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Abstract

Natural stones are exposed to sudden and slow-developing thermal cycles, affecting their
physico-mechanical and surface properties. In this study, changes in the physico-mechani-
cal properties of natural stones in response to sudden (thermal shock) and slow-developing
(thermal aging) thermal cycles were investigated on natural stone samples with various
compositions (magmatic, sedimentary, metamorphic). Both the thermal shock and thermal
aging cycles were simulated by first heating the specimens to 105 °C for 18 h. In case
of the thermal shock cycles, the heating phase was followed by placing the samples in
purred water for 6 h. To simulate the thermal aging cycles, specimens were allowed to
cool at room temperature (23 °C) for 6 h. At the end of the cycles, a selection of physico-
mechanical properties was evaluated and compared with the initial values. Results indi-
cate that thermal treatments have a significant negative effect on the strength of the nat-
ural stone samples. Regression models were developed to estimate uniaxial compressive
strength, point load strength, Brazilian tensile strength from non-destructive test param-
eters (Schmidt hardness, P wave velocity, porosity) of natural and treated samples. Results
show that there are strong correlations between mechanical properties and non-destructive
test parameters (R*>0.96, MAPE values between 2 and 5%).

Keywords Natural stone - Thermal shock - Thermal aging - Uniaxial compressive strength

1 Introduction

Natural stones are materials that are widely used in everyday life such as in the construc-
tion of buildings (cladding, flooring etc.) or to decorative purposes (relief, monuments).
They are frequently used in historical buildings, columns, bearing walls, flooring and
exterior surface coating materials. Several types of natural stones may experience sig-
nificant damage, especially if they are used outdoors. Determining physico-mechanical,
chemical, petrographic properties of natural stones are important to map potential utili-
zation areas and to ensure stability. Building materials are subjected to some deteriora-
tion factors such as solar radiation, salt crystallization effect, temperature changes, acid
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rains etc. These factors can cause changes in the physical and mechanical properties of
natural stones, deterioration of their texture and degradation of their surface properties
such as color and gloss. Therefore, not only the engineering properties of natural stones
but also their resistance to environmental influences should be investigated (Kili¢ 2017;
Murru et al. 2018).

Previous studies investigating the effects of environmental conditions on natural stones
such as freeze—thaw (Sarici and Ozdemir 2018; Ma et al. 2018; Freire-Lista 2015; Fener
and Ince 2015; Ozcelik et al. 2012; Tan et al. 2011), water content (Zhou et al. 2016; Ozce-
lik and Ozguven 2014; Karaca 2010; Cobanoglu et al. 2009; Véséarhelyi and Van 2006;
Ozdemir and Sarici 2018), salt crystallization (Celik and Aygiin 2018; Sarici et al. 2018;
Derluyn et al. 2014; Beck and Al-Mukhtar 2010; Angeli, et al. 2008) and acidic-basic envi-
ronment (Vazquez et al. 2016; Ozdemir et al. 2022; Bonazza et al. 2009; Miiller 2008;
Sharma et al. 2007). Frequent thermal changes are considered as the main cause of deterio-
ration of natural stones. Thermal expansion of stones and chemical reactions could result
in the growth of previous micro cracks and the creation of new cracks, accompanied by
apparent porosity increase. Therefore, temperature changes may alter the mechanical prop-
erties of natural stones, depending on the rock type and the duration and amplitude of tem-
perature variations.

