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Abstract

The deterioration processes caused by atmospheric conditions in cultural heritage struc-
tures carved into low-strength pyroclastic rocks can result in material loss and weakening
of surface integrity over time. In this study, we investigated the current deterioration
condition of Church No. 2 in the Kayadibi District of Konya, the largest province of Central
Anatolia, Türkiye, where rock-carved cultural heritage structures are extensively located.
For this purpose, in situ observations and non-destructive testing (NDT), as well as various
physicomechanical tests in laboratory conditions, were conducted to assess the current
condition of the monument. Within the scope of the in situ NDT, light detection and rang-
ing (LiDAR), deep moisture (DM), indirect P-wave velocity (VPID), and Schmidt hammer
rebound (SHR) measurements were performed. In the laboratory studies, dry density (ρd),
apparent porosity (n), water absorption by weight (Wa), cutting rate (CR), penetration rate
(PR), SHR, direct P-wave velocity (VPD) and VPID tests were conducted. Using the NDT
measurement data obtained from the monument surface, NDT variation maps showing the
spatial distribution of these parameters were prepared. Surface deterioration patterns of the
monument, documented and classified following the ICOMOS-ISCS terminology, included
fractures, contour scaling, black crusts, moisture-related areas, biological colonization,
efflorescence, and impact damage. The NDT variation maps revealed that DM values were
markedly higher in areas associated with cracks. Strong linear relationships were found
between DM and SHR (R2 = 0.87), DM and VPID (R2 = 0.86), and SHR and VPID (R2 = 0.97).
These findings highlight the potential of combining moisture measurements, Schmidt
hammer testing, and P-wave velocity measurements to characterize spatial variations in the
condition of rock-cut heritage structures. However, since the measurements were collected
during a single field campaign, the observed relationships should be interpreted as spatial
associations rather than evidence of temporal trends or causal relationships.

Keywords: non-destructive testing; pyroclastic rock; cultural stone heritage; rock carving;
church; deterioration types

1. Introduction
Cultural heritage structures constructed using rock materials may be subjected to

irreversible deterioration processes over time under the influence of atmospheric and en-
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vironmental conditions to which they are exposed for long periods. During this process,
moisture may enter the rock mass, move through the pore system, and be retained within
the material; it is therefore considered one of the primary factors controlling the devel-
opment of deterioration. The identification of moisture-induced damage in monuments
and the quantitative determination of the damage level are important for establishing
conservation priorities and developing appropriate intervention strategies [1,2]. In deteri-
oration assessments conducted using non-destructive testing (NDT) methods, moisture
measurements are used as an important parameter for determining the spatial distribution
of deterioration on monument surfaces and evaluating the relationships between moisture
and other deterioration indicators. In applications aimed at determining moisture in cul-
tural heritage structures, two main approaches based on measurement depth are prominent.
The first is surface moisture measurement, which aims to determine the moisture condition
in the zone extending to a depth of approximately 4 cm from the monument surface [1,3–7].
The second approach is deep moisture measurement, which allows the determination of
moisture extending to a depth of approximately 30 cm from the surface [5–12]. An un-
controlled increase in the moisture content within a monument can lead to changes in the
physical and mechanical properties of the material, thereby accelerating the development of
various damage types [9]. Therefore, determining the source and distribution of moisture,
identifying the level of moisture-induced damage, and evaluating it quantitatively as far
as possible are important for limiting the progression of deterioration and establishing
long-term conservation approaches [2]. This is particularly critical for cultural heritage
structures composed of or carved into porous, low-strength pyroclastic rocks with high
water absorption capacity. In such rocks, the ability of water to move readily through the
pore system can cause moisture to remain within the material for long periods, thereby
allowing associated deterioration mechanisms to develop more effectively. Accordingly,
in studies aiming to assess deterioration processes occurring in monuments, approaches
based on determining moisture conditions and jointly evaluating data obtained through
different NDT methods are widely employed [4–20].

Hatır et al. [4] evaluated the deterioration condition of the building stones used in
Küçükköy Church, one of the structures constructed in the 19th century in Cappadocia
(Nevşehir, Türkiye) that exhibits an advanced degree of deterioration, and investigated
its causes using NDT methods. They determined that the degree of deterioration was
strongly related to the lithological and physical properties of the building stones used in the
monument and that the degree of deterioration was associated not only with environmental
conditions but also with the properties of the stone itself. In their study investigating the
effects of moisture (water) on deterioration in a historical rock monument, İnce et al. [6]
evaluated surface moisture measurements and deep moisture measurements together in
the same structure. By using both methods, they determined that a better assessment
could be made regarding whether deterioration in cultural heritage structures constructed
from natural building stones develops only at the surface or also in deeper parts of the
rock mass. Korkanç et al. [16], in their study of the İvriz Rock Monument, an important
rock relief from the Late Hittite period, demonstrated that the distribution of deterioration
in the monument could be explained by jointly evaluating the fractured and brecciated
structure of the rock mass and atmospheric and anthropogenic effects. They determined
that, among the NDT results, surface moisture, P-wave velocity, and Schmidt hammer
rebound values were particularly effective in identifying deteriorated areas. Özer et al. [19]
conducted one of few studies in which deterioration in cultural heritage monuments carved
into low-strength pyroclastic rocks was evaluated using NDT methods (SHR, Vp, and
SM). Balci [12] investigated the deterioration occurring in the Emir Ali Tomb in Ahlat
(Bitlis, Türkiye) and its causes using NDT. It was demonstrated that the deterioration in

