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Abstract

Marble, one of the metamorphic rock formation products, forms by undergoing
different physical and chemical processes. The marble samples are tested under
laboratory conditions to understand these processes. This study aims to find whether
the Akcay region marble (Antalya) is compatible with national and international
standards using some physical and mechanical properties. For this purpose, samples
were subjected to some laboratory tests (real density, apparent density, total porosity,
open porosity, breaking load, compressive strength, flexural strength, rupture energy).
A number of statistical findings, linear equations, inequalities, and spatial distribution
maps were obtained from the physical and mechanical data found at the end of the
laboratory tests. The variables which were found to be statistically significantly
correlated according to the results of the correlation analysis were analyzed using
regression analysis; then their distributions were explained using linear equations. The
spatial distribution maps of the variables reveal the part corresponding to the symbol
color ranging between the light green and yellow and covering almost 70% of the
area is compliant with both TurkStat and ASTM standards and this is proved using the
inequalities.

MSC: 62H10; 62H25; 62-07; 60E15; 62H11

Keywords: Statistical analysis; Inequalities expression; Physical property; Mechanical
property; Marble

1 Introduction

There are karstifiable rocks in environments formed by the fault—crack joint system that
dissolved and expanded under the influence of natural waters and the secondary openings.
Carbonate rocks, which are a type of the karstifiable rocks, form various types of rocks in
some physical and chemical environmental conditions. Being one of these types, marble
is a metamorphic rock product that forms in the presence of minerals such as limestone,
calcite, and aragonite. As a metamorphosed product, marble is a metamorphic carbonate
rock. Determination of the physical and mechanical characteristics of the marble, which
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is a lithological unit, in addition to the initial and boundary conditions of it, is impor-
tant for the process of “conceptualization and characterization of the mine”. At first, the
physical and mechanical properties of lithological units such as marble needs to be de-
termined in terms of quality and usage. The determination of physical and mechanical
properties such as real density, apparent density, total porosity, open porosity, breaking
load, compressive strength, flexural strength, and rupture energy in laboratory/field con-
ditions paves the way for mathematical modeling. Multivariate statistical analyses can be
used to evaluate the characteristic features of marbles that have undergone different stages
and tests. In the literature, some studies were conducted to evaluate and interpret tests
on marble and rocks samples by using statistical analyses and inequality as methods [1-
10]. Some of these studies are summarized as follows. In the study [11], the authors tried
to understand the chemical formation mechanisms of marble samples by using chemical
analysis data of marbles from Akcay village. Since the elemental distribution did not as-
sume normality, they preferred using Spearman’s rank correlation method, which is one of
the multivariate statistical analyses. The compounds with the highest correlation P;Os—
SrO were determined using correlation analysis and tested using one-way ANOVA, one
of the hypothesis tests. The marble samples that were collected from Akcay village were
grouped under three codes and the one-way ANOVA T-test statistical method, one of
the hypothesis tests, was used to understand the change between the samples. In another
study [12], the authors compared the physical and mechanical properties of the marbles
(Clova and Lyca) from Akcay village in Antalya using the independent sample T'-test sta-
tistical method. In this study, the same physical and mechanical properties of samples
from two different marble quarries in the same area were compared with each other. In
the conclusion of this study, it was stated that the differences between the samples’ phys-
ical and mechanical properties indicated different morpho-geological properties in the
formation environment of marbles. Also, the contribution of the study, which obtained
the properties of these two distinct marbles using statistical methods, to the literature is
important in terms of sustainable use and purpose of usage objectives. In the study [13],
the researchers applied various physical and mechanical tests to the samples taken from
a beige marble quarry in Lyca and interpreted the relations of the test results using statis-
tical analyses. They proposed a nonlinear model and an equation with A = 19.82e-0.0814
for the relationship between abrasion resistance and Knoop hardness values, which are
physical and mechanical data. This study is important for the literature because the abra-
sion resistance was estimated using the Knoop hardness value using this equation. It is
important for the academic studies as well as the investors because the abrasion resis-
tance value, which is also a physical and mechanical property, is a challenging issue to
determine even in laboratory conditions and it requires a lot of labor and time, also, the
error rate of the value might be quite high. On the other hand, the Knoop hardness value,
which is also a physical and mechanical property, can be measured quite easily even under
field conditions. In the study [14], the author used correlation analysis, which is one of the
multivariate statistical methods, to determine the correlation between different types of
physical and mechanical properties (UCAS, TS, BAV, grain size) of marble samples col-
lected from five different locations. In this study, an equation, which can be assumed to be
statistically significant with its R? value of 0.82, was obtained for the relationship between
uniaxial compressive strength and surface smoothness (y = 325.65x + 14.53). In this study,
the author also obtained the equation of the negative correlation between grain sizes and



