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The purpose of this study was to examine the effect of physico-mechanical and petrographic properties of building stones on their surface
quality after the polishing process. To do this, a laboratory investigation was performed on 15 different types of Iranian granite building stones,
including petrographic analyses, physico-mechanical evaluations, and polishing tests. Moreover, to assess the stone surface quality, surface
roughness and gloss were measured before and after the polishing process, based of which three indices were proposed for quantifying the
surface quality improvement, including gloss improvement index (GII), roughness improvement index (RII), and quality improvement index
(QII). Then, the correlations between these three indices with the physico-mechanical and petrographic properties of stone were investigated.
The results revealed that the Schmidt hammer hardness (SCH) is the main parameter that affects the proposed indices. Finally, non-linear
regression analyses were applied for development of predictive equations for the GII, RII, and QII based on the SCH. Predictive equations
presented very good performance with determination coefficient (R2) values between 0.747 and 0.826. These results suggest that the predictive
equations are suitable for practical applications and can be employed for the rapid assessment of stone surface quality after polishing process.
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1. Introduction

Polishing is the most commonly applied finishing process in stone
processing plants. Polished stones are consistently in high demand and
are preferred over other surface finishes. This process not only enhances
the aesthetic appeal but also increases the stone’s price by achieving a
high gloss through the reduction of surface roughness. The stone
polishing process involves the use of a machine equipped with multiple
polishing heads (typically 12 to 26), which polish the stone at controlled
speeds in the presence of water. A sequence of abrasive tools with
varying grit sizes is employed, starting with coarse grit abrasives in the
initial stages and progressing to finer grits in the final stages of the
polishing process [1-5]. The high surface quality of the polished stones
has paramount importance on marketing and customer satisfaction.
Surface roughness (R) and gloss (G) are two common metrics for
controlling the stone quality after the polishing process [1, 6-8]. The
polishing process affects these two metrics directly. R typically describes
the fine irregularities of a surface, representing the deviations of a real
surface from its ideal form at a microscopic scale [9, 10]. G is defined as
a specific light intensity reflectance on a surface with the incident angle
equal and opposite to the reflectance angle [11].

The literature survey indicates that several factors affect the surface
quality of polished stones which can be divided into four main
categories [12]: (1) operating parameters of the polishing machine, such
as the number of polishing head, polishing head pressure, head rotation
speed, belt speed, water flow rate, and water quality, (2) stone
properties, such as surface roughness of unpolished stone, physico-

* Corresponding author. £-mail address: e_ghasemi@iutac.ir (E. Ghasemi).

mechanical and petrographical properties, (3) properties of abrasive
blocks, and (4) degradation due to environmental conditions, such as
surface damage due to freeze-thaw and acid rain.

Recently, researchers have conducted many studies to evaluate the
effect of various affecting parameters on the quality of polished stones.
For example, Erdogan [13] studied the effect of porosity, distinct crystal
boundaries, angular differences between cutting direction and crystal
orientation, and joint filling materials on the surface gloss of various
polished building stones and observed that these parameters affect
surface gloss negatively. Furthermore, he mentioned that stones
essentially made up of a single mineral show increasing values of surface
gloss.

Ersoy and Kose [14] investigated the relationship between easiness of
polishing and mechanical properties of marbles. Huang et al. [15]
evaluated the surface roughness and gloss of two types of granite
samples during the grinding process. They found that the prevailing
mechanisms for the grinding of granite vary from brittle-mode removal
to ductile-mode removal with reduction of diamond grit size. Karaca
[16] studied the relationship between mechanical properties and the
surface roughness of marble samples and found significant correlations
between uniaxial compressive strength, tensile strength, and surface
roughness. Giirkan et al. [17] evaluated the effect of mineralogical and
microstructural properties on the surface roughness and gloss of
polished marble stones. They observed that when the proportions of
minerals other than calcite increases, a decreasing trend in the surface
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quality occures. Yaviiz et al. [7] and Ersoy et al. [18] examined the effect
of conveyor belt speed on surface quality by performing polishing tests
at various constant rotational speed values and pressure levels of the
polishing head. Ozcelik et al. [19] investigated the effects of freeze and
thaw cycling on the gloss of various carbonate building stones from
Turkey. The results revealed that with increase of freeze and thaw cycles,
surface gloss decreases.