https://doi.org/10.3390/buildings16214253

https://doi.org/10.3390/buildings16214253


Buildings 2026, 16, 4253 3 of 22

the Emir Ali Tomb was particularly associated with capillary water movement and the
related wetting and drying processes, and that these deterioration processes and their
causes could be identified non-destructively through the combined use of deep moisture,
P-wave velocity, and infrared thermography methods.

Despite the increasing use of NDT techniques in the assessment of stone-built and
rock-carved heritage structures, previous studies have generally considered individual
physical or mechanical properties separately, and relatively limited attention has been given
to the integrated spatial assessment of rock condition within rock-carved monuments.

Within the scope of this study, Kayadibi Church No. 2, one of the cultural heritage
structures carved into pyroclastic rocks exhibiting high porosity and low-strength properties
in the Konya region of Türkiye, was investigated. This monument enables the evaluation
of the bedrock condition within its original geological and architectural context. Therefore,
this study aims to address the following questions: (i) What is the current physical and
mechanical condition of the ignimbrite forming the church? (ii) How do these properties
vary spatially across the monument? (iii) How does the integration of NDT methods and
high-resolution three-dimensional documentation establish a reliable basis for identifying
deterioration-prone zones and supporting conservation assessments? Rather than merely
documenting the condition of a single monument, the study integrates spatially distributed
SHR, DM, VPID measurements with LiDAR-based three-dimensional documentation and
observed deterioration patterns to characterize the condition and spatial variability of the
bedrock. This integrated approach provides a site-specific framework for interpreting
deterioration processes and supporting conservation evaluations in rock-carved cultural
heritage structures.

In the first stage of the study, the current condition of the monument was assessed in
situ by documenting the observed deterioration types and their spatial distribution. Based
on these observations, a deterioration catalog and a corresponding atlas of deterioration
maps were prepared.

Subsequently, the physical, mechanical, and excavatability properties of the rock
material into which the monument was carved were determined. In the final stage of
the study, in situ DM, SHR, and VPID measurements were performed on the monument
surfaces, and NDT variation maps of the monument were prepared using the obtained
data. These maps were evaluated together with the deterioration types identified through
observations, with the aim of revealing the relationships among rock properties, moisture
conditions, and deterioration.

2. Materials and Methods
2.1. General Characteristics of the Monument

In this study, the church structure of cultural heritage significance, carved into the
rock on the southern slope of Kayadibi District in Konya Province, was investigated. This
monument was identified as Church No. 2 by Uçkan and Mimiroğlu [21]. The church is
located approximately 43 km southwest of Konya city center, approximately 30 m above
the settlement area (Figure 1). The structure is one of the few surviving original examples
of ancient rock-carved architecture in the Konya region and constitutes an important
component of the historical and cultural heritage of the region.
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Figure 1. Location map of Kayadibi Church No. 2.

The church was created by carving bedrock located on a northward sloping hillside
(Figure 2a). The northern part of the structure has not survived to the present day, and
approximately 0.5 to 1.0 m of the area below the current ground level remains buried
under soil (Figure 2b). Based on existing architectural and structural data, Uçkan and
Mimiroğlu [21] evaluated the structure as having a closed Greek cross plan typology
(Figure 2c). The southwestern and southeastern corner spaces of the naos and the southern
cross arm have been preserved (Figure 2d–f). The southern façade arrangement is made up
of horseshoe-shaped arches, which give the façade a rhythmic and dynamic appearance
(Figure 2g). The preserved corner spaces were determined to be covered with cross vaults
(Figure 2h,i), whereas the southern cross arm was covered with a barrel vault (Figure 2j).
The semicircular apsis on the eastern façade and the niches located on both sides of the
apsis have survived to the present day (Figure 2k). At the center of the apsis wall, there
is a rectangular niche terminating in a round arch (Figure 2l). The narthex of the church
extends in the north–south direction, and its southern and western walls are enriched
with triangular pedimented arrangements and horseshoe-shaped arches (Figure 2m). The
roof covering of the narthex consists of a barrel vault in the southern section and a flat
ceiling in the central section (Figure 2n). A small dome-shaped recess is located at the
center of the flat ceiling in the central axis. A parekklesion is located to the south of the
narthex. Access to this space is provided through a largely damaged round-arched opening
(Figure 2o). The floor of this rectangular section was observed to be currently covered with
rubble (Figure 2p). Two different groups of decorations created using red paint and relief
techniques were identified on the monument. Within the painted decorations, quadrangular
motifs resembling ashlar masonry are present on the vault of the southern cross arm
opening into the naos (Figure 2q), a cross motif is present within the dome-shaped recess in
the narthex ceiling (Figure 2r), and colored decorations are present above the arch providing
access to the parekklesion to the south of the narthex (Figure 2s). The decorations created
using the relief technique consist of Greek cross motifs carved within frames located on
the southern and western walls of the narthex (Figure 2t). Considering that the monument
architecturally reflects the closed Greek cross plan type commonly used during and after
the Middle Byzantine Period (Figure 2u), together with the typological characteristics
of the decoration, the structure was dated to the 10th to 11th centuries [21]. As a result
of the LiDAR scanning of the monument, a high-resolution three-dimensional digital
model consisting of 831,432 vertices and 1,395,101 triangles was generated. Following the
application of high-resolution texture mapping and model optimization to the model, the
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total surface area of the surviving section of the church was determined to be 213.45 m2,
while the existing floor area was determined to be 37.12 m2.