Ozer et al. Journal of Inequalities and Applications (2020) 2020:97 Page 3 of 15

surface smoothness of marble samples; however, the statistical significance of this equa-
tion was found to be low. Physical and mechanical properties of marbles are also essential
and needed to prepare some other products for which marbles are used as an ingredi-
ent [15]. In the study [16], the researchers tested some of the physical and mechanical
properties of marble samples. They formulated the correlation between the physical and
mechanical properties by checking the normality of the distribution of these data by ap-
plying some statistical analysis. They concluded their study by stating the importance of
these parameters for rock engineering. The study area, which lies between the Lyca nappes
and Beydaglari Autochthonous, is suitable for marble formation in terms of both geolog-
ical and topographic features. The aim of this study is to explain the properties affecting
the quality of marble quarries by multivariate statistical methods and spatial distribution
maps, showing as a result whether the marble is compatible with national and interna-

tional standards.

2 Methodology

The phenomenon which results in a different geological formation by the metamorpho-
sis of carbonate rocks such as limestone, calcite, or aragonite under natural environment
conditions (the presence of a suitable soluble rock, water with a solvent feature, and a
heterogeneous environment that can create a specific morphological structure) is called
karstification and the new product is called marble [11]. The physical and mechanical
analyses of the samples belonging to different locations of Akcay village marble quarry
were made according to TurkStat’s TS-EN 2513 standard. The physical tests carried out
are real density, apparent density, total porosity (Eq. (1)), open porosity tests. Mechanical
tests are listed as breaking load, compressive strength, flexural strength, rupture energy
tests [17]. Multivariate statistical methods were used to analyze physical and mechanical
data. A statistical analysis was carried out using the SPSS 23 software package by apply-
ing descriptive analysis and normality tests to physical and mechanical data. The data was
analyzed to determine whether it is suitable for multivariate statistics or not. At the end
of the analysis, the data was determined to be suitable for multivariate statistical analysis.
Then correlation analysis, factor analysis (Kaiser—-Meyer—Olkin, KMO and Bartlett’s test;
line plot, principal component analysis), classification (dendrogram), regression (linear
distribution, model summary, and ANOVA analysis) were applied to the data. Regression
analysis was applied to physical and mechanical properties which showed a high corre-
lation. The equations and plots obtained by this analysis are examined and checked ad-
dressing whether they are statistically significant or not. Distribution maps were prepared
with the same data using ArcMap 10.3.1 software and the results were examined as to
whether they were compatible with high correlation. The data showing high correlation,
their compatibility with national (TurkStat, 10449 1992) and international (ASTM, C503)
standards were used in an attempt to find an explanation using inequalities in the study.

Physical and mechanical properties were calculated as follows:

Vi

= v, (1)

ne

Other physical and mechanical tests were carried out under laboratory conditions, thus,

the values of breaking load, compressive strength, flexural strength, and rupture energy of
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the marble were revealed. The physical and mechanical analyses were conducted accord-
ing to TurkStat’s TS-EN 2513 Standard. The basic principle of compressive strength and
breaking load tests is applying load on the samples using a compression machine with a
capacity of up to 3000 kN and obtaining the load value at which the samples begin to break
or crack; see Eq. (2). The unit of the compressive strength is kg [18]. We have

op = T (2)

where o, denotes compressive strength (kg/cm?), P denotes break load (kg), and A denotes
the cross-sectional area of the sample (cm?).

