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Abstract

:

Cylindrical specimens obtained from the monzogranite host rock of the National Radioactive Waste Repository of Hungary were tested at room temperature and 250 °C, 500 °C, and 750 °C of heat treatment. Reflectance spectra (color), bulk density, Duroskop surface hardness, and ultrasound-wave velocity values were measures before and after thermal stress. According to CIE L*a*b* colorimetric characteristics, the specimens’ color became brighter and yellower after the heat treatment. At 750 °C, a significant volume increase was recorded linked to the formation of macro-cracks, and it also led to the drop in bulk density. Smaller temperature treatment (250 °C) caused a minor decrease in density (−1.3%), which is higher than the reduction of density at 500 °C (−0.8%). Duroskop surface strength showed a slight decrease until 500 °C, and then a drastic decline at 750 °C. P- and S-wave velocity values tend to decrease uniformly and significantly from room temperature to 750 °C. P-wave velocity and Duroskop values have a high exponential correlation at elevated temperatures. Physical alterations originated from the differential thermal-induced expansion of minerals, the formation of micro-cracks. Mineralogical changes at higher temperatures also contribute to the volume change and the loss in strength.
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1. Introduction


The increased energy demand of our age may require answers to environmental issues such as the management and disposal of radioactive waste [1]. Today, the most effective solution to this problem is the disposal in deep geological repositories [2]. The primary task of such a facility is to be inert and permanently isolated from the outside world with a high level of technical safety over the long term (in some cases more than 100,000 years [3]. To achieve such safety, natural and engineered barriers work together to ensure the content of the waste. The most critical natural barrier is a geological barrier: the host rock, which has several primary functions of long isolation. The geological, hydrogeological, geophysical, geochemical, and rock-mechanical parameters of the host formations must meet very strict rock mechanical requirements [1,4].



Granite—or its metamorphosed type gneiss—is used to dispose of radioactive waste in Finland, Sweden, and Hungary. In Hungary, low- and intermediate-level radioactive waste is stored at the Bátaapáti National Radioactive Waste Repository, located at the foot of the Eastern-Mecsek Mountains. The research project first examining the site started in 1993, after which the construction and the repository started in 2012. Now, it is in full operation, hosting low- and medium-level radioactive waste [5]. The disposal chambers are located below the surface at 200–250 m, with more than 1.7 km-long access tunnels leading to the disposal chambers. The host rock forms a part of the Carboniferous Mórágy Granite Formation [6].



Granite has already proven their worth as a host rock type many times before and, therefore, is considered one of the best target rocks for radioactive waste disposal. Among the many investigated mechanical features of this rock type, one of the most crucial is the mechanical strength loss due to elevated temperatures. The study of thermal effects on rock properties is an emerging area of research with publications on the thermal behavior of several lithologies, including limestone [7,8,9], sandstone [10,11], and granite [12,13,14]. Besides the mechanical changes, mineralogical changes and other physical transformations are linked to increasing temperature in rocks such as granite [15,16] or especially carbonate rocks such as limestone [17,18,19].



One of the main safety factors of a deep geological radioactive waste repository is to ensure that high temperatures do not occur and that the facility operates within normal temperature conditions. However, in certain failure events (such as a sudden fire or heat caused by the decay of radioactive waste), the temperature of the facility can rise to several hundred degrees Celsius. In previous works, it has been demonstrated that micro-cracks are already formed at lower temperatures [20] due to thermal expansion [21], cooling [22], or being linked to thermal cycles of 20 °C to 105 °C [23,24]. Temperature increase generates stresses in granitic rocks [25] which is also associated with the anisotropy of granite micro-texture [26,27]. Understanding such behavior and cracking-linked damage of the granitic rocks need further studies. Suppose the waste disposal site is subjected to elevated temperatures for short or long periods. In this case, the facility’s structure and the host rock are exposed to the negative consequences of the thermal effects, which is one of the critical risks in safety [28]. For these reasons, the changes resulting from thermal treatment must be analyzed and interpreted in the design.



