the high
water content in the monuments during the winter
periods.

� With the effect of the repeated atmospheric processes
to which monuments were exposed, the SHR (the mini-
mum measured value is 16) and Vp (minimum measured
value, 1.10 km/s) values of the rock forming the struc-
ture significantly decreased compared to the SHR (33)
and Vp (2.70 km/s) values of the fresh rock. It is rec-
ommended to monitor the deterioration processes in
these monuments with regular NDT (SHR and Vp) mea-
surements. Thus, damages that may occur in the mon-
uments are prevented before they increase.

Water content accelerates atmospheric processes in
cultural monuments built by low-strength rock. This situa-
tion increases the importance of regularly controlling the
change of water content in buildings. In situ NDT mea-
surements are a very practical method for determining the
index and strength properties of building stones. These
data will help to prevent damages in cultural heritages and
therefore to transfer these structures to the future gener-
ations. In addition, simulation studies at a regional scale
should be planned and applied to determine the effects of
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climate changes on the degradation process in such
structures.
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The determination of deteriorations on the Mısırlıo�glu Bridge
(Konya, Turkey) by non-destructive techniques (NDT). ICONARP
Int. J. Archit. Plann. 6 (2), 399e412.

Tosunlar, M.B., Beycan, A.D.O., Korkanç, M., 2020. Non-destructıve
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