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ABSTRACT 

The Binbirkilise region has maintained its existence as an important religious and cultural center from the 
Hittites to the last period of the Eastern Roman Empire. There are many monuments in the region dating 
back to these periods. Among the region monuments, a Roman mausoleum draws attention along with its 
construction system and original form. This mausoleum was recently (2015) completely unearthed in the 
archaeological excavations carried out by the archaeologists of the Karaman Museum. Since then serious 
deterioration problems started to occur of atmospheric, biological and human origin. Several non destructive 
techniques (NDT) were applied and relevant measurements undertaken such as; temperature (ST), surface 
moisture (SM), Schmidt hammer rebound (SHR), and P-wave velocity (Vp) tests, 3D photogrammetry, thin 
sections, polarizing microscope, XRF analyses, XRD, mainly used to determine the deterioration conditions 
of building stones on the surface. The NDM innovative approach contributed to the understanding of the 
deterioration dynamics. It has been determined that a white crust formation on the parts of the monument 
unearthed by excavations and this crust formation affects the deterioration process of the building stones.  
 
 
 
 
 
 
 
 
 

KEYWORDS: Roman mausoleum, deterioration, building stones, Non-destructive tests, archaeological ex-
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1. INTRODUCTION 

Excavations performed at archaeological sites are 
areas where the cultural heritage of humanity is dis-
covered. For ancient stone monuments, the mecha-
nisms of deterioration at archaeological sites differ in 
stones buried in the soil and unburied (Cronyn and 
Robinson, 1990; El-Gohary and Redwan, 2018; 
Kaplan et al., 2013) because building stones under 
and above the soil are affected by different deteriora-
tion factors. 

Deterioration of building stones buried in the soil 
varies depending on soil temperature at different 
layers, soluble salts, dissolved carbon dioxide, or-
ganic matter content in the soil, pH value, vegetation 
cover, drainage conditions, hydrological status, cli-
mate, and soil structure (Cronyn and Robinson, 
1990; Curran et al., 2002; Gauthier and Burke, 2011; 
Kaplan et al., 2013; Kibblewhite, 2015; Kibblewhite et 
al., 2015; Thorn et al., 2002; Velde and Meunier, 
2008). 

The main factors of deterioration in building 
stones, which always been on the surface are of at-
mospheric, biological, and anthropogenic origin. 
Deterioration phenomena due to atmospheric events 
are examined under the main headings of freeze-
thaw (Fener and İnce, 2015; Gökçe et al., 2016; On-
drasina et al., 2002; Siegesmund et al., 2002; Freire-
Lista et al., 2015), thermal shock (Wang et al., 2016; 
Bonazza et al., 2009; Paradise, 2000; Gomez-Heras et 
al., 2006), wetting-drying (Zhao et al., 2018; Zhou et 
al., 2017; Huggett, 2011; Hall and Hall, 1996; Goudie, 
2016), and salt crystallization (Benavente et al., 2007; 
Ulusoy, 2007; Camuffo, 1995; Benavente et al., 1999; 
Özşen et al., 2017; Stück et al., 2018). Biological ef-
fects represent the direct and indirect contribution of 
plants, lichens, fungi, bacteria, and algae to the phys-
ical and chemical disintegration of rocks (Gaylarde 
et al., 2018; Cutler and Viles, 2010; Korkanç and Sav-
ran, 2015; Warscheid and Braams, 2000; Warscheid, 
2000; Korkanç and Savran, 2010; Doehne and Price, 
2010). Anthropogenic effects are the destruction 
caused by mechanical interventions to building 
stones and the wear caused by direct human contact 
(Paradise, 2000; Pope et al., 2002; Zakar and 
Eyüpgiller, 2015; Ashurst and Dimes, 1998). 

Building stones, which had buried before the ex-
cavations and which always been on the surface, are 
affected by different deterioration factors. However 
there is no study in the literature comparing deterio-
ration observed at these different levels by non-
destructive tests (NDT). Present NDT studies are 
mainly used to determine the deterioration condi-
tions of building stones on the surface.  

The current studies have examined the deteriora-
tion of stones unearthed after excavations and the 

deterioration of stones always been on the surface 
comparatively by laboratory experiments (Curran et 
al., 2002; Thorn et al., 2002; Warke et al., 2010; 
Kaplan et al., 2013; El-Gohary and Redwan, 2018), or 
they have mainly focused on the deterioration of 
stone monuments and building stones always been 
on the surface (Hatır et al., 2019; İnce et al., 2018; 
Korkanç et al., 2018; Tosunlar et al., 2018; Elyamani 
and Roca, 2018; Moussa, 2019; Abdel-Aty, 2019; 
Zhang et al., 2019; Puy-Alquiza et al., 2019; The-
odoridou and Török, 2019; Bozdağ et al., 2020; Kor-
kanç et al., 2019; Hatır, 2020; Hatır et al., 2020; Dur-
sun and Topal, 2019; Işık et al., 2020).  

