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ABSTRACT: Mount Erciyes is a huge stratovolcano of the Central Anatolian province in Turkey and it has 
produced calc-alkaline and pyroclastic rocks, which have been widely used as dimension stone in low-storied 
buildings and especially in historical monuments in the past. In the region there are some 205 quarries extracting 
volcanic rocks. In this study, the locations of these quarries and information on their annual stone production 
are evaluated. In order to assess the material properties of the Mount Erciyes volcanic products, petrographic 
analyses and a number of rock mechanical tests were carried out. Significant correlations were found between 
the properties of the rock samples. In particular, there is a significant relationship between thermal conductivity 
and some non-destructive measurement values such as P-wave velocity, Equotip and Schmidt hardness, and it 
is clear from the regression equations that these tests can be used as indicators for evaluating the Mount Erciyes 
products.
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RESUMEN: Propiedades mecánicas de algunas piedras de construcción de depósitos volcánicos de monte Erciyes 
(Turquía). El Monte Erciyes es un enorme estratovolcán de la provincia central de Anatolia en Turquía y ha 
producido rocas calcalcalinas y piroclásticas, que han sido ampliamente utilizadas como piedra de dimensión 
en edificios de pisos bajos y especialmente en monumentos históricos en el pasado. En la región hay unas 205 
canteras que extraen rocas volcánicas. En este estudio, se evalúan las ubicaciones de estas canteras y la infor-
mación sobre su producción anual de piedra. Con el fin de evaluar las propiedades materiales de los productos 
volcánicos del Monte Erciyes, se llevaron a cabo análisis petrográficos y una serie de ensayos mecánicos de roca. 
Se encontraron correlaciones significativas entre las propiedades de las muestras de roca. En particular, existe 
una relación significativa entre la conductividad térmica y algunos valores de medición no destructivos, como la 
velocidad de la onda P, la dureza de Equotip y Schmidt, y se desprende de las ecuaciones de regresión que estas 
pruebas se pueden usar como indicadores para evaluar los productos de la montaña Erciyes.
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Análisis térmico. 
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1. INTRODUCTION

Stones with different names such as dimension 
stones, engineered stones, natural stones and con-
struction or building stones are the main materials 
of the building industry. Stones have been widely 
used both in buildings and open/closed public areas, 
particularly in tourist sites. The foundations and 
walls of constructions, external coverings, garden 
walls, park and garden arrangements, pavements, 
roads and pedestrian lane paving, the restoration of 
historical buildings, churches, mosques and mina-
rets or landscape architecture, water spouts or gut-
ter stones are typical examples. In order to use the 
stones in the aforementioned areas, their physical 
and mechanical properties should be determined 
by in-situ and/or laboratory tests (1). The two most 
important criteria in assessing natural stones as 
building materials are both their technical or mate-
rial properties such as density, porosity, hardness, 
compressive and flexural strength, thermal conduc-
tivity etc., and the demand for the stone type (2). 
At the same time, the durability of building stones 
is crucial in the assessment. The durability of natu-
ral stones used as building materials decreases over 
time on account of weathering in terms of physical 
disintegration such as frost action, insolation, salt 
crystallization, plant root action, fire etc., or chemi-
cal decomposition such as dissolution of carbonates 
and sulfates, solubilization by leaching of elements 
from silicates and sulfides, followed by oxidation 
and hydration. In addition, the durability of a stone 
depends heavily on both its strength and pore struc-
ture properties. Benavente et al. (3) have put forward 
a strong correlation between salt weathering and a 
petro-physical durability estimator which is defined 
as the ratio of pore structure to material strength. 
On the other hand, factors defining the quality of a 
natural stone deposit are geological, such as appear-
ance (colour, homogeneity, structure, fabric etc.), 
discontinuities (faults, joints and joints spacing, fis-
sures and fillings etc.), mineralogical composition, 
resource type and reserve of the deposit. Both geo-
logical and non-geological factors are also crucial in 
assessing the building stones.

Another subject is the application of non-
destructive measurements to determine the durabil-
ity of the stones. Some authors have attempted to 
establish the relationship between rock durability 
and some non-destructive measurements such as 
ultrasound velocity, Schmidt hammer, Equotip and 
Shore hardness etc. (4-9). This study also revealed 
significant relationships between the material prop-
erties of rock samples.