Figure 2. Architectural features of the church. (a) General view of the church; (b) plan of the
church [21]; (c) original plan scheme of the church [21]; (d) southwestern section of the naos; (e) south-
eastern section of the naos; (f) southern cross arm of the naos; (g) horseshoe-shaped arches; (h) cross
vault covering the southeastern corner space of the naos; (i) cross vault covering the southwestern
corner space of the naos; (j) barrel vault covering the southern cross arm of the naos; (k) apsis
and niches located on both sides of the apsis; (l) niche located at the center of the apsis wall;
(m) triangular pedimented arrangements and horseshoe-shaped arches on the western wall of
the narthex; (n) roof covering of the narthex; (o) round arched opening providing access to the
parekklesion located to the south of the narthex; (p) floor of the parekklesion; (q) decorations on
the vault of the southern cross arm opening into the naos; (r) cross motif within the dome-shaped
recess in the narthex ceiling; (s) decorations above the arch providing access to the parekklesion;
(t) Greek cross motif carved within a frame on the southern wall of the narthex; and (u) the current
existing plan of the structure.

2.2. Stages of Investigation

The investigations of the monument were conducted in two main stages, namely
laboratory studies and field studies, including visual analysis and NDT measurements. As
part of the laboratory investigations, five block samples, each measuring 40 × 40 × 30 cm,
were collected from the continuation of the geological level at which the monument was
carved. The blocks were selected to exhibit similar textural and physical characteristics to
the rock forming the monument and were used to determine its physical and mechanical
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properties (Figure 3a). This sampling strategy was adopted to avoid further intervention or
damage to the monument while obtaining material representative of the host rock. Con-
sidering the potential heterogeneity of pyroclastic rocks, the laboratory results were used
as approximate site-specific reference ranges rather than as the exact original properties
of the monument rock. From these block samples, twelve cubic specimens with an edge
length of 7 cm were prepared by considering the methods recommended in TS EN 1936 [22]
(Figure 3b,c). In addition, six square prismatic specimens with a base area of 10 cm × 10 cm
and a height of 18 cm were prepared (Figure 3c). Six of the prepared cubic specimens were
used to determine the physical properties of the rock into which the monument was carved,
including porosity, dry density, water absorption by weight, and P-wave velocity, while
the other six cubic specimens were used to determine the mechanical properties, including
cutting and drilling rates. The square prismatic specimens were used to determine the
reference NDT values of the rock into which the monument was carved, including SHR
and VPID.

Figure 3. Experimental stages. (a) Block sample; (b) specimen preparation; (c) specimens; (d,e) mea-
surement of specimen dimensions and mass; (f) VPD measurement; (g) cutting rate; (h) drilling rate;
(i) SHR measurement in the laboratory; and (j) VPID measurement in the laboratory.

For the determination of physical properties, the edge lengths of the prepared cubic
specimens in the x, y, and z directions were measured multiple times using a digital
caliper, and the specimen volumes were calculated based on the arithmetic mean values
of the measurements (xavg, yavg, and zavg) (Figure 3d). The dry and water-saturated
masses of the specimens were determined using an electronic balance with a precision
of 0.001 g (Figure 3e). Dry density was calculated as the ratio of the dry specimen mass
to the specimen volume determined from the caliper measurements. Apparent porosity
and water absorption by weight were calculated based on the water-saturated masses
of the specimens and the volume values determined using the caliper method. VPD

measurements of the rock were determined according to the standards recommended
in ASTM E494 [23]. VPD measurements were performed using a Pundit PL 200 model
device manufactured by Proceq (Schwerzenbach, Switzerland) (Figure 3f). For the VPD
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measurements, transmitter and receiver transducers with a frequency of 50 kHz were
placed on two opposite corresponding surfaces of the cubic specimens. The travel time of
the ultrasonic pulse through the specimen was measured, and the P-wave velocity was
calculated as the ratio of the distance between the transducers to the measured travel time.