Non-destructive testing techniques are widely 
used to determine the deterioration factors affecting 
building stones. However, considering the changes 
of these factors according to macro and micro climat-
ic conditions together with NDT maps provides an 
innovative approach to understand the deterioration 
dynamics. 

In this study, the deterioration in the mausoleum 
structure, part of which had remained buried for 
approximately 1300 years were investigated. This 
Roman mausoleum is located in Karadağ, which was 
an important religious and cultural center from the 
Hittite Empire to the Eastern Roman Empire 
(Garstang, 1944; Turgut, 2013, 2015; Kurt, 2011, 2013; 
Ramsay and Bell, 1909; Yıldız, 2016). Karadağ is lo-
cated within the borders of Karaman province (Fig. 
1a, b). The region is also called Binbirkilise. The an-
cient ruins in the region are concentrated in 
Madenşehri village (Fig. 1c-g). 

The mausoleum, which constitutes the subject of 
this study and a large part of which had remained 
buried under the soil since the 7th century AD 
(Ramsay and Bell, 1909), was completely unearthed 
in 2015 as a result of the archaeological excavation 
carried out by Karaman Museum (Bell, 2020; Kon-
yalı, 1967; Eyice, 1971; Kurt, 2011; Yıldız, 2016) (Fig. 
2a-j). The region where the Mausoleum structure is 
located is a region where religious structures of the 
Christian period are observed predominantly. The 
Roman mausoleum structure in the region is regard-
ed as one of the rare buildings dating back to pre-
Christian period. There are also no sign of repair in 
the mausoleum. With this condition, the mausoleum 
is a building that has preserved its originality from 
the time it was built, unlike other monuments in the 
region. This Mausoleum has remained standing en-
tirely without the intervention of restoration is one 
of the few examples in Turkey and surrounding 
countries. These features of the structure provide 
opportunities for objective observation of the stone 
deterioration processes in the study area (Figs. 2-3).  

 



NON-DESTRUCTIVE TEST INVESTIGATIONS ON THE DETERIORATION OF ROMAN MAUSOLEUM 201 

 

Mediterranean Archaeology and Archaeometry, Vol. 20, No 3, (2020), pp. 199-219 

It is observed that the decay factors in this monu-
ment are significantly active, especially in the sec-
tions, which had buried before the archaeological 
excavations. This section is covered with a white 

crust formation. The deterioration processes ob-
served in the section covered by this white crust 
formation seriously threaten the conservation of the 
monument. 

 

Figure 1. a) Location of Karaman Province, b) Location of Karadağ volcanism and Madenşehri village, c) Madenşehri 
village and important monuments, d) Exedra (4-5th centuries AD), e) Chapel No. 12 (early Byzantine period), f) Basilica 

No. 1 (5th century AD), g) Mausoleums (4-5th centuries AD). 
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Figure 2. The pre-excavation and the post-excavation status of the mausoleum; a) 1907 (Bell, 2020), b) 1967 (Konyalı, 
1967), c) 1971 (Eyice, 1971), d) 2011 (Kurt, 2011), e) 2016 (Yıldız, 2016), f) 2016 (Yıldız, 2016), g) 2017, h) 2018, i) 2019, j) 

excavation line and building stones covered by the white crust.  

To determine the deterioration differences ob-
served in the monument's building stones, which 
had buried before the excavations and which always 
been on the surface, studies were conducted in situ 
and in the laboratory. In laboratory studies, the in-

dex-mechanical, petrographic, and geochemical 
properties of the monument’s building stones were 
determined. By carrying out in situ studies, first of 
all, the types of deterioration were determined. At 
the second stage, non-destructive test (NDT) meas-
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urements (surface temperature (ST), surface mois-
ture (SM), Schmidt hammer rebound (SHR), and P-
wave velocity (Vp) tests) were applied to each build-
ing stone, and data maps were created according to 
the results obtained. At the final stage, the relation-
ships between the deterioration types of the building 
stones, which had buried before the excavations and 
which always been on the surface, and the NDT 
maps were compared, and it was attempted to reveal 
the factors causing deterioration. As a result of the 
study, it has been determined that there is a white 

crust formation on the parts of the monument un-
earthed by excavations. It has been determined that 
this crust formation affects the deterioration process 
of the building stones. In this study, the effect of the 
white crust covering the surfaces of the building 
stones uncovered from the soil on the deterioration 
processes was tried to be understood. The study is 
also intended to be a guide for deterioration prob-
lems that may arise after excavations in other mon-
uments in the region. 

 

 

Figure 3. Facade and interior views and details of the mausoleum; a) northeast facade, b) northwest facade, c) southwest 
facade, d) southeast facade, e) projections called tenon, f) stylized plant figures, g) top cover, h) pedestals found at the 
corners of the southwest facade and missing top cover stones, i) entrance gate of the tomb, j) northeast wall, k) north-

west wall, l) southwest wall, m) southeast wall, n) earth-filled ground, o) stone consoles and ceiling. 