The following information has been compiled for 
general information on the stone materials used in 
the experiments for this study. Construction material 
deposits of volcanic origin are widespread all over 
Turkey. The Central Anatolian Volcanic Province 

(CAVP) and Eastern Anatolian Volcanic Province 
(EAVP) are the main volcanic areas of Turkey 
and they have numerous stratovolcanoes. Mount 
Erciyes, with an elevation of 3917 m, is the largest 
stratovolcano mountain (3300 km²) of the CAVP, 
with a basal diameter of 55–60 km (10). It is situated 
about 15 km south of Kayseri city and its materials 
are distributed over large areas (~30,000 km²). The 
first explosive activity is the ignimbrite eruption, 
2.8 Ma age- Pleistocene (11) and the last eruption 
dated 0,083 Ma- Holocene (12). Mount Erciyes and 
its volcanic groups have produced calc-alkaline and 
pyroclastic materials such as basalt, andesite, tuff, 
lavas, ignimbrite, dacite, rhyodacite and pumice. The 
thickness of these rocks, which constitute the whole 
Cappadocia region comprising Nevşehir, Kayseri, 
Aksaray and Niğde provinces of Central Anatolia, 
varies from one to several hundred meters. There 
are detailed studies on petrogenesis, geochemistry 
and mineral diversity of Hasandağ and Erciyes stra-
tovolcano products (13,14). A great many studies, 
most of which were on the durability of Cappadocia 
region volcanic rocks, have been carried out on tuffs 
and basalt stones related to Mount Erciyes (15-18). 
Moreover, some studies focused on the extraction 
and usability of basalts and tuffs of Mount Erciyes 
as construction materials (19-24). Apart from former 
studies in this study, some non-destructive methods 
such as ultrasonic velocity and Equotip hardness 
and some mechanical properties were investigated. 
In particular, it has been tried to establish mean-
ingful relationships between these non-destructive 
measurements and thermal conductivity.

2. �BUILDING STONES RELATED TO  
MOUNT ERCIYES

Volcanic quarry mining and thus the num-
ber of quarries are increasing on a yearly basis in 
Cappadocia region. Diamond wire cutting methods 
have been applied in quarries because of the ease 
in cuttability and workability of the volcanic rocks. 
Although the building stones in the region have 
the same origin and are called tuffs, their textures, 
colour and appearances are different and they are 
being marketed under different brand names and 
prices. The geotechnical and mineralogical proper-
ties of the stones vary among quarries, even within 
quarry regions. This fact makes it necessary to 
examine and evaluate every quarry individually.

The products of Mount Erciyes, different 
coloured tuffs and basalts, have been widely used 
as construction material in low-storied buildings, 
especially in historical monuments in the past. 
Nowadays, however, andesite, basalt, ignimbrites 
and different coloured tuffs are used for decorative 
purposes and paving. Additionally, basalts are used 
as pavement, concrete and road construction aggre-
gate. The other rocks of Mount Erciyes are pumice 
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and perlite, which are used in lightweight bricks and 
concrete. In Cappadocia volcanic province there are 
some 205 stone quarries, of which 109 are located 
in Kayseri province. According to data from the 
Turkish Republic’s Ministry of Energy and Natural 
Resources–General Directorates of Mining Affairs, 
ca.1875390 tons of volcanic originated stone were 
mined from these regions in 2013. These production 
figures are estimated to have doubled at the present 
time and this provides a significant contribution to 
the Turkish economy.

3. MATERIALS AND METHODS

The volcanic rocks to be tested in our laboratory 
were taken from six different quarries in Kayseri 
province representing the stones sold commercially. 
Fresh blocks of olivine basalt (BVI) rock were taken 
from the İncesu region; blocks of grey ash tuff  (TI), 
white ash tuff  (TII) and pink ash tuff  (TIII) rock 
were taken from Melikgazi-Gesi district; and blocks 
of yellow ash tuff  (TIV) and brown ash tuff  (TV) 
rock were taken from Tomarza region. The places 
where these samples were taken and the geological 
map of Mount Erciyes and its vicinity are given in 
Figure 1. Thin sections were prepared to determine 
the mineral composition and petrographic descrip-
tion of the samples. After petrographic definition of 
the stones gathered from the quarries, rock mechan-
ical properties were determined. 