This study focuses on the thermal-induced physical alteration and color change of the primary rock type of the Mórágy Granite Formation.




2. Materials and Methods


The Bátaapáti radioactive waste repository is found in a slightly metamorphosed granitoid rock type of Carboniferous age, the Mórágy Granite Formation in South Hungary (Figure 1).



The Móragyi Granite Formation is a lower Carboniferous age intrusive rock formation. The rock types in the formation have undergone magmatic, ductile, and fracture-related structural evolution associated with the Variscan and Alpine orogenesis. Regional metamorphism of varying intensity altered the formation [5,6,30]. Several distinct rock types characterize the Móragyi Granite Formation: monzonite; monzogranite; the so-called contaminated or hybrid rocks; the intersecting felsic rocks, and the xenoliths [5,31,32,33,34].



Since the general lithology is monzogranite, the paper focuses on that lithotype. The tested specimens belong to the porphyritic monzogranite group in the formation. The group is a reddish dark grey fresh formation, and the main minerals are potassium feldspar, quartz, and biotite. Scattered pale pink potassium feldspar megacrystals are a maximum of 3 cm. An undirected texture is commonly based on mineral mixtures, but orientation can be observed in some zone. The rock type is holocrystalline, medium and coarse-grained, and at some places with fine-grained around inclusions. Phenocrystalline, inequigranular, the shape of the minerals is hypomorph, rarely xenomorphic. In cracked zones, the surface of the cracks is barely weathered and fresh. In some zones, the rock-type contains dark grey monzonite and contaminated monzonite inclusions [5,31,32,33].



The laboratory tests were carried out on 24 pieces of regularly shaped monzogranite cylindrical samples. The average diameter of the specimens was 4.73 cm. The specimens were cut from the core drillings and been prepared for thermal treatment and laboratory measurements.



All in all, four thermal groups were made, as 22 °C (room temperature, not tempered) 250 °C, 500 °C, and 750 °C, respectively. The thermal treatment was performed in a Carbolite ABA 7/35 electric oven. The heating rate was set to 20 °C/min for generating a homogeneous thermal field and was linearly increased to 250 °C/500 °C/750 °C and kept for 4 h. The cooling was 5 °C/min until room temperature was reached and were tested on room temperatures. The heating and cooling rates were verified by the built-in digital temperature gauge of the electric oven. The temperature-related changes of the samples are clearly visible by the naked eye (Figure 2).



One of our important basic hypotheses was that the mechanical, chemical, and spectral reflectance properties of a geological object are permanently altered by heat transfer. Color image analysis is a widely accepted reliable tool for examining thermally treated materials, as previous studies researched color change of building materials exposed to fire [35,36]. Color coordinates defined by the International Commission on Illumination (CIE) can be determined for a reflective surface based on the emission spectral distribution of a given illumination, the reflection spectral distribution of the surface, and the CIE color-matching functions [37], also defined by the CIE [38]. From the XYZ color space [39], a CIE xyY diagram can be derived, which is often used to graphically represent the chromaticity of colors [40]. Unfortunately, this is not a uniform color space, so the geometric distance in the representation cannot be assumed to be a visually perceived color difference [41]. Therefore, to calculate the visual color difference mathematically, the data must be transformed into a uniform color space. In our case, the CIE L*a*b* color space is perfectly suited for this purpose [42]. It should be noted that the CIE L*a*b* color space is not perfectly uniform perceptually, but it is still useful in the industry for detecting small color differences. From the CIE XYZ coordinates and a reference, which in our case is the reference light source D65, we can determine the L* lightness and the chromaticity, which is characterized by the values a* extends from green (−a*) to red (+a*) and b* extend from blue (−b*) to yellow (+b*). These can be used to determine the color difference between two surfaces with different spectral reflectance under a given reference illumination. Since this color difference corresponds to human perception, it can be compared with other color differences determined under such conditions.