Cutting rate (CR) tests of the rock constituting the monument were conducted on three
cubic specimens using a laboratory-scale JCW cutting device (Norton Clipper, Saint Gobain
Abrasives, France) (Figure 3g). The device is equipped with a segmented diamond circular
blade with a radius of 14 cm (280 mm in diameter), which was operated at a rotational speed
of 2620 rpm, corresponding to a peripheral speed of approximately 36.0 m/s. Throughout
all experiments, the water flow rate and applied normal load were kept constant, and
the cutting process was conducted under a load of 291.15 N and a water flow rate of
0.131 L/s. The cutting time was measured using a high-precision stopwatch, while the
cutting depth was measured using a digital caliper. The cutting rate was calculated by
dividing the measured cutting depth by the cutting time, and it was expressed in mm/s. In
rock sawing, the cutting rate is a principal indicator of sawing performance and largely
controls the sawing cost [24]. The cutting and drilling rate tests were repeated on three
cubic specimens, and the arithmetic mean of the obtained results was determined as the
characteristic cutting and drilling rates of the rock representing the historical structure. A
laboratory-scale core drilling system was used to determine the drilling performance of
the rock (Figure 3h). The cubic geometry was preferred because it provided more stable
fixation of the specimen during the test and allowed more homogeneous contact between
the drill bit and the specimen. The experimental procedure was designed by considering
the general principles of rock mechanics testing recommended by the International Society
for Rock Mechanics (ISRM) [25]. The drilling system was supported by a water circulation
unit to remove debris generated during drilling, cool the drill bit, and keep the cutting
zone clean [26]. An NQ diameter (42 mm) tungsten carbide core drill bit was used in
the tests, and a constant axial load of 208.95 N, a constant rotational speed of 1462 rpm,
and a constant water flow rate of 0.153 L/s were applied throughout all tests. The hole
depth was measured using a digital caliper, while the drilling time was recorded using
a precision stopwatch. The drilling rate was calculated as the ratio of penetration length
to drilling time and expressed in mm/s. This drilling rate is hereafter referred to as the
penetration rate (PR), which is one of the most important parameters used to evaluate
drilling performance in laboratory rotary core drilling tests [26,27]. To characterize the
mineralogical and petrographic properties of the rock, three thin sections were prepared
according to the methods recommended in TS EN 12407 [28]. The prepared thin sections
were examined using a LEICA DM2700 P polarizing microscope.

Within the scope of the NDT methods, P-wave velocity and Schmidt hammer mea-
surements were performed on the square prismatic specimens prepared from the rock
blocks collected from the field (Figure 3i,j). These laboratory values provided a basis for
evaluating changes in the physical and mechanical properties associated with deterioration
by comparison with the measurement results obtained from the monument surfaces. Hand-
held P-wave velocity measurements in the laboratory and in situ were performed using an
ACS UK1401 model device (Moscow, Russia). This device performs VPID measurements
using two fixed probes positioned 15 cm apart and operates at a frequency of 50 kHz
within a measurement range of 1 to 10 km/s. The probes have needle-shaped contact tips,
which provide localized contact with the rock surface and help minimize the influence of
minor surface irregularities during measurements. VPID measurements were performed
according to the standards specified in ASTM E494 [23]. Measurements on the square
prismatic specimens or at the measurement points were repeated three times, and the
arithmetic mean of these measurements was determined as the VPID. SHR measurements
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in the laboratory and on the monument were performed using an ELE L type Schmidt
hammer (Leighton Buzzard, UK). The device allows rebound values in the range of 10 to
100 to be measured depending on the hardness properties of the rock surface. The methods
specified in ASTM D5873 [29] were followed for SHR measurements conducted in the
laboratory and in situ. The measurements were performed perpendicular to the vertical
surface, and ten repetitions were conducted for each measurement point. Following the
criteria specified in the relevant standard, measurements differing by 7 units or more from
the mean value were excluded, and the arithmetic mean of the remaining measurements
was taken as the SHR value for the corresponding specimen or measurement point.

Within the scope of the visual examinations conducted on the monument, the existing
deterioration types and their distributions on the structural surfaces were systematically
recorded using a Canon EOS 600D digital camera (Tokyo, Japan). A metric scale was used
during photography to determine the actual dimensions of the deterioration features and
to enable the visual data to be evaluated to scale. The deterioration types observed on
the monument were identified according to the approaches recommended in ICOMOS-
ISCS [30].

A three-dimensional digital model of the monument was created using the 3D Scanner
App application compatible with mobile devices supporting light detection and ranging
(LiDAR) sensor technology. During the scanning process, all accessible surfaces within
the effective measurement range of the LiDAR sensor were systematically and compre-
hensively scanned (Figure 4a). The obtained point data were processed to create a scaled
three-dimensional model of the monument with a polygonal mesh structure (Figure 4b).
Subsequently, the visual quality and realism of the three-dimensional model were im-
proved using the high-resolution texture mapping and model optimization features of
the application (Figure 4c). Plan and elevation views were generated from the three-
dimensional model, and these images were saved in appropriate file formats for use in
digital documentation and subsequent evaluation processes.

The digital documentation studies were continued using AutoCAD Architecture 2026
(Autodesk, Inc., San Francisco, CA, USA) [31], a Computer-Aided Design (CAD)-based
software. The previously obtained plan and elevation images were transferred into the
software environment and scaled, and the boundaries, surface divisions, and elevation
differences were modeled linearly in accordance with architectural drawing principles,
thereby completing the digital documentation process of the monument. Distribution maps
of the NDT measurements were prepared using Surfer 13 (Golden Software LLC, Golden,
CO, USA) [32].