204 Μ.Β. TOSUNLAR et al 

 

Mediterranean Archaeology and Archaeometry, Vol. 20, No 3, (2020), pp. 199-219 

2. MATERIALS AND METHODS 

2.1. History, Importance and Characteristic of 
the Monument 

The mausoleum is located in the northern part of 
the settlement area of Madenşehri village (Fig. 1c). 
There is no inscription on the monument, and it is 
dated to the period between the 4th and 5th centu-
ries AD (Ramsay and Bell, 1909; Kurt, 2011; Eyice, 
1971). It is not known for whom the mausoleum was 
built. This monument, which was built using ande-
site block stones, is one of the unique examples of 
the Roman mausoleum architecture in Anatolia. 

The mausoleum is located on a square-based po-
dium with a size of 7.80 x 7.80 m, and the height of 
the structure is 5.49 m. The podium has five steps, 
and the first three steps are undecorated (Fig. 3a, b, 
c, d). In some of the podium stones, there are projec-
tions, called tenon (Adam, 2005), which are used to 
put stones in their places in the structure (Fig. 3e). 
The fourth step of the podium is concave and 
curved, while the fifth step has a trapezoidal pris-
matic form. There are stylized plant motifs at the 
corners of these steps (Fig. 3f). Over the podium, 
there is a body section formed by smooth rectangu-
lar andesite stones. Above the body section, there is 
a superstructure system rising as a series of three 
stones. The top cover is flat (Fig. 3g), and it is differ-
entiated by two pedestals and missing stones on the 
southwest side (Fig. 3h). 

The entrance gate of the mausoleum is in the 
northeast direction and located 2.23 m above the 
ground (Fig. 3i). The mausoleum chamber, which 
can be reached by passing through the gate, has a 
rectangular shape and a size of 2.88 x 3.42 m. The 

walls of the chamber were formed by smooth rec-
tangular andesite stones (Fig. 3j, k, l, m). There is 
earth filling on the floor of the chamber (Fig. 3n). The 
superstructure of the mausoleum chamber was 
formed by placing stones on top of each other in the 
form of consoles (Fig. 3o). The height of the interior 
part of the mausoleum chamber is 2.87 m. 

2.2. Geography, Location and Climate 
Properties of the Study Area 

Madenşehri, which is located at the north-western 
foothills of Karadağ, has an elevation of 1218 m from 
sea level and is located in an area where terrestrial 
climate prevails. Summers in the region are hot and 
dry, and winters are cold and snowy. During the 
year, the minimum and maximum precipitation oc-
cur in August and December, respectively (Table 1). 
The highest and lowest average temperatures in the 
region were recorded in July and January, respec-
tively (MGM, 2019). The dominant wind direction in 
the study area is from the northwest (Table 1) (Mete-
oblue, 2020). These regional climatic conditions have 
an impact on the deterioration processes of the 
building stones. In the winter period, the presence of 
water that causes saturation in the building stones 
freezes in micro cracks and pore, especially when the 
air temperature drops below 0 °C. This daily effect 
causes deterioration on the building stone surfaces. 
In addition, the prevailing winds in the region re-
duce the surface temperatures of the building stones 
and increase the rate of development of biological 
colonizations, especially in winter, on the northern 
facades of the buildings. 

Table 1. Meteorological records of Karaman station for the period of 1951–2018 (MGM, 2019) and Madenşehri Village 
wind rose (Meteoblue, 2020). 

Month Temperature (°C) Monthly total 
precipitation averages (kg/m²) Average Minimum Maximum 

January 0.5 -3.8 5.5 41.4 
February 1.9 -2.7 7.3 34.7 

March 6.3 0.5 12.5 37.0 
April 11.5 5.0 18.2 36.1 
May 16 8.8 23.2 36.5 
June 20.2 12.4 27.7 22.4 
July 23.4 15.2 31.1 4.3 

August 22.9 14.6 31.0 3.9 
September 18.7 10.3 27.1 7.5 

October 12.9 5.7 20.6 28.0 
November 6.9 1.1 13.6 33.4 
December 2.5 -1.8 7.5 46.5 
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2.3. Geology of the Study Area 

The study area is located in the Volcanic Region of 
Konya (Miocene-lower Pliocene), in the southern 
part of Central Anatolia (Sür, 1972). The part of these 
volcanites extending toward the east is called Kara-
man (Karadağ) volcanites (Ercan, 1986). In recent 
studies conducted in the study area, it has been stat-
ed that the Karadağ stratovolcano occurred in three 

stages and resulted in caldera collapse (Çoban et al., 
2019). A non-parallel deep fault zone and other 
faults led to wide pull-apart basins, providing a 
pathway for volcanism, like the Karaman Basin, 
where the KS erupted in the region. The geological 
map of Karadağ and its surroundings is presented in 
Fig. 4. According to Gürsoy et al., (1998), Karaman 
(Karadağ) volcanites are Late Pliocene-aged. 