The reflectance spectra of the investigated surfaces were measured with a Konica Minolta CM-2600d spectrophotometer. The instrument parameters are 8 mm head diameter, SCI (specular component included) measurement mode, and CIE 1964/10° geometry. Using the spectrophotometer calibration process, absolute reflectance spectral distributions were measured. As it was mentioned earlier, D65 was used as the reference light source for the calculations. From the CIE L*a*b* colorimetric characteristics determined from the reflectance spectra of the investigated surfaces, the colorimetric transformation due to temperature stress could be quantified.



The physical parameters were tested following the guidelines given by European Norms: Bulk density (EN 1936:2006) [43], the propagation speed of the ultrasonic wave (EN 14579:2005) [44]. For measuring the P- and S-wave velocities, a PUNDIT and a GEOTRON device were used. The PUNDIT (Portable Ultrasonic Non-destructive Digital Indicating Tester) is an automatic P-wave propagation time tester instrument. It is suitable for easy and quick measurements, however less accurate than a more precise instrument (e.g., GEOTRON). To increase accuracy, plasticine was used as a coupling agent to fill the gap between the sample and the transducers. The frequency of the transducers was 50 kHz. The GEOTRON instrument is a more sophisticated design than PUNDIT, which allows more accurate detection of wave propagation velocity at a longer measurement time. This instrument is capable of detecting the speed of S waves in addition to P waves. UP-SW transducers with an 80 kHz frequency were used for measurements. For the identification of the first onset of P- and S waves, the selected amplitudes of 100 mV were applied. On 750 °C groups, P- and S-wave velocity with the GEOTRON device could not be carried out due to the highly cracked sample and the sensitivity of the device. Instead, a non-standardized test, the Duroskop, was used to determine the surface hardness of the samples. This instrument was initially used to test the surface hardness of metals. It has recently been used to test rock specimens [45,46]. Duroskop is a powerful tool for measuring small surfaces and minor changes in surface strength as it has a small-pointed mass that rebounded from the surface [47]. The device is primarily a portable tool, but a frame was used in the laboratory to test cylindrical specimens.



The test numbers of measurements used in statistical results can be seen in Table 1.



Testing for physical parameters in most cases was performed before and after the thermal treatments. However, in some cases, the GEOTRON ultrasound velocity measurements and spectral recordings were carried out only on heat-treated samples.




3. Results and Discussion


The monzogranite samples showed apparent and significant physical changes after heat treatment. The colors and the texture of the specimens were also changed in addition to the specified factors (Figure 3).



The standard 22 °C groups had a reddish-dark grey base color, which is typical of the examined monzogranite. Small yellowish-brown patches emerged on the surface of the specimens after heat treatment at 250 °C. The entire sample exhibited a pale yellowish-brown base color after being heated from 22 °C to 500 °C. After 750 °C of thermal treatment, the most substantial alteration occurred. The specimens had a yellowish-reddish-brown color transition, and visible inter- and intragranular macro-cracks appeared on the surface. The whitening of the grey and light pale pink feldspars appeared among the primary phases of the rock, separating the light quartz and feldspar from the biotitic phases and transforming them into dark red.



According to the distribution of the spectral reflectance spectrum (Figure 4), it can be clearly stated that the curves shift upwards due to the rising temperature, so the samples become brighter. It can also be seen that in the range of longer wavelengths, the curves rise more strongly, so their color shifts in the direction of yellow.



Table 2 shows the colorimetric data of the room temperature and heat-treated granite samples used in the CIE L*a*b* system. The data reflects the trends in a color change from 22 °C to 750 °C (Figure 5).



However, the CIE L*a*b* system is suitable for calculating the extent of the color difference as its preferred method for more sophisticated tracking of color change. It is known that it converts the reflectance spectrum into a uniform color space. In our case, the illumination was a D65 standard light source corresponding to sunlight.