The energy applied to the marble sample under the influence of external forces to break a
unit volume from the sample is called the rupture energy, (Eq. (3)) which is mathematically
stated thus [19]:

Ecr
EC,=/‘0 7(g;) ds;. 3)

In the study [20], the researchers state that they collected the marble samples from the
field in a plate form to apply the flexural strength test (Eq. (4)). They argue that if these
plates meet certain standards it greatly affects the quality and use of marble. The flexural
strength defines the form of the plates with certain inclinations and directions and their
resistance to breaking [21]. We have

3PL

- (4)

The flexural strength is defined as the maximum stress that corresponds to the strength
value applied to the marble sample under elastic conditions and it is calculated at the lower
point of the sample.

3 Main results and discussion

Multivariate statistical methods were used to reveal physical and mechanical properties
(real density, apparent density, total porosity, open porosity, breaking load, compressive
strength, flexural strength, rupture energy) of samples collected from the field (Tables 1—-
3). The physical and mechanical properties of the collected samples are quantitative data
sets. The data was examined using Kolmogorov—Smirnov and Shapiro—Wilk tests to de-
termine whether it showed the normal distribution (Tables 2—4).

Table 1 The results of the descriptive statistics of the physical data

Real density Apparent density Total porosity Open porosity

Mean 276333 22635 17.517 8417
Median 2762 2273 17.05 82

Variance 8.667 1530 2374 1322

Std. deviation 2.944 39.119 1.5407 1.1496
Minimum 2760 2209 15.8 7.2
Maximum 2767 2305 20.1 10.6

Range 7 96 43 34
Skewness 0.64 -0.447 0.997 1.668

Kurtosis -1.642 -1.853 0.579 3.765
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Table 2 The table of the normality test of the physical data

Kolmogorov-Smirnova Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
Real density 0.341 6 0.028 0.804 6 0.064
Apparent density 0.259 6 0.200 0.904 6 0.395
Total porosity 0273 6 0.182 0.921 6 0516
Open porosity 0.339 6 0.030 0.819 6 0.087
Table 3 The results of the descriptive statistics of the mechanical data
Breaking load Compressive strength Flexural strength Rupture energy
Mean 0.149183 51.17 4.95 3.3435E-06
Median 0.1424 49 2.85 0.00000351
Variance 0.002 242.167 26.063 0
Std. deviation 2944 15.562 5.1052 5.2617E-07
Minimum 0.1033 35 04 0.00000249
Maximum 0.2339 80 136 0.00000402
Range 0.1306 45 132 0.00000153
Skewness 1.562 1.486 1.213 -0.689
Kurtosis 3.146 2.944 0.349 0.645
Table 4 The table of the normality test of the mechanical data
Kolmogorov-Smirnova Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
Breaking load 0.298 6 0.103 0.859 6 0.187
Compressive strength 0.286 6 0.135 0.871 6 0.231
Flexural strength 0315 6 0.063 0.852 6 0.162
Rupture energy 0.291 6 0.123 0918 6 0.490

With an intuitive approach to the normality test, the results of the descriptive statistics
revealed that the arithmetic mean and median values were close to each other and almost
identical [22]. Then the tables of the Kolmogorov—Smirnov and Shapiro—Wilk tests were
checked, and it was found that the p-values were greater than 0.05 and physical and me-
chanical analysis data (real density, apparent density, total porosity, open porosity, break-
ing load, compressive strength, rupture energy, flexural strength) were assumed to provide

the normality assumption.

3.1 Pearson correlation
The Pearson correlation analysis (Eq. (5)), which is used for the data providing the as-
sumption of a normal distribution, was conducted to reveal the relationship between the

marble samples collected from Akcay village. We have

Y= x)0i-)

I'xy = ’ (5)
02 S

where n denotes the number of sample, x; and y; denote the separate samples spots indexed
with i, x and y denote the means of the sample. The results of the applied analysis are given
in Table 5.
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Table 5 Pearson correlation table of the physical and physical and mechanical properties of total
porosity-open porosity and breaking load-compressive strength

Open porosity Total porosity Compressive strength Breaking load
Open porosity 1
Total porosity 0.851* 1
Compressive strength 0.238 0.203 1
Breaking load 0.223 0.181 0.998** 1

Considering the Pearson correlation table, the positive correlations between the physical
and mechanical properties of the total porosity and open porosity (0.851*) and between
breaking load and compressive strength (0.998**) were found to be high. When these fig-
ures were checked using the formulas in the literature (Table 5, Egs. (1) and (2)), consistent

results were obtained.