In the recent decades, the effect of thermal shock and thermal aging on the physical
and mechanical properties of rock materials has been widely studied. For instance, Yavuz
et al. (2006) carried out freeze—thaw and thermal shock tests consisting of 20 cycles on
12 different sedimentary rocks. They found that the index and mechanical properties of
the rocks subjected to freeze—thaw and thermal shock decreased at varying levels accord-
ing to their initial values. Yavuz (2011) subjected the andesite samples to freeze—thaw and
thermal shock cycles and determined the alterations in the physico-mechanical properties
of the samples. As a result of 50 cycles in total, uniaxial compressive strength, P-wave
velocity and Schmidt hardness values of andesite decreased. Demirdag (2013) investigated
the effects of freeze—thaw and thermal shock cycles on physical and mechanical charac-
teristics of filled and unfilled travertines and found that the strength of the samples has
considerably decreased by the end of the cycles. Ghobadi and Babazadeh (2015) conducted
20 freezing—thawing, salt crystallization and thermal shock cycles on sandstones samples
and reported the reduction of uniaxial compressive strength and P-wave velocity. They sug-
gested that the main reason for the decreasing of uniaxial compressive strength and P-wave
velocity are related to the increasing of porosity values. Huhta et al. (2016) developed a
new method to determine the strength losses of rocks exposed to thermal shock and deter-
mined the strength capacities of rocks depending on cycle number. Wang et al. (2016a)
studied physical (micromorphology, density, porosity), static mechanical (P-wave velocity,
uniaxial compressive strength) and dynamic mechanical (deformation modulus) changes by
performing 10, 20, 30 and 40 artificial thermal shock cycles on red sandstone. Wang et al.
(2016b) carried out an experimental study on a red sandstone sample using the accelerated
test method to determine the effects of freeze—thaw (FT) and thermal shock (TS) on rock
behavior. They found that F-T or TS caused significant deterioration in physical-mechan-
ical properties of the red sandstone. Celik and Sert (2020) performed accelerated aging
tests to determine the effect of cyclic conditions such as salt crystallization, freeze—thaw
and thermal shock on the durability of hydrophobic treated and untreated andesite. They
reported that treated samples were less susceptible to the destructive effects of acceler-
ated aging tests than untreated samples. Strength tests are relatively simple, but they are
costly and time-consuming, and specimen arrangement is difficult. Therefore, prediction of
strength parameters by non-destructive test methods is commonly applied.

@ Springer



Acta Geodaetica et Geophysica (2023) 58:285-304 287

Most of the studies on thermal shock (TS) and thermal aging (TA) have focused on the
change of uniaxial compressive strength. Therefore, there are limited information about
the changes in point load and Brazilian (indirect tensile) strengths of rocks. The aim of
this study is to determine the effects of abrupt and slow thermal change cycles on strength
parameters, and quantify these parameters by non-destructive methods. In this study, phys-
ico-mechanical properties of three types of rocks with different composition that under-
went cyclic thermal treatments were investigated. Changes in mechanical strength values
(uniaxial compressive strength, point load strength, Brazilian tensile strength) of rocks
were determined. In addition, regression models were developed to predict these three
mechanical strength properties from non-destructive testing (Schmidt hardness, P-wave
velocity, and porosity).

2 Research significance

Environmental conditions such as TS-TA cycles result in changes of the physico-mechani-
cal properties of the natural stones. As the number of cycles increases, damages and dete-
riorations may reach macro dimensions. Therefore, it is important to use natural stones
that are able to preserve their physico-mechanical properties when exposed to environmen-
tal cycles such as TS-TA. Natural stones that are often used as coating materials in the
construction industry produced in Turkey are used in the experimental studies. Samples
were exposed to TS-TA cycles and the changes in their physico-mechanical properties were
investigated. In addition, regression models were established to estimate the decline of the
mechanical properties of the natural stones from non-destructive test parameters.

3 Material and method
3.1 Experimental setup

In this study, thermal ageing and thermal shock cycles were applied on three types of
natural stones. The physico-mechanical properties of rock samples (uniaxial compres-
sive strength, point load strength, Brazilian tensile strength, Schmidt hammer hardness
and ultrasonic wave velocities) were determined before and after the cycles. In this study,
Nuve KD 400 oven, UTEST UTR-0580-point load test machine, L-type Schmidt hammer,
ELE 500 compressive press and PUNDIT 6 Model PC 1000 ultrasonic were used as testing
equipments.

3.1.1 Materials

In this study, three types of rock samples with different origin (sedimentary, magmatic
and metamorphic) were investigated. Samples were collected from Malatya and Afyon
regions of Turkey (Fig. 1). In total, 15 blocks with dimensions of 20X 20X 20 cm were
collected from the study areas. In this selection, we measured the durability of samples
from each rock unit against thermal change for determination of physico-mechanical
properties. Tests were carried out on fresh samples. Preparation and testing of samples
were conducted by the suggested Turkish Standards Institute and International Society
for Rock Mechanics procedures (ISRM 1978a, 1978b, 1981, 1985, ISRM 2007 and TS
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Fig. 1 Simplified map showing the locations of rock samples

EN 1925). The physical properties of samples are reported in Table 1, together with
stone origin and commercial names of the selected natural stones. For the determination
of mineralogical and petrographical characteristics XRD, XRF and thin section analysis
were carried out. XRD patterns are shown in Fig. 2, XRF analysis results are presented
in Table 2 and thin section analysis are shown in Fig. 3.