The plot of the samples in CIE L*a*b* color space (Figure 5) shows that the measurement results for each temperature are well separated in terms of both lightness and color, and the trend of changes is also well identified. This is also supported by the projection of the CIE L*a*b* color space data onto the a*-b* plane, the direction of color change as a function of heat impact is clear. As mentioned earlier, lightness increases with temperature have also been proven [48]. The color changes from green to red and from ‘blue’ to yellow are represented in the a* vs. b* diagram (Figure 5).



Our results show an agreement with previous findings, namely that the color and brightness values vary with the composition of the material and the degree of heat impact [49,50].



The CIE L*a*b * diagram suggests a significant change in the colorimetric parameters between 250 and 500 °C, with little change at temperatures below and above (Figure 6). Note that further refining the temperature scale and applying a skewed ramp function approximation would be possible to accurately identify the temperature around which a significant change in colorimetric parameters occurs.



It has been shown that color changes are good indicators of the thermal decay of granitic rocks [51]. Our results also support the previous findings that non-destructive measurement of the change in colorimetric parameters is an excellent tool for estimating heat damage [48]. Because the color change due to heating correlates with changes in other material properties, the color change can be used to detect the exposure temperature, from which the corresponding fire damage can be estimated [49,50,52].



Physical properties such as mass, volume, bulk density, P-wave velocity, S-wave velocity, and surface hardness show changes with temperature (Table 3).



The mean bulk density of 2716.0 kg/m3, with a standard deviation of 23.6 at room temperature, decreased to 2678.1 kg/m3 at 250 °C. Surprisingly, at 500 °C, a slight increase of 0.62% in density (mean value 2694.7 kg/m3) was found compared to 250 °C bulk density values However, comparing 22 °C and 500 °C density values, bulk density decreases slightly with heat-treatment. Further heating to 750 °C caused a significant drop (−7.47%) in mean bulk density. This change is linked to a volume increase. Bulk density values after 750 °C of heat-treatment tend to split into two subgroups with means of 2559.3 and 2361.3 kg/m3 (Figure 7).



Bulk density values decreased from 22 °C to 250 °C, followed by a slight increase to 500 °C. At 750 °C, they are indicating a significant drop in bulk density values. In terms of mass and volume change—as the primary control factor of bulk density change—a minor but continuous decrease in mass appear in the groups, but volume change tends to differ. Volume increased from 22 °C to 250 °C (+1.2%) and further increases to 500 °C, which was followed by a significant rise in volume at 750 °C (+8,3%). As the heat expansion difference of the main rock-forming minerals and phase alterations (such as α-quartz to β-quartz alteration at 573 °C) occur, significant volume increases, and thereby, cracks develop in the structure of the monzogranite samples [14,15,53,54]. The heat-induced cracks might develop at lower temperatures [24], but at elevated temperatures (750 °C) can be seen macroscopically on the surface of the specimens (Figure 8). These factors contribute to the bulk density changes.



Comparing the measured heat-treated granite results reported in the literature [14,55,56,57,58], the bulk density value changes after heat treatment shows similar trends as reported in this paper. Similar bulk density value decreases from room temperature to around 200 °C and a similar increase occurs from ~200 °C to ~500 °C, which is also documented in the literature [55,56]. From 500 °C to 800 °C, a significant decrease in bulk density values occur similarly in the literature as in this paper; thus, the measured data in this research match the processes known from other similar works (Figure 9).



Duroskop rebound values show that surface strength also decreases after heat treatment (Figure 10) besides the granite’s mass-, volume (Figure 7), phase-, and color changes (Figure 7). The surface strength of the samples slightly decreases from room temperature to 250 °C and 500 °C and significantly drops at 750 °C. The phase alteration- and thermal expansion-driven crack development [14,15] significantly weakens the surface strength of the monzogranite. At room temperature, an average of 51 decreases to 49 at 250 °C. Rebound values at 500 °C show another slight decrease in surface hardness with an average of 47. After 750 °C heat-treatment, a significant 63% decrease in Duroskop mean values occurred compared to room temperature averages with a mean of 19 (Figure 10). This tool has been proved to describe well small surface strength changes in heritage stones associated with weathering [45,46,47]. It has only been recently applied to test the surface strength of heat-treated stones such as granitic rocks [59], suggesting strength loss with increasing temperature [60]. Our results are in good agreement with these previous studies [59,60], namely, values around 50 signify high surface strength, while values less than 20 represent weakened surfaces.