For rock mechanics tests, as the tuffs and basalts 
do not show distinct layering, cores were extracted 
from the blocks in the vertical direction, which were 
expected to represent the material characteristics 
of the unit. Laboratory tests were conducted on 
NX-size cores (Ø 54.7 mm). The cores had a length-
to-diameter ratio of 2.0–2.5. Tests were carried out 
in accordance with procedures laid out in the ISRM 
Suggested Methods (25) and Turkish Standards 
(26). Tests performed on the samples included dry 
and saturated unit weight in kN/m³, porosity in %, 
water absorption by weight in %, P-wave velocity-
dry and saturated in m/s, coefficient of thermal 
conductivity (k) in W/mK, flexural strength and 
uniaxial compressive strength (UCS) in MPa.

The porosity and water absorption of the rock 
samples were determined with the saturation tech-
nique, as recommended by TSE and ISRM stan-
dards. All specimens were saturated by water 
immersion for a period of 48 h with periodic agita-
tion to remove trapped air. Then the specimens were 
inserted in a basket into an immersion bath and 
their saturated-submerged mass was measured with 
a scale having 0.01 g accuracy. Later, the surface of 
the specimens was dried with a moist cloth and their 
saturated-surface-dry mass was measured outside 
the water. The dry mass of the samples was deter-
mined after oven drying at a temperature of 105 °C 
for a period of at least 24 h. The absorption of the 

samples was calculated by dividing the difference in 
the saturated and dry mass of the specimens.

Wetting and drying tests were conducted on the 
tuff  and basalt specimens. Five core samples of each 
rock unit were immersed for 24 h in distilled water at 
20 °C. The samples were dried in an oven at 105 °C 
and then cooled to room temperature. This test was 
repeated 80 times and the wetting–drying loss was 
estimated for each rock sample.

In slake and durability tests, ISRM (25) and 
ASTM (27) standard procedures were followed. 
Rock lumps (10 pieces of about 40–60 g each) were 
prepared and rotated for 10 min in a test drum 
made of a standard sieve mesh so that the products 
of slaking were finer than 2 mm and could pass 
through the drum into the water bath. The drum 
was immersed in a slaking solution bath at 20 °C. 
The slake durability index (Id) corresponding to 
each cycle was calculated as the percentage ratio of 
final to initial dry mass of rock in the drum after the 
drying and wetting cycles.

The coefficient of thermal conductivity values 
was obtained in our laboratory steady-state test 
apparatus, designed and produced in the Mining 
Engineering Department of Cumhuriyet University. 
The tests were carried out in the 100 °C (373 K) tem-
perature range of this apparatus. Three core spec-
imens with a diameter of 54 mm and a length of 
40 mm were prepared for each of the rock samples.

Uniaxial compressive strength (UCS) tests were 
performed on the NX-size (54 mm) core specimens. 
Core samples were kept in a temperature-controlled 
furnace at an ambient temperature of 70 ± 5 °C 
until each one reached a constant mass, followed by 
the natural cooling of the specimens to room tem-
perature. UCS values were calculated by dividing 
the maximum failure load by the section area of the 
specimen. The tests were repeated at least five times 
for each rock type and the mean value was recorded 
as the UCS.

Flexural strength or three-point bending tests 
were conducted according to TS (26) standard on 
core samples with a length of 125 mm. The load at 
failure was used to calculate the flexural strength of 
the rocks. Five core samples from each rock tested 
were used and the average value was obtained as the 
flexural strength.

The point load strength test involves loading core 
specimens or irregular rock fragments between the 
conical platens and measuring the applied force (P) 
and the distance (D) between the platens at failure. 
In this test, the ISRM (25) standard procedures 
were followed. For each rock type, five NX-size core 
samples with a length-to-diameter ratio of 1 were 
prepared and the samples were subjected to the test. 
The point load strength index Is was calculated and 
corrected to the 50 mm standard core diameter.

The commonly used ultrasonic parameter in 
material strength determination is the P-wave 
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Figure 1.  Geological map of Mount Erciyes and the vicinity (10). (The red circles show the quarries where the samples were taken).
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velocity. In this study the P-wave velocity parameter 
was determined using a Portable Ultrasonic Non-
destructive Digital Indicating Tester (PUNDIT) 
(28-30). The direct transmission method was used. 
This device has one transmitter and one receiver 
which are 50 mm in diameter and have a maximum 
resonant frequency of 54 kHz. The P-wave velocity 
was measured on dry core specimens and the aver-
age of five measurements was considered.