Since the monument was created by carving into the rock surface, it was necessary to
establish a reference system that would allow measurements to be repeated at the same
locations over time. Accordingly, a temporary reference measurement grid with a spacing
of 50 × 50 cm was established on the monument surfaces, and the NDT measurements were
systematically performed at the intersection points (Figure 4d–f). A total of 273 measure-
ment points were distributed across the three vertical façades of the monument, including
32 points on the west façade, 146 points on the south façade, and 95 points on the east
façade. The ceiling and carved decorative elements were excluded from the measurement
program because the measurements were intended to characterize the condition of the
accessible vertical rock surfaces. SHR, DM, and VPID measurements were performed at
each designated measurement point. The NDT distribution maps were generated using
Point Kriging interpolation based on the measured values at the corresponding spatial
locations, with the interpolation restricted to the boundaries of the investigated façades.

At the beginning and end of the NDT measurements conducted on the monument,
ambient temperature and relative humidity values were recorded using a TROTEC BC21 de-
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vice (Trotec GmbH, Heinsberg, Germany) (Figure 5a). DM measurements were performed
to assess the relative spatial distribution of subsurface moisture within the monument. A
TROTEC T610 testing device (Trotec GmbH, Heinsberg, Germany), which operates based on
the microwave measurement principle and has a maximum penetration depth of 300 mm,
was used for these measurements (Figure 5b). The T610 provides material-related relative
moisture readings rather than direct measurements of gravimetric moisture content.

Measurements at all designated measurement points were repeated three times, and
the arithmetic mean of the obtained values was considered the representative value of the
relevant point. SHR and VPID measurements performed on the monument surfaces were
conducted based on the measurement procedure applied to the square prismatic specimens
in the laboratory (Figure 5c,d).

Figure 4. Digital documentation process of the monument. (a) Scanning of the monument surfaces
using a LiDAR sensor; (b) scaled three-dimensional polygonal mesh textured model of the mon-
ument; (c) photorealistic three-dimensional model created in accordance with the original visual
characteristics of the monument; and (d–f) distribution of the 50 × 50 cm measurement grids and
NDT measurement points on the three façades used for spatial modeling of the measured values in
Surfer 13 [32].
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Figure 5. NDT measurements conducted on the monument. (a) Ambient temperature and relative
humidity measurement; (b) deep moisture measurement; (c) SHR measurement; and (d) VPID mea-
surement.

3. Results and Discussion
3.1. Geological Setting and Mineralogical and Petrographic Characterization of the
Monument Rock

The monument is located within Neogene volcanic rocks that extend over a broad
area of approximately 1.000 to 1.200 km2 in the Konya (Türkiye) region. The Neogene
volcanic units of Konya mainly consist of lavas with intermediate to acidic composition
and pyroclastic rocks, while lavas with basic composition have a limited distribution at the
regional scale [33]. The monument is situated within the pyroclastic unit identified as the
Erenkaya Ignimbrite, which was first named by Keller et al. [34]. The rock unit into which
the monument was carved is gray in color and is characterized by the presence of crystal
and rock fragments and medium- to coarse-sized pumice components within an unwelded
matrix (Figure 6a,b). The mineralogical and petrographic characteristics of the rock unit
were evaluated using a polarizing microscope. The mineral compositions and petrographic
characteristics of the rock are presented in Table 1. The basic mineralogical composition
of the samples consists of volcanic glass (47%), plagioclase (15%), biotite (8%), and quartz
(5%), together with rock fragments (25%) (Figure 6b). It was determined that the rock into
which the monument was carved exhibits a hyaline porphyritic texture. According to the
classification of Schmid [35], the pyroclastic rock was classified as vitric tuff (Figure 6c).

Table 1. Mineralogical composition of the monument rock.

Sample Mineralogical Composition-% Texture Rock Name

Monument rock 47 Vg, 25 Rf, 15 Pl, 8 Bt, 5 Qtz Hyaline porphyric Vitric tuff *
Bt: biotite; Pl: plagioclase; Rf: rock fragment; Qtz: quartz; Vg: volcanic glass. * Classified according to
Schmid [35].
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Figure 6. View of the rock. (a) Macro; (b) micro; (c) Schmid’s classification [35] diagram (Pl: plagio-
clase, Rf: rock fragment, Vg: volcanic glass).

3.2. Physical Properties and Excavatability of Monument Rock

The physical properties of the pyroclastic rock into which the monument was carved
are presented in Table 2. The dry density, porosity, and water absorption by weight values
of the monument rocks are 1.46 g/cm3, 22.69%, and 15.55%, respectively. According to
the dry density classification of NBG [36], the monument rock is classified as having a
“very low” density, while it exhibits a “very high” porosity characteristic. The VPD of
the rock determined in the laboratory was 2.41 km/s, whereas the VPID was 1.95 km/s.
The SHR value obtained from the square prism representing the rock unit into which the
monument was carved was determined as 23. These laboratory measurements were used
as approximate site-specific reference ranges for the sampled host rock.