The MB and AB samples mainly consist of calcite, YB samples are built up by pla-
gioclase, olivine, biotite minerals (Figs. 2 and 3, Table 2). XRF analysis result showed
that AB and MB samples contain mainly calcite minerals (56.88%, 54.74% respec-
tively), YB samples mainly contain SiO, (45.41%).

Table 1 Physical properties, commercial names and stone origins of samples

YB MB AB
Commercial name Malatya Yazihan Basalt Malatya Akc¢adag Beige Afyon White Marble
Stone origin Magmatic Sedimentary Metamorphic
Natural unit weight (kN/m?) 27.268+£1.172 26.326+0.052 26.384 +0.054
Saturated unit weight (kN/m®)  27.307 +1.169 26.345+0.048 26.409 +0.057
Dry unit weight (kN/m®) 27.246+1.169 26.321+£0.053 26.381+0.055
Water absorption by weight (%) 0.226+0.55 0.091+0.023 0.106+0.016
Water absorption by volume (%) 0.627+0.145 0.245+0.061 0.286+0.043
Mohs Hardness 5.5-6.0 4.0 3.5-4.0
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Fig.2 X-ray difractograms of the rock samples. a, b and c are basalt, limestone and recrystallized limestone

samples, respectively

Table 2 XRF analysis of samples

Content YB MB AB
Si0, (%) 45.4140 0.48 0.2031
ALO; (%) 17.4589 0.234 0.0767
Fe, 05 (%) 10.7582 0.05 0.0560
CaO (%) 8.9768 54.74 56.8871
MgO (%) 7.4893 1.38 0.1766
Na,O (%) 4.0373 0.019 -

LOI (%) 3.2611 42.89 42.5940

3.2 Thermal treatments

Prior to the thermal treatments, core samples with length/diameter (L/D) ratios of 2.5 were
drilled from the blocks (Fig. 4) and prepared for testing. Two types of thermal treatments
were applied on the samples. Thermal ageing was performed by slowly cooling the sam-
ples at room temperature after the heating phase, while thermal shock was simulated by the
rapid cooling of the samples by placing them to water (Fig. 5). A total of 30 thermal aging
and thermal shock cycles were performed on the rock samples. The changes in the physico-

mechanical properties and decomposition rates of the rocks were deduced.
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Fig. 3 Microphotographs of thin section analyses
basalt samples, respectively

Rock code: MB

Rock type: Limestone

Main mineral: calcite

Size: fine-medium

Grain texture: vackestone, packstone,

Fossil content: Miliola sp., alveolina sp.,

Assilina sp.

Rock code: AB

Rock type: recrystallized limestone
Main mineral: calcite

Size: fine-medium

Grain texture: crystalline

No fossil content

Rock code: YB

Rock type: basalt

Main mineral: Plagioclase, biotite, olivine
Particle size: fine -medium

Grain texture: Holocrystalline

No fossil content

. a, b and c are limestone, recrystallized limestone and

Fig.4 Thermal shock and thermal ageing test samples
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Fig.5 Schematic workflow of
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3.2.1 Thermal ageing treatments

Thermal ageing cycles were carried out by applying procedures described in Sarici (2016).
The specimens were heated at 105 °C in an oven for 18 h and then they were placed to
room temperature (23 °C) for cooling in air for another 6 h. This treatment corresponds to
one cycle of thermal ageing. In total 225 specimens were subjected to thermal aging treat-
ment through 30 cycles. After the 30 cycle treatment, mechanical tests (uniaxial compres-
sive strength, point load strength, Brazilian thermal strength, Schmidt hardness, ultrasonic
wave velocity) were performed on each sample.

3.2.2 Thermal shock treatments

Thermal shock treatments on 225 samples were performed according to the TS EN 14,066
guides. The samples were heated at 105 °C in an oven for 18 h. Subsequently, they were
rapidly immersed in distilled water of 23 °C for 6 h. This treatment corresponds to one
cycle of thermal shock. During the cooling phase, the temperature of water was ensured
to remain constant (23 +1 °C). Similar to the thermal aging treatments, 30 thermal shock
cycles were conducted in total, and mechanical tests were carried out on each sample after
the treatments.