Careddu and Marras [20] assessed the effects of solar ultraviolet rays
on the gloss values of polished surfaces of various carbonate building
stones. Vazquez et al. [21] evaluated the changes in the surface quality
of crystalline stones, such as granites and marbles, due to salt
crystallization. Sousa and Gongalves [22] studied the differences in the
surface quality of polishing between sound and weathered granites.
They found that sound and more textural homogeneous granites have a
low surface roughness and high gloss, while weathered granite shows a
higher surface roughness and lower gloss. Barbosa et al. [1] carried out
polishing tests with a single-head laboratory-scale polishing machine to
evaluate the influence of water flow and polishing head pressure on the
polishing quality of Moleanos limestone, from Portugal. Cevheroglu Cira
et al. [23] examined the effects of polishing machine operating
parameters (belt speed, rotational speed, and pressure of the polishing
head) on marble surface quality using response surface methodology
(RSM).

Sarici [24] determined the changes to the surface aesthetic properties
of some Turkish marbles due to heat deterioration under thermal shock
and thermal ageing cycles. They concluded that surface gloss values
slowly decrease as thermal shock and thermal ageing cycles increase.
Also, thermal shock cycles were more effective on gloss than thermal
ageing. Cevheroglii et al. [8] investigated the effects of physico-
mechanical properties of marble on surface roughness and gloss. They
concluded that porosity, uniaxial compressive strength, and indirect
tensile strength strongly affect the surface roughness and gloss of the
studied marbles. Farhadian et al. [25] studied the effect of operating
parameters of polishing machine on the wear of abrasive tools in the
polishing stage of granitic building stones. Coelho et al. [2] investigated
the effects of conveyor belt speed, polishing head transverse and
rotational speeds on surface quality of product. The effects of types and
series of abrasive tools on surface quality were studied by Gorgiilii and
Ceylanoglu [26], Glrcan and Oztiirk [27], Huang et al. [28,29].

Sitzia et al. [30] investigated the effects of rainwater on the surface
quality of polished limestones used for building cladding. They showed
that, due to the presence of corrosive carbonic acid, rainwater induces
micro-corrosion on the sample's surface, leading to colour modification,
a reduction in gloss, and an increase in roughness after one month.
Kelemen-Cserta and Gyurika [31] examined the effect of minerals
composition in natural granite stones on surface roughness during
machining Rezaei et al. [12] investigated the effectiveness of wastewater
treatment using flocculation process on surface quality and abrasive tool
wear in polishing process of building stones. Cetintas [32] studied the
effect of different abrasives on the marble polishing performance. He
concluded that polishing performance is highly affected by abrasive
grain shape and grain distribution. Despite the practical importance of
polishing performance in the building stone industry, a systematic
understanding of how physico-mechanical and petrographic properties
of granite influence surface quality improvement remains limited.
Therefore, this study aims to address this research gap through a
comprehensive experimental and statistical investigation.

The main contributions of this research are as follows. First, a
controlled laboratory-scale polishing process was performed on fifteen
different Iranian granite building stones to establish a consistent
comparative framework. Second, the relationships between
petrographic characteristics, physico-mechanical properties, and surface
quality indicators (surface roughness and gloss) were quantitatively
evaluated. Finally, novel predictive equations were developed to
estimate surface quality improvement after polishing process using
statistical analysis. The proposed equations provide a practical tool for
predicting polishing performance and can support decision-making in
stone selection, process optimization, and quality control in the stone
processing industry.
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2. Materials and methods

2.1 Materials

To do this study, fifteen types of commercial granite building stones
from Iranian quarries with various mineralogical compositions were
collected. The commercial and scientific names of studied stones with
their Surface appearance are given in Table 1. For all stone types, the
block samples with large enough dimensions were provided and were
brought to the laboratory for sampling and testing. All samples were
unweathered and free from any visible cracks or fractures to avoid the
impact of anisotropy on the measurements. The collected stone samples
were prepared for two sets of tests. The first involved preparing samples
for physico-mechanical tests and creating thin sections for petrographic
analyses. The second set included samples for polishing tests.