3.2 Factor analysis

The variance, which is one of the measures of variation of the descriptive statistics, is
defined as the average of the squared differences from the arithmetic mean of the physi-
cal and mechanical observation values. The square root of the variance is defined as the
standard deviation. The variance indicates the deviation of the physical and mechanical
analysis data from the mean, i.e. how far from or close to the observation value from the
average is [23]. It gives information about what percentage of the data can be explained by
the statistical analysis [24]. Factor analysis is a multivariate analysis method in which the
maximum variances of the correlated variables, which are obtained as the result of the cor-
relation analysis, are found and summarized as a significant data [24]. Before performing
a factor analysis, the suitability of the correlated variables for factor analysis is determined
using the Barlett test and/or Kaiser—Meyer—Olkin (KMO) test [24]. The KMO test must
meet the requirement of the measure of sampling adequacy > 0.5 [24—-26] (Table 6).

The results of the KMO test reveal that the measure of sampling adequacy > 0.5 (50%).
The physical and mechanical properties of the marble samples from Akcay village meet
the requirement of the measure of sampling adequacy for factor analysis. The result of the
Barlett test is expressed with the significance value (Sig.) and it indicates a high correlation
between the variables. In factor analysis, where variables are gathered around a maximum
variance, the number of factors can be determined using a line plot (Fig. 1). The point
where the inclination of the plot approaches 0 gives the number of the factors. It can be
inferred that two factors summarize the data set.

According to the results of the proportion of variance explained table, which is provided
by the eigenvalue statistics, it is determined that the number of factors is 2, which is greater
than 1. Factor 1 explains 49.955% of the total variance explained while Factor 1 and Factor 2
together explain 96.250% of the total variance explained (Table 7).

Table 6 The result of the Kaiser—-Meyer—Olkin (KMO) measure of sampling adequacy

KMO and Bartlett's test

Kaiser-Meyer-Olkin measure of sampling adequacy. 0.500
Bartlett's test of sphericity Approx. chi-square 20.282
df 6

Sig. 0.002

Page 6 of 15
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Table 7 The proportion of variance explained based on the eigenvalue statistics

Component  Total variance explained

Initial eigenvalues Extraction sums of squared Rotation sums of squared
loadings loadings
Total % of Cumulative Total % of Cumulative Total % of Cumulative
variance % variance % variance %
2.168 54.208 54.208 2.168 54.208 54.208 1.998 49955 49955
1682 42042 96.250 1.682 42042 96.250 1.852  46.295 96.250

0.149 3714 99.964
0.001 0.036 100.000

W —
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Figure 1 Line plot of factor analysis

3.3 Classification
All physical and mechanical analysis data of the marble samples from Akcay village were
subjected to classification analysis, which is one of the statistical analyses. The analysis
aims to classify the data according to their distribution and also to identify the quality and
use area of marble, which is an industrial material, by using this classification, as well as
to determine the marble options that can be extracted from the area (Fig. 2).

The results of the dendrogram analysis reveal that the marble samples can be classified
into three groups (1-6-2; 6—4; 4-5).

3.4 Regression analysis

The simple regression analysis can be defined as the explanation of the relationship be-
tween a dependent variable and an independent variable with a mathematical equation. If
there is a linear relationship between the variables a linear regression method is used; if it
is not a linear relationship, then a nonlinear regression method is used [24]. In a regression
analysis, the coefficient of determination R? is calculated using Eq. (6)

n-1
n-p

R?=1-

(1-R?), (6)

where 7 denotes the number of sample, p denotes the total quantity of explanatory vari-
ables in the formula.
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Dendrogram using Average Linkage (Between Groups)
i Cluster C
0 5 10 15 20 25
1 1 1 1 1
Test 5
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-
Test
Test 4
Test 1
Figure 2 Dendrogram analysis

Four physical and mechanical properties of the marble samples from Akcay village were
found to be correlated to a degree that could be considered statistically significant. Re-
gression analysis was also used to explain these physical and mechanical properties. At
this stage, the correlations between compressive strength and breaking load and between
total porosity and open porosity were plotted. Their distributions were explained by the
characterization of the linear equations (Figs. 3, 4; Tables 8—11).