3.3 Mechanical tests

A series of mechanical tests (uniaxial compressive strength, point load strength, Brazilian
tensile strength, Schmidt hammer hardness, ultrasonic wave velocity) were carried out in
accordance with the ISRM standards (ISRM 1978a, 1978b, 1981, 1985, 2007) and TSE
(TS EN 1925).

3.3.1 Uniaxial compressive strength (UCS) test
UCS tests were carried out following the ISRM (1978a) guides on core samples with a
diameter of 54 mm and a L/D ratio of 2-2.5. Compressive tests were carried out under

axial load with 0.5 MPa/s loading rate.
The compressive strength values of the test sample were calculated by Eq. 1:
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_P 1
fo== 1)
where; f, is the compressive strength of sample (MPa), P, is the maximum breaking load
(kN), and A represents the surface area of the applied load of the sample (cm?). The result-
ing UCS values are reported in Table 3.

3.3.2 Point load strength

The diameter point load strength tests were performed as suggested by the ISRM (1985). Test
samples with L/D ratios > 1 were prepared and tests were carried out before and after the ther-
mal cycles. The formulas for the calculations are given in Eqgs. 2 and 3 and the resulting val-
ues are reported in Table 5.

P
L=% ©)
lso=F X1, 3)

where [ is the point load strength index (MPa), P is the maximum breaking load (kN),
D, represents the equivalent core diameter (mm). In Eq. 3, Iss, is the adjusted point load
strength index (MPa) and F is the dimensionless size correction factor. The resulting point
load strength values (Iss()) are reported in Table 3.

3.3.3 Brazilian tensile strength

The Brazilian tensile strength tests were conducted based the ISRM (2007). 10 disc samples
with a L/D ratio of 0.5 were prepared. Constant loading speeds were applied on the samples
until their breakpoint and the maximum load was recorded for each sample.

The Brazilian tensile strength of the sample was calculated by Eq. 4:

0.636 - P,
o, = — “
D-t

Table 3 Physico-mechanical test results of natural stones before and after thermal treatment

Sample Condi- UCS (MPa) PL (MPa) BT (MPa) Hr Vp (m/s) Vs (m/s) Eu Udyn
tion (GPa)

YB Dry 131.9+4.4  894+089 831+044 47.5+0.62 6102+65 3999+181 99.24  0.12
TS 120.5+10.4 835+0.63 7.46+0.72 43.8+0.83 6003+158 3873+177 96.75 0.14
TA 126.7+79  8.69+0.53 8.00+0.54 45.6+0.71 6044+70 3865+106 97.24  0.15

MB Dry 958+49 575+0.33 594+0.26 443+0.64 6216+159 4017+121 9877 0.14
TS 68.1+52 4.03+0.38 4.27+048 38.3+0.61 5752472 3809+97 8637  0.11
TA 80.23+9.3 480+030 5.09+042 41.4+046 6060+202 386080 92.72  0.16

AB Dry 532+32 358+0.17 496+0.20 30.6+0.38 3727+40 2448+45 36.10 0.12
TS 424+17 3.01+0.11 4.07+042 25.6+0.57 3305+49 2244+18 29.02  0.07
TA 47.02+3.6 3.30+0.10 4.61+028 27.6+045 3661+26  2391+16 3470  0.13
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where o is the indirect tensile strength of the sample (MPa), Py is the maximum fracture
load (kN), D is the Diameter of sample (mm), and t is the thickness of sample (mm). The

resulting strength values are reported in Table 3.

3.3.4 Ultrasonic wave velocity

Ultrasonic wave velocities of the rocks were determined according to the ISRM (1978b).
The tests were performed on cylindrical core specimens with L/D ratios of 2-2.5, using
the Pundit 6 ultrasonic wave generator. Ultrasonic pulse velocities were obtained by direct
transmission. The transmit time was recorded for each sample as the mean of 10 separate
readings. The average values of the ultrasonic pulse velocities were procured by dividing
the path length by the mean transfer time of the 10 readings. The ultrasonic wave velocities
Vp and Vs were calculated by the following formulas:

Vp = L/Tp (3)
Vi = L/T (©)
T, = (t,=1) (7)
T, = (t,—1,) ®)

where L is the length of cylindrical test specimen (path length of the signal, mm), Vp is the
P wave velocity (m/s), Vs is the S wave velocity (m/s), 7p is the measured propagation time
of P wave (ps), ts is the measured propagation time of S wave (pus), and to is the starting
time (ps). Tp and 7' represents the effective feed rates of P and S waves (us), respectively.