 

Figure 4. Geological units of Karadağ region and the location of the ancient quarry (Gürsoy et al., 1998). 
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2.4. Methodology 

The experimental procedures of the study were 
carried out in three stages. These stages included 
observations of the monument and of the quarry 
samples, laboratory studies, and NDT measurements 
performed on the building stones.  

2.4.1. Observations of the monument 

The digital photogrammetry software was used to 
document the current status of the monument’s fa-
cades and to map the deterioration of the building 
stones. The sequential photographs of the mausole-
um taken at different locations and heights by a 
Canon 600D camera and DJI Phantom-3 Advanced 

air vehicle were processed in the Autodesk ReCap 
Photo program, and a 3D digital building model was 
obtained (Fig. 5a, b). 

The scaled orthophotographs of each facade were 
taken from the 3D digital building model. These or-
thophotographs were evaluated together with the 
observations made in situ, and the scaled architec-
tural plans and facade drawings of the building were 
prepared in the CAD environment (Fig. 5c). In the 
drawings, the deterioration types and the surface 
areas covered by them were mapped in detail. The 
deterioration types and their surface areas were 
measured and calculated from the 2D digital draw-
ings, prepared in the CAD environment. 

 

Figure 5. The modelling and drawing processes of the monument; a, b) scaled 3D model created in the Autodesk ReCap 
Photo program, c) scaled architectural plans and facade drawings prepared in the CAD environment. 

2.4.2. Observations of the quarry samples 

Due to conservation requirements, no stone sam-
ples were taken from the building, and samples were 
procured from the ancient quarry located north of 
Madenşehri village (Fig. 4). It is thought that this 
quarry was used until the 7th century AD after the 
settlement in the region ended (Ramsay and Bell, 
1909). To determine the index - strength values of 
the building stones used in the monument before 
deterioration, fresh samples with colors, petrograph-
ic texture, and characteristics similar to the building 
stones were obtained from the ancient quarry. In the 
observations made in the quarry from which the 
stones used in the construction of the monument 
were taken, no white crust formation was found. 

2.4.3. Laboratory Studies 

From the andesite samples collected from the an-
cient quarry, samples were prepared in such a way 
that their size was NX (54 mm diameter) and their 
length was 2.0 - 2.5 times the width. The physical 
(dry density, porosity, water absorption by weight, 
capillary water absorption) and mechanical (SHR, 
Vp, and uniaxial compressive strength) properties of 
these samples were determined in accordance with 
the relevant standards and suggested methods 
(ASTM D5873, 2014; ISRM, 2007; TS EN 1925, 2000; 
ASTM D7012, 2014).  

The thin sections, prepared to determine the pet-
rographic properties of the rock samples, were ex-
amined under a polarizing microscope, according to 
TS EN 12407, (2013). XRF analyses performed to de-
termine the major-element composition of the rock 
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were carried out in the YEBİM Laboratory of Ankara 
University according to the standards set by USGS 
for volcanic rocks (basalt, andesite) using a Spectro 
XLAB 2000 PEDXRF (400-W Rh end window tube 
and Si (Li) detector with a resolution of 148 eV (1000 
cps Mn Kα) device.  

It was observed that the thickness of the white 
crust that covered all the surfaces of the structure, 
which had buried before the excavations varied be-
tween 0.1 mm and 0.9 mm. The samples taken to 
determine the chemical composition of the white 
crust in these sections were taken from the podium 
sections of the monument. The XRD analysis con-
ducted to determine the composition of the white 
crust was carried out in the YEBİM Laboratory of 
Ankara University using an "Inel Equinox 1000" de-
vice (CoKα radiation obtained at 30 kV and 30 Ma, 
5–80° 2θ investigation range, 0.030 ° step). 

2.4.4. NDT Measurements 

Among the NDT methods, surface temperature 
(ST), surface moisture (SM), Schmidt hammer re-
bound (SHR), and P-wave velocity (Vp) tests were 
applied perpendicular to the building stones and 
perpendicular to the wall, color tones were formed 
according to the data obtained, and the data were 
mapped. 

2.4.4.1. Surface Temperature (ST) Tests 

The surface temperatures of the building stones 
were measured using a Trotec BP17 handheld infra-
red thermometer. The temperature range of the de-
vice is - 50 °C to + 380 °C, and the spectral accuracy 
is between 8 - 14 µm. The surface temperature meas-
urements were carried out in the form of seasonal 
observations (twice, in July, which is the hottest 
month in the region, and in January, which is the 
coldest month) and three times during the day (at 
10.00, 12.00, and 14.00). Measurements were made at 
five different points (stone corners and midpoint) on 
the surface of each stone facing the same direction. 
By taking the arithmetic mean of the data obtained, 
the seasonal surface temperature values of each 
building stone were acquired. 