2.2. Sampling Procedure

2.2.1 Physico-mechanical properties tests

The physico-mechanical properties include apparent dry density (d),
effective porosity (n), uniaxial compressive strength (UCS), Brazilian
tensile strength (BTS), Schmidt hammer hardness (SCH) and P-wave
velocity (Vp). To determine the d and n, the saturation and buoyancy
methods suggested by ISRM [33] were used.

The UCS of samples was measured according to the ASTM C170 [34].
For this purpose, cubical shape samples with dimensions of 7x7x7 cm
were prepared. To measure the Brazilian tensile strength (BTS), core
samples of each stone type with a diameter of 54 mm and a thickness-
to-diameter ratio of 0.5 were tested according to the ISRM suggested
method.

The SCH was determined for each stone type on block specimens
with approximate dimension of 30x30x20 cm using the N-type Schmidt
hammer with an impact energy of 2207 N.m according to the ISRM
suggested method. All tests were made with the hammer held vertically
downwards and at right angles to horizontal faces of the blocks. In order
to avoid edge effects, the recordings were made at least two plunger
diameters away from the edges of the specimen blocks.

The Vp for each stone type was measured on cubical shaped samples
with the dimensions of 7x7x7 cm by direct transmission method using
a Portable Ultrasonic Nondestructive Digital Indicating Tester
(PUNDIT Lab+), equipped with two transducers (a transmitter and a
receiver) operating at a frequency of 54 kHz, based on ISRM guidelines.
The results of all the tests are summarized in Table 2. It should be
mentioned that at least three samples of each stone type were tested and
the average values were reported in Table 2.

222, Petrographic analyses

Petrographic analyses primarily focus on determining the mineral
composition and grain size of stone samples. Toward this aim, thin
sections were prepared from each sample and examined under a
polarized microscope. Based on thin section analysis, quartz content
(Q), cleavable minerals content (CLV), the ratio of quartz to cleavable
minerals (Q/CLV), and mineral compositions were determined.
Furthermore, the equivalent grain size (Gs),the equivalent quartz
content (EQC), and overall Mohs hardness (MH) for each stone sample
were calculated using following equations [3, 35, 36]:

Gg = SgxPg+ Sye X Pys + Spy X Py ()]

where Sq, Skr, and Sy are the mean grain size of quartz, K-feldspar and
plagioclase minerals, respectively, and P, Pxr and Py are the
corresponding percentage contents.

EQC=3", P, xR; )

where Pi is the percentage content of minerals, Riis the minerals’
Rosiwal hardness, and n is the number of minerals.

MH=}1, P; xM; 3)
where M; is the Mohs number for the mineral.
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Stone textural property is a major factor in determining the
performance of stone polishing process, and it is usually quantified
using thin-section image analysis. One of the most widely used methods
for quantifying the stone textural property is the texture coefficient
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Table 2. Physico-mechanical properties of the studied stone samples.

(TC), introduced by Howarth and Rowlands [37].

Table 1. Stone samples used in this study.

Sa;r]l)ple Surface appearance Commercial name Scientific name
Meshki-Natanz Diorite
15 em
Sefid-Natanz Granodiorite
Khorramdarreh Syenogranite
Golpanbehi- .
Nehbandan Granite
Taibad Syenogranite
Borujerd Granite
Zahedan Granite
Germez-Yazd Andesite
Morvarid-Mashhad Granite
Shaghaegh- .
Nehbandan Monzonite
Sabze-Birjand Granite
Toosi-Astan Granite
Porteghali- .
Nehbandan Granite
Holoee-Zanjan syenite
Maraghe Syenogranite

Ve d@e) a0 go ap ScH R
S1 277 0.84 13610 10.30 66.25 480
S2 2.66 133 124.80 9.06 58.64 4.65
S3 257 123 131.99 10.11 65.88 542
S4 262 1.06 139.94 11.78 64.26 5.45
S5 285 114 152.20 1212 68.60 5.66
S6 258 139 118.30 853 56.11 425
S7 2.54 158 149.60 11.52 70.01 5.65
S8 2.56 2.09 127.50 8.82 58.00 5.00
S9 2.65 1.06 13750 10.30 57.56 471
S10 261 110 143.27 10.36 6316 518
S11 270 150 97.20 736 5159 3.96
S12 261 141 14723 12.46 64.26 5.50
S13 2.78 093 149.00 11.78 64.38 5.70
S14 2.56 3.26 131.80 1035 61.90 4.65
S15 285 203 145.80 11.77 66.07 5.57

The TC quantifies aspects such as grain shape, orientation, degree of
grain interlocking, and the relative proportion of grain to matrix [35]. In
this study, the TC of all studied samples was determined, based on
proposed Howarth and Rowlands formula. The obtained results of
petrographic studies are given in Table 3.