3.3.5 Elastic and dynamic modulus of samples

The elastic and dynamic Young modulus values were calculated from ultrasonic wave
velocities (Vp and Vs) which were recorded at the beginning and end of the thermal cycles.
The Young modulus (Eu) and poisson ratio (Vdyn) were calculated from Eqgs. 9-10.

,3V2 —4v?
Eu = pV| Vv ©)
p s
VZ-2v2
Vdyn = —2—_ 10)
2(v2-v2) (

where Vp and Vs are the velocities of P and S waves (m/s) and p is the unit weight (kg/ms).

3.3.6 Schmidt hammer hardness

Schmidt hammer hardness test was carried out as suggested by the ISRM (1981) at the
beginning and end of the thermal cycles. An L-type Schmidt hammer was used and 20
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reading were recorded on each sample, targeting different points of the specimens. The
average hardness values were calculated that are reported in Table 3.

3.3.7 Capillary water absorption test

Capillary water absorption capacity has a significant effect on the degradation of natu-
ral stones under poor environmental conditions. The liquid that seeps into the capillary
cavities directly affects the resistance of natural stones. Capillary water absorption tests
were carried out according to TS EN (1925). Five cylindrical specimens were cut from the
blocks and surface areas that became in contact with water were measured by a caliper.
Samples that were included in the capillary water absorption tests were properly placed
on a grid (Fig. 6). Sample weights (Mi) were determined at 1, 3, 5, 10, 15, 30, 60, 480,
1440, 2880 and 4320 min. The capillary water absorption of the samples was calculated by
Eqgs. 11 and 12.

A=nr? (11)

= A\/t_i (12)

where C, is capillary water absorption values at certain times (%), A is the area of the sur-
face where the sample that is in contact with water (m?), M, is the weight of the sample at
specific testing times (g), M, is the weight of sample at the end of the experiment (g), and
t;1s the time (sec).

3.4 Alteration velocity

Natural building stones are exposed to various physical and chemical interactions, depend-
ing on the type of utilization in the building sector. During these interactions, deforma-
tion in the internal structure of the materials occur. Physical disintegration caused by
minor chemical changes can also be called as physical degradation. In this study, physi-
cal-mechanical degradation was investigated. The changes in the alteration velocity in the

Fig.6 Capillary absorption test samples
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physical-mechanical strength of natural stones were carried out using techniques proposed
by Angeli et al. (2007). The alteration velocities of samples were calculated by Eq. 13.
M, — M,

AV =
D

13)
where; M, is the Last strength of rock (g), M; is the First strength of rock (g), and D rep-
resents the number of days. The resulting alteration velocities values are given in Table 4.
4 Result and discussion

4.1 Results of mechanical tests

At the beginning and end of the 30 thermal shock and thermal ageing cycles, uniaxial com-
pressive strength (UCS), point load strength (PL), Brazilian tensile strength (BT), Schmidt

Hardness (Hr), ultrasonic wave velocities (Vp and Vs) and weights were recorded. The
elastic and dynamic modulus values were calculated from the ultrasonic wave velocities.

Table 4 Alteration velocities values of the natural stones

Sample Initial values After ther-  Alteration Initial After ther-  Alteration rate
mal shock rate values mal ageing
treatment treatments
UcsS  YB 131.92 120.54 —0.431 131.92 126.57 —-0.202
(MPa)  MB 95.82 68.06 —1.448 95.82 80.23 —-0.813
AB 53.21 42.40 -1.015 53.21 47.02 —0.581
PL YB 8.95 8.35 —0.334 8.95 8.69 —0.143
(MPa)  vB 5.75 4.03 —1.492 5.75 4.80 —-0.820
AB 3.58 3.01 —0.803 3.58 3.30 —~0.389
BT YB 8.31 7.46 —0.511 8.31 8.00 ~0.185
MPa) VB 594 427 - 1411 5.94 5.09 —-0.714
AB 4.96 4.07 -0.897 4.96 4.61 —0.352
Hr YB 47.60 43.84 —0.394 47.60 45.56 —0.214
MB 4432 38.32 —0.676 44.32 41.44 —0.324
AB 30.64 25.56 -0.828 30.64 27.60 —0.496
Vp YB 6101 6002 —0.081 6101 6043 —0.047
(m/s)  MB 6216 5752 -0.373 6216 6060 —-0.125
AB 3726 3305 —0.564 3726 3661 ~0.087
Vs YB 3999 3873 -0.157 3999 3865 ~0.167
(m/s)  MB 4017 3808 -0.260 4017 3860 ~0.195
AB 2448 2243 —0.418 2448 2390 —-0.118
Weight YB 785.004 784.232 —0.004 801.052 800.480 —0.003
(€3] MB 773.696 772.920 -0.005 774.500 773.866 —0.004
AB 768.784 768.120 —0.004 771.576 771.128 —0.002