Table 2. The physical properties of the pyroclastic rock from which the monument was carved.

Physical Properties ρd—g/cm3 n—% Wa—% VPD—km/s VPID—km/s SHR

Mean 1.46 22.69 15.55 2.41 1.95 23.00

Minimum 1.45 22.05 14.97 2.35 1.63 21.00
Maximum 1.47 23.14 15.87 2.46 2.20 26.00

Standard deviation 0.01 0.57 0.51 0.04 0.28 1.63

Number of specimens 6 6 6

ρd: dry density; n: porosity; Wa: water absorption by weight; VPD: direct P-wave velocity; VPID: indi-
rect P-wave velocity; SHR: Schmidt hammer rebound value.
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The PR and CR values obtained in the laboratory for the historical building stone were
used to evaluate the effects of the properties of the rock material into which the monument
was carved (strength, textural properties, discontinuities, abrasiveness, fracture behavior,
etc.) on the interaction between the cutting tool and the rock surface. The PR and CR
values of the rock were determined as 1.262 mm/s and 1.190 mm/s, respectively. The
PR/CR ratio was 1.06. Although no standard classification exists for this ratio, a value
close to unity indicates that, under the applied test conditions, the rock offers comparable
resistance to rotary core drilling and circular sawing. This is consistent with the finding that
the cuttability and drillability of rocks are related to common intrinsic properties such as
brittleness [37]. The very low density and very high porosity of the rock [36], together with
its low SHR value (23.00), are also consistent with its low excavation resistance, since the
penetration rate in core drilling decreases with increasing density and Schmidt hardness
and generally increases with increasing porosity [26]. Because the point load strength index
and discontinuity spacing were not determined, rock mass excavatability charts [38,39]
were not applied, and this assessment refers to the intact rock material, which can be
described as easily excavatable.

However, CR and PR are performance parameters rather than intrinsic rock properties.
In addition to rock properties, sawing performance depends on operating variables such as
saw diameter, advance rate, and depth of cut [24,40], and core drilling performance depends
on the applied load and rotational speed; for instance, the penetration rate increases with
increasing thrust up to an optimum value and decreases beyond it [26]. Consequently,
the CR and PR values obtained in this study are directly comparable only with data
obtained under equivalent test configurations, and comparisons with studies using different
equipment should be limited to relative trends.

3.3. Deterioration Assessment in the Monument

The deterioration types identified on the monument were evaluated in accordance
with the classification proposed by ICOMOS-ISCS [30], and the main deterioration types
identified are shown in Figure 7. The fractures identified on the monument were classified
into two main groups considering their formation mechanisms and development conditions.
One group of these fractures is related to the geological characteristics of the rock mass
(Figures 7a and 8), while the other group is attributed to atmospheric deterioration processes
(Figures 7b and 8). In relation to atmospheric deterioration processes, surface detachments
with thicknesses ranging from the millimeter scale to the centimeter scale on the monument
surface were classified as contour scaling (Figures 7c and 8). Black crust formation was
commonly observed in different parts of the monument, and this type of deterioration
was observed to develop most prominently in the apsis area (Figures 7d and 8). Moisture
areas and moss were widely observed in association with the geological discontinuities in
the monument (Figures 7e,f and 8). In addition, biological colonization was found to be
widespread on the exterior surfaces of the monument, and these formations were mainly
observed as lichen, moss, and algae growth (Figures 7g and 8). Higher plant growth was
observed along the discontinuities (Figures 7h,i and 8). Rock fragments have detached from
the monument surface along fractures, locally disrupting the integrity of the monument;
this is probably associated with the progression of fractures under atmospheric influences
(Figures 7j and 8). Widespread efflorescence formations were identified in the capillary
areas above the existing ground level of the monument (Figures 7k and 8). Impact damage
effects associated with human activity and interventions were observed in different parts
of the monument (Figures 7l and 8).
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Figure 7. Catalog of the monument’s deterioration. (a,b) Fracture; (c) contour-scaling; (d) black crust,
(e,f) moisture area and moss; (g) biological colonization (lichen, moss, and algae); (h,i) higher plant;
(j) rockfall; (k) efflorescence; and (l) impact damage.

Figure 8. Cont.

https://doi.org/10.3390/buildings16214253

https://doi.org/10.3390/buildings16214253


Buildings 2026, 16, 4253 14 of 22

Figure 8. Deterioration maps showing the distribution of observed deterioration types on the
monument’s façades: (a) east façade; (b) south façade; and (c) west façade.