2.2.3. Laboratory polishing tests

In this study, polishing tests were performed using a single-head
laboratory-scale polishing rig, developed by Farhadian et al. [3], at the
building stone laboratory of Isfahan University of Technology (IUT)
(Figure 1). The main elements of device include a polishing head, an
electro-gearbox, and a speed control unit. To implement the tests, stone
samples with dimensions of 15x15x2 cm were prepared. For this
purpose, the samples obtained from disc cutting were used. The
appearance of disc cutting finish is matte and rough. Miniature abrasive
pins 8 mm in diameter and 30 mm in length were used for polishing test.
These pins were prepared from the magnesite abrasive blocks (flickers)
employed in the industry with the grit number 120 (Figurel, c). During
the test, two miniature pins polish the surface of the sample causing a
trace on it (Figure 1, d). All polishing tests were performed based on the
standard operational conditions proposed by Farhadian et al. [3],
including polishing head pressure of 5 kg/cm2, water flow rate of 4
L/min and head rotation speed of 300 rpm, and testing time duration of
5 minutes. The details about this machine and the polishing test method
have been described by Farhadian et al. [3].

weeeeerse

Figure 1. Laboratory polishing test rig: (a) front view, (b) side view, (c) industry
abrasive block and miniature pins, and (d) a view of stone surface after the
polishing test.
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Table 3. Petrographic properties and mineral composition of studied stone samples.
Q CLV Gs EQC . .
Sample ID (%) (%) Q/CLV (nm) (%) MH | TC Mineral composition

s1 10 875 o1l 132 3858 sah | 205 Quartz 10%,0 plagioclase 60%, amphibole 15%, biotite 5 %, opaque 7.5%,

pyroxene 2.5%
0, 1, 0, - 0, 1 0, 1 1 0,

$2 23 74 031 158 4620 s71 | 208 Quartz 203 %, plagioclase 51%, k-feldspar 5%, amphibole 8%, biotite 10 %,
opaque 3%

S3 20 73 027 171 4897 588 | 233 Quartz 2?%, plagioclase 15%, k-feldspar 50%, tourmaline 5%, biotite 8 %,
opaque 2%

S4 28 72 038 155 49.83 595 | 296 | Quartz 28%, plagioclase 26%, k-feldspar 35%, biotite 11%

S5 30 70 0.43 193 52.95 614 | 396 | Quartz 30%, plagioclase 20%, k-feldspar 45%, biotite 5 %

S6 22 78 0.28 1.78 4614 589 | 2.04 | Quartz 22%, plagioclase 38%, k-feldspar 30%, biotite 8 %, chlorite 2%

S7 475 52 091 2.83 62.20 612 | 406 | Quartz 47.5%, plagioclase 23%, k-feldspar 19%, muscovite 7.5%, biotite 3%

S8 20 78 0.26 0.42 4117 579 | 094 | Quartz20%, plagioclase 15%, biotite 3%, opaque 2%, iron dioxide 60% (matrix)

S9 235 76.5 031 0.69 45.94 578 | 258 | Quartz 23.5%, plagioclase 19%, k-feldspar 43.5%, muscovite 5.5%, biotite 8.5%

S10 19 79 024 103 4729 594 | 368 Quartz 109%, plagioclase 33.5%, k-feldspar 36%, Biotite 4.5%, epidote 5 %,
opaque 2%

S11 32 68 047 122 5115 583 | 098 | Quartz 32%, plagioclase 38%, k-feldspar 15%, muscovite 15%

S12 40 58 0.69 392 57.95 6.04 36 Quartz 40%, plagioclase 20%, k-feldspar 28%, biotite 5%, other 7%

S13 40 60 0.67 333 59.39 623 | 409 | Quartz 40%, plagioclase 25%, k-feldspar 30%, biotite 3%, chlorite 2%

Sl4 8 89 0.09 2.06 39.75 5.89 | 2.00 | Quartz 8%, plagioclase 8%, k-feldspar 75%, amphibole 6%, opaque 3%