UCS, Uniaxial compressive strength; PL, Point Load Strength; BT, Brazilian Tensile strength; Hr, Schmidt
Hardness; Vp, Vs, Ultrasonic vawe velocity
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The resulting values are reported in Table 3. Point load and Brazilian tensile strength test
samples before and after thermal treatments are shown in Figs. 7 and 8, respectively.

4.2 Results of the capillary absorption tests

The evolution of capillary water absorption values over time is presented in Fig. 9. When
YB samples have high capillary water absorption values and also high water absorption
values (Fig. 9). Capillary water absorption values of MB and AB samples are lower and
show a similar trend.

4.2.1 Changes in physico-mechanical properties after thermal treatment
In dry conditions, physico-mechanical properties of rocks were considered to be 100%. The

changes in the physico-mechanical properties of natural stones after thermal treatments are
presented in terms of percentages (Fig. 10).

Fig. 7 Point load strength samples. al, b1. natural (dry) samples, a2, b2. samples after the thermal shock
cycles, a3, b3. samples after the thermal ageing cycles. al: MB, a2: YB, a3: AB
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Fig.8 Brazilian tensile strength samples views. al, bl. natural (dry) samples, a2, b2. samples after the
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Fig. 10 Percentage changes in physico-mechanical properties of natural stones (a: UCS, b: PL, c¢: BT, d:
Vp, e: Vs, f: Hr)

Physico-mechanical values of all rock samples were reduced after the thermal treat-
ments (Fig. 10). The most significant decrease in UCS, PL and BT were observed in case
of the MB samples (Fig. 10a, b and c¢). The most pronounced changes in P and S wave
velocities and Hr values were measured on the recrystallized limestone samples (AB,
Fig. 10d, e and f). The YB samples having magmatic origin showed the lowest overall
percentage change. The uniaxial compressive strength values of YB, MB, AB samples
decreased by 8.64%, 28.91% and 20.30% after thermal shock, and by 3.99%, 16.25% and
11.61% after thermal ageing, respectively (Fig. 10a). It is important to note that the change
in the uniaxial compressive strength of the MB sample is 28.91%. The point load strength
of YB, MB, AB samples decreased by 6.59%, 29.91% and 15.92% after thermal shock,
2.79%, 16.52% and 7.82% after thermal aging, respectively (Fig. 10b). The change in the
point load strength after thermal shock application of MB sample was the most significant,
almost reaching 30%.

Brazilian tensile strength of YB, MB, AB samples decreased by 10.22%, 28.11% and
17.94% after thermal shock, 3.73%, 14.30% and 7.05% after thermal aging, respectively
(Fig. 10c). Similar to the previous two mechanical tests (UCS and PL), the change in
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Brazilian tensile strength of the YB sample is lower than in case of the other two natu-
ral stones. This could be caused by the anisotropic thermal expansion of calcite miner-
als which is the main component of the YB samples. Due to different amount of thermal
expansion and crystal phase transition of minerals, a local thermal stress concentration
will develop between minerals, generating potential micro cracks. Micro cracks and holes
inside the samples caused a reduction in intergranular adhesion resulting in the decrement
of bearing capacity. This process leads to the weakening rock strength (Feng et al. 2022; Su
et al. 2017).

P-wave velocity of YB, MB, AB samples decreased by 1.62%, 7.46% and 11.32% after
thermal shock, 0.95%, 2.50% and 1.77% after thermal aging, respectively (Fig. 10d). S
wave velocity of YB, MB, AB samples decreased by 3.15%, 5.17% and 8.33% after ther-
mal shock, 3.35%, 3.90% and 2.32% after thermal aging, respectively (Fig. 10e). The main
reason for the decreasing velocities is considered to be the increasing porosity of the sam-
ples as a result of thermal treatment. As the micro and macro porosity of the rock samples
increase, the seismic waves dissipate in space. This increase indicated that when tempera-
ture changed rapidly, new micro cracks were formed and propagation of pre-existing micro
crack occurred. Previous studies also found that cyclic thermal shock treatments decrease
the intergranular adhesion, leading to the formation of micro cracks and holes which delay
the propagation time of waves, resulting in decreased P wave velocity (Liu et al. 2015;
Zhang et al. 2016).