In the analysis in which the physical and mechanical property of compressive strength is
selected as dependent variable and the breaking load value is selected as the independent
variable, the distribution of the data is explained by the linear equation Eq. (7)

y=0.57 + 3.41E2x, @)

while the R? value is found to be 0.997 and the significance (Sig.) value is 0. For R?, the
coefficient of determination (the proportion of the variance that is predictable), the table
reveals that 99% of the compressive strength value can be explained by the breaking load
value which also means that 99% of the breaking load value can be explained by compres-
sive strength. The significance (Sig./p-value) value in ANOVA analysis gives the percent-
age of error of the statistics [24]. The model we used to explain the relationship between
compressive strength and breaking load or the relationship between breaking load and
compressive strength is statistically significant.

In the analysis in which the physical and mechanical property of open porosity is se-
lected as the dependent variable and the total porosity value is selected as the independent
variable, the distribution of the data is explained by the linear equation (Eq. (8)) of

y=-2.71 + 0.64x, (8)
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Figure 3 The linear distribution plot of the physical and physical and mechanical properties of
load-compressive strength

Table 8 Coefficient of determination (R square) table of the physical and mechanical properties of
breaking load-compressive strength

Model summary®

Model R R square Adjusted R square Std. error of the estimation

1 0.9982 0.997 0.997 0.965

aPredictors: (constant), breaking load.
bDependent variable: compressive strength.

Table 9 ANOVA table of the physical and mechanical properties of breaking load-compressive
strength

ANOVA?

Model Sum of squares df Mean square F Sig.

1 Regression 3976.816 1 3976.816 4266.331 0.000"
Residual 12.118 13 0.932
Total 3988933 14

aDependent variable: compressive strength.
bpredictors: (constant), breaking load.

while the R? value is found to be 0.725 and the Significance (Sig.) value is 0.32. R?, the coef-
ficient of determination table reveals that 72% of the open porosity value can be explained
by total porosity value which also means that 72% of total porosity value can be explained
by open porosity. The significance (Sig./p-value) value in the ANOVA analysis gives the
percentage of error of the statistics [24]. The model we used to explain the relationship
between porosity and total porosity or the relationship between total porosity and open
porosity is statistically significant.

Page 9 of 15
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Figure 4 Linear distribution plot of the physical properties of total porosity-open porosity

Table 10 Coefficient of determination (R square) table of the physical and mechanical properties of
total porosity-open porosity

Model summary?

Model R Rsquare Adjusted R square Std. error of the estimation

1 0.8512 0.725 656 0.6746

aPredictors: (constant), total porosity.
bDependent variable: open prosity.

Table 11 ANOVA table of the physical and mechanical properties of total porosity-open porosity

ANOVA?

Model Sum of squares df Mean square F Sig.

1 Regression 4.788 1 4.788 10.522 0.032°
Residual 1.820 4 0455
Total 6.608 5

aDependent variable: open porosity.
bpredictors: (constant), total porosity.

3.5 Spatial distribution maps of the physical and mechanical properties
The physical and mechanical properties of marble samples were combined with their ge-
ographical coordinates and their spatial distribution maps were prepared using ArcMap

10.3.1 software. The maps are given in Figs. 5-8.

Page 10 of 15
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Table 12 Required values for Turkstat and ASTM standards classified according to the purpose of use
of the marble [27-29]

Physical and Purpose of Akcay TurkStat (10449 1992) ASTM (C503)

mechanical property Marble

Compressive strength Structural 51.17 7117.7 psi (49 MPa) 7500 psi (52 MPa)
Coating 4267 psi (294 MPa) 4267 psi (294 MPa)

Flexural strength Structural 4.95 870.25 psi (5.99 MPa) 870.25 psi (5.99 MPa)
Coating

Total porosity - 0.1751 %0.0002-0.5 %0.0002-0.5

3.6 Inequality statement
Marble, which is classified as natural stone, has various physical and mechanical strength
properties based on the location due to its metamorphic formation. The greatest effect
of these properties on marbles is that it changes the quality and usage of the marble. In
Turkey, the Turkish Standards Institute (TurkStat) has established a standard based on the
ASTM C503 standard. The related TurkStat standard for marble, which has a metamor-
phic origin, is TS 10449 1992 [27]. This standard was used to evaluate four physical and
mechanical properties of the marbles from Akcay village (Table 12).