2.4.4.2. Surface Moisture (SM) Tests 

The surface moisture values of the building stones 
were determined using a Trotec T660 handheld sur-
face moisture meter. The accuracy range of this de-
vice, which is capable of measuring up to approxi-
mately 40 mm in depth of stone surface, is between 0-
200 digits. Each digit represents a moisture value of 
0.5%. The device can provide healthy values of envi-
ronmental temperatures between - 20 °C and + 60 °C. 

The surface moisture measurements on the mon-
ument were carried out simultaneously with the 

temperature measurements three times a day (at 
10.00, 12.00, and 14.00) and at the same points of the 
building stones. The seasonal surface moisture value 
of each building stone was obtained by taking the 
arithmetic mean of the data obtained. 

2.4.4.3. Schmidt Hammer Rebound (SHR) Tests 

To determine the surface hardness of the building 
stones, a DRC-Geohammer "L" type Schmidt ham-
mer with an impact energy of 0.735 Nm was used. 
The Schmidt hammer measurements were per-
formed perpendicular to 10 different points and sur-
faces on the same surface, as specified in ASTM 
D5873, (2014). For each building stone, the mean of 
the ten values obtained was calculated. Values that 
differed by more than seven units were not taken 
into account while taking the mean. Afterward, the 
arithmetic mean of the remaining values was taken, 
and the SHR value of each building stone was ob-
tained. 

2.4.4.4. P-Wave Velocity (Vp) Tests 

The Vp values of the building stones were meas-
ured using a UK 1401 ultrasonic tester. The device 
has two ceramic-tipped probes, one transmitter and 
one receiver, and is capable of conducting dry meas-
urements without any contact liquid. The measure-
ments were performed at three different points, on 
the surface of each stone facing the same direction, 
according to the principles and procedures specified 
in ISRM, (2007) by employing the indirect method. 
The arithmetic mean of the data obtained was taken, 
and the indirect P-wave velocity value of each stone 
surface was obtained. 

3. RESULTS AND DISCUSSION 

3.1. Observations of the monument 

The deterioration observed in the monument were 
evaluated under three main headings (atmospheric, 
biological, and anthropogenic). The evaluations of 
deterioration was based on the studies carried out by 
ICOMOS-ISCS, (2008) and Fitzner and Heinrichs, 
(2004). The most common type of deterioration in 
the monument is the white crust (encrustation) 
formed in the parts of the structure, which had bur-
ied before the archaeological excavations (Fig. 2f-j 
and Figs. 6-7). The XRD analysis results of the sam-
ples taken from this layer are presented in Fig. 8e. 
When the XRD peaks were evaluated, the white 
crust was determined to consist of calcite, illite, and 
dolomite minerals. 

Regarding the white crust formation process, sev-
eral effects are thought to have developed together. 
The first of these effects; It is the accumulation of ero-
sion products adhering to the stone surfaces in time, 
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especially in rainy periods, due to the frequent effects 
of seasonal wetting-drying cycles of the stones at the 
ground level of the building. The building is thought 
to have occurred in the form of stages towards the 
excavation line of the process of being covered. Rising 
soil accumulation is also thought to be effective in the 
formation of this crust by raising the wetting-drying 
line of the building stones (Fig. 7). 

The second of the effects in the white crust for-
mation process; It is the transport of minerals dis-

solved in the soil to the building stone surfaces with 
the water rising with the effect of capillarity. The soil 
minerals that are transported are deposited where 
they are transported by the effect of evaporation. It is 
thought that the raising soil accumulation in the past 
time creates a capillary effect at higher elevations 
and raises the crust formation to the excavation line. 
The calcite mineral determined by Özaytekin and 
Karakaplan, (2011) in the soil of the region and the 
content of the crust makes this effect possible. 

 

 

Figure 6. The main types of deterioration observed in the monument. 
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Figure 7. Map of the deterioration types in the mausoleum. 

The decomposition process on the building stone 
surfaces is also effective in the formation of the white 
crust. The presence of illite, a change product of 
feldspar in the rock composition supports this effect 
(Fig. 8e). 

The deterioration observed in the structure differs 
in the parts where it is covered and not covered by 
the white crust. In the section covered by the white 
crust, the most remarkable types of deterioration are 
of atmospheric origin (Table 2). It is calculated from 
the 2D digital drawings prepared in CAD environ-
ment where atmospheric deterioration types in this 
section cover 50.51% of the surface area. However in 
the section not covered by the white crust, the types 
of deterioration, which is atmospheric origin cover 
only 5.43% of the surface area (Table 2). 