The Schmidt hammer rebound test was applied 
on NX size core samples as recommended by ISRM 
(25). The tests were performed with an L-type ham-
mer with the impact energy of 0.735 Nm. Five core 
samples from each rock tested were used and 20 
readings were taken for each core specimen. In order 
to avoid material deflecting the L-type Schmidt 
hammer, a cradle was used. The Schmidt hammer 
rebound value was calculated by averaging all of the 
rebound numbers for each rock sample.

Another hardness test was performed using a 
D-type Equotip-3 hardness non-destructive tes-
ter device. For each NX-size sample, a total of 10 
Equotip rebound values were taken, five on each 
loading surface of the sample; the average of the 10 
readings was expressed as the hardness number of 
Hardness Leep D-type (HLD).

4. RESULTS AND DISCUSSION

The petrographic name, mineral composition, 
texture and matrix of each thin section were sum-
marized (Figure 2). According to Schmidt’s classifi-
cation (31), the samples coded as TI, TII, TIII, TIV 
and TV were named as vitric ash tuff  and BVI was 
classed as olivine basalt. Almost all the vitric ash tuff  
samples contain the same minerals, such as plagio-
clase, pyroxene and opaque minerals, and the crystal 
rate ranges between 5% and 30%. However, the vit-
ric content of the tuff  samples ranges between 60% 
and 95%. The matrix of the tuff  samples denoted 
as TI, TII and TV consists wholly of silicified pum-
ice and rock fragments, whereas TIII and TIV con-
sist of wholly silicified pumice and abundant voids. 
Except for TI and TII, iron oxidation has occurred 
in the tuff  samples. All the tuff  samples have vitro-
firic porphyric texture. 

The results of the rock mechanical experiments 
performed to determine some 14 rock properties 
are summarized in Table 1. As can be seen from 
the table the range of test scores is quite large due 
to the test results for the basalt specimens. Based 
on the strength properties of the tuffs, these rocks 
have been categorized as “very low strength rocks” 
in Deer and Miller’s (32) classification and as “low 
strength” in the ISRM (33) description. Some of the 
test results were also compared with national and 
international construction stone materials stan-
dards (34-41) and the results are summarized in 
Table 2. Because the porosity of tuff  stones is very 

high and the intergranular bond is weak, they do 
not satisfy the requirements of the relevant stan-
dard (34, 35). While the values of both pink and 
yellow tuff  stones are insufficient for use as con-
struction material, only the basalt strength values ​​
meet the required values in the standards. Though 
the tuffs failed to satisfy technical requirements 
to be utilized as construction materials, they have 
been commonly used as construction stones in low-
storied buildings and for decorative purposes in 
the region. It is therefore understood that there is 
a strong and urgent need to develop and implement 
a new norm for building stones of volcanic origin. 
The rock properties given in Table 1 were utilized to 
describe any likely statistical relationships between 
them. In particular, there are simple regression rela-
tions between some of the mechanical properties of 
the volcanic stones and also meaningful correlations 
have been found between thermal conductivity and 
some non-destructive measurements such as Pundit, 
Equotip and Schmidt hardness values. The relation-
ship between two value sequences can be established 
by the coefficient of determination (R²). This value, 
ranging from 0 to 1, must be high if  the curve is to 
be representative of the relationship between vari-
ables (42).

Clear and distinct relationships between UCS 
and some rock mechanical parameters such as flex-
ural strength, modulus of elasticity, porosity, dry 
unit weight, water absorption by weight, point load 
index, wetting–drying loss and thermal conductiv-
ity are shown in Figure 3. As shown in the figure, 
there is a highly correlated polynomial relationship 
between flexural strength, dry unit weight and UCS, 
and a highly correlated exponential relationship 
between modulus of elasticity and UCS. The modu-
lus of elasticity, UCS and density are the dominant 
parameters in the durability of the stones.

There are strong relationships among them. The 
mathematical equations of these relations are given 
as [1], [2] and [3] in the following;

	 UCS = �1.2223(FS)2 – 0.9937(FS) + 
20.107  (R=0.9974)� [1]

	 UCS = �0.7636(g)2 – 0.18949(g) + 
134.09  (R=0.9889)� [2]

	 UCS = �14.281 e0.2087 E  (R=0.9884)� [3]

where UCS is the unconfined compressive 
strength in MPa, FS is the flexural strength in MPa 
and E is the modulus of elasticity in MPa. The 
empirical relationships proposed can also be satis-
factorily used in the early stage of stone durability 
and valuation. 