Schmidt hardness of YB, MB, AB samples decreased by 7.78%, 13.54% and 16.33%
after thermal shock, 4.0%, 6.54% and 9.80% after thermal aging, respectively (Fig. 10f).
The percentage reduction in the Schmidt hardness value of the AB sample is higher than
in case of the other two natural stones. The petrographic analysis (Fig. 3) indicated that
MB sample had smaller grain size than AB and YB samples. The grain boundaries of the
YB samples are sharp and irregular (Fig. 3). In general, the test results suggest that the
marbles with small and irregular grains are more resistant against the ageing test whereas
the ones with large and straight (smooth) grains are non-resistant, in agreement with Yavuz
and Topal (2007).

4.2.2 Alteration velocity values

Alteration velocities reported in Table 4 suggest that thermal shock cycles result in a higher
degree of deterioration (associated with larger alteration values) of the samples. Thermal
shock and thermal ageing cycles have a more significant wearing effect on the mechanical
strength of MB and AB samples containing calcite mineral than YB sample containing
silicate minerals.

4.3 Statistical analysis

Regression analysis is a widely used method in mechanical strength estimations by cre-
ating models based on various rock parameters. In this study, multiple regression anal-
yses were performed to investigate the relationship between strength parameters (uni-
axial compressive strength, point load strength and Brazilian tensile strength) and other
non-destructive rock parameters (Schmidt hardness values (Hr), P wave velocity (Vp),
porosity (N)) for dry conditions and after thermal aging and thermal shock cycles. For
this purpose, the SPSS 20 package was used. Statistically significant correlations were
identified between the mechanical and non-destructive test results. Multiple regression
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Table 5 Multiple regression model for the prediction of UCS, PL and BT in dry state

Independent variable Coefficient St. error t-value Sig. level
UCS Constant —99.505 8.965 —-11.099 0.000
Vp —-0.027 0.006 —4.245 0.001
Hr 8.104 1.072 7.562 0.000
N 12.720 10.202 1.247 0.238
PL Constant —8.673 1.232 -17.037 0.000
Vp —0.003 0.001 —3.744 0.003
Hr 0.786 0.147 5.335 0.000
N 0.825 1.403 0.588 0.568
BT Constant —1.836 0.654 —2.807 0.017
Vp —0.002 0.000 —4.745 0.001
Hr 0.476 0.078 6.119 0.000
N 1.264 0.744 1.698 0.118

Table 6 Multiple regression model for the prediction of UCS, PL and BT after thermal shock cycles

Independent variable Coefficient St. error t-value Sig. level
UCS Constant —60.585 12.822 —4.725 0.001
Vp —0.041 0.005 -8.132 0.000
Hr 10.418 0.781 13.346 0.000
N —34.333 13.406 —2.561 0.026
PL Constant —6.047 1.446 —4.181 0.002
Vp —0.004 0.001 —7.249 0.000
Hr 0.921 0.088 10.458 0.000
N —0.985 1.512 —0.652 0.528
BT Constant 0.151 0.769 0.196 0.848
Vp —0.002 0.000 —8.038 0.000
Hr 0.534 0.047 11.406 0.000
N —1.969 0.804 —2.450 0.032

models for the prediction of UCS, PL and BT values of dry and thermally treated sam-
ples based on Schmidt hardness, P wave velocity and porosity are given in Table 5, 6
and 7. The performance results of the values obtained from the multiple regression
models are given in Table 8.

In order to assess the performance of the multiple regression models, mean absolute
percentage error (MAPE) and coefficient of determination (R%) were calculated. The per-
formance results of the values obtained from the multiple regression models are reported
in Table 8. Results show that multiple regression models are quite successful in predict-
ing the mechanical properties of the rocks. A MAPE value less than 10% indicate a “very
good model”, MAPE between 10 and 20% indicate “good models”, MAPE between 20 and
50% indicate “acceptable model” and MAPE values >50% indicate “false and incorrect
models”. The MAPE values of the models are between 2 and 5% (Table 8) suggest that the
models can very well predict strength parameters. Furthermore, the proximity of R? to 1
indicates that the model is adequate, and values close to 0 indicate that the model is wrong
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Table 7 Multiple regression model for the prediction of UCS, PL and BT after thermal aging cycles