S15 25 75 033 2.07 49.70 6.09 | 2.04 | Quartz 25%, plagioclase 16%, k-feldspar 54%, biotite 3%, muscovite 2%

2.24. Gloss and roughness measurements

To assess the surface quality of the studied stone samples, roughness
and gloss measurements were taken before and after polishing tests. It
should be noted that prior to measurements, the surfaces of all samples
were washed with water and dried at room temperature for 24 h to
achieve a consistent dry state. In this study, the surface gloss of each
sample, before and after polishing test, was measured using a TQC poly
gloss meter (Figure 2) which has a measurement range of 0-100 gloss
units (GU), at 60° light incidence and reflection angles relative to the
vertical axis. Based on international standards, there are three types of
angles used to measure a glossiness: 20°, 60° or 85°. The measurement at
60° is known to provide the best and the most comprehensive visual
estimate while 20° and 85° are applied for high and low gloss
measurements [38, 39]. The measurement was carried out in four
selected positions on the sample, which are shown in Figure 3. The
average of 4 measurements were considered as the gloss of stone sample
before (Gi) and after (Gz) polishing test and have been reported in
Table 4.

Another aspect that determines the stone’s surface quality is
roughness. The surface roughness measurements were performed using
a stylus profilometer Mitutoyo SJ-210 (Figure 4) over a trace length of
25 mm, standard cutoff value being 0.8 mm. Surface roughness at
selected points on a sample (see Figure 3) was measured in terms of the
most commonly used parameter "average roughness (Ra)" before and
after polishing. This parameter is defined as the arithmetic mean of the
absolute departures of the roughness profile from the mean line [17].
The roughness values of all samples before (R1) and after (Rz) polishing
test are given in Table 4.

3. Result and discussion

In this study, three indices have been introduced for assessing the
effectiveness of polishing process, including gloss improvement index
(GII), roughness improvement index (RII), and quality improvement
index (QII). These indices can be calculated using values of gloss and
roughness before and after polishing test as follows:

GII=G_2/G_1 (4)
RII=R_2/R_1 (5)
QII=GII+1/RII (6)

As mentioned before, polishing process simultaneously increases
surface gloss and decreases surface roughness, so both indices GII and

RII were considered for calculation of QII, as an overall index of surface
quality. Since polishing leads to increase of surface quality and gloss,
therefore the higher values of GII and QII indicate the more
effectiveness of this process. On contrary, this process leads to decrease
of roughness, so the lower values of RII indicates the more effectiveness
of polishing.

Figure 3. Position of measurement points: (a) before the polishing test, and (b)
after the polishing test.
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Table 4. Surface gloss and roughness of studied stone samples before and after the polishing test.
Supleld | GG | GGW | R | R o Tmr e T en | omr
S1 098 6.72 324 118 6.86 036 9.60 791 030 1159
S2 144 793 264 105 5.51 040 8.02 497 041 7.62
S3 128 867 3.01 1.00 6.77 033 9.78 7.73 031 1135
S4 146 810 226 0.80 5.55 035 837 7.00 033 10.38
S5 126 11.94 264 0.80 9.48 030 1278 913 0.27 1318
S6 138 5.50 253 130 399 051 593 426 045 6.63
S7 130 16.38 3.08 0.70 12.60 023 17.00 9.95 025 1425
S8 140 6.58 260 103 470 040 723 478 042 7.36
S9 138 630 3.07 120 457 039 7.13 465 043 7.18
S10 128 8.75 2383 0.88 6.84 031 10.06 6.55 034 9.77
Si1 131 481 2.90 158 3.67 0.54 5.51 323 053 517
S12 1.80 10.70 199 0.81 594 041 840 7.00 033 10.38
S13 167 14.33 217 0.65 858 030 1191 7.06 033 10.45
Sl4 114 7.78 3.03 095 6.82 031 10.01 6.07 036 912
S15 100 9.27 3.78 0.89 9.27 024 13.52 7.82 030 11.47