The correlations between some non-destructive 
measurement values ​​such as Pundit, Equotip and 
Schmidt hardness and some rock mechanical 
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Figure 2.  Microscopic views (crossed nicol) of the volcanic building stones

TII: VITRIC ASH TUFF
Composition: Plj+Prx(Ojit)+
Opac mineral
Vitric: %90
Crystal: %10
Litic: <%1
Texture: vitrofiric porphyric
Matrix: wholly silisified pumice
and volcanic rock fragments

TI: VITRIC ASH TUFF
Composition: Plj+Prx(Ojit)+
Opac mineral
Vitric: %90
Crystal: %10
Litic: %1
Texture: vitrofiric porphyric
Matrix: wholly silisified pumice
and volcanic rock fragments (VRF)

TIV: VITRIC ASH TUFF
Composition: Plj+Prx(Ojit)+
Opac mineral
Vitric: %90–50
Crystal: %5–10
Litic: <%1
Texture: vitrofiric porphyric
Matrix: wholly silisified pumice
and with abundant void

TV: VITRIC ASH TUFF
Composition: Plj+Prx(Ojit)+
Opac mineral
Vitric: %70
Crystal: %20
Litic: %10
Texture: vitrofiric porphyric
Matrix: wholly silisified pumice
and volcanic rock fragments

BVI: OLIVINE BASALT
Composition:
Plj+Olivin(indisited)+
Prx(titanojit)+Opac mineral
Texture: Holocyristaline porphyric
Matrix: plajioklas microlites with
rare void

TIII: VITRIC ASH TUFF
Composition: Plj+Prx(Ojit)+
Opac mineral
Vitric: %60
Crystal: %30
Litic: %10
Texture: vitrofiric porphyric
Matrix: wholly silisified pumice
and with abundant void
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properties are shown collectively in Figure 4. There 
are a number of empirical correlations in the litera-
ture regarding the determination of UCS, modulus 
of elasticity, density, porosity and water absorption 
and similar rock mechanical properties of stones by 
simple measurement methods such as P-wave veloc-
ity, Schmidt hardness and point load. In this study, 
Equotip hardness values, which are also simple and 
fast measuring methods, were mathematically cor-
related between UCS, dry unit weight, porosity and 
water absorption by weight of the volcanic stone 
samples and the relations are expressed in Equations 
[4], [5], [6], [7], respectively. 

UCS = 2.3559 e0.0044HLD	 (R=0.8106)� [4]

g = 6.8379 e0.0015HLD	 (R=0.9188)� [5]

n = – 0.0592(HLD) + 57.649  (R=0.9147)� [6]

w = – 0.051(HLD) + 46.776	 (R=0.9075)� [7]

where UCS is the unconfined compressive 
strength in MPa, g is the dry unit weight in kN/m3, 
HLD is the Equotip hardness in Leeb-D value, n is 
the porosity in % and w is the water absorption by 
weight in %. As shown in Equation [4], there is a 
moderately good relationship between the Equotip 

Table 1.  Average values with SD of material properties of volcanic building stones related to Mount Erciyes

Rock Properties

Rock Type

Grey Vitric Ash 
Tuff TI

White Vitric 
Ash Tuff TII

Pink Vitric Ash 
Tuff TIII

Yellow Vitric 
Ash Tuff TIV

Brown Vitric 
Ash Tuff TV

Black Olivine 
Basalt BVI

Dry Unit Weight kN/m³ 18.78±0.10 18.80±0.39 15.42±0.1 13.20±0.11 19.79±0.19 26.86±0.23

Saturated Unit Weight, 
kN/m³

20.38±0.07 20.40±0.16 18.60±0.04 16.65±0.13 21.35±0.11 27.14±0.15

Porosity (%) 16.37±0.23 16.43±0.25 26.72±0.35 29.47±0.87 15.96±0.21 1.83±0.44

Water absorption by 
weight (%)

8.13±0.44 13.78±0.54 17.75±0.38 25.18±0.49 9.18±0.35 0.650±0.01

P-wave velocity-dry (m/s) 1921±16 2312±40 1954±24 1516±30 2765±65 4760±80

Thermal conductivity 
coefficient (Wm/K)