When the biological activities in the monument 
were examined, their strong relationships with the 
white crust were determined. While the rate of her-
baceous plants was higher in the crust region (2.48%) 
with intense atmospheric deterioration, the biologi-
cal activity layer consisting of algae and lichens was 
observed to be dominant in the parts, which always 
been on the surface (29.34%) (Table 2). 

The development of herbaceous plants in the crust 
region was thought to be related to the high moisture 
due to the capillary effect and the soil remnants that 
could not be cleaned sufficiently during the excava-
tion. The algae and lichen layer was concentrated to a 
large extent in the top cover region of the structure 
(Figs. 6-7). Herbaceous plants and shrubs that develop 
between the top cover stones together with this layer 
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cause the wedge effect between the building stones 
due to the growth forces formed by the roots (Figs. 6-
7). As a result of these separations, the penetration of 
the surface water into the building structure and the 
mausoleum chamber becomes easier. 

The deterioration of anthropogenic origin were 
observed more prominently in the parts of the struc-

ture always being on the surface (6.97%) (Table 2). 
The oldest one of these deterioration is the religious 
symbols that were engraved by visitors coming to 
the region on different facades of the monument 
(Fig. 6). Flaking is observed on the surfaces of the 
engraved symbols as a result of atmospheric effects. 

Table 2. Deterioration rates on the building stone surfaces. 

Main category Deterioration type 
 

Deterioration rate (%) 

Excavated Unburied 

Water affected area 
Capillary level 79.55 

79.55 
0.00 

6.96 
Water washing area 0.00 6.96 

Atmospheric deteriora-
tion 

Efflorescence 2.89 

50.51 

0.00 

5.43 

Flaking 44.26 2.43 
Scaling 2.97 2.30 

Erosion / rounding 0.16 0.65 
Fracture 0.05 0.04 

Crumbling 0.18 0.01 

Biological deterioration 

Moses and lichens 0.87 

3.35 

29.34 

31.56 
Herbaceous plants 2.48 1.17 

Shrubs 0.00 0.68 
Wedge effect 0.00 0.37 

Anthropogenic deterio-
ration 

Human intervention 0.00 

5.40 

0.02 

6.97 
Stone breakage 4.80 3.38 
Impact damage 0.00 0.98 

Loss of stone material 0.60 2.59 

 
The other significant anthropogenic deterioration 

observed in this section is the breakage caused by 
impact effects in the joints and building stone cor-
ners due to vandalism and treasure hunting activi-
ties. Surface roughness increased in the regions 
where the breakage occurred, and flaking started to 
develop on these surfaces (Figs. 6-7). 

In the parts of the monument always being on the 
surface, the most interesting form of deterioration of 
anthropogenic origin is the destruction caused by 
shooting with guns (0.98%) (Table 2). The bullet 
traces in these parts indicate that the monument was 
used as a shooting target (Figs. 6-7). 

The losses of the stone material in the southwest-
ern part of the monument’s top cover were identi-
fied as the most critical anthropogenic effect damag-
ing the building significantly (Figs. 6-7). The destruc-
tion of the stones in the roof cover causes precipita-
tion to enter the mausoleum chamber easily. Precipi-
tation entering these parts easily penetrates into the 
podium from the earth-filled ground. This infiltra-
tion is thought to accelerate the processes of decom-
position by increasing the moisture content of the 
stones in the podium section. 

The anthropogenic deterioration observed in the 
parts of the monument, which had buried before the 
archaeological excavations are stone breakages caused 
by possible impacts on the podium steps (4.80%) (Ta-
ble 2). In addition, a step in the northern corner of this 
section has been completely destroyed (Fig. 7). 

3.2. Laboratory Studies 

Through the experiments conducted on the core 
samples, the average dry density (ρd) was found to 
be 1.98 g/cm³, porosity (n) 20.70%, water absorption 
(aw) 10.45%, and capillary water absorption (C) 

337.20 g/m²s0.5. The average uniaxial compressive 
strength value (UCS) of the rock was found to be 
54.20 MPa, the Schmidt hammer rebound (SHR) 
46.20, and the P-wave velocity (Vp) 4015 m/s. Ac-
cording to the NBG, (1985) classification, the rock 
was in the "high porous rock" class and had the 
characteristics of "medium-strength" rock in terms of 
uniaxial compressive strength. According to De 
Beer, (1967), the rock was in the "very hard rock" 
class in terms of the SHR value. 

In the thin section investigations of the sample 
under a polarizing microscope, which was procured 
from the ancient quarry and had a texture similar to 
the rock used in the building, 15% plagioclase, 18% 
clinopyroxene, 14% hornblende, 30% plagioclase 
microlites, 2% biotite, 2% opaque mineral, and 19% 
volcanic glass were determined (Fig. 8a, b, and c). 
The rock has typically a hyalopilitic texture. 

The results obtained from the geochemical analy-
sis of the rock sample are presented in Table 3. When 
the sample was assessed in the total alkali silica 
(TAS) diagram suggested by Le Bas et al., (1986), it 
was located in the andesite area (Fig. 8d). 
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Table 3. Major-element composition of the sample taken from the ancient quarry. 