The values of GII, RII, and QII for all studied stones are presented in
Table 4. There is an inverse power relationship between GII and RII
(Figure 5) which indicates polishing process leads to increase of surface
gloss and decrease of roughness. This is in accordance with that obtained
by Yavus et al. [7] and Cevheroglii Cira et al. [8]. It can also be seen from
Table 4 that the surface quality of the studied stones under polishing
test increases with non-uniformly trend. S7 and S11 samples achieved
highest and lowest quality after polishing process, respectively. Since
the polishing tests were carried out under the same operational
conditions, it can be concluded that difference in stone properties is the
main reason of this non-uniformly trend. Thus, in the following, the
effects of stone properties on quality improvement indices are
examined.

e e, e

Figure 4. Roughness tester device used in this study.
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Figure 5. The relationship between GII and RIL

4. Statistical analysis and results

In this section, the main aim is development of three predictive
equations for estimating GII, RII, and QII based on stone properties. In
the other words, to develop these equations, GII, RII, and QII are
dependent variables and petrological and physico-mechanical
properties (including d, n, UCS, BTS, Vp, SCH, Q/CLV, Gs, EQC, MH,
and TC) are independent or predictive variables. First, a series of simple
regression analyses between the predictor variables and the dependent
variable were performed to identify the most effective input variables.
To do this, the relationships between GII, RII, and QII and the predictive
variables were analyzed employing linear, power, logarithmic, and
exponential functions. In this study, SPSS v. 16.0. computer package was
used for all statistical analyses [40]. The results of simple regression
analyses based on the best fit function are presented in Table 5. These
results revealed that only four predictive variables, ie. UCS, BTS, Vp,
and SCH, have a significant effect on improvement indices and can be
considered as input variables for developing the predictive equations
using multiple regression analysis. While, the rest of predictor variables
have poor correlations with improvement indices (R2 lower than 0.5). It
should be mentioned that because of narrow variation range in the d
and n of studied stones, no relationship between these variables and
dependent variables was observed. As mentioned in Table 5, UCS, BTS,
Vp, and SCH have a direct effect on improvement of surface gloss and
quality. In the other words, stone surface gloss and quality after
polishing process increase by increasing these stone properties. But
these relationships are vice versa for RII (i.e. RII decrease by increasing
UCS, BTS, Vp, and SCH). These findings are in accordance with that
obtained by Cevheroglii Cira et al. [8, 23].

In multiple regression analysis, to increase the accuracy of the
predictive equations, it is important to take into consideration the
relationship observed between input variables. As can be seen in Figure
6, there are significant correlations between selected input variables.
UCS, BTS, Vp, and SCH are closely related in practical rock mechanics
engineering, these variables usually are as a function of the others. As
well known, one of the strict conditions for multiple regression analysis
is the requirement that all predictor variables should be independent.
Multicollinearity occurs when independent variables in a regression
model are correlated to each other [41]. To solve this problem, the
stepwise regression method can be used in SPSS software to develop
predictive equations [42]. The stepwise method takes into account the
correlation between the variables, selects the most effective input
variables to develop the equation, and removes the other (ineffective)
variables. In this study, applying stepwise method, the SCH was
determined as the main parameter that effects the GII, RIL and QIL
Since the best relationships between SCH and improvement indices are
non-linear and in the form of exponential and logarithmic (as can be
seen in Table 5 based on simple regression analyses), so in order to
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Table 5. The obtained results from simple regression analyses.
Dependent Independent variable

variable D N ucs BTS Vp SCH QCLV Gs EQC MH TC
Exp” Lin Exp Pow Exp Exp Lin Pow Lin Lin Exp

GII + + + + + + + + + + +
0.089™ 0.001 0.631 0.554 0.631 0.826 0.257 0.288 0.300 0.318 0.411
Exp Exp Lin Log Log Log Exp Pow Exp Exp Log

RII - - - - - - - - - - -
0.048 0.022 0.681 0.583 0.659 0.747 0.063 0.121 0.107 0.249 0.296
Exp Lin Exp Pow Exp Exp Lin Log Lin Lin Exp

QlI + + + + + + + + + + +
0.080 0.004 0.643 0.560 0.641 0.812 0.222 0.248 0.268 0319 0.382

* Best fit function (Lin, Log, exp, and pow indicate linear, logarithmic, exponential, and power function, respectively)

* Relationship (+ and — represent direct and inverse relationships, respectively)
- S -
Determination coefficient (R2)

develop more efficient predictive equations, the non-linear regression
analysis was considered Using non-linear regression analysis, three
equations were developed for predicting improvement indices as
follows:

5. Performance of proposed predictive equations

In this section, the performance of proposed equations has been
evaluated using three statistical metrics which are widely used in

GII = 0.139¢0-061SCH ) literature including the coefficient of determination (R?), the normal

root means square error (NRMSE), and the mean absolute error (MAE)
RII = —0.899In(SCH) + 4.071 (8) (see Table 7). Theoretically, for a model to be considered excellent, the
QII = 0.3030%0555CH 9) R2 value must be 1, the NRMSE value 0, and the MAE value 0 [43-46].