3.4. NDT Variation Maps from In Situ Measurements

The NDT measurements conducted on the monument were performed under atmo-
spheric conditions in which the air temperature was approximately 30 ◦C and the relative
humidity was 32% before and after the measurements. DM values measured on all façades
of the monument (east, west, and south) were determined to range between 28% and 64%
(Figures 9a, 10a and 11a). On the eastern façade, the high DM values were spatially associ-
ated with tree roots developing along the discontinuity in the northern part of the façade
and with the discontinuities in the apsis area. On the southern façade of the monument, the
DM values were determined to be generally high in the capillary zone and lower at higher
elevations. The lower DM values in the northern part of the western façade may be related
to the greater exposure of this open section to solar radiation; however, solar exposure was
not measured in this study. The general evaluation of the DM maps revealed that the zones
containing high moisture were largely associated with the fractures in the monument.
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Figure 9. NDT variation maps of the eastern façade of the monument. (a) DM; (b) SHR; and (c) VPID.
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In the SHR measurements conducted on the façades of the monument, the values
were determined to range between 10 and 22 (Figures 9b, 10b and 11b). SHR values were
low in the capillary zone and fracture areas, where surface deterioration was observed. In
addition, pronounced spatial differences in SHR values were observed on both sides of
the discontinuities, which may be related to surface deterioration along the discontinuities.
Higher SHR values were observed on the surface where the burial chamber (parecclesion) is
located on the southern façade of the monument. This may be related to the lower moisture
content of this surface and the correspondingly more limited deterioration. Higher SHR
values were also measured on relatively fresh surfaces exposed by the detachment of rock
fragments. Similarly, the higher SHR values on the convex sections of the monument may
reflect limited water retention and lower weathering intensity on these surfaces.

Figure 10. NDT variation maps of the south façade of the monument. (a) DM; (b) SHR; and (c) VPID.
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Figure 11. NDT variation maps of the west façade of the monument. (a) DM; (b) SHR; and (c) VPID.
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The in situ VPID measurements conducted on the façades into which the monument
was carved were determined to range between 1.10 and 1.52 km/s (Figures 9c, 10c and 11c).
The VPID and SHR distribution maps were observed to be similar. The low and high values
obtained by both methods were determined to be concentrated in largely similar zones
on the monument surface. This agreement suggests that both methods respond similarly
to variations in surface deterioration and moisture conditions and provide mutually sup-
portive results in the assessment of the current condition of the monument. The in situ
SHR (10–22) and VPID (1.10–1.52 km/s) values were generally lower than the laboratory
reference ranges (21–26 and 1.63–2.20 km/s, respectively), which is consistent with surface
deterioration. However, these differences may also reflect the moisture condition at the
time of measurement, differences in surface condition and natural variability within the
rock. The low SHR and VPID values in regions where high moisture levels are observed and
the spatial overlap of their distributions suggest that moisture conditions may contribute
to surface deterioration.

To avoid relying solely on the visual comparison of distribution maps, the DM, SHR,
and VPID values corresponding to the identical spatial locations across all façades were
evaluated together (Figure 12). The regression analyses were performed using the DM,
SHR and VPID values measured at the same grid points (n = 273; west: 32, south: 146,
and east: 95). The relationships were fitted by simple linear regression using the ordinary
least-squares method. Data from the three façades were pooled because all façades are
carved into the same ignimbrite unit and were measured during a single campaign under
identical ambient conditions, using the same instruments and procedures. Data points are
color-coded by façade in Figure 12. The coefficient of determination (R2) was calculated
for the DM–SHR, DM–VPID, and SHR–VPID relationships. The results indicated strong
relationships among the NDT parameters. An R2 value of 0.87 was obtained for the
relationship between DM and SHR, while R2 values of 0.86 and 0.97 were obtained for
the relationships between DM and VPID and between SHR and VPID, respectively. In
particular, the high R2 value obtained for the SHR–VPID relationship indicates a high
degree of compatibility between the spatial distributions of these two parameters across
the façades. These results provide quantitative support for the similarities observed in the
distribution maps and enable the relationships among DM, SHR, and VPID to be evaluated
on a statistical basis.

The spatial comparison of deterioration and NDT maps shows a clear spatial corre-
spondence between observed deterioration types and the physical measurements of the
host rock. The spatial alignment between deterioration types and NDT results suggests
that the observed damage is not randomly distributed but is spatially associated with
variations in moisture conditions and mechanical properties. This is consistent with the
interpretation that a moisture-related reduction in mechanical strength, together with the
susceptibility of the pyroclastic rock to weathering, may contribute to the development of
the observed deterioration features. Accordingly, NDT maps provide quantitative support
for visual deterioration assessment and assist in identifying zones that may require priority
monitoring and conservation intervention.

One of the main limitations of this study is that the in situ measurements were
conducted during a single field survey. Therefore, the observed relationships should
be interpreted as spatial associations rather than as definitive evidence of temporal or
causal processes. Additional time-dependent in situ monitoring is required to assess and
validate the potential effects of moisture, solar exposure, capillary movement, and other
environmental factors on deterioration processes.
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Figure 12. Correlation relationships among the NDT measurements: (a) DM-SHR, (b) DM-VPID, and
(c) SHR-VPID.