P-wave velocity data of PUNDIT instrument in heat-treated groups decrease from 22 °C to 750 °C with average values of 5.29 km/s (22 °C), 4.49 km/s (250 °C), 3.32 km/s (500 °C) and 0.76 km/s at 750 °C. Data shows that at 750 °C, a significant 87% decrease in mean values occur from room temperature to heat-treated average values. The results of GEOTRON instrument P-wave velocity values show similar results as PUNDIT values. At room temperature, an average of 5.28 km/s decreases to 4.56 km/s at 250 °C. At 500 °C, the mean P-wave velocity of the specimens was 3.39 km/s. S-wave velocities show a similar decrease in velocity values. At 22 °C 3.23 km/s average slows down to 3.00 km/s at 250 °C. At 500 °C, a mean of 2.40 km/s occurs at the samples (Figure 11).



GEOTRON instrument P-wave velocity values show a high correlation with PUNDIT instrument values with an R-value of 97%, and therefore, presents the same trend and similar values as PUNDIT P-wave values. This high correlation value shows that the quick and easy-to-use PUNDIT-, and the more accurate but time-consuming GEOTRON instrument results can be used side by side. The sensitivity of the GEOTRON instrument did not allow to record the P-, (nor the S-wave) velocity measurements of 750 °C heat-treated samples, however, the PUNDIT measurement could measure these values.



For further studies, these results could be used as complements to each other. S-wave velocity values of the GEOTRON instrument show a similar tendency as the P-wave velocity value decreases among heat-treated groups. At room temperature of 22 °C, the mean pulse velocity is 3.23 km/s, dropping to 3.00 km/s at 250 °C. It shows a further decrease to 2.40 km/s after 750 °C heat-treatment. S-wave and P-wave velocity values of the GEOTRON instrument show a high linear correlation with an R-value of 94% (Figure 12).



Ultrasound velocity values as P- and S-wave velocity values from both PUNDIT and GEOTRON instruments show the best way to quantify physical changes in the samples after heat-treatment from the examined measurements.



Phase alteration- and thermal expansion generated crack development processes, which tend to slow down ultrasound velocities in the samples [14,15]. Different heat-treated subgroups form separate data populations and show a continuous decrease in velocities between heat-treated groups.



P-wave velocity values decrease similarly in this research and the examined literature [14,54,55,56,57]. Ultrasound velocities gradually decrease from room temperature to 200–300 °C, followed by a rapid fall in velocity values from 400 °C to 800 °C, as reported before (Figure 13).



Temperature elevation tends to alter the physical properties of the specimens, as previously shown. PUNDIT P-wave velocity shows a high exponential correlation with Duroskop values (Figure 14).



P-wave velocity and Duroskop show exponential correlation with an R-value of 98%. As P-wave velocity shows the best way to indicate the physical changes inside the samples and Duroskop value changes of the surface hardness change, the high correlation of these two parameters suggests that physical changes occur inside and outside the specimens.



From room temperature to 250 °C, 500 °C and 750 °C mass decrease slightly, volume values at 250 °C increase then decrease at 500 °C and increase significantly at 750 °C. From these results, bulk density values show similar changes as volume changes in the specimens at elevated temperatures. Duroskop values decrease slightly at 250 °C and 500 °C, then significantly at 750 °C. P- and S-wave velocity values decrease continuously. The percental changes and comparison of all measured physical parameters can be seen in Figure 15. Percental changes of mass, volume, bulk density, PUNDIT and GEOTRON P- and S- wave velocity, and Duroskop values represent the percentage changes between untreated room temperature and heat-treated values and not between consecutive temperatures.