Independent variable Coefficient St. error t-value Sig. level
uCsS Constant —59.756 16.035 -3.727 0.003
Vp -0.039 0.008 —4.868 0.000
Hr 9.673 1.110 8.713 0.000
N —29.099 24.248 —1.200 0.255
PL Constant —3.948 0.948 —4.164 0.002
Vp —0.004 0.000 -7.510 0.000
Hr 0.765 0.066 11.651 0.000
N —1.301 1.434 0.907 0.384
BT Constant —0.568 0.567 —1.001 0.339
Vp —0.003 0.000 —-11.310 0.000
Hr 0.627 0.039 15.969 0.000
N -0.615 0.858 -0.716 0.489
ofthe values abtained from the Fquation MAPE K
multiple regression models UCSy, —99.505-0.027Vp+8.104Hr+12720N 03 098
PLyy —8.673-0.003Vp+0.786Hr+0.825N 0.6 0.96
BTy,  —1.836-0.002Vp+0.476Hr+1.264N 0.3 0.97
UCS, —60.585-0.041Vp+10.418Hr—34.333N 0.5 0.98
PL —6.047-0.004Vp+0.921Hr—0.985N 0.8 0.96
BT, 0.151-0.002Vp+0.534Hr—1.969N 0.4 0.97
UCS,, —59.756— 0.039Vp+9.673Hr—29.099N 0.5 0.97
PL,, —3.948-0.004Vp+0.765Hr—1.301N 0.5 0.97
BT, —0.568 —0.003Vp+0.627Hr—0.615N 0.3 0.98

ta

or a correlation does not exist. R? values reported in Table 8 are close to 1, suggesting that
the models are valid and highly meaningful.

5 Conclusion

In this study, the effects of thermal shock and thermal aging treatments on the physico-
mechanical properties of the natural stones were investigated. The main conclusions
obtained from the experimental and statistical studies are as follows;

1 The porosity of samples increased with the number of cycles. However, a more signifi-
cant increase of porosity was observed in case of the water cooling process correspond-
ing to the thermal shock (TS) treatment. It can be explained by the enlargement of the
pores of the existing micro cracks due to abrupt cooling. Due to the increased porosity,
P-wave velocities of the natural stones decreased. This variation appears to be more
pronounced in samples exposed to TS cycles.

2 The natural stones lose their initial strength properties over time. The magnitude of
changes depends on both the structural properties of the stone and the atmospheric
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conditions (simulated by the thermal cycles) they are exposed to. Thermal effects such
as TS and TA cause expansion and contraction in rock grains. During the thermal
treatment, first micro cracks are formed. These micro cracks may transform into macro
structured cracks depending on the type of exposure and the number of cycles (repeated
events), resulting in porosity increase and decreased rock strength. Subsequently, major
strength loss such as disintegration, splitting and finally fragmentation may occur. In
this study, the mechanical strength of natural stones with various origins (magmatic,
sedimentary, metamorphic) exposed to TS-TA conditions decreased. The YB sample
having magmatic origin appeared to be more resistant than the other two natural stones
samples. In addition, the change in uniaxial compressive and point load strengths after
the thermal shock treatment of MB sample reached almost 30%.

3 Models that predict mechanical parameters (uniaxial compressive strength, point load
strength, Brazilian tensile strength) based on using non-destructive tests were developed.
These models are based on the multiple regression analysis of more than one independ-
ent test (wave velocity, Schmidt hardness and porosity), and the coefficients of the
models were determined for dry, thermal shock and thermal aging conditions. Strong
correlations between the mechanical properties and non-destructive stress results were
identified, with MAPE values between 2 and 5%.

4 Models that predict mechanical parameters (uniaxial compressive strength, point load
strength, Brazilian tensile strength) using non-destructive tests were developed. These
models are based on the multiple regression analysis of more than one independent
test (wave velocity, Schmidt hardness and porosity), and the coefficients of the models
were established for dry, thermal shock and thermal aging conditions. Strong correla-
tions between the mechanical properties and non-destructive stress results were identi-
fied, with MAPE values between 2 and 5%.

Results indicate that thermal treatments have significant negative effect on the strength
of the natural stones. Quantifying changes of resistance values of the natural stones under
thermal shock and thermal aging conditions in therefore very important in areas where the
ambient temperature changes rapidly.
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