0.815±0.012 0.945±0.021 0.784±0.012 0.645±0.007 0.870±0.019 1.33±0.039

Equotip hardness value 
(HLD)

745±12 777±14 560±11 436±17 678±13 844±9

Schmidt hardness value 46±3 47±2 34±6 28±3 48±5 55±3

Point load index 5.18±0.65 5.02±0.41 2.34±0.12 1.06±0.09 2.98±0.19 21.6±0.71

UCS (MPa) 36.71±2.25 42.10±2.01 24.95±1.67 17.65±1.02 73.22±1.87 175.19±3.10

Flexural Strength (MPa) 3.257±0.20 5.193±0.45 2.358±0.15 0.829±0.069 6.972±0.365 11.664±0.852

Modulus of Elasticity 
(GPa)

3.80±0.31 5.96±0.39 2.75±0.18 1.38±0.12 7.15±0.0.63 12.20±0.49

Slake durability
% (Id2)

98.71±0.23 99.05±0.11 98.56±0.31 87.48±0.19 99.20±0.22 99.42±0.17

Wetting and drying lose 
after 80 cycles (%)

0.14±0.01 0.13±0.02 0.56±0.03 0.85±0.05 0.10±0.01 0.04±0.01

Table 2.  Comparison of some test results in terms of the dimension stone standards

Rock Properties, Minimum 
standard value

Rock Type

Grey Vitric 
Ash Tuff TI

White Vitric 
Ash Tuff TII

Pink Vitric 
Ash Tuff TIII

Yellow Vitric 
Ash Tuff TIV

Brown Vitric 
Ash Tuff TV

Black colored 
Olivine Basalt 
BVI

Dry Unit Weight, 
21.19 kN/m³

NS NS NS NS NS S

Water absorption by weight,
 % 1.8

NS NS NS NS NS S

UCS,
35MPa 

S S NS NS S S

Flexural Strength, 
6 MPa

NS NS NS NS S S

NS: Not Satisfactory S: Satisfactory. 
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Figure 3.  Relationship between some mechanical properties and UCS; Variations of UCS with flexural strength in (a), dry unit 
weight in (b), modulus of elasticity in (c), thermal conductivity in (d), point load index in (e), porosity in (f), water absorption in (g), 

wetting and drying loss in (h)
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hardness HLD value and UCS. On the other 
hand, there is a fairly good correlation between the 
Equotip hardness Leeb-D value and the dry unit 
weight, porosity, and water absorption by weight. 
There are several studies in the literature on deter-
mining the UCS of stones indirectly by the Equotip 
hardness tester (43-45). In this study, the correla-
tion coefficient derived is higher than that of those 
derived in previous studies. This may be due to the 
use of stones of the same origin in this work. 

Apart from these, in this study, other relation-
ships are established between some non-destructive 
measurement values and the thermal conductivities 
of the volcanic stone samples. The graphs of the 
P-wave velocity, Schmidt hardness, Equotip hard-
ness, dry and wet dry unit weight, porosity, water 
absorption by weight and wetting–drying loss ver-
sus thermal conductivity are plotted in Figure  5. 
The most significant relationship seems to be 
between porosity and thermal conductivity. The 
thermal conductivity decreases from solid materi-
als towards liquid and gas. For example, the order 
of conductivity is in the form of air (0.026 W/mK), 
water (0.613 W/mK) and ice (1.88 W/mK) (46). As 
the porosities of the volcanic stones increase, the 

thermal conductivity decreases and there is a poly-
nomial relation with a high correlation coefficient 
(R = 0.97) between them. In particular, the thermal 
conductivity of the samples decreased as the poros-
ity of the samples increased, and the yellow tuff  
with high porosity was the lowest thermal conduc-
tivity (Figure 5f). So this is because it depends on 
the physical structure of matter.

Tests to determine the thermal conductivity of 
stones in steady-state conditions are both laborious 
and time-consuming. Some non-destructive mea-
surement values such as the P-wave velocity (Vp), 
Schmidt hardness rebound and Equotip hardness 
(HLD) can be used to estimate the thermal con-
ductivity. In this work, the following mathematical 
equations have been derived to easily calculate the 
thermal conductivity of volcanic stones in [8], [9] 
and [10].