P-wave velocity, bulk density, and Duroskop value changes together show a correlation in parameters in terms of multi-modal comparisons. Heat-treatment processes induce significant bulk density, surface strength-, and ultrasound velocity decreases. These physical changes tend to correlate exponentially (Figure 16).



Physical parameters change slightly between room temperature and 500 °C and significantly between 500 °C and 750 °C, as shown in Figure 15. Mineral alterations and related expansions (such as α-quartz to β-quartz inversion at 573 °C) and the thermal expansion difference of the main rock-forming minerals cause micro- and macro cracking inside and on the outer surface of the specimens between 500 °C and 750 °C [14,15,52,53]. This cracking development increases volume significantly and permanently while decreasing bulk density-, P- and S-wave velocity-, and Duroskop surface strength values.



For further research, heat-treatment between 500 °C and 750 °C is essential in order to increase the examination of the physical decrease of the host rock.




4. Conclusions


Thermal experiments at 250 °C, 500 °C, and 750 °C altered the physical and color properties of monzogranite samples that form the host rock of Hungary’s National Radioactive Waste Storage Facility. Heat treatment caused color and textural changes in the tested monzogranite rocks.



The most deleterious one was at 750 °C when macro-cracks appeared on the surface of the specimens. Mineral changes and thermal expansion differences of main rock-forming minerals caused a change in the physical properties of the monzogranite samples. Reflectance spectra of the heat-treated specimens show a curve shift upwards due to the rising temperature; the samples become brighter. Furthermore, the color shifts in the direction of yellow. Color change of CIE L*a*b * diagram shows a significant change in the colorimetric parameters between 250 °C and 500 °C.



At 250 °C, bulk density tends to drop, then increase at 500 °C. At 750 °C, there is a significant decrease in bulk density values related to the volume change in the samples. Duroskop surface strength of the monzogranite slightly decreases until 500 °C; then, it is significantly reduced at 750 °C. Ultrasound velocity of both P- and S-waves with PUNDIT and GEOTRON instruments show uniform and a significant decrease in values at elevated temperatures due to micro-cracking development of the specimens. Ultrasound velocity values seem to be the best non-destructive test method to describe the thermal behavior of the monzogranite since it decreases with temperature increase, indicating the volume increase, the formation of micro-cracks, and the loss in material strength.
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Figure 1. The location of the Bátaapáti Nuclear Waste Repository site in Hungary (left). Surface geological environment of the area of the repository (right) [29]. 
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Figure 2. Cylindrical samples are showing color changes from 22 °C, 250 °C, 500 °C, and 750 °C. Note the macro cracks in sample 750 °C. 
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Figure 3. Texture and color change of heat-treated granite specimens. Samples representing the same temperature are shown in rows. Sample ID-s from left to right increase from 1 to 6. 
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Figure 4. Spectral reflectance of the reference sample and heat-treated samples. 
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Figure 5. Colorimetric characteristics of granite samples at 22 °C/250 °C/500 °C/750 °C in the CIE L*a*b*system. L represents lightness (white to black), ‘a’ shows colors from red to green, while ‘b’ stands for yellow to blue (left). Red to green (a*) and yellow to blue (b*) color alteration of granite samples at 22 °C/250 °C/500 °C/750 °C (right). 
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Figure 6. Box Plot diagrams of CIE L*a*b* color space values (L*—Lightness, a*—Red/Green value, b*—Blue/Yellow value) as a function of temperature. 
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Figure 7. Histogram of bulk density values. 
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Figure 8. Overview images of a (22 °C) room temperature (left) and a heat-treated (750 °C) sample (middle). Examine the crack development on the magnified surface of the 750 °C heat-treated specimen (right). 
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Figure 9. Scatter plot of bulk density values of heat-treated granite samples of this paper compared to previous works. 
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Figure 10. Histogram of Duroskop rebound values, the surface hardness of specimens. 
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Figure 11. Relative frequency histograms of measured ultrasound velocity properties among heat-treated groups: Histogram of P-wave velocity (PUNDIT device) values (left). Histogram of P-wave velocity (GEOTRON device) values (middle). Histogram of S-wave velocity (GEOTRON device) values (right). 
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Figure 12. Scatter plots of different ultrasound velocities among heat-treated groups. Scatter plot of P-wave velocity values between PUNDIT and GEOTRON devices (left). Scatter plot of P-wave and S-wave velocity (GEOTRON device) values (right). 
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Figure 13. Comparison of P-wave velocity values of heat-treated granite samples in the literature and this paper. 
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Figure 14. Scatter plot of Duroskop value vs. P-wave velocity. 
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Figure 15. Bar plot of mass-, volume-, bulk density-, P-wave velocity (PUNDIT), P-wave velocity (GEOTRON) between groups, S-wave velocity (GEOTRON) between groups and Duroskop percental changes between untreated room temperature and heat-treated values. 
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Figure 16. 3D scatter plot of bulk density-, P-wave velocity- and Duroskop value percental changes (left). 2D class scatter of P-wave velocity- and Duroskop value percental changes (A). 2D class scatter of P-wave velocity- and bulk density value percental changes (B). 2D class scatter of Duroskop value and bulk density percental changes (C). 
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Table 1. Carried out measurements with test numbers and used standards.
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Group