For above equations, the detailed results of analysis of variance
(ANOVA) test are presented in Table 6. As can be seen in Table 6, the
developed equations were statistically significant according to the
student’s t-test at a 95% level of confidence (Sig. level value<< 0.05).
Furthermore, the variation explained by these equations is not due to
chance based on the F values. For each equation, the F value is calculated
by dividing the mean square of regression model by the mean square of
the residual. The larger the F value, the more likely it is that the variation
associated with the regression model is real and not due to chance.
Hence, these derived equations can be reliably used, especially for
predictive purposes.

The predicted values of GII, RII, and QII are presented in Table 4
based on Equations (7) to (9). The prediction performance of these
equations is shown in Figure 7. It can be seen in Figure 7 that all three
equations can predict improvement indices with acceptable accuracy for
engineering purposes (with R2 values between 0.747 and 0.826). So,
these equations can be applied to estimate the stone surface quality after

polishing process based on properties of unpolished stones (initial Performance metric Mathematical expression
surface gloss and roughness and SCH). Furthermore, in practical view, 5
. . . , 2 20— f)
developed equations can be applied for the cheap and rapid assessment R R*=1- RS
of polishability of building stone using Schmidt hammer. \/1%7}]
NI y)?
NRMSE NRMsE = MVZL TV
Correlation Matrix Y
1
MAE MAE:ﬁzm._yd
N: the total number of data, y;: the i-th measured value, f;: the i-th predicted
value, and y: the mean of all measured values.

1.00

0.98

6. Conclusion

This study aimed to establish useful predictive equations for assessing
surface quality of building stones after polishing process based on their
physico-mechanical and petrographic properties. for this purpose,
Comprehensive laboratory investigations were performed on 15
different types of granite stones. based on obtained results, three indices
for evaluating improvement of stone surface quality were introduced
and the correlation of these indices with petrographic and physico-
mechanical properties of stones was examined. The findings indicated
that the Schmidt hammer hardness (SCH) had the greatest impact on
improvement indices and it is the most effective input variable for
developing predictive equations. Consequently, three equations were
established for predicting improvement indices based on SCH using
non-linear regression analyses.

Table 7. Performance metrics used in this study.

Table 6. The detailed results of ANOVA test for developed equations.

096 Equation Sum of Mean Sig
L0.54 no. squares square
ooz ;5; Regression 1356 1 1356 61543  0.000
s 7 Residual 0286 13 0022
s Total 1.642 14
2.36 Regression 0.079 1 0.079 38.380 0.000
034 8 Residual 0.027 13 0.002
Total 0.106 14
Regression 1.084 1 1.084 56190  0.000
e & a8 <& 9 Residual 0.251 13 0.019
Total 1335 14

Figure 6. The correlations between selected input variables.

*df: degrees of freedom
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The prediction performance of developed equations was assessed
using statistical indicators, including the coefficient of determination
(R?), normalized root means square error (NRMSE), and mean absolute
error (MAE). The performance assessment showed that the proposed
equations are effective and practical tools for predicting GII, RII, and
QII with an acceptable error margin. Based on these results, SCH can be
used as a reliable in-situ, portable and nondestructive evaluation (NDE)
tool to assess the surface quality of building stones after polishing
process.

Finally, it is important to note that the validity of proposed equations
is limited by the implementation conditions of polishing experiments,
the data range and sample types which have been used to derive the
equations. Therefore, it is strongly recommended that it is not assumed
to be applicable to all types of building stones. More experiments can be
performed on different stones to improve the reliability of developed
equations and to develop more comprehensive equations.
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Figure 7. Prediction performance of proposed equations: (a) Equation (7), (b)
Equation (8), and (c) Equation (9).
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