λ = 0.0002(Vp) + 0.4062  R=0.97� [8]

λ = �0.00013(SH)2 + 0.0906(SH)  
+ 1.1866  R=0.94� [9]

λ = �0.000005(HLD)2 - 0.005(HLD)  
+ 1.9371	R=0.90� [10]
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Figure 4.  Relationship between some NDT measurement values and some mechanical properties; Variations of UCS with P-wave 
velocity in (a), Schmidt hardness in (b), Equotip hardness in (c); Variations of dry unit weight with P-wave velocity in (d), Schmidt 
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in (i); Variations of water absorption with P-wave velocity in (j), Schmidt hardness in (k), Equotip hardness in (l)
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Figure 5.  Relationship between thermal conductivity and some other mechanical properties; Variations of thermal conductivity 
with P-wave velocity in (a), Schmidt hardness in (b), Equotip hardness in (c), dry unit weight in (d), saturated unit weight in (e), 

porosity in (f), water absorption in (g), wetting and drying loss in (h)
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where λ is the thermal conductivity coefficient in 
W/mK, Vp is the P-wave velocity in m/s, SH is the 
Schmidt hardness value and HLD is the Equotip 
hardness in Leeb-D value. As shown in Equation [8] 
above, there is a strong linear relationship between 
the P-wave velocity and the thermal conductivity. 
Similarly, as shown in Equations [9] and [10], there 
is a good relationship between thermal conductiv-
ity and Schmidt hardness, Equotip hardness. The 
empirical relationships given above can be used 
to determine the thermal conductivity or, in other 
words, the thermal insulation of the volcanic stone 
samples.

5. CONCLUSIONS

Samples of rocks of volcanic origin from six 
quarries in Kayseri were tested for their miner-
alogical characteristics and material properties. 
Although the rock tuffs are of different colours and 
brand names, they were all named as vitric ash tuffs 
in terms of petrographic conventions. The tuffs were 
characterized by very high porosity, very high water 
absorption capacity and very low density. However, 
the thermal conductivity test results show that rock 
tuffs are advantageous in terms of their low thermal 
conductivity. When the test results are compared 
with the standards for construction materials, it is 
revealed that basalt proves to be adequate for use 
in structures, cladding facades, flooring, masonry 
walls, and baseboards. The TI, TII and TV coded 
stones can be used as cladding facades and low-sto-
ried masonry walls, but not for flooring. Due to their 
low durability, the rock tuffs TIII and TIV are not 
appropriate to be used for such purposes, but can 
be used for decorative purposes. Nevertheless, in the 
light of current practice in the region, it is indicated 
that new standards for tuffs should be developed so 
that they can be suggested for possible utilization in 
construction.

The test results of the rocks were evaluated 
by regression analyses. Significant relationships 
between UCS and some rock mechanical param-
eters such as flexural strength, modulus of elastic-
ity, porosity, dry unit weight, water absorption by 
weight, point load index, wetting–drying loss and 
thermal conductivity were developed. The highest 
correlation was found between UCS and flexural 
strength, modulus of elasticity and density. 

In this work, mathematical relations were also 
developed to determine the strength of the volcanic 
rocks indirectly by simple measurement methods. 
The following equations can be used to indirectly 
determine some of the properties of the stones, 
such as UCS, density, porosity and water absorp-
tion, using the Equotip hardness device which is 
not widely used but causes less damage than the 
Schmidt hammer.

UCS = 2.3559 e0.0044HLD	
g = 6.8379 e0.0015HLD	
n = – 0.0592(HLD) + 57.649	
w = – 0.051(HLD) + 46.776

where UCS is the unconfined compressive 
strength in MPa, g is the dry unit weight in kN/m3, 
HLD is the Equotip hardness in Leeb-D value, n is 
the porosity in % and w is the water absorption by 
weight in % .

In addition, the thermal properties of volca-
nic stones can be determined indirectly by means 
of quick and easy measurement methods. The fol-
lowing mathematical relations have been derived 
between the thermal conductivity and P-wave veloc-
ity, Schmidt and Equotip hardness values.

λ = 0.0002(Vp) + 0.4062	
λ = 0.00013(SH)2 + 0.0906(SH) + 1.1866	
λ = 0.000005(HLD)2 - 0.005(HLD) + 1.9371

where λ is the thermal conductivity coefficient in 
W/mK, Vp is the P-wave velocity in m/s, SH is the 
Schmidt hardness value and HLD is the Equotip 
hardness in Leep-D value.

The derived equations can be used to predict 
the durability and thermal conductivity of volcanic 
rocks. 
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