 Major oxide - % 

The sample of SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 SO3 V2O5 LOI 

the ancient quarry 60.21 15.66 5.68 2.65 6.39 2.54 3.74 0.46 0.57 0.07 0.01 0.12 0.016 1.88 

 

 

Figure 8. Macro and microscale photographs of the rock; a) macro view, b, c) thin section views (Pl: plagioclase, Vk: 
volcanic glass, Pl Mc: plagioclase microlites, Hb: hornblende, Px: clinopyroxene) (crossed nicols), d) assessment of the 

quarry sample in the TAS diagram Le Bas et al., (1986), e) XRD peaks of the white crust. 

3.3. NDT Measurements 

3.3.1. Surface Temperature (ST) and Surface 
Moisture (SM) Test Results 

Daily and seasonal changes in temperature and 
moisture have a significant effect on the deteriora-
tion processes in building stones (Weiss et al., 2004; 
El-Gohary and Al-Shorman, 2010; Camuffo and Stu-
raro, 2001; Steiger et al., 2014; Huggett, 2011; Win-

kler, 1996; Warscheid and Braams, 2000; Mitchell et 
al., 2000; Tschegg, 2016; Smith et al., 2011; ANON, 
1995). In this study, to determine the seasonal tem-
perature and moisture changes in the mausoleum, 
measurements were carried out in summer and win-
ter periods, and the results obtained were presented 
in Table 4 and Fig. 9. 
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Table 4. Seasonally measured ST and SM values in building stones. 

NDT Season Location Minimum Maximum Mean (SD) 

S
T

 (
°C

) Winter 
Excavated -9.7 17.8 2.63 7.65 
Unburied -4.6 24.2 10.76 10.45 

Summer 
Excavated 22.0 43.0 33.02 6.85 
Unburied 27.9 44.1 36.97 5.37 

S
M

 (
%

) Winter 
Excavated 52.0 100.0 85.50 10.72 
Unburied 32.0 92.0 67.54 14.40 

Summer 
Excavated 19.0 75.0 44.77 10.21 
Unburied 15.0 56.0 35.33 10.49 

 
Upon examining the values in Table 4, ST values 

of the sections always being on the surface are ob-
served to be higher in summer and winter periods. 
However the building stones, which had buried be-
fore the archaeological excavations are colder. The 
reason for this is thought to be the archaeological 
remains covering the northwest part of the monu-
ment, high elevation slopes surrounding the monu-
ment, and the later built village house, as well as the 
change in the thermal and water permeability of the 
stones by the light-colored crust covering the sur-
face. 

In the winter period, ST falls below 0 °C in the 
majority of the building stones on the northwest fa-
cade. In the summer, the lowest temperatures were 
measured on this facade (Fig. 9a, b). Low tempera-
tures on the northwestern facade of the monument 
can be explained by two main reasons. The first one 
is that the shadow caused by the archaeological re-
mains close to the northwest facade and falling on 
this front restricts the period of sunlight exposure of 
the building stones. The second one is that the dom-
inant wind direction in the region is from the north-
west (Table 1). Due to the high elevation slopes and 
shading of the monument by the later built village 
house, low temperatures were also measured in the 
lower part of the southwest facade (Fig. 9a, b). 

The highest average temperatures on the facades 
were measured on the southeast facade (Fig. 9a, b). 
This facade is a surface which the sun's rays can 
reach directly without any obstacle. The high tem-
peratures on the facade create rapid evaporation, 
especially on stones in the podium section. Rapid 
evaporation reveals the problem of efflorescence. 

Surface temperatures increase while moving to-
ward the upper levels of the monument. Relatively 
lower temperatures were detected on the northeast 
and northwest facades of the top cover (Fig. 9a, b), 
where biological activity layers developed more. 

The maximum SM values in the building stones 
were measured in the parts with the white crust (Ta-
ble 4). High SM values in the lower part of the mon-
ument’s podium during both summer and winter 
periods were associated with water rising from the 
soil by capillarity (Fig. 9c, d). High SM values ob-
served in the steps of the upper part of the podium 
were thought to be caused by the seasonal precipita-
tion waters leaking from the soil floor of the mauso-
leum chamber. High moisture that affects the build-
ing stones in the podium from both the ground and 
the upper part cannot evaporate due to the white 
crust covering the stone surfaces. This situation 
causes intense deterioration in the building stones 
under the effect of freeze-thaw cycles, especially in 
the winter periods. Increased the degree of satura-
tion of rocks (increased humidity) causes the build-
ing stones to be more severely affected by freeze-
thaw cycles as demonstrated in previous studies (Al-
Omari et al., 2015; Chen et al., 2004; Prick, 1997; Mat-
suoka, 2001). This situation was also observed in 
building stone deterioration in this section. In addi-
tion the high moisture in this region also accelerates 
the growth of herbaceous plants.  