The deterioration processes of cultural heritage structures constructed from low-
strength rocks can be significantly influenced by environmental conditions, particularly
moisture fluctuations and seasonal wetting–drying cycles. In this context, the interpreta-
tion of in situ NDT results requires careful consideration of the moisture condition of the
rock. Frodella et al. [41], in their study of the Vardzia rock-carved cultural heritage site in
Georgia, demonstrated that areas of deterioration associated with moisture and seepage in
tuff could be effectively identified by integrating infrared thermography, UAV-based digital
photogrammetry, and conventional field investigations. Their findings emphasized the
importance of considering moisture distribution when assessing deterioration processes
and conservation conditions of rock-carved cultural heritage sites. Similarly, Özer et al. [19],
who investigated two structures excavated into low-strength rocks at the ancient site of
Kilistra, demonstrated that SHR and P-wave velocity measurements were sensitive to the
presence of water within the rock mass. Therefore, the researchers emphasized that NDT
measurements obtained during relatively dry periods more reliably reflect the mechanical
condition of the rock. They also reported that the high moisture levels during the win-
ter months may contribute to the deterioration process and that appropriate preventive
measures should be implemented to mitigate the potential effects of seasonal moisture
accumulation. These findings are particularly relevant to the interpretation of the results of
the present study. The variations observed in SHR and VPID values within the investigated
monumental structure should not necessarily be interpreted as evidence of irreversible
material deterioration, as part of the measured variability may be attributable to differences
in moisture conditions. In contrast, the persistent observation of consistently low values
under comparable moisture conditions may provide stronger evidence of low material
strength and progressive deterioration. Therefore, evaluating SHR and VPID data in con-
junction with moisture measurements and visual observations may provide a more reliable
basis for distinguishing short-term environmentally induced variations from long-term
deterioration processes. The consistency between the present observations and the findings
reported in the study conducted at Kilistra further supports the importance of consider-

https://doi.org/10.3390/buildings16214253

https://doi.org/10.3390/buildings16214253


Buildings 2026, 16, 4253 20 of 22

ing seasonal moisture conditions when assessing the conservation state of low-strength
pyroclastic rocks into which stone cultural heritage structures have been carved.

4. Conclusions
The main findings of this study, which characterizes the physical, mechanical, and

excavatability properties of the rock housing Kayadibi Church No. 2 (Konya, Türkiye);
classifies its deterioration types; and maps its NDT variations (VPID, SHR, and DM), are
summarized below:

• The monument is carved into a vitric tuff unit consisting of crystals, rock fragments,
volcanic glass, and medium- to coarse-grained pumice components, with an average
dry density of 1.46 g/cm3, porosity of 22.69%, water absorption by weight of 15.55%,
and direct P-wave velocity of 2.41 km/s.

• The intact rock material yielded PR and CR values of 1.262 mm/s and 1.190 mm/s,
respectively. Combined with its very low density, very high porosity, and low SHR,
these properties indicate that the intact rock material is easily excavatable with low
excavation resistance.

• Following the ICOMOS-ISCS classification, the observed deteriorations on the mon-
ument include fractures, contour scaling, black crusts, moisture areas, biological
colonization (lichens, mosses, algae, and higher plants), efflorescence, and impact
damage.

• DM values range between 28% and 64%, with high moisture concentrations localized
primarily in fractured zones.

• SHR values span from 10 to 22, associated mainly with the degree of surface deterio-
ration and moisture conditions.

• In situ VPID measurements range between 1.10 and 1.52 km/s, showing a general
spatial consistency with the SHR maps.

• Strong linear relationships were found between DM and SHR (R2 = 0.87), DM and
VPID (R2 = 0.86), and SHR and VPID (R2 = 0.97) (n = 273).

As the measurements were performed in a single field campaign, the observed relation-
ships represent spatial associations, and seasonal monitoring is recommended. Considering
that the monument is carved into low-strength pyroclastic rocks, controlling water seepage
and minimizing its adverse effects on the rock surfaces are fundamental requirements for
the long-term preservation for future generations. The spatial overlap observed between
high moisture levels and areas with lower SHR and VPID values highlights the importance
of mitigating moisture ingress and preventing prolonged water-rock interaction.
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curation, visualization, and resources. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/buildings16214253

https://doi.org/10.3390/buildings16214253


Buildings 2026, 16, 4253 21 of 22

Abbreviations
The following abbreviations are used in this manuscript:

CR Cutting Rate
DM Deep Moisture

ICOMOS-ISCS
International Council on Monuments and Sites, International Scientific
Committee for Stone

LiDAR Light Detection and Ranging
NDT Non-Destructive Testing
PR Penetration Rate
SHR Schmidt Hammer Rebound
Vp P-wave Velocity
VPD Direct P-wave Velocity
VPID Indirect P-wave Velocity

References
1. Michette, M.; Bichlmair, S.; Kilian, R. Diagnosing Decay Mechanisms at the Porta Nocera Necropolis, Pompeii: The First Step

Towards Effective Preventive Conservation. Stud. Conserv. 2018, 63, 195–202. [CrossRef]
2. Wang, F.; Huan, J.; Fu, Y. Convolutional Neural Network-Based Multimodal Image Information Fusion for Moisture Damage

Assessment of Cultural Heritage Buildings. Measurement 2025, 242, 115972. [CrossRef]
3. Mol, L.; Viles, H.A. Geoelectric Investigations into Sandstone Moisture Regimes: Implications for Rock Weathering and the

Deterioration of San Rock Art in the Golden Gate Reserve, South Africa. Geomorphology 2010, 118, 280–287. [CrossRef]
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