	
Bulk

Density

	
P-Wave Vel.

(PUNDIT)

	
P-Wave Vel.

(GEOTRON)

	
S-Wave Vel.

(GEOTRON)

	
Duroskop Value

	
Color Index




	
[EN 1936:2007]

	
[EN 14579:2005]

	
[-]

	
[-]






	
22 °C

	
6

	
72

	
36

	
36

	
72

	
20




	
250 °C

	
12

	
144

	
36

	
36

	
143

	
20




	
500 °C

	
12

	
78

	
36

	
36

	
144

	
20




	
750 °C

	
12

	
144

	
0

	
0

	
144

	
20




	
∑

	
42

	
438

	
108

	
108

	
503

	
80
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Table 2. CIE L*a*b* colorimetric data of granite samples at 22 °C and 250 °C, 500 °C, 750 °C of heat-treatment.
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Thermal Treatment Group

	
L*

	
a*

	
b*




	
(Std)

	
(Std)

	
(Std)






	
22 °C

	
53.96 (4.10)

	
4.19 (0.32)

	
1.96 (0.74)




	
250 °C

	
55.88 (3.93)

	
4.45 (0.27)

	
3.03 (1.23)




	
500 °C

	
62.05 (4.60)

	
7.85 (1.36)

	
11.30 (2.94)




	
750 °C

	
62.92 (3.82)

	
7.94 (0.33)

	
9.40 (0.86)
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Table 3. Bulk density, Duroskop rebound value, P-wave velocity (PUNDIT and GEOTRON), and S-wave velocity (GEOTRON) results in heat-treated groups.
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Thermal Treatment

Group

	
Bulk

Density

(Std)

	
Duroskop

Value

(Std)

	
P-Wave Vel.

[PUNDIT]

(Std)

	
P-Wave Vel.

[GEOTRON]

(Std)

	
S-Wave Vel.

[GEOTRON]

(Std)




	
(kg/m3)

	
(-)

	
(km/s)

	
(km/s)

	
(km/s)






	
22 °C

	
2716.0 (23.6)

	
51 (1.5)

	
5.29 (0.24)

	
5.28 (0.32)

	
3.23 (0.22)




	
250 °C

	
2678.1 (34.0)

	
49 (1.7)

	
4.49 (0.15)

	
4.56 (0.18)

	
3.00 (0.12)




	
500 °C

	
2694.7 (27.1)

	
47 (2.4)

	
3.32 (0.19)

	
3.39 (0.12)

	
2.40 (0.15)




	
750 °C

	
2493.3 (125.0)

	
19 (5.7)

	
0.76 (0.23)

	
-

	
-
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