The direct exposure of the building stones that 
make up the top cover of the monument to seasonal 
precipitations and the path which is followed by ac-
cumulated precipitation as it moves away from the 
structure constitute the infiltration zone (Figs. 6-7). 
High SM contents were determined in the stones in 
this zone, especially during rainy periods (Fig. 9d). 
High SM values in this region play an essential role 
in the occurrence of flaking and scaling on the build-
ing stone surfaces. High SM values also take a signif-
icant part in the development of biological for-
mations in this section. The dominant winds from 
the northwest, which affect the building stones with 
a north-facing aspect, decrease temperatures and 
increase the development of mosses and lichens 
(Figs. 7-9). 
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Figure 9. ST data maps of the monument; a) summer period, b) winter period, SM data maps of the monument; c) summer 
period, d) winter period. 

3.3.2. Schmidt Hammer Rebound (SHR) and 
P-Wave Velocity (Vp) Test Results 

To determine the deterioration effects in the build-
ing stones, Schmidt hammer rebound (SHR) and 
indirect P-wave velocity (Vp) measurements were 
performed on each building stone surface. The val-
ues obtained from the tests and the maps created 
depending on the values are presented in Table 5 
and Fig. 10. 

Upon examining the values in Table 5, it is ob-
served that the SHR and Vp values are higher in the 
building stones always being on the surface 

throughout the history. This result indicates that alt-
hough they were exposed to uninterrupted atmos-
pheric effects, the building stones in this section suf-
fered less deterioration than the building stones, 
which had buried before the archaeological excava-
tions. When the SHR and Vp maps are examined, it 
is observed that the regions where these values are 
low are similar and that these regions are concen-
trated in the podium and roof parts (Fig. 10a, b). Fur-
thermore, in the observations made in the regions 
where these two values were low, the deterioration 
was observed to be more intense. 

Table 5. SHR and Vp values measured in building stones. 

NDT Location Minimum Maximum Mean (SD) 

SHR 
Excavated 13 35 24.94 4.30 

Unburied 13 41 26.56 6.71 

Vp (m/s) 
Excavated 1200 2900 2104.76 296.12 

Unburied 1300 3800 2459.77 544.84 
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Figure 10. SHR and Vp data maps of the monument; a) SHR map, b) Vp map. 

The low SHR and Vp values of the stones, always 
being on the surface, are associated with deteriora-
tion due to atmospheric effects and the intensive bio-
logical activity (mosses and lichens, herbaceous 
plants and shrubs). Furthermore, low SHR and Vp 
values were detected in the small-sized stones in this 
section. This can be explained by the fact that, as 
many researchers have noted (Yavuz, 2006; André et 
al., 2008; Korkanç, 2018; Tosunlar et al., 2018; Gökçe 
et al., 2016), as the sizes of building stones become 

smaller, the speed of their exposure to external fac-
tors increases, and the proportional size of micro-
cracks formed during the shaping of small-sized 
building blocks increases (Fener and İnce, 2015). 

In the part that had buried before the archaeologi-
cal excavations, the deteriorated stones are concen-
trated on the ground and in the upper parts of the 
podium (Fig. 10a, b). At the same time, these sections 
constitute the regions with high SM values. 
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4. CONCLUSIONS 

In this study, the unique mausoleum structure be-
longing to the Roman period and located in 
Madenşehri was investigated. It is thought that un-
controlled unearth of building stones without con-
sidering the microclimatic and environmental dete-
rioration factors accelerates the processes of deterio-
ration. Moreover, atmospheric effects changing from 
facade to facade, biological activities, and anthropo-
genic destruction constitute other important factors 
causing the deterioration of building stones.  

The white crust prevents the evaporation of high 
humidity by covering the pores of the stones. Fur-
thermore, the light color of the white crust causes 
temperatures in this section to decrease and the 
evaporation rate to slow down. High moisture con-
tent causes stones to be affected more by negative 
atmospheric effects, especially by freeze-thaw cycles. 

The physical deterioration observed in the mon-
ument is compatible with the SHR and Vp maps. 

Moreover, significant correlations were also found 
between the ST and SM values measured in the 
summer and winter periods. Moisture values in-
crease in the parts where temperature decreases. In 
addition, SHR and Vp values decrease in regions 
with increasing deterioration effects. 

It was observed that the physical environment, 
which differed after the archaeological excavation, 
changed the microclimatic environment. It has been 
determined that the changing microclimatic envi-
ronment especially increases the severity of atmos-
pheric deterioration factors. 

Present NDT studies are mainly used to deter-
mine the deterioration conditions of building stones 
on the surface. This study in which the building 
stones uncover from underground are compared 
with the building stones on the surface allowed the 
deterioration processes to be observed at different 
elevations within the monument. 
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