The compressive strength of Akcay marble for structural and coating purposes (Eq. (9))

is

)

52 MPa (carriage ASTM) > 51.17 MPa (compressive strength of Akcay marble for struc-
tural use) > 49 MPa (carriage TSE);

51.17 MPa (compressive strength of Akcay marble for coating use) > 29.4 MPa (coating
TurkStat)and 29.4 MPa (coating ASTM) (flexural strength of Akcay marble) (Eq. (10)). We
have

3PL

= S (10)

F =4.95 MPa 5.99 MPa (structural TSE,ASTM) and 5.99 MPa (coating TurkStat, ASTM) >
4.95 MPa (flexural strength of Akcay marble) (total porosity of Akcay marble) (Eq. (11));

= (1)
ne = %$0.1751 %0.0002—-0.5 (TurkStat and ASTM) %0.1751 (total porosity of Akcay mar-
ble). Physical and physical-mechanical analysis results of marble samples were interpreted
according to national standards. The above-mentioned inequalities have been removed in
determining the quality and usage area of the marble. The relationship between the analy-
sis results of marbles and the standards is clearly expressed with the inequalities identified
above. A statistical interpretation of physical and mechanical analysis results is frequently
observed in the literature [30, 31]. Several different mechanical properties affecting mar-
ble samples have been explained by multivariate statistical analyses [11-32]. The effects
of a number of physical and mechanical properties of marble samples on surface rough-

ness value have been discussed using multivariate statistical methods [14]. The mechanical
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properties of marble samples affecting fracture and crack systems have been examined and
evaluated using several statistical methods [32]. Moreover, inequality studies on marbles
have gained prominence in recent years [1-10]. Therefore, statistical methods selected for
the evaluation of the physical and mechanical properties of marbles from Akcay village,
inequalities, and the maps obtained using geographical information systems have been
successfully used in line with the intended goal for the study.

4 Conclusions

The statistical analyses carried out in this study left us with the following conclusions.
The results of Pearson correlation analysis for the data matrix that provides the assump-
tion of a normal distribution reveals a high degree of positive correlation between the total
porosity and open porosity (0.851*) and between breaking load and compressive strength
(0.998**), which are physical and mechanical properties. These data, which are found to
be correlated with each other, were examined using factor analysis (the analysis of the
percentage of variance explained) and two factors were found to be greater than 1. Fac-
tor 1 explains 49.955% of the total variance explained, while Factor 1 and Factor 2 explain
96.250% of the total variance explained. The results of the dendrogram analysis reveal that
there are three major groups of marbles from Akcay village. Spatial distribution maps of
physical and mechanical properties of marbles from Akcay village and inequalities can be
interpreted together. According to TurkStat standards, the flexural strength value is ex-
pected to be >5.99 MPa and, according to ASTM standards, the flexural strength value is
expected to be >5.99 MPa. At the end of this analysis conducted under laboratory condi-
tions, the flexural strength value was determined to be 4.95 MPa and it was revealed that
Akcay marbles do not comply with TurkStat and ASTM (for marbles used for transporta-
tion and coating) in terms of flexural strength. The marble used for coating and trans-
portation is expected to have a compressive strength value >49 MPa according to Turk-
Stat standards and a compressive strength value >52 MPa according to ASTM standards.
According to this application, compressive strengths work as 51.17 MPa. Considering the
spatial distribution maps of the compressive strength values (Fig. 7), approximately 70% of
the terrain corresponds to light green and yellow color range in accordance with TurkStat
and ASTM standards. Total porosity values of marbles are expected to be between Turk-
Stat and ASTM standards (0.0002—0.5%) according to the purpose of use. Considering the
spatial distribution map, total porosity values seem to be between these values.
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